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Neutrino 
Telescopes 
Envisioned 
(1960)

First High Energy Atmospheric 
Neutrinos Detected by Baikal (1996)

Construction of ANTARES Started 
(2002)

History of neutrino Astronomy in a nutshell 
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Astrophysical neutrinos discovered
A refined background rejecting analysis yielded the first evidence of neutrinos of 
astrophysical origin: flavors, directions, and energies inconsistent with those 
expected from the atmospheric muon and neutrino backgrounds 

One of the highest energy 
particles ever observed: 
about 2 PeV 

IceCube, Science 342, 1242856 (2013) 
IceCube, Phys. Rev. Lett. (2015)
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Breakthrough in Multi-Messenger Astronomy 
Compelling evidence for high-energy emission from the Blazar TXS 
0506+056 assoc iated wi th the h igh-energy neutr ino 
IceCube-170922A. Identification of a cosmic hadron accelerator 
with >PeV energies! 

IceCube, FERMI, MAGIC, ++., Science 361, 146 (2018) 
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Envisioning a neutrino telescope
M.Markov (1960): we propose to install detectors deep in a lake or in the sea 
and to determine the direction of charged particles with the help of Cherenkov 
radiation

M. Markov B. Pontecorvo
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A “Dio Volente” detector
F. Halzen & J. Learned 1988: “this is a detector that requires a number of happy 
accidents to make it feasible. But if these should come to pass, it may provide 
the least expensive route to a truly large neutrino telescope. Exploratory studies 
may begin at the South Pole Station within the next few years.”

R. March, F. Halzen & J. G. Learned “Neutrino detection in clear polar ice” at The First 
”International Venice Workshop on Neutrino Telescopes” (1998)
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Challenges: cross section
For a benchmark astrophysical flux O(105)/km2/year at energies > 100 TeV we 
need km3-scale detectors! ⇒use natural water or ice

Eνe= M2W /(2me) = 6.3 PeV 
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Challenges: backgrounds
Event rates in underwater experiment are at least of the order of 1010 events/
year: need to instrument a volume surrounded by important mass overburden to 
suppress the background from cosmic rays

E. V. Bugaev, A. Misaki, V. A. Naumov, T. S. Sinegovskaya, S. I. 
Sinegovsky, and N. Takahashi

Phys. Rev. D 58, 054001 (1998)
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Neutrino telescopes: the concept

Lattice of 
photomultipliers 

(PMTs)

Overburden

✲ incoming muon 
(tau) neutrino

through-going 
muon

Cherenkov cone 
(42o opening angle)
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Neutrino telescopes: the concept

Early photons
Late photons

through-going 
muon track

incoming muon 
(tau) neutrino✲



Elisa Bernardini — University of Padova (Italy)

The IceCube Neutrino Observatory
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Properties of the medium



Digital Optical Modules
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Neutrino detection probability
A high-energy neutrino has a reduced mean free path (𝝀𝝂) and the secondary 
muon an increased range (𝝀𝝁), therefore the probability for observing a neutrino-
induced muon (𝝀𝝁/𝝀𝝂) increases with energy, being about 10-6 at an energy of 1 
TeV 

• Probability to detected a Neutrino (contained events): 

• For νμ: 

• For ντ:

✲

✲

✲✲✲

νμνe ντ

L: instrumented length
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The neutrino and the muon effective areas
Neutrinos may not reach the detector and be absorbed in the Earth on their 
journey, with a probability depending upon their flavour and energy

(Neutrino) Effective area
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Measuring the Direction
The arrival times of photons at the optical sensors, whose positions are known, 
determine the particle’s trajectory. These photon arrival times are used in 
maximum-likelihood fitting event reconstruction with different hypotheses on the 
event topology (flavour)

Muon tracks  
angular resolution 0.5° @ 10 TeV (0.3° @ 100 TeV)

Cascades 
~15° median angular resolution @ 10 TeV (8° @ 100 TeV) 
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Measuring the Energy
Most Cherenkov light from a muon traveling through ice is radiated through 
stochastic processes, resulting in a dense series of cascade-like signatures. The 
mean distance between these energy deposits decreases with increasing energy.

