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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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high-energy cosmic rays interacting 
with gas or radiation
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Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
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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
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Backgrounds disappear: ~1 event / km3 yr is expected
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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



cosmic rays + 
      neutrinos

       cosmic rays  
+ gamma-rays

π±
ν
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γ
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γ
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γ

ν
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Neutrinos produced as 
by-product of cosmic 

ray acceleration  
near their sources

Neutrino Astronomy
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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

nuclear

interaction

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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	:	the	1st	km3	neutrino	telescope
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Detection	Principle
High-energy charged particles produce Cherenkov light in the ice.
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Event topologies
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<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

HESE (7.5yr)
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1013 1014 1015 1016 1017 1018 1019

E [eV]

10°10

10°9

10°8

10°7

10°6

10°5

E
2
¡

∫
+

∫̄
[G

eV
cm

°
2 s

°
1 s

r°
1 ]

Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

Atmospheric ⌫µ + ⌫̄µ
<latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit>

Prompt ⌫µ
<latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit>

⌫µ + ⌫̄µ (10yr)
<latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit>

cosmogenic
<latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit>

IceCubeE�2
<latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit>

AugerE�2
<latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit>

Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

HESE (7.5yr)
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High-Energy	Neutrino	Flux Supplementary Methods and Tables – S10

EVENT 30

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

129+14
�12 56115.7283574 �82.7 103.2 8.0 Shower

High-Energy Starting Events


7.5 years Observation ➛ 8𝜎


100 events (all flavor)

� / E�2.89
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Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

Atmospheric ⌫µ + ⌫̄µ
<latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit>

Prompt ⌫µ
<latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit>

⌫µ + ⌫̄µ (10yr)
<latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit>

cosmogenic
<latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit>

IceCubeE�2
<latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit>

AugerE�2
<latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit>

Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

HESE (7.5yr)
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Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

Atmospheric ⌫µ + ⌫̄µ
<latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit>

Prompt ⌫µ
<latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit>

⌫µ + ⌫̄µ (10yr)
<latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit>

cosmogenic
<latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit>

IceCubeE�2
<latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit>

AugerE�2
<latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit>

Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

HESE (7.5yr)
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Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>

Atmospheric ⌫µ + ⌫̄µ
<latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit><latexit sha1_base64="/InjcCt25FrJKqxgVq3Ta73G9h8="></latexit>

Prompt ⌫µ
<latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit><latexit sha1_base64="Con8Uj+5ilfSA0MXtdCPbVx1QXM=">AAACKHicbVDLSgMxFM34dnxVXboJFkFQyowIurPqxmUFW4XOUDJp2gbzGJI7Qhn6OW78FTciirj1S0yns9DqgcDhnHO5uSdJBbcQBJ/ezOzc/MLi0rK/srq2vlHZ3GpZnRnKmlQLbe4SYpngijWBg2B3qWFEJoLdJveXY//2gRnLtbqBYcpiSfqK9zgl4KRO5Wwvj4zE5yC1TQfMcDqKDnGksk4ks4MoIabkfpFrGC1T+BHpVKpBLSiA/5KwJFVUotGpvEZdTTPJFFBBrG2HQQpxTgxwKtjIjzLLUkLvSZ+1HVVEMhvnxaEjvOeULu5p454CXKg/J3IirR3KxCUlgYGd9sbif147g95pnHOVZsAUnSzqZQKDxuPWcJcbRkEMHSHUcPdXTAfEEAquW9+VEE6f/Je0jmphUAuvj6v1i7KOJbSDdtE+CtEJqqMr1EBNRNEjekZv6N178l68D+9zEp3xyplt9Ave1zcQ9KaX</latexit>

⌫µ + ⌫̄µ (10yr)
<latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit><latexit sha1_base64="v5XJRrqzwoaZiRQnnBil8ZXVd3g="></latexit>

cosmogenic
<latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit><latexit sha1_base64="iApYa1JD12pcAXvBWBDSNzry528="></latexit>

IceCubeE�2
<latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit><latexit sha1_base64="9sxvlb0BE1iNzMXPaHxZWU8VGkE="></latexit>

AugerE�2
<latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit><latexit sha1_base64="uJ96OwRW7vbcDKVZHi8AVtK3Ie8="></latexit>

Atmospheric ⌫e + ⌫̄e
<latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit><latexit sha1_base64="DtyzB/r+35QSCiTjNOoBHyC3Q8E=">AAACDHicdVDLSgMxFM34rPVVdekmWARBKTNasN1V3bisYB/QKSWT3mlDk8yQZIQy9APc+CtuXCji1g9w59+YPgSfBwKHc87l5p4g5kwb13135uYXFpeWMyvZ1bX1jc3c1nZdR4miUKMRj1QzIBo4k1AzzHBoxgqICDg0gsHF2G/cgNIsktdmGENbkJ5kIaPEWKmTy6e+EvjMiEjHfVCMjvwj7MukA4d+QNSE2ZRbKJZL7kkZ/yZewZ0gj2aodnJvfjeiiQBpKCdatzw3Nu2UKMMoh1HWTzTEhA5ID1qWSiJAt9PJMSO8b5UuDiNlnzR4on6dSInQeigCmxTE9PVPbyz+5bUSE5baKZNxYkDS6aIw4dhEeNwM7jIF1PChJYQqZv+KaZ8oQo3tL2tL+LwU/0/qxwXPLXhXxXzlfFZHBu2iPXSAPHSKKugSVVENUXSL7tEjenLunAfn2XmZRuec2cwO+gbn9QMXDJuo</latexit>
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High-Energy	Neutrino	Flux

‣ Fluxes are compatible in common energy range.

