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The initial atmospheric neutrino flux
The conventional atmospheric neutrino (muon) flux originates from
the decay of fi± and K± in the atmosphere.

[Honda et al., Phys.Rev.D75:043006 (2007)]

[Louis et al., Los Alamos Science Number 25 (1997)]

Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons
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Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation

Ultra-high-energy cosmic 
rays interacting with the 
Cosmic Microwave 
Background

May 11, 2008 to May 11, 2015, uses 23,854 events above 1018.2 eV with zenith angles
from 0 to 45°, and it is calculated using methods described in [3].
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Figure 1: Energy spectra measured by the TA SD [13], Auger [5], and HiRes [8] experiments using
their standard techniques. Auger energy has been increased by 11% to match the energy scale of
TA SD and HiRes in the ankle region.

These spectra show two outstanding features, good agreement in the ankle region
and below, and the disagreement in the position of the high energy cuto↵. These
spectra were made by integrating over the northern sky by the TA and HiRes col-
laborations, and the southern sky by the Pierre Auger collaboration. As a result of
this partial agreement and partial disagreement, suggestions have been made that
the spectrum might be di↵erent in the two parts of the sky.

In order to understand the di↵erence in cuto↵ energies, a working group was
formed, under the auspices of the UHECR2016 Workshop, by the TA and Auger
collaborations. Similar working groups for the 2012 and 2014 UHECR Workshops
had addressed other spectral questions, such as the energy scale di↵erence of the
two experiments. The 2016 working group concentrated on measuring the spectrum
of both experiments in the part of the sky seen by both experiments, declinations
between �15.7° and +24.8°, called the common declination band. Looking in the
common region of the sky, one would expect the two experiments should get the same
answer. The short answer is that, in the common declination band, the cuto↵ energies
agree within uncertainties. While the change in the Auger spectrum is minimal, the
energy of the cuto↵ in the TA spectrum is lower by a significant amount. The change

4
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• 20% of the Universe is opaque to the EM spectrum 

• non-thermal Universe powered by cosmic accelerators 

• probed by gravity waves, neutrinos and cosmic rays

Observable	Universe
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Neutrino	Astronomy
‣ Soon after discovery it was realized neutrinos are ideal cosmic messengers.

‣ Neutrinos: 
✓ Hardly interact → unabsorbed 
✓ Neutral → point back to their sources  
✓ Smoking gun of the CR sources 
✓ Exclusive messenger for 10 TeV - 10 EeV

Low statistics and large background, main 
challenges for neutrino astronomy.

Accelerated CRs 
interact with gas or 
radiation in the beam 
dump and produce 
charged and neutral 
pions.
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• lattice of photomultipliers

neutrino

charged secondary 
particles produced 

as the neutrino 
interacts with a nucleus

High-energy charged 
particles, traveling faster than 
light in ice or water, produce 
Cherenkov light in the ice. 
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Event	Morphologies

8

Event topologiesHow is the Flavor Determined Experimentally? 

10

There is no event-wise particle identification … 
Tracks Cascades Double Cascades

νβ + N ⊕ β + X νe + N ⊕ e + X να + N ⊕ α + X

νx + N ⊕ νx + X

 να → PeVmain contribution

Tracks

8

Event topologies

8

Event topologies

Cascades Double Cascades

Good (0.2–1 degree) 
angular resolution 

Factor of two muon 
energy resolution

Good (15%) energy 
resolution 

 
 > 4 degrees 

angular resolution

Resolvable at high 
energies 

High purity (i.e., 
astrophysicalness)
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High-Energy	Neutrino	Flux

Conventional	
	Atmospheric	νμ

Atmospheric	νe

Prompt
IceCube	EHE	90%	CL	UL

KM3-230213A

IceCube	MESE

Cosmogenic
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Arrival	Direction	of	the	Most	Energetic	Neutrinos

predominantly extragalactic origin
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Arrival directions of most energetic neutrino events
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Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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NGC	1068	
Image Credit: NASA, ESA
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• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied Active Galactic Nuclei (AGN), which played 
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Image Credit: NASA, ESA
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NGC	1068	
• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied Active Galactic Nuclei (AGN), which played 

a major role in AGN unification scheme

• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of 

star formation

‣ Historically considered as a promising cosmic-ray accelerator. 

Image Credit: NASA, ESA
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is L⌫ = (2.9 ± 1.1stat) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).

10�15 10�12 10�9 10�6 10�3 100 103 106

Energy [GeV]

10�14

10�13

10�12

10�11

10�10

10�9
E

2
�

[T
eV

cm
�

2
s�

1
]

Inoue et al �µ + �̄µ 4FGL-DR2 MAGIC

Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional de-
tails on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,

14
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NGC	1068	Spectrum

IceCube
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X-rays
Optical/UV

Radio

IceCube, Science 2022

Murase 2020 Inoue 2019

‣ The neutrino flux much higher than the measured 𝛾-ray flux.  

‣Models built on Fermi 𝛾-ray flux by cannot accommodate the neutrino flux. 

‣Obscuring necessary to absorb the pionic 𝛾-ray accompanying neutrinos. 

‣ The high opacity indicates that the neutrinos are produced in dense environment in 
the vicinity of AGN core (< 100 Rs)
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AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional de-
tails on the model construction of the light blue shaded region can be found in (46).
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ω > →10ε

‣ The neutrino flux much higher than the measured 𝛾-ray flux.  

‣Models built on Fermi 𝛾-ray flux by cannot accommodate the neutrino flux. 

‣Obscuring necessary to absorb the pionic 𝛾-ray accompanying neutrinos. 

‣ The high opacity indicates that the neutrinos are produced in dense environment in 
the vicinity of AGN core (< 100 Rs)
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ω > →10ε

‣ The neutrino flux much higher than the measured 𝛾-ray flux.  

‣Models built on Fermi 𝛾-ray flux by cannot accommodate the neutrino flux. 

‣Obscuring necessary to absorb the pionic 𝛾-ray accompanying neutrinos. 

‣ The high opacity indicates that the neutrinos are produced in dense environment in 
the vicinity of AGN core (< 100 Rs) ➛ Consistent with the multimessenger picture 

for the HE cosmic neutrino flux
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Medium-Energy	Excess	in	Neutrino	Flux

‣ Different slopes hint at structure in 
the flux of high-energy cosmic 
neutrinos. 

‣ The magnitude of the flux at ~10 
TeV energies is found to be higher 
than the flux at >100 TeV energies.  

‣ Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be obscured 
to GeV 𝛾-rays. [Murase+ 2015, 
Fang+ 2022] 

‣ Core of AGN can meet these 
conditions.

Murase+2015

1013 1014 1015 1016

E [eV]

10°10

10°9

10°8

10°7

10°6

E
2
¡

∫
+

∫̄
[G

eV
cm

°
2 s

°
1 s

r°
1 ]

HESE (7.5 yr)

Cascades (6 yr)E�2.53

E�2.28

E�2.89



17

Medium-Energy	Excess	in	Neutrino	Flux

‣ Different slopes hint at structure in 
the flux of high-energy cosmic 
neutrinos. 

‣ The magnitude of the flux at ~10 
TeV energies is found to be higher 
than the flux at >100 TeV energies.  

‣ Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be obscured 
to GeV 𝛾-rays. [Murase+ 2015, 
Fang+ 2022] 

‣ Core of AGN can meet these 
conditions.

Murase+2015

1013 1014 1015 1016

E [eV]

10°10

10°9

10°8

10°7

10°6

E
2
¡

∫
+

∫̄
[G

eV
cm

°
2 s

°
1 s

r°
1 ]

HESE (7.5 yr)

Cascades (6 yr)E�2.53

E�2.28

E�2.89



18

Neutrino	Production	in	AGN	Coronae
• Cores of the active galactic nuclei 

(AGN), which are optically thick for 
GeV-TeV 𝛾-rays are one of the best 

candidates as the source of the high-
energy neutrinos. 

• In Seyfert galaxies, accretion dynamics 
and magnetic dissipation will form a 
magnetized corona above the disk. 

