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Photons Neutrinos

MULTI-MESSENGER
ASTRONOMY

Cosmic rays Gravitational Wave




Neutrinos interact only weakly
e Escape from extremely dense area
* [ravel over the long distance
e Not deflected by cosmic magnetic field

N

AGNs, SNRs, GRBs... MR

CETOUINERE VA -

They point to their sources, but they

can be absorbed and are created by »
multiple emission mechanismes,

~ Y &

black
holes

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

) *
explosion

They are charged particles and
are deflected by magnetic fields,

»
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Supernova Explosion

B A star with >~8Msun cannot stand its self-gravity and hence collapses at the end of its life, \/@)
leading to an explosion (~supernova) or a blackhole formation.
* Kinetic energy: (1erg~10-7J ~6 x 1011 eV) Higgstan
* Luminosity: ~galaxy
 Rate: a few times per century per galaxy

B SN has been the center of many scientific interests across the fields.
* Heavy nucleosynthesis, galactic chemical evolution
* Blackhole formation from single star evolution
* Nuclear equation-of-state (EOS)
* Beyond Standard Model (BSM) physics
* elc

Blackhole Stellar/Galactic Evolution

Astronomy

Fundamental Force i lear EOS

Particle Physics Nuclear Physics

. BSM (Axion etc)
explosion Nucleosynthesis




Neutrinos from Collapsing Stars

Neutrino emission from proto-neutron star cooling

Efficient neutrino emission after carbon core

(= )

L 4
*
L 4
2

n L 2
u L 2

|
¢

®Bounce & Shock wave 7

Main Signal Late Time

-~
>

Accretion/Pre-Explosion

Early Cooling: Mantle Contraction
Late Cooling: Core Cooling

v-Sphere Recession
Fallback

5 PNS
6 llllllllllllll @ ﬁ llllllllllllll > "0’
\]/ k
- _Pre-SN
- 1053 —
E ’& 1052_
w _ 1051_
i)
Neutrino emission along shock transition go 1050 -
)
Ry
~ 1049_
o10)
g
=
10%+4 5
M
y
10%7 .
10? 0

S. W. Li, L. F. Roberts, and J. F. Beacom, PRD 103, 023016 (2021)

| | |
101 109 101 102 103
tpost—bounce [s]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.023016

11

Neutrinos from CouapS'ng Stars K. Nakazato et al., ApJ Suppl. 205, 2 (2013)
cooling phase
: | I I I I I I I I EI [ I| I [ T 11 II| I_
£
» Both NS and BH cases 10%% & I luminosity = * Only NS case
* Longer accretion for BH case /Q\ - |F : * Large integrated flux
1052 ]| s ~
* Mainly ve and anti-ve %D 7: : - * All flavors
— y : i
* Higher energy = st L | ‘ _ * Lower energy
| :
i Ii I I I I I I I I I I EI [ | II I I I I III I_
].050 _| F | L | [ EIIII| I I IIIIII| ]
20 = Ik I energy —
= [ 5 )
) [ Ue \. Vx E B
2 T NI )
= 10T Ve R
2] linear E log -
O -/I [ [ | I [ [ | I [ | EIIIII I I IIIIIII I
O 0.2 0.4 1 10

time (sec)



KAMIOKANDE 2
NUM 9
RUN 1892
EVENT 139372

TIME 2/23/87

16:35.37 JST

TOTAL ENERGY 198MeV
TOTAL PE. 51(0)
MAX PE. 4 (0)
THRES P.E. 0.2(1.0)

-’---....---- -

-
".-‘ C= | -

-

-
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- ol
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»

-
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P ¢ o)
/ "N
O
(o)

Only one case so far, the historic SN 1987A

t

ENERGY (MeV)

We are waiting for the next one!

¢

4 5 6 7 8 9 10 11 12 13
TIME (sec)



Message from Stars in the Past

The accumulated flux of neutrinos released from stellar core collapse over the cosmic history
= Diffuse Supernova Neutrino Background; DSNB