‣ Features in high-energy neutrino flux can point to different source 

properties. 
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Arrival	Direction	of	the	Most	Energetic	Neutrinos

predominantly extragalactic origin
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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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Figure 2. On the left, we show the p-value map of the Northern Sky, obtained under the hypothesis of a free spectral index.The
map is shown in equatorial coordinates on a Hammer-Aito↵ projection. The color bar represents the local significance of each
pixel in the sky, and we highlight the location of the strongest emission, found to be spatially compatible with the Seyfert II
galaxy NGC1068. On the right, we show a zoom-in of the hottest spot. The white cross represents the best-fit location, the
solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the red dot and circle represent, respectively,
the source location and its optical size (Paturel et al. 2003).

mostly between 100GeV and 3TeV) associated with the source. The new events populate a part of the spectrum274

where the atmospheric background is more prominent and, together with statistical fluctuations, could also explain275

the modest reduction in the excess’ global significance. Despite this, the results remain consistent with the expected276

evolution of a steady neutrino emitter scenario for NGC1068.277

4.2. Search from a List of Gamma-ray Emitters278

All-sky searches su↵er from a large look-elsewhere e↵ect due to the vast number of independent trials. To mitigate279

this penalty factor and improve sensitivity to weaker but persistent sources, we perform complementary searches on280

predefined lists of sources. Specifically, we run a catalog search and a binomial test on the legacy list of 110 gamma-ray281

sources, as employed in Abbasi et al. (2022b). Using 13 years of data, we confirm NGC1068 as the most significant282

source in the list, now with a post-trial significance of 4.0 �. The best-fit spectrum has a flux normalization at 1 TeV283

of �0 = 4.7+1.1
�1.3 ⇥ 10�11 TeV�1 cm�2 s�1 and a spectral index � = 3.4± 0.22.284

As previously noted, the global significance has slightly decreased compared to Abbasi et al. (2022b), primarily due285

to a shift toward lower neutrino energies, where the atmospheric background is more prominent. The best-fit spectral286

index has increased from � = 3.2 to 3.4 (see Figure 3), indicating a slightly softer spectrum. However, the two spectral287

indices remain largely compatible within their uncertainties. The fitted mean number of signal events has increased288

from ns = 79 to 102 (both a↵ected by a ⇠ 25% statistical uncertainty), consistent with a steady emission scenario.289

To complement the single source search, we also perform a binomial test on the same list, following the approach in290

Abbasi et al. (2022b). As in the all-sky analysis, the test was conducted for three spectral assumptions: free �, � = 2.0,291

and � = 2.5. Here, we focus on the free-� case, which yields the most significant result (see subsection C.2 for the292

others). The most significant excess is found for 3 out of 110 sources: NGC1068, PKS 1424+240, and TXS0506+056,293
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• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus

• One of the best studied 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. 



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).
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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,
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• The neutrino flux much higher than the observed 𝛾-ray flux by Fermi. 

• Models built on measured 𝛾-ray flux by Fermi 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 the vicinity of AGN 

core (< 100 Rs)

Optical/UV
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Medium-Energy	Excess	in	Neutrino	Flux
‣ Different slopes hint at structure in the flux of 

HE 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 HE 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
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Neutrinos	from	Bright	Seyferts	in	Northern	Sky	

‣ 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)

IceCube 2023
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NGC	4151
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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‣ NGC 4151 appears at 2.9𝜎 (global significance) 


‣ The second most significant steady source in IceCube

IceCube 2023
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Results	from	the	Southern	Sky
‣ 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.
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13	yr	NT	Seyfert	Search
‣ Tested 47 bright seyfert 

galaxies in the Northern 
Hemisphere


‣ 11 sources are found in the 
binomial p-value test at 
3.3𝜎 (excluding NGC 1068)
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IceCube	Search	for	Neutrino	Emission	from	Seyfert	
Galaxies

‣ Correlation	with	Hard	X-ray	AGN 
‣ Emission	from	Bright	Seyfert	galaxies	in	the	Northern	hemisphere 
‣ Emission	from	Bright	Seyfert	galaxies	in	the	Southern	hemisphere 
‣ Updated	Search	for	Seyfert	galaxies	in	the	Northern	hemisphere 

2.9σ 
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3.3σ 
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‣ Accumulating signal from gamma-ray obscured AGN has been seen in different 
searches.