• The disk-corona model for high-
energy neutrino emission from the 
core of AGNs can successfully 
accommodate the flux of cosmic 
neutrinos at medium energies in the 
10-100 TeV range. [Murase+2020]

Image Credit: KITP/SLAC
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find that for luminous AGN the Bethe-Heitler pair pro-
duction (pγ → pe+e−) is the most important cooling pro-
cess because of copious disk photons, which determines
the proton maximum energy. For our model parameters,
the CR spectrum has a cutoff at εp ∼ 0.1−1 PeV, leading
to a cutoff at εν ∼ 5− 50 TeV in the neutrino spectrum.
Note that all the loss timescales can uniquely be evalu-
ated within our disk-corona model, and this result is only
sensitive to η and q for a given set of coronal parameters.
Although the resulting CR spectra (that are known to
be hard) are numerically obtained in this work, we stress
that spectra of pγ neutrinos are independently predicted
to be hard, because the photomeson production occurs
only for protons whose energies exceed the pion produc-
tion threshold [10, 77]. The CR pressure to explain the
neutrino data turns out to be ∼ (1−10)% of the thermal
pressure, by which the normalization of CRs is set.
For coronae considered here, the infall and dissipation

times are tfall ≃ 2.5 × 106 s α−1
−1(R/30)3/2RS,13.5 and

tdiss ≃ 1.7×105 s (R/30)3/2RS,13.5β1/2, respectively. The
Coulomb relaxation timescales for protons [e.g., tC,pe ∼
4 × 105 s (R/30)RS,13.5(τT /0.5)

−1(kBTe/0.1 MeV)3/2]
are longer than tdiss (especially for β <∼ 1), so turbu-
lent acceleration may operate for protons rather than
electrons (and acceleration by small-scale magnetic re-
connections may occur [80, 81]). This justifies our as-
sumption on CR acceleration (cf. Refs. [77, 82–84] for
RIAFs).
Connection between 10–100 TeV neutrinos and MeV

gamma rays.— Accelerated CR protons interact with
matter and radiation modeled in the previous section,
producing secondary particles. We compute neutrino
and gamma-ray spectra as a function of LX , by utiliz-
ing the code to solve kinetic equations with electromag-
netic cascades taken into account [85, 86]. Secondary
injections by the Bethe-Heitler and pγ processes are
approximately treated as ε2e(dṄ

BH
e /dεe)|εe=(me/mp)εp ≈

t−1
BHε

2
p(dNCR/dεp) [87–89], ε2e(dṄ

pγ
e /dεe)|εe=0.05εp ≈

(1/3)ε2ν(dṄ
pγ
ν /dεν)|εν=0.05εp ≈ (1/8)t−1

pγ ε
2
p(dNCR/dεp),

and ε2γ(dṄ
pγ
γ /dεγ)|εγ=0.1εp ≈ (1/2)t−1

pγ ε
2
p(dNCR/dεp).

The cascade photon spectra are broad, being determined
by the energy reprocessing via two-photon annihilation,
synchrotron radiation, and inverse Compton emission.
The EGB and ENB are numerically calculated via the

line-of-sight integral with the convolution of the x-ray
luminosity function given by Ref. [16] (see also Supple-
mental Material, which includes Refs. [90–97]). Note that
the luminosity density of AGN evolves as redshift z, with
a peak around z ∼ 1 − 2, and our prescription enables
us to simultaneously predict the x-ray background, EGB
and ENB. The results are shown in Fig. S5, and our AGN
corona model can explain the ENB at ∼ 30 TeV energies
with a steep spectrum at higher energies (due to differ-
ent proton maximum energies), possibly simultaneously
with the MeV EGB. We find that the required CR pres-
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FIG. 3: EGB and ENB spectra in our AGN corona model.
The data are taken from Swift BAT [15] (green), Nagoya
balloon [98] (blue), SMM [99] (purple), COMPTEL [100]
(gray), Fermi LAT [101] (orange), and IceCube shower events
(black) [5] (consistent with the global fit [4]). Solid thick
(thin) curves are for β = 1 and q = 5/3 (β = 3 and q = 3/2
with the reacceleration contribution), respectively.

sure (PCR) is only ∼ 1% of the thermal pressure (Pth), so
the energetics requirement is not demanding in our AGN
corona model (see Supplemental Material).
Remarkably, we find that high-energy neutrinos are

produced by both pp and pγ interactions. The disk-corona
model indicates τT ≈ npσTRRS/

√
3 ∼ 0.1 − 1, leading

to the effective pp optical depth

fpp ≈ tesc/tpp ≈ np(κppσpp)R(c/Vfall)

∼ 2 (τT /0.5)α
−1
−1(R/30)1/2, (1)

where σpp ∼ 4 × 10−26 cm2 is the pp cross section,
κpp ∼ 0.5 is the proton inelasticity, and Vfall = αVK is
the infall velocity. Coronal x rays provide target photons
for the photomeson production, whose effective optical
depth [10, 102] for τT <∼ 1 is

fpγ ≈ tesc/tpγ ≈ ηpγ σ̂pγR(c/Vfall)nX(εp/ε̃pγ−X)ΓX−1

∼ 2
ηpγLX,44(εp/ε̃pγ−X)ΓX−1

α−1(R/30)1/2RS,13.5(εX/1 keV)
, (2)

where ηpγ ≈ 2/(1 + ΓX), σ̂pγ ∼ 0.7 × 10−28 cm2

is the attenuation pγ cross section, ε̄∆ ∼ 0.3 GeV,
ε̃pγ−X = 0.5mpc2ε̄∆/εX ≃ 0.14 PeV (εX/1 keV)−1, and
nX ∼ LX/(2πR2cεX) is used. The total meson produc-
tion optical depth is given by fmes = fpγ + fpp, which al-
ways exceeds unity in our model. Note that the spectrum
of pγ neutrinos should be hard at low energies, because
only sufficiently high-energy protons can produce pions
via pγ interactions with x-ray photons.
Note that ∼ 10 − 100 TeV neutrinos originate from

∼ 0.2 − 2 PeV CRs. Unlike in previous studies ex-
plaining the IceCube data [103, 104], here in fact the
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NGC	1068	in	AGN-Corona	Model
Adopting parameters compatible with IceCube 10 year source search

PCR = 50%Pth

PCR = 0.8%Pth

PCR = 50%Pth

⌘acc = 104

⌘tur = 50

⌘tur = 10
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Neutrino	flux	from	Bright	Nearby	Sources
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‣ NGC 1068 is the brightest source in IceCube.12

p-value

Source Stochastic (High CR pressure) Stochastic (Modest CR pressure) Magnetic reconnection

NGC 1068 10�6 0.09 1.8⇥10�4

NGC 1275 0.03 0.3 0.1

CGCG 164-019 0.04 0.3 0.1

UGC 11910 0.1 0.4 0.09

Cen A 0.5 0.2 0.2

Circinus Galaxy 0.5 0.3 0.3

NGC 7582 0.5 0.5 0.1

ESO 138-1 0.5 0.5 0.09

NGC 424 0.5 0.5 0.5

NGC 4945 0.5 0.5 0.5

Table 3. Prospects for observations of bright nearby Seyfert galaxies in 10 years of IceCube operations.

expected to identify neutrino emission at the level of 3�

with 15 years of IceCube data. Such analysis can test
this scenario independently, without relying on the neu-
trino emission reported from the direction NGC 1068,
which this scenario is based upon.

Our predicted neutrino emission was built upon the
disk-corona model of AGN. Two of the sources in the
list of bright Seyfert galaxies, Cen A and NGC 1275, are
seen with a high jet activity and it is likely that the X-
ray emission arises from the jet rather than the disk. We
will further investigate the prospects for observations of
bright Seyfert galaxies if the disk-corona emission would
not be dominant. The dashed lines in Fig. 7 show the
p-value when Cen A and NGC 1275 are not considered
in the source list. While the likelihood of observation
is decreased, the cumulative neutrino emission is strong
and the stacking analysis of the rest of the bright Seyfert
galaxies can still reach a significant level in the lifetime
of the IceCube detector.

