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One “standard” scenario for high-energy neutrino production:



and antineutrinos (⌫̄) via the decay chain ⇡+ � µ+ + ⌫µ followed by µ+ � e+ + ⌫̄µ + ⌫e; see
Fig. 1. Based on this simplified flow diagram, we expect equal fluxes of gamma rays and pairs
of ⌫µ + ⌫̄µ neutrinos, which a neutrino telescope cannot distinguish between. Also, from the
fact that in the photoproduction process 20% of the initial proton energy is transferred to the
piona, we anticipate that the gamma ray carries one tenth of the proton energy and the neutrino
approximately half of that. Because cosmic neutrinos are inevitably accompanied by high-energy
photons, neutrino astronomy is a multimessenger astronomy. While propagating to Earth,
unlike neutrinos, the gamma rays interact with microwave photons and other di↵use sources
of extragalactic background light (EBL). The �-rays lose energy by e+e� pair production and
the resulting electromagnetic shower subdivides the initial photon energy into multiple photons
of reduced energy reaching our telescopes. Importantly, both neutrinos and the accompanying
photons trace sources where protons are accelerated, i.e., cosmic-ray sources.

Figure 1 – Flow diagram showing the production of charged and neutral pions in p� interactions. The circles

indicate equal energy going into gamma rays and into pairs of muon neutrinos and antineutrinos, which IceCube

cannot distinguish between. Because the charged pion energy is shared roughly equally among four particles and

the neutral pion energy among two photons, the photons have twice the energy of the neutrinos.

Deployed at a depth of 1450-1550 meter below the geographic South Pole, the IceCube
project has transformed a cubic kilometer of transparent Antarctic ice into a Cherenkov detec-
tor. After accumulating two years of data, a sample of neutrino events interacting inside the
instrumented volume of ice revealed the first evidence for neutrinos of cosmic origin [1,5]. Events
with PeV energy and no trace of an accompanying muon revealing its atmospheric origin, are
highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.

This discovery has been confirmed using alternative methods to separate the high-energy
cosmic neutrinos from the large backgrounds of cosmic ray muons, 3,000 per second, and neu-
trinos, one every few minutes, produced in the atmosphere. Muon neutrinos of cosmic origin
are e�ciently identified in samples of muon tracks that are produced by up-going muon neu-
trinos reaching the South Pole from the Northern Hemisphere, with IceCube using the Earth
as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
energy cosmic neutrinos from the lower energy neutrinos of atmospheric origin, a spectral index
dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
This value is somewhat larger than the value of �2.87± 0.2 for the 68% confidence interval, ob-
tained for events starting inside the detector [7]. Figure 2 also shows the results of yet another

a
This is referred to as the inelasticity p� ⌃ 0.2

• Photonuclear or baryonic interactions → charged mesons

e.g., photo-pion production →

Which sources?

3Guépin, Kotera and Oikonomou Nat. Rev. Phys. 2022, Halzen 2023

One “standard” scenario for high-energy neutrino production:



and antineutrinos (⌫̄) via the decay chain ⇡+ � µ+ + ⌫µ followed by µ+ � e+ + ⌫̄µ + ⌫e; see
Fig. 1. Based on this simplified flow diagram, we expect equal fluxes of gamma rays and pairs
of ⌫µ + ⌫̄µ neutrinos, which a neutrino telescope cannot distinguish between. Also, from the
fact that in the photoproduction process 20% of the initial proton energy is transferred to the
piona, we anticipate that the gamma ray carries one tenth of the proton energy and the neutrino
approximately half of that. Because cosmic neutrinos are inevitably accompanied by high-energy
photons, neutrino astronomy is a multimessenger astronomy. While propagating to Earth,
unlike neutrinos, the gamma rays interact with microwave photons and other di↵use sources
of extragalactic background light (EBL). The �-rays lose energy by e+e� pair production and
the resulting electromagnetic shower subdivides the initial photon energy into multiple photons
of reduced energy reaching our telescopes. Importantly, both neutrinos and the accompanying
photons trace sources where protons are accelerated, i.e., cosmic-ray sources.

Figure 1 – Flow diagram showing the production of charged and neutral pions in p� interactions. The circles

indicate equal energy going into gamma rays and into pairs of muon neutrinos and antineutrinos, which IceCube

cannot distinguish between. Because the charged pion energy is shared roughly equally among four particles and

the neutral pion energy among two photons, the photons have twice the energy of the neutrinos.

Deployed at a depth of 1450-1550 meter below the geographic South Pole, the IceCube
project has transformed a cubic kilometer of transparent Antarctic ice into a Cherenkov detec-
tor. After accumulating two years of data, a sample of neutrino events interacting inside the
instrumented volume of ice revealed the first evidence for neutrinos of cosmic origin [1,5]. Events
with PeV energy and no trace of an accompanying muon revealing its atmospheric origin, are
highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.

This discovery has been confirmed using alternative methods to separate the high-energy
cosmic neutrinos from the large backgrounds of cosmic ray muons, 3,000 per second, and neu-
trinos, one every few minutes, produced in the atmosphere. Muon neutrinos of cosmic origin
are e�ciently identified in samples of muon tracks that are produced by up-going muon neu-
trinos reaching the South Pole from the Northern Hemisphere, with IceCube using the Earth
as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
energy cosmic neutrinos from the lower energy neutrinos of atmospheric origin, a spectral index
dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
This value is somewhat larger than the value of �2.87± 0.2 for the 68% confidence interval, ob-
tained for events starting inside the detector [7]. Figure 2 also shows the results of yet another

a
This is referred to as the inelasticity p� ⌃ 0.2

• Photonuclear or baryonic interactions → charged mesons

e.g., photo-pion production →

Which sources?

3Guépin, Kotera and Oikonomou Nat. Rev. Phys. 2022, Halzen 2023

One “standard” scenario for high-energy neutrino production:

• Decay of charged mesons → neutrinos



and antineutrinos (⌫̄) via the decay chain ⇡+ � µ+ + ⌫µ followed by µ+ � e+ + ⌫̄µ + ⌫e; see
Fig. 1. Based on this simplified flow diagram, we expect equal fluxes of gamma rays and pairs
of ⌫µ + ⌫̄µ neutrinos, which a neutrino telescope cannot distinguish between. Also, from the
fact that in the photoproduction process 20% of the initial proton energy is transferred to the
piona, we anticipate that the gamma ray carries one tenth of the proton energy and the neutrino
approximately half of that. Because cosmic neutrinos are inevitably accompanied by high-energy
photons, neutrino astronomy is a multimessenger astronomy. While propagating to Earth,
unlike neutrinos, the gamma rays interact with microwave photons and other di↵use sources
of extragalactic background light (EBL). The �-rays lose energy by e+e� pair production and
the resulting electromagnetic shower subdivides the initial photon energy into multiple photons
of reduced energy reaching our telescopes. Importantly, both neutrinos and the accompanying
photons trace sources where protons are accelerated, i.e., cosmic-ray sources.

Figure 1 – Flow diagram showing the production of charged and neutral pions in p� interactions. The circles

indicate equal energy going into gamma rays and into pairs of muon neutrinos and antineutrinos, which IceCube

cannot distinguish between. Because the charged pion energy is shared roughly equally among four particles and

the neutral pion energy among two photons, the photons have twice the energy of the neutrinos.

Deployed at a depth of 1450-1550 meter below the geographic South Pole, the IceCube
project has transformed a cubic kilometer of transparent Antarctic ice into a Cherenkov detec-
tor. After accumulating two years of data, a sample of neutrino events interacting inside the
instrumented volume of ice revealed the first evidence for neutrinos of cosmic origin [1,5]. Events
with PeV energy and no trace of an accompanying muon revealing its atmospheric origin, are
highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.

This discovery has been confirmed using alternative methods to separate the high-energy
cosmic neutrinos from the large backgrounds of cosmic ray muons, 3,000 per second, and neu-
trinos, one every few minutes, produced in the atmosphere. Muon neutrinos of cosmic origin
are e�ciently identified in samples of muon tracks that are produced by up-going muon neu-
trinos reaching the South Pole from the Northern Hemisphere, with IceCube using the Earth
as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
energy cosmic neutrinos from the lower energy neutrinos of atmospheric origin, a spectral index
dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
This value is somewhat larger than the value of �2.87± 0.2 for the 68% confidence interval, ob-
tained for events starting inside the detector [7]. Figure 2 also shows the results of yet another

a
This is referred to as the inelasticity p� ⌃ 0.2

• Photonuclear or baryonic interactions → charged mesons

e.g., photo-pion production →

Which sources?

3Guépin, Kotera and Oikonomou Nat. Rev. Phys. 2022, Halzen 2023

One “standard” scenario for high-energy neutrino production:

→ Neutrino energy ~5% of primary energy
• Decay of charged mesons → neutrinos
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Figure 1. Maximum neutrino energy19 (in eV) that could be produced by various categories of transient sources,
with variability timescale tvar and bolometric luminosity Lbol. We represent non-relativistic sources with outflow
Lorentz factor G = 1 (top) and relativistic sources with G = 10 (bottom). Neutrinos directly produced through pion
(muon) decay are shown with dashed (solid) lines. Overlaid are the properties of different categories of transient
sources (colored regions).

of available multi-wavelength or MM data, due to the caveat that considering two or more zones allows for additional
degrees of freedom.

2.2 Typical timescales involved in transient HE neutrino production
Acceleration and interactions of cosmic rays operate at microscopic scales that are not accessible to macroscopic
source models. The modeling of the typical timescales characterizing these processes allows to evaluate how they
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with PeV energy and no trace of an accompanying muon revealing its atmospheric origin, are
highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.

This discovery has been confirmed using alternative methods to separate the high-energy
cosmic neutrinos from the large backgrounds of cosmic ray muons, 3,000 per second, and neu-
trinos, one every few minutes, produced in the atmosphere. Muon neutrinos of cosmic origin
are e�ciently identified in samples of muon tracks that are produced by up-going muon neu-
trinos reaching the South Pole from the Northern Hemisphere, with IceCube using the Earth
as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
energy cosmic neutrinos from the lower energy neutrinos of atmospheric origin, a spectral index
dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
This value is somewhat larger than the value of �2.87± 0.2 for the 68% confidence interval, ob-
tained for events starting inside the detector [7]. Figure 2 also shows the results of yet another

a
This is referred to as the inelasticity p� ⌃ 0.2

• Photonuclear or baryonic interactions → charged mesons

e.g., photo-pion production →

Which sources?

