
REVELING THE NEUTRINO SKY: A 
DECADE OF ICECUBE’S OBSERVATIONS

S. Toscano on behalf of 
the IceCube Collaboration




MAYORANA 2023 S. Toscano

Science program 2



MAYORANA 2023 S. Toscano

Science program 3



Multiwavelength view of the Crab Nebula
Source: Multiwavelength Crab

https://ecuip.lib.uchicago.edu/multiwavelength-astronomy/astrophysics/02.html


From multiwavelength to 
multimessenger astronomy



From multiwavelength to 
multimessenger astronomy

The window to the extreme Universe

ν
Eν > TeV



NOW 2022 S. Toscano

p + γtarget → Δ+ →
p + π0, Br = 2/3
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Neutrino astronomy: The multi-messenger connection



8



NuFACT 2019 Juan A. Aguilar

The IceCube neutrino 9
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Completion in December 
2010

5,160 Digital Optical 
Modules (DOMs)

86 string with 60 DOMs 
each 

6 denser strings called 
DeepCore 


1 km2 surface array 
with 324 DOMs: 
IceTop
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Detection principle 10
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IceCube detects Cherenkov radiation from secondary charged particles

Credit: J. A. Aguilar
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The atmospheric background 12

atmospheric µ 

  ν induced µ 

Atmospheric  Background

μ

νμ

μ

p

p

μ

νμ

3kHz

2mHz

μ-dominated

ν only  

~107 events/hour
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Credit: J. A. Aguilar



You just saw 10 msec of IceCube data!
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Searching for astrophysical neutrinos 14

Hybrid (tracks and cascades) - 4π

High Energy Starting Events (HESE) Up-going through-going muons 
travelled through the Earth

Diffuse-νμ sample (Northern Sky)
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Diffuse flux: the discovery 16The discovery of astrophysical neutrinos
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Astrophysical neutrinos: diffuse flux 17

Aartsen et al (IceCube Coll.) Science 342, 1242856 (2013)
Only 2 years of data to find evidence of astrophysical neutrinos!

• E2 Φ: ~1.2 x 10-8 E-2 [GeV/cm2/s/sr]

• Best fit spectral index: -2.2

• 28 events (expected ~ 10 
background events) 


• Significance ~ 4σ 
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Astrophysical neutrinos: power law 18

Comparison difficult since datasets have different energy cuts 
and select different morphologies (hemispheres)

Global fit to unify all detection channels 
and test tensions between results

Abbasi et al (IceCube Coll), ApJ 928:50 (2022) 

Several analysis confirm the detection at > 5σ
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Where are the source of neutrinos?
19
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The galaxy in gamma-rays 20

• Cosmic-ray interactions 
with the ISM dominate the 
diffuse -ray emission of the 
Galaxy!


• If pions are produced, also 
neutrinos should produced.


• Much of the Galactic 
Center in the Southern Sky

- Large muon atmospheric 

background

γ

– 65 –

Fig. 15.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5. See Figure 12

for legend.
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M. Ackermann et al 2012 ApJ 750 3

Total Diffuse 
Galactic Emission
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Improved cascade reconstruction 21

• Deep Neural Networks improves angular 
resolutions for cascade a factor 2 at TeV.


• Order of magnitude increases in acceptance 
in Southern Sky by reconstructing even 
partially contained events. 
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Our galaxy in neutrinos 22

Galactic Plane

Galactic Center

Science 380(6652):1338-1343


https://www.researchgate.net/journal/Science-1095-9203
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Galactic neutrinos 23

We observe the Galactic plane in 
>TeV neutrinos: 


• Only 6–13% of the total cosmic 
neutrino flux reaches us from our 
own Galaxy (30 TeV)


• The nearby sources from our own 
Galaxy do not outshine the neutrino 
flux from the Universe

- Powerful accelerators operate in 

galaxies other than our own 

4.5σ Diffuse neutrinos

Galactic neutrinos
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Cosmic sources 24