For Cen A, we should note that although one zone
models typically attribute the high-energy to the
jet Abdo et al. (2010), it may be di�cult to explain some
of the X-ray properties with such scenario (Tachibana
et al. 2015). The observed soft lags in X-rays from Cen
A may indicate their coronal origin. We should note
that despite the large magnitude of the flux predicted
under both stochastic acceleration and magnetic recon-
nection scenarios for Cen A in our study, our prediction
is compatible with current upper limits imposed by the
ANTARES and IceCube Collaboration. In Fig. 8 we
compare the predicted neutrino flux with the current
limits from the IceCube cascade source search in the
Southern sky (Albert et al. 2020). The upper limit is
obtained for a power-law with exponential cuto↵, which
is the closest shape to the predicted spectra in our study.

In summary, observations of stacked neutrino emis-
sion from nearby, bright Seyfert galaxies is promising

Figure 7. Projected p-values for stacking of 10 brightest
Seyfert galaxies in 5 to 20 years of IceCube operation, for
the three acceleration scenario considered in this study. The
solid lines show the p-values for the 10 bright sources listed
in Table 2. The dashed line presents the prospects when the
emission from Cen A and NGC 1275 is excluded.

with IceCube, which could reveal the dominant sources
responsible for the medium-energy excess in the spec-
trum of high-energy cosmic neutrinos. The likelihood
for observations of these sources will be enhanced by
the improvements in the event selection in the Southern
hemisphere. We will address this in Sec. 6.

4. FUTURE NEUTRINO TELESCOPES

In this section, we explore the prospects for identify-
ing bright nearby Seyfert galaxies in the next generation
of neutrino telescopes. The major development in the
high-energy neutrino astrophysics would be driven by
KM3NeT, currently under construction in the Mediter-

AK, Murase, Kimura, ApJ 2021
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Bright	Seyfert	Galaxies:	IceCube	Prospects
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Figure 11. High-resolution scan and likelihood contours around the location of NGC7469, a type I Seyfert galaxy found to be
the most significant source in the list of 47 X-ray bright AGN. Similarly to the right panel of Figure 2, the white cross represents
the best-fit location, the solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the orange dot and
circle represent, respectively, the source location and its optical size (obtained from the NASA/IPAC Extragalactic Database).

68% and 95% central intervals of such a histogram. The flux intervals, instead, are computed assuming Wilks’ theorem,
which has been validated on Monte Carlo simulations. As already noted in subsection 4.2, this analysis reports a softer
spectrum compared to the previous result (from ω̂ = 3.2 to ω̂ = 3.4) and a shift in the energy range towards lower
energies. Despite the large overlap in the events contributing to NGC1068’s neutrino excess in the two analyses, the
new events are characterized by lower energies with respect to the ones driving the excess in Abbasi et al. (2022a),
causing the observed change in energy range and best-fit spectral index. Nevertheless, the newly measured energy
spectrum remains compatible with that of Abbasi et al. (2022a) within the 95% contours.

The search for neutrino emission from the list of 47 X-ray bright, non-blazar AGN, instead, found NGC 7469 as the
most significant, with 2.4ε after the trial correction. The likelihood fit for this source returned a very hard spectral
index of ω̂ = 1.9 and a mean number of signal events of n̂s = 5.5. As shown in Figure 11, the likelihood scan in the
vicinity of the source reveals that the best-fit position is well compatible with the cataloged coordinates. At the same
time, the energy spectrum of this source, as opposed to NGC 1068, spans energies of the order of 10 to 100 TeV (see
Figure 5). In fact, in this case, the neutrino excess is driven by only two very high-energy (Eω > 100 TeV) neutrino
alert events (see also Sommani et al. 2025).

The emergence of a source with a markedly di!erent spectrum than the well-known soft-spectrum source NGC 1068
demonstrates the flexibility of the likelihood method. The custom core-corona model, which was also tested in this
context, peaks at ↭ 10 TeV with a sharp cuto! at higher energies (Abbasi et al. 2025a). By construction, it penalizes
any high-energy emission from the target source, as the right panel of Figure 12 shows. Figure 13 shows how the
test statistic depends on the events with the highest signal-over-background (S/B) ratio. For NGC 1068, removing
the most significant events one by one leads to a gradual reduction in the test statistic, which eventually reaches
zero. In contrast, for NGC 7469, the test statistic drops to zero immediately after removing the two most significant
events. This highlights the ability of the analysis to recover signals in both scenarios: a steady accumulation of many
low-energy events from a soft-spectrum source like NGC1068, and a few high-energy events from a hard-spectrum
source like NGC 7469. The starkly di!erent behavior of these two sources also suggests that not all X-ray bright AGN
share the same cosmic-ray acceleration and/or neutrino production mechanisms.

C.3.2. Candidate source lists

Unlike the all-sky searches and the binomial tests, the catalog search on the list of 110 gamma-ray emitters was
performed only under the assumption of a floating spectral index. The global significance is computed analytically,
using the well-known Šidák correction (Šidák 1967): ppost = 1 → (1 → plocal)N , where N , in this case, is 110, i.e.,
the number of tested sources. No correlation between tests is included in the global significance calculation, since all
sources are su”ciently spatially separated to be treated as independent.
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9

NGC 1068 NGC 4151

(a) (b)

(c) (d)

Figure 3. Top row: A scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b)
NGC 4151. The white cross shows the best-fit position and the red star shows the source position cataloged in BASS. The solid
and the dashed contours show the 68% and 95% CL region around the sources, respectively. Bottom row: Distribution of the
reconstructed direction of the events as a function of the square of the angular distances from the source for (c) NGC 1068 and
(d) NGC 4151. The best-fit astrophysical neutrino signal, the background and their total are shown in purple, orange and grey,
respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error
bars.

ones is required. The contribution of neutrinos from NGC 1068 and NGC 4151 towards the diffuse flux at 15 TeV325

energy is 0.99%. Considering NGC 1068 and NGC 4151 make a class of sources and a direct relation between the hard326

X-ray and neutrino flux, we find they contribute 0.11% of the total neutrino flux at a spectral index � = 3.0 after327

correcting for catalog completeness. Despite the bias from a sample of only two nearby AGN, this suggests underlying328

physical parameters besides hard-Xray flux may drive neutrino emission. The flux from obscured sources, especially329

Compton-thick AGN have high uncertainties as it is challenging to observe the emission from the core. In conclusion,330

there is growing evidence that points to Seyferts as neutrino emitters, and better flux measurements of AGN especially331

for Compton-thick AGN, and neutrino fluxes with higher sensitivity will prove important to the discovery of sources332

of high-energy neutrinos.333
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Figure 5. Best-fit neutrino all-flavor fluxes with their 1ω uncertainty and constrained in the 95% C.L. energy range of the top
4 sources in the list of X-ray bright AGN. The yellow band represents the most recent measurement of the di!use astrophysical
neutrino flux. The energy range is constrained at the 90% C.L., while the flux normalization is shown with a 68% C.L. (Abbasi
et al. 2025).

of neutrino emission. In Figure 5, we show the best-fit spectra for the four most significant X-ray bright AGN.
Interestingly, the energy ranges of the contributing events vary across sources: NGC7469’s excess is dominated by
two > 100TeV events, while NGC 1068’s spectrum has shifted to lower energies, now constrained between 0.2 and
20.6 TeV at 95% C.L. (see Appendix C for more details on the energy range calculation), though still consistent with
previous measurements.

The reduced significance of the NGC1068 signal – despite the increased statistics – could result from statistical
fluctuations, spectral variability, or limitations of the assumed power-law model. An alternative explanation may
be time variability (Dave & Taboada 2023), which was not tested in this work due to the focus on steady emission
scenarios. Future time-dependent studies will be essential to explore this possibility. Improved spectral constraints,
particularly below 100GeV, will also be crucial for future observations.