) _IIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII_
1 — —
> L Nakazato+24 (HBO6, Fallback, NH) _
Q - - Martinez-Mirave+24 (f | =0.2) _
E Nick+24, NH, f=0.236
| Ashida+23 (MD14, Togashi, NH) L
A A 10 — - = Ivanez+23 (v/m=10°, SH, NH) =
7 _1n? —
Neutnnos frOm (/)] = Ivanez+23 (/m=10’, SH, IH) B
o [ mmmmmmms  Horiuchi+21 (Extrapolated, aA=0.1, NH) |
pa St SNe ) Kresse+21 (High, NH) _
E / y wem= 1 Tabrizi+20 (NS+BH, NH) N
0 ~, ’ - Barranco+18 (ACDM, leptonic, fiducial)
e N *ﬁ"q, Horiuchi+18 (5, =0.1)
¢ 1 g_,,,“s \ = = = = Nakazato+15 (Max, IH) —
= — '/,,,,7, » 44‘ v QD Nakazato+15 (Min, NH) -
— — '“/,,,, \"’%‘ - Galais+10 (NH) =
LL B Vi Ty mm == Horiuchi+09 (6 MeV, Max) |
o d'/;%ﬁ, “”,\ > Kaplinghat+00
|> B ’l',’?//, e N /"'/,, Malaney97 ]
1 0_1 §/'0$/~/, ’\/ I,"N,, |||||||||||| Hartmann+97
107 =
u on
103
: /,~, /////////
| /‘ ///////

Many predictions
10—4 I | I | I | [ 11 1 | I | | I | | [ 1 1 Ic+f,l | 1 | | [od | |
5 10 15 20 25 30 35 40 45 50

J ® [Star formation] ® v, Energy [MeV]
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Y. Ashida, K. Nakazato, ApJ 937, 1 (2022) 414

Core CO"apse Fate and DSN B Y. Ashida, K. Nakazato, T. Tsujimoto

K. Nakazato, R. Akaho, Y. Ashida, T. Tsujimoto

B Emitted v spectrum is expected to depend on the remnant after core collapse (“fate”).
. (pulser, failed SN monitoring, GW etc).

B Consider three major cases as a fate and calculate DSNB flux for each.
Canonical mass neutron stars (~1.4Msun)

. 1041 - —— CNS, NH
* High mass neutron stars (~1.7Msun) | -—-- CNS, H
e @
. Black holes (failed SNe) 7 e . 5 el
| E 1 O 1- iy 5 5 :9_&:)_*7_1_?—"—7— — BH ’ NH
SN epr05|on neutron - | =
star (NS) | T K+ SK-IV 2970 days
V 8 7~ KamLAND 4529 days
wn
. )
collapse ounce - fallback
P shock Iaunch - § Ot
_ accretion e e
_1_ .-'\ — !\\k,,_“ e -
% 10 { Typical NS (~1.4Msun) S8
e | Heavier NS (~1.7Msun) |
\ kS { BH formation (failed SN)
\ _2‘ Multiple lines for different choice
107“1 of EOS (Shen, LS220, Togashi)

black hole (BH) b|acho|e (B) 110 1l5 ZIO 2'5 310
E, [MeV]

from K. Nakazato


https://iopscience.iop.org/article/10.3847/1538-4357/ac8a46
https://iopscience.iop.org/article/10.3847/1538-4357/ace3ba
https://iopscience.iop.org/article/10.3847/1538-4357/ad7826

CCSN Mass Limit

B We set the maximum mass of progenitors for successful explosions to 18Msun.

Observationally, Mmin ~ 8Msun and mmax ~ 18Msun are supported. S. J. Smartt, PASA 32 (2015)
» There is a theoretical work that implies failed SNe above ~20Msun. Bt $ ;Z':L. LT
. . . . 5 19930 |- ’C\O H'/ 18
B Many galactic chemical evolution schemes adopt a high mMmax (50~100Msun) & -, %‘i is
& 1999gi— e ¢ — 14
: S Toomel £ : 113
Our Mmax =18Msun assumption reduces the number of CCSNe to ~70%. ;& & /2 Mmax = 30Msun 33
it 8/ i
 Accordingly, the total amount of heavy elements is reduced to ~50%. zoceeif ? at
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Va riable I M F T. Tsujimoto, MNRAS 518, 3475 (2023)

B |n order to achieve consistency with observed chemical abundance, we propose a new evolution model.
B \We categorize galaxies into five and assume different initial mass functions (IMF) depending types.