‣  Not many nearby sources share similar properties of NGC 1068

‣ A subset of sources follow have high CR pressure similar to NGC 1068

‣ To find more sources: we need to identify more sources with characteristics similar 

to NGC 1068 → additional info, other than X-ray intrinsic luminosity is needed to 
for source selection

‣‣  recent studies for explaining neutrino and multi-wavelength measurements 

are important [Murase+ 2020, Eichmann+ 2022, Inoue+ 2022]
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All-flavor	Search	for	Nu	SourcesBest All-Sky Sensitivities
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● E-2

○ Most sensitive 
slightly around -2°

○ Improvement from 
combining: -30° to 
-7°

● E-3

○ Most sensitive 
around 40°

○ Improvement from 
combining: -12° to 
-7°

IceCube Preliminary IceCube Preliminary

Riya Shah, NCfA Symp 2025
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Figure 4. Tracks and Cascades All-Sky Maps. Best-fit pre-trial significance all-sky Aito↵ projection maps using unblinded
tracks from this work (left) and for comparison, previously unblinded cascades (right) (Abbasi et al. 2023) as a function of
direction in equatorial coordinates (J2000 equinox). This all-sky tracks sky-map adds 3.6 years of data to the previous all-sky
neutrino point-source search with tracks (Aartsen et al. 2020). The solid grey line denotes the galactic plane with the dot
representing the galactic center. The hottest northern and southern spots on both maps are in di↵erent locations as described
in Table 2.

Figure 5. Combined Tracks and Cascades Skymap. Best-fit pre-trial significance all-sky Aito↵ projection map using
combined cascades and tracks as a function of direction in equatorial coordinates (J2000 equinox). The solid grey line denotes
the galactic plane with the dot representing the galactic center. The hottest northern spot matches the hottest northern spot
seen in the tracks skymap. The hottest southern spot is not the hottest southern spot in either component skymaps. The
combined skymap hottest spots are described in Table 2.

IceCube Preliminary

NGC 1068

PKS 1424+240

Riya Shah, NCfA Symp 2025
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All	flavor	search	for	nu	from	Compton	Thick	AGN

‣ All flavor search by combining DNNCascade (12 yr), Northern Tracks (13 yr), 
and ESTES (~10 yr)


‣ Obtaining the best accessible all-sky sensitivity

‣ Using the most up-to-date and comprehensive study of obscured AGN cores

Goswami, NCfA Symp 2025

S. Goswami, UNLV | NCfA Symposium 2025, Las Vegas
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Gamma	Ray	Bursts	(MeV-PeV)

Markus Ahlers (NBI) Extragalactic Neutrinos

GRB Limits

32

• IceCube routinely follows up on -ray bursts. 

• Search is most sensitive to “prompt” (<100s) neutrino emission. 

• Neutrino predictions based on the assumption of cosmic ray 
acceleration in internal shocks.   

γ

10 M. G. Aartsen et al.

Figure 7. Di�erential median sensitivity of the Northern

Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and

Southern Hemisphere track stacked GRB analyses to a per-

flavor E≠2 ‹ quasi-di�use flux in half-decadal ‹ energy bins,

with the final combined analysis shown in the black line.

Integrated sensitivities are shown as dashed lines over the

expected 90% energy central interval in detected neutrinos

for a given analysis. The IceCube measured 68% CL astro-

physical per-flavor neutrino flux band is given for reference

from a global fit of IceCube analyses (Aartsen et al. 2015b)

and a recent 6-year Northern Hemispheres ‹µ track analysis

(light blue, Aartsen et al. (2016d)).

This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.

The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both di�erential and in-
tegrated, of the stacked method to a per-flavor quasi-
di�use E≠2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has su�cient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-di�use GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ≥10≠8 GeV cm≠2 sr≠1 s≠1.

6. RESULTS

The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty ‡, angular separation ��, the mea-
sured “-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.

The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of ≠10.8¶. This event occurred during the T100
of the GRB and had a reconstructed direction within
1¶ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 ◊ 10≠4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1¶ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3¶ and 0.01¶, respectively. Combined, these
lead to a ≥3‡ o�set in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3¶ is consistent with
the median angular resolution of the simulated muons of
0.24¶. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5‡ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic

double broken power law neutrino spectrum as a function of

first break energy Áb and per-flavor quasi-di�use flux normal-

ization �0 derived from the presented results combined with

previous Northern Hemisphere track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches. Models

of neutrino production assuming GRBs are the sole source of

the measured UHECR flux either by neutron escape (Ahlers

et al. 2011) or proton escape (Waxman & Bahcall 1997) from

the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted

per-flavor quasi-di�use flux of numerical neutrino production

models (dashed lines) for benchmark parameters fp = 10

and � = 300 over the expected central 90% central energy

containment interval of detected neutrinos for these models,

combining the presented analysis with the previously pub-

lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

model-dependent limits model-independent limits

based on 1172 GRBs

[Waxman & Bahcall ’97]

[IceCube, ApJ 843 (2017) 2]

‣ IceCube has continuously searched for 
neutrino emission from GRBs


‣ Prompt emission is constrained, less 
than a percent of IceCube flux would 
come from prompt GRB emission


‣ IceCube follow up on GRB 221009A 
(brightest of all time) provided 
strongest limit on the neutrino emission 
and baryon loading factor

[IceCube, ApJ 2022]

[IceCube, ICRC 2023]
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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.
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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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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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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

× 10

isotropic

galactic

Fermi π0

KRAγν
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Galactic	Neutrino	Flux
Cascades boost IceCube 
sensitivity to extended emission in 
the Southern sky.