Taken together, our findings suggest that X-ray bright AGN are promising contributors to the observed di!use
extragalactic neutrino flux. This builds on a growing body of independent results: a 2.7ω binomial excess from
NGC 4151 and CGCG 420-015 (Abbasi et al. 2025a), a 2.9ω excess from NGC 4151 in a hard X-ray AGN study (Abbasi
et al. 2025b), and a 3.0ω signal from a stacking analysis of 14 Seyfert galaxies in the southern sky (Yu et al. 2025).
While current significance levels remain marginal, the emerging picture points to a new class of potential neutrino
sources: X-ray bright AGN. These results yield growing support for theoretical models of neutrino production in the
coronal regions surrounding SMBHs. At the same time, the very high-energy events associated with NGC 7469 cannot
be accommodated by the custom core-corona model (Kheirandish et al. 2021) tested in Abbasi et al. (2025a) and in
this work (see Appendix C). This suggests that X-ray bright AGN may not all share the same cosmic-ray acceleration
or neutrino production conditions, and that further measurements will be essential. Future data from IceCube and
next-generation detectors (Adrián-Mart́ınez et al. 2016; Aartsen et al. 2021; Agostini et al. 2020), combined with
multi-wavelength observations, will be critical to confirm this connection and further unravel the components of the
di!use astrophysical neutrino flux.
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Figure 1. Stacked spectrum according to the best-fit normalization (solid black), with 1ω statistical uncertainty (shaded
gray) and the 5ω discovery potential (dotted). The energy range of the gray band is computed from the central 68% of events
contributing to the total TS values. Model predictions of neutrino spectra for the 14 candidate sources (Kheirandish et al.
2021) are shown as well. The 11 subdominant candidates are shown in gray (see Table 1); Centaurus A appears as the highest
gray line due to its strong but ambiguous X-ray emission (see Sec.2). The Circinus Galaxy (red), NGC 7582 (light pink), and
ESO 138-1 (blue) are the candidates with the largest expected number of signal events, excluding Centaurus A.

Figure 2. Local (pre-trial) p-value maps near the most significant source - the Circinus Galaxy (orange), assuming the disk-
corona model spectrum (left) and the power-law spectrum (right).

density function (PDF) by randomizing the right ascension of the events. This provides a good approximation for
these background events since, due to IceCube’s location, they are uniform in right ascension. However, IceCube
recently reported evidence of neutrino emission from the Galactic plane (Abbasi et al. 2023). This adds a new back-
ground component to our search. Without modifications, the standard randomizing method would over-estimate the
background for Seyfert galaxies far from the Galactic plane and under-estimate the background for Seyfert galaxies
close to the Galactic plane due to this background contamination. For a similar reason, to prevent potential signal
events from the brightest candidate sources from being randomized into the background, we remove events near their
locations. Hence, in the randomization process, we modified the standard scrambling method as follows. Events in
the vicinity of the brightest (according to model expectation) Seyfert galaxies (Centaurus A, Circinus, NGC 7582,
and ESO 138-1, radius 7→) or the Galactic plane (absolute value of Galactic latitude < 10→ ) are removed from the
dataset. The remaining events are then randomized in right ascension. Since some background events are removed in
the previous step, we randomly resample from the remaining events to compensate for those missing due to masking,
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Multimessenger	Input
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‣ The GeV 𝛾-rays are explained by the starburst activity.  

‣The inclusion of sub-GeV measurements restricts the maximum energy 

of neutrinos.
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IceCube-Gen2
Near 10 times larger, reaching to energies of EeV

Figure 2: Schematic drawing of the IceCube-Gen2 facility including the optical array (blue shaded region)
that contains IceCube (red shaded region) and a densely instrumented core installed in the IceCube Upgrade
(green shaded region). A surface array covers the footprint of the optical array. The stations of the giant radio
array deployed at shallow depths and the surface extend all the way to the horizon in this perspective.

events with up to 10 PeV in energy, corresponding to the highest energy leptons ever
observed and opening new scientific avenues not just for astronomy but also for probing
physics beyond the Standard Model of particle physics (see, e.g., [9]). In addition, its high
uptime and low detector noise make it a valuable asset to search for and detect the MeV
energy neutrinos from a Galactic supernova, thus providing a high-uptime alert system for
what is expected to be a once-in-a-lifetime event.

So far, the distribution of astrophysical neutrinos on the sky indicates an extragalactic ori-
gin. Given the limited statistics that IceCube collects at the highest energies, the identifica-
tion of steady sources requires a very long integration time and the vast majority of flaring
sources escape detection altogether. While the initial association of a cosmic neutrino with
a blazar has been an essential first step, the sources of the bulk of the cosmic neutrino flux
observed by IceCube remain to be resolved (see Section 2.1 for a more detailed discus-
sion of the origin of IceCube’s neutrinos). The list of candidates is long; transients such as
supernovae (SNe), neutron star mergers, or low luminosity Gamma Ray Bursts (GRBs) —
or steady sources such as Active Galactic Nuclei (AGN) or starburst galaxies — are all very
well motivated. And yet, with almost a decade of IceCube data having been analyzed, the
need for new, larger instruments with improved sensitivity is becoming increasingly clear.

With IceCube-Gen2 we propose a detector of sufficient volume to increase the neutrino
collection rate by an order of magnitude. Meanwhile, the KM3NeT and GVD detectors
under construction in the Mediterranean Sea and in Lake Baikal, respectively, target the
size of one cubic-kilometer. They will complement IceCube-Gen2 in terms of sky coverage
[10, 11], and will achieve astrophysical neutrino detection rates comparable to the present

2
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Sources and Propagation of Cosmic Rays
IceCube-Gen2 will be a wide-band neutrino observatory with
sensitivity from GeV to beyond EeV energies. The array will augment
the existing IceCube detector and planned Upgrade with an enlarged
in-ice optical array, a radio array, and surface cosmic ray detector.

Gen2 will constrain flavor 
composition scenarios at 
neutrino sources, and 
their energy 
dependence. Shown is 
an example of Gen2 
sensitivity to the muon 
fraction and flavor ratio 
of a source with muon 
cooling above 2 PeV.

The optical and radio arrays span 6 orders of magnitude in energy,
probing the extension, or cutoff, of the astrophysical neutrino
spectrum. Shown in blue is the median flux as would be measured
assuming an unbroken E-2.5 astrophysical flux and a cosmogenic flux
with a mixed composition of cosmic ray primaries (Ahlers et. al.).

Gen2 will probe fundamental physics on cosmic baselines and across
a broad energy range. Shown as shaded boxes are the regions in
distance-energy space where Gen2 will probe for new physics.

A radio array will test 
models for astrophysical 
and cosmogenic neutrino 
production and constrain 
the nature of CR 
accelerators. Shown is 
the differential sensitivity 
of the Gen2 radio 
detector in the context of 
present and future 
experiments and two 
models for high-energy 
neutrino production.

Gen2 enables the identification of sources five times fainter than is
possible with IceCube, accelerating the rate of discovery of sources
and probing the neutrino sky with unprecedented sensitivity. Shown is
a mock Test Statistic map of the neutrino sky as might observed with
Gen2, and the quasi-differential sensitivity to a steady source for two
select declinations with an E-2 spectrum.

Fundamental Physics on Cosmic Baselines
Technology Development

Gen2 will leverage technology 
developments from the 
Upgrade, with the goal of 
having 3x the photocathode 
area per DOM compared to 
IceCube. Shown are two 
pixelated DOMs under 
development for the Upgrade: 
the mDOM and D-Egg.

IceCube-Gen2
Preliminary

IceCube-Gen2
Preliminary

IceCube-Gen2 
Preliminary

IceCube-Gen2 
Preliminary

Gen2 will have sensitivity to neutrinos produced in Galactic sources, 
constraining CR acceleration processes. Shown are TeV HAWC 
sources near the galactic plane, color coded to indicate possible 
detections (if !-ray emission arises solely from hadronic processes) 
and where Gen2 can constrain the level of hadronic emission.

IceCube-Gen2
Preliminary

We are grateful to 
the NSF for support 
through award 
1903885.

IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
60 DOMs/string with 17 m spacing, completed 2011

Upgrade: 7 strings, "(100) DOMs/string with 3 m spacing
In production, to be deployed Dec 2022

Gen2-Optical: 8 km3, 120 strings with 240 m lateral spacing
80 DOMs/string with 17 m spacing

Gen2-Radio: 500 km2, with "(200) stations
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in-ice optical array, a radio array, and surface cosmic ray detector.

Gen2 will constrain flavor 
composition scenarios at 
neutrino sources, and 
their energy 
dependence. Shown is 
an example of Gen2 
sensitivity to the muon 
fraction and flavor ratio 
of a source with muon 
cooling above 2 PeV.