B The fraction for BH formation from this model is 33~42% (higher rate than many other DSNB models).

fen = 4~39% from failed SN monitoring

How star formation proceeds? (C. M. Basinger et al., arXiv:2007.15658)
0.4 .Z'_
T I
moderate mode 0
late-type galaxies (Sbc, Scd, Sdm) early-type galaxies (E/S0O, Sab) &
. 03 -._ A 1 1 L 1 1 L L 1 | | A 1 L | 1 1 L 1 )
0 0.5 1 1.5 2
Z
‘Our model nomenclature
Name IMF form BH treatment
Salpeter IMF Flat IME GDIMF-wBH (ref.) Variable @ BHs for 18-100M
(x = —1.35) (x = -0.9) GDIMF-noBH Variable No BH

SallMF-wBH Salpeter BHs for 18-100M
SallMF-noBH Salpeter No BH




DSNB Flux with a Novel Galactic Chemical Evolution

B Our model shows DSNB flux enhancements at high and low energies.
Y. Ashida, K. Nakazato, T. Tsujimoto, ApdJ 953, 2 (2023)

B High energy (>30 MeV): Large contribution from BH formation.

- . Redshifted neutrinos from early-type galaxies with large CCSN rates.
] . >
| This work (NH) < GDIMF-wBH BH formation -
| This work (I1H) GDIMF-noBH A
— — : : C’Q_ SallIMF-wBH
A G Horiuchi+09 (6 MeV, Max) N~ 2 0-
'> 10 ] —— Previous models - ' SallMF-noBH
_ v | . .
Q > O: Togashi, A:LS220, L Shen B
= w filled: MD14, open: HBO6
n o\'lal 5 thick: NH, faded: IH o
g 1071 o o L5
n ‘: |
N o E O
IE ) Variable IMF
|2| —2 Q@ 1 O_
- 10 c . A
L] 3 -
Ecu e . _BNe) A A ©
J 0.5 2%
10~3 D] % "
_ o
10 20 30 40 50 0.5 1.0 1.5 2.0 2.5

E, [MeV] ®;. 0w [cM™2 sec™!] for 17.3 < E, < 31.3 MeV


https://iopscience.iop.org/article/10.3847/1538-4357/ace3ba

Experimental Search

B Signal = inverse beta decay (IBD), ve + p = e* + n (dominant channel) e

¢ et = “prompt” signal (main energy range: O(1-10) MeV) p

* n = "“delayed” signal via y-ray(s) from thermal capture on hydrogen or gadolinium

B Many types of backgrounds mimicking this signature.

 Atmospheric neutrinos (charged / neutral current) o -

Secondary

« Radioactive isotopes and neutrons by atmospheric muons

Vu

e Solar neutrinos S Cor e

e Reactor neutrinos
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Super-Kamiokande

* 50 kton water (22.5 kton for analysis)

* 11,129 20-inch PMTs (Inner Detector)
— Physics event of interest

* 1,885 8-inch PMTs (Outer Detector)

— Background veto (muon etc)

Kamioka mine, Gifu, Japan

—

Atmospheric muon rate ~2 Hz

b
1996 2002 2006 2008 2019 2020 2022 2024
SK-V SK-VI SK-VII SK-VIII
half photo
coverage coil failure (SK-VIL.5)

30 year anniversary!



Super-Kamiokande

* 50 kton water (22.5 kton for analysis)

* 11,129 20-inch PMTs (Inner Detector)
— Physics event of interest

* 1,885 8-inch PMTs (Outer Detector)

— Background veto (muon etc)

Kamioka mine, Gifu, Japan

Atmospheric muon rate ~2 Hz

b
1996 AOZ 2006 2008 2019 2020 2022 2024
SK-V SK-VI SK-VII SK-VIII
half photo ... > ntag
coverage coil failure (SK-VIL.5)

* 7 phases completed so far, and SK-VIIl is on-going now.

« DSNB search performed multiple times. (Based on my Ph.D thesis)

« SK-Ito IV: published in Physical Review D 104, 122002 (2021)
o SK-VI & VII: published in The Astrophysical Journal 1005, 101 (2026)

« | SK-IV to VIII: paper in prep TODAY



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122002
https://iopscience.iop.org/article/10.3847/1538-4357/ae6c20

J. Beacom & M. Vagins, PRL 93, 171101 (2004) 23

Super-Kamiokande with Gadolinium K. Abe e al. (S Colaboraton. NIMA 1027, 166248 022

K. Abe et al. (SK Collaboration), NIMA 1065, 169480 (2024)

Gd loaded to improve neutron detection.