10 years of data identified 
Galactic component at 4.5σ


‣ rejecting no Galactic 
component hypothesis 

[IceCube, Science 2023]



29

The	source	of	Galactic	neutrinos?

Markus Ahlers (NBI) Galactic Neutrino Emission

Highlights from 2019
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Template and Catalog Searches

 [IceCube Science 380 (2023)]
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
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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.

103 104 105 106 107
E [GeV]

10−8

10−7

10−6

E2
dN dE

[G
eV

s−
1
cm

−
2 ]

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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The nature of the Galactic HE neutrino emission is yet to be 
understood.


Catalog searches significance is consistent with the template 
searches.
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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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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
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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.
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composition scenarios at 
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their energy 
dependence. Shown is 
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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.).
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the differential sensitivity 
of the Gen2 radio 
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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 
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area per DOM compared to 
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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.
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We are grateful to 
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through award 
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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
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New	Physics	and	HE	Cosmic	Neutrinos

[Argüelles, Bustamante, AK, Palomares-Ruis, Vincent, 2019]
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Summary
After a decade of observation, signs of anisotropy have 
emerged 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 


‣ Mutlimessenger paradigm indicates that sources of 
HE cosmic neutrinos are opaque to VHE gamma-rays


‣ NGC 1068 is strongest extragalactic source in 
IceCube


‣ Galactic neutrinos have opened a new front in 
particle astrophysics with neutrinos.


‣ Additional years of data and improved analyses will 
bring more insight to the nature of emission from 
AGN and the Galactic neutrino emission.
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NGC 1068 and the obscured core

~107 solar masses

Lbol ~1045 erg/s 

L2-10 keV ~1043-44 erg/s 
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~14 Mpc
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IceCube	2022	Point	Source	Search
‣ Search for neutrino emission from 

the Northern Hemisphere using 
throughgoing tracks (NorthenTracks)


‣ Un-triggered Search (all sky scan) 
identifying the hottest point in the 
Northern Sky


‣ Source Catalog search, analyzing 
110 sources identified from gamma 
ray sources


‣ Source selection identical to 
previous analysis (10 yr ps track 
[IceCube, PRL 2020])


‣ improved detector geometry and 
calibration (each PMT calibrated 
individually), muon angular 
resolution, and energy 
reconstruction

0.0 0.2 0.4 0.6 0.8

sin(�)

0.4

1.2

2.0

�
1T

eV
� µ

+
�̄ µ

[T
eV

�
1
cm

�
2
s�

1
]

⇥10�12

� = 2.0

0.0 0.2 0.4 0.6 0.8

sin(�)

20

55

90

�
1T

eV
� µ

+
�̄ µ

[T
eV

�
1
cm

�
2
s�

1
]

⇥10�12

� = 3.2

A B

Free �

Fixed � = 2.0

Fixed � = 2.5

Sensitivity

5� local discovery potential

Figure S11: Sensitivity and Discovery Potential for the three signal hypotheses. Local
sensitivity (dashed) and 5� discovery potential (solid) fluxes are shown for the various spectral
index hypothesis discussed in the text, indicated by the different colors. The two plots assume
neutrino emission with spectral index � = 2.0 (A) and � = 3.2 (B). In each case the flux
normalization is given at a neutrino energy of 1 TeV.
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Figure S12: Comparison of Sensitivity and Discovery Potential with a previous search
(23). Similar to Fig. S11, but only the free spetracl index hypothesis is tested. Local sensitivity
(dashed) and 5� discovery potential (solid) fluxes are shown for this work (blue) and for a
previous search (23) (orange).
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Table S3: Catalog of pre-defined candidate sources in the northern hemisphere. Sources
are ordered by ascending right ascension coordinate ↵, except for the three most significant
sources with pre-trial p-values less than 0.01 which are at the top of the table and are separated
from the rest of the list by a horizontal line. For each source we list the name, source type,
equatorial coordinates (J2000 equinox) from the gamma-ray catalog (32), and likelihood search
results: number of signal events n̂s, spectral index �̂, negative common logarithm of the lo-
cal p-value and corresponding significance in brackets, 90% CL astrophysical flux upper-limit
(�90%) with �⌫µ+⌫̄µ,90% = �90% (E⌫/TeV)�2 ⇥ 10�13 TeV�1 cm�2 s�1. NGC 1068 is also an
AGN and TXS 0506+056 has been classified as FSRQ (22). Sources followed by (⇤) were not
included in the previous search (23). Abbreviations are: BLL = BL Lac, FSRQ = Flat Spec-
trum Radio Quasar, AGN = Active Galactic Nuclei, SBG = Starburst Galaxy, GAL = Galaxy,
NLSY1 = Narrow-line Seyfert I Galaxy, RDG = Radio Galaxy, UID = Unidentified Gamma-Ray
Source, BCU = Blazar Candidate of Uncertain Type.