3Guépin, Kotera and Oikonomou Nat. Rev. Phys. 2022, Halzen 2023

One “standard” scenario for high-energy neutrino production:

Co-signatures:

→ Neutrino energy ~5% of primary energy

Photonuclear interactions

10�4 10�2 100 102 104 106 108

tvar (s)

1036

1040

1044

1048

1052

L
b
ol
(e
rg

s�
1
)

Magnetar GF

Blazar flares

LL
GRBs

TDEs BH mergers

Neutrino maximum energy (� = 10)

10
11

10
13

10
15

10
17

10
19

10
13

10
15

10
17

10
19

Figure 1. Maximum neutrino energy19 (in eV) that could be produced by various categories of transient sources,
with variability timescale tvar and bolometric luminosity Lbol. We represent non-relativistic sources with outflow
Lorentz factor G = 1 (top) and relativistic sources with G = 10 (bottom). Neutrinos directly produced through pion
(muon) decay are shown with dashed (solid) lines. Overlaid are the properties of different categories of transient
sources (colored regions).

of available multi-wavelength or MM data, due to the caveat that considering two or more zones allows for additional
degrees of freedom.

2.2 Typical timescales involved in transient HE neutrino production
Acceleration and interactions of cosmic rays operate at microscopic scales that are not accessible to macroscopic
source models. The modeling of the typical timescales characterizing these processes allows to evaluate how they
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and antineutrinos (⌫̄) via the decay chain ⇡+ � µ+ + ⌫µ followed by µ+ � e+ + ⌫̄µ + ⌫e; see
Fig. 1. Based on this simplified flow diagram, we expect equal fluxes of gamma rays and pairs
of ⌫µ + ⌫̄µ neutrinos, which a neutrino telescope cannot distinguish between. Also, from the
fact that in the photoproduction process 20% of the initial proton energy is transferred to the
piona, we anticipate that the gamma ray carries one tenth of the proton energy and the neutrino
approximately half of that. Because cosmic neutrinos are inevitably accompanied by high-energy
photons, neutrino astronomy is a multimessenger astronomy. While propagating to Earth,
unlike neutrinos, the gamma rays interact with microwave photons and other di↵use sources
of extragalactic background light (EBL). The �-rays lose energy by e+e� pair production and
the resulting electromagnetic shower subdivides the initial photon energy into multiple photons
of reduced energy reaching our telescopes. Importantly, both neutrinos and the accompanying
photons trace sources where protons are accelerated, i.e., cosmic-ray sources.

Figure 1 – Flow diagram showing the production of charged and neutral pions in p� interactions. The circles

indicate equal energy going into gamma rays and into pairs of muon neutrinos and antineutrinos, which IceCube

cannot distinguish between. Because the charged pion energy is shared roughly equally among four particles and
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highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.
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as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
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dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
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Figure 1. Maximum neutrino energy19 (in eV) that could be produced by various categories of transient sources,
with variability timescale tvar and bolometric luminosity Lbol. We represent non-relativistic sources with outflow
Lorentz factor G = 1 (top) and relativistic sources with G = 10 (bottom). Neutrinos directly produced through pion
(muon) decay are shown with dashed (solid) lines. Overlaid are the properties of different categories of transient
sources (colored regions).
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unlike neutrinos, the gamma rays interact with microwave photons and other di↵use sources
of extragalactic background light (EBL). The �-rays lose energy by e+e� pair production and
the resulting electromagnetic shower subdivides the initial photon energy into multiple photons
of reduced energy reaching our telescopes. Importantly, both neutrinos and the accompanying
photons trace sources where protons are accelerated, i.e., cosmic-ray sources.

Figure 1 – Flow diagram showing the production of charged and neutral pions in p� interactions. The circles

indicate equal energy going into gamma rays and into pairs of muon neutrinos and antineutrinos, which IceCube

cannot distinguish between. Because the charged pion energy is shared roughly equally among four particles and

the neutral pion energy among two photons, the photons have twice the energy of the neutrinos.

Deployed at a depth of 1450-1550 meter below the geographic South Pole, the IceCube
project has transformed a cubic kilometer of transparent Antarctic ice into a Cherenkov detec-
tor. After accumulating two years of data, a sample of neutrino events interacting inside the
instrumented volume of ice revealed the first evidence for neutrinos of cosmic origin [1,5]. Events
with PeV energy and no trace of an accompanying muon revealing its atmospheric origin, are
highly likely to be of cosmic origin. The present 7.5-year data sample encompasses a total of 60
neutrino events with deposited energies ranging from 60TeV to 10PeV. A purely atmospheric
explanation of the observation is excluded at 8�.

This discovery has been confirmed using alternative methods to separate the high-energy
cosmic neutrinos from the large backgrounds of cosmic ray muons, 3,000 per second, and neu-
trinos, one every few minutes, produced in the atmosphere. Muon neutrinos of cosmic origin
are e�ciently identified in samples of muon tracks that are produced by up-going muon neu-
trinos reaching the South Pole from the Northern Hemisphere, with IceCube using the Earth
as a passive shield for the large background of cosmic ray muons. Separating the flux of high-
energy cosmic neutrinos from the lower energy neutrinos of atmospheric origin, a spectral index
dN/dE ⇥ E�� is observed with � = �2.37± 0.09 above an energy of ⇥ 100TeV [6]; see Figure 2.
This value is somewhat larger than the value of �2.87± 0.2 for the 68% confidence interval, ob-
tained for events starting inside the detector [7]. Figure 2 also shows the results of yet another
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Figure 1. Maximum neutrino energy19 (in eV) that could be produced by various categories of transient sources,
with variability timescale tvar and bolometric luminosity Lbol. We represent non-relativistic sources with outflow
Lorentz factor G = 1 (top) and relativistic sources with G = 10 (bottom). Neutrinos directly produced through pion
(muon) decay are shown with dashed (solid) lines. Overlaid are the properties of different categories of transient
sources (colored regions).
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source models. The modeling of the typical timescales characterizing these processes allows to evaluate how they
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(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs
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<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
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<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ

→ shielding / up-going events

Ice or liquid water

Earth
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

> 1km 



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ

• Atmospheric neutrinos

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫ <latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

→ shielding / up-going events

Ice or liquid water

Earth
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

> 1km 



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
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<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�

→ statistical disentangling (spectral shape)• Atmospheric neutrinos

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫ <latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

→ shielding / up-going events

Ice or liquid water

Earth
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

> 1km 



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
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<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�

→ statistical disentangling (spectral shape)• Atmospheric neutrinos

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫ <latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

→ shielding / up-going events

Ice or liquid water

Earth
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

> 1km 

• Random backgrounds (dark, radioactivity…)



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
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<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�

→ statistical disentangling (spectral shape)• Atmospheric neutrinos

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫ <latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫

→ shielding / up-going events

Ice or liquid water

Earth
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
<latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫

> 1km 

• Random backgrounds (dark, radioactivity…) → veto with local coincidences



How HE neutrinos can be detected?

4

A concept from 1960s (see DUMAND):


• Look for charged and neutral current interactions from neutrinos

C. Spiering 2020

<latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="xrkFDVLxiCArF2M5MYEpycH+Mb8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHjRY0FFXddHfFGWfa+P6XV1pb39jcKm9Xdnb39g+qh0cdnVpFaJukPFW9GGvKmaRtwwynvUxRLGJOu/Hkdu53H6nSLJUPZprRSOCRZAkj2DipG0o7CIUdVGt+3V8A/SVBQWpQoDWofobDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doTOnDFGSKlfSoIX6cyLHQuupiF2nwGasV725+J/Xtya5jnImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX/5LOhf1oFFv3F/WmjdFHGU4gVM4hwCuoAl30II2EJjAE7zAq5d5z96b975sLXnFzDH8gvfxDW+Aj6c=</latexit>⌫µ

<latexit sha1_base64="iG1FTPSiRjA3AxyjieBJC7NoKD4=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIglAS8bYsunFZwV6kCWEynbRDJ5MwMxFKqK/ixoUibn0Qd76N0zYLbf1h4OM/5zDn/GHKmdKO820tLa+srq2XNsqbW9s7u/befkslmSS0SRKeyE6IFeVM0KZmmtNOKimOQ07b4fBmUm8/UqlYIu71KKV+jPuCRYxgbazArngiCzg6QR3k6QQ9GOKBXXVqzlRoEdwCqlCoEdhfXi8hWUyFJhwr1XWdVPs5lpoRTsdlL1M0xWSI+7RrUOCYKj+fLj9GR8bpoSiR5gmNpu7viRzHSo3i0HTGWA/UfG1i/lfrZjq68nMm0kxTQWYfRRlH5sxJEqjHJCWajwxgIpnZFZEBlphok1fZhODOn7wIrdOae1E7vzur1q+LOEpwAIdwDC5cQh1uoQFNIDCCZ3iFN+vJerHerY9Z65JVzFTgj6zPH8s8ku8=</latexit>

⌫l +X ! Y + l
<latexit sha1_base64="jOTrPbwc5NC1yj7dKRt00QKgra8=">AAAB+3icbVDLSgMxFM34rPU11qWbYBEqSJkRXxuh6MZlBfuAtpRMmmlDM5khuRHL0F9x40IRt/6IO//GtJ2Fth64l8M595KbEySCa/C8b2dpeWV1bT23kd/c2t7ZdfcKdR0bRVmNxiJWzYBoJrhkNeAgWDNRjESBYI1geDvxG49MaR7LBxglrBORvuQhpwSs1HULJYGvMTvB7cjYBsQcd92iV/amwIvEz0gRZah23a92L6YmYhKoIFq3fC+BTkoUcCrYON82miWEDkmftSyVJGK6k05vH+Mjq/RwGCtbEvBU/b2RkkjrURTYyYjAQM97E/E/r2UgvOqkXCYGmKSzh0IjMMR4EgTuccUoiJElhCpub8V0QBShYOPK2xD8+S8vkvpp2b8on9+fFSs3WRw5dIAOUQn56BJV0B2qohqi6Ak9o1f05oydF+fd+ZiNLjnZzj76A+fzBwUQkoQ=</latexit>

(l = e, µ, ⌧)→

• The lepton propagates or decays


→ leaving a Cherenkov track or cascade

• Record the Cherenkov lights with large arrays of PMTs

3 main sources of background:

• Atmospheric muons

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ <latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ
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<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�

→ statistical disentangling (spectral shape)• Atmospheric neutrinos

<latexit sha1_base64="SRA+GLA2RZy8mXb6HoPTCmlzBz8=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hLW9tb0YvHivYD2lA22027dLMJuxuhhP4ELx4U8eov8ua/cdNGUNEHA4/3ZpiZ50WcKe04H1ZubX1jcyu/XdjZ3ds/KB4edVUYS0I7JOSh7HtYUc4E7WimOe1HkuLA47Tnza5Sv3dPpWKhuNPziLoBngjmM4K1kW6HIh4VS47dbNSatSpybGeJlFTqzaqDyplSggztUfF9OA5JHFChCcdKDcpOpN0ES80Ip4vCMFY0wmSGJ3RgqMABVW6yPHWBzowyRn4oTQmNlur3iQQHSs0Dz3QGWE/Vby8V//IGsfYbbsJEFGsqyGqRH3OkQ5T+jcZMUqL53BBMJDO3IjLFEhNt0imYEL4+Rf+TbsUu1+36TbXUusziyMMJnMI5lOECWnANbegAgQk8wBM8W9x6tF6s11VrzspmjuEHrLdPu3OOHw==</latexit>⌫
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Main challenge: low fluxes + weakly interacting particle 
→ large effective volume → large scale detectors
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> 1km 

• Random backgrounds (dark, radioactivity…) → veto with local coincidences
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~1Gton of instrumented water target (Ice or liquid)

• minimum energy: 100-300GeV

• peak energy: 100TeV
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The KM3NeT neutrino telescope as a tool 
to study the deep universe

Zuzana Bardačová, Rastislav Dvornický, Eliška Eckerová, and Fedor Šimkovic
Department of Nuclear Physics and Biophysics, Comenius University in Bratislava, Slovakia FMFI UK

Origin of cosmic rays

KM3NeT : ARCA and ORCA

Detection principle

Digital Optical Module – basic detection unit

Most Energetic neutrino event ever detected

The aim of high-energy neutrino astronomy is to reveal the 
astrophysical sources of the most energetic particles in the Universe 
which remain unknown yet. The record energies of incoming particles 
exceed 108 TeV, millions times larger than the energies available in 
terrestrial accelerators like LHC at CERN.  

