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Era of Neutrino Astronomy / Astrophysics
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Global Neutrino Telescope Network

F828) NOBELPRISET | FYSIK 2026
W THE NOBEL PRIZE IN PHYSICS 2026

lceCube-Gen2

A world-wide network of neutrino telescopes is now planned. NTOHBEEL

#NobelPrize PRIZE
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Reminder: What is Neutrino Telescope

« Large-scale water/ice-Cherenkov arrays with detector instruments volume = 1 km?3

« Target energy is TeV and above for astrophysical neutrinos

 Larger volume for more events and better reconstruction (direction or energy)

» Events from all directions at every moment, but most of them are atmospheric background
resulting from cosmic-ray interactions in the atmosphere

« Approximate event rates at IceCube (~ 2.7 kHz at trigger level)
« Atmospheric Background:
« Muons: ~ 10" events/yr
« Neutrinos: ~ 10° events/yr
 Astrophysical Signal Neutrinos: ~ 102 events/yr

© The IceCube Collaboration

Building giant detectors is challenging.
yet detecting astrophysical sighals remains difficult
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All-sky Sensitivity of Neutrino Telescopes

@ 1S 05064056

T §\§ ® ~NGc 1068

-@- Galactic center/plane

B Baikal-GVD

© PLEVM: Lisa Schumacher et al.

» Coloured regions cover a region for -5 ° < zenith < 30 ° of each detector, where
the highest detection efficiency of each detector is with E-2 energy spectrum

« The efficiency drops by a factor of 2 at boundaries
o It is an instantaneous snapshot: the bands move as Earth rotates

« One telescope becomes a complement of the others

« Global neutrino network, using data from all neutrino telescopes
- improved sensitivity and better coverage
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Pacific Ocean Neutrino Experiment
(P-ONE)
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e Cascadia Basin «;"::t'u*.':.':, 3 m | Em w“m
%
. Abyssal plain in depth ~ 2660 m e
. Low currents (<10cm/s)  _— / LRl <y E

« Stable temperature (~ 2 °C
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P-ONE Detector

P-ONE-Demonstrator P-ONE
STRAW STRAW-b / (P-ONE-D) (Baseline Geometry as of 2026)

s velow Sting * Top-Down View

2 Floats
-2216m | 444 m
(surface | scafloor)

LiDAR 2
-2228m |432m

PMT-Spectrometer 2
~2252m |48 m

Standard Module 3
~2276m | 384 m

Standard Module 2
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Muon Tracker
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Standard Module 1
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Satisfies *ROV constraints
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Operation 2018-2023
Recovered

*Remotely Operated Vehicle
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P-ONE Timeline

2026 2027 2028 2029 2030 2030s

e
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P—ONE Lines < NOT TO SCALE

« Tkm line with 20 modules = 50 m segments
« 18 Optical and 2 calibration modules

e Module serves as breakout box
-=> NO connectors

Optical Module

« Cable serves as mechanical backbone (P-OM)

=> Reduced cable shadow
-> Designed for easy deployment
(bottom-up)

« Many calibration systems
-> acoustic & optical

.......

Deployment Frame

« Sub-ns time synchronisation

« Deployment frame serves as anchor and

contains mooring network infrastructure Calibration Module

(P-CAL)
10
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P-ONE Optical Modules (P-OM)

P-ONE cnii‘

Drexel

UNIVERSITY

Woosik Kang | NNN 2026 | October 28, 2026

KM3NeT OM

Multi-PMT module based on KM3NeT OM
and lceCube mDOM

lceCube mDOM

17" glass pressure housing

16 PMTs

« 3" Hamamatsu R143/74-10
e TTS~13ns

e« QE~27%

10 inserts for calibration devices
Modular, spring-loaded mounting structure

Optical gel pads to match index of refraction

11



P-ONE-1: Integration and Testing @
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Integration and Dry test completed successfully!
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Vancouver, BC, Canada
June 23 2026

