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IceCube:
log (dN/dE) =1.24 10-22 cm-2s-1sr-1GeV-1

search for the Glashow resonance
with the Dumand test string



Glashow resonance event with energy 6.3 PeV

q

q
_

resonant production of a weak
intermediate boson by an anti-

electron neutrino interacting with
an atomic electron



• energy measurement understood
• shower consistent with the hadronic decay

of a weak intermediate boson W
• identification of anti-electron neutrino
• SM cross section known  measure flux



JPL 1994



UH 1980



UH 2016



standing on the shoulders of giants

1987: DUMAND test string



South Pole surface

1450 m

2450 m
bedrock

ground-penetrating radar
from airplane





• muon produced by
neutrino near
IceCube

• comes through the Earth

• 2,600 TeV inside detector

• not atmospheric

• angular resolution
0.3o  astronomy






muon neutrino events
[filtered by the Earth]:

atmospheric vs 
cosmic

Number of Events

Data/MC

cosmic

atmospheric



Glashow
eventelectron and tau

neutrinos (showers)

muon neutrinos through
Earth (tracks)

Φ = dN/dE ~  E-2.5



superior total energy
measurement

to 10%, all flavors, all sky

neutrinos interacting 
inside the detector

superior angular resolution 0.3o

including systematics

muon neutrinos
filtered by the Earth









Glashow
eventelectron and tau

neutrinos (showers)

muon neutrinos through
Earth (tracks)

Φ = dN/dE ~  E-2.5



Cherenkov radiation from PeV electron (tau) shower
> 300 sensors > 100,000 pe reconstructed to 2 nsec

Bert and Ernie



29

systematic search for
contained events

26 more events found
in first two years of data



UH 2013



two surprises:

• cosmic neutrinos sources originate in a target from 
which gamma rays do not escape

• powerful accelerators produce neutrinos in other 
galaxies that do not exist in our own 



nearby
radiation

supermassive
black hole

 p + π0

p + γ  n + π+

ν and γ beams : heaven and earth
accelerator is powered by
large gravitational energy



p

ν

neutrinos:  perfect messengers

e+

e-

gamma rays accompanying IceCube neutrinos interact
with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth



e+

e-

γ

~10 GeV

PeV

γ + γCMB e+ + e-





NASA Fermi satellite
does not observe the

gamma rays that
accompany IceCube

neutrinos

they appear at MeV
energies or below



two surprises:

• cosmic neutrinos sources originate in a target from 
which gamma rays do not escape

• powerful accelerators produce neutrinos in other 
galaxies that do not exist in our own 



where is the 
neutrino Galactic 

plane?

visible

166 neutrino
starting events

by geometry the flux 
from your own 
Galaxy should 

dominate
the diffuse flux from 

all other galaxies 
combined!



• populate all galaxies in the Universe with neutrino sources

• seen from Earth you should see the sources in your own 
galaxy first; this is geometry

• the Milky Way should dominate the sky, as is the case for 
all wavelengths of light

 powerful accelerators operate in other galaxies that do not 
exist in our own

 our supermassive black hole has not been active for
a few million years?



Lessons from the diffuse cosmic neutrino flux:

• neutrino sources originate in a target from which
gamma rays do not escape

• powerful accelerators operate produce neutrinos 
in other galaxies that do not exist in our own

 dense cores of active galaxies with the     
central supermassive black hole
cannibalizing its own galaxy 



the neutrinos escape
the gamma rays do not

… like at Fermilab

gamma rays lose energy
to appear below Fermi’s

threshold

neutrinos produced at
10 Schwartzschild radii

from the black hole

supermassive black hole immersed
in X-ray emitting plasma (corona)



-0.01°

40.67°

Grid 0.03° x 0.03°

• hotspot in the neutrino sky
• most signifiant of 110 preselected sources

Equatorial Coordinate System

at the NGC1068 location
➡astrophysical neutrino events = 79
➡spectral index = 3.2 ± 0.2
➡single source significance 5.2σ
➡ (offset 0.110) 
➡1 in 100,000 scrambled data sets have object ≥ 5.2σ = 4.2σ
➡p-value <10-5 including all trials

NGC 1068



80 high-energy neutrinos
from the direction of the
active galaxy NGC 1068

update:
80100 
neutrinos
1013
years

10 years



NGC 1068
comes 

into focus
0.35 deg         0.1 deg         0.04 deg         



sub-leading sources from binomial analysis
(also the 3 top sources)

now 3.4σ p-value



TXS 0506+056 detections
• multimessenger
• IceCube archival data
• observation optical flash



2 alerts!

binomial test of X-ray bright (non-jetted) active galaxies



non-jetted X-ray sources

but also TXS 0506+056



neutrinos from the Galactic plane !
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Fermi-LAT 12-year Survey, E > 1 GeV

2 years of data
Galactic Plane p-value: 65%

7 years of data
Galactic Plane p-value: 2.1% (2𝝈𝝈)

Science 380 (2023) 1338

10 years of data
Galactic Plane p-value: 0.0004% (4.5𝝈𝝈)

2017 paper 2019 paper

Deep learning improved resolution 
by ~2, sensitivity ~3





tau decay length:
γcτ = 50m per PeV

tau neutrino production and decay



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime



Astrophysical Tau Neutrino Search  

 Standard Model: 8 expected on a background of 1 and 7 found for a flavor ratio 1:1:1



• oscillations of PeV neutrinos over cosmic distances to 1:1:1
• high energy (> PeV) nutau neutrinos are of cosmic origin

starting events 
(medium energy)

machine learning
PMT signals







5818 Jun 2024

Uncharted Territory Eν = 220 PeV






IC190331: 5300 TeV deposited inside the detector

initial neutrino energy 11.4 pm 2.5 PeV



overflow slides



6118 Jun 2024

Uncharted Territory
• Light profile consistent with at least 3 large energy depositions along 

the muon track
• Characteristic of stochastic losses from very high energy muons
• Space-time distribution of light consistent with shower hypothesis 

associated with these energy depositions
• Low scattering is key to observing this richness of detail

KM3NeT PreliminaryKM3NeT Preliminary



6218 Jun 2024

Uncharted Territory
• Significant event observed with huge amount of light
• Horizontal event (1° above horizon) as expected since earth opaque to 

neutrinos at PeV scale
• 3672 PMTs (35%) were triggered in the detector
• Muons simulated at 10 PeV almost never generate this much light

– Likely multiple 10’s of PeV

1 in 110 million 
data events

KM3NeT 
Preliminary



6318 Jun 2024

Uncharted Territory
• Light profile consistent with at least 3 large energy depositions along 

the muon track
• Characteristic of stochastic losses from very high energy muons

Position of light 
emission along track
consistent with hit time 
assuming direct light

x

t0

thit

KM3NeT 
Preliminary



horizontal event
~1 EeV
IceCube

with an angular resolution of 1.2 
degrees the KM3NeT event is 

seperated by ~ 3 sigma from the 
downgoing muon background
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