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1. What's a supernova?
2. What do neutrinos have to do with supernovae?
3. What can we learn from supernova neutrinos?

4. Observing supernova neutrinos
a. Diffuse supernova neutrino “background” (DSNB)

5. The next Galactic core-collapse supernova

Sawd UNIVERSITY OF

B OXFORD ] Tseng, Supernova neutrinos (7 July 2026)



Observing supernova neutrinos



e The bad news: from a survey of historical records, nearby observations,
massive stars, neutron star birthrate, 2°Al abundance,
rate is 1.63 £ 0.46 per century

(Andromeda

Galactic CCSN are extremely rare on steroids)
but also extremely rich in physics!

e (Can we anticipate which stars might collapse?
o ldentify nearby massive stars...

Sawd UNIVERSITY OF

5 OXFORD ] Tseng, Supernova neutrinos (7 July 2026)



z (kpc)

n

e (atalog of 578 “highly probable
+ 62 “likely” nearby red

supergiants
o Compared to stellar density from
Gaia DR3

e |f we can tell the direction to a
supernova, we can focus on
detailed observations of a few

candidates
o If we can estimate the distance, can
narrow down even further

UNIVERSITY OF 5

& OXFORD J Tseng, Supernova neutrinos (7 July 2026)




Betelgeuse: The 'Great Dimming' 2019/2020

. = =

January 2019 December 2019 January 2020

Source: ESO/M. Montarges et al

Mass ~14Mo
Radius ~700Ro
Distance ~0.15 kpc

Big stars tend to be inhomogeneous

UNIVERSITY OF

OXFORD ] Tseng, Supernova neutrinos (7 July 2026)

March 2020




e Stars collapse everywhere in the Zroe|
= i Cosmological v

Universe oo -

:‘1012 I ernova burst (1987A

e Neutrinos travel a long distance B | o st 7y
310 L /Reactorantl—v

e Can we observe them? =
e What can we learn from them?

Background from old supernovae

10 b Terrestrial anti-v

1012 Atmospheric v

107 v from AGN

’IO 20

” Cosmogenic
‘IO 24 v
10728
.........................

10= 102 1 10° 10° 10° 10" 10" 10'®
peV.  meV ev keV MeV GeV TeV PeV EeV

Neutrino energy

Sawd UNIVERSITY OF

ng OXFORD J Tseng, Supernova neutrinos (7 July 2026)



DSNB in context

N, >> 1 : BURST N, ~1: MINI-BURST N, << 1 : DIFFUSE

SN rate ~0.01 /yr SN rate ~1 /yr SN rate ~ 108 /yr

~lkpc

Features:

* Rich multi-messenger data
* Precision on 1 progenitor
* Surprises?

Shunsaku Horiuchi

. UNIVERSITY OF
% J Tseng, Supernova neutrinos (7 July 2026)
ey =
3

7 OXFORD

~Gpc
From Beacom (2011)
Features:
Many progenitors, population studies
Cosmological baseline
Guaranteed signal
Surprises?




DSNB: ingredients

dN dt
R=N; | dEomp | dz CdE’(l + Z)Rc(z) %

star core collapse

Neutrino detector capabilities | | Time-integrated | Rate of massive
neutrino emission

30 40
V, Energy [MeV]

Shunsaku Horiuchi

UNIVERSITY OF

OXFORD ] Tseng, Supernova neutrinos (7 July 2026)



DSNB challenges

dN
Rth/dEUIBD/dZCdE,(1+Z)RCC( )

What is the true core-collapse rate?

What is the time-integrated neutrino emission?
* For exploding Fe core collapses

* Diversity in neutrino emissions

* Other effects

Rates & detections (backgrounds)

Shunsaku Horiuchi

ww UNIVERSITY OF

'” OXFORD J Tseng, Supernova neutrinos (7 July 2026)




First take away

Are we confident core collapses How certain are we about the
are occurring? Yes rate? To factor ~2

log p. (Mg Mpc-3)

log ¥(Mg yr-' Mpc-3)

" l.l.bl.li

2 3 45678
redshift

Plus, orders of magnitude more core-
collapse supernovae expected by LSST
(2025~).

SN detections/yr

1.0
redshift z

Shunsaku Horiuchi Lien & Fields (2009)

& UNIVERSITY OF

OXFORD ] Tseng, Supernova neutrinos (7 July 2026)

11



Not standard candles

Look to simulations for guidance: neutrino emission reflects the progenitor

T L [ T e L] FoY

| i

‘i]'l]'il\]'l]‘l

—N8.8 s15.0 1 : o

296 5180 . v, ’
—59.0 s20.0 ] NS NS NN
—s10.0 s23.0 3 Il. 100 200 300 400

_511.0 525_0 ] 3 | LJLIL LI LJLENL I  L  L

$12.0 —s27.0 - . 3 Don't forget
s13.0 —s30.0 ; : feed

missing SN (e.g.,
failed to explode)

~
—
i
£
(8]
o
—
bl
f=d
(0]
Cc
]
(a]
~
o
o

<E> [MeV]

| SFTERE I U S S N N N A N B N A A

R(ﬂ[bary — ‘\[)/1000 km 0 100 200 300 400

t_tlmuncc In]S]
O’Connor & Ott (2013)
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Second take away

Are we confident core  Are we certain about the time-integrated
collapses are emitting neutrino signal?
neutrinos? Still many dependences to study, eg,
Yes progenitors
CC & explosion details
cooling phase treatments
BH contribution
Other effects...