Bremsstrahlung

e+e- pair creation
𝛍photo-nuclear
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Event signatures

Simulation

Through-going track (νμ) 
angular resolution < 1o 
only dE/dx 

Starting track (νμ) 
angular resolution < 1o 

dE/dx + energy at vertex 

Cascade (νe, νμ, ντ) 
angular resolution > 10o 
energy resolution ~ 15% 

Double-Bang (ντ) 
E > O(PeV)
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10 milliseconds of IceCube data

https://www.youtube.com/watch?v=IPzk2ZGUOB0
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Signal and backgrounds
• Event rates in IceCube (year-1):

• atmospheric muons      : 9 x 1010 (3000 per second)

• atmospheric neutrinos : 8 x 104 (1 every 6 minutes)

• astrophysical                  : O(10)
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Reducing the background
Selecting up-going events travelled through earth: Sensitive to νμ, ντ, Northern 
Sky only
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Reducing the background
Select High Energy Starting Events (HESE): Sensitive to  νe, νμ, ντ from ~60 TeV 
to few PeV, Full Sky

Schonert, S., Gaisser, T. K., Resconi, E., & Schulz, O. Phys. Rev., D79, 043009 

Gaisser, Jero, Karle, van Santen, Phys. Rev. D, 90:023009 (2014) 

Aartsen, M. G., 2017d, Astrophys. J., 846, 136 

Wandkowsky, N., & Weaver, C. 2018, PoS, ICRC2017, 976
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Reducing the background
Select Extreme High Energy events (EHE): Sensitive to νe, νμ, ντ in energy range 
from few 100 TeV to few EeV, Around horizon with very good angular resolution 
for for tracks   

✓
𝝻
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Astrophysical neutrino flux
At high energies an excess of events is observed excluding an atmospheric-only 
origin. An astrophysical flux in the energy range from 20 TeV and 9 PeV is 
testified by various channels and analysis methods

M. G. Aartsen et al. Astrophys. J., 833(1):3, 2016. 

High-energy starting events (HESE) 
Interaction vertex in the detector        
All flavor, all sky 

Ahlers & Halzen (2018)

Up-going tracks 
Muon-dominated 

Northern sky 
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Astrophysical neutrino flux
The energy spectrum is compatible with a power-law with a spectral index of 
2.5 between 16 TeV and 3 PeV. Independent channels (cascades: νe+ντ) and 
tracks (νμ) 

IceCube Col.. Phys. Rev. Lett. 125, 121104 (2020)
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The high-energy Neutrino Sky

tracks ⊗

cascades ⊕

public alerts (tracks) ⊙  

At high energies (few tens TeV) a clear excess of events is observed excluding an 
atmospheric-only origin. Directions show no obvious accumulation either around 
individual sources or the Galactic  plane

M. Ackermann et al., Astro2020 Science White Paper 2019
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Searching for Neutrino Point Sources
Allowing for more background and larger signal efficiencies it is possible to search 
for individual astrophysical sources as local event excesses. From the first year of 
full IceCube operations 138,322 neutrino candidates (muon tracks) recorded!

Equatorial coordinates

Horizon

Up-going
Background: atmospheric νμ

Down-going
Background: atmospheric μ
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Searching for Neutrino Point Sources
A sample of ~1x106 neutrinos recorded by IceCube in 10 years provides no 
evidence for neutrino sources in the full sky and in locations motivated by 
gamma-ray observations Hottest spot in the North near Seyfert galaxy NGC 1068, 

inconsistent with background at 2.9σ

Hottest spot in the South post-trial probability 75%



Elisa Bernardini — University of Padova (Italy)

Searching for Neutrino Point Sources
NGC 1068Best fit normalisation for largest hot-spot is 

much greater than current gamma-ray limits. 
Best fit spectral index is -3.2 

MAGIC Coll., The Astrophysical Journal 883 (2019) 135
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Searching for Neutrino Point Sources
Collectively, correlations with sources in the Northern catalog are inconsistent 
with background at 3.3 σ significance.