* Capture Xsec: 0.33 barn = ~49 kbarn
* yenergy: 2.2 MeV — ~8 MeV

* 0.011% (SK-VI), 0.033% (SK-VII~)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.171101
https://www.sciencedirect.com/science/article/abs/pii/S0168900221010883?casa_token=yU7VCoorVowAAAAA:FTCt7WMx9f01TrEvzes2dP_xcDhzp1ukIuR661IfUkSLsNxrh3w51avZDH0sJuIOFlH7WHvMtZ8
https://www.sciencedirect.com/science/article/pii/S0168900224004066

Analysis Overview

* Additional dataset (5003 days in total)

* Refined event selections (ML-based)

SK event

* Lowered threshold (Ev = 17.3 MeV — 13.3 MeV)

 Improvements on systematic uncertainties

New analysis with a 5003-day dataset =
~3350-day pure water + ~1650-day Gd water
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Energy [ MeV |

Phase Period Livetime [days] Water Status
SK-1V Oct. 2008 - Feb. 2018 2970.1 Pure-water
SK-V Feb. 2019 - Jul. 2020 379.2 Pure-water
SK-VI Aug. 2020 - Jun. 2022 552.2 Gd-water (0.01w%)
SK-VII Jul. 2022 - Oct. 2023 404.0 Gd-water (0.03w%)
SK-VIL.5 | Dec. 2023 - Jul. 2024 191.8 Gd-water (0.03w%)
SK-VIII | Sep. 2024 - Mar. 2026 505.7 Gd-water (0.03w%)




Neutron Tagging

* Neural Network (TMVA-MLP) structured based on 12 variables with

 Am/Be neutron source is used to validate the employed method. . »
_)12 *
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Spallation Reduction

* Optimized selection in a data-driven way, by calculating
spallation likelihood for muons collected before/after

each candidate event.

* In the golden window (Nn=1), consider °Li and accidental

coincidence events.

* 9LI: estimated by toy samples with replaced dt

* acc: estimated by mistag rate

* Higher energy threshold was set in Nh#1 so that we don'’t

need to worry about spallation.
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Systematic Uncertainty on °Li Efficiency [ Tastscon

PRC (2014) 89, 045801

-
o
N

(Primary process) _

* The current method (dt replacement) may involve bias on other variables. S (0

N (n,p)
* Produced simulation samples for each isotope and applied

the same analysis to check this effect.

Normalized probability
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* From this, assign a 30% uncertainty on the °Li spectral shape. 10-4_ .
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Atmospheric Neutrino Background

: Neutrino primary & final state interaction (NEUT) :
Neutrino flux (HKKM2011)
T + in-detector secondary interaction (GEANT4) * Nuclear final state
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.109.014620
https://academic.oup.com/ptep/article/2024/11/113D01/7845878?login=false
https://link.springer.com/article/10.1140/epjc/s10052-026-15355-2?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20260213&utm_content=10.1140/epjc/s10052-026-15355-2

NCgamma Validated by T2K Beams

* Developed an NN-based e-gamma discriminator (10% signal gain + half background).
 Measured using T2K neutrino beams to measure NCgamma events after DSNB event selections.

 Comparison between Data and MC (our model choice) give a NN validation as well as a direct systematics
estimation (smaller systematics than previous: 71% — 45%).
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NGUtrOn MUItipIiCity S. Han et al., Phys. Rev. D 112, 012004
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Data
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* Super-K’s independent analysis on neutron multiplicity is referred.
* Q2 is more directly related to outgoing nucleons critical for Sl.
* Use a single-ring sample to keep QE framework.
¢ Systematic uncertainties have been improved from =40%.
o SK-IV, V: -30/+27%

* SK-VI: -31/+18% Improved by ntag efficiency!
 SK-VII, VII.5, VIII: -32/+12%
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https://journals.aps.org/prd/abstract/10.1103/4d71-d69k

Spectral Fitting

* 1 signal + 6 background components considered.
* 6 panels prepared based on 8¢ and Nh.
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« Background
* atmospheric ve CC (“ ”)

* invisible muon/pion from atmospheric vy, CC, NC11t etc (“
* visible muon/pion from atmospheric v CC, NC11t etc (“

* nuclear deexcitation gamma rays from atmospheric v NCQE, NC1mt etc (*“NCy”)
* atmospheric muon spallation induced isotope with neutron (“spall °Li”)

* accidental coincidental events (“acc’)
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Systematic Effect in Fitting

. Detector response origin: energy reconstruction uncertalnty (scale, resolution) — found to be negligible
impact then NOT included in fit.

