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Juan Antonio Aguilar and Jamie Yang. IceCube/WIPAC

Why are we interested in astrophysical neutrinos?

Intimate connections 
between neutrinos, 

photons, and cosmic 
rays at the source



N. Kamp | MACROS @ Penn State | 25 April 2026

The Grand Unified Neutrino Spectrum
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Vitagliano+ Rev. Mod. Phys. 2019

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.92.045006
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The Grand Unified Neutrino Spectrum

3

Astro 
neutrinos 
live here

Vitagliano+ Rev. Mod. Phys. 2019

Large 
detectors 
needed!

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.92.045006
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The IceCube Detector(s)
A cubic kilometer of 

instrumented South Pole ice  
(~gigaton active mass)

Main array constructed 2004-2010 
Optimized for TeV+ energies Upgrade deployed in Dec/Jan 

Reduces threshold to ~1 GeV
DeepCore constructed 2009-2011 

Threshold ~10 GeV

Robert Schwarz, NSF

Digital Optical Module (DOM)
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IceCube “sees” neutrinos via Cherenkov radiation

να e, να
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IceCube has taught us a lot 
about neutrino astrophysics

6

Science  
Volume 342, Issue 6161

Science 
Volume 361, Issue 6398

Nature 
Volume 591, 
pg 220–224

Science 
Volume 378, 
Issue 6619

Science 
Volume 380, 
Issue 6652

https://www.science.org/toc/science/342/6161
https://www.science.org/toc/science/361/6398
https://www.nature.com/articles/s41586-021-03256-1
https://www.nature.com/articles/s41586-021-03256-1
https://www.science.org/doi/10.1126/science.abg3395
https://www.science.org/doi/10.1126/science.abg3395
https://www.science.org/doi/10.1126/science.adc9818
https://www.science.org/doi/10.1126/science.adc9818
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Where do astro neutrinos come from?
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Brightest spot on the sky: NGC 1068 
with a global significance of 4.0σ

IceCube Science Vol 378 (2022)

Where do astro neutrinos come from?

https://www.science.org/doi/10.1126/science.abg3395
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Brightest spot on the sky: NGC 1068 
with a global significance of 4.0σ

IceCube Science Vol 378 (2022) IceCube 2510.13403

3.3  evidence for neutrino emission 
from a population of similar X-ray bright 

active galactic nuclei

σ

Where do astro neutrinos come from?

https://www.science.org/doi/10.1126/science.abg3395
https://arxiv.org/pdf/2510.13403
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What is the energy spectrum of astro neutrinos?

8
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What is the energy spectrum of astro neutrinos?

8

At lower energies, emerging evidence for a break 
from the single power description

IceCube PRL Vol 136 (2026)

https://journals.aps.org/prl/abstract/10.1103/2gh9-d4q7
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What is the energy spectrum of astro neutrinos?

8

At lower energies, emerging evidence for a break 
from the single power description

IceCube PRL Vol 136 (2026)

?

https://journals.aps.org/prl/abstract/10.1103/2gh9-d4q7
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What is the energy spectrum of astro neutrinos?

8

At lower energies, emerging evidence for a break 
from the single power description

IceCube PRL Vol 136 (2026)
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At higher energies, IceCube places limits only

IceCube PRL Vol 135 (2025)

IceCube 
limit

https://journals.aps.org/prl/abstract/10.1103/2gh9-d4q7
https://arxiv.org/abs/2502.01963
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What is the flavor composition of astro neutrinos?

9
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What is the flavor composition of astro neutrinos?

9

Neutrinos decohere over astrophysical 
distance scales, predicting

 
at the detector

{fe, fμ, fτ} ∼ {1/3, 1/3, 1/3}
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What is the flavor composition of astro neutrinos?

9IceCube 2510.24957

Neutrinos decohere over astrophysical 
distance scales, predicting

 
at the detector

{fe, fμ, fτ} ∼ {1/3, 1/3, 1/3}

Recent IceCube results show the first 
closed contour at  in flavor space, 

and reject neutron decay as the 
main production mechanism

1σ

https://arxiv.org/abs/2510.24957


N. Kamp | MACROS @ Penn State | 25 April 2026

But IceCube is not the 
only game in town

10
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The KM3NeT Detection Units

13

31 3” photo-multiplier 
tubes per Digital 

Optical Module (DOM) 18 DOMs per Detection Unit (DU)
Each DU is unraveled 
before reaching the 

sea floor

KM3NeT 2022KM3NeT 2016

https://arxiv.org/abs/2203.10048
https://arxiv.org/abs/1601.07459
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The KM3NeT Detectors: ORCA and ARCA

14

ORCA 
Oscillation Research with 

Cosmics in the Abyss 

ARCA 
Astroparticle Research 

with Cosmics in the Abyss 

Simplified detector layout and local topography

KM3NeT 2016

https://arxiv.org/abs/1601.07459
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The KM3NeT/ARCA Detector

15

35
0

0
 m

80
0

 m

2 building blocks, 
each with ~115 DUs 

 
1 Gigaton of instrumented mass

Under construction: 51 / 230 DUs deployed

D. Dornic, ICRC 2025KM3NeT 2016

https://indico.cern.ch/event/1258933/contributions/6482221/attachments/3107231/5507205/ICRC_KM3NeT_july2025.pdf
https://arxiv.org/abs/1601.07459
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Reconstruction in Ice v.s. Water

Ice: short scattering length, long absorption length Water: short absorption length, longer scattering length

A 10 TeV cascade example
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Eμ = 120+110
−60 PeV ⟹ Eν ≳ 100 PeV!