1

These are what we want
to test with the DSNB

Shunsaku Horiuchi

UNIVERSITY OF

% OXFORD J Tseng, Supernova neutrinos (7 July 2026)
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Relevant backgrounds

1. Neutrinos
* Reactor neutrinos
* Atmospheric neutrinos

2. Non-neutrinos
* Invisible muon decays

invisible visible
(<120 MeV/c) (decay-e
CR u spallation
products
Atmospheric neutrino
related

Shunsaku Horiuchi
J Tseng, Supernova neutrinos (7 July 2026)

T IYHHI{\

(]

S

| R lllllll

Supernova ;e
(DSNB)

S

Atmospheric

LI | lllllll

<
>
0
-
=
>
=
2
)
S
Z
v
ol
ol

| 7539 IIIIIII

dN/dE

L IIIIIII

—

Ll lllllll 1 llllllll

Ll lllllll

1
L L LLLLL

1 lllllll

10 15 20 25 30
Measured F,e (= Te +m) [MeV]

Beacom & Vagins (2004)
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DSNB v, Flux [cm? "' MeV]

Predictions

'y
o

T
'
i

Sk

=y
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-
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-
e
N

103
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T

UEERL|

““““““““ Nakazato+24 (HBOG, Fallback, NH) n

- Martinez-Mirave+24 (f, =0.2)

Ekanger+24, NH, 1=0.236

Ashida+23 (MD14, Togashi, NH)
H,

Ivanez+23 (vm=10°, SH, IH
Horiuchi+21 (Extrapolated, «x=0.1, NH)
Kresse+21 (High, NH)

+ Tabrizie20 (NS+BH, NH)

Barranco+18 (ACDM, leptonic, fiducial)
Horiuchi+18 (&, =0.1)

Nakazato+15 (Max, IH)

Nakazato+15 (Min, NH)

Galais+10 (NH)

Horiuchi+09 (6 MeV, Max)
Kaplinghat+00

Malaney9?
1+ Hartmann+97

ol

|

About 0.1/y/KT.

e b b b b b B b e e

4
10 5

10 15 20 25 30 35 40 45 50
v Energy [MeV]

UNIVERSITY OF

OXFORD

v, flux upper limit (cm? s*MeV™)
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—— KamLAND (This work)

b KamLAND (2022)
R —+— Borexino (2020)
— e

& —— Super-K LILIIl (2012)

== —— Super-K IV (2021)

-—e——e—__e_
DU
o —=— Super-K VI (2023)

——— DSNB predictions

— —r—
15 20
Neutrino Energy (MeV)

Super-Kamiokande,
arxiv:2511.02222

J Tseng, Supernova neutrinos (7 July 2026)

KamLAND,
Arxiv:2606.29381,
30 June 2026
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SK-VI+VIl 956.2 days, Observed 90% C.L. (This work)
.2 days, Expected 90% C.L. (This work)
SK-IV 2070 days, Observed 90% C.L. (PRD, 2021)
SK-IV 2070 days, Expected 90% C.L. (PRD, 2021)

SK-VI+VII 956.

SK-I1111 2853

KamLAND 4529 days Observed 90% C.L. (ApJ. 2021)
Modern DSNB Theoretical Predictions

LA I B B

111110

days, Observed 90% C.L. (PRD, 2012)
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v, Energy [MeV]
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e Resonant scattering of DSNB (> 10 MeV) off cosmic relic neutrinos (CvB)
via scalar-mediated non-standard neutrino self-interactions

I e - - A
10'FE. — NouSI 72018 Vi bl b g 107 E

- P == Guniv=1x 107 A \is *

i > ;

T 1000 N Guniv =1x 107 NO | [F7%

= ‘| 10 1

=

T

107 A

!
¢y, [em™s

1072F

Guniv

1073 L
ko
¥

? 07 ykca E
A: === JUNO NO

i l()*“ | sesees DUNE 10

' 100 10! 102 103

mg [eV]

30 exclusion, universal coupling
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Electron scattering from carbon atom

Electron scattering from proton
.

6000
NS T ®ee

A Gﬁ \

c
-% Inelastic scattering
?1 Inelastic scattering o
2 ¢
% .‘0 @‘@ 00
E & o
.01...1..\%1-1- 000t
02 04 06 ’ 7
Square of energy (GeV?2) Square of energy (GeV?)

Gell-Mann Zweig

UNIVERSITY OF

OXFORD J Tseng, Supernova neutrinos (7 July 2026)
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HOLES -

ELEVATION 15 To SCALE RELATIVE
TO SEA LEVEL AND GROUND LEVEL
LAND SHAPES AND HORIZONTAL
DISTANCES ARE NOT TO SCALE

ARTAGAL FONT
BELO SURFACE. & -119170,

7

J Tseng, Supernova neutrinos (7 July 2026)
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Incoming neutrino imparts
energy to an atomic orbital
electron

If enough energy, electron
velocity > speed of light in
medium (e.g., water)

— Cherenkov radiation

J Tseng, Supernova neutrinos (7 July 2026)




4N SHO Event Display [SNO_0000003510_000.zdah:56981] B = XlI|4N Event Info 8l =| X

File Move Display Data Windows ‘ 3 364 GTID: :