= = "Lt ideban ignal re ionMi ration ideban
* Migration [1-¢, 1+€]: transition between panels. 207 <0p 238" Y 78° <0 < 80"

* mid angle <-> high angle: NCgamma multiplicity
(NOT considered in this analysis)
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Fitting Parameters

Shared parameters (correlated over phases)
» Signal and background scales
* Atmospheric neutron multiplicity
e 9Li spectrum shape

Per-phase parameters (independent)
* Accidental coincidence scale
* Signal efficiency
* Ntag efficiency

9 + (3 x 6 phases) = 27 parameters

Parameters Sharing
Signal DSNB signal rate Shared
Backgrounds |atmospheric ve CC scale on MC Shared
atmospheric decay-e scale on MC Shared
atmospheric NCy scale on MC Shared
atmospheric p/1r scale on MC Shared
°Li spallation scale on MC Shared
accidental coincidence rate Per-phase
Nuisances atmospheric bkg ntag migration (CC) Shared
atmospheric bkg ntag migration (NCy) Shared
ntag efficiency uncertainty Per-phase
signal efficiency uncertainty Per-phase
°Li spectral shape Shared




Fit Result for SK-IV~V (Pure Water Period)

Sideband Signal region Sideband 4+ Data (SK-IV + V)
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Fit Result for SK-VI~VIll (Gd Water Period)

Sideband Signal region Sideband <4 Data (SK-VI + VII + VII.5 + VIII)
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Fit Result for SK-IV~VIII (Entire NTag Period)
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Fit Summary

* Joint fit result gives a 2.60 significance (excludes a null DSNB hypothesis at 99.5% C.L.).
* Most significant phase is SK-VIll (~2.20).
* 1.40 (pure water phase only), 2.20 (Gd water phase only)

* This is the first indication of the DSNB signature!

shared parameters
separate parameters

Parameter Units Joint SK-IV SK-V SK-VI SK-VII SK-VIL5 SK-VIII
Signal N s rate 4.8 56 0 79 0 7.6 95 Profile likelihood (Assumed DSNB model: Horiuchi+09, 6 MeV, max)
N_nue (ve CC) scale on MC 1.1 1.3 1.3 0.8 0.8 1.0 0.8 al Dataset
s - == SK-IV
Background: |\ |\, (decay-e)| SCAI® 0N MC 1.2 1.2 1.2 1.2 1.3 1.2 10 ; KV
atmospherics B o
N_mupi (u/) scale on MC 1.2 1.3 1.0 1.0 0.9 1.1 1.1 L —m SKVILS *a
N_ncge (NCy) | scale on MC 1.1 1.0 1.2 1.1 1.3 0.9 0.9 T e . e
Background: |N_spall °C/°B/°He)| scale on MC | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | _, [ oo 99’;?;/5’;5’1&'"!-39)-"
spallation N_1i9 (°Li) scale on MC 1.1 1.0 1.0 1.0 1.0 1.0 1.0 ZC]
Background: . (I\j ;
sccidentals N_acc_coinc rate Per-phase 0.2 0.5 0.2 0.3 0.3 0.1
Nuisances epsilon_ntag _cc | o units on unc -0.2 0.0 -1.1 -1.3 -0.9 0.0 1.1 R D B e | 95%C.L. (20) |
epsilon_ntag_nc | o units on unc 0.8 0.2 0.7 0.3 0.4 0.0 0.2 i | /,//
epsilon_ntag sig | o units on unc | Per-phase 0.2 0.0 0.1 0.0 0.0 0.2 ,,/"/
epsilon_eff sig | o units on unc | Per-phase 0.0 0.0 0.0 0.0 0.0 0.0 Bl NERUGSiERTLL 20 i 22" o 88%.Crb(T0) |
fO_spall iso fraction | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) ] : = -
f1_spall iso fraction | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) | O (inactive) DSNB flux [cm~2s~1]
epsilon_li9 O units on unc 0.1 0.1 0.0 0.0 0.0 0.0 -0.1




Fitting with Other DSNB Models

DSNB v, Flux [cm™2 s~ MeV~1]

* Three models (which have different shapes) were tested.

* The fitting consistently shows a significance of ~2.60 against the null DSNB hypothesis.

* QOur analysis is not capable of model discrimination.