Source Name Source Type ↵ [�] � [�] n̂s �̂ � log10 plocal �90%

NGC 1068 SBG/AGN 40.67 -0.01 79 3.2 7.0 (5.2 �) 9.6
PKS 1424+240 BLL 216.76 23.80 77 3.5 4.0 (3.7 �) 11.4
TXS 0506+056 BLL/FSRQ 77.36 5.70 5 2.0 3.6 (3.5 �) 7.5
PKS 0019+058 BLL 5.64 6.13 1 2.4 0.4 (0.2 �) 2.6
1ES 0033+595 (⇤) BLL 8.98 59.83 0 4.3 0.0 (0.0 �) 5.0
M 31 GAL 10.82 41.24 13 3.3 0.8 (1.0 �) 6.2
4C +01.02 FSRQ 17.17 1.58 0 4.3 0.0 (0.0 �) 2.1
S2 0109+22 BLL 18.03 22.75 10 2.8 0.7 (0.8 �) 4.8
B3 0133+388 BLL 24.14 39.10 0 4.3 0.0 (0.0 �) 3.8
TXS 0141+268 BLL 26.15 27.09 0 4.3 0.0 (0.0 �) 3.2
MITG J021114+1051 BLL 32.81 10.86 0 4.3 0.0 (0.0 �) 2.6
PKS 0215+015 FSRQ 34.46 1.73 2 3.9 0.2 (0.0 �) 1.9
B2 0218+357 FSRQ 35.28 35.94 8 4.3 0.4 (0.2 �) 4.1
3C 66A BLL 35.67 43.04 0 4.3 0.0 (0.0 �) 3.9
4C +28.07 FSRQ 39.47 28.80 3 2.9 0.3 (0.0 �) 3.4
PKS 0235+164 BLL 39.67 16.62 5 3.9 0.3 (0.0 �) 2.8
NGC 1275 RDG 49.96 41.51 8 3.0 0.5 (0.5 �) 5.1
PKS 0336-01 FSRQ 54.88 -1.78 4 4.3 0.3 (0.1 �) 2.1
PKS 0420-01 FSRQ 65.83 -1.33 0 4.3 0.0 (0.0 �) 2.0
4C +41.11 (⇤) BLL 65.98 41.83 0 4.3 0.0 (0.0 �) 3.9
PKS 0422+00 BLL 66.19 0.60 0 4.3 0.0 (0.0 �) 2.1
MG2 J043337+2905 BLL 68.41 29.10 0 4.3 0.0 (0.0 �) 3.4
PKS 0440-00 FSRQ 70.66 -0.30 1 2.7 0.3 (0.0 �) 2.0
S3 0458-02 FSRQ 75.30 -1.97 9 4.3 0.5 (0.4 �) 2.4
PKS 0502+049 FSRQ 76.34 5.00 0 4.3 0.0 (0.0 �) 2.3

44
[IceCube, Science 2022]
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AGN	Core	Stacking

‣ Searching for correlation of HE neutrinos with core of AGN with soft X-rays as the 
proxy. Motivated by neutrino production related to AGN accretion and RIAFS 
[Stecker+ 2013, Kalashev+2014 & Kimura+2015]. 


‣ Selecting sources based on X-ray, IR, and Radio observations.


‣ IceCube finds a 2.6σ excess for 32,249 AGN selected by their IR emission. 

Markus Ahlers (NBI) Extragalactic Neutrinos

AGN Core Stacking

19

7

FIG. 3. Best-fit astrophysical power-law (⌫µ+ ⌫̄µ)-flux for the
IR-selected AGN sample in comparison to the observed astro-
physical diffuse neutrino flux. The combined diffuse neutrino
flux results from [62] and [63] are plotted as a differential flux
unfolding using 95% C.L. The best-fit 1� contour is scaled
by a correction factor that takes into account the flux from
unresolved sources (completeness of the sample). Systematic
uncertainties and the error on the completeness factor are not
included. The models from [26] (dashed, gray line) and [25]
(dotted, gray line) are overlaid for comparison.