Neutrinos, unlike cosmic rays and gamma-rays, are not influenced 
by either the intergalactic magnetic fields or the cosmic microwave 
background radiation, which makes them perfect for identification of 
distant  high-energy particle sources in our universe. 

Neutrino interacts with sea 
water and creates charged 
particles that emits Cherenkov 
radiation that is registered by 
neutrino telescope. Two main 
topologies of emitted light are: 
tracks- typical for penetrating 
particles like muons and 
electromagnetic and hadronic 
cascades- almost point-like 
sources of light produced at 
interaction vertexes.

Track-like event                         Point-like event

Photo-multiplier tubes exploits 
the Einstein’ photo-effect for 
the registration of photons:
a photon is absorbed and an
electron is emitted.

Cherenkov light is detected by 31 
photo-multiplier tubes inside the Digital 
Optical Module (DOM) that is the 
elementary trigger detection unit of the 
KM3NeT telescope. 

The KM3NeT experiment ( KiloMeter Cubic Neutrino Telescope ) is 
hosting two neutrino detectors in the Mediterranean Sea: 

• ARCA (Astroparticle Research 
with Cosmics in the Abyss) is 
designed for observation of high 
energy (GeV - PeV) neutrino 
sources. 

• ORCA (Oscillation Research 
with Cosmics in the Abyss) 
aimed at the neutrino mass 
hierarchy.    

ARCA ORCA
Location Italy (Sicily) France (Toulon)
Anchor depth 3450 m 2450 m
Distance from shore 100 km 40 km
DUs 115 x 2 blocks 115
DU horizontal spacing 90 m 20 m
DOM vertical spacing 36 m 9 m
DOMs per DU 18 18
Instrumented water volume 1 Gton 7 Mton
DUs deployed (2024) 33 24

A vertical string of 18 Digital Optical Modules (DOMs), forms 
a Detection Unit (DU) of KM3NeT.

• Significantly high amount of 3672 PMTs (35% of the detector) 
registered Cherenkov light signals

• Horizontal event (1° above horizon) = since the Earth is opaque to 
neutrinos at ultra-high energy scale

Nature 631,18 (2024)
https://doi.org/10.1038/d41586-024-
02074-5

Ongoing investigations 
on energy and origin of 
the event underway

Well reconstructed as a 
track-like (muon) event

• ~3500m b.s.l

• 345 strings

• 6210 DOMs

• 192510 PMTs

KM3NeT-ARCA (Mediterranean sea):

• FoV: towards Galactic center

• angular resolutions: 0.1° (1.5°)

• completion date: ~2028
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What did we see?!



A diffuse flux from TeV to PeV

6IceCube coll. 2025, IceCube coll. Phys. Rev. D 110 (2024)



A diffuse flux from TeV to PeV

6IceCube coll. 2025, IceCube coll. Phys. Rev. D 110 (2024)

• Detection of a diffuse astrophysical flux of high-energy neutrinos


→ now confirmed >7 σ (since 2013)

11

Table 2. All-sky Search Most Significant Locations. Summary of location, number of signal events, (ns), power-law
spectral index, (�), local p-value, and global p-value of the most significant point in the northern and southern sky for tracks,
cascades (Abbasi et al. 2023), and the combined dataset. The global p-value is calculated by correcting for testing locations
across the source’s corresponding part of the sky (either northern or southern).

Dataset Hemisphere ↵[°] �[°] ns � p-valuelocal p-valueglobal

Tracks North 41 -0.3 69 3.3 5.37 ⇥ 10�6 0.22

South 112 -57.4 27 1.9 1.55 ⇥ 10�6 0.05

Cascades North 338 17.6 214 3.6 3.92 ⇥ 10�4 0.28

South 248 -50.9 90 2.9 1.31 ⇥ 10�3 0.46

Combined North 41 -0.3 89 3.3 3.98 ⇥ 10�6 0.18

South 255 -6.9 73 2.4 9.96 ⇥ 10�6 0.08

E�3 energy spectrum is shown in Fig. 4. The most significant source in the catalog is the galaxy NGC 1068. In this
search, NGC 1068 has a local pre-trial p-value of 1.3 ⇥ 10�6 (4.7�) calculated from 30 million background trials and
global p-value of 2.1 ⇥ 10�4 (3.5�) obtained by trial-correcting for the 167 sources in the catalog. The best-fit ns and
� for NGC 1068 are 92.3 and 3.1 respectively which are consistent with the all-sky northern hottest spot. The slightly
elevated ns at the location of NGC 1068, relative to the most significant northern sky pixel, arises from the choice of
pixel binning (Nside = 128) used in the all-sky scan, which does not center a pixel precisely at the coordinates of NGC
1068. This is shown in Fig. 7 (left) where the hottest pixel is adjacent to another similarly hot pixel, with NGC 1068
located between them. These results show good agreement with previous evidence which has already shown NGC 1068
to be a likely neutrino source (Aartsen et al. 2020; Abbasi et al. 2022). The significance seen in this work di↵ers from
Aartsen et al. (2020) due to the added years of track data and from Abbasi et al. (2022) due to di↵erences in track
event reconstructions.
Eight sources in the catalog have a pre-trial p-value  0.01. These sources are NGC 1068, PKS 1424+240, PMN

J1650-5044, GB6 J1542+6129, TXS 0506+056, G343.1-2.3, PMN J1603-4904, and MGRO J2019+37. Compared
to the pre-trial p-values of corresponding sources from Aartsen et al. (2020) and Abbasi et al. (2023), NGC 1068,
PKS 1424+240, PMN J1650-5044, G343.1-2.3, PMN J1603-4904, and MGRO J2019+37 in this analysis have smaller
pre-trial p-values while those of GB6 J1542+6129 and TXS 0506+056 are larger.

Figure 5. Tracks and Cascades All-Sky Maps. Best-fit pre-trial significance all-sky Aito↵ projection maps using the
14 years of tracks from this work (left) and for comparison, previous 10 year cascade results (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 gray 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.
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• Isotropic → extragalactic origin (mostly)
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to be a likely neutrino source (Aartsen et al. 2020; Abbasi et al. 2022). The significance seen in this work di↵ers from
Aartsen et al. (2020) due to the added years of track data and from Abbasi et al. (2022) due to di↵erences in track
event reconstructions.
Eight sources in the catalog have a pre-trial p-value  0.01. These sources are NGC 1068, PKS 1424+240, PMN

J1650-5044, GB6 J1542+6129, TXS 0506+056, G343.1-2.3, PMN J1603-4904, and MGRO J2019+37. Compared
to the pre-trial p-values of corresponding sources from Aartsen et al. (2020) and Abbasi et al. (2023), NGC 1068,
PKS 1424+240, PMN J1650-5044, G343.1-2.3, PMN J1603-4904, and MGRO J2019+37 in this analysis have smaller
pre-trial p-values while those of GB6 J1542+6129 and TXS 0506+056 are larger.

Figure 5. Tracks and Cascades All-Sky Maps. Best-fit pre-trial significance all-sky Aito↵ projection maps using the
14 years of tracks from this work (left) and for comparison, previous 10 year cascade results (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 gray 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.
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Table 2. All-sky Search Most Significant Locations. Summary of location, number of signal events, (ns), power-law
spectral index, (�), local p-value, and global p-value of the most significant point in the northern and southern sky for tracks,
cascades (Abbasi et al. 2023), and the combined dataset. The global p-value is calculated by correcting for testing locations
across the source’s corresponding part of the sky (either northern or southern).
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E�3 energy spectrum is shown in Fig. 4. The most significant source in the catalog is the galaxy NGC 1068. In this
search, NGC 1068 has a local pre-trial p-value of 1.3 ⇥ 10�6 (4.7�) calculated from 30 million background trials and
global p-value of 2.1 ⇥ 10�4 (3.5�) obtained by trial-correcting for the 167 sources in the catalog. The best-fit ns and
� for NGC 1068 are 92.3 and 3.1 respectively which are consistent with the all-sky northern hottest spot. The slightly
elevated ns at the location of NGC 1068, relative to the most significant northern sky pixel, arises from the choice of
pixel binning (Nside = 128) used in the all-sky scan, which does not center a pixel precisely at the coordinates of NGC
1068. This is shown in Fig. 7 (left) where the hottest pixel is adjacent to another similarly hot pixel, with NGC 1068
located between them. These results show good agreement with previous evidence which has already shown NGC 1068
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pre-trial p-values while those of GB6 J1542+6129 and TXS 0506+056 are larger.
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Measurement of the Three-Flavor Composition of Astrophysical Neutrinos

Figure 2: Fits to the astrophysical flavor ratio with the MESE sample for the baseline assumption of a BPL
flux (blue) and for the cross-check with an SPL fit (orange). 68% CL and 95% CL Wilks’ contours are
shown here along with the best fit. The best fit from both flux assumptions are consistent with each other.
Assumptions of flavor ratio at source, after undergoing oscillations during their propagation towards Earth
are also shown in the figure.

• An increased livetime: We use 11.4 years of data collected with IceCube in this analysis.

