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

• Non-thermal Universe powered by cosmic accelerators, probed by gravitational 
waves, neutrinos and cosmic rays

0!H$G38!B$�5D(3$GH$



Ali Kheirandish | CIPANP 2022 | 2021 |

cosmic rays + 
      neutrinos

       cosmic rays  
+ gamma-rays

π±
ν

p

π0
γ

e±

γ

p

γ

ν

p

Neutrinos produced as 
by-product of cosmic 

ray acceleration  
near their sources

Neutrino Astronomy
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• 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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‣What have we learned about the nature cosmic neutrino flux? 

‣What have we learned about the origin(s) of the cosmic 
neutrinos? 

‣How we can use high-energy cosmic neutrino flux observables 
to study neutrino? 

‣‣ For the highlights on the latest IceCube results, 
see James DeLaunay talk tomorrow.
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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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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 ➛ 8!


100 events (all flavor)

� / E�2.89



Ali Kheirandish | CIPANP 2022 | 2021 |

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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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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Up-going Muon Tracks 
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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)

6

+(&'��D$G&N�/$2IG(DE��B2M



Ali Kheirandish | CIPANP 2022 | 2021 |

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
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HESE (7.5yr)
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‣ Fluxes are compatible in common energy range. 
‣ Features in high-energy neutrino flux can point to different source 

properties. 
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• Standard Expectation: equal proportion of each flavor 

• Flavor composition compatible with equal proportion of each flavor. 

• Any deviation from the equal proportion indicate new physics! 7
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube 2020

IceCube-Gen2 2020
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube 2020

IceCube-Gen2 2020
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Major development:

2    neutrino candidates in 7.5 yr HESE


    One Glashow Resonance:

     with 6.3 PeV energy

⌧
<latexit sha1_base64="cZ62jz8brFZBk4zTHG3oCKebs7Q=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgackWq+2t6MVjBWsL7VKyabYNzWaXZFYopX/BiwdFvPqHvPlvzLYrqOiDgcd7M8zMCxIpDBDy4RRWVtfWN4qbpa3tnd298v7BnYlTzXibxTLW3YAaLoXibRAgeTfRnEaB5J1gcpX5nXuujYjVLUwT7kd0pEQoGIVM6gNNB+UKcWvEa5x7mLhkAUuqNdKoE+zlSgXlaA3K7/1hzNKIK2CSGtPzSAL+jGoQTPJ5qZ8anlA2oSPes1TRiBt/trh1jk+sMsRhrG0pwAv1+8SMRsZMo8B2RhTG5reXiX95vRTCuj8TKkmBK7ZcFKYSQ4yzx/FQaM5ATi2hTAt7K2ZjqikDG0/JhvD1Kf6f3FVdj7jezVmleZnHUURH6BidIg9doCa6Ri3URgyN0QN6Qs9O5Dw6L87rsrXg5DOH6Aect09jp452</latexit><latexit sha1_base64="cZ62jz8brFZBk4zTHG3oCKebs7Q=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgackWq+2t6MVjBWsL7VKyabYNzWaXZFYopX/BiwdFvPqHvPlvzLYrqOiDgcd7M8zMCxIpDBDy4RRWVtfWN4qbpa3tnd298v7BnYlTzXibxTLW3YAaLoXibRAgeTfRnEaB5J1gcpX5nXuujYjVLUwT7kd0pEQoGIVM6gNNB+UKcWvEa5x7mLhkAUuqNdKoE+zlSgXlaA3K7/1hzNKIK2CSGtPzSAL+jGoQTPJ5qZ8anlA2oSPes1TRiBt/trh1jk+sMsRhrG0pwAv1+8SMRsZMo8B2RhTG5reXiX95vRTCuj8TKkmBK7ZcFKYSQ4yzx/FQaM5ATi2hTAt7K2ZjqikDG0/JhvD1Kf6f3FVdj7jezVmleZnHUURH6BidIg9doCa6Ri3URgyN0QN6Qs9O5Dw6L87rsrXg5DOH6Aect09jp452</latexit><latexit sha1_base64="cZ62jz8brFZBk4zTHG3oCKebs7Q=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgackWq+2t6MVjBWsL7VKyabYNzWaXZFYopX/BiwdFvPqHvPlvzLYrqOiDgcd7M8zMCxIpDBDy4RRWVtfWN4qbpa3tnd298v7BnYlTzXibxTLW3YAaLoXibRAgeTfRnEaB5J1gcpX5nXuujYjVLUwT7kd0pEQoGIVM6gNNB+UKcWvEa5x7mLhkAUuqNdKoE+zlSgXlaA3K7/1hzNKIK2CSGtPzSAL+jGoQTPJ5qZ8anlA2oSPes1TRiBt/trh1jk+sMsRhrG0pwAv1+8SMRsZMo8B2RhTG5reXiX95vRTCuj8TKkmBK7ZcFKYSQ4yzx/FQaM5ATi2hTAt7K2ZjqikDG0/JhvD1Kf6f3FVdj7jezVmleZnHUURH6BidIg9doCa6Ri3URgyN0QN6Qs9O5Dw6L87rsrXg5DOH6Aect09jp452</latexit><latexit sha1_base64="cZ62jz8brFZBk4zTHG3oCKebs7Q=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgackWq+2t6MVjBWsL7VKyabYNzWaXZFYopX/BiwdFvPqHvPlvzLYrqOiDgcd7M8zMCxIpDBDy4RRWVtfWN4qbpa3tnd298v7BnYlTzXibxTLW3YAaLoXibRAgeTfRnEaB5J1gcpX5nXuujYjVLUwT7kd0pEQoGIVM6gNNB+UKcWvEa5x7mLhkAUuqNdKoE+zlSgXlaA3K7/1hzNKIK2CSGtPzSAL+jGoQTPJ5qZ8anlA2oSPes1TRiBt/trh1jk+sMsRhrG0pwAv1+8SMRsZMo8B2RhTG5reXiX95vRTCuj8TKkmBK7ZcFKYSQ4yzx/FQaM5ATi2hTAt7K2ZjqikDG0/JhvD1Kf6f3FVdj7jezVmleZnHUURH6BidIg9doCa6Ri3URgyN0QN6Qs9O5Dw6L87rsrXg5DOH6Aect09jp452</latexit>

