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I will continue on the discussion for the large liquid
scintillation detector, e.g., JUNO

(1) Best energy resolution: energy spectrum
(2) Low threshold: IBD as well as nu-p/nu-e channels
(3) Multi-flavor detection: all three flavors

Absolute mass: time-of-flight effect
Mass ordering: MSW

Both studies need a better description on the energy and time
distribution of supernova neutrinos
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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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Limit from SN1987A

m,\ 2 E D
At(m. . E ) ~5.14 (—) v
(m,, £,) IR VAY; (10 MeV) 10 kpc

SN1987A limits: around 6 eV@ 95 C.L.
By Loredo and Lamb, and many other scientists

One analysis taken from
Pagliaroli,Rossi-Torres, Vissani
Astropart. Phys. 33 (2010) 287-291

Using an un-binned likelihood
method with a prior description of
the supernova neutrino fluxes.

58eV @9 C.L.
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Liquid Scintillator detector

Calibration Electronics
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Neutrino observation at JUNO

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




A flux model based on SN1987A

» A simple parameterized model focusing on antineutrino
emission in accretion phase and cooling phase is used in
our work. A.lanni et al., PRD, 2009

» Accretion phase: v, only (e™ +n — v. + p).
» Parameters: M,.T,, T,

» Cooling phase: all flavors. Spectrum of each flavor is
thermal equilibrium spectrum.

» Parameters: R.,1.., T,

» An interpolate function is used to smoothly connect the
two phases.

» Other Parameters: flux rising time 7. and burst start time
£
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Likelihood

» Given the SN neutrino flux, we can calculate the IBD
event rate R(t, E.).

R(t Ee) - *'N}J(I)r_ze (t EL’)O-IBD(EU)T)(EE)

» We want to use the information of every event, so the
likelihood function is written as

N oo
£ o I o] / R(t. E,)G(E, + m,. E;6E,)E, .
i=1 " Ein

where ¢\ =t. — At(m,,, E') — t, stands for the real time when
the corresponding neutrino is emitted, GG is the energy smear
function.
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Data distribution
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Figure: Example of time delay of SN neutrinos for a 10 kpc away
SN. Left: m, = 0. Right: m, =2 €V.
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Statistical/Systematic uncertainties

N 500 Mean 0.8252
i, —w— N RMS  0.2441
Fitt.t, —e— |
400~ . .
- 3000 simulations
@ 300~ for JUNO
g |
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Lu, Cao, Li, Zhou, JCAP, 2015

1) Include the MSW effect for NH. F—
( ) 4005— BMS 0.2805

350F- , '
(2)Among different systematics, the 300F- Il 3000 simulations
starting time affects most. £ 250 ' for SK

W 200

150F- / \
(3) For the difference between JUNO 100E- |
and SK, the threshold is the main 52; S
reason (compared to resolution). % ogum upperiimitiev] o O
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Distance and Model Variations
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Events before 0.1 s below 10 MeV

(1) For a large number of numerical models, the sensitivities are better

than 1 eV @ 95 C.L. for 10 kpc.

(2) Early low energy events are most important for the time-of-flight

measurements.
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Fine-scale time structures in the wavelet analysis

J.Ellis, H.T.Janka et al., PRD, 2012

[T T 7 77 ] (1) Using the 2d
simulation data
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Mass ordering via MSW effects

Using the integrated energy spectrum Using the time distribution

1

Using the facts of the average 45
energy hierarchies:

(EL.) < (Ep) < (E,,)

Taking the advantage of multi-
flavor measurement in LS

~ average noise
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Concluding remarks

(@) The neutrino mass and mass ordering would be measured
with beta decay and oscillation experiments (accelerator,
reactor, atmospheric neutrinos).

(b) The studies of sensitivity are intended to show their
quantitative effects on the future measurements.

(c) Good sensitivity needs a better understanding of the
initial supernova neutrino fluxes.

(d) These two effects (initial flux and mass/mass ordering)
are coupled from the point of view of measurements.
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Time distribution (IBD & ES events)
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Neutrino energy distribution

Lh

10° T T T T | T T T T T T B— Lu, YFL, Zhou, PRD
HeNC. EP=15.1 MeV ] 2016

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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Detection of SN v,

Mostly Inverse beta decay (IBD) v,+p —>n+e”

Spectra ro(r) - — B (17)7 (<E
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(1) ~5000 IBD events, Precisionof 1% g5 |
golden channel for SN ol g |
neutrino observations i

2 ol L
(2) Coincidence of prompt = g

\
1

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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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

> Low threshold
(0.2 MeV)

tot 52
\?x [10°7 erg]

> reconstruction of .
neutrino energy
spectrum: high-
energy tail
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Lu, YFL, Zhou, PRD 2016
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Detection of SN v, at JUNO

(1) nu-electron scattering events: recoiled electrons

(2) nu-12C CC events: coincidence with decayed 12N
10

> ~300 eES events | s
8_
» ~300 12C CC events  _ |
> Background events: -
from IBD in-efficiency = |
27 S
> electron v.s. proton: Precision of 10% |
pulse shape 005 10 15 20 25 30

discrimination (PSD) v eV

Lu, YFL, Zhou, PRD 2016
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MSW effect: caused by changing matter density, not by “oscillation”
Dighe & Smirnov, hep-ph/9907423 Ve Ve

< . .
n, n e -n e e

For normal MH, both the High and Low resonance
happen in the neutrino sector.

For inverted MH, Low resonance in the neutrino sector

and High resonance in the antineutrino sector.
o, 22




Survival and transition probabilities

bv. = by, Pec + &), (1 — Pee)

v) v,) bv. = &, Pee + ¢5, (1 — Pee)
vacuum detector @éu# + ﬁbur — @539 (1 - PBE) - ‘?53? (1 + PEE)
o, + 05, = ¢y (1= Pee) + ¢, (1 + Pee)
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