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Building from the observation of the astrophysical neutrino flux reported by IceCube in 2013,
TeV-scale neutrino astronomy has grown into a promising field of physics. High-energy neutrinos
(E > 1 TeV) offer unique insight into the particle acceleration processes occurring within extreme
astrophysical environments, forming an important component of multi-messenger astrophysics.
Since 2013, IceCube has found evidence for neutrino production from the blazar TXS 0506+056
and the Seyfert galaxy NGC 1068, and observed an excess of neutrinos from the Galactic plane.
Additionally, IceCube has refined its measurement of the diffuse astrophysical neutrino spectrum
using multiple channels of neutrino events and carried out searches for beyond-the-Standard-
Model physics. As more neutrino telescopes are deployed, the opportunities for exciting neutrino
discoveries increase. Most recently, KM3NeT detected the highest-energy neutrino recorded to
date with its partially complete array. In this work, I will highlight recent results from across
the field and discuss how these results connect into the multi-messenger astrophysics landscape.
Additionally, I will cover the future of the field as a global network of neutrino telescopes is

constructed.
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1. Introduction

Multimessenger astrophysics expands our vision of the sky beyond the electromagnetic spec-
trum, building a more complete understanding of the processes that power the extreme universe.
One of the pressing questions in the field is the origin of the highest-energy cosmic rays. As the
cosmic rays traverse the universe, their paths are altered by magnetic fields and cannot be traced
back to their origins. Neutrino astroparticle physics uses the nearly massless, electrically neutral
particle to look for evidence of hadronic accelerators. Neutrinos can help identify these acceleration
sites when produced as secondary particles in cosmic-ray interactions with matter or radiation fields
surrounding the acceleration source. Gamma-rays can also be produced as secondary particles, but
unlike neutrinos, they can be attenuated by background photon fields and ambient photons at the
acceleration site and also produced via leptonic acceleration.

Neutrino astronomy began with the observation of neutrinos from the Sun, followed by the
19 MeV-scale neutrino events detected from the nearby supernova SN1987A [1-3]. However,
this work focuses on the TeV to PeV astrophysical neutrino flux as the atmospheric neutrino flux
dominates until approximately 100 TeV, where the astrophysical component emerges [4]. Observing
this astrophysical flux requires massive (> 1 km?) detectors. The first neutrino telescope to reach a
cubic-kilometer scale was the IceCube neutrino observatory, whcih announced its first measurement
of the astrophysical neutrino flux in 2013 [5, 6]. Since then, IceCube has announced statistically
significant excesses of events from three sources: TXS 0506+056, NGC 1068, and the Galactic
plane [7-10]. Now several new detectors are being built or have been proposed, including KM3NeT,
which recently reported its observation of the highest-energy neutrino ever detected [11].

These proceedings review techniques for detecting astrophysical neutrinos and distinguishing
them from atmospheric backgrounds. I highlight recent updates to atmospheric flux measurements,
summarize emerging source candidates, and discuss the outlook for next-generation neutrino tele-
scopes.

2. Methods for detecting astrophysical neutrinos

Neutrino astronomy faces several challenges in detecting the astrophysical flux and identifying
its origins. As neutrinos do not interact via the electromagnetic force, we must infer their properties
by detecting products of their interactions with matter. To observe neutrinos, most instruments
look for muons or electromagnetic showers that appear from directions where a veto suppresses
atmospheric backgrounds. Here, we focus on detectors that use Cherenkov light in water or ice to
observe charged secondary particles from neutrino interactions.

Early models predicted a power-law spectrum (¢ o« E?) for the astrophysical flux with spectral
index y ~ —2 and set a limit of E,z,gb,, <2x 1078 GeV em~2 s sr! [12]. The low flux motivated
neutrino telescopes with instrumented volumes on the order of 1 km?.