P-ONE-1: Wet Test in Vancouver Bay  cpnite isandsoatyara

Wet test went well.
all green and go for deploy!
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“ NOT IN TIME SCALE

Frame/Line
Deployment

Node-Cable-Line Visual
Connection Inspection

Post-unfurling

Deployment Frame / Line Unfurling Inspection
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Neutrino Source Search with P-ONE
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Searching for Astrophysical Neutrino Signals

—— Atmospheric Back ground —— Atmospheric Back ground —— Atmospheric Back ground

Astrophysical Signal Astrophysical Signal Astrophysical Signal
N — \_/_\

AN

log(Ener gy) Distance from Source Time

Statistical analyses generally use energy, direction, and time information to
determine the significance of astrophysical signals against the backgrounds

Excesses over the backgrounds!
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New Analysis Framework: WONDERLAND

« Working On Neutrino DEtector Response,
Low-level Analysis, and Nexus Development

A Python package for
gamma-ray astronomy

« New neutrino source analysis framework,
open source and Python-based, pipeline to
GammaPYy for likelihood analysis

@wonderland Private @GWwateh 0 ~ Y Fok 0 ~ Yrstr ¢~

P main + F 1Branch O 0 Tags . Go o file T + | <> Code ~ About
An open-source framework for

« Adoptable to any locations and any neutrinpg s o Rtomn DTS | evoshvscs s serches acrors

B assers/oranding/v0 add project assars multiple neutrino observatories.

detectors R
B docs add docs folder ’ '
A- Activity

B example:

. Easy to carry out multi-detector analysis i

B tests add tesis folder

with multiple neutrino telescopes or even - .
multi-messenger analysis with Gamma-ray 0 sesnenm | e

. 0 pyproject.tom Initial commit: project structure
experiments Packages
No paczkages published

] README & =

» Applicable to other types of analysis, such N, . I . Contbtors

as indirect Dark Matter searches e, VV@ ND.ER'-AND o e

— e S Languages

One framework, multiple neutrino observatories. Python 100%

« Publication in progress, along with public
release of the software
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(Pre-pre-) Preliminary Sensitivity to Galactic Centre

« Sensitivity tests to Galactic Centre as a point-like source

- Assumed that IceCube is relocated from South Pole to elsewhere _—
@ . .

. Not an actual sensitivity of a known detector at a location, ¥ LakeBalkal - Cascadia-Basin

except for South Pole |

Sicily

« Apple-to-apple comparison of locations
South Pole

« 12 years of through-going track events

. Injected signal flux (E2dNdE) = 1.5 x 1012 TeV cm2 s1at 100 TeV (y = 2.1)

South Pole Sicily Lake Baikal

p-value ~ 2.5 x 102 ~ 9.2 x 10-10 ~16x10-6 ~ 113 x 1013

o sk i PTENIMINAry S i L TElIMINArY
~1.950 £~5.040% ~4.650 £~72103%

BRAS oo @l e fuze S DR - N . (o oaldl
DK Q0 o NRE. e 232 -k BAZ o 2 2@b e o 2L

Median
Significance

18
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Summary

P-ONE is a new neutrino telescope
under construction in the Pacific Ocean

« Two successful pathfinder experiments
P-ONE-1is now in deployment stage!
P-ONE Demonstrator in 2029

A new software for neutrino source search
IS soon to be ready to use

Fa

NSERC Europea
TEC HN L—{E

Preliminary studies are in progress ,@m Easor S L o
| - mJNC—iEr\ UNIVERSITY | A 51n¢a:23:dauon
i [ml .
etz 73 %;’;2;‘;@ R meness FAL
More to come, stay tuned! IR e & ATBERTA uv|c

=58 THE UNIVERSITY OF Georgia Institute

<y CHICAGO of Technology
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More to read

« Acoustic system: JINST 20 (2025) PO7003: https://arxiv.org/abs/2504.13323

« Long-term study of sedimentation and biofouling: Eur. Phys. J. C. 86 (2026) 2 172: https://arxiv.org/abs/2507.09086

