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Supernova Neutrinos:

Kamiokande-Il (Japan):
B Water Cherenkov (2,140 ton)
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B Liquid Scintillator (200 ton)
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Supernova Neutrinos:
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Recent long-term
simulations

(Basel, Garching)
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Lessons:
once for a lifetime

Don’t miss the
Next Galactic SN




Neutrino-driven supernova explosion

Main-sequence star Helium-burning star  From Raffelt
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Helium Hydrogen
Burning Burning

Neutron star:
p = 3x104gcm3
T ~ 30 MeV

Hydrogen
Burning

Degenerate iron core:| | Grav. binding energy Ep~3 x 10°3 erg
~10% g cm3 99% Neutrinos
T =~1010K 1% Kinetic energy of explosion
Mg~ 1.5 M, (1% of this into cosmic rays)
Ri. ~ 8000 km 0.01% Photons, outshine host galaxw

W 4




SN neutrino bursts from simulation
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Future Supernova Neutrino Detectors

(1) Water Cherenkov Detector

Hyper Kamiokande (also SuperKor SuperK-Gd):
1 Mt, mostly nu_e_bar, largest statistics

(2) Liquid Scintillator Detector

JUNO (also RENO50 or LENA):
20 kt, nu_e_bar dominates, different flavors, best energy resolution

(3) Liquid Argon Detector
DUNE: 10-40 kt, nu_edominates

(4) Ice Cherenkov Detector

Icecube: No event-by event observation, time profile
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Multi-channels of neutrino detection in LS

For 20 kt LS@JUNO

Events for different (E,) values

Channel Lype 12 MeV 14 MeV 16 MeV
Ue+p—et +n CC 4.3 x 107 5.0 x 107 5.7 x 107
v+p—v4p NC 6.0 x 102 1.2 x 107 2.0 x 103
v+e—vHe ES 3.6 x 107 3.6 x 102 3.6 x 102
v+ 12C v+ 2C* NC 1.7 x 10? 3.2 x 107 5.2 x 107
ve + 12C — e 4+ 2N CC 4.7 x 10! 9.4 x 10! 1.6 x 107
7.+ 2C > et + °B CC 6.0 x 10! 1.1 x 102 1.6 x 102

JUNO Collaboration, JPG 2016

Detect V., Ve, V, from a galactic SN @ 10 kpc

® real-time measurement of three-phase v signals
® distinguish between different v flavors
® reconstruct v energies and luminosities
® almost background free due to time information
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(A): Probes of all three neutrino flavors

LU, YFL, ZhOU, PRD 2016 Number of SN Neutrino Events at JUNO
Channel Type
No Oscillations Normal Ordering Inverted Ordering
334—p-—>€+ﬁ+?1 CC 4573 AT7TH 5185
1578 1578 1578
v, 107 354 278
v+p—v+p ES
v, 179 214 292
v, 1292 1010 1008
314 316 316
v, 157 159 158
v, +e—uv, +e ES
v, 61 61 62
v, 96 96 96
ve +12C - e~ + 12N CC 43 134 106
7.+ 12C — et +12B CC 86 98 126
352 352 352
v 27 76 61

v+ 12C —» v+ 2= NC
43 50 65

v 282 226 226




(B): Time distribution (IBD & ES events)
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(C): Neutrino energy distribution

10° T T T T T T T T T T T — T Lu, YFL, Zhou, PRD
PeNc EP=151Mev ] 2016
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See also Lujan-
Peschard, Pagliaroli,
Vissani, 2014
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1) IBD events dominate at the high energy range

2) nu-p ES channel dominates at low energies

3) coincidence events vs. singles events

4) e. vs. p discrimination: Pulse shape discrimination
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(D): Detection of SN v,

Mostly Inverse beta decay (IBD) v,+p —>n+e”
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(1) ~5000 IBD events, Precisionof 1% g5 |
golden channel for SN ol g |
neutrino observations i
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(2) Coincidence of prompt = g
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and delayed signals: least  =.- 4

background
9 Bt = EY" = E** = 5 x 10°% erg

(3) good reconstruction of

the neutrino energy o 5 10 E'l[?v[ V]20' 25030
< \-}e> e

Lu, YFL, Zhou, PRD 2016
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(E): Detection of SN v,

(1) nu-p scattering (pES) events: quenched proton
(2) nu-12C NC events: 15.11 MeV y
(3) nu-electron scattering (eES) events: recoiled electron

> ~2000 pES events O
!
> Low threshold _ | A
(0.2 MeV) 0,
= P
s 4r '« o\
> reconstruction of = IR\
neutrino energy 2k N
spectrum: high- - Frecision of 5% T
0

0 5 10 15 20 25 30

enerqy tail
9y <E, > [MeV]

Lu, YFL, Zhou, PRD 2016
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(F): Detection of SN v, at JUNO

(1) nu-electron scattering events: recoiled electrons

(2) nu-12C CC events: coincidence with decayed 12N

> ~300 eES events

> ~300 12C CC events

[10°% erg]

> Background events: ~
from IBD in-efficiency *

tot

> electron v.s. proton:
pulse shape
discrimination (PSD)
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Lu, YFL, Zhou, PRD 2016
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(G): Test of the energy equipartition

A fundamental assumption in SN physics

Not guaranteed in simulation Lu. YEL. Zhou. PRD 2016
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(1) Assuming standard MSW effects
(2) marginalization of three average energies and E_tot.
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Neutrino mass scale with SN neutrinos

SN1987A limits of neutrino mass scale: 5.8 eV@ 95 C.L.

