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@ 1968

Solar neutrinos measure
deficit in the expected rats

/Measurement of\
neutrino oscillations

Neutrinos have (very
small) mass!
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F.Reinesand C. L. Cowan Jr. et al., R. Davis Jr., D. S. Harmer, and K. C. Kamiokanddl Collaboration QObservation SuperKamiokandeCollaboration,

Detection of the free neutrino: A Hoffman,Search for neutrinos from the of a neutrino burst from the supernova Evidence for oscillation of atmospheric LSJNObCOEbOEUOg ;L : ;ﬁ‘g_;‘ﬂs&é (ijrzaoi);)m;o:
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ThePrecisiorkEra
JUNO (2025

~20,000 tons Liquid scintillator
a W! byifah@NVang

v HyperKamiokand€2028)
22‘ ‘ ~260,000 t Water fiducial vol.

G| @ KSokandé X
RyosukeAkutsu

Flux [cn? st sri MeV]

: Supernova DUNE2030)
5 - ~4x17 kt Liquid Argon
L M Atmospheric 5 | bsbiianya
10—20

Active galactic nucleus, a
cosmological sources :

keV GeV PeV
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What astrophysmal
can these detectors address.
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Allrounder precision detectors

Solar neutrinos
Precisiortests of stellar fusion
and neutrinoflavourevolution

Corecollapse supernovae
Time andflavour-resolved
tracking of stellar explosions Diffuse Supernova
Neutrino Background
First detection, a census of all stell
collapses across cosmic history

(Ranging from
0¢ O(10 MeV)
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Solar Neutrinos

[

JUNO

20kTliquid scintillatordetector
A Low energy threshold O(10 keV)
@ Excellent energy resolution

\

J

U Low energy spectroscopy

U Solar metallicity via CNO neutrinos
(backgrounds permitting)

U Probe the vacuurto-matter oscillations

a

shown at this conference!

daz2RStf LYRSLISYRSYI(BISaBINE | OK
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Great complementarity

26/6/2026
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4x17KT

Direct’

Trackers 260KkT, water Cherenkov
A Larg€ cross section,

clean sample

measurement

4 HyperK R

A Largest target mass
Directional reconstruction
kA J

U LargeseB sample, directional

Precise’B flux and hep flux sensitivity =~ measurements

Precision solar oscillation parameter U Precision measurements of
measurement, dayight asymmetry matter-enhanced oscillations

Q,PT,LH hl\% %sgthe\/\ﬂle%%neration Solar

.. Neutrino Experiment, PRL (2019)
az2zftlF N ySdziNAy2ae W !'t O6HANHODU

HyperKamiokandeédesign Report,
arXiv:1805.04163 (2018)

a{ bhbé¢ ZKarﬁIalnq@MlS NdPandaX EeHan

G [ ReéngqgingHuang| | & { dzlYJ&BdujunHu
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Corecollapse Supernova

4 JUNO Y4 DUNE N

20KkTliquid scintillatordetector Ax17KT Liguid ArgornTrackers
A Low energy threshold O(10 ke\) A Large cross section,

A Directional reconstruction

HyperK )

260KkT, water Cherenkov
A Largest target mass

J

Excellent energy resolution clean sample
A i JAN I\
U ldeal’ [ detector
i Low energy threshold: Efficient all U Direct’ sensitivity, strong CCSN

flavour’ [T uniquely w/ proton recoil

U Precision energy spectroscopy
U Approx. pointing w/ [ ~25 (summed IBDs)

neutronization burst sensitivity

i

U Supernova pointing ~°5

Realtime monitoring for the next core Supernova pointing capabilities
collapse supernova in JUNIGAP (2024) of DUNEPRD (2025)

G{ dzLISNY 2 @I

b § dzii NBegtans

Largest CCSN sample through
Supernova pointing with ~1°

Supernova Model Discrimination with
HyperKamiokandeAPJ (2021)

OCKS2NBUES W2KY
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Corecollapse Supernova .