The optical and radio arrays span 6 orders of magnitude in energy,
probing the extension, or cutoff, of the astrophysical neutrino
spectrum. Shown in blue is the median flux as would be measured
assuming an unbroken E-2.5 astrophysical flux and a cosmogenic flux
with a mixed composition of cosmic ray primaries (Ahlers et. al.).

Gen2 will probe fundamental physics on cosmic baselines and across
a broad energy range. Shown as shaded boxes are the regions in
distance-energy space where Gen2 will probe for new physics.

A radio array will test 
models for astrophysical 
and cosmogenic neutrino 
production and constrain 
the nature of CR 
accelerators. Shown is 
the differential sensitivity 
of the Gen2 radio 
detector in the context of 
present and future 
experiments and two 
models for high-energy 
neutrino production.

Gen2 enables the identification of sources five times fainter than is
possible with IceCube, accelerating the rate of discovery of sources
and probing the neutrino sky with unprecedented sensitivity. Shown is
a mock Test Statistic map of the neutrino sky as might observed with
Gen2, and the quasi-differential sensitivity to a steady source for two
select declinations with an E-2 spectrum.

Fundamental Physics on Cosmic Baselines
Technology Development

Gen2 will leverage technology 
developments from the 
Upgrade, with the goal of 
having 3x the photocathode 
area per DOM compared to 
IceCube. Shown are two 
pixelated DOMs under 
development for the Upgrade: 
the mDOM and D-Egg.

IceCube-Gen2
Preliminary

IceCube-Gen2
Preliminary

IceCube-Gen2 
Preliminary

IceCube-Gen2 
Preliminary

Gen2 will have sensitivity to neutrinos produced in Galactic sources, 
constraining CR acceleration processes. Shown are TeV HAWC 
sources near the galactic plane, color coded to indicate possible 
detections (if !-ray emission arises solely from hadronic processes) 
and where Gen2 can constrain the level of hadronic emission.

IceCube-Gen2
Preliminary

We are grateful to 
the NSF for support 
through award 
1903885.

IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
60 DOMs/string with 17 m spacing, completed 2011

Upgrade: 7 strings, "(100) DOMs/string with 3 m spacing
In production, to be deployed Dec 2022

Gen2-Optical: 8 km3, 120 strings with 240 m lateral spacing
80 DOMs/string with 17 m spacing

Gen2-Radio: 500 km2, with "(200) stations

Figure 8: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions and
intensities have been selected randomly on the sky from an intensity distribution, expected from sources
with a constant density in the local universe, and consistent with current IceCube neutrino flux constraints.
Shown is the test statistic value determined in a mock-simulation of track-like events that can be obtained at
the source position after 10 years of operation of IceCube-Gen2. For better visibility, the region around the
sources (indicated by white dotted lines) has been magnified. The position of the galactic plane is shown
as a dashed curve. Below the map, differential sensitivities for the detection of point sources (5� discovery
potential, and sensitivity at 90% CL) are shown for two selected declinations, at the celestial horizon and at
� = 30`. Absorption of neutrinos in the Earth limits the sensitivity in the PeV energies for higher declinations.
The IceCube and IceCube-Gen2 sensitivities are calculated separately for each decade in energy, assuming a
differential flux dN/dE ö E�2 in that decade only. Neutrino fluxes are shown as the per flavor sum of neutrino
and anti-neutrino flux, assuming an equal flux in all flavors. The curves refer of the optical array only.

servations of steady neutrino sources due to the unknown backgrounds at these energies,337

from, e.g., diffuse astrophysical and cosmogenic neutrinos.338

IceCube-Gen2 reaches its peak sensitivity in the region around the celestial equator. Due339

to the huge atmospheric backgrounds and the increased absorption in the Earth at high340

neutrino energies, the sensitivity below 100 TeV is largest for events from the north-341

ern hemisphere, while above a few PeV, mostly the southern sky is observed. Between342

100 TeV and 1 PeV the sensitivity to a neutrino energy flux averaged over the Northern343

hemisphere is 1.3✓ 10�12 ergs cm�2 s�1 , a similar energy flux sensitivity to that of current344

generation HE and VHE �-ray telescopes have in the GeV to TeV range.345

As �-rays and neutrinos are produced by cosmic rays in the same interaction processes346

their energy fluxes are expected to be similar at production, however due to absorption347

of �-rays in the sources and the intergalactic medium the photons are reprocessed to the348

GeV and TeV bands (or absorbed, in which case the neutrino energy flux could be even349

13
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Prospects	for	future	experiments
Detectability of Nearby Seyfert Galaxies

• Testable w. near-future data or by next-generation neutrino detectors 
given that the angular resolution is <0.3 deg
#2.6s with 8 yr upgoing nµ events and IR-selected AGN (IceCube 22 PRD)

• CR-induced cascade g rays in the MeV range

KM, Kimura & Meszaros 20 PRL, Kheirandish, KM & Kimura 21 ApJ
Predictions for stacking search AK+, ApJ 2021

Modest CR 
Pressure Scenario



31

Galactic	Cosmic	Ray	Accelerators

ν
π± 

[PDG 2018]

Galactic Extragalactic

• The search for Galactic cosmic neutrino sources concentrates on the search for 
“Pevatrons” which have the required energetics to produce cosmic rays up to 
the knee in the spectrum.  

• ``Pevatrons” will produce pionic 𝛾-rays whose spectrum extends to several 

hundred TeV without cut-off. 
• Supernova remnant meet such condition. 
• TeV 𝛾-rays should be accompanied by TeV neutrinos, observable at IceCube.



Ali Kheirandish (UNLV)
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Figure 3: Distribution and background-subtracted residuals of shower events along Galactic
longitude. The left panel shows observed counts (black points) for shower events with recon-
structed energy Ê > 5TeV and Galactic latitude |b̂| < 15→, with error bars corresponding to the
uncertainty from Poisson statistics. The blue histogram shows data-derived background expecta-
tions, estimated from off-plane regions along the same declination; the shaded band corresponds
to its statistical uncertainty. The right panel shows residuals (black points) after background sub-
traction, Nobs(ω̂)→Nbkg(ω̂), with uncertainties obtained via error propagation. Coloured lines show
signal expectations from three of the tested templates, scaled to their best-fit normalizations from
the likelihood analysis; shaded bands indicate the corresponding 1! uncertainty on the normal-
ization. An excess is visible, concentrated toward the inner Galaxy, that is broadly consistent in
scale and shape with diffuse Galactic emission models. Model expectations are overlaid for visual
comparison only; no fit is performed to the binned points shown here.

for tracks. The background subtraction is data-driven and independent of the signal model. To

ensure sufficient statistics while remaining agnostic to small-scale structure, Galactic longitude ω̂

was binned coarsely in intervals of 40°.

The left panel of Fig. 3 shows the observed counts (black points) and data-derived background

estimates (blue lines) for shower events along Galactic longitude. Error bars correspond to un-

certainties from Poisson statistics on the observed counts, and the shaded blue band indicates the

statistical uncertainty on the estimated background, derived from data and scaled to the on-plane

solid angle within each bin. The right panel shows residuals (black points) after background sub-

traction, Nobs(ω̂) → Nbkg(ω̂), with uncertainties obtained via error propagation. Coloured lines

correspond to signal expectations from three of the tested templates, scaled to their best-fit nor-

9
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Galactic	Neutrino	Emission
Cascades boost IceCube sensitivity to extended emission in the Southern sky. 

‣ New analysis with additional years, combined dataset, and improved systematics 
rejects the no Galactic hypothesis at 5.7σ significance 

‣ Current analyses reject no Galactic component hypothesis but cannot distinguish 
between models 

‣ The nature of Galactic neutrinos (source vs diffuse) remains an open question 

Markus Ahlers (NBI) Galactic Neutrino Emission 10

Galactic Neutrino Emission

with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 5 of 6

Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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KRA5 Model
KRA50 Model
0 Model

KRA5 Best-Fit Flux
KRA50 Best-Fit Flux
0 Best-Fit Flux
IceCube All-Sky Flux (22)

Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Figure S9: Neutrino emission models used as templates in the Galactic plane search. The
spatial templates for the ⇡0 (A-C) and KRA

5
� (D-F) models of diffuse Galactic neutrino emis-

sion are shown. Each panel shows the Galactic plane in a band of ±30
� in latitude (b) and

±180
� longitude (l) in Galactic coordinates. The models are first convolved with the IceCube

detector acceptance (A, D) and then smeared with a Gaussian corresponding to the event uncer-
tainty. Two example analysis templates are shown for a smearing of 7

� (B, E) and 15
� (C, F).