NGC 1068 
TXS 0506+056

PKS 1024+240

GB6 J1542+6129 



Elisa Bernardini — University of Padova (Italy)

Neutrinos from PWNe
Galactic cosmic ray accelerators are expected to contribute at a subdominant 
level to the observed high-energy cosmic neutrino flux. Pulsar Wind Nebulae are 
the most abundant population of gamma-ray emitters, motivating dedicated 
searches

PWNe can be strong neutrino 
emitters if the neutrino flux is 
correlated with the gamma-ray flux 
or if correlated with the pulsar’s 
age

IceCube Coll. Astrophys. J. 898 (2020) 117
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Using cascade events
Cascade events allow for low background searches for point sources of neutrinos 
with energies as low as 1 TeV anywhere in the sky

Sagittarius A*

IceCube Coll. Astrophys. J. 886 (2019) 12
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Realtime Neutrino Astronomy
IceCube’s nearly 100% uptime and continuous 4π steradian field of view make it an 
ideal observatory for multi- messenger programs, both to trigger other 
observatories as well as perform follow-ups  
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Neutrino triggered target of Opportunity

The first application of a Target of Opportunity strategy to collect simultaneous 
data of high energy neutrinos and gamma-rays. Neutrino events with coordinates 
close to preselected candidate sources are used to alert gamma-ray observations. 
The detection of a positive coincidence can enhance the neutrino discovery 
chance or more generally increase the availability of simultaneous observations

E.B "Multi-messenger approaches to 
search for point sources of high energy 

neutrinos with AMANDA/IceCube” @ The 
Multi-Messenger Approach to High-

Energy Gamma-Ray Sources, Barcelona 
(2005) 

E.B "Multi-messenger Studies with 
AMANDA/IceCube: Observations and 

Strategies” @ Cherenkov 2005, Palaiseau 
(2005) 

M. Ackermann, E.B., et al., Neutrino 
Triggered Target of Opportunity (NToO) 
test run with AMANDA-II and MAGIC, 

arXiv:0709.2640  (2007)

https://arxiv.org/abs/0709.2640
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Trigger types before 2019
Event multiplets (PRIVATE, since 2008/2012): 

ɣ-ray follow-up (GFU) timescales up to three weeks, 2 (background) alerts/
yr [also @ M. G. Aartsen, et al., JINST 11 (2016)] 

optical and X-ray follow-up (OFU) timescales up to 100 s, 7 (background) 
alerts/yr [also @ M. G. Aartsen, et al., Astrophys. J. 811 52 (2015)] 

Single events (PUBLIC, since 2016) 

Track-like high-energy starting events (HESE): single events, 4 alerts/yr, 1/yr 
signal expected 

Extremely high-energy through- going tracks (EHE): single events, 4 alerts/
yr, 2/yr signal expected

IceCube Coll., The IceCube Realtime Alert System, 
Astropart. Phys., 92, 30 (2017)
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IceCube-170922A

• Publicly distributed 43 seconds after trigger, refined direction 4 hr later 

• At 6 arc-minutes from the direction of TXS 0506+056 

• Most probable energy between 250 and 300 TeV and probability of astrophysical origin 
56.6% 

Compelling evidence for neutrino emission from the Blazar TXS 0506+056. 
Identification of a cosmic hadron accelerator with >PeV energies! 
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IceCube-170922A

IceCube-170922A

Gamma-rays

E > 800 MeV

• Consistent with the direction of IceCube-170922A there is the Blazar TXS 0506+056  

• The source was found in a state of enhanced gamma-ray activity lasting several months 

• Coincidence probability after trials (10 public alerts and 40 archival events): 3 σ  

Compelling evidence for neutrino emission from the Blazar TXS 0506+056. 
Identification of a cosmic hadron accelerator with >PeV energies! 