« Optical calibration system: JINST 21 (2026) PO7029: https://arxiv.org/abs/2603.09495

« PMTs characterization: https://arxiv.org/abs/2610.26299 (submitted - under journal review)

» P-ONE-1 detector and integration: https://arxiv.org/abs/2610.27415 (submitted - under journal review)

« Many papers in preparation
« DAQ
« Optical module

« Commissioning

Wi {03 P-oNE $§ Drexel woosik Kang | NNN 2026 | October 28, 2026



https://arxiv.org/abs/2504.13323
https://arxiv.org/abs/2507.09086
https://arxiv.org/abs/2603.09495
https://arxiv.org/abs/2610.26299
https://arxiv.org/abs/2610.27415

Back Up
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Angular Resolution in P-ONE

PP-ONE, 700-m tracks —>—
P-ONE, &?ger level
IceCube 2021, 700-m tracks

Preliminary
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- |ceCube Trigger -1C86 == 60.0 * < z2n <90.0°

- Allsky — 90.0 * < zen <120.0°

— 0.0 ° <zen< 30.0° —— 120.0 °* <zen < 150.0°
- 30.0 " <zen < 60.0° — 150.0 * <zen < 180.0°

10
Muon Energy (TeV)

Twagirayezu et al. (P-ONE) PoS (ICRC2023) 1175

« 5X better angular resolution - 10x more extragalactic sources
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P-OM Electronics

« PMTs read out by 210 MHz 12-bit ADC + FPGA
-> Full waveform digitization

» Microprocessor, 4GB shared memory with FPGA
-> Local data buffering, coincidence triggering, communication

ADC Waveform ring buffer

SHAPEING ? (16 channels)
’ 4 Lanes

(4 12 Gbit
FPGA RAM

—_——— R Buffer
Amplitude: 7-8 mV Vpp: 0.5 -2V (diff. input) Operating SELECT
System | _ . i
FWHM: 5 ns Sampling: 200 MHz (5ns) (+ slow TRG-info ring buffer
I - control)

i £03 P-ONE $§Drexel woosik Kang | NNN 2026 | October 28, 2026
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Calibration and Timing

« P-ONE Calibration Module (P-CAL)

» replacing 4 PMTs with hollow PTFE diffuser and flasher matrlx

producing nanosecond pulses
-> Monitor water properties
-> Triangulate module positions

« Cameras In calibration modules
-> Bioluminescence/biofouling

» Piezo receivers in all modules, acoustic beacons on sea floor
-> Triangulate module positions (backup to optical triangulation)

 Network: GbE inside TRBnet
- Sub-ns timing accuracy

Wi {03 P-oNE $§ Drexel woosik Kang | NNN 2026 | October 28, 2026
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P-ONE-1 Goal

Detector: prove the modular and scalable design, prove the deployment concept

Physics : collect as much data as possible, and resolve muon energies and directions
Bioluminescent : catalogue new ocean depths

Background : understand 49K background and detector noise

oA W N

Calibration and resolution:
« Select biofouling solutions for P-ONE-Demonstrator
« Develop calibration protocol
« Understand module movement




STRAW and STRAW-b _

« 5-year operation of STRAW (98% uptime)

~ G. Riccobene et al., Astropart, Phys., 2007

KM3Ne'l, LAMS,
E.G. Anassontzis et al., NIM A, 2008

S

Lake Baikal,
V. Balkanov et al., Applied Optics, 1999

"clearest natural water”
Smith & Baker, Applied Optics, 1981

 Attenuation Length ~30m @ 450nm

Altenuation Length [m]

P-ONE, EPJ C (2021)

-

» 40K background quantified

— upper PMT
— lower PMT
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» Bioluminescence and biofouling identified
as main challenges
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STRAW and STRAW-bh: Deployment
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Bioluminescence Simulations