The spatial distribution of the KRA
50
� model is similar to the KRA

5
� one shown here and it is

available in the IceCube data archive.

S19

 [IceCube Science 380 (2023)]  [templates: Fermi'12; Gaggero, Grasso, Marinelli, Urbano & Valli '15]

Best-fit normalization of spectra Templates with different resolution
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Potential	Galactic	Sources

Credit: NASA/CXC/SAO

SN 1054

Credit: NASA

 Supernova Remnants

Pulsar Wind Nebulae

Binaries

Diffuse Galactic Emission
ESA/Planck Collaboration

Credit: ESA/Hubble
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LHAASO	&	VHE	𝛾-ray	sky

8

➢ Survey discovered 30+ new sources, 40+ PeVatrons and diffuse γ-ray emission  

UHE γ-ray Astronomy: sources and diffuse emission

大型超高 能伽马 源立 体跟踪观 测设备 （ L A C T ） 8

地球
HESS
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Figure 1: Significance maps and spectral energy distribution (SED) of SS 433 measured by
LHAASO. Panel (a)-(c): SS 433 at energy above 100 TeV, 25-100 TeV and 1-25 TeV. In top three
panels, the green cross marks the position of the BH of SS 433. In panel (a), the white contour
indicates the H I atomic clouds at consistent distance of SS 43325 (see Method). In panel (b) and
(c), black crosses indicate the position of resolved two point-like sources at 25-100 TeV and 1-25
TeV. In panel (c), the blue diamonds shows the position of HESS detected gamma-ray emission
above 10 TeV7. The cyan contour show the X-ray emission of the two lobes25. The green circle
in panel (a) exhibit 68% containment radii of the LHAASO source. The yellow circles show the
corresponding 68% containment radii of LHAASO PSF at the correpsonding energy range. Panel
(d) shows spectra of two point-like sources associated with the east and west lobes of SS 433 with
blue circles red circles respectively. The spectrum of the central extended source is shown with
the black stars; Panel (e) compares the total measured spectrum (with the fluxes associated with
the two lobes summed up) and the prediction of a pure leptonic model for the TeV emission of the
two lobes. In the modeling, relativistic electrons are injected in the form of a power-law spectrum
with an index of -2.3, followed by a high-energy super-exponential cutoff at Ee,max = 200TeV.
The total electron injection luminosity above 1 TeV is Le = 6 ⇥ 1035 erg/s. The thick red solid
curve shows the IC radiation. The thin red dashed curve shows the result assuming an extreme
Ee,max = 10 PeV for reference. Due to the KN effect, the IC flux above ⇠ 10TeV is gradually
suppressed and an additional spectral component is needed to explain the flux around 100 TeV. See
Methods for more detailed discussions.
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Figure 2: Significance maps of four other LHAASO measured microquasars besides SS 433. Panel
(a) V4641 Sgr, (b) GRS 1915+195, (c) MAXI J1820+070 and (d) Cygnus X-1 at above 25 TeV.
In each panel, the green cross marks the position of the BH of each microquasar. The green circle
exhibits 68% containment radii of the LHAASO sources. The cyan arc in panel (d) represents the
bow-like radio structure inflated by the jet of Cygnus X-132. The yellow circle in each panel shows
the corresponding 68% containment radii of LHAASO PSF.
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VHE	emission	from	Microquasars

‣ Hadrons play a major role in the 𝛾-ray emission from these sources.  

‣ The level of flux not high enough to be identified in current 
experiments.

Carpio, AK, Zhang, JHEAP 2026
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Neutrinos	from	Core	Collapse	Supernovae
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• Observation of extragalactic SNe showed rapid significant mass loss in 
SN progenitor which leads to shock interaction with dense circumstellar 
material (CSM). 

‣Shock interaction with CSM results in production of HE neutrinos! 
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• Observation of extragalactic SNe showed rapid significant mass loss in 
SN progenitor which leads to shock interaction with dense circumstellar 
material (CSM). 

‣Shock interaction with CSM results in production of HE neutrinos! 

A high-statistics 
(~104-106) TeV neutrino 
signal is expected for an 
ordinary Galactic SN. 
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HE	Neutrinos	from	SN	II-P
• SN II-P is the most common 

type of core-collapse SN  

• Progenitors are Red Super 
Giants. 

• The level of the neutrino 
emission is generally lower 
than SN IIn but the higher 
rate increases the chance for 
observation. 

• Recent observations suggests 
more efficient neutrino 
production [MOROZOVA+ 
2018]. 

‣ Observation is more likely!

D* parameterizes mass loss rate and 
wind velocity and is directly 
correlated with neutrino emission.

Previous estimate

d=10 kpc

AK & Murase ApJL 2023
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HE	Neutrino	Emission	from	CCSNe
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• Occurrence of SNe inside Milky Way would overwhelm neutrino telescopes 
with > 107 neutrinos within a year. 

• The horizon for observation of neutrinos from SNe extends beyond our 
Galaxy.

AK & Murase ApJL 2023
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HE	Neutrino	emission	from	SN	II-P

‣ HE neutrinos from close by 
sources (e.g. LMC & SMC) 
can be identified in current 
detectors. 

‣ Joint analysis of data from 
upcoming neutrino 
telescopes in the Northern 
hemisphere will boost the 
sensitivity. 

‣ Next generation of neutrino 
telescopes will push the 
horizon for identification of 
HE neutrinos from SN II-P to 
more than 2 Mpc.

‣	Local	Galaxies AK & Murase ApJL 2023
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HE	Neutrinos	from	SNe	in	ATLAS
2

(a) starting events (b) throughgoing events

FIG. 1. Event rates and observation significance of high-energy supernovae neutrinos in ATLAS. The through-
going events rates represent the maximum number for a source that is always below the horizon. Below each panel, a plot of
p-values for rejecting the atmospheric neutrino background-only hypothesis is shown. The estimated rates for Betelgeuse-like
(B) and Eta Carinae-like (EC) SNe scenarios are shown in red bars.

rays [58]. For the next Galactic SN, even ordinary SNe
like Type II-P SNe would lead to sufficiently large fluxes
of neutrinos that are detectable to many terrestrial neu-
trino detectors such as IceCube [35], and even mini-bursts
from nearby galaxies could be observed [59, 60]. The time
window of neutrino signals is predicted to be the 10–100
day time range following an explosion [35].

Type II-P and IIn SN make up approximately 50% and
3-7%, respectively, of all core-collapse SNe [61]. The re-
sult for SNe II-P may also hold for other SN types (II-L,
IIb) as long as they have a sufficiently dense CSM [62, 63],
so the focus on these two SN types would be representa-
tive of the majority of SNe with confined CSM.

We note that predicted neutrino fluxes from SNe have
some uncertainties, which primarily depend on CSM
properties. The CSM density is written as ⇢cs = Dr�2 for
a wind-like density profile, where D ⌘ 5⇥1016 gcm�1D⇤
is the CSM parameter and r is the radius from the center
of the SN explosion. To take into account the impacts,
we consider the range of 0.01 < D⇤ < 1.0 for SN II-P,
and 0.1 < D⇤ < 1.0 for SN IIn. This is sufficient for
the purpose of this work to demonstrate the feasibility of
ATLAS-like detectors for studies on astrophysical neu-
trinos, and other parameters such as the spectral index
only moderately affect the overall detectability or have
degeneracies with D⇤. See Refs. [35, 59] for details.

HIGH-ENERGY NEUTRINO EVENTS IN ATLAS

High-energy neutrinos may create signatures as an in-
teraction within the detector itself (starting events), or
the detection of a muon originating from an interaction
within the Earth (throughgoing events). For starting
events, a charged-current (CC) or neutral-current (NC)
deep inelastic scattering (DIS) would leave an energetic
hadronic recoil within the ATLAS hadronic calorimeter.
A muon, or tau decaying muonically, may instead be de-
tected by the ATLAS muon spectrometer. For thoughgo-
ing events, signals can only come from ⌫µ CC interactions
in surrounding bedrock, with a subdominant contribu-
tion from ⌫⌧ (for simplicity, however, the ⌧ component is
not taken into account); ATLAS may detect these muons
as they traverse the muon spectrometer.