Fermi, ASAS-SN, IceCube Coll. ApJ 880 103, 2019
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Very high energy gamma-rays from TXS 
0506+056

IceCube, FERMI, MAGIC, ++., 
Science 361, 146 (2018) 

MAGIC Collaboration, ApJL 863, 1

MAGIC detected ɣ-rays with energies up to about 400 GeV 
with strong day-to-day variations

Gamma-rays

E > 90 GeV
IceCube-170922A
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The first multi-messenger SED

1/0.5 yr    

1/7.5 yr

IceCube, FERMI, MAGIC, ++., Science 361, 146 (2018) 
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A neutrino emitter?
For Eν ∼ 300 TeV, interacting protons shall have energies Ep ≥ 6 PeV and must 
interact with photons with energies in the UV to soft X-ray range. Getting all the 
elements of this puzzle to fit together is not easy.  Blazars seem to contain 
important clues on the origin of cosmic neutrinos and cosmic rays. 

The Blazar TXS 0506+056

Ruo-Yu Liu, Kai Wang, Rui Xue, Andrew M. Taylor, Xiang-Yu 
Wang, Zhuo Li, and Huirong Yan. Hadronuclear interpretation 
of a high-energy neutrino event coincident with a blazar flare. 
Phys. Rev., D99(6):063008, 2019. N. Sahakyan. Lepto-hadronic γ-ray and neutrino emission from 

the jet of TXS 0506+056. Astrophys. J., 866(2):109, 2018. 

C. Righi, F. Tavecchio, and S. Inoue. Neutrino emission from 
BL Lac objects: the role of radiatively inefficient accretion 
flows. Mon. Not. Roy. Astron. Soc., 483(1):L127–L131, 2019.S. Ansoldi et al. The Blazar TXS 0506+056 Associated with a 

High-energy Neutrino: Insights into Extragalactic Jets and 
Cosmic-Ray Acceleration. ApJ, 863:L10, 2018. M. Cerruti, A. Zech, C. Boisson, G. Emery, S. Inoue, and J. P. 

Lenain. Leptohadronic single-zone models for the 
electromagnetic and neutrino emission of TXS 0506+056. 
Mon. Not. Roy. Astron. Soc., 483(1):L12–L16, 2019. Shan Gao, Anatoli Fedynitch, Walter Winter, and Martin Pohl. 

Modelling the coincident observation of a high-energy neutrino 
and a bright blazar flare. Nature Astronomy, 3:88–92, 2019. 

A. Gokus, S. Richter, F. Spanier, M. Kreter, M. Kadler, K. 
Mannheim, and J. Wilms. Decom- posing blazar spectra into 
lepto-hadronic emission components. Astron. Nachr., 339:331, 
2018. 

P. Padovani, P. Giommi, E. Resconi, T. Glauch, B. Arsioli, N. 
Sahakyan, M. Huber. Dissecting the region around 
IceCube-170922A: the blazar TXS 0506+056 as the first 
cosmic neutrino source. Monthly Notices of the Royal 
Astronomical Society, Volume 480, Issue 1 

A. Keivani et al. A Multimessenger Picture of the Flaring Blazar 
TXS 0506+056: Implica- tions for High-energy Neutrino 
Emission and Cosmic-Ray Acceleration. ApJ, 864:84, 2018. 
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Interpreting the multi-messenger data in a 
nutshell

Most Blazar emission models assume that high-energy particles (electrons, protons, 
nuclei) are injected   into the jet where they encounter target radiation (non-thermal 
emission by the high-energy particles, or external photons from the accretion disk, 
clouds or dust torus.

accretion disk
(UV, X)

BL Lac
faint disk and BLR

FSRQ
bight disk and scattered off 

photons from BLR

broad line region 
(BLR)

 (opt, UV)



• Photopion efficiency fpγ(Ep~6 PeV)~O(10-4) 

• τγγ(Eγ~12 GeV)~0.1 ⟹ τγγ(Eγ~100 GeV)~1  

Consistent with observed GeV-TeV break 

0.06/0.5 𝝂μ/yr 
(0.21-6.3 PeV)

Low state

High state

0.17/0.5 𝝂μ/yr 
(0.21-6.3 PeV)

An example from MM models

The MAGIC Coll. The Astrophysical Journal Letters, 863 (2018) L10



• Results similar to purely leptonic models without protons  

• Jet power 4x1045 to 1046 erg/s 

• Highest neutrino rate found for Epmax = 1016 eV

0.06/0.5 𝝂μ/yr (80% Energy interval: 0.21-6.3 PeV)

