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Neutrino detection
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The IceCube Neutrino Observatory 

• Largest telescope to 
date (1 km³) 

• South Pole (sensitive 
to Northern sky)

• TeV-PeV neutrinos



Cristina Lagunas Gualda | AGN as dark sector laboratories 4

The IceCube Neutrino Observatory 

• Largest telescope to 
date (1 km³) 

• South Pole (sensitive 
to Northern sky)

• TeV-PeV neutrinos



Cristina Lagunas Gualda | AGN as dark sector laboratories

• Neutrino interaction in ice

• Deep inelastic scattering
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Early

Late

μ

• Neutrino interaction in ice

• Deep inelastic scattering

• Cherenkov radiation
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Event topologies

Tracks

• CC muon neutrino interaction

• Good angular resolution         

(< 1 deg)

• Bad energy resolution (0.25 

log E)

Cascades

• CC electron or tau 

neutrino interaction, NC 

interaction all flavors

• Bad angular resolution

• Good energy resolution

Double-bang

• CC tau neutrino interaction at 

high E
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• Most sensitive in the 
northern sky (remove 
muons from CR)

• Can use outer layers as a 
veto (starting events)

• Best angular resolution 
from through-going tracks
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Backgrounds

Credit: A. Scholz
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• NorthernTracks:

‣ Muon neutrino tracks from the Northern sky (dec > -5 deg)

‣ Used for diffuse and neutrino source analyses

• IceTracks:

‣ Muon neutrino tracks, all sky

• HESE/ESTES:

‣ Starting events (tracks), all sky, high purity

• IceCat:

‣ Muon neutrino tracks, high probability of being astrophysical (alert events)

‣ High energies (>100s TeV)

• DNNCascades/ICEMAN:

‣ Cascades, all sky, galactic plane analyses
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Datasets
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• NorthernTracks (data):

‣ Muon neutrino tracks from the Northern sky (dec > -5 deg)

‣ Used for diffuse and neutrino source analyses

• IceTracks (data, paper):

‣ Muon neutrino tracks, all sky

• HESE (data)/ESTES:

‣ Starting events (tracks), high purity

• IceCat (data, v2 coming soon):

‣ Muon neutrino tracks, high probability of being astrophysical (alert events)

‣ High energies (>100s TeV)

• DNNCascades/ICEMAN:

‣ Cascades, all sky, galactic plane analyses
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Datasets

SkyLLH - 

analysis 

framework

(Github)

https://icecube.wisc.edu/data-releases/2022/11/evidence-for-neutrino-emission-from-the-nearby-active-galaxy-ngc-1068/
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/MMIIZA
https://arxiv.org/abs/2605.19040
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/PZNO2T
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/SCRUCD
https://github.com/icecube/skyllh
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Chronology
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Chronology

+ Diffuse flux established 

with a broken power-law

+ Hints of a population of 

neutrino sources



Blazar searches
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TXS 0506+056

First compelling evidence: 

Coincidence of neutrino IC170922A 

with blazar TXS 0506+056 flaring in 

gamma rays
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• Neutrino alert IC170922A

• Signalness of 56.5%

• Energy of 290 TeV

• Triggered a multi messenger 
campaign
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side view

125mtop view 0 500 1000 1500 2000 2500 3000
nanoseconds

TXS 0506+056

Science, 361 (6398) (2018), p. eaat1378
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• TXS 0506+056 flaring in gamma rays 
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TXS 0506+056

Science, 361 (6398) (2018), p. eaat1378
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• Standard point source likelihood

• Background TS constructed with MC 
neutrino events

• Look-elsewhere effect corrected by 
considering previous alerts and alert-like 
events (51 including IC170922A) 

• Chance coincidence disfavored at the 3σ 
level 
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TXS 0506+056

~IceCat
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• Neutrino flare prior to the alert (2014-2015)

• 3.5 σ evidence of neutrino excess (~150 days, 13±5 events)

• No gamma-ray counterpart during this flare 

• Hidden sources?
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• Many population studies have been performed, both inside and outside 
the IceCube Collaboration: 