4. Conclusion

The results presented here show that, for the first time, we are able to constrain the fraction of
neutrinos of each flavor of neutrino to be > 0 with more than 68% CL. Based on the maximum-
likelihood test, we reject zero electron neutrinos with 98.7% CL and a zero fraction of tau neutrinos
with 91.9% CL. While the best fit flavor ratio of 54 : 5` : 5g = 0.30 : 0.37 : 0.33 is closest
to the standard pion decay scenario, the muon-damped source scenario is still within the 68%
CL contour. A neutrino flux dominated by neutron decay at source is rejected at 94.8% CL with
the Wilks’ contour from the maximum-likelihood fit. Although a previous analysis from IceCube
(’Combined Fit (2015)’ [8]) rejected the neutron-decay scenario at a higher confidence level, the
previous analysis used no information about tau neutrinos. This analysis uses an updated treatment
of systematics and better modeling of the ice, which affects light propagation and therefore the
description of signal collection by the DOMs. The best fit of the flavor ratio lies on the line
connecting the three standard source scenarios, which is the only region allowed by the standard
theory of neutrino oscillations [10]. Therefore, our results are consistent with this theory. Future
studies including other methods of classifying tau-neutrino events, for instance a neural-network
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The sources of the diffuse neutrino flux remain unknown

Measurement of the Three-Flavor Composition of Astrophysical Neutrinos

Figure 2: Fits to the astrophysical flavor ratio with the MESE sample for the baseline assumption of a BPL
flux (blue) and for the cross-check with an SPL fit (orange). 68% CL and 95% CL Wilks’ contours are
shown here along with the best fit. The best fit from both flux assumptions are consistent with each other.
Assumptions of flavor ratio at source, after undergoing oscillations during their propagation towards Earth
are also shown in the figure.

• An increased livetime: We use 11.4 years of data collected with IceCube in this analysis.
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The results presented here show that, for the first time, we are able to constrain the fraction of
neutrinos of each flavor of neutrino to be > 0 with more than 68% CL. Based on the maximum-
likelihood test, we reject zero electron neutrinos with 98.7% CL and a zero fraction of tau neutrinos
with 91.9% CL. While the best fit flavor ratio of 54 : 5` : 5g = 0.30 : 0.37 : 0.33 is closest
to the standard pion decay scenario, the muon-damped source scenario is still within the 68%
CL contour. A neutrino flux dominated by neutron decay at source is rejected at 94.8% CL with
the Wilks’ contour from the maximum-likelihood fit. Although a previous analysis from IceCube
(’Combined Fit (2015)’ [8]) rejected the neutron-decay scenario at a higher confidence level, the
previous analysis used no information about tau neutrinos. This analysis uses an updated treatment
of systematics and better modeling of the ice, which affects light propagation and therefore the
description of signal collection by the DOMs. The best fit of the flavor ratio lies on the line
connecting the three standard source scenarios, which is the only region allowed by the standard
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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
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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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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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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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• Exact detection is debated → significance close to 3 σ

• First connection between neutrinos and AGNs
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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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58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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Wether or not the neutrino event is associated to the gamma-ray events 
it has shown the importance of multi-messenger alerts 

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
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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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58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the
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Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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→ First source with a significance > 3 σ (4.2 σ)
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Figure S19: Scan around the most significant location in the Northern Hemisphere (free
spectral index). The color represents the local p-value and the red dot the position of
NGC 1068.
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Figure S19: Scan around the most significant location in the Northern Hemisphere (free
spectral index). The color represents the local p-value and the red dot the position of
NGC 1068.
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• Neutrino flux larger than expected from gamma-ray fluxes (100MeV-100GeV) 


→ Suggests an opaque environment around the source



NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Figure S19: Scan around the most significant location in the Northern Hemisphere (free
spectral index). The color represents the local p-value and the red dot the position of
NGC 1068.
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• Neutrino flux larger than expected from gamma-ray fluxes (100MeV-100GeV) 


→ Suggests an opaque environment around the source

• What causes the opacity (BH, absorption, …) is still unclear



NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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Figure S19: Scan around the most significant location in the Northern Hemisphere (free
spectral index). The color represents the local p-value and the red dot the position of
NGC 1068.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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The first clearly identified source is a Seyfert II galaxy with very different 
properties than TXS0506+056

• Neutrino flux larger than expected from gamma-ray fluxes (100MeV-100GeV) 


→ Suggests an opaque environment around the source

• What causes the opacity (BH, absorption, …) is still unclear
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Southern Hemisphere Seyfert Galaxy

Figure 3: Expected number of events (green star) calculated using the disk-corona model, fitted number of
neutrinos (black spots) and corresponding 90% C.L. upper limit (black arrows) of catalog sources plotted
along their declination angles.

Figure 4: Stacking flux (black) with 1f interval (gray band), sensitivity (dashed), and 5f discovery potential
(dotted), compared to the disk-corona model predicted neutrino spectra of individual sources (gray solid)
with the hottest three sources in stacking color highlighted.
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• Stacking analysis on Seyfert galaxy catalogs → ~ 3 σ
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• Stacking analysis on Seyfert galaxy catalogs → ~ 3 σ

• X-ray bright Seyfert galaxies are among the most significant sources
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5

• Stacking analysis on Seyfert galaxy catalogs → ~ 3 σ

• X-ray bright Seyfert galaxies are among the most significant sources

• Hints of disk-corona interplay in neutrino emissions 


→ Xray emission from accretion disk and interaction of nuclei in 
corona where gamma rays are absorbed
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Obscured AGNs seem to play a significant role in the origin of the diffuse HE neutrino flux

PoS(ICRC2025)1219

Southern Hemisphere Seyfert Galaxy

Figure 3: Expected number of events (green star) calculated using the disk-corona model, fitted number of
neutrinos (black spots) and corresponding 90% C.L. upper limit (black arrows) of catalog sources plotted
along their declination angles.

Figure 4: Stacking flux (black) with 1f interval (gray band), sensitivity (dashed), and 5f discovery potential
(dotted), compared to the disk-corona model predicted neutrino spectra of individual sources (gray solid)
with the hottest three sources in stacking color highlighted.

5

• Stacking analysis on Seyfert galaxy catalogs → ~ 3 σ

• X-ray bright Seyfert galaxies are among the most significant sources

• Hints of disk-corona interplay in neutrino emissions 


→ Xray emission from accretion disk and interaction of nuclei in 
corona where gamma rays are absorbed
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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• Neutrinos expected from Fermi and HESS observations

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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• From gamma rays 𝛑0 are inferred → 𝛑± are extrapolated

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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A “local” source: the Galactic plane
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• Southern sky drowned in atmospheric muons for 
IceCube → new ML analysis required

Galactic TeV neutrinos → 6-13% of all diffuse flux above 30 TeV

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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• Identification of a neutrino contribution from the 
Galactic Plane (~ 4.5 σ)!

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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• From gamma rays 𝛑0 are inferred → 𝛑± are extrapolated

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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as tracks in IceCube. The selection of cascade
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to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon
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(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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A “local” source: the Galactic plane

12

provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.
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A “local” source: the Galactic plane

12

provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.
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A “local” source: the Galactic plane

12

provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidade Federal do Rio de Janeiro on July 02, 2023

2025

ICRC2025(1130, 1219)

Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 

Neutrinos from the Milky Way
Recap ICRC 2023: Observation of neutrinos from  
Galactic plane @  (cascades only) 

ICRC 2025: additional data (2.5 yr) + addition of tracks 

- pushes significance above  
- tested Fermi , KRA, CRINGE: Fermi most significant model

4.5σ

5σ
π0

13

IceCube Coll. Science (2023)

Galactic center region (highest sensitivity)

PoS(ICRC2025)1219 

Matthias Thiesmeyer 

Measuring the Astrophysical Galactic Plane 

Neutrino Flux and Searching for Galactic 

PeVatrons using the IceCube Multi-Flavor 

Astrophysical Neutrino Sample

NU - 23.7.

TS tracks ( )π0

IceCube preliminary

hemisphere

southern
hemisphere

northern

TS cascades ( )π0

IceCube preliminary

hemisphere

southern
hemisphere

northern

PoS(ICRC2025)1130 Ludwig Neste 
Measuring the Neutrino Flux in Segments along the Galactic Plane with IceCube

• 2.5 yr more data 


• Addition of muon tracks (starting events + up-going) 


→ detection > 5 σ

• Flux in inner Galaxy is 2x higher



A “local” source: the Galactic plane

12

provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.
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• 2.5 yr more data 


• Addition of muon tracks (starting events + up-going) 


→ detection > 5 σ

• Flux in inner Galaxy is 2x higher

• The best model remains Fermi 𝛑0 but the observed flux is still x5 higher 
than predicted by the model

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.
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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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provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared
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A

B

C

D

E

F

Observed data Background scramble

Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.
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Matthias Thiesmeyer 
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Neutrino Flux and Searching for Galactic 

PeVatrons using the IceCube Multi-Flavor 

Astrophysical Neutrino Sample
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northern
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PoS(ICRC2025)1130 Ludwig Neste 
Measuring the Neutrino Flux in Segments along the Galactic Plane with IceCube

• 2.5 yr more data 


• Addition of muon tracks (starting events + up-going) 


→ detection > 5 σ

No individual source identified (yet?)

• Flux in inner Galaxy is 2x higher

• The best model remains Fermi 𝛑0 but the observed flux is still x5 higher 
than predicted by the model

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.
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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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Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.

2023 

• Outstanding event : 28,086 PMT hits → clearest track ever
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The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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is planned in the future to improve the knowledge of the positions of 
the detector elements on the seafloor; a recalibration of all data will 
then be performed and will allow us to approach the intrinsic statisti-
cal uncertainty on the muon direction of 0.12° (median, as described 
in Methods).

The muon energy at the detector is estimated by counting the num-
ber of PMTs that participate in the triggering of the event, trig

PMTN . This 
quantity is robust against limitations of the detector simulations, as 
described in Methods, and against contamination from the optical 
backgrounds in seawater. The observed number of triggered PMTs for 
KM3-230213A is N̂ = 3,672trig

PMT
, corresponding to about 35% of the active 

PMTs in the detector at the time of the event. This is much larger than 
for any other neutrino-induced event observed so far in the detector.

Distributions of N trig
PMT as a function of the muon energy, for modelled 

muons arriving from the same position and direction of KM3-230213A, 
are obtained from Monte Carlo simulations. These are used to build 
frequentist confidence intervals12,13 on the true muon energy, as 
described in Methods. Systematic uncertainties are included in the 
estimation by varying the simulated optical module efficiencies, and 
the scattering and absorption length of light, with respect to the nom-
inal values. The trig

PMTN  distributions for simulations of 10-PeV, 100-PeV 
and 1,000-PeV muons are shown in Fig. 2. The estimated muon energy 
is 120 PeV−60

+110 , with a 90% confidence level interval of 35–380 PeV. Uncer-
tainties on the muon energy estimate are dominated by the knowledge 
of the absorption length of light in the seawater.