⌫̄e
<latexit sha1_base64="vPS1mKfkLSzuwLQOe150OGeGmzg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbBU8kWq+2t6MVjBfuB3VKyabYNzWaXJCuUpf/CiwdFvPpvvPlvTNsVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5Grud+6Z0jySt2Yas35IRpIHnBJjpTvPJwp5MhmwQbGEy1Xs1s9dhMt4AUsqVVyvYeRmSgkyNAfFd28Y0SRk0lBBtO65ODb9lCjDqWCzgpdoFhM6ISPWs1SSkOl+urh4hk6sMkRBpGxJgxbq94mUhFpPQ992hsSM9W9vLv7l9RIT1Popl3FimKTLRUEikInQ/H005IpRI6aWEKq4vRXRMVGEGhtSwYbw9Sn6n7QrZReX3ZuzUuMyiyMPR3AMp+DCBTTgGprQAgoSHuAJnh3tPDovzuuyNedkM4fwA87bJ2yakMA=</latexit><latexit sha1_base64="vPS1mKfkLSzuwLQOe150OGeGmzg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbBU8kWq+2t6MVjBfuB3VKyabYNzWaXJCuUpf/CiwdFvPpvvPlvTNsVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5Grud+6Z0jySt2Yas35IRpIHnBJjpTvPJwp5MhmwQbGEy1Xs1s9dhMt4AUsqVVyvYeRmSgkyNAfFd28Y0SRk0lBBtO65ODb9lCjDqWCzgpdoFhM6ISPWs1SSkOl+urh4hk6sMkRBpGxJgxbq94mUhFpPQ992hsSM9W9vLv7l9RIT1Popl3FimKTLRUEikInQ/H005IpRI6aWEKq4vRXRMVGEGhtSwYbw9Sn6n7QrZReX3ZuzUuMyiyMPR3AMp+DCBTTgGprQAgoSHuAJnh3tPDovzuuyNedkM4fwA87bJ2yakMA=</latexit><latexit sha1_base64="vPS1mKfkLSzuwLQOe150OGeGmzg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbBU8kWq+2t6MVjBfuB3VKyabYNzWaXJCuUpf/CiwdFvPpvvPlvTNsVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5Grud+6Z0jySt2Yas35IRpIHnBJjpTvPJwp5MhmwQbGEy1Xs1s9dhMt4AUsqVVyvYeRmSgkyNAfFd28Y0SRk0lBBtO65ODb9lCjDqWCzgpdoFhM6ISPWs1SSkOl+urh4hk6sMkRBpGxJgxbq94mUhFpPQ992hsSM9W9vLv7l9RIT1Popl3FimKTLRUEikInQ/H005IpRI6aWEKq4vRXRMVGEGhtSwYbw9Sn6n7QrZReX3ZuzUuMyiyMPR3AMp+DCBTTgGprQAgoSHuAJnh3tPDovzuuyNedkM4fwA87bJ2yakMA=</latexit><latexit sha1_base64="vPS1mKfkLSzuwLQOe150OGeGmzg=">AAAB8XicdVBNSwMxEJ2tX7V+VT16CRbBU8kWq+2t6MVjBfuB3VKyabYNzWaXJCuUpf/CiwdFvPpvvPlvTNsVVPTBwOO9GWbm+bHg2mD84eRWVtfWN/Kbha3tnd294v5BW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+5Grud+6Z0jySt2Yas35IRpIHnBJjpTvPJwp5MhmwQbGEy1Xs1s9dhMt4AUsqVVyvYeRmSgkyNAfFd28Y0SRk0lBBtO65ODb9lCjDqWCzgpdoFhM6ISPWs1SSkOl+urh4hk6sMkRBpGxJgxbq94mUhFpPQ992hsSM9W9vLv7l9RIT1Popl3FimKTLRUEikInQ/H005IpRI6aWEKq4vRXRMVGEGhtSwYbw9Sn6n7QrZReX3ZuzUuMyiyMPR3AMp+DCBTTgGprQAgoSHuAJnh3tPDovzuuyNedkM4fwA87bJ2yakMA=</latexit>