cal properties of the Antarctic ice.
Summary and Discussion. We have presented an

analysis probing the origin of astrophysical neutrinos by
searching for a correlation between the cores of AGN and
eight years of IceCube neutrino data. Two complemen-
tary models for neutrino production have been tested in
this paper: one that favors neutrinos to be produced in
the geometrically thin, optically thick accretion disks of
luminous AGN, and one that predicts the bulk of the neu-
trino emission from the RIAF of LLAGN. In total, three
AGN samples, each one consisting of O(104) sources,
have been compiled using radio and IR survey data to
identify AGN, and distinguish low-luminosity from high-
luminosity objects. The soft X-ray flux obtained from the
2RXS and XMMSL2 catalogs is used as a proxy for the
accretion disk luminosity and expected neutrino emis-
sion. Each one of the (statistically not independent)
AGN samples shows a positive correlation to the neu-
trino data, however for the LLAGN it is weak and com-
patible with no correlation within 1 standard deviation.
The IR-selected AGN sample shows the strongest indica-
tion for a correlation, with a significance corresponding
to 2.60 standard deviations after accounting for trial fac-
tors from studying more than one sample. The best-fit
spectrum of the correlated events, assuming a power-law
shape, has a spectral index close to 2 for all studied sam-
ples, as expected for particle acceleration scenarios in
cosmic environments, and much harder than the back-
ground of atmospheric neutrinos. However, this spectral
index is significantly harder than the index seen from

FIG. 4. 90% C.L. upper limits on the (⌫µ + ⌫̄µ)-flux for the
radio-selected AGN and LLAGN populations in comparison
to the observed astrophysical diffuse neutrino flux. The com-
bined diffuse neutrino flux results from [62] and [63] are plot-
ted as a differential flux unfolding using 95% C.L. The flux
upper limits are shown for a power-law with spectral index 2.0
in the energy range between 30 TeV and 10 PeV. The upper
limits include a correction factor that takes into account the
flux from unresolved sources (completeness of the samples),
while systematic uncertainties are not included as well as the
error on the completeness factor.

IceCube diffuse flux measurements [62, 63]. This implies
that the IceCube diffuse flux might arise from multiple
populations of sources with different spectra and that the
AGN cores would be responsible for the majority of the
emission at the highest energies (> 1 PeV). In this sce-
nario, the other populations contributing to the diffuse
flux would have softer spectra [37, 63–66].

Within the framework of the tested model, i.e. a linear
proportionality between accretion disk luminosity (esti-
mated from soft X-rays) and the neutrino flux, the total
contribution of AGN to the astrophysical neutrino flux
can be extrapolated using X-ray luminosity functions to
estimate the contribution of sources not selected in the
source samples. The contribution of the IR-selected AGN
themselves to the diffuse flux at 100 TeV measured by
IceCube [63] amounts to 10+5

�4%. The associated popula-
tion’s total contribution can be 27% – 100% after com-
pleteness correction, assuming soft X-ray and neutrino
luminosities are correlated. The error on this fraction
also includes the error on the completeness, which has
been combined with the flux error by a bootstrapping
method. This is consistent with a predominant origin of
neutrinos at this energy from the cores of AGN, while
potentially accommodating sub-dominant contributions
from blazar jets [4] and potentially tidal disruption events
[67]. It is also consistent with the contribution extrapo-
lated from the best fit to the radio-selected AGN sample,
which tests the same hypothesis, albeit for this sample
the correlation is statistically less significant.

5

TABLE I. Properties of the AGN samples created for the analysis. The surveys used for the cross-match to derive each sample,
the final number of selected sources, cumulative X-ray flux in the 0.5-2 keV energy range from the selected sources [44] and the
completeness (fraction of total X-ray flux from all AGN in the Universe contained in the sample) are listed.

Radio–selected AGN IR–selected AGN LLAGN

Matched catalogues NVSS + 2RXS + XMMSL2 AllWISE + 2RXS + XMMSL2 AllWISE + 2RXS
Nr. of sources 9749 32249 15887
Cumulative X-ray flux [erg cm�2 s�1] 7.71⇥ 10�9 1.43⇥ 10�8 7.26⇥ 10�9

Completeness 5+5
�3% 11+12

�7 % 6+7
�4%

sky Survey (2RXS; [52]), and the second release of the
XMM-Newton Slew Survey (XMMSL2; [53]). They have
been cross-matched to AllWISE counterparts in [44] and
provide 106,573 (17,665) X-ray sources from the 2RXS
(XMMSL2) surveys with AllWISE IR counterparts [50],
covering ⇠ 95% of the extragalactic sky (|b| > 15�).
The radio-selected AGN sample was compiled by cross-
matching the 2RXS and XMMSL2 sources in this catalog
with the NRAO VLA Sky Survey (NVSS; [54]). To avoid
biases from the potential neutrino emission of gamma-ray
blazars for this analysis, the three obtained AGN samples
are further cross-matched with the 3LAC Fermi -LAT
catalogue [55] to remove all known gamma-ray blazars
from the final samples. Finally, all sources below a dec-
lination of � < �5� are discarded, as this part of the sky
is not covered by the sample of IceCube events used in
this analysis, and IceCube’s sensitivity weakens rapidly
towards the Southern hemisphere.