Nature Volume 638 Issue 8050

The Observation of KM3-230213A

https://www.nature.com/nature/volumes/638/issues/8050
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• High-energy muon detected on 13 February 2023 with 21-DU configuration 

• Horizontally-going, consistent with neutrino hypothesis 

• 3,672 PMTs (35%) triggered during the event

KM3-230213A

18

Background

KM3NeT Nature Vol 638 (2025)

The Observation of KM3-230213A

https://www.nature.com/articles/s41586-024-08543-1#Sec18
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Astrophysical Neutrino Flux After KM3-230213A

19

 and  Eν = 220+570
−110 PeV E2Φ1f

ν+ν̄ = 5.8+10.1
−3.7 × 10−8 GeV cm−2 s−1 sr−1

Previous records  
~13 PeV  (IceCube 2023)


~6.3 PeV Glashow (IceCube 2021)
νμ

KM3NeT Nature Vol 638 (2025)

https://pos.sissa.it/444/1030/pdf
https://www.nature.com/articles/s41586-021-03256-1
https://www.nature.com/articles/s41586-024-08543-1#Sec18


N. Kamp | MACROS @ Penn State | 25 April 2026

Astrophysical Neutrino Flux After KM3-230213A

19

 and  Eν = 220+570
−110 PeV E2Φ1f

ν+ν̄ = 5.8+10.1
−3.7 × 10−8 GeV cm−2 s−1 sr−1

Previous records  
~13 PeV  (IceCube 2023)


~6.3 PeV Glashow (IceCube 2021)
νμ

But is this the most likely flux 
given all observations?

KM3NeT Nature Vol 638 (2025)

https://pos.sissa.it/444/1030/pdf
https://www.nature.com/articles/s41586-021-03256-1
https://www.nature.com/articles/s41586-024-08543-1#Sec18
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Joint fit between KM3NeT, IceCube, and 
Auger in the energy window of KM3-230213A

20KM3NeT (incl NK) PRX Vol 15 (2025)

https://arxiv.org/abs/2502.08173
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Joint fit between KM3NeT, IceCube, and 
Auger in the energy window of KM3-230213A

20

2.5  tension between 
the three datasets
σ

KM3NeT (incl NK) PRX Vol 15 (2025)

https://arxiv.org/abs/2502.08173
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Where did this neutrino come from?

21D. Dornic, ICRC 2025

https://indico.cern.ch/event/1258933/contributions/6482221/attachments/3107231/5507205/ICRC_KM3NeT_july2025.pdf
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Where did this neutrino come from?

21D. Dornic, ICRC 2025

Work in progress:  improved acoustic emitter position 
accuracy -> improved directional uncertainties 

https://indico.cern.ch/event/1258933/contributions/6482221/attachments/3107231/5507205/ICRC_KM3NeT_july2025.pdf
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What did this neutrino come from?

22
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What did this neutrino come from?

• We don’t know! Many ideas:

22

https://arxiv.org/abs/2502.08387
https://arxiv.org/abs/2502.08484
https://arxiv.org/abs/2502.08508
https://journals.aps.org/prd/abstract/10.1103/vvqq-1z2t
https://arxiv.org/abs/2505.22754
https://journals.aps.org/prl/abstract/10.1103/vnm4-7wdc
https://journals.aps.org/prd/abstract/10.1103/qxcj-fpwn
https://arxiv.org/abs/2505.24666
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22

Really we  need more data

https://arxiv.org/abs/2502.08387
https://arxiv.org/abs/2502.08484
https://arxiv.org/abs/2502.08508
https://journals.aps.org/prd/abstract/10.1103/vvqq-1z2t
https://arxiv.org/abs/2505.22754
https://journals.aps.org/prl/abstract/10.1103/vnm4-7wdc
https://journals.aps.org/prd/abstract/10.1103/qxcj-fpwn
https://arxiv.org/abs/2505.24666
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Other ARCA{6-21} Highlights

23D. Dornic, ICRC 2025

Diffuse flux 90% CL upper limit approaching 
best fits from IceCube and ANTARES

Galactic ridge flux 90% CL upper limit also 
approaching best fits from IceCube and ANTARES

https://indico.cern.ch/event/1258933/contributions/6482221/attachments/3107231/5507205/ICRC_KM3NeT_july2025.pdf
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The Baikal-GVD Detector 

25

117 strings arranged into 14 
clusters in Lake Baikal, Siberia 

Currently 0.7 km3, planned to 
reach ~1 km3 in next three years

G. Safronov, ICRC 2025

https://indico.cern.ch/event/1258933/contributions/6485820/attachments/3107042/5506938/icrc25_review_talk_v2.pdf
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Baikal-GVD Observes the Diffuse 
Astrophysical Neutrino Flux at 5.1  σ

26Baikal-GVD 2507.01893

https://arxiv.org/pdf/2507.01893
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Other Baikal-GVD Highlights