Ali Kheirandish | CIPANP 2022 | 2021 | 8

�GG(38B��(G$:I(ED�E%�I'$��EHI��D$G&$I(:�/$2IG(DEH

Galactic

�

�

�

⌦
�
1001

�

�1098

�

�

�

�
�
1928 �

⌦

��

�
�

�

�
�

� ⌦

�

�

⌦

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

� �

�
�

�

�

�

�

�

�
�4450

� �

�

�

�

�

�

�
�

Arrival directions of most energetic neutrino events (HESE 6yr (magenta) & nµ + nµ 8yr (red))

North

South

Galactic Plane
180o

-90o

-180o

absorption
>90%

predominantly extragalactic origin



Ali Kheirandish | CIPANP 2022 | 2021 | 9

1EHH(!B$��E2G:$H

radiation
and dust

black hole
neutron star

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + gà n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy

Possible Sources

6

Active Galactic Nuclei

Supernova
Remnants

Gamma-ray
Bursts

Chris Weaver—Thesis Defense February 2, 2015

Cygnus A
NRAO/AUI

Crab Nebula
NASA, ESA Simulated GRB Fireball

NERSC

Sources of TeV - PeV cosmic neutrinos should  
‣ Accelerate Cosmic Rays to > PeV energies 

‣‣ sources of VHE & UHE CRs 
‣ Poses beam dumps that facilitate CR interaction  

‣‣environment that can provide gas and 
radiation with enough density 

Active Galactic Nuclei (AGN)

Gamma Ray 
Bursts (GRB)

Supernova Remnant (SNR)

Credit: NASA/HST

Credit: D. A. Aguilar (CfA)

Credit: NASA



Ali Kheirandish | CIPANP 2022 | 2021 | 10

12

FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

[IceCube, PRL 2020]
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
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the sources in the Northern source catalog. The most
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with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
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The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
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cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
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the corresponding hemisphere from a large number of
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The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
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trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

[IceCube, PRL 2020]
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Hottest spot in the all-sky scan coincides with the direction of NGC 1068! 
NGC 1068 is the most significant source in IceCube source list with a local 
pre-trial p-value of 1.8x10-5 (2.9σ Post trial).  