T " : 56981 Tac:
Evt Num: 57071 Qhs:
Run Num: 3510 Qhl:
Date: 05/16/1999 Qls
Time: 06:19:22.1867771 | Hits:
Trigger:  20,100H,100M,100 | Crate:
PkfInt/Dif: 53725513 Card:
Word1:  78e5fofb Channel:
Word2: d743c7a9 Cell:
Word3: bf530265 Type:
Word4: 0f00de95 Panel:
Word5:  61ac0000
Word6: 000e7f80

T
i
Nl

=
Event Histogram

Water Cherenkov
detector

4
UNIVERSITY OF

OXFORD ] Tseng, Supernova neutrinos (7 July 2026)
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Ny, s
I

n
o  ~200ps
g v
ve®---> @ - v (2.2 MeV)
P ~fewns AT ~ 30 us

y (511 keV) <« - - .‘.+ .-~ >7 (511 keV)

€

Ideally, detect coincidence between e* event and n absorption
— much reduced backgrounds

Sawd UNIVERSITY OF 2

ng OXFORD J Tseng, Supernova neutrinos (7 July 2026)




e There's more than just protons (hydrogen nuclei) and electrons

e Everything happens - or, anything which can happen will happen

o Same can be said about backgrounds!

e Supernova burst is so intense, must also consider sub-dominant channels

e Neutrinos can also interact with heavy nuclei around the detector, with
scattering products propagating into detector

0;3 OXFORD ] Tseng, Supernova neutrinos (7 July 2026) 3




‘ﬂ[EFEI[[IDﬂ (hﬂﬂﬂE|S Super-Kamiokande:

32kt water Cherenkov + Gd

Reconstructed Hiidepohl Fischer Tamborra
SNO+: 780t o rgan ic No Osc. || NMO IMO | No Osc. ]| NMO IMO | No Osc. ]| NMO MO
i ] o IBD (%) 1936 || 1939 1935 1186 || 1260 1437 2505 || 2283 1786
||qU|d scintillator ES () 38 39 39 22 29 26 6 33 37
ES () 9 8 8 5 6 6 12 10 8
- - ES (vs 12 12 12 9 8 8 10 12 12
Reaction Yield ES Er,,; 10 0 10 7 7 7 8 9 10
NC: vp — vp 429.1 +12.0 150 CC () 7 19 16 3 17 13 35 58 51
CC:v.p—e'n 194.7+ 1.0 %0 CC (i) 19 20 21 9 11 17 62 58 49
CC: 7. 2C = ¢* B, 70£0.7 ::’ﬁg ii t"i:; g g g g g 2 2 g g

g ) : 50 NC (5,1

CC: ”‘-llq'c K (; 1212N95 27+ 0'3_. 160 NC (1,,'°N) 0 0o 0 0 0o 0 0 0 0
NC: v “C->v C.(151 I\Ie\z) 43.8 = 8.7 5 NC (l_/x-"’N) 0 0 0 0 0 0 0 0 0
CC/NC: v 2C = Cor "B+X 24405 %0 NC (.,*0) 0 0o 0 0 0 0 0 0 0
ve elastic scattering 13.1 “:'O NC (#,'°0) 0 0 0 0 0 0 0 0 0
150 NC (v,.'%0) 0 0 0 0 0 0 0 0o 0
150 NC (7:."°0) 0 0 0 0 0 0 0 0 0
SNO+, Adv HEP 2016 (2016) 6194250 total 2031 || 2037 2041 1241 || 1338 1514 2678 | 2463 1953

Super-K, arxiv:2403.06760

J Tseng, Supernova neutrinos (7 July 2026)



Kamiokande

40
23 Feb 1987 - Energy (MeV)
i . 2-3 hours later:
B lan Shelton
i (Toronto)
g Oscar Duhalde
20 1 * (Las Campanas)
; Albert Jones
s INwO IS0 F Qo
10 4= Background * Lo (AAVS0)
o L e )
-60 -30 0 30 60
Time (second)

HST, 1990's
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energy (MeV)

Kamiokande
® |IMB

40| |® A Baksan

% °

®
30
20 + | +
10 +
0 I I I I I I I
0 2 4 6 8 10 12

UNIVERSITY OF

OXFORD

time (s)

J Tseng, Supernova neutrinos (7 July 2026)
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Time after first event [s]

Georg Raffelt, MPI Physics, Munich

Kamiokande-II (Japan)
Water Cherenkov detector
2140tons

Clock uncertainty £1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector

6800 tons

Clock uncertainty £50 ms

Baksan Scintillator Telescope
(Soviet Union), 200 tons
Random event cluster ~ 0.7/day
Clock uncertainty +2/-54s

Within clock uncertainties,
all signals are contemporaneous

Neutrinos in Astrophysics and Cosmology, NBI, 23-27 June 2014
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It's easier to synchronize clocks across the globe with GPS
Neutrino detectors are bigger and more capable than in 1987
There is a greater diversity among neutrino-sensitive detectors

Sawd UNIVERSITY OF

5 OXFORD ] Tseng, Supernova neutrinos (7 July 2026)
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Super-Kamiokande
(Japan)

(O REXFFHGHARAN HEFERA TR

SUPERKAMIOKANDE  INSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO -

UNIVERSITY OF

OXFORD J Tseng, Supernova neutrinos (7 July 2026)