10

—— Horiuchi+09 (6 MeV, Max)
Kresse+21 (High, NH)
—-— Ashida+23 (MD14, Togashi, NH)

10 20 30 40
Ve Energy [MeV]

50

Horiuchi+09 6

MeV, max

Kresse+21

Ashida+23

IBD event rate

[events/year]
Best-fit Pred

4.8 5.2
+2.2/-2.0

5.1 4.3
+2.2/2.0

5.7 9.5
+2.5/-2.3

DSNB flux
[cm2 s-1]

Best-fit

3.6
+1.6/-1.5

4.1
+1.8/-1.6

4.0
+1.8/-1.6

Pred

3.9

3.5

3.9

Preliminary
Significance Maximum
(SK-IV ~ VI Likelihood
joint fit) Value
2.60 1226.1
2.7C 1225.3
2.60 1225.9
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SK-IV~VIII 5003 days Best-fit + 10 |
— Horiuchi+09 (6 MeV, Max)

—— Kresse+21 (High, NH)

—— Ashida+23 (MD14, Togashi, NH)

Current Landscape

90% C.L. Upper Limit
KX SK-IV 2970 days
<+ SKVI+VII 956 days
<~ KamLAND 6352 days
JUNO 207 days

15 20 25 30 35 40

Neutrino energy [MeV]




Next Era

DSNB observation over the wide energy range_is essential for astrophysical studies!

tl M T
JUNO (2025~)

10

—_—
—_—
-
/
—
L

v, Flux [cm? s MeV]
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J U NO,S In itial Resu It G. Clash, NEUTRINO2026 poster

* Latest analysis with 207 days of data shows 19 candidates vs. 21.3+10.5 expected background.

* Their upper limit is already better than KamLAND and SK-Gd at low energies.

e R ,
I w— Atm CC
3 JUNO Preliminary. June 2026. g S50 T SO RO L W T i S RO S e
10°F = PSPinotiabnlicd — Fast Neutron 3 1021 DSNB Theoretical Predictions |
: PP Atm NC : KamLAND 4528.5 days (2021) 3
I — “Li - i B #x SK-IV 2970 days (2021)
102; o Reactor n - —5— & SK-VI w/Gd 552 days (2023)
” DSNB ROI: 12.0-30.0 MeV - > ® JUNO 206.5 days preliminary
e Data (206.5 days) Q o= s i
101 e : = JUNO Preliminary. June 2026.
: Bia | | _ | ~ 10°F A PSD not applied 3
” 7 - e | o
s | ' ) wn
= 100, 115 T TR s wy e o S : s :
g IE —@— o _._—.—
— —o—
ol = ——
2 10°%F & E
_A_
10-2_ L - g e =
_’_l_'_ ¢ —r—— S
—tl 8_ -
-3 | Q ;
10 - 1011 B
| 2 —A— A
10—4 A . . ] : : L A | A A 1 A | : 1 I 1 A L . 2 !
10 20 30 40 50 L
Prompt Energy [MeV]
Prompt-energy spectrum, the shaded band marks the DSNB search region. , 1 1 | 1 |
10— | 1 | 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 1

e 12-30 MeV window: 19 candidates with 206.5-day exposure. 10 15 20 25 30
« Total predicted background: 21.3 + 10.5 events. E, [MeV]
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Hyper-Kamiokande, under Construction

A successor of the greatest parent and grandparent (8.4x Super-K)
* Plenty of physics goals; MeV to TeV astrophysics is among the most
important missions.
* Plays a key role in the DSNB study to cover the wide energy range. g
 IWCD is a great supportive detector for neutrino interactions.

Construction status
* Excavation has been completed in July 2025.
 Many groups are rushing in parallel towards
the operation start in 2028.
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Summary

Special thanks: S. Fujita, M. Harada, A. Santos, L. Feng, S. Abe, S. Han, F. Nakanishi et al.

SO0 many and big improvements have been applied on the 5003-day dataset.

* Lowered energy threshold thanks to better control of background. paper in prep
» 9L efficiency estimation validated by newly produced MC samples.

* NN-based e-gamma discriminator targeting NCQE, and validated by an independent T2K sample.
 Smaller ntag systematics in Gd phases due to thermal boost modification in MC.

* Improved systematics on neutron multiplicity with external inputs.
. etc... Ridiiad

THANK YOU FOR YOUR ATTENTION!
B Next era is coming...

» Super-K will further improve the analysis, aiming 3o and more!
 Hyper-K is now under construction; expects to begin its operation in 2028.
 JUNO has kicked-off and showed the initial result.
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“Neutrino Heating” Scenario

“accretion phase” “neutronization burst” “bounce & shock wave”  “neutrino trapping”

(7) W (6) (9)

neutrinosphere

fﬁ success ‘
neutron star

(10) (11) (12)
failure
black hole black hole

“shock stall & revival” “explosion”