8 cascade candidates with E>200 TeV 
2.5  hint for galactic plane originσ

Baikal-GVD, ApJ 2025 Baikal-GVD. MNRAS 2024

~220 TeV neutrino from the direction of 
TXS 0506 + 056 during a radio flare

https://iopscience.iop.org/article/10.3847/1538-4357/adb630/pdf
https://academic.oup.com/mnras/article/527/3/8784/7452894
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The Pacific Ocean Neutrino Experiment (P-ONE)

29D. Grant, Lake Louise Winter Institute 2026

Leverages existing 
oceanographic 

investment from 
Canadian funding 

agencies

Cubic km water 
Cherenkov array off 

the coast of 
Vancouver, Canada

https://indico.global/event/484/contributions/143415/attachments/67922/131662/LLWI_nuMMA_2026.pdf
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P-ONE Construction Schedule

30D. Grant, Lake Louise Winter Institute 2026

First string to be deployed in 2026, first cluster by 2028

https://indico.global/event/484/contributions/143415/attachments/67922/131662/LLWI_nuMMA_2026.pdf
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P-ONE Focuses on Precision

31P. Krause, Lake Louise Winter Institute 2026

Optical modules will 
have  sub-100 ps time 
synchronization and 

full waveform readout

Leads to excellent angular 
resolution, crucial for 
source identification

https://indico.global/event/484/contributions/143460/attachments/67690/131110/pone_krause_LLWI_2026.pdf
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What about non-water Cherenkov 
detection techniques?

32
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TAMBITO Pilot Array Construction Underway

35

Funded pilot array

Full array

TAMBO 2507.08070

Scintillator panel for 
TAMBITO in our local 

lab @ Harvard

https://arxiv.org/abs/2507.08070
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Trinity: Cherenkov light from air showers

37S. Stepanoff, ICRC 2025

https://indico.cern.ch/event/1258933/contributions/6485790/attachments/3105194/5503503/ICRC%202025%20Sofia%20Stepanoff%2020250716.pdf
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Trinity Demonstrator 
Funded 2021, first 

light 2023

Trinity One 
Development 
starting ~2026

Trinity Observatory 
Development 
starting ~2031

Status: Moving from Demonstrator to Trinity One

Trinity 2503.11864S. Stepanoff, ICRC 2025

https://arxiv.org/pdf/2503.11864
https://indico.cern.ch/event/1258933/contributions/6485790/attachments/3105194/5503503/ICRC%202025%20Sofia%20Stepanoff%2020250716.pdf
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ARA
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Askaryan Radiation for Neutrino Detection

40M. Kim (ARA), ICRC 2023

https://inspirehep.net/files/19101bf70da2582f8db186af76e209ff
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Askaryan Radiation for Neutrino Detection

40M. Kim (ARA), ICRC 2023

Askaryan radio emission: 
Coherent Cherenkov radiation from particles in 

a shower with net charge anisotropy

https://inspirehep.net/files/19101bf70da2582f8db186af76e209ff
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Askaryan Radiation for Neutrino Detection

40M. Kim (ARA), ICRC 2023

Askaryan radio emission: 
Coherent Cherenkov radiation from particles in 

a shower with net charge anisotropy

Polarization of radio emission gives 
information on shower direction

https://inspirehep.net/files/19101bf70da2582f8db186af76e209ff
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Radio Neutrino Observatory in Greenland 

41

8/35 radio stations deployed

RNO-G, JINST 2025

https://arxiv.org/pdf/2411.12922


N. Kamp | MACROS @ Penn State | 25 April 2026

Radio Neutrino Observatory in Greenland 

41

8/35 radio stations deployed

RNO-G, JINST 2025

Saw a solar flare on 15 July 2023!

https://arxiv.org/pdf/2411.12922
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GRAND, BEACON, and HERON

43

Kotera (HERON), ICRC 2025

Martineau-Huynh (GRAND), ICRC 2025

Zeolla (BEACON), ICRC 2025

https://arxiv.org/pdf/2507.04382
https://pos.sissa.it/501/1114/pdf
https://indico.cern.ch/event/1258933/contributions/6490662/attachments/3106662/5506037/ICRC_2025_Zeolla.pdf
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GRAND, BEACON, and HERON

43

Kotera (HERON), ICRC 2025

Earth’s magnetic field 
deflects electrons and 

positrons in the air 
shower, leading to 

coherent radio emission

Martineau-Huynh (GRAND), ICRC 2025

Zeolla (BEACON), ICRC 2025

https://arxiv.org/pdf/2507.04382
https://pos.sissa.it/501/1114/pdf
https://indico.cern.ch/event/1258933/contributions/6490662/attachments/3106662/5506037/ICRC_2025_Zeolla.pdf
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GRAND, BEACON, and HERON

43

Kotera (HERON), ICRC 2025

Earth’s magnetic field 
deflects electrons and 

positrons in the air 
shower, leading to 

coherent radio emission

Martineau-Huynh (GRAND), ICRC 2025

GRAND and BEACON both in 
prototyping stage

Zeolla (BEACON), ICRC 2025

https://arxiv.org/pdf/2507.04382
https://pos.sissa.it/501/1114/pdf
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GRAND, BEACON, and HERON

43

Kotera (HERON), ICRC 2025

Earth’s magnetic field 
deflects electrons and 

positrons in the air 
shower, leading to 

coherent radio emission

Martineau-Huynh (GRAND), ICRC 2025

GRAND and BEACON both in 
prototyping stage

Zeolla (BEACON), ICRC 2025

GRAND + BEACON = HERON

https://arxiv.org/pdf/2507.04382
https://pos.sissa.it/501/1114/pdf
https://indico.cern.ch/event/1258933/contributions/6490662/attachments/3106662/5506037/ICRC_2025_Zeolla.pdf
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IceCube-Gen2: A Combination of Techniques