_ *s
JUNQO, now running! \
JUNO
20KT detector Multiple CCSN alert systems running
A Low energy threshold O(10 keV) DistinctE,;, (~100ke\§ 5MeV), backgrounds, alert times

A Excellent energy resolution
Now joined SNEWS 2.0: global neutraetector

G Ideal’ [ detector early warning network fo€CCSNe
U Low energy threshold: Efficientall CCSNedetectable out to ~300 kpc
flavour’ [T uniquely w/ proton recoil

U Precision energy spectroscopy Alerts received also from gravitational waveray
U Approx. pointing w/ ['~25' (summed IBDs) \experiments through a MultMessenger trigger syst@

Reailtime monitoring for the next core

collapse supernova in JUNIGAP (2024) of DU SNEWS > 0 A Ne@enerationSuperNovaEarly W.ar.nlngl APJ (2021)

6 { 208 N 2 Lo e Aonomy, Do 2 = EO¢ s & y
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Diffuse Supernova Neutrino Background . =~ -

JUNO
20KT detector
A Low energy threshold O(10 keV)

A Excellent energy resolution

100% efficient [ detection
Precision spectral measurement

Low atmospheric backgrounds,
potentially lower w/ PSD

at NPaLlSoiGa F2NJ5SGSO0

b & dzii NJ& v 2

26/6/2026

P O1INR@UR) 6AGK W bhxé

DUNE
Ax17KT Trackers
A Large cross section,

clean sample

U Complementary sensitivity to
neutrinos (instead of antineutrinos)

S5AFTFdzaS { dzLISNY 2

W/ 1t

GdKS

Future astrophysical neutrino experiments | lwan Mort8take/Donglian Xu

4 \

HyperK
260KT water Cherenkov

A Largest target mass

A Directional reconstructioD

U Largest DSNB signal sample
U Spectral measurement

U Efficiency can be boosted through
Gdloading

g | a{ dzZLISNY 2 @I b S-dii NA
Kamiokandé ~ | A N2 € qz] A
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Hybrid Detectorg Thela

A Implement a hybrid Cherenkov/Scintillation medium &
A PMTs, LAPPDs, Dichroicons PINA
A Eos technology demonstrator ¢

A Completed first performance tests,
direction, energy and PID

Performance of the Eos detector with water, ,.
arXiv:2606.10234 (2026) )

Solar neutrino§ t NBOA&aA 2y YSI adzNBSYSyY
CCSNFlavourresolving $cin) with strong pointing (Cherenkov)

DSNBDiscrimination of atmospheric NC background with
Cherenkov&cintratio with spectroscopy

GCKSAI ¢ W2 S :
&The Future oNeutrinolesDouble éi)ect\Faﬁ pﬁgio% sorting for larggcale Cherenkov

&G 580lGebiband I b Ny &dnd scintillation detectors, PRD (2020)
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Hybrid Detectorg JNE

A Proposed solar neutrino experimedinping Neutrino Experimen
A 2.4km rock overburden in CJPL
A Water/Slowscintillator or LiCl solution (high crosssection)

A JNELt prototype demonstrated reconstruction with slow
scintillator and fast PMTs

A Multi-hundred ton detector expected first data 2027

Chimn
A Solar Charged current on4z has an advantage than ES in -
measuring solar neutrino upturn effect Black
Shield
A DSNBCapability for PID to suppress atmospheric neutrino ) e
neutral current background Stainless il

Steel Truss
Optical property measurements of lithium chloride
agueous solution for a novel solar neutrino
experiment,arXiv2211.05023 (2023)

Study of neutron production for 360 GeV Tank
cosmic muons, arXiv:2409.04169 (2024)
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A Complementary Worldwide Network

SNEWS: The Global Supernova ™ 2
Early Warning System
(A SNEWS 2.0 this year)

X
; SuperK
WOUNQ'® , KamLAND

The next Galactic supernova  creenov £ - 4
will be observed by a SRR g%
] enon P
worldwide network of Lead
complementarydetectors %
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Ramping up in energy

Future astrophysical neutrino experiments | lwan Mort8take/Donglian Xu
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40

> 100 KM3NeT Baikal GVD

% ARCA/ORCA_ (running, expanding)

= gllinrrr];ggéz)gs\?:tneg)r A 1km3 lake water
s

7

E = lceCube P 4 »
%ok e ~1kms3 Ice B8
L';LS Can now measure

neutrino sources [
100 | beyond our Galaxy!