In sparsely instrumented neutrino telescopes, neutrino interactions can be split into two broad
morphological classes based on the spatial and temporal pattern of their energy deposition. Track
events are produced by the straight paths of muons from muon-neutrino charged-current (CC)
interactions and tau-neutrino CC interactions, when the tau decays to a muon. Cascade events
are produced by electromagnetic or hadronic showers whose light spreads nearly isotropically.
Cascades are produced by electron neutrino CC interaction, tau neutrino CC interactions where the
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Figure 1: Illustrations of the techniques to distinguish astrophysical neutrinos from atmospheric backgrounds.
(Left) High energy events are more likely to be astrophysical in nature due to the shape of the astrophysical
neutrino spectrum versus the atmospheric spectra. (Center) Spatial clustering of events in celestial coordinates
can be used to identify specific neutrino sources. (Right) Time-dependent analyses can identify transient
astrophysical phenomena if the rate change is significant compared to the expected variance in the atmospheric
rate.

tau decays into an electron or hadron, or all-flavor neutral current (NC) interactions. Generally,
tracks have a better angular resolution, while cascades provide better energy resolution as the
shower is localized. For tracks, the energy depositions that occur before entering or after leaving
the detector are unobserved, and so the energy reconstruction is effectively a lower limit on the
neutrino energy. Track events are more numerous as the target volume for the neutrino interaction
is larger due to the muon’s ability to travel kilometers to the detector, but cascade event samples
have lower atmospheric background contamination.

Astrophysical neutrinos face two significant backgrounds that leave a similar detector signatures
(i.e. are not noise from instruments or radioactive decays): atmospheric muons and neutrinos. For
IceCube, which sits at a depth of 1.5 km below the surface of the Antarctic glacier, muons from
cosmic-ray air showers trigger the detector at a rate of approximately 3000 Hz and atmospheric
neutrinos trigger around once per six minutes [5, 13]. The astrophysical rate is instead on the order
of one per day or less depending on the selection level, energy range, and astrophysical spectrum
assumed [14].

To suppress the orders of magnitude larger atmospheric muon flux, we use the Earth as a muon
veto, looking at events only from directions where there is sufficient overburden [15]. However, with
this technique, the atmospheric neutrino background remains. Another approach is to use starting
events, where the neutrino interaction vertex is contained inside the detector and incoming events are
rejected. The veto technique removes not only atmospheric muons that deposit light upon entering
the instrumented region, but also atmospheric neutrinos accompanied into the detector by muons
from the same air shower [6, 14]. Statistical analyses use energy, direction, and time information,
as illustrated in Fig. 1, to determine the significance of astrophysical signals given the atmospheric
background.

3. Improving measurements of the astrophysical neutrino flux

Many improvements have been made in the astrophysical neutrino flux measurement due to
enhanced simulation and reconstruction techniques, the inclusion of more event morphologies, and
the accumulation of more data over time. Most recently, IceCube announced evidence for a spectral
break in the diffuse astrophysical spectrum around 30 TeV, rejecting the single power-law hypothesis
with significance greater than 40~ [16]. This feature was seen in two separate analyses, one that
combined an Earth-through-going track sample with an all-sky cascade sample and one that used
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starting events (known as MESE) [16]. Both the cascade sample and starting-event sample benefit
from the atmospheric neutrino veto, allowing them to better probe the 1-100 TeV region where the
atmospheric flux dominates in the Earth-through-going track sample. The MESE analysis reports
a best-fit power-law index of —1.72’:%%55 before the break energy and a spectral index of —2.84i%:%%
after the break [16]. Such curvature in the astrophysical spectrum could arise from a transition
between dominant source classes or a maximum energy cutoff of a source population.

A major highlight of the field in 2025 was the observation of a high-energy track event with an
inferred neutrino energy of 220*37% PeV by the KM3NeT/ARCA detector [11]. The observation of
the event, combined with the upper limits from IceCube and Pierre Auger, lies in moderate tension
(1.60-2.907) with the measurements of the IceCube and Pierre Auger [17-19]. With this tension
in mind, the origin of this event could come from a transient phenomena or from the cosmogenic
neutrino production mechanism, where ultra-high-energy (>10 EeV) cosmic rays interact with the
cosmic microwave and infrared background light [20]. There are several proposed experiments,
described in Sec. 5, which aim to study neutrinos in the PeV and EeV energy range and will further

our understanding of the UHE astrophysical flux.