• 51 signal neutrinos in the direction of NGC 1068, with a soft spectrum. 
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-
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grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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A first possible neutrino source: TXS0506+056

Aartsen et al (IceCube/Fermi/MAGIC Coll), Science (2018)

IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Up-going muon track (5.7� below horizon) observed on September 22, 2017.
The best-fit neutrino energy for an E�2-spectrum is 311 TeV.

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 3

• 290 TeV neutrino in Sep. 2107 found in coincidence with enhanced 
"-ray activity

Time-dependent search in the direction of TXS 0506+056 revealed a neutrino 
flare in December 2014 that dominates neutrino emission in 10 years.

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.
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Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for
the most significant excess found in each period, with the p-value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

6

No enhanced "-ray activity!
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• The neutrino sky is no longer anisotropic. Early evidences point to AGN as 

the primary source of high-energy cosmic neutrinos.

• Sources found to be in quiet mode in "-rays at the time of a neutrino alert detection.  

• Efficient neutrino emission: dense target 

• Neutrino-gamma ray connection more complicated than anticipated 

• Canonical One zone models cannot explain the multimessneger interface

[Kun+ 2021]

[Halzen & AK 2020, Fang+ 2022, Murase+ 2019, …]
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• Different slopes hint at 

structure in the flux of high-
energy cosmic neutrinos. 

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

• Multimessenger connection 
dictates extragalactic sources 
of the high-energy neutrino 
flux at medium-energies to 
be “obscured” to GeV "-rays.

Murase+2015
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• Cores of the AGN, which are 
optically thick for GeV-TeV "-rays, 
are one of the best candidates as 
the source of the high-energy 
neutrinos. 

• Accretion dynamics and magnetic 
dissipation will form a magnetized 
corona above the disk. 

• The disk-corona model HE 
neutrino emission can successfully 
accommodate the flux of neutrinos 
at ME in the 10-100 TeV range.
[Murase+, PRL 2020]

AK, Murase, Kimura, ApJ 2021



Ali Kheirandish | CIPANP 2022 | 2021 | 16

G(&'I��$N%$GI��8B8M($H��1GEHF$:IH

2 4 6 8 10
t [yr]

10�7

10�6

10�5

10�4

10�3

10�2

10�1

100

p-
va

lu
e

3�

5�

IceCube-Gen2 KM3NeT

� = 0.7

� = 0.3

‣ Neutrinos from bright Seyfert galaxies 
could be confirmed with operation of 
next generation of neutrino telescopes.
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‣ The optimum scenarios for neutrino 
emission from bright seyferts, 
consistent with NGC 1068, should be 
seen with addition of data in IceCube.

AK, Murase, Kimura, ApJ 2021
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Next Galactic SN: Multi-Messenger & Multi-Energy n Source

- Not only MeV ns but also GeV ns could be detected by Hyper-K & IceCube

- TeV-PeV ns will be detected by IceCube-like detectors w. large statistics
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events
→ real-time observation of cosmic-ray ion acceleration

testing the cosmic-ray origin & applications to neutrino physics
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• Observation of extragalactic SNe showed rapid significant mass loss in 
SN progenitor which leads to shock interaction with dense circumstellar 
material (CSM). 

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

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

A high-statistics 
(~104-106) TeV neutrino 
signal is expected for an 
ordinary Galactic SN. 
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[AK & Murase 2022]

• Occurrence of SNe inside Milky Way would overwhelm neutrino telescopes 
with > 107 neutrinos within a year. 

• The horizon for observation of neutrinos from SNe extends beyond our 
Galaxy.
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• HE neutrinos from close by 
sources (e.g. LMC & SMC) 
can be identified in current 
detectors. 

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

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

‣�-E:8B��8B8M($H [AK & Murase 2022]
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1 They have the highest energies (TeV-10s of PeV)

Probe physics at new energy scales!

2 They have long baseline (diameter of the Eath-~Gpc)

Tiny effects can accumulate and become observable!

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


Powerful tool to probe for new effects!

Understanding the origin of HE neutrinos offers 
unique opportunities to probe for new physics!
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Argüelles, Bustamante, AK, Palomares-Ruis, Vincent, 2019
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Kelly & Machado 2018

Multimessenger observations imply the neutrino mean free path > 1.3 Gpc. 