The considered range of variations for photon absorption (±10%) is 
derived from the observed variations of the water transparency in dedi-
cated measurements14. Several studies in recent data have confirmed 
this. The number of first hits with small residuals (that is, compatible 
with a direct photon path from the track to the PMT) has been studied 
in KM3-230213A. At large distances, this number is sensitive to the 
absorption length. Data were found to be in the ±10% range obtained 
from simulations with modified absorption. A similar study was carried 
out using downgoing atmospheric muons, which also confirmed that 
deviations from nominal are at most on the order of 10%. Finally, the 

absorption can be determined from the observed rate of photons from 
radioactive 40K in the seawater, which scales linearly with the absorption 
length. A first-principles computation15 using the nominal absorption 
model predicts 5.1 ± 0.6 kHz, for which the uncertainty comes from 
the PMT efficiency and the number of photons created in the decay. 
The observed count rate is 5.6 kHz after accounting for dark noise and 
afterpulses, which is within the assigned 10% uncertainty range.

Figure 3 is an illustration of the position of KM3-230213A in the 
(N trig

PMT, cos(zenith angle)) phase space. Simulated Monte Carlo events 
are shown in Fig. 3a, with the expected annual rates of atmospheric 
muons16 and cosmic neutrinos5 in ARCA. The distribution for the ARCA 
data is shown in Fig. 3b, also highlighting KM3-230213A. Events are 
selected choosing well-reconstructed tracks, as defined on the basis 
of the observed track length in the detector (track length larger than 
250 m) and the track reconstruction likelihood: log-likelihood ratio 
larger than 500, selecting 0.02% of all reconstructed atmospheric  
muon and neutrino tracks and 2% of the cosmic tracks assuming the 
flux from ref. 5.

Given the reconstructed energy and direction, an upper limit on 
the background of atmospheric muons is estimated using dedicated 
simulations, as described in Methods. A muon with the observed direc-
tion would have traversed about 300 km water-equivalent of material, 
which exceeds the maximal range of any atmospheric muon (≤60 km 
water-equivalent for 100-EeV muons). The upper limit on the muon 
contamination at 100 PeV, considering an error on the zenith angle 
estimate as large as 2°, is 10−10 events per year. This number becomes on 
the order of 10−9 events per year if the muon energy is instead 10 PeV. In 
the very unlikely scenario that the detector is misaligned and the true 
zenith angle would deviate by 5σ from nominal (that is, arrival direction 
5.6° above the horizon), muons would need to travel through 28 km 
water-equivalent and the upper limit on the rate becomes 10−4 muons 
per year and 10−3 for muon bundles in which several parallel muons from 
the same cosmic-ray air shower could reach the detector.

Atmospheric neutrinos could reach the detector, but their number 
decreases substantially above PeV energies. The expected rate of atmos-
pheric neutrinos above 100 PeV is on the order of (1–5) × 10−5 events 
per year, dominated by the prompt atmospheric component owing to 
the decay of short-lived hadrons from cosmic-ray interactions in the 
atmosphere. The probability that KM3-230213A is of cosmic origin is 
much greater than any hypothesis involving an atmospheric origin, 
and various estimations are provided in Methods and Supplementary 
Materials. Beyond Standard Model hypotheses on its origin have not 
been investigated here.

The measured muon energy serves as a lower limit on the incoming 
neutrino energy. Given the estimated muon energy and its uncertainty, 
the median neutrino energy that produces such muons in the simula-
tions of the ARCA detector is 220 PeV; 68% (90%) of simulated events 
from the whole sky fall in the 110–790 PeV (72 PeV–2.6 EeV) energy 
range, under the assumption that the incoming neutrino energy spec-
trum is E∝ ν

−2.
An isotropic flux of neutrinos at ultra-high energies would give rise 

to events detected near the horizon: downgoing neutrinos are hidden 
in an overwhelming background of atmospheric muons, whereas the 
upgoing neutrino flux is severely suppressed, because neutrinos of 
such large energies would interact in the Earth. The arrival direction 
of KM3-230213A matches this scenario.

Celestial origin
The equatorial coordinates ( J2000) and the detection time of KM3-
230213A are: RA = 94.3°, dec. = −7.8°, MJD = 59988.0533299. The differ-
ent containment radii are: R(50%) = 1.2°, R(68%) = 1.5°, R(90%) = 2.2° and 
R(99%) = 3.0°, dominated by the systematic uncertainty on the absolute 
orientation of the detector (see Methods). The celestial position of 
KM3-230213A is shown in Fig. 4, together with the different error region 

2,000 4,000 6,000

Number of triggered PMTs

0

0.05

0.10

0.15

Fr
ac

tio
n 

of
 M

on
te

 C
ar

lo
 e

ve
nt

s

Muon energy

10 PeV

100 PeV

1,000 PeV

KM3-230213A

Fig. 2 | Number of PMTs in the event. The normalized distributions of the number 
of PMTs participating in the triggering of the event for simulated muon energies 
of 10, 100 and 1,000 PeV. The vertical dashed line indicates the observed value 
in KM3-230213A, N̂ = 3,672trig

PMT
. The dashed histograms represent the distributions 

from the nominal simulations, whereas, in the filled histograms, systematic 
uncertainties are included by weighting the simulations according to a normal 
distribution, centred at the nominal value of the nuisance parameter and with a 
±10% uncertainty. At the highest energy, the distributions seem to be truncated 
around N = 6,000trig

PMT  because the track crosses the detector in its periphery.

• Detected muon with E = 120 (+110/-60) PeV 


→ UHE event



An unexpected discovery: KM3-230213A

13

Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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is planned in the future to improve the knowledge of the positions of 
the detector elements on the seafloor; a recalibration of all data will 
then be performed and will allow us to approach the intrinsic statisti-
cal uncertainty on the muon direction of 0.12° (median, as described 
in Methods).

The muon energy at the detector is estimated by counting the num-
ber of PMTs that participate in the triggering of the event, trig

PMTN . This 
quantity is robust against limitations of the detector simulations, as 
described in Methods, and against contamination from the optical 
backgrounds in seawater. The observed number of triggered PMTs for 
KM3-230213A is N̂ = 3,672trig

PMT
, corresponding to about 35% of the active 

PMTs in the detector at the time of the event. This is much larger than 
for any other neutrino-induced event observed so far in the detector.

Distributions of N trig
PMT as a function of the muon energy, for modelled 

muons arriving from the same position and direction of KM3-230213A, 
are obtained from Monte Carlo simulations. These are used to build 
frequentist confidence intervals12,13 on the true muon energy, as 
described in Methods. Systematic uncertainties are included in the 
estimation by varying the simulated optical module efficiencies, and 
the scattering and absorption length of light, with respect to the nom-
inal values. The trig

PMTN  distributions for simulations of 10-PeV, 100-PeV 
and 1,000-PeV muons are shown in Fig. 2. The estimated muon energy 
is 120 PeV−60

+110 , with a 90% confidence level interval of 35–380 PeV. Uncer-
tainties on the muon energy estimate are dominated by the knowledge 
of the absorption length of light in the seawater.

The considered range of variations for photon absorption (±10%) is 
derived from the observed variations of the water transparency in dedi-
cated measurements14. Several studies in recent data have confirmed 
this. The number of first hits with small residuals (that is, compatible 
with a direct photon path from the track to the PMT) has been studied 
in KM3-230213A. At large distances, this number is sensitive to the 
absorption length. Data were found to be in the ±10% range obtained 
from simulations with modified absorption. A similar study was carried 
out using downgoing atmospheric muons, which also confirmed that 
deviations from nominal are at most on the order of 10%. Finally, the 

absorption can be determined from the observed rate of photons from 
radioactive 40K in the seawater, which scales linearly with the absorption 
length. A first-principles computation15 using the nominal absorption 
model predicts 5.1 ± 0.6 kHz, for which the uncertainty comes from 
the PMT efficiency and the number of photons created in the decay. 
The observed count rate is 5.6 kHz after accounting for dark noise and 
afterpulses, which is within the assigned 10% uncertainty range.

Figure 3 is an illustration of the position of KM3-230213A in the 
(N trig

PMT, cos(zenith angle)) phase space. Simulated Monte Carlo events 
are shown in Fig. 3a, with the expected annual rates of atmospheric 
muons16 and cosmic neutrinos5 in ARCA. The distribution for the ARCA 
data is shown in Fig. 3b, also highlighting KM3-230213A. Events are 
selected choosing well-reconstructed tracks, as defined on the basis 
of the observed track length in the detector (track length larger than 
250 m) and the track reconstruction likelihood: log-likelihood ratio 
larger than 500, selecting 0.02% of all reconstructed atmospheric  
muon and neutrino tracks and 2% of the cosmic tracks assuming the 
flux from ref. 5.

Given the reconstructed energy and direction, an upper limit on 
the background of atmospheric muons is estimated using dedicated 
simulations, as described in Methods. A muon with the observed direc-
tion would have traversed about 300 km water-equivalent of material, 
which exceeds the maximal range of any atmospheric muon (≤60 km 
water-equivalent for 100-EeV muons). The upper limit on the muon 
contamination at 100 PeV, considering an error on the zenith angle 
estimate as large as 2°, is 10−10 events per year. This number becomes on 
the order of 10−9 events per year if the muon energy is instead 10 PeV. In 
the very unlikely scenario that the detector is misaligned and the true 
zenith angle would deviate by 5σ from nominal (that is, arrival direction 
5.6° above the horizon), muons would need to travel through 28 km 
water-equivalent and the upper limit on the rate becomes 10−4 muons 
per year and 10−3 for muon bundles in which several parallel muons from 
the same cosmic-ray air shower could reach the detector.

Atmospheric neutrinos could reach the detector, but their number 
decreases substantially above PeV energies. The expected rate of atmos-
pheric neutrinos above 100 PeV is on the order of (1–5) × 10−5 events 
per year, dominated by the prompt atmospheric component owing to 
the decay of short-lived hadrons from cosmic-ray interactions in the 
atmosphere. The probability that KM3-230213A is of cosmic origin is 
much greater than any hypothesis involving an atmospheric origin, 
and various estimations are provided in Methods and Supplementary 
Materials. Beyond Standard Model hypotheses on its origin have not 
been investigated here.

The measured muon energy serves as a lower limit on the incoming 
neutrino energy. Given the estimated muon energy and its uncertainty, 
the median neutrino energy that produces such muons in the simula-
tions of the ARCA detector is 220 PeV; 68% (90%) of simulated events 
from the whole sky fall in the 110–790 PeV (72 PeV–2.6 EeV) energy 
range, under the assumption that the incoming neutrino energy spec-
trum is E∝ ν

−2.
An isotropic flux of neutrinos at ultra-high energies would give rise 

to events detected near the horizon: downgoing neutrinos are hidden 
in an overwhelming background of atmospheric muons, whereas the 
upgoing neutrino flux is severely suppressed, because neutrinos of 
such large energies would interact in the Earth. The arrival direction 
of KM3-230213A matches this scenario.