4. Emerging sources of astrophysical neutrinos

Many searches within IceCube look for excesses from the direction of known gamma-ray
bright objects because neutrinos should be produced alongside gamma rays via pion decay. The
observation of NGC 1068 at 4.20- was surprising because, while bright in GeV gamma rays, MAGIC
had produced strong upper limits on the TeV gamma-ray flux [9, 21]. This shifted the focus to
theories that the hadronic acceleration of these AGN occurs in the optically thick core region and
the acceleration power is correlated with the X-ray luminosity [22, 23]. Since then, IceCube has
performed various studies of hard X-ray bright AGN from the BASS catalog, which all achieve
around a 3¢ significance [24, 25]. Most of these studies focus on AGN in the northern sky due
to IceCube’s sensitivity; however, the starting track event sample found a 30~ excess from southern
sky X-ray bright AGN [26].

A long-proposed source of astrophysical neutrinos is the Galactic plane. Neutrinos can be pro-
duced along the Galactic plane by Galactic hadronic accelerators but also by cosmic-ray interactions
with the interstellar medium, known as the diffuse Galactic plane neutrino flux. IceCube’s 4.50
excess of neutrinos from the Galactic plane used cascade events, but mild excesses are reported
by IceCube in the track (2.70 [27]) and starting track (1.60 [28]) event selections. In addition,
ANTARES reports a 2.20 excess from the Galactic ridge region (within 30° of the Galactic center)
and a 1.70 excess with the diffuse emission templates also used by IceCube [29, 30]. Combining
these channels could improve of our currently limited view of the Galactic plane and potentially
better distinguish the diffuse Galactic plane flux from any Galactic accelerators [31]. However, the
currently deploying and proposed northern hemisphere neutrino telescopes will greatly enhance
our vision of the Galactic plane due to their ability to look at the Galactic center through the Earth’s
overburden.

5. Outlook

This brief review only highlights a small portion of the current progress of neutrino astroparticle
physics. In addition to astrophysics, the 1 km? neutrino detectors continue to contribute to the field
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of particle physics and BSM studies.

For the next generation, KM3NeT and Baikal-GVD have been expanding their arrays [32, 33].
The KM3NeT/ARCA detector now has 51 detector units deployed (44% completion of its first
0.5 km? block). Baikal-GVD now has 14 clusters, each with 8 to 9 strings (117 total), instrumenting
a volume of 0.7 km?, and recently announced an initial measurement of the diffuse astrophysical
flux using their single cluster events [34]. P-ONE has tested two detector lines and plans to deploy
the first line of the demonstrator in the next year [35]. Finally, four multi-cubic-kilometer detectors
are undergoing prototyping: IceCube-Gen2 (8 km?), TRIDENT (7.5 km?), NEON (10 km?), and
HUNT (30 km?) [36-39].

To improve PeV-energy sensitivities and explore EeV astrophysical flux, new techniques are
being developed to observe the resulting high-energy particle showers. Many focus on ‘“‘earth-
skiming” neutrino events, which can be observed via coherent radio emission from the Askaryan
effect [40]. Radio-based experiments, however, need to locate remote, background-free regions of
the earth. RNO-G uses radio antennae to detect Askaryan radiation in the Greenland ice sheet,
using the long attenuation length of radio in ice to increase the target volume, and serves as a
prototype to the IceCube-Gen2 radio array [36, 41]. The PUEO balloon experiment surveys a large
region of the Antarctic ice, building on the work of ANITA [42]. GRAND and BEACON look for
radio emission from air showers appearing out of rock [43, 44]. TRINITY proposes an array of air
Cherenkov telescopes on a mountain ridge to view air showers appearing from the horizon [45].
To bridge the 1-100 PeV energies, TAMBO proposes building an array of detection panels on the
side of an Andean valley [46] Finally, the POEMMA satellite will detect neutrinos via Cherenkov
emission or via air fluorescence above 20 EeV [47]. Together, these experiments aim to detect the
cosmogenic neutrino flux and identify the most extreme accelerators of the Univserse.
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