The radio-selected AGN sample consists of 9749
sources with an estimated contamination from non-AGN
sources of only ⇠ 5% and an efficiency of selecting AGN
of ⇠ 94% (see the Supplemental Material for more de-
tails). It covers ⇠ 55% of the sky. The IR-selected AGN
sample is the largest sample in this analysis, and consists
of 32249 sources shown in Figure 1. The contamination
from non-AGN sources here is ⇠ 6%, for an efficiency
of selecting AGN of ⇠ 89%. The LLAGN sample is a
subset of the IR-selected AGN sample. A normalized
parameter has been defined based on the IR intensity
ratios in the WISE W1 and W2 bands, named Seyfert-
ness, to distinguish Seyfert-type galaxies which are com-
monly attributed as LLAGN from their more luminous
counterparts (see the Supplemental Material for details).
Only AGN with a Seyfertness � 0.5 are accepted for the
LLAGN sample, resulting in a total number of 15887
sources for this sample. All three AGN samples are dis-
tributed over ⇠ 53% of the sky.

The selection of the sources based on IR color ratios,
in particular efficiency, contamination and the Seyfert-
ness parameter, has been cross-validated using the 20%
of the sources in the 2RXS catalogue that also have coun-
terparts in the VERONCAT [56] catalog, where spectro-
scopic classifications for each object can be found.

There is, expectedly, significant overlap between the
three AGN samples. About 17% of the IR-selected AGN

sources are also found in the radio-selected AGN sample.
The LLAGN sample, itself a subset of the IR-selected
AGN sample, has about ⇠ 27% of its sources in common
with the radio-selected AGN sample.

Table I summarizes the properties of the three AGN
samples created for this work, including the cumulative
X-ray flux from all sources in the respective sample and
the completeness. Completeness is defined here as the
ratio between the cumulative X-ray flux included in the
sample and the total X-ray flux expected from all AGN
in the Universe, estimated using their X-ray luminosity
function (luminosity-dependent density evolution model;
[57–59]). The completeness allows an estimation of the
contribution from sources not included in the sample,
and to extrapolate the analysis results below to the full
AGN population. See also the Supplemental Material for
details on the calculation of the completeness factors.

Analysis. A stacking analysis is performed to search
for the cumulative signal from each of the defined AGN
samples [60], using a neutrino event sample of about
497,000 upward-going neutrinos, collected in eight years
of IceCube operations. Details about this sample are
given in [61]. The sample includes only muon-neutrinos
to obtain the necessary pointing accuracy and from de-
clinations � > �5� in order to reduce the background
of atmospheric muons from cosmic-ray air showers. An
unbinned maximum likelihood ratio test is performed, to
obtain the best fit for ns, the number of signal events,
and �, the index of the energy spectrum of the signal
events assuming a single power-law shape. Both a signal
and a background PDF enter into the likelihood func-
tion (equation 3 and 4 in [61]), and are constructed from
Monte Carlo simulations as in [61].

In a stacking analysis, the total signal PDF is given
by the weighted sum of the signal PDFs for the individ-
ual AGN. They enter into the signal PDF weighted with
their expected relative contribution to the neutrino flux
[6]. As described above, the soft X-ray flux reported in
the catalogs summarized in Table I is used as a proxy for
the accretion disk luminosity and expected neutrino flux.
For each of the three AGN samples, the likelihood func-
tion is maximized with respect to ns and �. The log of
the likelihood ratio between the best-fit hypothesis and
the null hypothesis (ns = 0) forms the test statistic (TS).
The obtained TS value is compared to the TS distribu-

• Hadronic -rays in cores 
of AGNs are suppressed 
due to pair production 
in X-ray background. 

• IceCube finds a 2.6  
excess for 32,249 AGN 
selected by their IR 
emission.
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FIG. 1. Distribution of sources in the Northern sky (� �
5 deg) for the IR-selected AGN sample (in equatorial Moll-
weide projection). Sources in and near the Galactic plane
(|b| > 15�) are excluded from analysis. The color of the
sources show their X-ray flux (2RXS or XMMSL2 X-ray flux,
converted in the common soft band 0.5-2 keV [44]) which is
used as weight in the analysis.

sumes that the neutrino production is proportional to the
accretion disk luminosity of the AGN [17, 25, 26], e.g.,
due to acceleration of cosmic rays in the disk’s corona
[27, 30]. The accretion disk emits predominantly in the
UV wavelength. However, a strong correlation between
UV and X-ray luminosities has been observed in AGN,
indicating a connection between the primary radiation
from the disk and the soft X-ray emission from the hot
electrons in the corona [40, 41]. Therefore, the soft X-
ray flux measured in two all-sky surveys (see below) is
used as a proxy for the accretion disk luminosity and the
expected neutrino flux in this work.

