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Neutrino emission from core collapse supernova

Total energy released: ~3x10°3 erg
Neutrinos carry almost all (99%) of the energy.

So, neutrino detection is important to
Investigate the core collapse mechanism.

Livermore simulation
(often used for signal estimation for neutrino detectors)

Mass trajectory points versus time
Solid: every fifth mass point Dashed: mass points 108 and 109
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SN1987A: supernova at LMC(50kpc)
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History of supernova detectors
1121211212112 1)2{1)221)12{2[2(2]2|2[2[2(2|2|2]2|2[2|2 2
9191919919999 9[9]9]9]9]9]9]99]9/9{0/0]0]0{0]0]0]0]0{0]0[0]0] 0|0
8/8/8/8/8/8/8/8/8[8999[9[99]99/9/9/0/0/0]0{0]00]0|0{0] 111121
0| 1|2[3| 4| 5| 6| 7| 8| 9| 0| 1| 2| 3| 4| 5| 6| 7| 8| 9| 0| 1| 2| 3| 4| 5| 6| 7| 8| 9| 0| 1| 2| 3| 4
BAKSAN (330t lig.sci.)i i | | EEREEEREEEEEEEN

IMB_(7000t water) ! - ]

L Kamrokande (2140t Water) |
LSD 90t I|q scr) o .
L - ' LVD (33091000’[ ||q sc:l) ! .J
$|\|§19§37§a Super Kamlokande (32000t water) »

Amanda/lceCube

SNO (;oom D?O) § .
Kam LAND(lOOOt I|q scr )

Borexrno(SOOt I|q SCl. )

HALO (76t Pb 3He counter)

=




Supernova burst detectors in the world

(running and near future underground experiments) Super-Kamiokande

N

Baksan

A e e

Detectors on surface like

NOVA (14kton liquid scintillator(LS)),
Daya Bay (160ton Gd-doped LS)
can also be supernova detectors.




The Baksan underground scintillation telescope (Russia)

Each detector

PMT & 15en
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E.N.Alexeyev, L.N.Alexeyeva, astro-ph/0212499
A. Gaponenko et al., ICRC2013, Paper ID: 621

~100 vp 2¢e*n events expected for 10 kpc SN.
Running since 1980 with ~90% live time.

No candidate for 28 years’ observation time from 1980 to 2013.
Upper limit of SN rate: < 0.082 /yr

From E.N.Alexeyev, A. Gaponenko ‘




LVD detector (at Gran Sasso, Italy)

LVD consists of an array of
840 counters, 1.5 m3 each.

Total target:
1000 t liguid scintillator

4MeV threshold

N With <1MeV threshold for
\ . delayed signal (neutron tagging
e efficiency of 50 +- 10 %)
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E resolution: 13%(1c) at 15MeV

~300 vp =>e*n events
expected for 10 kpc SN.
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gL No candidate for 19.3 years from
il 1992 to 2013.
| Upper limit of SN rate: < 0.12 /yr

C.Vigorito et al., ICRC2013, Paper ID: 453

From W.Flugione



Single volume liquid scintillator detectors

KamLAND Borexino SNO+
(Kamioka, Japan) (Gran Sasso, Italy) (SNO Lab.,Canada)
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300ton lig.sci.
Running since 2007.

1000ton lig.sci.

Under construction.

1000ton lig.sci.
Running since 2002.

From K.Inoue, G.Bellini, M.Chen



Liquid scinitillator detectors

Expected number of events(for 10kpc SN)
Events/1000 tons

m Inverse beta( v.+p—e*+n) : ~300 events
Spectrum measurement with good energy resolution, e.g. for
spectrum distortion of earth matter effect.

m CC on *°C (v +2C—e+1°N(*4B)) : ~30 events
Tagged by 12N(12B) beta decay

m Electron scattering (vte— v+e’) . ~ 20 events

s NC vy from *2C (v+1°2C—Hv+2C+y): ~60 events
Total neutrino flux, 15.11MeV mono-energetic gamma

m v+p scattering ( v+p— v+p): ~300 events

Sensitive to all types of neutrinos.
(Independent from neutrino oscillation)
Spectrum measurement of higher energy component.

From K.Inoue, G.Bellini, M.Chen



HALO (SNOLAB, Canada)

'SNO °He neutron detectors with lead target

CC: v, + 208pp  —  207Bj 4+ n 4+ e~

NG Ve + 28Pb —  206Bi 4 2p 4 e

v, + 298Py, —  207pL 4+ g

v, + 205Php  —  206pL 4 9op

HALO is using 76 tonnes of Pb

Fora SN @ 10kpcT,
* Assuming FD distribution with T=8 MeV for vp’s, V.'S.
* 68 neutrons through v, charged current channels
20 neutrons through v, neutral current channels
~ 88 neutrons liberated,;
with ~50% of detection efficiency, ~40 events expected.