Active galactic nucleus,
cosmological sources Q

keV GeV PeV
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Neutrino emission
from active galaxy
bD/ wMncy

Science 378 53843 (2022)

Detection of highenergy
diffuse astrophysical
neutrino flux

Science. 342 6161

Ultra-high-energy
cosSMmic neutrino
measured by KM3NeT

Nature 638 376382 (2025)

Evidence for neutrino
emission from a
flaring blazar
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Science. 361 6398 (2018) - [ —

41.0 40.6 40.2
Right Ascension [deg]
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[ / A transition point for Neutrino Astronom%
riNo emission

High-energyastro. neutrinos are now established| ac:I 51 AGYKS NB &/

KohtaMurase
BA3 (2022) T Y Iy

D The nexigeneration aims to move: i3
DiscoveryA Precision More and better neutrino |

Ultra-high-energy
cosmic neutrino
measured by KM3NeT

Resolve the neutrino sky
Measureflavourcompositions’( 0 ,’ )

\\ Understand source physics/mechanisms

41.0 40.6 40.2
Right Ascension [deg]
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What do we need?

Future astrophysical neutrino experiments | lwan Mort8take/Donglian Xu
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Event interaction types

ChargeeCurrent NeutralCurrent

Moderate pointing
Better energy resolution
Lower backgrounds
Neutrinoflavour

_ separation

0. RSOFe OFy I|faz2 LINRRdzOS Ydz2y:

U Golden channel
for pointing

cC. C:. C: C:

Y SF e
HE $ 0 3 m-scale 9.
km-scale |~ ¢ : N 4 (3¢ | deposition Fianit
energy RN it \=§ ' '
deposition '-' e

TRIDENT simulation
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Upcoming Detector Needs

E.g. NGC1068 source candidate

1) More Events ~4 after a decade by IceCube
{ AN
0 0dAd6 | | &ivA
2) Better Pointing U More and larger detectors

Backgrounds scale
roughly with
(angular resolutiord)

o

=5
/\\ U Detection mediunwatervsice

U Photodetection technology

26/6/2026 Future astrophysical neutrino experiments | lwan Mort8take/Donglian Xu 22



Upcoming Detector Need

LINE 8

DI £ OGAO

1) More Events Ol a B3 @55/ (i a

a! aGNRPLIK&aAaOot
L OS/ dzaKBeirandish € I

2) Better Pointing

:1:0 -+ 0.17: 0.47: 0.36
:0 - 0.55:0.17: 0.28

Characterization of the Three

Flavor Composition of Cosmicss
Neutrinos with IceCube, = llswes region
arXiv:2510.24957 (2025)

3)" h ,’ detection/separation

U Detector hardware and size

ve fraction (fe, a)

Flavourratio 1' contours
now fully contained

26/6/2026 Future astrophysical neutrino experiments | lwan Mort8take/Donglian Xu

Northern Sky
Southern Sky

0-
Galactic Longitude [/]

Observation of higlenergy neutrinos from the
Galactic plangScience (2023)

TRIDENTSIW. Tian ICRC 2025

>1000s of H |,

~10’ candidates

Observation of Seven Astrophysical Tau
Neutrino Candidates with IceCube PRL (2024)

23



Upcoming Detector Needs

1) More Events Global follow ups e.g.
Transient sources, Rare
UHE events
2) Better Pointing €.g. KM3NeT
3)" h ,’ detection/separation Optimal viewing angle of telescopes

world wide covers the whole sky

U Detectors worldwide

4) Combined fulsky coverage U Track and Cascade events

H BCKH /T H C Future astrophysical neutrino experiments | Iwan MortBfake/Donglian Xu 24
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P-ONE

il Expanding Operating and
it (dedicated talks Expanding
:4 by Silvia, Paull)
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Ny 2

BaikalGVD

Operating and
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TRIDENT, NEON

Ocpth ~ 3500 m
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lceCube Gen2

Volume ~8 ki

g Depth: 2.5km

~

# strings 86 + 120
\_ y,

Future astrophysical neutrino experiments | Iwan MortBfake/Donglian Xu



JCECUBE | DPETECTORS

GEN2 SURFACE * RADIO * OPTICAL

lceCube Gen2

The successor to IceCube
U Expanding optical modules &n?
(+ expanded surface and radio arrays!)

