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The neutrino sky


Shines with equal intensity day and night

You can look both above and below you


Views the furthest reaches of  our Universe

But, is a very dark place unless you have a large and efficient 

telescope
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Neutrinos 

No charge


Nearly 
massless


Three 
“flavours”
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Neutrinos are a direct, unobscured tracers of  hadronic acceleration
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86 Strings

Instrumented 
volume: 1 km3

IceCube Lab

completed 2011
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Instrumented 
volume: 1 km3

neutr
ino

neutrino

muon

track
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Tracks 

Charged-current 𝝼𝛍


Good pointing: 0.2° - 1°


Cascades 

Charged-current 𝝼e or 𝝼𝛕 and neutral current


Good for energy reconstruction

Some pointing: 5° - 10°




Atmospheric 
muons

Atmospheric 
neutrinos

What can mimic astrophysical neutrinos?



Each year, IceCube records approximately:


   100 000 000 000  events    (about 3000 events per second)


  Almost all of these are muons from cosmic rays hitting the atmosphere above the detector

	 ->  Atmospheric muons


   100 000  neutrino events   (about 300 per day) 


   Almost all of these are nu’s from cosmic rays hitting the atmosphere on other side of Earth

	 ->  Atmospheric neutrinos


    100s of astrophysical neutrinos  (1 per day)


How to find astro. neutrinos (signal) in a background event rate 109 times higher?



How to pick out neutrinos from muons?

p

𝛍
𝝼

p

𝝼𝛍

Approach 1: Direction

Use the Earth as a muon filter

Atmosphere

Earth

𝝼

Approach 2: Veto

Require events to start in the detector



How to pick out astrophysical neutrinos from 
atmospheric neutrinos?

Earth

Energy: 

Look for events with high energy

Atmospheric: E-3.7

Astro: E-2

Energy
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Muon Energy / GeV

Muon Neutrino track events

2010-2018

Requires spacial clustering of 
events to become significant:

point sources

These events can be 
individually identified as 
astrophysical neutrinos

atmospheric neutrino 
background

astrophysical

neutrino flux
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2013

IceCube discovers  the 

high energy astrophysical 
neutrino flux



The first high energy (PeV) events
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Discovering high energy astro neutrinos–  
the first 28 events
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2013

Discovery of  the 

high energy astrophysical 
neutrino flux

2018

Observation of  the first 
source of  high energy 
neutrinos




Real time alerts of  high energy events  
started in 2016
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170922A

Tracks: ~10 alerts/year in the gold 
channel (half  from background)


Cascades: ~8 alerts/year in the gold 
channel (half  from background)


Typical latency of  < 3 minutes


Track

Cascade

(from this 
morning!)
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In September 2017, IceCube sends 
out an alert of IC170922A

Mean angular resolution: 0.25o


Best fit neutrino energy 290 TeV



21IC170922A



Science 361, 147-151 (2018)
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13 neutrinos over 4-5 months

~ 3.5 𝛔
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2013

Discovery of  the 


high energy astrophysical 
neutrino flux

2018

Observation of  the first 
source of  high energy 

neutrinos


2022

Observation of  the second 

source of  high energy 
neutrinos




Science — Nov. 4, 2022

Right Ascension 24



Equatorial Coordinate System

Northern-sky scan for neutrino emission

Northern sky scan hottest spot:
Astrophysical neutrino events = 
81 Spectral index = 3.2 ± 0.2
Local significance of 5.3 σ

1 in 100 scrambled data sets have a spot ≤ 5.3 σ 25
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NGC 1068

NGC 1068
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TXS 0506+056
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NGC 4151 

(0.18 degrees away)
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NGC 1068 & NGC 4151:  O.G. Seyfert Galaxies
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Astrophysical Journal, vol. 97, p.28 (1943)

R. Silberberg and M. M. Shapiro (1982)
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Catalog search


110 objects chosen a priori 


Sources from Fermi catalog 4FGL-2DR


Selection based on gamma flux and 
IceCube’s declination-dependent 
sensitivity 


95 blazars, 14 AGN/other galaxies, 1 
galactic source


NGC 1068 and TXS 0506+056 were in 
catalog, NGC 4151 was not
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Binomial test: statistical tests that looks 
at the distribution of p-values and 

compares them to a uniform p-value 
distribution


Chance of getting 

3 or more objects at ≥ 3.5 σ = 3.7 σ



 -0.01°

40.67°

Grid 0.03° x 0.03°

Equatorial Coordinate System

Evidence for neutrino emission from NGC 
1068

Catalog search (110 objects)
Most significant object: NGC 
1068
Astrophysical neutrino events = 
79 
Spectral index = 3.2 ± 0.2
Local significance of 5.2 σ
1 in 100,000 scrambled data sets have a spot ≤ 5.2 σ → 4.2 σ 33
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NGC 1068

(2) Murase+, PRL 20
(1) Inoue+, ApJL 20

(2)

(1)



Implications of the two observed sources of HE neutrinos

Active galaxies may contribute to 
significant fraction of extragalactic 
neutrino flux.

NGC 1068 and the 2014/15 TXS flare 
are opaque to high-energy gamma-
rays

The properties of neutrino emission 
from NGC 1068 and TXS 0506+056 
are different.

[25] IceCube. ApJ 928, 50 (2020) 
[17] IceCube. PRL. 125, 121104 (2020)
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2013

Discovery of  the 


high energy astrophysical 
neutrino flux

2018

Observation of  the first 
source of  high energy 

neutrinos


2022

Observation of  the second 

source of  high energy 
neutrinos


2023

?



Exploring the extreme sky in IceCube-Gen2 
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8 x more volume

Existing detector 2025/26
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We have observed the first sources of  neutrinos: blazar TXS 
0505+056, AGN NGC1068


Already can see that neutrinos play a unique role in obsured 
sources and in characterizing source behaviour


Open questions: 

More than one source population contributing to the diffuse 
flux?

Connection to electromagnetic radiation?
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