0.01/0.5 𝝂μ/yr (0.27-23.4 PeV)

An example from MM models

The MAGIC Coll. The Astrophysical Journal Letters, 863 (2018) L10
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IceCube archival data on TXS 0506+056

~110-150 days
Spectral index ~2

~20 days
Spectral index ~1.7IceCube Coll. Science 361, eaat1378 (2018)  

pr
e-

tri
al

The observation of an excess of neutrino events 
in ~5 months (2014-2015) together with 
IceCube-170922A provides a strong evidence 
against the background hypothesis

3.5σ excess

Neutrinos
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Realtime IceCube pipeline: GFU

Events are identified at SouthPole

<latency>
1/2 minute 

<rate>
6 mHz 

Thomas Kintscher, PhD, Humboldt University of Berlin (2020)

AMON
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Gamma-ray follow-up (GFU) alerts
Alerts are being sent to Imaging Air Cherenkov telescopes H.E.S.S., MAGIC and 
VERITAS through PRIVATE channels regulated under dedicated MoUs

Triggers for a list of pre-
selected sources 
(promising for TeV 
detections) above 3 𝛔 
(pre-trial)

Triggers from all-sky above 4.2 
𝛔 (pre-trial, 6.8 needed for 
discovery)

Thomas Kintscher, PhD, Humboldt 
University of Berlin (2020)
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Fast response analysis: TXS 0506+056

IceCube follow-up analysis: 

• one week time window 

• one event found, compatible with 
background

J. Vanderbroucke et al.  
PoS(ICRC2019)1026
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Neutrinos and Compact binary mergers

A joint neutrino and gravitational wave observation would shed light on the 
sources of high-energy neutrinos, investigate the connection between 
interaction of compact objects and associated energetic outflows, shed light on 
opaque sources

Left: 𝛎 follow up to GW170729 (in a 
1000 seconds time window)  

Right: UL on the isotropic equivalent 
energy emitted by BBH & BNS in neutrinos 
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More alerts
For most cases, no obvious electromagnetic counterparts

IceCube-190331A
F. Krauß et al. Mon.Not.Roy.Astron.Soc. 497 (2020) 2553
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More alerts
For most cases, no obvious electromagnetic counterparts

R. Stein arXiv:2005.05340 
W. Winter & C. Lunardini arXiv:2005.06097

Tidal disruption event

IceCube-191001A  
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In Summary

• High Energy Neutrinos opened a new window into the Universe:  

• Diffuse cosmic neutrinos well established (more than 8 sigma by two 
channels)  

• Compelling evidence for the first non-stellar neutrino source: a Blazar  

• Multimessenger studies are essential for identification of sources 

• Better (theoretical) understanding of the potential sources and relevant data 
can help the way to new breakthroughs 

• Looking forward to upcoming ten times more sensitive instruments!



Back-up
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Public alerts before June 2019
IceCube-170922A
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Comparing effective areas
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Interpreting the multi-messenger data in a 
nutshell

Most Blazar emission  models assume that high-energy particles (electrons, protons, 
nuclei) are injected   into the jet where they encounter target radiation (non-thermal 
emission by the high-energy particles, or external photons from the accretion disk, 
clouds or dust torus.

accretion disk
(UV, X)

BL Lac
faint disk and BLR

FSRQ
bight disk and scattered off 

photons from BLR

broad line region 
(BLR)

 (opt, UV)

• A typical blazar of BL Lac type, z= 0.34 [Paiano et al., 2018]  

• High energy neutrinos can be generated through pɣ interactions in the jet, for Eν ∼ 300 TeV: protons 
with Ep ≥ 6 PeV must interact with photons with energies in the UV to soft X-ray range 

• BL Lac objects generally disfavoured compared to FSRQs due to low density of target photon fields 
[e.g. Murase et al., 2014, Phys. Rev. D, 90, 023007] 

• A Flat Spectrum Radio Quasar? [Padovani et al, 2019]