Celestial origin
The equatorial coordinates ( J2000) and the detection time of KM3-
230213A are: RA = 94.3°, dec. = −7.8°, MJD = 59988.0533299. The differ-
ent containment radii are: R(50%) = 1.2°, R(68%) = 1.5°, R(90%) = 2.2° and 
R(99%) = 3.0°, dominated by the systematic uncertainty on the absolute 
orientation of the detector (see Methods). The celestial position of 
KM3-230213A is shown in Fig. 4, together with the different error region 
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Fig. 2 | Number of PMTs in the event. The normalized distributions of the number 
of PMTs participating in the triggering of the event for simulated muon energies 
of 10, 100 and 1,000 PeV. The vertical dashed line indicates the observed value 
in KM3-230213A, N̂ = 3,672trig

PMT
. The dashed histograms represent the distributions 
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uncertainties are included by weighting the simulations according to a normal 
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±10% uncertainty. At the highest energy, the distributions seem to be truncated 
around N = 6,000trig

PMT  because the track crosses the detector in its periphery.

• Detected muon with E = 120 (+110/-60) PeV 
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• Direction near horizon → through the continental plateau


→ Neutrino event



An unexpected discovery: KM3-230213A
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The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 
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Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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• Outstanding event : 28,086 PMT hits → clearest track ever
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is planned in the future to improve the knowledge of the positions of 
the detector elements on the seafloor; a recalibration of all data will 
then be performed and will allow us to approach the intrinsic statisti-
cal uncertainty on the muon direction of 0.12° (median, as described 
in Methods).

The muon energy at the detector is estimated by counting the num-
ber of PMTs that participate in the triggering of the event, trig

PMTN . This 
quantity is robust against limitations of the detector simulations, as 
described in Methods, and against contamination from the optical 
backgrounds in seawater. The observed number of triggered PMTs for 
KM3-230213A is N̂ = 3,672trig

PMT
, corresponding to about 35% of the active 

PMTs in the detector at the time of the event. This is much larger than 
for any other neutrino-induced event observed so far in the detector.

Distributions of N trig
PMT as a function of the muon energy, for modelled 

muons arriving from the same position and direction of KM3-230213A, 
are obtained from Monte Carlo simulations. These are used to build 
frequentist confidence intervals12,13 on the true muon energy, as 
described in Methods. Systematic uncertainties are included in the 
estimation by varying the simulated optical module efficiencies, and 
the scattering and absorption length of light, with respect to the nom-
inal values. The trig

PMTN  distributions for simulations of 10-PeV, 100-PeV 
and 1,000-PeV muons are shown in Fig. 2. The estimated muon energy 
is 120 PeV−60

+110 , with a 90% confidence level interval of 35–380 PeV. Uncer-
tainties on the muon energy estimate are dominated by the knowledge 
of the absorption length of light in the seawater.

The considered range of variations for photon absorption (±10%) is 
derived from the observed variations of the water transparency in dedi-
cated measurements14. Several studies in recent data have confirmed 
this. The number of first hits with small residuals (that is, compatible 
with a direct photon path from the track to the PMT) has been studied 
in KM3-230213A. At large distances, this number is sensitive to the 
absorption length. Data were found to be in the ±10% range obtained 
from simulations with modified absorption. A similar study was carried 
out using downgoing atmospheric muons, which also confirmed that 
deviations from nominal are at most on the order of 10%. Finally, the 

absorption can be determined from the observed rate of photons from 
radioactive 40K in the seawater, which scales linearly with the absorption 
length. A first-principles computation15 using the nominal absorption 
model predicts 5.1 ± 0.6 kHz, for which the uncertainty comes from 
the PMT efficiency and the number of photons created in the decay. 
The observed count rate is 5.6 kHz after accounting for dark noise and 
afterpulses, which is within the assigned 10% uncertainty range.

Figure 3 is an illustration of the position of KM3-230213A in the 
(N trig

PMT, cos(zenith angle)) phase space. Simulated Monte Carlo events 
are shown in Fig. 3a, with the expected annual rates of atmospheric 
muons16 and cosmic neutrinos5 in ARCA. The distribution for the ARCA 
data is shown in Fig. 3b, also highlighting KM3-230213A. Events are 
selected choosing well-reconstructed tracks, as defined on the basis 
of the observed track length in the detector (track length larger than 
250 m) and the track reconstruction likelihood: log-likelihood ratio 
larger than 500, selecting 0.02% of all reconstructed atmospheric  
muon and neutrino tracks and 2% of the cosmic tracks assuming the 
flux from ref. 5.

Given the reconstructed energy and direction, an upper limit on 
the background of atmospheric muons is estimated using dedicated 
simulations, as described in Methods. A muon with the observed direc-
tion would have traversed about 300 km water-equivalent of material, 
which exceeds the maximal range of any atmospheric muon (≤60 km 
water-equivalent for 100-EeV muons). The upper limit on the muon 
contamination at 100 PeV, considering an error on the zenith angle 
estimate as large as 2°, is 10−10 events per year. This number becomes on 
the order of 10−9 events per year if the muon energy is instead 10 PeV. In 
the very unlikely scenario that the detector is misaligned and the true 
zenith angle would deviate by 5σ from nominal (that is, arrival direction 
5.6° above the horizon), muons would need to travel through 28 km 
water-equivalent and the upper limit on the rate becomes 10−4 muons 
per year and 10−3 for muon bundles in which several parallel muons from 
the same cosmic-ray air shower could reach the detector.

Atmospheric neutrinos could reach the detector, but their number 
decreases substantially above PeV energies. The expected rate of atmos-
pheric neutrinos above 100 PeV is on the order of (1–5) × 10−5 events 
per year, dominated by the prompt atmospheric component owing to 
the decay of short-lived hadrons from cosmic-ray interactions in the 
atmosphere. The probability that KM3-230213A is of cosmic origin is 
much greater than any hypothesis involving an atmospheric origin, 
and various estimations are provided in Methods and Supplementary 
Materials. Beyond Standard Model hypotheses on its origin have not 
been investigated here.

The measured muon energy serves as a lower limit on the incoming 
neutrino energy. Given the estimated muon energy and its uncertainty, 
the median neutrino energy that produces such muons in the simula-
tions of the ARCA detector is 220 PeV; 68% (90%) of simulated events 
from the whole sky fall in the 110–790 PeV (72 PeV–2.6 EeV) energy 
range, under the assumption that the incoming neutrino energy spec-
trum is E∝ ν

−2.
An isotropic flux of neutrinos at ultra-high energies would give rise 

to events detected near the horizon: downgoing neutrinos are hidden 
in an overwhelming background of atmospheric muons, whereas the 
upgoing neutrino flux is severely suppressed, because neutrinos of 
such large energies would interact in the Earth. The arrival direction 
of KM3-230213A matches this scenario.

Celestial origin
The equatorial coordinates ( J2000) and the detection time of KM3-
230213A are: RA = 94.3°, dec. = −7.8°, MJD = 59988.0533299. The differ-
ent containment radii are: R(50%) = 1.2°, R(68%) = 1.5°, R(90%) = 2.2° and 
R(99%) = 3.0°, dominated by the systematic uncertainty on the absolute 
orientation of the detector (see Methods). The celestial position of 
KM3-230213A is shown in Fig. 4, together with the different error region 
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PMT  because the track crosses the detector in its periphery.

• Detected muon with E = 120 (+110/-60) PeV 


→ UHE event
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• Direction near horizon → through the continental plateau


→ Neutrino event

→ UHE neutrino with E = 220 (+570/-110) PeV



An unexpected discovery: KM3-230213A

14KM3NeT coll. 2025, ICRC2025(1018 +Damien Dornic highlight talk)

KM3-20230213A: 1st UHE neutrino

Local coordinates: (zenith, azimuth) = (89.4◦, 259.8◦): 
• Celestial coordinates: (RA, dec) = (94.3◦, −7.8◦) 
• R(68%) = 1.5◦, R(90%) = 2.2◦, R(99%) = 3.0◦

• Limited by the absolute positioning of the detection elements (intrinsic 

reconstruction uncertainty of 0.12◦)

• NEWS: Ongoing sea campaign to improve acoustic emitter position 

accuracy → recalibrate the data.
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2024-2025 

• From the astrophysical point of view → where is it from?



An unexpected discovery: KM3-230213A

14KM3NeT coll. 2025, ICRC2025(1018 +Damien Dornic highlight talk)

KM3-20230213A: 1st UHE neutrino

Local coordinates: (zenith, azimuth) = (89.4◦, 259.8◦): 
• Celestial coordinates: (RA, dec) = (94.3◦, −7.8◦) 
• R(68%) = 1.5◦, R(90%) = 2.2◦, R(99%) = 3.0◦

• Limited by the absolute positioning of the detection elements (intrinsic 

reconstruction uncertainty of 0.12◦)

• NEWS: Ongoing sea campaign to improve acoustic emitter position 

accuracy → recalibrate the data.

17

2024-2025 

• From the astrophysical point of view → where is it from?

• No counterparts (from radio to gamma)
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• From the astrophysical point of view → where is it from?

• No counterparts (from radio to gamma)

• No specific direction (a few blazar in the LOS 
and a galactic molecular cloud)
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Figure 5. Di↵erent known potential CR accelerators in the region around KM3-230213A: The yellow dots represent SNRs from
Green’s SNR catalogue (Green 2024), and the magenta circles show the young stellar clusters from Celli et al. (2024), the sizes
of the circles correspond to the cluster sizes. X-ray binaries and microquasars are displayed with the orange and red triangles
(Neumann et al. 2023; Avakyan et al. 2023), and pulsars from the ATNF pulsar catalogue (Manchester et al. 2005) as white
stars with black edges. The background is the velocity-integrated CO brightness temperature from Dame et al. (2001) which
traces the molecular gas.

In addition to these catalogue sources, Mart́ı et al. (2013) performed an analysis of the source 2FGLJ0607.5-0618c,
which is likely associated with the Mon R2 cloud. They reported no significant detection of �-rays above energies of
⇠3GeV, while at lower energies the emission is consistent with a power-law dN/dE / E�2.73.
While no source in the vicinity of KM3-230213A was detected by HAWC or LHAASO, the HAWC collaboration

published data accompanying the 3HWC catalogue (Albert et al. 2020). These data include skymaps with the sig-
nificances and flux normalisations maximising the likelihood function1. In this data, a point source and sources with
extensions of 0.5�, 1.0�, and 2.0� are considered. The flux normalisations are given for an energy of 7TeV by assuming
a power-law of E�2.5. Limits on the �-ray flux, computed using the reported flux and flux error, are used to derive a
limit on the neutrino emission at the KM3-230213A location.
Using the open-source gammapy package (Donath et al. 2023; Acero et al. 2024), we retrieved the flux and uncertainty

values, corresponding to the 2� Feldman-Cousins confidence intervals, from the skymaps. The values of the flux
at 7TeV, the corresponding upper uncertainties and the derived upper limits (the sum of flux normalisation and
uncertainty) for the point source and the extended source cases are shown in Table 1. As it can be seen, the uncertainties
dominate over the flux normalisations since no HAWC source is located nearby. Using these upper limits on the flux at
7TeV and the power-law index of �2.5, we computed the upper limits on the �-ray flux for the whole HAWC energy
range. Furthermore, the HAWC collaboration also has analysed the potential emission from nearby molecular clouds
(Albert et al. 2021), amongst them Mon R2. While the cloud was not detected, upper limits were provided. These
limits are also shown in the left panel of Figure 7, together with the prediction of the total emission from Mon R2 as
a passive cloud from the same article.
Since an inconsistency of the extension of the �-ray spectra observed by Fermi-LAT with the upper limits obtained

from HAWC data could be explained by an absorbed source potentially emitting neutrinos at higher energies, we

1 The data are available under https://data.hawc-observatory.org/datasets/3hwc-survey/fitsmaps.php
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contours. Searches were performed for a potential source counterpart 
within a 3° radius around the event coordinates with publicly available 
multiwavelength data. Four hypotheses were tested: galactic, local 
Universe, transient and extragalactic origin.