PR A

P TR LR SRR R
OB GUE G
4.4..-.4\-.¢.‘.¢.u‘-..
-;“._‘,.u.,...‘a.-..
.‘.u;“ g6 8 RS K A W Ger ¥
; c.q.c.-.-.-..<-...|:l....;.~,.m.4,' t.
-...-.-..._.‘«.-r..l:«-.-._. K J

ac

PR PL T

RTE
TR A AR S

D GG GG

K R

IR T LR TR

icrr.u-tokyo

//www-sk

(%]
+—
)
e
£
o
—
[

(7 July 2026)

rinos

3 > Erisil

W

J Tseng, Supernova ne

OXFORD

UNIVERSITY OF



https://www-sk.icrr.u-tokyo.ac.jp/en/sk/experience/gallery/

UNIVERSITY OF

&/ OXFORD

J Tseng, Supernova neutrinos (7 July 2026)

Over 5x bigger than Super-Kamiokande
Under construction

(Could see neutrinos from Andromeda!)

30
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Not your [average]
undergraduate physics lab
(though it's still underground)

A UNIVERSITY OF

ng OXFORD J Tseng, Supernova neutrinos (7 July 2026)
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Calibration house

Multi-dimension
calibration systems

JUNO [China) . overvatran .-

Muon Cherenkov veto l

Steel support structure
optical separation

18000 20-inch PMTs
25600 3-inch PMTs

Water buffer
Acrylic sphere . . . .
diameter: 35.4m F|I.Ied. with |IC|UId
scintillator
T 22 Aug 2025,
iquid scintillat :
20kt of LAB al.re.ady making a
big impact

Gawd UNIVERSITY OF

@’s— OXFORD J Tseng, Supernova neutrinos (7 July 2026)
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e Neutrino telescopes

(@)

Designed for high-energy (>1 TeV) neutrinos

e Heavy elements

(@)

(@)

Liquid noble elements
Lead

e Dark matter direct detection

(@)

Sawd UNIVERSITY OF

Liquid noble elements: large A, low thresholds

5 OXFORD ] Tseng, Supernova neutrinos (7 July 2026)
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ICECUBE

. EoUTd POLE NEUTRING DESERVATORY

: Amundsen-Scof
' ! Pole Station, A
IceCube Laborator 86 strings of DOMs, - %
. Y set 125 meters apart A National Science Fou
Data is collected here and

managed research facility
sent by satellite to the data
warehouse at UW-Madison T

60 DOMs
on each
string Penetrator HV Divider
] Flasher
Board
= DOM
[ 1 Mainboard
VA Mu-metal
- :.:\ grid
==
Digltal Optlcal \_'/ Delay o = - = l/
Module (DOM) 2450 m soot (AT \ v
5,160 DOMs e
deployed in the ice
Antarctic bedrock T ; ool

Glass Pressure Housing

UNIVERSITY OF

OXFORD J Tseng, Supernova neutrinos (7 July 2026)
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From S BenZvi, SNVD@LNGS (1 June 2023)

Detecting Neutrinos with IceCube

IceCube Neutrino Observatory: the &

world’s largest particle detector.
e Design goal: observe origins of N ——
high-energy cosmic rays and
astrophysical neutrinos.

|I3E|3UBE

SourH PoLE NEUTRING DESERVATOR!

) o ) IceCube Laboratory sﬁgtsggﬁ‘;fe?g‘:;}t
e 5,160 single-PMT Digital Optical cent by satlite to the data
warehouse at UW-Madison
Modules (DOMS) buried in clear

managed research facili

!

ice 1.4-2.4 km under South Pole. it g
string
e ~100,000 atmospheric neutrino & : oo %
are 17
candidates per year, > 5 GeV. , :;,g';fs{L
Digital Optical >
. . . Module (DOM) 2450 m l
e Localized astrophysical neutrino sie000Ms @,
eployed in the ice -
CandidateS, > 100 TeV: ~1 month_1. Antarcncbedrock L

5 OXFORD ] Tseng, Supernova neutrinos (7 July 2026)
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From S BenZvi, SNVD@LNGS (1 June 2023

ical Neutrino Candidates

e vﬂ trackievent.

Strophys

ce

e

IceCube v cascade event.
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Credit: Benedikt Riedel

UNIVERSITY OF

' OXFORD J Tseng, Supernova neutrinos (7 July 2026)



http://www.youtube.com/watch?v=TaaFsqaHb3I

UNIVERSITY OF

OXFORD J Tseng, Supernova neutrinos (7 July 2026)