The expected number of starting events induced by
neutrinos, N , in volume of mass m, is given by

N =

Z
dE⌫

Z
dt �̇⌫(E⌫ , t) �⌫�nuc(E⌫)Nnuc(m), (1)

where �̇⌫(E⌫ , t) = (dN⌫/dE⌫dt)/(4⇡d2) is the all flavor
neutrino flux, dN⌫/dE⌫dt depends on models (e.g., via
D⇤), d is the distance to a SN, �⌫�nuc(E⌫) is the neutrino-
nucleon cross section, and Nnuc(m) is the number of nu-
cleon targets in the fiducial volume.

For high-energy neutrinos, the total cross section
�⌫�nuc is dominated by DIS, and we assume that mat-
ter is made of iso-scalar targets. Thus the cross sec-

Starting Events Throughgoing events

‣ The high-level of neutrino flux from a Galactic Core-Collapse offers the 
opportunity to observe neutrinos in dense particle detectors.  

‣ The precision of particle detectors yields a unique opportunity to study 
flavor physics.

Wen, Arguelles, AK, Murase PRL 2024
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New	Physics	and	HE	Cosmic	Neutrinos

Argüelles, Bustamante, AK, Palomares-Ruis, Vincent, 2019
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Why	study	new	physics	with	HE	neutrinos?

4 High Statistics and complementarity

1 They have the highest energies (TeV-10s of PeV) 
‣ Probe physics at new energy scales

2 They have long baseline (diameter of the Eath-~Gpc) 
‣ Tiny effects can accumulate and become observable

3 They are weakly interacting & have unique quantum number 
(flavor) 

‣ Powerful tool to probe for new effects
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Neutrino	Portal	to	Dark	Matter

Direct detection

 In
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DM DM

SM SM
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‣ Thermal production of WIMPs in 
early Universe implies possible 
ongoing self-annihilation of DM. 

‣ Strongest constraints are in 
place from the absence of any 
signal in X-ray & gamma-rays 
from the Milky Way. 

‣ Neutrino portal: the most 
invisible channel, hardest to 
detect, difficult to rule out!
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Indirect	Search	for	Dark	Matter
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‣	Dark	Matter	Annihilation
Argüelles, Diaz, AK +, Rev.Mod. Phys. 2022.

Upper limit on DM annihilation to neutrinos serves as an upper bound to DM 
annihilation to SM [Beacom+2007]. 
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Strongest limits 
obtained when the directional information 

is available!

‣	Dark	Matter	Annihilation
Argüelles, Diaz, AK +, Rev.Mod. Phys. 2022.

Upper limit on DM annihilation to neutrinos serves as an upper bound to DM 
annihilation to SM [Beacom+2007]. 
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DM	Signal	from	Galaxy	Clusters
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[Chianese, AK, Murase, in prep.]

In the Gen2-era, stacking with more clusters can overcome 
diffuse limits.  

‣Virgo	Cluster
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BSM-induced	Time	Delay
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Constraining	nu	interactions

σν ≲ 2.3
N νnνD

; ð7Þ

where the Poisson probability to observe nonzero time
delayed events is set to <0.9. One should keep in mind that
the neutrino scattering cross section is energy dependent
and Dhθ2i≳ 8ΔT should be satisfied. Note that Eq. (5) is
applied in the opposite limit.
We show results for a scalar mediator in Fig. 2. Here

contributions from t and u channels are also included
[83,87]. In the resonant region (s ∼m2

ϕ), we average the
effective cross section by assuming an energy resolution of
Δ logðEνÞ ¼ 0.6 (which is reasonable for high-energy track
events [84]). At Eν ¼ 0.1 PeV, the two cases of ΔT ¼ 3 d
and ΔT ¼ 30 s correspond to the large and small optical
depth limits, respectively. We also show another case of
ΔT ¼ 30 s for Eν ¼ 1 PeV, in which the multiple scatter-
ing limit is applied.
Other constraints include one from kaon decay, which

gives g≲ 0.01 [83,104,105]. Note that our echo method
is especially relevant if only tau neutrinos have BSM
interactions. Big Bang Nucleosynthesis (BBN) gives a
constraint of mϕ ≳ a few MeV, although details depend on
uncertainty in the extra number of relativistic species (e.g.,
[60,74,106]). Astrophysical and laboratory limits are com-
plementary. For example, if neutrinos interact with the CνB
through sterile neutrinos, the limits can be relaxed, depend-
ing on mixing angles [61,91].
Example 2: Neutrino-DM interactions.—As a further

application of the idea of BSM-induced neutrino echoes,
we discuss neutrinophilic DM models in which DM and
neutrinos share a new interaction. Very intriguingly, such

models give a possible solution to cosmological issues
[60,61,65,68,69,72] and can explain the muon anomalous
magnetic moment [77,78,80]. For illustration, we consider
a simple extension of the vector model mentioned above in
which the new gauge boson also couples to a Dirac fermion
DM, L ⊃ gνVμν̄γμνþ gXVμX̄γμX, where X denotes the
DM with a mass mX. New gauge bosons appear in many
BSM scenarios [107], and additional broken U(1) gauge
symmetries leading to vector bosons were predicted by
grand unification theories [108,109]. While the neutrinos
and DM may have different charge assignments, here
we take them to be equal and assume gν ¼ gX ¼ g for
simplicity.
The above model is accompanied by neutrino-DM

scatterings, and the resulting constraints are shown in
Fig. 3. As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92,101,
110–113]. Here the coupling should be regarded as an
effective parameter. The real coupling to the standard
model can be made neutrinophilic via coupling the gauge
boson to heavy sterile neutrinos. However, their effect is
still felt as they effectively endow the active neutrinos with
a mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [114–116].
For the t channel, we find that the multiple scattering

limit may not be applicable to most transients due to large
values of hθ2i for relatively heavy DM. The cases for ΔT ¼
30 s are shown in Fig. 3, where the constraint is given for
the small optical depth limit (but with the replacement of nν
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FIG. 2. Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino mass
are D ¼ 3 Gpc and mν ¼ 0.1 eV, respectively, and N ν ¼ 10 is
used for the small optical depth limit. The parameter space
relaxing the Hubble parameter tension for the cosmic microwave
background (CMB) [70,74] is shown together with constraints
assuming ΛCDM cosmology (shaded regions).

10-4

10-3

10-2

10-1

100

101

10-1 100 101 102 103 104

g 
(c

ou
pl

in
g)

mV [MeV]

∆T=3 d
∆T=30 s

-DM & -  (vector mediator)

-DM
(mX=1 MeV)

BBN

sm
all s

cale s
olutio

n

( -D
M w. m X

=1 GeV
)

-

-

Ly-

Ly-

-DM
(mX=1 GeV)

sm
all s

cale s
olutio

n

( -D
M w. m X

=1 MeV
)

FIG. 3. Expected constraints on secret neutrino interactions via
a vector mediator in the presence of DM. The neutrino energy is
set to Eν ¼ 0.1 PeV, andD,mν, andN ν are the same as in Fig. 2.
Lyman-α constraints from the kinetic decoupling for neutrino-
DM scatterings are shown as conservative limits for different DM
masses. The parameter space proposed to solve the small-scale
structure abundance problem [60] is also indicated (light shaded
regions). The CMB constraints shown in Fig. 2 are applied to the
neutrino-neutrino scattering.
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Figure 3. Neutrino-DM coupling constraints on g = (g⌫g�)1/2 for the models described
by equations (2.5) (left panel) and (2.6) (right panel). Cluster constraints are shown as
dotted lines for each DM mass, assuming g⌫ = g�. BBN nucleosynthesis constraints [53, 55]
correspond to the shaded region (magenta).
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mediator. Here, we present the constraints for three DM masses. BBN constraints [53, 55]
correspond to the shaded region (magenta). The cluster lines (dotted) show the limits for
di↵erent ratios of g⌫ and g�. The energy scale is ⇤ = 100 GeV.
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Tau	neutrinos	&	VHDM	in	the	Earth

Figure 1. Schematic of ⌫⌧ or ⌧ propagation through the Earth. DM annihilation is assumed
to occur at the Earth’s center (yellow), producing ⌫⌧ or ⌧ fluxes that propagate toward
the Earth’s surface. As shown in the top path, the ⌧ lepton can “survive” by decaying into
⌫⌧ (indicated by the black cross) before interacting with Earth. The bottom path illustrates ⌫⌧
continuing to travel outward, undergoing possible charged-current (blue) or neutral-current
(red) interactions. Both CC and NC interactions can occur in either the top or bottom path.
In the propagation simulation, a 4km water layer is assumed(blue edge).