« Navier-Stokes in 2-D, stitched into a 3-D simulation
e v=12 10 cm/s
« Organism density to match STRAW observations

» Use Firedrake / Fourth Day code (Meighen-Berger et al. arXiv:2103.03816)

 Validate trigger algorithm




+ - *What WONDERLAND manages

Working On Neutrino DEtector Response,
Low-level Analysis, and Nexus Development

Detector response, 7-‘- A Python pazz?%i ;?; y
Filtering & Reconstruction,

| Interface

S O~ Analysis
N Detector I =
SO DS Ip—— . Signal Excesses over Backgrounds
. ' < with the coincidences:

spatial, spectral, temporal, ...

Background events

Significance, sighal (and background) properties (best-fit parameters)
i 703 p-oNE (& Drexel woosik Kang | NNN 2026 | October 28, 2026
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WONDERLAND Fitting Results Example

wonderland (1000 trials: IceCube)
wonderland (1000 trials; KM3Net)
Wwonderland (1000 trials; Baikal)
wonderland (1000 trials; P-ONE)

GC (WCS: binz=0.2deqg, nbins=51x51, ROI=10.2deq)

70 A

60 A

50 T

40

30_

bkg : normyg

20

E2dNdE, at 100 TeV [TeV s~ cm~?]

I ! I ! !

LI | ! !

Ll I L L LIS 4 ! I ! ! I I I I

I I I ! ! I I LI | I

10 15 20 25 30 35 40 45 50 035740 15 20 25 30 35 40 45 50 0,357 10 15 20 25 30 35 40 45 50 035710 15 20 25 30 35 40 45 50
Ninj Ninj

Ninj Niny

significance (o)
bkg NOrMy1

L.lv.’ TT1L.

L A S Ay 4! 1 l &

] I 1 1 1 1 ] I L L 1 1 1 1 ] I 1 1

LU B B B | 1 1 ] I 1 1 L L I 1 1 1 1 ] I 1 L L

035710 15 20 25 30 35 40 45 50 035710 15 20 25 30 35 40 45 50 0 35710 15 20 25 30 35 40 45 50 035710 15 20 25 30 35 40 45 50

Ninj Ninj Ninj Ninj
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original GCN Notice Fri 22 Sep 17 20:55:13 U1
refined nest-fit direction 1C170522A
= 1G170922A 50% - area’ 0.15 square degress
w—— |C1709224 90% - area. 0.67 square degress

TXS 05D6+855

Declination

lceCube-170922A
(September 22, 2017) B szl

78.4° 78.0° 77.67 77.2°
Right Ascension

1000 1500 2000

top view nanoseconds

Follow-up detections of IC170922 based on public telegrams

& 3

v
11111

O O O lceCube, Fermi-LAT, MAGIC, AGILE,
IceCube Swift Fermi, ASAS-SN ASAS-SN, HAWC, H.E.S.S., INTEGRAL, p& .
R S September 28 Kanata, Kiso, Kapteyn, Liverpool E e O
Agat @@ D (# Telescope, Subaru, Swift NuSTAR, g xS °'5°6*e |
O ~ VERITAS, and VLA//17B-403 c
SALT, Kapteyn MAGIC Liverpool, AGILE Collaborations; Science 361, n0.6398,
October 7 Oclober 4 September 29 eaat1 378 (201 8) :
g : 254 PKS osoz—mﬁ
= x
Q v;/ @ g m j vacic ;sp
9, O O >y © 784° 7807 778° 772° 768°  76.4°
Kanata, NuSTAR VLA Subaru Right Ascension
October 12 October 17 October 25
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First Neutrino Initiated Multi-Messenger Observation

Fermi-LLAT Counts/Pixel

MAGIC significance (o




TXS 0506+056

 Not just a transient event

* From the archived IceCube
data, it was identified that the
blazar made several more
events prior to IC170922A

-log10(p)

S
O
>
v
}_
o
—~

Declination

EL, ']l[)[)