As the direction of the event is compatible with the extension of the 
galactic interstellar medium (about 10° above and below the galactic 
plane), galactic counterpart was searched for in high-energy (4FGL-DR4 
(ref. 17)) and very-high-energy (TeVCat18) gamma-ray catalogues, as 
well as in the 3HWC survey data19. Despite the presence of the Orion 
molecular clouds in the error region, no catalogued source was found 
in the 99% error region. The direction of the event was cross-matched 
with the MANGROVE catalogue20 for distances up to 100 Mpc to explore 
a local origin: 40 galaxies were found. For each galaxy, optical transient 
sources were searched for in the ZTF public stream in a ±6-month time 
window, using the FINK broker21. No transient source was identified. 
Also, no coincident detection of transient objects (such as gamma-ray 
bursts, tidal-disruption events, supernovae) was found in the GCN 
notices and circulars (https://gcn.nasa.gov/), in the Astronomer’s Tel-
egram (https://astronomerstelegram.org/) and in the Transient Name 
Server (https://www.wis-tns.org/).

Extragalactic neutrino sources should be dominated by active 
galactic nuclei, and blazars are of particular interest considering the 
very-high energy of KM3-230213A. To compile a census of potential 
blazar counterparts within the 99% confidence region of KM3-230213A, 
archival multiwavelength data were also explored. The following cata-
logues were cross-matched to investigate a possible blazar counterpart: 
the 4FGL-DR4 Fermi-LAT gamma-ray catalogue17, the first eROSITA 
X-ray catalogue22, the Wide-field Infrared Survey Explorer (WISE) opti-
cal catalogue23, the RFC 2024b (https://astrogeo.org/rfc/) and NRAO 
VLA Sky Survey (NVSS)24 radio catalogues and Roma-BZCAT25. Four 
different strategies were pursued, leading to a total of 12 objects. The 
selection criteria are described in Methods, together with the proper-
ties of these sources. The celestial positions of the selected sources are 
shown in Fig. 4. Given the large number of blazars in the sky, none of 
these associations can be considered compelling so far, and further 
investigations will be needed.

Given that a hypothetical astrophysical source associated with KM3-
230213A may have also produced lower-energy neutrinos, data from 
the ARCA and ORCA detectors, as well as public data from the ANTARES 
and IceCube detectors, were checked for the presence of a neutrino 

signal compatible with a point-like source hypothesis in the vicinity of 
KM3-230213A. Details on the datasets, search approaches and results 
are given in Methods. The largest excess was found in the IceCube data 
at a distance of 2.4° from KM3-230213A with a pre-trial P-value of 
1.6 × 10−4 and a post-trial P-value of 0.07. No significant excess was 

Fig. 3 | Background rates. a, Expected yearly rate of atmospheric muons and 
cosmic neutrinos (according to the best-fit flux of ref. 5) in ARCA per bin of 
N trig

PMT and cos(zenith angle). The solid (dashed) lines mark the boundary of the 
phase space outside which 5% (1%) of the muon and neutrino distributions are 
contained. KM3-230213A is shown by the cross. b, Number of events collected 

in the ARCA detector over the 287 days of data taking with 21 detection lines, 
with the same selection cuts. Two upgoing, lower-energy events are visible as 
well as KM3-230213A, which are candidate neutrino events, subject to future 
analysis.
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reported in Methods.
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• From the astrophysical point of view → where is it from?

• No counterparts (from radio to gamma)
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IceCube and Pierre Auger neutrino observatories have not seen such neutrinos in the past decade.
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• Can it be cosmogenic? maybe but difficult to 
accommodate with UL from IC and Auger

• No specific direction (a few blazar in the LOS 
and a galactic molecular cloud)
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Figure 5. Di↵erent known potential CR accelerators in the region around KM3-230213A: The yellow dots represent SNRs from
Green’s SNR catalogue (Green 2024), and the magenta circles show the young stellar clusters from Celli et al. (2024), the sizes
of the circles correspond to the cluster sizes. X-ray binaries and microquasars are displayed with the orange and red triangles
(Neumann et al. 2023; Avakyan et al. 2023), and pulsars from the ATNF pulsar catalogue (Manchester et al. 2005) as white
stars with black edges. The background is the velocity-integrated CO brightness temperature from Dame et al. (2001) which
traces the molecular gas.

In addition to these catalogue sources, Mart́ı et al. (2013) performed an analysis of the source 2FGLJ0607.5-0618c,
which is likely associated with the Mon R2 cloud. They reported no significant detection of �-rays above energies of
⇠3GeV, while at lower energies the emission is consistent with a power-law dN/dE / E�2.73.
While no source in the vicinity of KM3-230213A was detected by HAWC or LHAASO, the HAWC collaboration

published data accompanying the 3HWC catalogue (Albert et al. 2020). These data include skymaps with the sig-
nificances and flux normalisations maximising the likelihood function1. In this data, a point source and sources with
extensions of 0.5�, 1.0�, and 2.0� are considered. The flux normalisations are given for an energy of 7TeV by assuming
a power-law of E�2.5. Limits on the �-ray flux, computed using the reported flux and flux error, are used to derive a
limit on the neutrino emission at the KM3-230213A location.
Using the open-source gammapy package (Donath et al. 2023; Acero et al. 2024), we retrieved the flux and uncertainty

values, corresponding to the 2� Feldman-Cousins confidence intervals, from the skymaps. The values of the flux
at 7TeV, the corresponding upper uncertainties and the derived upper limits (the sum of flux normalisation and
uncertainty) for the point source and the extended source cases are shown in Table 1. As it can be seen, the uncertainties
dominate over the flux normalisations since no HAWC source is located nearby. Using these upper limits on the flux at
7TeV and the power-law index of �2.5, we computed the upper limits on the �-ray flux for the whole HAWC energy
range. Furthermore, the HAWC collaboration also has analysed the potential emission from nearby molecular clouds
(Albert et al. 2021), amongst them Mon R2. While the cloud was not detected, upper limits were provided. These
limits are also shown in the left panel of Figure 7, together with the prediction of the total emission from Mon R2 as
a passive cloud from the same article.
Since an inconsistency of the extension of the �-ray spectra observed by Fermi-LAT with the upper limits obtained

from HAWC data could be explained by an absorbed source potentially emitting neutrinos at higher energies, we

1 The data are available under https://data.hawc-observatory.org/datasets/3hwc-survey/fitsmaps.php
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contours. Searches were performed for a potential source counterpart 
within a 3° radius around the event coordinates with publicly available 
multiwavelength data. Four hypotheses were tested: galactic, local 
Universe, transient and extragalactic origin.

As the direction of the event is compatible with the extension of the 
galactic interstellar medium (about 10° above and below the galactic 
plane), galactic counterpart was searched for in high-energy (4FGL-DR4 
(ref. 17)) and very-high-energy (TeVCat18) gamma-ray catalogues, as 
well as in the 3HWC survey data19. Despite the presence of the Orion 
molecular clouds in the error region, no catalogued source was found 
in the 99% error region. The direction of the event was cross-matched 
with the MANGROVE catalogue20 for distances up to 100 Mpc to explore 
a local origin: 40 galaxies were found. For each galaxy, optical transient 
sources were searched for in the ZTF public stream in a ±6-month time 
window, using the FINK broker21. No transient source was identified. 
Also, no coincident detection of transient objects (such as gamma-ray 
bursts, tidal-disruption events, supernovae) was found in the GCN 
notices and circulars (https://gcn.nasa.gov/), in the Astronomer’s Tel-
egram (https://astronomerstelegram.org/) and in the Transient Name 
Server (https://www.wis-tns.org/).

Extragalactic neutrino sources should be dominated by active 
galactic nuclei, and blazars are of particular interest considering the 
very-high energy of KM3-230213A. To compile a census of potential 
blazar counterparts within the 99% confidence region of KM3-230213A, 
archival multiwavelength data were also explored. The following cata-
logues were cross-matched to investigate a possible blazar counterpart: 
the 4FGL-DR4 Fermi-LAT gamma-ray catalogue17, the first eROSITA 
X-ray catalogue22, the Wide-field Infrared Survey Explorer (WISE) opti-
cal catalogue23, the RFC 2024b (https://astrogeo.org/rfc/) and NRAO 
VLA Sky Survey (NVSS)24 radio catalogues and Roma-BZCAT25. Four 
different strategies were pursued, leading to a total of 12 objects. The 
selection criteria are described in Methods, together with the proper-
ties of these sources. The celestial positions of the selected sources are 
shown in Fig. 4. Given the large number of blazars in the sky, none of 
these associations can be considered compelling so far, and further 
investigations will be needed.

Given that a hypothetical astrophysical source associated with KM3-
230213A may have also produced lower-energy neutrinos, data from 
the ARCA and ORCA detectors, as well as public data from the ANTARES 
and IceCube detectors, were checked for the presence of a neutrino 

signal compatible with a point-like source hypothesis in the vicinity of 
KM3-230213A. Details on the datasets, search approaches and results 
are given in Methods. The largest excess was found in the IceCube data 
at a distance of 2.4° from KM3-230213A with a pre-trial P-value of 
1.6 × 10−4 and a post-trial P-value of 0.07. No significant excess was 

Fig. 3 | Background rates. a, Expected yearly rate of atmospheric muons and 
cosmic neutrinos (according to the best-fit flux of ref. 5) in ARCA per bin of 
N trig

PMT and cos(zenith angle). The solid (dashed) lines mark the boundary of the 
phase space outside which 5% (1%) of the muon and neutrino distributions are 
contained. KM3-230213A is shown by the cross. b, Number of events collected 

in the ARCA detector over the 287 days of data taking with 21 detection lines, 
with the same selection cuts. Two upgoing, lower-energy events are visible as 
well as KM3-230213A, which are candidate neutrino events, subject to future 
analysis.
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Fig. 4 | Sky map in the direction of KM3-230213A. KM3-230213A is indicated 
by the red star, with the error regions within R(68%), R(90%) and R(99%) shown 
as dotted, dashed and solid contours, respectively. The directions of the 
selected source candidates are shown as coloured markers, whose colours and 
marker type indicate the criterion according to which the source was selected. 
The sources are numbered according to their proximity to KM3-230213A, as 
reported in Methods.