Beta decay experiments:
Current: 2.1 eV@ 95 C.L., KATRIN: 0.2 @ 95 C.L.

Cosmology probes:
Total mass smaller than 0.23 @ 95C.L.

Double beta decay:
Depending on matrix elements and Majorana phases

It is desirable to have a sub-eV test with future SN
neutrinos
e F - ! 1'Ex |




Principle:

Time delay: m\ 2 E —~ D
At(m,, E.) =~ 5.14 ms ) 2 _Z
(my . £y) = 514 ms (w7 (10 MeV) 10 kpc

50 . . . . 50

T T
kinetical restriction

40+
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Figure: Example of time delay of SN neutrinos for a 10 kpc away
SN. Left: m, = 0. Right: m, =2 eV.

Method: - N oo
L=e do BOWTT / R(t., E.)G(E. +m., E;dE,)dE,
=1 Eth
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Statistical and Systematic uncertainties

Using a parametrized model from SN1987A observation.
(parametrized model from 0810.0466)

(1) In one trial, to study the model parameter effects.

(2) With 3000 simulations, to show the fluctuation.

. Fixlzln. —_— Eﬂﬂ_— Mean 0.8252
¢ Fit SNFg;lg; — BMS  0.2441
T

——
Fit t.t; —e— |

Lu, Cao, YFL, Zhou,
JCAP, 2015

#Entries

15 2 0 05 1 15 2 25 3
95% m, upper limit [eV]




SN neutrino flux model effects
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The numerical models are all from
http://asphwww.ph.noda.tus.ac.jp/snn/
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SN v Detection: present and future experiments

LVD (400) Baksan Super-Kamiokande (10%)
MiniBooNe(200)] Borexino (100)

IceCube (10°)




Summary and Outlook

(a) Neutrinos from next nearby supernova cannot
be missed (a once-in-a-lifetime opportunity!)

(b) LS, WC, LAr detectors are complementary in
neutrino flavors, time distributions, energy
spectra, etc.

(c)104 neutrino events @ future LS detectors
(JUNO) for a typical galactic SN; to reconstruct
neutrino spectra, improve neutrino mass bound,
probe neutrino mass ordering, directionality etc.
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Thanks for your attention!




Key Problem: where and when?

SN statistics in
external galaxies

van den Bergh & McClure
(1994)

Cappellaro & Turatto (2000)

Gamma rays from
26A1 (Milky Way)

Diehl et al. (2006)

Historical galactic
SNe (all types)

Strom (1994)
Tammann et al. (1994)

No galactic
neutrino burst

Alekseev et al. (1993)

0O 1 2 3 456 7 8 910
Core-collapse SNe per century

© Raffelt

(1) Estimate from SN statistics in other galaxies; (2) Only massive stars
produce 26Al (with a half-life 7.2 x 105 years); (3) Historical SNe in the Milky

Way; (4) No neutrino bursts observed by Baksan since June 1980




SN Candidate:

i i
Size of Star

(]
Size of Earth’s Orbit

L1
Size of Jupiter’s Orbit

B

Vi & :

Expected to end its life as SN explosion
@ JUNO: 2 x107 events




Diffuse SN Background (DSNB)

Neutrinos from all the SNe in our Universe

——— DSNB: <E,>=15MeV
—— sum of backgrounds
—— reactor v,

CC atmospheric v,
—— NC atmospheric v
—— fast neutrons

# of SNe per yr per Mpc3(un. SFR, IMF)
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rate in 17kt [per MeVx10yrs]

102
Cosmological evolution 101 1 l‘."‘l 1]51 i 1 I2101 L 1 12l51 1 i 13101 1 L 13l5I il

antineutrino energy [MeV]

—— Super-Kamiokande
7 —— JUNO

90% CL exclusion curves
(the upper-right regions)
if no detection for 10 yrs

® Observation window: 11 MeV < £, < 30 MeV
® PSD techniques for NC atmospheric v
® Fast neutrons: r < 16.8 m (equiv. 17 kt mass)

Syst. uncertainty BG 5% 20 %

Rey(z=0)XL(V,) [(10™Mpc yr)x(0.5x10%erg)]
oy
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(Ez.) rate only spectral fit | rate only spectral fit
120MeV 112 192 L5g LIg 2
15 MeV 3.30 3.00 3.00 3.20 1
18 MeV 5.1c 540 460 470 N S T D DU BN W s e
21 MeV 6.90 7.30 620 640 21 s e e 20
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Strategy of including oscillations
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P; = COS 912 Ccos 913

: A 92\ 2/3
[ Py oxexp [r-onhf sin2 0,3 ( n131)

E

P,.=Py sin2912 1:09.26‘13 + (1-Py) s;ian)13

v = by, Pee + ¢y, (1 — Pee)
b5, = by, Pee + &y, (1 — Pe)
bu, + Pv, = by, (1= Pec) + 0, (1 + Pee)
G5, + P, = by, (1 — Pec) + ¢, (1 + Pee)
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Inverted hierarchy
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