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Neutrlnos In TeV-scale multi-messenger astrophysics
AGN, TDE, ~

SNR...? —/. 73

Challenges:
e Absorbed by extragalactic background light
Produced also via leptonic acceleration

Challenges:
e Path altered by magnetic fields
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Detecting neutrinos with Cherenkov light

Want to detect TeV-PeV neutrinos from
astrophysical sources

Use naturally occurring water/ice to build
cubic-kilometer detector arrays
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Neutrino flavors and detector event morphologies

Muon Track Electromagnetic/Hadronic Cascade
Angular Resolution: 0.6° Angular Resolution: 5°-15°
Log Energy Resolution: 20% of muon Log Energy Resolution: 15% of neutrino
energy at detector entry energy
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Atmospheric background dominates astrophysical signal
/

For a 1 km?® detector

Atmospheric Muons 3000 per second
Atmospheric Neutrinos | ~1 per second

Astrophysical Neutrinos | ~1 per day

Muons from cosmic-ray air showers can
penetrate several kilometers underground

Atmospheric Muon
= = = = Atmospheric Neutrino
~ = = Astrophysical Neutrino
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Techniques to remove atmospheric background

Can use earth to remove muons, but
neutrinos from air showers still exist

Keep  Selecting “starting” events reduces both
Reject backgrounds in southern sky

Atmospheric Muon
— = = = Atmospheric Neutrino
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Techniques to distinguish astrophysical neutrino signatures
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Overview of neutrino astronomy milestones

Properties of the \
astrophysical neutrino flux | '
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Recent improvements to the astrophysical flux measurements
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Neutrino flavor ratio measurements

Standard Scenarios
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Neutrinos oscillate from their
generation point to Earth

Flavor ratio at Earth gives insight into
production mechanisms

Deviations can signal new physics
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Neutrino flavor ratio measurements
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Ultra-high energy neutrinos (10 PeV+)

Highest energy cosmic rays interact with background
radiation, producing pions

Pions decay to produce “cosmogenic” neutrinos at

high energies
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NGC 1068 observations and the X-ray connection
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+ 0.1 to 100 GeV gamma-rays (41,42)

IceCube, Science 378, 6619 (2022)
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lceCube observes neutrino emission from NGC 1068 with global significance of 4.20

Neutrinos may be produced in matter/radiation dense environments which down-scatter

gamma-rays to X-rays
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X-ray bright Seyfert galaxies as a class of neutrino emitters
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Multiple ~30 correlation analyses between X-ray bright Seyferts and IceCube data:

IceCube, Neutrino 2024 (X-ray bright non-bazar AGN)
IceCube, arXiv:2406.07601 (X-ray bright Seyferts)
IceCube, ApJd 981 131 (2025) (Hard X-ray AGN)

Yu. S. NuFact 2024 (southern sky X-ray bright Seyferts)
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Neutrino excess from the Galactic plane

Neutrinos expected in Galactic plane from:

e Cosmic ray accelerators (point-like
sources)
e (Cosmic ray flux interacting with ISM

(diffuse source)

lceCube sees 4.50 excess from GP with
cascade events using diffuse template

Data Set | Template Significance
|C Cascades 4.50
IC Northern Tracks 2.70
|IC Starting Tracks 1.60
ANTARES 1.70
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4 |ceCube, Science 380,

Diffuse emission model: ° 1 2 3

Pre-Trial Significance (n-0)

Fermi-LAT, ApJ 750 (2012) 3

6652 (2023)

Northern sky neutrino telescopes will have
better view of central Galactic region
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The next generation of lceCube: IceCube-Gen2
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Increase upper energy threshold

Improve sensitivity to astrophysical
neutrino sources by factor of ~5
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Current and proposed astrophysical neutrino telescopes

P-ONE . TRV ..
(Prototyping) — 7 ' (Deploying)

BEACON

 KM3NeT :
1 (Deploying) ' ‘b []

TRIDENT/NEON/HUNT
(Prototyping)
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IceCube IceCube-Gen2
(Operating since 2011) (Prototyping)




Northern hemisphere water cherenkov telescopes

Water scatters light less than Antarctic ice = better directional reconstruction (~0.1°)

Better view of southern sky

OUES, E20 for 90% CL [GeVem2s71]

https://www.km3net.org/

KM3NeT/ARCA6-21 Preliminary
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Many novel experiments to look for UHE Neutrinos

Increase detector volume by looking for
earth “skimming” tau neutrino events

Many proposed detectors look for coherent

radio emission from Askaryan effect

.

GRAND, https://doi.org/10.22323/1.340.0438
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Conclusions

Neutrino astronomy is a piece in the hadronic
acceleration puzzle

0 TXS 0506+056 B IceCube KM3NeT
0 NGC 1068 H PONE M Baikal-GVD

Atmospheric backgrounds obscure @ clcnapi
astrophysical neutrino signatures ]

lceCube has observed the astrophysical
neutrino flux for over a decade

X-ray bright seyferts seem promising sources
of neutrinos

An excess of neutrinos are seen from the

. P-ONE Collaboration
GalaCtlc plane DOI: 10.3390/universe10020053

Many new neutrino telescopes on the way!
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Astrophysical neutrinos relative to other neutrino sources

Supernova
Monitor
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Neutrino astronomy versus gamma ray astronomy
Gamma rays attenuated by CMB and other background light in the TeV energy ranges

Gamma rays also produced by cosmic ray electron acceleration, leptonic acceleration

radio/microwave infrared/optical x-rays gamma-rays neutrinos cosmic-rays
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lceCube’s Glashow event (2021)

W resonance between electron and electron
antineutrino

Partially contained cascade event with 6.3 PeV
reconstructed energy

Secondary muons observed consistent with
hadronic decay of boson

Insight into PeV neutrino flux
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