~5 000 light years

Black Hole

Jets

Accretion Disk
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Multimessenger astronomy 25

IceCube-170922A E = 290 TeV

Science  13 Jul 2018: Vol. 361, Issue 6398

• An alert system based on HESE  track-like events and Extreme High Energy events. Operating 
since April 2016


• Sep 22 2017: An alert on was sent corresponding to a high energy event  300 TeV
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Archival neutrino search find an excess between September 2014 and March 2015: 
background only hypothesis rejected at 3.5σ [Science 361 (2018) 147-151].

Neutrino emission from TXS 0506+056 26

Multimessenger coincidence: p-value = 3σ. [Science 361 (2018) eaat1378]
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All Sky Search 27

Science 378 (2022) 538-543

• Strongest neutrino emission (host-spot best-fit): 

- Located at R.A. 40.69° and Dec. 0.09°. 

- 

- 

- Local significance 5.3 


• 1% of scrambled data sets have a spot ≥ 5.3 

̂n = 81
̂γ = 3.2

σ
σ
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All Sky Search 28

Hottest spot is 0.11° away from 
center of NGC 1068

Science 378 (2022) 538-543

• Strongest neutrino emission (host-spot best-fit): 

- Located at R.A. 40.69° and Dec. 0.09°. 

- 

- 

- Local significance 5.3 


• 1% of scrambled data sets have a spot ≥ 5.3 

̂n = 81
̂γ = 3.2

σ
σ
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Catalog Search 29

• NGC1068 Best Fit Source

- 

- 

- Local significance 5.2 


• 1 in 100,000 scrambled data 
sets have object ≥ 5.2 σ

̂n = 79
̂γ = 3.2

σ

• A priori catalog of 110 pre-
selected candidates. 


• Based on 4th Fermi catalog of 
gamma-ray sources: 4FGL-2DR


• Selected a priori based on gamma-
ray brightness and IceCube 
sensitivity at object’s declination
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Catalog Search 30

• NGC1068 Best Fit Source

- 

- 

- Local significance 5.2 


• 1 in 100,000 scrambled data 
sets have object ≥ 5.2 σ

̂n = 79
̂γ = 3.2

σ

• A priori catalog of 110 pre-
selected candidates. 


• Based on 4th Fermi catalog of 
gamma-ray sources: 4FGL-2DR


• Selected a priori based on gamma-
ray brightness and IceCube 
sensitivity at object’s declination

Global Significance 4.2σ
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NGC 1068 31

NGC 1068 
Where are the 
gamma-rays?

Science 378 (2022) 538-543

• TXS 0506+056 and NGC 1068 contribute each ~1% of the total astrophysical 
diffuse neutrino


• Measured neutrino flux exceeds TeV gamma-ray upper limits 
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NGC 1068
Seyfert Galaxy with an obscured black hole

32

• Very active starburst spiral galaxy.

• It is close! (~14.4 Mpc)

• It hosts a Compton-thick AGN

• AGN powered by a SMBH with 

mass ~107 - 108  

• Intrinsically the brightest Seyfert in 

the X-ray band

M⊙
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The Disk-Corona Model

33

• Electron and protons are 
accelerated in the high field 
regions associated with the black 
hole and the accretion disk


• They produce neutrinos in the 
optical thick corona


- Gamma-rays are absorbed

Image credit: NASA/JPL-Caltech


X-ray CoronaAccretion disk

Black Hole



SUMMARY

Future is bright in neutrino!

• IceCube has been investigating a diffuse flux of astrophysical 
>TeV neutrinos for almost a decade providing the first neutrino 
view of the Universe 

• First sources of neutrinos are being unveiled and we start having a 
blueprint of the solution of the cosmic-ray problem… 


•… however cosmic rays physics is never that simple and we can 
expect more surprises. 


• IceCube-Gen2 on its way (within next decade)