S SC)(] 2YNJ biE1S ANA F\A &
{ LI NBRS &adzy¥t2¢6S
LJu A YFA2ENS Riz;f)\ T2 NJY
Yk @YIﬁQ@M@ﬁu Sy
0 NJ O 3

Optimization of the optical array geometry for
IceCubeGen2,PoS (ICRC2021)

5
U
h
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Adapted fromliceCube websiteGen2 websiteandarxiv 2604.08785

Genl Upgrade Gen2

lceCube Gen2

Optical modules

A{ Ay 3t S AvMubliipletsmatl PMTs
-DSYyH (0SAa0SR RSaadayq -
- KM3NeT established benefits of increase:
photocoveragedirectional info, background
rejection and large dynamic range

The KM3NeT muHPMT optical module, JINST (2022)
[ I £ AGYNT GA2Y

Al aSNBS A&20NBLIAO |8
SELISOU AYLERNIEFYyU AYE: &
Y2ZRSEfAy3a | yR NBEO2y [y

The LED calibration systems for th®OMand BEgg  Camera Calibration for the IceCube
sensor modules of the IceCube Upgrade JINST (202%)grade and GenZEng. Proc. (2023).

<
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https://icecube.wisc.edu/news/press-releases/2026/02/the-icecube-neutrino-observatory-gets-a-major-upgrade-beneath-the-ice/
https://icecube-gen2.wisc.edu/facility/detectors/

a2NBE 9 gS\iiids NI tCZ A yaEdziINT (O A

lceCube Gen2 g @ @
wS a2t OSAISWIBKIZI NA y 2  aRagoumphysics over cosmological L, E

Flavor physics over cosmic base lines

0.0
B Standard Model (vSM) 1.0

—

o
w
®

mdecay: (1:2:0)g

New physics:
i t-damped: (0:1:0

v decay-like p-cdamped: { /s

A ndecay: (1:0:0)qg

w
]

New physics:

-
()

galaxy clusters

Lorentz violation 03

w
()]
starburst,galaxies

radio;qﬁiet AGN

RN
o

¥ radio-loud AGN

tf 230 FNR-
DSYyHéS &
Kowalski ICRC25

IceCubeGen?2 Technical
Design Report (2024)

—_

(@)
w
a

-~ == |ceCube (10yr)

IceCube-Gen2 10 yr (68%
— IceCube-Gen2 (10yr) ceCube-Gen2 10 yr (68%)

IceCube-Gen2 10 yr (95%)
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1039 1040 1041 1042 1043 1044 1045 1046 1047

Source luminosity [erg/s]

Expects ~5x improvement in point source Strong constraints on thigavourratio
discovery compared to IceCube expected in 10 years

03 04 05 06 07
Fraction of v,
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lceA Water-based
telescopes

26/6/2026

Future astrophysical neutrino experiments | lwan Mort&8take/Donglian Xu
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LOS yR 21 (S8NJ
Optical photon scattering and absorption  With efficient and precise photon
collection in water:

lce:_ _ . L
- - A Expect strong resolution of direction
Water:_ — and topology of interactions!
TRIDENT hy trackinice hg Cascaden ice (x4 videos of

Simulation .
simulated events)

hyU NIAGH O S NI hg cascaden water 32
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TRIDENT

r

3.5km deep h

~8 kn?
~1000 strings )

Future astrophysical neutrino experiments | Iwan Mort8hake/Donglian Xu
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TRIDENT

What is it?
A ~8kn®, ~1000 stringelescope in the South China Sea
3.5km deep, flat
Primary experimental goals: plane site chosen

f e -y 7
A?cmg).@ingl f{j - x

1) Rapidly discover neutrino sources Data/power cable | ool

2) Sensitivity to all flavors to nearest island

& Stuing ROY puth

Detector design
A Penrose tiling; Irregular 76110m spacing.
A Optimisedfor source discovery, with both tracksd cascades

A Curved wider pathways for inner string access, to reduce muon
corridor events

Optimizing underwater neutrino telescopes for G! Yadfickildmetreneutrino telescope in the R <P e
all-flavor point source sensitivity, PRD (2026) 6SAaGSNY t1IOATAO hOBR3yés bl (dzNB | a G NEYRVYVEs e

26/6/2026 Cdzi dzZNB | aGNRPLIK&aAOl f )/é dmi NI VQK Sﬂ%)[ﬂﬂwn\ myy uu Lwury oazinu 2 )f
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PMTs

TRIDENT <2nsTTS
~30% QE
Optical modules
A Hybrid DOMS combining PMTs &BiPMs Tl SiPMs