45WIPAC/ICEHAP

https://icecube.wisc.edu/news/icecube-gen2/2025/07/icecube-gen2-selected-for-german-research-infrastructure-prioritization
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IceCube-Gen2: A Combination of Techniques

45WIPAC/ICEHAP

https://icecube.wisc.edu/news/icecube-gen2/2025/07/icecube-gen2-selected-for-german-research-infrastructure-prioritization
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IceCube-Gen2: A Combination of Techniques

45WIPAC/ICEHAP

Upgrade deployed over Dec/Jan!  
first step en route to Gen2

Yuya Makino, IceCube/NSF

https://icecube.wisc.edu/news/icecube-gen2/2025/07/icecube-gen2-selected-for-german-research-infrastructure-prioritization
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And one more bonus 
Antarctic experiment
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The Payload for Ultrahigh Energy Observations (PUEO)

47

Balloon-based detector observing 
Askaryan and geomagnetic 
radio emission from neutrino 

interactions in ice

First flight on December 19, 2025!

A. Verbeck, PUEO's Antarctic flight advances neutrino research Abarr, ICRC 2025

https://mcss.wustl.edu/news/pueos-antarctic-flight-advances-neutrino-research
https://indico.cern.ch/event/1258933/contributions/6485832/attachments/3104679/5502715/icrc2025_abarr_pueo.pdf
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So what’s the “best” technology?
• Depends what you care about 

48
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So what’s the “best” technology?
Depends what you care about 

• Angular resolution? Mostly ~sub-degree,  
but some advantage in water Cherenkov 

49

P. Krause, Lake Louise Winter Institute 2026

https://indico.global/event/484/contributions/143460/attachments/67690/131110/pone_krause_LLWI_2026.pdf
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So what’s the “best” technology?

50

Depends what you care about 

• Angular resolution? Mostly ~sub-degree,  
but some advantage in water Cherenkov  

• Energy resolution? Optical Cherenkov is 
best, especially in ice
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So what’s the “best” technology?

51

Depends what you care about 

• Angular resolution? Mostly ~sub-degree,  
but some advantage in water Cherenkov  

• Energy resolution? Optical Cherenkov is 
best, especially in ice 

• Active volume? Radio wins here

Kotera (HERON), ICRC 2025

https://arxiv.org/pdf/2507.04382
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So what’s the “best” technology?

52

Depends what you care about 

• Angular resolution? Mostly ~sub-degree,  
but some advantage in water Cherenkov  

• Energy resolution? Optical Cherenkov is 
best, especially in ice 

• Active volume? Radio wins here 

• Transients? Balloons have large  
instantaneous volume

A. Vieregg, ICRC 2021

https://pos.sissa.it/395/1029/pdf
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So what’s the “best” technology?

53

Depends what you care about 

• Angular resolution? Mostly ~sub-degree,  
but some advantage in water Cherenkov  

• Energy resolution? Optical Cherenkov is 
best, especially in ice 

• Active volume? Radio wins here 

• Transients? Balloons have large  
instantaneous volume 

• Flavor? Air shower experiments are 
optimized for tau neutrinos

TAMBO 2507.08070

https://arxiv.org/abs/2507.08070
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In the end, we will need all 
technologies to cover the UHE regime

54

Ackermann+, Snowmass 2022

https://arxiv.org/pdf/2203.08096
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In the end, we will need all 
technologies to cover the UHE regime

54

And test KM3NeT’s 
220 PeV neutrino

Ackermann+, Snowmass 2022

KM3-230213A 
KM3NeT only 
Joint Fit

https://arxiv.org/pdf/2203.08096
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In the end, we will need all 
technologies to cover the UHE regime

54

And test KM3NeT’s 
220 PeV neutrino

It’s an exciting 
time for neutrino 

astrophysics!
Ackermann+, Snowmass 2022

KM3-230213A 
KM3NeT only 
Joint Fit

https://arxiv.org/pdf/2203.08096
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Thank you!

55
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Backups

56
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να e, τ, να

Hadrons

Cascade

Earliest photons Latest photons

νμ

Hadrons

μ
Track

ν, ℓ

Neutrino deep inelastic scattering

IceCube “sees” neutrinos via Cherenkov radiation
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https://indico.global/event/484/contributions/143459/attachments/67684/131111/Lake_Lousie_2026_IceCube_and_Gen2.pdf
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Neutrino Oscillations Overview
• Neutrinos exhibit quantum mechanical oscillations between flavor as they propagate 

• Neutrino telescopes can address two open questions:  
tau unitarity and the mass ordering

60

νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

Normal Ordering

ν1

ν2

ν3m2
3

m2
2

m2
1

m2

νe νμ ντ

Inverted Ordering

ν1

ν2

ν3m2
3

m2
2

m2
1

m2

P(να → νβ) ≈ 4 |Uαi |
2 |Uβi |

2 sin2( Δm2L
4E )
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Open Question 1: Tau Unitarity