3 9 12

EmEm O . THE RECORD

25 2% 00m
With no electric charge, being extremely | 2 2n 1
light and travelling almost at the speed of s Il i
light, these elementary particles interact Il i
only weakly, and therefore very rarely, ¥ .
with matter. Their elusiveness makes them 19 IR A Lo
valuable cosmic messengers, able to bring I
us unique information about the distant t 11T
universe. ) I 4
. .. Tt
| I 0n 13 February 2023, at a depth of 3450 metres off the coast of Sicily, in Italy, the ARCA
e [f detector of the KM3NeT submarine neutrino telescope recorded an extraordinary
THE EVENT DISPLAY b " h signal: produced by a neutrino with a record energy of about 220 PeV, corresponding
, "” t to 220 million billion electronvolts. This signal, named KM3-230213A, provides the first
A4 view of the K3 2307 i signal ] o 1800 evidence that neutrinos with such extreme energies exist in the universe.
detected by KM3NeT. - P 3 &
The spheres are coloured according to & 3 *f x : _ 1600
the detection time and the reconstructed ] . ‘_ i * * 3
track of the particle is shown, The size of \ 2 % b el 1400 KM3—2302‘]3A |DENT|K|T
the blue cone gives an indication on the \ o8 * i ; e 5
amplitude of the signal. L - e 1 &L - 1200
| ® ¥ 3 Q The cosmic neutrino plunged into the Mediterranean Sea and crossed the Malta
\ AR 1* [ . "‘ 4 e continental shelf with an inclination of 0.6° above the horizon. During this journey, it
\ E: O‘t‘ L 3 K 800 travelled almost at the speed of light and interacted with an atomic nucleus,
'ﬁ .3 L 13 generating an ultra-relativistic muon, which crossed the whole detector.
- | o A
* 600
ToL N
T « 400
&
i 200
0 o
\/\ TIME (ns)
100m

The origin of the ultra-high energy neutrina could have

/ been one of the cataclysmic events that animate our
universe, such as an active galactic nucleus or a
gamma-ray burst. Or it could be a neutrino generated

by the interaction of an ultra-high energy cosmic-ray
particle with the cosmic background radiation that
permeates the universe.

™ o
MALTA 06

@ KM3NeT
- Co-funded by
the European Union

UNIVERSITY OF
J Tseng, Supernova neutrinos (7 July 2026)



DUNE

Primarily sensitive to v_via Ar scattering and
coherent elastic neutrino-nucleus scattering (CEvNS)

www.dunescience.org

Sanford Underground
Research Facility

Fermilab

_________

ng OXFORD J Tseng, Supernova neutrinos (7 July 2026)



et e e

$% Helium and Lead Observatory
¢ Astronomically patient

At SNOLAB as well
+Pb —» e + Bi"

Bi* > Bi+y+n

3He+n —3H+p

Operating since 2012

Expect only a few events, but...

Low maintenance. May outlast all the other detectors.

Sawd UNIVERSITY OF 1

ng OXFORD J Tseng, Supernova neutrinos (7 July 2026)




SNEWS

SUPERNOVA EARLY WARNING SYST}\‘;

»
-

Don't forget dark
matter detectors!

“Water Cherenkov/ )
. Liquid scintillator<—: % - JL.
. Lead -7
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Fvent yields

Primary channels,
SN at 10kpc

SNEWS2, New | Phys
23(2021) 3, 031201

UNIVERSITY OF

OXFORD

J Tseng, Supernova neutrinos (7 July 2026)

Experiment
Super-K
Hyper-K
IceCube
KM3NeT
LVD
KamLAND
Borexino
JUNO
SNO+
NOvA
Baksan
HALO
HALO-1kT
DUNE

MicroBooNe

SBND
DarkSide-20k
XENONnT
LZ
PandaX-4T

Type
H,0 /v,
H,0 /v,

String /v,
String/,
Cn H‘.’.’n / Ve
CnHan /e
C‘n H'zn / De
Cn H2n / v, e
C‘n H2n / v e
CnHa, /e
C‘n H2n / De
Lead/v,
Lead/v,

Ar/v.

Ar/v,

Ar/v,

Ar/any v
Xe/any v
Xe/any v
Xe/any v

Mass [kt]
32
220
2500*
150*
1
1
0.278
20
0.78
14
0.24
0.079
1
40
0.09
0.12
0.0386
0.006
0.007
0.004

Location
Japan
Japan

South Pole
Italy /France
Italy
Japan
Italy
China
Canada
USA
Russia
Canada
Italy
USA
USA
USA
Italy
Italy
USA
China

11.2M,,
4000,/4100
28K /28K
320K /330K
17K/ 18K
190,190
190/190
52/52
3800 /3800
150/150
1900/2000
45/45
14/3
53/47
2700 /2500
6/5
8/7
56
65
37

27.0M,, 40.0 M,
7800/7600  7600/4900
53K/52K  52K/34K
660K /660K 820K /630K
3TK/38K  47K/38K
360/350 340/240
360/350 340/240
100/97 96/65
7200/7000  6900/4700
280/270 270/180
3700/3600  3600/2500
86/84 82/56
9/8 9/9
120/100 120/120
5500/5200  5800/6000
12/11 13/13
16/15 17/18
250 -
106 -
123 -
70 -
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| find that teaching and the students
keep life going, and | would never
accept any position in which
somebody has invented a happy
situation for me where | don't have
to teach. Never,

— Richard P ?a/nman -

AZ QUOTES
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e Inverse beta decay and electron elastic scattering remaining the most

important detection channels
o Intensity of burst will also raise other channels
o Overlap of events within trigger/coincidence windows can be an issue

e New detectors newly or coming online are larger and more capable than

ever before
o New detector types: neutrino telescopes, lead, noble liquids
o Channels specific to electron neutrinos, to complement IBD anti-ve — flavor separation

o Dark matter detectors can also contribute important data
e Now, let's put them together!