* Highest significance over the | _ , , | .

span of observation is 3.5¢ right Ascensior
1C40 I1C59 I1C79

_
)
==n=1 JeceCube-170922A
Gaussian Analysis

—— Box-shaped Analysis

2009 2010 2011 2012 2013 2014
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NGC 1068

« Seyfert Il galaxy with AGN: highest significance among the candidate sources

o ]”.‘5"1(‘1 l,[)l(‘u“{t] '

] Signal L] Total
L1 Background ¢ Data

e Best, Fit

f
e

y xl
Alog
4

€]
r e

Declination deg]

3.0 3.0
Spectral Index «

S IceCube (this work) {  Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
Theoretical v model (53) > 200 GeV gamma-rays (42)

41.2 41.0 40.8 40.6 404 40.2

Right Ascension |deg|

» At the location of NGC 1068: 7933 neutrinos observed
e Spectral index: -3.2 + 0.2
 Post-trial significance 4.20

Science 378 n0.6619, 5388543 (2022).

. 4 ’ . ‘(-'

EZP [TeVom 25 7]

Previously 2.90

107? 10°© 1079
Energy [GeV]

.'."Il' “o“"l‘\"‘

PRL 124 051103 (2020)
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More Extragalactic Neutrino Sources?

NGC 1068 Diffuse flux from v, (25)

e Rl . NGC 1068, TXS 0506+056 are ~1%
of extragalactic flux observed at
lceCube

(s

« NGC 1068 Is steady source
— a benchmark source

—_
p—
—
|
i
W

e
)
[ |
&
| .
ol
r.v
r
I
AA
=
o

« We need more neutrinos to identify
the sources!

10° 104 10°
Science 378 no.6619, 538-543 (2022) I, [(;o\/’}
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KM3-230213A

Deep-seatelescope detects
neutrino with highest
energy ever recorded

 Very bright horizontal track event on Feb. 12, 2025 at KM3Net

. A muon with energy of 120J_ré(1)0 PeV - an initial neutrino with energy of 22()1??8 PeV

p-oNE $§ Drexel Woosik Kang | NNN 2026 | October 28, 2026 35
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KM3Net-20250312A

L1 R(E8%) .. R(O0%) — R(99%)

¢ VLBI (O Gamma ray 5BZCAT L1 X-ray + radio + infrarec

Upper limits
e KIM3-230213A

lceCube fits

e NST (2022)

wee  HESE (2021)

mfe=  Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021

(GeVem™s sr)

dec. J2000 (%)

Models

Cosmogenic band

1f
E,

Sources band

108

Neutrino energy (Ge

« No identified source of the event yet - cosmogenic neutrino?

A lucky fluctuation, confirming the opportunity for very-high-energy neutrino observations

« Telescopes for air-showers and radios!
P-ONE ($§ Drexel woosik Kang | NNN 2026 | October 28, 2026
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Neutrino Interactions for Neutrino Telescopes

« Neutrino interacts with molecule of dielectric
medium (e.g. water or ice)

« Outgoing charged particle(s) travel faster than
light in the medium

« Charged particle excites surrounding molecules
badvonic advomic which emit photons when they return to ground
cascade cascade state

« Cherenkov radiation!

hadronic
cascade

W

hadronic hadronic
cascade cascade

IIIIIIIIIII



Why is It Difficult to Identify CR Sources?

» Charged particles are deflected AGNs, SNRs. GRBs % .

by magnetic fields

They point to theiF:,;bukces, but they

Blackholes can be absorbed an!d are created by

 Stellar/interstellar/intergalactic

« Photons interact with other
photons and matter

particles that point to their
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 Neutrinos are not deflected and XN\ souesandanyifomaton Nl
7 N\ N © from deep within their arigins. e
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don’t often interact with matter . -;_— P

They are charged particles and
are deflected by magnetic fields.
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Neutrinos form an important component
of multi-messenger astrophysics!
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