61

Neutrino telescopes can test 
that assumption

Parke, Ross-Lonergan PRD 2015

Tau row of PMNS matrix constrained 
mostly by unitarity assumption:

|Uei |
2 + |Uμi |

2 + |Uτi |
2 = 1

νe
νμ
ντ

=
Ue1 Ue2 Ue3
Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

ν1
ν2
ν3

https://arxiv.org/pdf/1508.05095
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Open Question 2: Mass Ordering

62

We don’t know the sign of Δm2
31

Neutrino telescopes can reach 5  
by the end of the decade

σ

Δm2
31 > 0

Normal Ordering

ν1

ν2

ν3m2
3

m2
2

m2
1

m2

νe νμ ντ

Inverted Ordering

ν1

ν2

ν3m2
3

m2
2

m2
1

m2

Δm2
31 < 0

Argüelles, Fernández, Martínez-Soler, Jin PRX 2023

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.041055
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But they are also excellent particle physics experiments

63

IceCube/NASA

∼
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In fact, neutrino telescopes see two beam dumps

64

Kajita AHEP 2012

Atmospheric neutrinos (~100,000/yr) Cosmic neutrinos (~100/yr)

IceCube/NASA

https://www.hindawi.com/journals/ahep/2012/504715/
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Horizontal

Vertical

IceCube PRD Vol 108 (2023)

Neutrino telescopes measure    
atmospheric neutrino oscillations

νμ → ντ

65

Earth

P(νμ → ντ) ≈ sin2(2θ23)sin2( Δm2
32L

4E )

https://arxiv.org/abs/2304.12236
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Horizontal

Vertical

IceCube PRD Vol 108 (2023)

Neutrino telescopes measure    
atmospheric neutrino oscillations

νμ → ντ

65

Earth

P(νμ → ντ) ≈ sin2(2θ23)sin2( Δm2
32L

4E )

Range of baselines constrains un-oscillated flux 

https://arxiv.org/abs/2304.12236
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Horizontal

Vertical

IceCube PRD Vol 108 (2023)

Neutrino telescopes measure    
atmospheric neutrino oscillations

νμ → ντ

65

Earth

P(νμ → ντ) ≈ sin2(2θ23)sin2( Δm2
32L

4E )
Oscillation maximum 

at Eν ∼ 20 GeV

Range of baselines constrains un-oscillated flux 

https://arxiv.org/abs/2304.12236
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IceCube DeepCore KM3NeT/ORCA

Oscillation measurements require dedicated denser arrays

IceCube Astroparticle Physics Vol 35 (2011) Joao Coelho, Neutrino 2024

https://arxiv.org/abs/1109.6096
https://agenda.infn.it/event/37867/contributions/233917/
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IceCube DeepCore KM3NeT/ORCA

Still ~100x 
larger than 

SuperK!

Oscillation measurements require dedicated denser arrays

IceCube Astroparticle Physics Vol 35 (2011) Joao Coelho, Neutrino 2024

https://arxiv.org/abs/1109.6096
https://agenda.infn.it/event/37867/contributions/233917/
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IceCube Oscillation Results

67
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IceCube Oscillation Results

67

Competitive with accelerator experiments, 
but at higher energies

IceCube PRL Vol 134 (2025)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.091801
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IceCube Oscillation Results

67

Competitive with accelerator experiments, 
but at higher energies

IceCube PRL Vol 134 (2025)

Higher energies also enable tests of tau unitarity

IceCube PRD Vol 99 (2019)

= ∑
i

|Uτi |
2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.091801
https://arxiv.org/abs/1901.05366
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Up Next: The IceCube Upgrade
Six new strings deployed 

over Dec-Jan!

Colton Hill, Yuya Makino, IceCube/NSF
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The Upgrade pushes the neutrino 
energy threshold down to ~1 GeV

69

IceCube 2509.13066

https://arxiv.org/abs/2509.13066
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Upgrade Oscillation Sensitivities

https://arxiv.org/abs/2509.13066
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Strong sensitivity to θ23, Δm2
32

IceCube 2509.13066

Upgrade Oscillation Sensitivities

https://arxiv.org/abs/2509.13066


N. Kamp | Lake Louise 2026 70

Strong sensitivity to θ23, Δm2
32 ~5% tau normalization sensitivity

IceCube 2509.13066

Upgrade Oscillation Sensitivities

https://arxiv.org/abs/2509.13066
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Strong sensitivity to θ23, Δm2
32 ~5% tau normalization sensitivity 1.5-3  mass ordering sensitivityσ

IceCube 2509.13066

Upgrade Oscillation Sensitivities

https://arxiv.org/abs/2509.13066
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νμ
μ

Hadrons

νμ
μ

Hadrons

να
e, τ, να

Hadrons

“Through-going track” 

 charged-current DIS outside 
the active volume
νμ

“Starting track” 

 charged-current DIS inside the 
active volume
νμ

“Cascade” 

 charged-current DIS or  
neutral-current DIS inside the active 
volume

νe,τ να

Neutrino Telescope Event Categories
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νμ

Hadrons

μ
νμ

μ

Hadrons

να
e, τ, να

Hadrons

Through-going track Starting track Cascade

Earliest photons Latest photons

Kilometer-scale events!

Neutrino Telescope Event Signatures
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Where do cosmic neutrinos come from?