Sawd UNIVERSITY OF
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The next Galactic core-collapse supernova



Kistler et al, Ap) 778:81 (2013)

Red Supergiants .'15
1
35103 :
e Neutrinos are the starting gun s _
. . . S 2 ¢ 0 o
e The race takes place once in a lifetime  Z 10 B cniblen
o You don't know when 8 ¢ 0,
o You don't know how long it lasts A 10 |
o You want all hands on deck: 2x1251 9
V X er 1
every possible radiation and wavelength ' o =
1 PR SR |

10 10> 108 10* 105 100
Shock propagation time [sec]
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% Automated operation since 2005
% 10s coincidence window
% Expected fake rate ~1/century

> High burden on experiments @

for high-quality input alarms |
> Coincidence delayed as k“
much as 20min "

Current members

£V

)L
| “5*V\/'ater Cherenkov'ﬁ
f . Liquid scintillator<—:% )
Lead
=~ IceCube =

11



WHAT'S THAT DEVICE?

,PF\RT OF THE SUPERNOVA
EARLY WARNING SY?TEM.

THERE HASN'T BEEN A
MILKY \JAY SUPERNOVA
IN OVER A CENTURY.
ASTRONOMERS DON'T WANT
TO MISS THE NEXT ONE.

k=
b=} =f

20 YEARS AGO,
WE SET UP A
SUPERNOVA
ALERT SYSTEM
VSING NEUTRINO
DETECT( ORS.

IT SHOULD GIVE
US A FEW HOURS'
AD\/ANCE}NOTICE.

]

Sasd UNIVERSITY OF

& S OXFORD ] Tseng, Supernova neutrinos (7 July 2026)

IF IT EVER GOES OFF, EVERY
ASTRONOMER ON EARTH WILL
SCRAMBLE. To POINT THEIR
EQUIPMENT AT THE SKY.

OH, OK. 50 IS THAT A
DETECTOR? OR SOME
KIND OF TELESCOPE?

/

F IR'ELJORKS LAUNCHER.

I REFUSE TO SLEEP
THROUGH A SUPERNOVA.

I THINK I'LL SPEND
THE NIGHT AT MY
PLACE INSTEAD.

|

pl4




e \With fake rate ~ 1/century (and no galactic SN since 2005)...

Are you still on?

Gawd UNIVERSITY OF

S OXFORD J Tseng, Supernova neutrinos (7 July 2026)




Coincidence - what then?

e
e £

e Unfeasible to answer such questions in 2005
e More sensitive detectors and techniques...

Gawd UNIVERSITY OF

e 9 O ORD J Tseng, Supernova neutrinos (7 July 2026)
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SNEWS X\
4 SUPERNOVA EARLY WARNING SYSTEM, -

e Reduce threshold for generating alerts
o Aim for false alarm rate ~1/month: firedrills, “proof of life”, backgrounds

e Reduce alert latency
e Provide pointing information

e Implement a pre-supernova alert
o Build on KamLAND monitoring experience

e Develop a follow-up strategy to prepare the astronomy community
e Engage amateur astronomers and citizen science communities

.a“""‘-% UNIVERSITY OF 55
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e Provide rapid calculation of observationally relevant quantities
e Direction
) 2, Significance
e Distance u e time series
eutrino
e Features Experimentsr
Coincidences,
—— Directional
. Analysis | | error boxes :
Server Plugin — - zEIrgr?;l
= Buffer, Analysis
time sort Plugin
Extra alarm ‘ MMA
information Analysis networks
Plugin

Sawd UNIVERSITY OF
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Where: direction strategies

e FElectron elastic scattering
e Triangulation (multilateration) with burst timing
e Triangulation improved with light curve matching —1

Gawd UNIVERSITY OF

@‘s. OXFORD J Tseng, Supernova neutrinos (7 July 2026)



Small fraction of SN neutrino interactions
Inverse beta decay background (if no n tagging)

Super-Kamiokande (32kT): 4.3 -5.9° at 10kpc

Counts / 114.7 Days / 0.05

Super-K, K Abe et

arxiv:2403.06760

Declination (deg.)

YIEMSGAR LA MAP Py N5
Y et o AL EeE LBt
AN D Y L e S it e

Right ascension (deg.)

J Tseng, Supernova neutrinos (7 July 2026)
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¢+ Data
— Sig. + Bkg. Fit
Syst. Uncertainty
6.0 <T,<15.0 MeV

SNO+, M Anderson et al.,
PRD 99 (2019) 1, 012012

s 51uu;+++

—010 -0.8 0.6 -04 =02 0.0 02 04 06 08

1.0
c0s6,

sun

arxiv:2604.07702
SK pointing in ~90s
Hyper-K (220kT): 1-1.3°
DUNE (40kT, 10kT):

4.3°, 8.6° ,
arxiv:2407.10339
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Detector A

———————————————— S SN 2
3 R : ,VLMN?‘
. . . . Detector B

e Coincidence within 10s

e Maximum time difference between arrival times ~40ms

e Just need to use the first few events at each detector

e Very fast, but less precise Need to be careful:

o Good to start slewing telescopes e Detector clocks synchronized

SK-JU

e Agree on definition of burst time

SK - JUNO - LVD - SNO+

Using first events
method

il

Arxiv:2410.11984,

q(ﬂ
e — PRD 113, 063005
Gawd UNIVERSITY OF 0 pi y 0.001 (2026) -
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Time series matching

e Improve At for pairs of comparable time series, e.g., of IBD events

o Cross correlation, x?, other metrics

o Most statistical power from rapid changes in flux
IceCube+JUNO+HK+KM3NeT

15220-527.0co, one averaged trial, d10ms At

JUNO, ~6100 events
SuperK, ~5000 events

Events per 0.002s bin

-30"

o
I!I‘III|I|1|III‘1II|I(I|

—-60°

Time (s)

27M , progenitor

0 Confidence level, % 100

Coleiro et al., EPJ C 80 (2020) 9, 856
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cut—off

e Most rapid change: black hole formation
e lllustrative improvementin 1o contours

1
1
1
I
'
i I
i
n
I
1
]
I
1

]
1

07 107 102 107 1 10
time after bounce [sec]

neutrino luminosity [10°! erg sec™']

2 ;’:/’r\::\:;‘;'».,\ ]0 6 — -
7 e TS T
- /// s Q?" i b’ .