['—]:< 0.3 ns jitter

A Record PMT waveforms: aim to boost precision
in event tOpOIOgy and energy reconStrUCtlon Preliminary Mechanical Design of thBOM PoS(ICRC2023)

' ' h f I I
Calibration Waveformbased search fdr doublepulse events

- Measured Waveform

A LEDs, cameras, spectrometer, plastic scintill§ \ Ve DI contbution
slabs, acoustic sensors - \

3 yertex 2:
Tau Decay

400 600
Time [ns]

4
{SFNOKAYy3I F2N FadNRBLIK&aAOl
hDOMwaveforms in TRIDENAQS(ICRC2023)

Ydz2y YSI adzZNBYSy (i AyuiKp PRfiGLCalb@tdn iyTRIDRRDBICRC2ES) op



More Events Better Pointing Flavourseparation

TRIDENT T & &

Sensitivity/Discovery Potential vs declination Diffuse astrophysical neutrinftavourratio sensitivity

1.0 o mdecay (1:2:0)gyrce
1] damFlF-‘d (0 o1 U)suur[e
AN decay (1:0: U)snur'ce

0.8

— 10 TRIDENT (10 yr)
..... 50 TRIDENT: (10 yr)

---------
-----

—
)
[
1
£
O
T
e
Z
=
+

.........

. we
/ ann
-----------------

Detection Sensitivity of
Astrophysical Tau
Neutrino andFlavour
Ratio in TRIDENT
Publication in prep.

A multicubickilometre
neutrino telescope in the
western Pacific Ocean,

Nature Astronomy(2023) ;
Ve
Rapid discovery expected: {GNBYy3 FEl@2NI N GAZ2 &
lceCube NGC1068 candidategxpected in <yr SELISOmBRI NHA
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EZS
Camerameasured gzo
T R I D E N T effective attenuation [g
length 4 B =
10
Status
A Pathfinder missions to site in 2021, 2024 and 2025 0 evelength jami]

A Measured good water quality, low sea current speeds Sea current speeds over 3.5 montr

A Developed and tested new string deployment methods/devicds
A Prototype optical + calibration strings to be deployed this yeai

First pathfinder mission Testing string deployment system

Prototype
string
testing
(video) ;:—'j"i‘i/i_ s S~
26/6/2026 Design and lake trial of a deeyga neutrino detection (video) ot

mooring deployment system, Ocean Engineering, 2025



TRIDENT

Next

. . . . . Deployment
APhasel : deployment of first 10 optical strings + 1 calibration strm PIOY

9nned for 2027
3 " t NA Yl NBY LIK&aAoa

g f E U ¢ SIEfFff | P8 zBBY GRS yIFI AL A
13 U W2AYy | &0GNB O yv3Sdzii NR
O/ / {b Y2YyAUG2NAYy3 =

Ky2t238 RSY2y@/
| KSNBY 1 X h !

-y OS LRsSNI |

OFf AONI GA2Y Iﬁdlb&tbha!ss‘éra)WQban

lj dzA & A G A 2 Y Sanya starting mass productior

~ , LOf detect on.modules
Syt YR YEAYGSYFYOS ai NI

Future astrophysical neutrino experiments | Iwan MortBfake/Donglian Xu
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P-ONE

g 2.6km deep\
~1 kn?¥
70 strings
y,

Peecvccsccsscsscsccscossos

" @eecccccccscccccssccs
:
@ecoccsccscecssccsncos

[ A M 222 SRS S 221 2 S a0 S SUPR
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The Pacific Ocean Neutring
t Th b 9 Experiment, Nature
Astronomy (2020)

Detector. The Pacific Ocean Neutrino Experiment

A ~1kn® instrumented volume, 70 strings

A 2.6km deep site at existing undersea
Infrastructure Ocean Networks Canada

Optical Calibration
Optical Modules Module Module

AMulti-o ¢ ta¢ 2LIGAOIEf Y2RdzZ S B RSRAOI 1SR
calibration modules

First instrumented line of the Pacific
Ocean Neutrino Experiment: status,
development and outlookR0SICRC2025)

Performance
A Expect precise reconstruction
A <0.1° @ 100TeV, <For cascades

€= €=
@ @
B3 B3
Q Q
@ @
s 3
=) =)
o) o)
= c
< <
c c
8 ©
S S
[} [}
= =

Muon EnergyTeV
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