73

Strategy: look for clustering on the sky

Brightest spot: NGC 1068 with 
a global significance of 4.0σIceCube 2510.13403IceCube Science 2022

https://arxiv.org/pdf/2510.13403
https://www.science.org/doi/10.1126/science.abg3395
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New: 3.3  evidence for neutrino emission from a 
population of X-ray bright active galactic nuclei

σ

74

First association of cosmic neutrinos to a population of sources

Murase, Kimura, Mészáros PRL 2020IceCube 2025

https://arxiv.org/pdf/1904.04226
https://arxiv.org/pdf/2510.13403
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Recent result: 3.3  evidence for neutrino 
emission from X-ray bright Seyfert galaxies

σ

75
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NGC 1068

J. W. Valle Phys.Rev.D 28 (1983) 540
Dirac See Saw Scenario: Z. K. Silagadze, Phys. Atom. Nucl. 60, 272 (1997); A. S. Joshipura, S. Mohanty, and S. Pakvasa Phys. Rev. D 89, 033003 (2014); P.-H. 
Gu and H.-J. He JCAP 12, 010; E. Ma and R. Srivastava Phys. Lett. B 741, 217 (2015); J. W. F. Valle and C. A. Vaquera-Araujo Phys. Lett. B 755, 363 (2016); S. 
Centelles Chuli´a, R. Srivastava, and J. W. F. Valle Phys. Rev. D 98, 035009 (2018); Z. G. Berezhiani and R. N. Mohapatra, Phys. Rev. D 52, 6607 (1995), …

2ℒmass  = mDNRνL + mDνC
L NC

R + mRNC
R NR + h.c.
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M = ( 03 MD

MD MR)
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2ℒmass  = mDNRνL + mDνC
L NC

R + mRNC
R NR + h.c.
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NGC 1068

J. W. Valle Phys.Rev.D 28 (1983) 540

M = ( 03 MD

MD MR)
E x p e c t e d t o b e t h e 
dominant contribution if 
neutrinos are Dirac-like
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NGC 1068

J. W. Valle Phys.Rev.D 28 (1983) 540

M = ( 03 MD

MD MR)
E x p e c t e d t o b e t h e 
dominant contribution if 
neutrinos are Dirac-like

Lepton-number breking 
term.

Dirac See Saw Scenario: Z. K. Silagadze, Phys. Atom. Nucl. 60, 272 (1997); A. S. Joshipura, S. Mohanty, and S. Pakvasa Phys. Rev. D 89, 033003 (2014); P.-H. 
Gu and H.-J. He JCAP 12, 010; E. Ma and R. Srivastava Phys. Lett. B 741, 217 (2015); J. W. F. Valle and C. A. Vaquera-Araujo Phys. Lett. B 755, 363 (2016); S. 
Centelles Chuli´a, R. Srivastava, and J. W. F. Valle Phys. Rev. D 98, 035009 (2018); Z. G. Berezhiani and R. N. Mohapatra, Phys. Rev. D 52, 6607 (1995), …

2ℒmass  = mDNRνL + mDνC
L NC

R + mRNC
R NR + h.c.
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Recall  P(να → να) ∝ sin2( Δm2L
4E )

,    
 

L ∼ MPc − GPc E ∼ TeV
⟹ Δm2 ∼ 10−21 − 10−17 eV2

ν1a, ν1s

ν2a, ν2s

ν3a, ν3s

Δm2
atm ∼ 10−3eV2

Δm2
sol ∼ 10−4eV2

m
2

ν+
3

ν−
3

ν+
2

ν−
2

ν+
1

ν−
1

J. W. Valle Phys.Rev.D 28 (1983) 540

Unique probe of neutrino 
mass generation via the 

Dirac seesaw scenario

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.28.540
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Upgrade FAQ
What happened to make the string break?

We are still investigating the cause for the failure. During the drilling of string 87, the drill remained at a depth of around 680 m for an extended period, creating a wider hole at that 
depth. This led to slower and potentially different refreezing conditions compared to the other holes, so we are investigating this as a possible cause. 

Do you know if other strings will break?

We monitor each device for indications of hole refreezing, and current data indicate that all but one deployed device/quad are now fully embedded in ice, and we are closely 
monitoring this remaining string (string 92). We continue to monitor the performance of all strings as commissioning progresses. 

How will this impact physics sensitivities?
Studies of the impact on detector performance are ongoing. Based on preliminary indications, we expect the impact on low-energy event rates to be modest.

How are the new strings in the Upgrade performing otherwise?
Commissioning is progressing well. We have established communication with over 90% of our modules on active strings. The collaboration continues to monitor detector 
performance as part of routine operations.
Are there any unique devices on string 87 that are not on one of the other strings?

There are no devices unique to 87 that are not working elsewhere

Do I need to update my Upgrade figures to include only five strings?

We have new graphics available for use in talks, showing the five string configuration. We have uploaded these to the gallery. Please use these moving forward. 
How will this change what you do for Gen2?
We will incorporate lessons learned from this event into the cable design and drilling strategy for Gen2.

What happened to the seventh string that was planned? 

An unexpected drilling challenge arose at a late stage in the season. Despite the challenge, the South Pole crew was able to quickly react and finish drilling the sixth string. After 
careful consideration and discussion, the team determined that it was not viable to drill the seventh hole.
•
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What does KM3NeT see?
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Muon Energy Deposition

83

Three large showers observed along the 
path of the muon, consistent with 
stochastic radiative energy losses

KM3NeT Nature 2025

https://www.nature.com/articles/s41586-024-08543-1#Sec18
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Muon Energy Measurement
Energy estimate is based on the number of triggered PMTS, which is 

robust to detector uncertainties and environmental backgrounds

84

Eμ ∈ [35,380]PeV(90%CL)
KM3NeT Nature 2025

https://www.nature.com/articles/s41586-024-08543-1#Sec18
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How do we know this is a neutrino?