) 4 AR_, YT e
~130°£_____f_120° __—_Gb_u Q=g ﬂmP*GO" 120° ;31800 -180° ~-120° —jﬁbo | a=0° ‘C'%OO 120° 1°/180°
o \ Y | \ - ’ ‘ V/ | y

i 10\ QD ‘,W; A NN A C\S 4
sg = S 4 D —"';'upe'lx,'. '\C'WD'

N e o e
: 5 - [C

Black hole formation
Brdar, Lindner, Xu, JCAP 04 (2018) 025,
based on Garching CCSN models
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Direction: result

e Successive improvement as experiment data comes in
a. Bursttimes — rough triangulation
b. Time distributions — improved triangulation
c. Experiment pointing using EES — likely to dominate in the end

e Report pointing as a skymap of confidence levels

- superimpose on candidate stars

Gawd UNIVERSITY OF

&/ OXFORD

Sample result - e o

deliberately chosen for
big, non-trivial contour

J Tseng, Supernova neutrinos (7 July 2026)
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SNEWS §
4 SUPERNOVA EARLY WARNING SYST N

Small detectors on the
other side of world
make an outsized
contribution |

Note lack of detectors in
Southern Hemisphere

Helps to have detectors all over the world

“/Water Cherenkov{
. Liquid scintillator<—: 4

Sawd UNIVERSITY OF
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e Use neutrino lightcurve from one reference detector to de-bias first observed
event times at other detectors

e Estimate uncertainty directly from data
o Follow-up observation/optical discovery should be guided by reasonable confidence regions

25000 1 —— (a)SK- JUNO 25000 4 —— (3)SK - JUNO
—— (b) SK- LVD —— (b) SK- LVD
(c) SK - SNO+ (c) SK - SNO+
1 e - I (d) JUNO - LVD Dol NN S S 1 N (d) JUNO - LVD
() JUNO - SNO+ () JUNO - SNO+
----- (f) LVD - SNO+ <-e-e () LVD - SNO+
g1 £
5000 4 5000 4
E E 15000
- T
8 8
= =
5 10000 £ 10000 4
CY LY
5000 4 5000 4
0 I USSR SOUORP-— - —oe TS S B = S SN
20 10 —10 -20 0 20 10
A _ 4B A _ 4B A A
ti —t8 — 74 [ms] ty — &7 — ((t7) — (#1")) — 7ap [ms]
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SK - JUNO - LVD - SNO+ Pixels with best x?

Uncorrected time differences

A

~| 7

|| | ] [ ]
0 probability 0.0012 0 probability 0.0006 0 fraction 0.002

True supernova pixel

3500 = = Fraction of true pixels assigned to 68% Cl
e Y correction B T
----- without correction :
3000 1 250 |
Method gives
B 2001
1 209 reasonable though
5 1500 g1 : :
e slightly conservative
1000 + 100 . .
confidence regions
50 4
Jy
0.0 02 04 06 0.8 1.0 0 J E—
ASS'gned confidence interval 0.650 0.675 0.700 0.725 0.:it|0(3;775 0.800 0.825 0.850
UNIVERSITY OF 63
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>

A A B B OO O
NN A O O O N
T T T T T T

Log (luminosity [erg s'1])

e Late-stage silicon burning emits at
increasing rate 38

I
o
T

9 6 3 0 2 0 2 4 6 8
e Detectable for stars up to 1kpc Log (time relative to bounce [s)

Nearby Galactic CCSN Candidates: Marker Area o (Source Distance) ™2

e (Can increase warning time by hours
o KamLAND pioneered publishing a
pre-supernova significance

e [BD events may also point back to
(but limited # of candidates) g

Sawd UNIVERSITY OF 66
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400
300 _
Q z
g0 >
é 200 Ez
) 100f -~ -
5_
. . . . 0 e
e Neutronization burst (v.) self-limited by 3o} 20} ve
electron captures i — 18] -
o Potential standard candle, stable vs Pl 2 —n13,
progenitor mass g 15 2 10 3165702
o Yield can be used to estimate distance to SN~ 10} & s — 20
e 1MT water Cherenkov detector J 138
o Average 112 EES events at 10kpc s0F 38_ T T T
o 5% uncertainty on distance a0l 25
e SNO+ and JUNO should also get a T st
sizable number of proton elastic s g 15}
scattering events - = 10
10F
Ok ieay £y . " . . . .
-5 0 5 100 15 20 -5 0 5 10 15 20
X\ UNIVERSITY OF tpo[ms] ffes]
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e Anti-v_yield ratio of (100,150)ms / (0,50)ms related to “compactness”

o Can also be related to mass — similar sensitivity, smaller detectors using IBD

IceCube, normal mass ordering

35 3:5 3.30
3.25
3.0 3.0 3.00
S w3 2.75
2.5 2.5 250
error bars 2.25
2.0 d=10kpc 2.0 for d=10kpc
10 20 30 40 8000 10000 12000 0.00 0.25 0.50 0.75 200
distance [kpc] N(0O —50ms) &2.0