Blazar catalogs (Fermi-LAT, BZCat..,)

‣ arXiv:2305.11263, ApJL 955 L32, PoS-ICRC2025-933

Radio-loud AGN (RFC) 

‣ MNRAS 523 2, ApJ 954 75A

• Some hints, but not always consistent

‣ Most results are background compatible

• Blazars cannot explain the entire diffuse neutrino flux

• What are the missing sources?
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Population studies



NGC 1068
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Nearby (14 MPc) Seyfert II
Obscured AGN

NGC 1068
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• 13.1 years of Northern Tracks (−3 deg < δ < 81 deg)

• Grid of pixels of ≈0.052 deg^2, find best-fit values ns, γ, and TS

• 20 most significant hotspots scanned finer (≈0.003 deg^2)
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All-sky search
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• 13.1 years of Northern Tracks (−3 deg < δ < 81 deg)

• Grid of pixels of ≈0.052 deg^2, find best-fit values ns, γ, and TS

• 20 most significant hotspots scanned finer (≈0.003 deg^2)
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All-sky search

• Hottest spot coincident 
with location of NGC 1068

• Local significance of 5 σ, 
global 1.4 σ
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• 110 gamma-ray sources: most significant emission 
from Seyfert galaxy NGC 1068

• Persistent emission (ns from 79 to 102)

• Global significance of 4 σ (assuming PL)
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Catalog search

ApJL 1000 L26
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• In Seyfert galaxies, magnetized 
coronae are formed due to 
accretion and magnetic dissipation

• Gamma rays cascade down to 
lower energies

• Intrinsic X-ray luminosity can be 
used to predict neutrino flux 
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NGC 1068

Credit: D. Wilkins
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• Binomial test to study Seyfert sources

• BASS Seyfert galaxies with of NGC1068

‣ Selection to optimise sensitivity vs thermal cutoff 

• Two hypothesis: core-corona model and power-law with free index

• 3.3 σ excess from ensemble of 11 sources with PL

F
20−50 keV
X

> 20 %
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Seyfert galaxies

ApJL 1000 L26
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• Other IceCube analyses:

‣ 2.7 σ from Northern Sky (ApJ (988) 141)

‣ 2.9 σ from Hard X-ray (ApJ (981) 131)

‣ 3.0 σ from Southern Sky (ApJL 1000 L37)

• KM3Net analysis:

‣ Upper limits (PoS(ICRC2025)1065)

• First indication of a neutrino source class
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Picture emerging?



Cristina Lagunas Gualda | AGN as dark sector laboratories

• We know about NGC 1068:

Soft spectrum

Steady emission

Potentially part of a population

• Any dark-sector interpretation must:

NGC 1068 neutrino flux

Non-observation in other sources

Gamma-ray constraints

Not overshoot diffuse flux
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IceCube constraints

ApJL 1000 L26



Future prospects
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Next generation of detectors 
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• More and fainter AGN correlations

• Population studies
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Combining next generations

arXiv:2503.07549
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• Neutrino astronomy has evolved from hints of sources to 
population studies

• NGC 1068 is currently the most compelling hidden AGN neutrino 
source

• Its neutrino/gamma-ray tension motivates both astrophysical and 
dark-sector explanations

• Next generation telescopes will increasingly help discriminate 
between those

32

Summary
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• Neutrino astronomy has evolved from hints of sources to 
population studies

• NGC 1068 is currently the most compelling hidden AGN neutrino 
source

• Its neutrino/gamma-ray tension motivates both astrophysical and 
dark-sector explanations

• Next generation telescopes will increasingly help discriminate 
between those

33

Summary

Thank you!



Backup
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Diffuse flux BPL
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IceTracks-DR2
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IceCat-v2
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IceCat-v2
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Point source LH
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New in NGC 1068 analysis
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Binomial test
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• Binomial on the 110 gamma-ray list: 3 sigma

• Binomial on 47 Seyferts with core-corona: local p-value of 0.001
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NGC 1068, other results
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Next generation of detectors 
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Next generation of detectors 