An unexpected discovery: KM3-230213A

14KM3NeT coll. 2025, ICRC2025(1018 +Damien Dornic highlight talk)

Tension ~2.5 σ with IceCube which makes 
this event even more interesting!

KM3-20230213A: 1st UHE neutrino

Local coordinates: (zenith, azimuth) = (89.4◦, 259.8◦): 
• Celestial coordinates: (RA, dec) = (94.3◦, −7.8◦) 
• R(68%) = 1.5◦, R(90%) = 2.2◦, R(99%) = 3.0◦

• Limited by the absolute positioning of the detection elements (intrinsic 

reconstruction uncertainty of 0.12◦)

• NEWS: Ongoing sea campaign to improve acoustic emitter position 

accuracy → recalibrate the data.

17

2024-2025 

• From the astrophysical point of view → where is it from?

• No counterparts (from radio to gamma)

In tension with IceCube/Auger? Phys.Rev.X J. Mauro (Tue 22, 15:50, Room F) 11

IceCube and Pierre Auger neutrino observatories have not seen such neutrinos in the past decade.
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joint KM3/
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Tension is moderate (⇠ 2.5�) and joint flux is aligned with IceCube measurements at lower energies.

• Can it be cosmogenic? maybe but difficult to 
accommodate with UL from IC and Auger

• No specific direction (a few blazar in the LOS 
and a galactic molecular cloud)
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Figure 5. Di↵erent known potential CR accelerators in the region around KM3-230213A: The yellow dots represent SNRs from
Green’s SNR catalogue (Green 2024), and the magenta circles show the young stellar clusters from Celli et al. (2024), the sizes
of the circles correspond to the cluster sizes. X-ray binaries and microquasars are displayed with the orange and red triangles
(Neumann et al. 2023; Avakyan et al. 2023), and pulsars from the ATNF pulsar catalogue (Manchester et al. 2005) as white
stars with black edges. The background is the velocity-integrated CO brightness temperature from Dame et al. (2001) which
traces the molecular gas.

In addition to these catalogue sources, Mart́ı et al. (2013) performed an analysis of the source 2FGLJ0607.5-0618c,
which is likely associated with the Mon R2 cloud. They reported no significant detection of �-rays above energies of
⇠3GeV, while at lower energies the emission is consistent with a power-law dN/dE / E�2.73.
While no source in the vicinity of KM3-230213A was detected by HAWC or LHAASO, the HAWC collaboration

published data accompanying the 3HWC catalogue (Albert et al. 2020). These data include skymaps with the sig-
nificances and flux normalisations maximising the likelihood function1. In this data, a point source and sources with
extensions of 0.5�, 1.0�, and 2.0� are considered. The flux normalisations are given for an energy of 7TeV by assuming
a power-law of E�2.5. Limits on the �-ray flux, computed using the reported flux and flux error, are used to derive a
limit on the neutrino emission at the KM3-230213A location.
Using the open-source gammapy package (Donath et al. 2023; Acero et al. 2024), we retrieved the flux and uncertainty

values, corresponding to the 2� Feldman-Cousins confidence intervals, from the skymaps. The values of the flux
at 7TeV, the corresponding upper uncertainties and the derived upper limits (the sum of flux normalisation and
uncertainty) for the point source and the extended source cases are shown in Table 1. As it can be seen, the uncertainties
dominate over the flux normalisations since no HAWC source is located nearby. Using these upper limits on the flux at
7TeV and the power-law index of �2.5, we computed the upper limits on the �-ray flux for the whole HAWC energy
range. Furthermore, the HAWC collaboration also has analysed the potential emission from nearby molecular clouds
(Albert et al. 2021), amongst them Mon R2. While the cloud was not detected, upper limits were provided. These
limits are also shown in the left panel of Figure 7, together with the prediction of the total emission from Mon R2 as
a passive cloud from the same article.
Since an inconsistency of the extension of the �-ray spectra observed by Fermi-LAT with the upper limits obtained

from HAWC data could be explained by an absorbed source potentially emitting neutrinos at higher energies, we

1 The data are available under https://data.hawc-observatory.org/datasets/3hwc-survey/fitsmaps.php
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contours. Searches were performed for a potential source counterpart 
within a 3° radius around the event coordinates with publicly available 
multiwavelength data. Four hypotheses were tested: galactic, local 
Universe, transient and extragalactic origin.

As the direction of the event is compatible with the extension of the 
galactic interstellar medium (about 10° above and below the galactic 
plane), galactic counterpart was searched for in high-energy (4FGL-DR4 
(ref. 17)) and very-high-energy (TeVCat18) gamma-ray catalogues, as 
well as in the 3HWC survey data19. Despite the presence of the Orion 
molecular clouds in the error region, no catalogued source was found 
in the 99% error region. The direction of the event was cross-matched 
with the MANGROVE catalogue20 for distances up to 100 Mpc to explore 
a local origin: 40 galaxies were found. For each galaxy, optical transient 
sources were searched for in the ZTF public stream in a ±6-month time 
window, using the FINK broker21. No transient source was identified. 
Also, no coincident detection of transient objects (such as gamma-ray 
bursts, tidal-disruption events, supernovae) was found in the GCN 
notices and circulars (https://gcn.nasa.gov/), in the Astronomer’s Tel-
egram (https://astronomerstelegram.org/) and in the Transient Name 
Server (https://www.wis-tns.org/).

Extragalactic neutrino sources should be dominated by active 
galactic nuclei, and blazars are of particular interest considering the 
very-high energy of KM3-230213A. To compile a census of potential 
blazar counterparts within the 99% confidence region of KM3-230213A, 
archival multiwavelength data were also explored. The following cata-
logues were cross-matched to investigate a possible blazar counterpart: 
the 4FGL-DR4 Fermi-LAT gamma-ray catalogue17, the first eROSITA 
X-ray catalogue22, the Wide-field Infrared Survey Explorer (WISE) opti-
cal catalogue23, the RFC 2024b (https://astrogeo.org/rfc/) and NRAO 
VLA Sky Survey (NVSS)24 radio catalogues and Roma-BZCAT25. Four 
different strategies were pursued, leading to a total of 12 objects. The 
selection criteria are described in Methods, together with the proper-
ties of these sources. The celestial positions of the selected sources are 
shown in Fig. 4. Given the large number of blazars in the sky, none of 
these associations can be considered compelling so far, and further 
investigations will be needed.

Given that a hypothetical astrophysical source associated with KM3-
230213A may have also produced lower-energy neutrinos, data from 
the ARCA and ORCA detectors, as well as public data from the ANTARES 
and IceCube detectors, were checked for the presence of a neutrino 

signal compatible with a point-like source hypothesis in the vicinity of 
KM3-230213A. Details on the datasets, search approaches and results 
are given in Methods. The largest excess was found in the IceCube data 
at a distance of 2.4° from KM3-230213A with a pre-trial P-value of 
1.6 × 10−4 and a post-trial P-value of 0.07. No significant excess was 

Fig. 3 | Background rates. a, Expected yearly rate of atmospheric muons and 
cosmic neutrinos (according to the best-fit flux of ref. 5) in ARCA per bin of 
N trig

PMT and cos(zenith angle). The solid (dashed) lines mark the boundary of the 
phase space outside which 5% (1%) of the muon and neutrino distributions are 
contained. KM3-230213A is shown by the cross. b, Number of events collected 

in the ARCA detector over the 287 days of data taking with 21 detection lines, 
with the same selection cuts. Two upgoing, lower-energy events are visible as 
well as KM3-230213A, which are candidate neutrino events, subject to future 
analysis.
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Fig. 4 | Sky map in the direction of KM3-230213A. KM3-230213A is indicated 
by the red star, with the error regions within R(68%), R(90%) and R(99%) shown 
as dotted, dashed and solid contours, respectively. The directions of the 
selected source candidates are shown as coloured markers, whose colours and 
marker type indicate the criterion according to which the source was selected. 
The sources are numbered according to their proximity to KM3-230213A, as 
reported in Methods.



Summary

15IceCube coll. 2025, ICRC2025(Mauricio Bustamente rapporter’s talk)



Summary

15

Four neutrino contributions identified:

IceCube coll. 2025, ICRC2025(Mauricio Bustamente rapporter’s talk)



12

Figure 6. 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 gray 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.

Figure 7. Northern and Southern Hottest Spots. Local pre-trial p-value maps in equatorial coordinates of the area
around the most significant point in the northern sky (left) and southern sky (right). The only source-list source seen over both
zoomed in maps is NGC 1068. Its location is shown as the black star in the area of the northern hottest spot (left).
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+ Many significant contributions to neutrino physics:


• Glashow resonance IC coll. Nature 591, (2021)


• Tau neutrinos


• Oscillations, … 

The IceCube Collaboration

Figure 3: Reconstructed energy posterior probability density and expected distributions from MC simula-
tions. a, Posterior probability density of the visible energy for this event. Systematic uncertainties due to the ice and global
energy scale of the detector are included. b, Expected Monte Carlo (MC) event distributions in visible energy of hadrons
from W� decay (GR h., blue), the electron from W� decay (GR e., orange), charged-current interactions (CC; red) and
neutral-current interactions (NC; green) for a live-time of 4.6 years from the PEPE sample. We assume the ratio ⌫̄ : ⌫ = 1 : 1,
a flavour ratio of 1 : 1 : 1 at Earth, an astrophysical spectrum measured from [2], and cross-sections according to Eq. (1) and
[19]. The effects of Doppler broadening on the Glashow resonance (GR) [20] is also taken into account.

Figure 4: Measured flux of astrophysical neutrinos. Global picture of astrophysical neutrino flux measurements [23,
26], cosmogenic neutrino limits [15, 33, 34] and ultra-high energy cosmic-ray (UHECR) spectrum [35]. The y axis is given
in term of the energy, E, squared times the flux, �. We assume the ratio ⌫ : ⌫̄ = 1 : 1, a flavour ratio of 1:1:1 at Earth, an
astrophysical spectrum measured from [19]. This result extends the measured astrophysical flux to 6.3PeV. The luminosity
densities of high energy neutrinos and extragalactic ultra-high-energy cosmic rays are found to be comparable.

First UHE neutrino! 

• TXS0506+056 (~ PeV)

• NGC1068 (~ TeV)

• Galactic plane (TeV-PeV)

→ Predominance of AGNs (blazars + Seyferts)
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At high energy: combination of IceCube and KM3NeT data 

• Diffuse flux: more resolved sources and better measurement of spectrum features


• Steady sources: stacking analysis of AGNs should reach the discovery level


• Galactic plane: what sources are hidden there ? → KM3NeT FoV!


• Transients: new multi-messenger events thanks to the fast development of alerts and follow-up networks
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followed by Jolan Lavoisier!