~ UNIVERSITY OF
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Segerlund et al., arxiv:2101.10624 (2021)
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Distance

S Healy et al., MNRAS 529, 3630 (2024)

IMF Method + Time Syst
[ fy Method + Time Syst

Relative uncertainty (%)

[W60] C10{ # fuMethod + Time Syst -
% IMF Method + Time Syst
#  fs Method
% IMF Method
X-46 —p—
CD-34 11794 A=
HD 3032501

6

@O0BA @K @M Name(Mo,kpc)

,..
2
&
Ia)
k4
5
3,
o
g

2 4 6 8 10 12 14
Distance (kpc)
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8
Distance (kpc)

V809 Cas
_______ 8073
Cep(18,<15) |~ __

.
V381 Ce .
(11,0.6;5 V424 Lac(7,063) T~ g

- ~
5Llac N
(5051) >~ | hre2as
E | (6075) %
sCep € aCyg
(10026) 5P | S \, o
wCar (8.0.29) 3 / .
N 0/ e Vernal Equinox /
«Lupi(10014)” £ @ (200.11) %
S = e
Antares 0.2 ki P
(16.0.47) pc (8.0.28) B
N

CCSN candidates < 1kpc from Earth
(Stanley Joseph, Wikipedia, CC BY4)



Why | S d|stance re\evant7

-5
8.5 kpc E - 8.5 kpc E
SK- Gd 3 deg § 0 i SK- Gd 3 deg i 0
Optical . B ss NearIR
m?gmtu es. g 2 magnitudes
(plateau) g 0 & 10g (plateau)
> 2 > =
S S
158 153
- SK pointing
120 0 (% galactic
CCSN rate)
25 . 25
15 -10 5 0 5 10 15 15 -10 5 0 5 10 15
x (kpc) X (kpc)

e Sizable fraction of the galaxy obscured by dust
e May change optimal observation strategy
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e Electromagnetic: telescopes will see late
minutes/hours later

e Gravitational waves: large uncertainties, may be
lost in noise if not pinned down by neutrino times

e Neutrino flux ~ 1/R? only (near) galactic
supernovae will give an identifiable yield

21 -23
oX 10° . . . i _ : x 10

8.5 kpc

30 4
Time [ms]

30
Time [ms]

UNIVERSITY OF
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Probability (%)

FOV diameter (deg)

20 pror T T Ty
£ 9.8% 15.6% 155% 135% 11.5% 9.4% 7.4% |
15 F -
10 E E
5 E =
6—:—1.2% 16.1%1>
100 L 4 heledeye Evyscope  1-2M 4m  >8m
10 AS-SN -
i -2 _ _r_ ____ SK 3
Pan-STARRS __LSST SK-Gd:
|
Subaru
1F E
01 " P TR W y 0 P al PR
-5 0 5 10 15 20 25 30
Optical magnitude
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..' .' ,;‘ > . “. ; g e N po . ‘e » 0
| LSST Suence CQIraboratlon.and LSST PrOJect 2009
LSST SC/ence Book V2, ar‘v :091 2:0201 N

—
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Roughly 1000 Supernovae dlscovered in hlstory

;'»-.b Many by surveys; éig., Slga’f)’gltal Sky Survey i AR - r‘ |

By far mostéutsrde the Gala: A
I-_SST (Vera Rubin Ubservatory) WanI survey Whole Southern~ :
sky every ~4d. el o e

o b

. )
o

1e-year 5urvey began 30]une Q BoE Wiag
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e American Association of Variable Star Observers ( aayv O

o Recording amateur observations since 1911
o Played critical role in early observations of SN1987A
o Developing narrowfield search strategies

e Global Rapid Advanced Network Devoted to the

Multi-messenger Addicts

o Network of robotic telescopes o cRaowA
o Experienced with follow-up,
amateur astronomer engagement

e Engage with fire drills and
preparation

Gawd UNIVERSITY OF
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Kistler et al, Ap) 778:81 (2013)

Red Supergiants .'15
1
35103 :
e Neutrinos are the starting gun s _
. . . S 2 ¢ 0 o
e The race takes place once in a lifetime  Z 10 B cniblen
o You don't know when 8 ¢ 0,
o You don't know how long it lasts A 10 |
o You want all hands on deck: 2x1251 9
V X er 1
every possible radiation and wavelength ' o =
1 PR SR |

10 10> 108 10* 105 100
Shock propagation time [sec]
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e Neutrinos from a galactic core-collapse supernova could yield a rich
harvest of physics on fundamental questions

e A galactic CCSN is very rare, so must make the most of the opportunity

i

Neutrinos start the race to get the most bang out of a galactic CCSN

e SNEWS has been providing automatic coincidence detection since 2005
SNEWS2 aims not only to detect coincidences,
but provide critical information to guide

follow-up in the observer community @ SNEWS »
2

SUPERNOVA EARLY WARNING SYSTE
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