85

https://xkcd.com/3053/

https://xkcd.com/3053
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Backgrounds

86

• ° °, where the angular uncertainty 
is dominated by uncertainties in the absolute 
position of DUs


• Considering the natural overburden, an upper limit 
on the atmospheric muon background at 100 PeV:


•  events per year within  of the 
reconstructed direction


•  events per year within  of the 
reconstructed direction


• Atmospheric neutrino background above 100  
PeV is approximately  events  
per year, dominated by the prompt component

θzenith = 0.6 ±1.5

≪ 10−10 2σ

≪ 10−4 5σ

(1 − 5) × 10−5

KM3NeT Nature 2025

https://www.nature.com/articles/s41586-024-08543-1#Sec18
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KM3-230213A Within the Global Landscape
• We perform a joint fit between KM3NeT, IceCube, and Auger in the energy window of KM3-230213A 

• Most likely  flux from joint fit:     

• KM3NeT-only fit  flux:               

E−2 E2Φ1f
ν+ν̄ = 7.5+13.1

−4.7 × 10−10 GeV cm−2 s−1 sr−1

E−2 E2Φ1f
ν+ν̄ = 5.8+10.1

−3.7 × 10−8 GeV cm−2 s−1 sr−1

87

Caveat: the latest IceCube EHE 
results (IceCube 2025) have not 

yet been included in the fitKM3NeT 2502.08173

https://arxiv.org/abs/2502.01963
https://arxiv.org/abs/2502.08173
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Is there tension between KM3-230213A and 
null observations from IceCube and Auger?

88

We consider a generic single-power-law flux model in the UHE region

[1] Maltoni Schwetz 2003 [2] Gelman+ 1996See also Li+ 2502.04508KM3NeT (incl Argüelles, NK, Wen) PRX 2025

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.033020
https://www.jstor.org/stable/24306036
https://arxiv.org/abs/2502.04508
https://arxiv.org/abs/2502.08173
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Is there tension between KM3-230213A and 
null observations from IceCube and Auger?
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We consider a generic single-power-law flux model in the UHE region

Frequentist test 
Parameter goodness of fit [1] 

zPG = 2.5σ

Bayesian test 
Posterior predictive check [2] 

zPPC = 2.5σ

[1] Maltoni Schwetz 2003 [2] Gelman+ 1996See also Li+ 2502.04508
Pre

fe
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ed
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n

KM3NeT (incl Argüelles, NK, Wen) PRX 2025

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.033020
https://www.jstor.org/stable/24306036
https://arxiv.org/abs/2502.04508
https://arxiv.org/abs/2502.08173
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Is there evidence for a new component?
• We perform fits to a single and broken power 

law flux hypothesis across the entire 
astrophysical neutrino spectrum 

• Three IceCube measurements below 10 PeV: 
HESE, ESTES, and NST 

• No preference for BPL over SPL in the global fit

89

KM3NeT 2502.08173

See also Muzio, Yuan, Lu 2502.06944

https://arxiv.org/abs/2502.08173
https://arxiv.org/abs/2502.06944
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Outline

1.The KM3NeT deep-sea neutrino telescope


2.The observation and reconstruction of KM3-230213A


3.The implications of KM3-230213A

90

KM3NeT 2502.08387 KM3NeT 2502.08484 KM3NeT 2502.08508 KM3NeT 2502.08173 KM3NeT 2502.12070

Covered in a series of companion papers:

https://arxiv.org/abs/2502.08387
https://arxiv.org/abs/2502.08484
https://arxiv.org/abs/2502.08508
https://arxiv.org/abs/2502.08173
https://arxiv.org/abs/2502.12070
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Microquasars

Active Galactic 
Nuclei (AGN)  

 

 

Galaxy clusters

Gamma-ray Bursts

 

We live here in  
the Milky Way

Supernova 
Remnants

 

Adapted from R. Coniglione

Where did this neutrino come from?
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Source Hypothesis: Galactic

92

Low flux from Galactic diffuse emission and lack of potential cosmic ray accelerators along KM3-230213A direction 
 Galactic origin unlikely ⟹ KM3NeT 2502.08387

https://arxiv.org/abs/2502.08387
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Source Hypothesis: Blazars

93

• Blazars are a promising extragalactic 
source of cosmic neutrinos


• 17 candidate blazar sources are 
identified within the 99% C.L. 
window in celestial coordinates


• A few interesting candidates in 
temporal coincidence; largest pre-
trial significance is 


• At this time, however, KM3-230213A 
cannot be conclusively associated 
with an episode of enhanced 
multiwavelength emission from a 
blazar

p = 0.26%

KM3NeT 2502.08484

https://arxiv.org/abs/2502.08484


N. Kamp Observation of an extremely-high-energy neutrino event in KM3NeT | NCfA Symposium 2025

Source Hypothesis: 
Cosmogenic

• Cosmic ray source redshift evolution parameterized 
by , where 

• nearby sources dominate, 
intermediate-mass CR composition at source, 
lower cosmogenic neutrino flux 