From C.Virtue



lceCube (South pole)

From L.Koepke, S.Yoshida

lceCube detector

« Number of Optical modules: 5160

* 17-inch PMTs in each optical module
« Number of strings: 86

* Instrumented volume: 1 km?3

Supernova neutrinos coherently

| Increase single rates of PMTs.
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# of PMT hits

Significance

lceCube signal

X

-y

o
w

1707 :

- . 10 Kpc to SN expected value Adv_antage_. .
160— ' —— including errors & h|gh statistics

- Simulation based on Livermore model (0.75% stat. error |
150E" . @ 0.5s and 100ms bins)
140F- Good for fine time

3 , structures (noise low)!
130— ,
120/ Disadvantage:

% Nno pointing
o # no energy

_I | 11 1 I 11 1 | 11 1 I 11 1 I 11 1 I 11 1 l 11 1 I 11 1 | 11 1 I 1 @ I I I I
1L T By ey S e T e R INtrinsic noise

Supernova significance (for 10.00s) t[s]
" | I s Significance:
- gg'nat‘gtr'c Galactic center: ~200 o
G LMC :~5 o0
o IceCube SMC ~4do
SMC ;
0 \A\manda
; v 10*

10 20 30 40 50 60 70 80
Distance [kpo From L.Koepke



High frequency signal variation by SASI
SASI=standing accretion shock instability

50 o ———— 2-D(axially symmetric) simulation
N luminosity with PROMETHEUS-VERTEX code
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Super-K: Expected number of events
§ Neutrino flux and energy spectrum from Livermore simulation
ey $ L (T.Totani, K.Sato, H.E.Dalhed and J.R.Wilson, ApJ.496,216(1998))
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Burst onset time
Simulation of initial stage of a burst (10kpc supernova)
Super-Kamiokande lceCube

§180 Halzen, Raffelt, arXiv:0908.2317
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10~40 events in the first 20msec. +3.5 msec at 95% C.L.

Super-K and IceCube have a few msec precision on onset time.



Summary of current supernova v detectors

# of events expected for 10kpc.

Directionality =y

Baksan 330 ton liquid scintillator No
(1980-) ~100Vv_p =>e*n events.
LVVD 1000 ton liquid scintillator. 840 counters 1.5m3 each. 4 MeV | No
(1992-) thres., ~50% eff. for tagging decayed signal.

~300v,p =>e*n events.
Super-K 32,000 tons of water target. Yes
(1996-) ~7300 v.,p =e*n, ~300 ve—>ve scattering events.
KamLAND | 1000 ton liquid scintillator, single volume. NoO
(2002-) ~300 v.p, several 10 CC on *°C, ~60 NC vy, ~300 vp = vp
ICECUBE Gigaton ice target. No
(2005-) By coherent increase of PMT single rates.

High precision time structure measurement.
BOREXINO | 300 ton liquid scintillator, single volume. NoO
(2007-) ~100Vp, ~10 CC on *?C, ~20 NC vy, ~100 vp = vp
HALO SNO 3He neutron detectors with 76 ton lead target. No
(2010-) ~40 events expected.




events/bin

events/bin

Super-K: simulation of angular distribution
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Future Large Volume Detectors

LBNE (US) (> LBNF) Hyper-Kamiokande
34 kton Lig. Ar detector Wer CV lgov\

Long-Baseline Neutrino Experiment

JUNO(China) RENO-50(Korea)
(20kton Lig. Sci.) (18kton Lig. Sci.)
T Ol e N 100020’ OD PMTs _ Water

LS (18 kton)

S| 15000 20" PMTs (67%)
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Expected signal in Liquid Ar

For 34 kton Lig. Ar SN @ 10 kpc

Interactions, as a function of neutrino energy

5 60—
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From K. Scholberg



Supernova events at Hyper-Kamiokande

Lo e _

&g gt 2 s ~200,000 v +p events
10108 Ge 5 = 7,000~8(())OO v+e events
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Neutronization burst at LBNF and Hyper-K

® Both LBNF and HK measure the neutronization burst.

® LBNF sees it in the CC (v, only) channel.

® HK will see it in the ES (v, v,, v;) channel, i.e. directional
events. So, the neutronization burst would be more visible than
the plot below.

Garching flux: Phys. Rev. Lett. 104, 251101
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Supernova Relic Neutrinos
S.Ando, Astrophys.J.607:20-31,2004.
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Supernova Relic Neutrinos

%10 Froo T T T T T SR flux from Horiuchi et al.

= 16 Lreactor v 4 PRD, 79, 083013 (2009)
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GADZOOKS! project at Super-K

Identify v,p events by neutron tagging with Gadolinium.
Gadolinium has large neutron capture cross section and emit

8MeV gamma cascade.
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Expected SRN signal and background at Super-K
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Transparency measurement
EGADS e

Evaluating Gadolinium’s Action on Detector Systems
00 m3 tank with 240 PMTs

R

15m? tank to dissolve Gd Gd water circulation system
(purify water with Gd)




240 PMTs were mounted in the 200 m?3 tank in 2013.

Gd-loaded test is expected start soon.




Conclusions

Only SN1987A so far for supernova neutrinos.
Many detectors in the world are waiting for next supernova.
High statistical signals at IceCube and Super-K.

~5 deg. accuracy In direction for a supernova at 10 kpc by
Super-K neutron-electron scattering events.

Future large volume neutrino detectors will give more fruitful
Information for supernova bursts, e.g. v, signals,
extragalactic supernovae and neutronization signals.

R&D for GADZOOKS! project at Super-K for SRN detection
IS ongoing.