Mass Hierarchy Impact

dN S d N5 S d N5 S d N5
Ve _ Ue- ) 1 Ue.- ) V9 er ) 3
dE,/ | ,l‘ dE,/ | /2| dE,/ | ,3| dE,/
— 08”05 cos® 04 y E,,l - sin® 0, cos? 0 y E,,Q - sin® 6,5 y E,/B
dN dN dN;
~ (.68 - L 1+0.30 - 2 1+ 0.02 - 3
dE, dFE, dE,
Vo 0.68 NG 0.32 AN, Normal: All fI
iE. . IE. - . iE, ormal: avors
ANy, dN,?
~ = . Inverted: NuMu+NuTau

dE,  dE,



Contributions from Different Redshifts

Normal Inverted

10 10

Total =—— Total =——
0<z<1 === 0<z<] = — =
1<z<2 = - = 1<7<2 = - =

1 2<7<3 = = 1 2<7<3 — =

_ 3<z<4

4<z<5 = = - 4<z7<h - - -

o
-
o
—

dF(E,)/dE [cm™s MeV™]
dF(E,)/dE, [cm™s MeV™]

0.01 0.01
0.001 0.001
0 5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20 25 30 35 40 45 50 55
E [MeV] E,[MeV]

Figure 10. Total fluxes of SRNs (solid) and contributions from various redshift ranges for the reference model. The lines except for the solid line correspond, from top
to bottom, to the redshift ranges 0 < z < 1,1 <7< 2,2 <z< 3,3 <z<4,and4 < z < 5,for i, > 10 MeV. The left and right panels show the cases for normal
and 1nverted mass hierarchies, respectively.

K. Nakazato et al., ApJ 804, 75 (2015)



Nuclear Equation-of-State Impact

B |n the NS case, neutrino emission amount depends on radius of proto-NS.

B |n the BH case, neutrino emission amount depends on maximum mass of proto-NS.
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Nuclear EOS Impact (BH Formation Case)
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Figure 6. Neutrino number spectra for black hole formation with 30M, Z = 0.004 and Shen EOS (solid) and LS EOS (dotted). The left, central, and right panels
correspond to 1, iz, and i (=1, = Ij, = 14 = iz ), respectively.

Shen is stiffer than LS (maximum mass of neutron stars is higher).
K. Nakazato et al., ApJ 804, 75 (2015)



Observed Neutron Star Mass

 Neutron mass distribution from optical observations of the binary system shows a peak and higher tail.

- Natural born heavy, or gained mass through accretion from companion stars.

J. Antoniadis et al., arXiv:1605.01665
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Failed SN Fraction

- Monitoring luminous stars gave constraints on a failed SN fraction.
. 2 failed SN candidates (N6946-BH1, M101-OC1) out of 8 SNe. C. M. Basinger et al., arXiv:2007.15658
+ Failed SN fraction ~ 4-39% (90% C.L.), assuming Nrsn = 1 and Nsn = 8.

1 | | I | | | I | | | I | I | I | 1 |

J. M. M. Neustadt et al., arXiv:2104.03318 — Ny = 0 ’

FSNZ1 N

¢
— Nl-‘SN = 2

-

—_—

p—

Table 5. Failed supernova/core-collapse fraction

Nrgn  Lower limit  Median  Upper limit

2 0.079 0.236 0.470
1 0.037 0.162 0.394
0 — — 0.226

Notes: Limits are presented at the 90 per cent confidence level.
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Failed SN & Electron-Capture SN Contributions

ECSNe = electron-capture supernovae
(marginal one around mass threshold, w/ ONeMg core)

—— failed SNe

——m———_sSum

d®/dE [MeVtcm2s71]

D. Kresse et al., ApJ 909, 169 (2021)

E [MeV]



Low Energy Atmospheric Neutrino Flux

e Current MC considers only >100 MeV atmospheric flux.

* Sato-san (ICRK

) provided Honda calculation result for <100 MeV so we would like to check its impact.

Available online at www.sciencedirect.com

sc.sucs@p.“m
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Abstract

We present here the FLUKA results on the atmospheric neutrino flux below 100 MeV, down to 10 MeV. Atmo-
spheric neutrinos in this energy range can be detected by high resolution liquid argon detectors. Below ~50 MeV,
the interaction of these neutrinos are an important background in the searches of relic neutrinos from SuperNovae.

© 2005 Elsevier B.V. All rights reserved.