Figure 2. Capture rate as a function of the DM particle mass for the spin-independent
DM-nucleon scattering cross section value �SI

N�,0 = 10�36 cm2. The peaks in the capture rate
correspond to resonance capture with the most abundant elements on Earth, namely O, Mg,
Si, and Fe. For DM masses above approximately 103GeV, the capture rate decreases linearly
with m�.

possible self-annihilation process can reduce the number of DM particles, yielding
Standard Model particles. When considering the DM particles heavier than a few GeV
inside Earth, the e↵ect of evaporation is negligible [33, 34]. Therefore, the temporal

– 3 –
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‣ The Earth becomes opaque to very-high-
energy neutrinos, limiting neutrino 
searches for DM from Earth to 10 TeV. 

‣ At > PeV energies, tau regenerations 
produces a pile up of events at TeV—PeV 
energies.



Figure 7. Upper limits on DM-nucleon cross-section �SI
N� and compared to other Earth-

bond DM studies, including IceCube [29], ANTARES [30], Super-Kaniokande [31], and
Pospelov&Ray [32]. The IceCube, ANTARES, and Super-Kamiokande results assume DM
annihilation into ⌧+⌧�, while the Pospelov & Ray’s limit is derived assuming annihilation
into ⌫⌧ ⌫̄⌧ . The solid lines are the upper limits from ⌧+⌧� channel, while the dashed lines
indicate the ⌫⌧ ⌫̄⌧ channel result. The red lines denote the result of this study. The expected
improvement of upper limits for IceCube Gen2 is shown by the orange line. The gray dotted
line is the upper limit by direct DM search, the LUX-Zeplin [10] and PandaX-4T [59]. The
thermally averaged self-annihilation rate used in this calculation is h�vi = 3⇥ 10�26 cm3/s.

A broader view of these results can be obtained by mapping the 90%C.L. limits
onto the h�vi��SI

N� plane, as shown in Figure 8. For large h�vi, the capture and anni-
hilation processes within the Earth e↵ectively reach equilibrium, and so the constraint
on �SI

N� saturates, which results in a horizontal plateau in the plot. As a reference, the
dotted vertical line shows the canonical relic cross-section h�vi = 3 ⇥ 10�26 cm3 s�1,
commonly associated with thermal WIMPs. On the other hand, the dash-dotted line
marks the combined IceCube and ANTARES limit toward the Galactic center [60].

We also examined the prospects for improvement of upper limits with the next
generation of IceCube Neutrino Observatory, IceCube-Gen2 [61]. The geometric in-
strumental volume will be increased from 1 km3 to 7.9 km3, leading to larger statistics,
for which the upper limits are expected to be improved by about 3 times, as shown by
the orange line in Figure 7.

We should note that the estimation of IceCube-Gen2 sensitivity is based on a
background-only likelihood analysis. Unlike the IceCube limit we present in this work,
which uses observed data and compares signal flux against background expectations.
The projected sensitivity for the IceCube-Gen2 relies on simulating the background.
This estimation is tentative, relying on simplified assumptions. It assumes pure vol-

– 11 –
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Tau	neutrinos	&	VHDM	in	the	Earth
‣ Neutrino telescope operating in > TeV energies can probe 

VHDM, providing indirect search for Earth DM.

Ding, AK, Liu, JCAP 2026
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Summary
• After a decade of observation, signs of anisotropy are 

emerging in IceCube data. 

‣ Early indications points to AGN as primary source 
of high-energy cosmic neutrinos. 

‣ Features in the measured cosmic neutrino flux 
point to different population of sources 
contributing at medium and high-energies 

‣ Neutrino Telescopes are closing in on the Galactic 
sources of HE neutrinos. 

‣ Core collapse supernovae can contribute to the 
cosmic neutrino flux and identification of HE 
neutrinos from them can provide realtime probe of 
particle acceleration. 

‣ Identification of the origin of HE neutrinos offers 
new opportunities in understanding dark matter 
and physics beyond the Standard Model



Thanks!
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Constraining	the	DM	parameter	space	
‣ High	Mass	(only	accessible	to	neutrinos)
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Dark matter column density* seen from Earth
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Simulation including effects of detector, Earth

* Einasto

Galactic
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Constraints	on	DM-Nu	Interaction	
Fermionic DM 

Vector Mediator
Scalar DM 

Fermionic Mediator

[Argüelles, AK, Vincent, PRL 2017,  IceCube JCAP 2022]

Competitive limits compared to cosmological constraints!
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HE	Neutrinos	from	CCSNe

The next generation of neutrino telescopes will extend the horizon 
for observation of multiple neutrinos from extragalactic SN IIn.
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Neutrinos	from	Bright	Seyferts

‣ Selecting sources based on the intrinsic X-ray flux (as a proxy for 
neutrino production) 

‣ Catalog search finds excess in the direction of 2 sources in addition to 
NGC 1068 

‣ Binomial p-value study finds CGCC 420-15 and NGC 4151 at 2.7σ 
(Posterior p-value with NGC 1068 yields 4σ)
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NGC	4151	—	2.9𝜎
9

NGC 1068 NGC 4151

(a) (b)

(c) (d)

Figure 3. Top row: A scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b)
NGC 4151. The white cross shows the best-fit position and the red star shows the source position cataloged in BASS. The solid
and the dashed contours show the 68% and 95% CL region around the sources, respectively. Bottom row: Distribution of the
reconstructed direction of the events as a function of the square of the angular distances from the source for (c) NGC 1068 and
(d) NGC 4151. The best-fit astrophysical neutrino signal, the background and their total are shown in purple, orange and grey,
respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error
bars.

ones is required. The contribution of neutrinos from NGC 1068 and NGC 4151 towards the diffuse flux at 15 TeV325

energy is 0.99%. Considering NGC 1068 and NGC 4151 make a class of sources and a direct relation between the hard326

X-ray and neutrino flux, we find they contribute 0.11% of the total neutrino flux at a spectral index � = 3.0 after327

correcting for catalog completeness. Despite the bias from a sample of only two nearby AGN, this suggests underlying328

physical parameters besides hard-Xray flux may drive neutrino emission. The flux from obscured sources, especially329

Compton-thick AGN have high uncertainties as it is challenging to observe the emission from the core. In conclusion,330

there is growing evidence that points to Seyferts as neutrino emitters, and better flux measurements of AGN especially331

for Compton-thick AGN, and neutrino fluxes with higher sensitivity will prove important to the discovery of sources332

of high-energy neutrinos.333
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IceCube	Preliminary

‣ NGC 4151 appears at 2.9𝜎 (global significance)  

‣ The second most significant steady source in IceCube
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New	Results	from	the	Southern	Sky
Updated plots

10

no noticeable change to plots

(model expectation is lower than the original 
value due to the factor of 2 reduction in ESTES 
MC astro weights -  presented on June 26)

•  Best p-value for the source in 
the Southern sky:  

‣ Circinus Galaxy  
‣ 3.6 neutrino events at 2.8𝜎 local 

significance (1.8𝜎 post trial)

• Stacking analysis:  

‣6.7 events

• 2 additional sources with excess:  
‣ ESO 138-1 
‣ NGC 7582.

‣ The majority of bright nearby Seyfert galaxies are in the Southern Hemisphere 

‣ IceCube has sufficient sensitivity with Enhanced Starting Events to search for 
emission from prominent sources in the Southern Hemisphere.

Yu, AK+, IceCube, ICRC 2023