• distant sources dominate,  
heavier-mass CR composition at source, 
higher cosmogenic neutrino flux

S(z) = (1 + z)m m ∈ [ − 5,5]

m ≪ 0 ⟹

m ≫ 0 ⟹

94

νμ

Photon   
2.5K Cosmic Microwave Background

ProtonE=10 20 eV

Neutron

π +
μ+

e+

νμ

νe

Proton
e−

νe

zmax = 6

KM3NeT 2502.08508

https://arxiv.org/abs/2502.08508
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Source Hypothesis: 
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by , where 
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Preferred by KM3-230213A

KM3NeT 2502.08508

https://arxiv.org/abs/2502.08508
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Source Hypothesis: 
Cosmogenic

• Cosmic ray source redshift evolution parameterized 
by , where 

• nearby sources dominate, 
intermediate-mass CR composition at source, 
lower cosmogenic neutrino flux 

• distant sources dominate,  
heavier-mass CR composition at source, 
higher cosmogenic neutrino flux
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2.5K Cosmic Microwave Background

ProtonE=10 20 eV

Neutron

π +
μ+

e+

νμ

νe

Proton
e−

νe

zmax = 6

An additional subdominant proton 
component can enhance the cosmogenic 

neutrino flux at the highest energies

Preferred by KM3-230213A

Additional proton component

KM3NeT 2502.08508

https://arxiv.org/abs/2502.08508
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KM3-230213A Within the Global Landscape
• We perform a joint fit between KM3NeT, IceCube, and Auger in the energy window of KM3-230213A


• Joint fit  flux:                  

• KM3NeT-only fit  flux:    

E−2 E2Φ1f
ν+ν = 7.5+13.1

−4.7 × 10−10GeVcm−2s−1sr−1

E−2 E2Φ1f
ν+ν = 5.8+10.1

−3.7 × 10−8GeVcm−2s−1sr−1

95

Caveat: the latest IceCube EHE 
results (IceCube 2025) have not 

yet been included in the fitKM3NeT 2502.08173

https://arxiv.org/abs/2502.01963
https://arxiv.org/abs/2502.08173
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Is there tension between KM3-230213A and 
null observations from IceCube and Auger?

96

We consider a generic single-power-law flux model in the UHE region

Frequentist test 
Parameter goodness of fit [1] 

zPG = 2.5σ

Bayesian test 
Posterior predictive check [2] 

zPPC = 2.5σ

KM3NeT 2502.08173 [1] Maltoni Schwetz 2003 [2] Gelman+ 1996

https://arxiv.org/abs/2502.08173
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.033020
https://www.jstor.org/stable/24306036
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Is there evidence for a new component?
• We perform fits to a single and broken power 

law flux hypothesis across the entire 
astrophysical neutrino spectrum


• Three IceCube measurements below 10 TeV: 
HESE, ESTES, and NST


• No preference for BPL over SPL in the 
global fit

97

KM3NeT 2502.08173

https://arxiv.org/abs/2502.08173
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Full KM3NeT/ARCA230 Sensitivity

98
Karagiannis+ ICRC 2025

https://indico.cern.ch/event/1258933/contributions/6485945/attachments/3111055/5514806/Poster_ICRC25_final.pdf
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Also Up Next: KM3NeT/ORCA

99

Competitive 
measurement using 

only using 6/115 
ORCA strings

KM3NeT JHEP Vol 2024 (2024) Akindinov+ EPJ-C 2019

https://arxiv.org/abs/2408.07015
https://arxiv.org/abs/1109.6096
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Also Up Next: KM3NeT/ORCA

99

Competitive 
measurement using 

only using 6/115 
ORCA strings

KM3NeT JHEP Vol 2024 (2024)

33 strings 
deployed as of 

July 2025

Akindinov+ EPJ-C 2019

https://arxiv.org/abs/2408.07015
https://arxiv.org/abs/1109.6096
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KM3-230213A constrains Lorentz symmetry

• Effective superluminal neutrinos lose energy via vacuum Cherenkov radiation 
 

• , where  

• Thus, a high energy neutrino can set a  
strong upper limit on 

(ν → νe+e−)

Γ ∝ E5δ3 δ ≡ c2
ν − 1

δ

100

KM3NeT Communications Physics Vol 8 (2025)

M. Strassler 2011
Alex Wen

https://www.nature.com/articles/s42005-025-02347-z
https://profmattstrassler.com/articles-and-posts/particle-physics-basics/neutrinos/neutrinos-faster-than-light/opera-some-arguments-against/cohen-glashow-opera-is-self-contradictory/
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Baikal-GVD for TXS 0506+056

101
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Askaryan v.s. Geomagnetic

102
Zeolla ICRC 2025

https://indico.cern.ch/event/1258933/contributions/6490662/attachments/3106662/5506037/ICRC_2025_Zeolla.pdf
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GRAND + BEACON = HERON

103

Kotera (HERON), ICRC 2025

https://arxiv.org/pdf/2507.04382
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GRAND collab. Science China Press

https://phys.org/news/2019-10-giant-neutrino-telescope-window-ultra-high-energy.html
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https://indico.cern.ch/event/1258933/contributions/6487807/attachments/3107037/5506873/ICRC2025_WeiTian_TRIDENT_flavor_250717.pdf