! Limits depend on source models
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DM-# interaction will result in 
scattering of neutrinos from 

extragalactic sources, leading to 
anisotropy and energy loss.

⌫

⌫

⌫

⌫

⌫

!



Dark matter column density* seen from Earth

25

Simulation including effects of detector, Earth

* Einasto
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IceCube HESE

Energy Distribution

Resonance @ 810 TeV

Angular Distribution

Neutrino-DM interactions creates 
features in the energy spectrum (e.g. 
Dips, cut-off, softening)

Neutrino-DM interaction leads to the 
deficit towards Galactic center
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Fermionic DM 

Vector Mediator
Scalar DM 

Fermionic Mediator

[Argüelles, AK, Vincent 2017,  IceCube 2022]

Competitive limits compared to cosmological constraints!
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; ð7Þ

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

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

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

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

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

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

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

limit may not be applicable to most transients due to large
values of hθ2i for relatively heavy DM. The cases for ΔT ¼
30 s are shown in Fig. 3, where the constraint is given for
the small optical depth limit (but with the replacement of nν
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FIG. 2. Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino mass
are D ¼ 3 Gpc and mν ¼ 0.1 eV, respectively, and N ν ¼ 10 is
used for the small optical depth limit. The parameter space
relaxing the Hubble parameter tension for the cosmic microwave
background (CMB) [70,74] is shown together with constraints
assuming ΛCDM cosmology (shaded regions).
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FIG. 3. Expected constraints on secret neutrino interactions via
a vector mediator in the presence of DM. The neutrino energy is
set toEν ¼ 0.1 PeV, andD,mν, andN ν are the same as in Fig. 2.
Lyman-α constraints from the kinetic decoupling for neutrino-
DM scatterings are shown as conservative limits for different DM
masses. The parameter space proposed to solve the small-scale
structure abundance problem [60] is also indicated (light shaded
regions). The CMB constraints shown in Fig. 2 are applied to the
neutrino-neutrino scattering.
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Figure 3. Neutrino-DM coupling constraints on g = (g⌫g�)1/2 for the models described
by equations (2.5) (left panel) and (2.6) (right panel). Cluster constraints are shown as
dotted lines for each DM mass, assuming g⌫ = g�. BBN nucleosynthesis constraints [53, 55]
correspond to the shaded region (magenta).
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[Argüelles, Diaz, AK+ Rev. Mod. Phys. 2022.]
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Strongest limits 
obtained when the directional information 

is available!

[Argüelles, Diaz, AK+ Rev. Mod. Phys. 2022.]
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In the Gen2-era, stacking with more clusters can overcome 
diffuse limits.  
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In the Gen2-era, stacking with more clusters can overcome 
diffuse limits.  
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In the Gen2-era, stacking with more clusters can overcome 
diffuse limits.  
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[Argüelles, Halzen, AK, Safa 2022]
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ANITA and its anomalous events

๏ Secondary neutrinos particularly 
effective for point-source fluxes.  

๏Above 1 EeV, secondary neutrino 
distributions are degenerate with 
respect to primary energy.  

๏ Allowed primary flux (maroon arrow) 
is orders of magnitude below expected 
flux to produce one event in ANITA-III 
(blue marker) 

The 3rd flight of ANITA 
identified an up-going tau 
shower initiated by a tau-
neutrino interaction in the ice. 

The corresponding isotropic 
flux (within the Standard Model) 
is in tension with cosmogonic 
flux limits. 

Could discrete emission avoid 
the tension?

[Safa, Pizzuto, Argüelles, Halzen, Hussain, AK, Vandenbroucke 2019]

Constraints from regenerated flux at PeV energies disapproves localized 
emission in the direction of the anomalous event!
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• After a decade of observation, signs of anisotropy 

are emerging in IceCube data. 

‣ Early indications points to active galactic nuclei 
as primary source of high-energy cosmic 
neutrinos. 

• Identification of the origin of HE cosmic neutrinos 
will bring insight into the working of cosmic 
accelerators. 

• The HE neutrino beam provided by cosmic 
accelerators offers unique opportunities to study 
neutrinos. 

• Cosmic neutrinos provide complementary tests of 
physics beyond the Standard Model in the neutrino 
sector.