The second scenario assumes that CR acceleration is
suppressed in the AGN with the highest luminosities,
favoring instead low-luminosity AGN (LLAGN) for the
neutrino production [28, 42]. LLAGN are commonly
attributed with Radiative Inefficient Acceleration Flows
(RIAFs) which are formed instead of an optically thick
Shakura-Sunyaev accretion disk [43], when the mass ac-
cretion rate into the super-massive black hole (SMBH) is
relatively small, less than ⇡ 1% of the Eddington accre-
tion rate. For such low accretion rates, the nuclei in the
accretion flow do not thermalize and therefore provide
a natural seed population for particle acceleration by,
e.g., stochastic processes or magnetic reconnection. The
breakdown of this seed population for higher accretion
rates would favor particle acceleration in such LLAGN
over their more powerful siblings, and the neutrino flux
would only be proportional to the accretion disk luminos-
ity until the accretion rate limit for RIAFs is reached [42].
In either scenario, pp interactions and p� interactions can
be relevant for generating neutrinos, and gamma rays
would not escape because of the large optical depths of
the accretion disk for photon pair production, thus both
models should be regarded as gamma-ray opaque neu-
trino source models [42].

Active Galactic Nuclei Selection. In order to
test the two AGN core models, three samples of AGN
have been defined, aiming at a minimal contamination
from stellar sources and other galaxy populations. The
soft X-ray emission is an excellent probe of accretion in
AGN, being produced by processes related to the accre-
tion disk. However, based on X-ray data alone, it is chal-
lenging to eliminate from the sample the X-ray binaries
and galaxies with X-ray emission associated with star
formation, rather than an AGN [45]. For this reason,
the soft X-ray data is combined with radio and mid-IR
wavelengths for the creation of the AGN samples. On
one hand, by cross-matching X-ray catalogues with ra-
dio catalogues, it is possible to remove non-AGN sources
and to selected only luminous AGN, since luminous radio
sources are mostly AGN [46, 47]. Radio emission in AGN
is produced by synchrotron emission of electrons, which
can be due to processes related to the accretion disk
and/or large-scale radio jets [48, 49]. At the 1.4 GHz, for
flux densities of ⇠10 mJy and above, AGN are strongly
dominating over star-forming galaxies [49]. Moreover,
AGN radio emission is unaffected by dust obscuration,
and thus relatively unbiased with respect to orientation.
On the other hand, the IR wavelength combined with the
X-ray data allows to select AGN with emission produced
in the core, since the dust surrounding the accretion disk
reprocesses the emission of the accretion disk into the
IR. The IR waveband is relevant for the identification
of many AGN in the Universe that have remained hid-
den from short-wavelength surveys because of reddening
and obscuration by dust in and around their nuclei. This
emission dominates the AGN spectrum from wavelengths
longer than ⇠ 1 µm up to a few tens of microns [48]. It is
particularly prominent in the mid-IR (MIR; 3 � 50 µm)
regime, which also contains less stellar contamination.
Therefore, IR colors, the ratios of intensities between sev-
eral mid-IR bands, as collected by WISE [50], can be used
to separate AGN from other source types [44, 50].

Accordingly, we define two samples of luminous AGN,
denoted as radio-selected AGN and infrared-selected
AGN. Since they are selected using different criteria (i.e.
radio vs IR), they allow to test the same hypothesis (i.e.
neutrino emission from the core of luminous AGN) and to
make sure the analysis provides a coherent result once it
is corrected for the different sky coverage and X-ray con-
tribution of each of the two samples. IR colors can fur-
ther be used to distinguish between luminous AGN and
LLAGN. We use the ratio between the W1 (⇠ 3.4 µm)
and W2 (⇠ 4.6 µm) WISE color bands to define a subset
of the infrared-selected AGN that are likely of the low-
luminosity type and form our third sample, the LLAGN.
Additional details about the selection criteria are pre-
sented in the Supplemental Material.

The cross-matching between sources in the different
used catalogs is performed using the extcat code [51].
The primary X-rays catalogs used are the ROSAT All-

[IceCube, PRD 2022]
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Northern	Seyferts	Results
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Neutrino	flux	&	X-ray	Measurements
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• The high level of column density 
for NGC 1068 makes measuring 
the intrinsic X-ray luminosity 
challenging. 

‣ Estimated intrinsic X-ray 

luminosity carry large 
uncertainties. 


• NuSTAR and XMM-Newton 
monitoring campaigns have 
reported LX ' 7+7

�4 ⇥ 1043erg/s
[Marinucci+2015]

• The uncertainty is entangled with the discrepancy 
in measured distance for nearby sources.
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Power-Law	vs	Model	Fit	Sky	Maps
Disk	Corona	Model

Power-Law
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Neutrino	Astronomy	Landscape
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Expanding Volume of 
Neutrino Telescopes

Courtesy: Carlos Aguelles Delgado (Harvard)

Credit: Q. Liu
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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

AK, Murase, Kimura, ApJ 2021



45

Bright	Seyfert	Galaxies:	IceCube	Prospects
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Bright	Seyfert	Galaxies:	IceCube	Prospects
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Bright	Seyfert	Galaxies:	IceCube	Prospects
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Bright	Seyfert	Galaxies:	IceCube	Prospects
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