PACS: 14.60.Lm; 97.60.Bw; 95.85.Ry

Keywords: Supernova relic neutrinos; Atmospheric neutrinos

1. Introduction

When a massive star ( 2 8M) collapses as a
Type II Supernova (SNII), ~99% of its energy is
emitted as ~10°3 erg neutrinos. The neutrinos from
all SNII occurred in the Universe should constitute

* Corresponding author. Tel.: +39 250317307; fax: +39
250317624.
E-mail address: giuseppe.battistoni@mi.infn.it (G. Battisto-
ni).
! On leave of absence from INFN, Milano, Italy.
2 On leave of absence from Universita di Bari, Dipartimento
di Fisica, Bari, Italy.

an isotropic cosmological flux of core-collapse SN
Relic Neutrinos (SRN in the following). Recently
Super-Kamiokande [1] and KamLAND [2] pub-
lished their results on SRNs. SNO [3] presented
a preliminary measurement of the solar v, flux
that could easily be adapted to this measurement.
Besides SN physics, the SRN measurement can
be used to constrain neutrino decay models since
this process could substantially alter expected
fluxes [4,5].

The main background sources for SRN are solar,
atmospheric and possibly reactor neutrinos in the
relevant energy range of <50 MeV. Solar neutrinos

0927-6505/% - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.astropartphys.2005.03.006
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FIG. 1. The low energy atmospheric neutrino flux. The spectra
from 13 MeV-1 GeV are taken from the FLUKA simulation [69]
(dashed lines), whereas the higher energy components (for which
we also have the angular distributions) are from the HKKM?2014
simulation [70] (solid lines). We show each individual neutrino
species (v, and 7, in blue, and v, and 7, in green) as well as the
total spectrum interpolated between the two simulations (black).
On the upper horizontal axis we show E>°% for xenon and argon,
which we define to be the energy above which lie 90% of CEvNS
recoils for the corresponding incoming neutrino energy.



LowE Flux Impact: Flux-level
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NuEBar Flux Fraction
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Current atmo BKG prediction is comparable to DSNB,
so lowe flux impact seems small (covered by systematics).



Different Interaction Picture

* Electron antineutrinos are probably okay, but how about others? We would like to make a direct estimate
INn a reconstructed energy frame, considering the final state.

 NEUT Iis not available for <100 MeV interactions because it assumes at least one nucleon recoil: however,
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Supernova Burst and Diffuse Supernova Neutrino Background Simulator for Water
Cherenkov Detectors
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If a Galactic core-collapse supernova explosion occurs in the future, it will be critical to rapidly alert the
community to the direction of the supernova by utilizing neutrino signals in order to enable the initiation of follow-

1 nnfiral Ahcarvatinne Tn additinn thara 1c anticinatinn that nhcarvatinn nf tha Adiffiice cninarnava nantrinn

Figure 1. Total cross sections of neutrinos with water as a function of neutrino
energy. The solid red line indicates IBD, and the green lines represent ES with
a neutrino flavor: v, (solid), 7. (dotted), v, (dashed), and 7, (dotted—dashed).
The solid blue and dashed blue lines represent '°0O CC v, and 7,, respectively.
The dotted—dashed light blue line indicates 'O NC interaction. The cross
sections are calculated according to Strumia & Vissani (2003) for IBD, Bahcall
et al. (1995) for ES, Nakazato et al. (2018) for 0 CC interaction, and
Langanke et al. (1996) and Kolbe et al. (2002) for 'O NC interaction.



Result (SK7 w/ thetaC, MSG, NTag)

>100 MeV + NEUT
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Result (SK7 w/ thetaC, MSG, NTag)

>100 MeV + NEUT <100 MeV + SKSNSIim
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a few ~ 10% contribution in the signal region.



LowE ATM Flux Distributions (w/ thetaC, MSG, NTag)

hs nneutron




LowE ATM Flux Distributions (w/ thetaC, MSG, NTag)
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LowE ATM Flux Distributions (w/ thetaC, MSG, NTag)
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Neutrino Detectors for DSNB

Water Cherenkov

Liquid Scintillator

* Good scalability (O(10) kton — O(100) kton) * Worse scalability (O(1) kton — O(10) kton)
 Small light yield » Large light yield
* higher energy threshold * |lower energy threshold
* worse reconstruction performance * good reconstruction performance
* Background modeling * Background modeling
* Insensitive to low energy hadronic particles e Sensitive to almost any particles
* More chains for muon spallation isotopes * Less chains for muon spallation isotopes
 Smaller reference dataset for neutrino interactions * A lot of scintillation-based neutrino cross section

measurement results available

Directional emission

(42 deg opening angle in water) Isotropic emission




Search at KamLAND
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JUNO’s Prospect

With benefits of their large volume (~14.7 kton) + strong background rejection based on the pulse shape, they
expect to achieve good reach to DSNB models after 10 years.
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