
Ernst-Jan Buis,      "Neutrino Telescopes",   Topical lectures,  Nikhef 08/12/2025 1

Neutrino telescopes

Ernst-Jan Buis

Nikhef, Amsterdam

ebuis@nikhef.nl



Ernst-Jan Buis,      "Neutrino Telescopes",   Topical lectures,  Nikhef 08/12/2025 2

What’s the plan?

• Today’s lecture on telesccopes

• This afternoon a hands-on session

• A talk on the recent discovery with KM3NeT by Maarten on Wednesday
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Neutrino discovery

• Observation of neutrinos (1956) from nearby reactor through:

and 

40 kg of CdCl2 Los Alamos





Search for a method to:
• investigate the existence of vector bosons
• to verify whether  νe and νμ are different particles
• not (yet) interested in cosmic neutrinos
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Neutrino sources and their fluxes



Ernst-Jan Buis,      "Neutrino Telescopes",   Topical lectures,  Nikhef 08/12/2025 8

~1/100m3/day

~1/100km3/year

Neutrino sources and their fluxes
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Absorption Cherenkov Alternative methods

Neutrino sources and their fluxes
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SN1987A in the Large Magellanic Cloud

Februari 1987: 
A bright spot near the Tarantula nebula!
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SN1987A in the Large Magellanic Cloud
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• Supernova explosion in 1987 
in Large Magellanic Cloud

• First supernova visible by eye since 1604 

• Second known cosmic neutrino source

• 25 neutrino events recorded 
by Kamiokande and IMB experiments

• Both time of arrival and energy have been recorded

• Assume all neutrinos created at the same time

SN1987A: neutrino observations
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Assume D (distance) to supernova is known and that all neutrinos are produced at to

Difference between the time of arrival 
of high and low energetic neutrinos: 

mν < 26 eV

SN1987A: neutrino observations
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What is the origin of cosmic rays?

CR flux: 

Spectral index 
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What is the origin of cosmic rays?

CR flux: 

Spectral index 

• Potential galactic sources

• Supernova remnants

• Potential extragalactic sources

• Active galactic nuclei (AGNs)

• Gamma ray bursts (GRB)

• Exotics:

• Dark matter decay and annihilation
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Fermi shock acceleration

V

particle

Radio maps SN1993J – M81 April 1993–June 1998 

 

k steps  

Acceleration

Probability

Solve for k
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Fermi shock acceleration

V

particle

Radio maps SN1993J – M81 April 1993–June 1998 

?
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The gamma-ray - neutrino connection

electro-magnetic

gamma rays

e

e

Synchrotron
radiation

inverse
Compton
scattering

hadronic

gamma rays

p 0
+

p

 

 

Gamma-ray production:

Both electromagnetic and 
hadronic processes
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The gamma-ray - neutrino connection

electro-magnetic

gamma rays

e
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Neutrino production:

hadronic processes 
dominant
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The gamma-ray - neutrino connection

Electromagnetic processes:

• synchrotron radiation

• inverse compton scattering

Hadronic reactions:
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Gamma rays from SNR RX J1713.7-3946 

Observed gamma-rays compatible with pion πo decay when 
accelerated protons interact with the molecular clouds

H.E.S.S. telescope (+X-ray)
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Sites

Larmor orbit:

Hillas argument: 
The Larmor orbit of accelerated 
particles has to fit inside the object
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The cosmic neutrino landscape
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Neutrino telescope concept
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Atmospheric neutrinos

 Conventional neutrinos: Decay of pions and kaons. Neutrino flavour ratio: νe: νμ: ντ
 Prompt neutrinos
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 Both neutral and charge current interactions. 
 Cross section increases with energy

 Expect UHE neutrinos skimming or from zenith. 

Neutrino interactions in water

CC NC
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In the high energy limit the Bjorken-y factor approaches 0.2. 
A fraction (1 − y) of the initial energy Eν of the neutrino will be 
carried by the lepton after the reaction, the rest is transferred 
to the nucleon.

Neutrino interactions in water

CC NC
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Energy deposition in water

thesis K. Melis, UvA 2021
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Neutrino telescope concept
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Cherenkov radiation

Charged particle moves superluminally through a medium

Cone angle

Threshold velocity

Frank, Tamm

Number of photons/distance/wavelength
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First ideas: DUMAND

DUMAND
Deep Underwater Muon 
and Neutrino
Detector.

Ideas

Realized
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Second generation neutrino telescopes: IceCube, Antares, GVD

2022
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IceCube  at the Southpole Antares in the Medditerranean Sea
 
GVD in Lake Baikal

Second generation neutrino telescopes: IceCube, Antares, GVD
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Second generation neutrino telescopes: IceCube, Antares, GVD
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KM3NeT experiment

38
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KM3NeTNext generation: KM3NeT

~ 600 m
Optical module

Launcher vehicle

‒ 31 x 3” PMTs
‒ low-power HV
‒ White Rabbit
‒ DWDM

‒ rapid deployment
‒ autonomous unfurling
‒ recoverable

17”
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KM3NeT digital optical module
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 Sensors:

 31 photo-multiplier tubes

 Compass/tilt

 Hydrophone

 LED (nano beacon)

 Electronics:

 Timing!

 Optical fiber read-out

Neutrino telescope concept
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KM3NeT: Italian site
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KM3NeT: French site
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2014: Implementation of the main cable to 
shore

KM3NeT: French site
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 Number of strings: ~300

 KM3NeT-Fr (Orca):

 Relatively low energetic neutrino’s (GeV): high density of modules. 

 Distance between the strings is 20 m. Distance between modules 9 m. 
Length of a string: 200 m

 KM3NeT-It (Arca):

 High energetic neutrino’s (TeV, PeV) : 
Need large volume!

 Distance between strings is 95 m. Distance between modules 36 m. 
Length of a  string is 700 m.

KM3NeT: numbers
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KM3NeT under construction
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KM3NeT under construction
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Remotely operated 
Submarine

Detection Units Interlink cable 
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KM3NeT collaboration
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ORCA

ARCA

ARCA
• Depth ∼3500 m 
• Two blocks of 115 Detection Units each
• Distance between Detection Units  ∼90 m
• Vertical distance between DOMs ∼36 m

ORCA
• Depth ∼2500 m 
• One block of 115 Detection Units
• Distance between Detection Units  ∼20 m
• Vertical distance between DOMs ∼9 m
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1 Building Block (BB) 115 Detection Units

ARCA 2 BB (230 DUs)
ORCA 1BB (115DUs)

ORCA

ARCA
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Positioning system

Streching measured 
in new deployed 

strings in ARCA
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Digital Optical Module

 Sensors:

 31 photo-multiplier tubes (3”)

 Hamamatsu R14374

 Compass/tilt

 Hydrophone

 LED (nano beacon)

 Electronics:

 Timing!

 Optical fiber read-out
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Event reconstruction
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Tracking
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Event topology

Electron event, cascade patternMuon track
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Simulated events

Electron event, cascade patternUpgoing muon event, track



Ernst-Jan Buis,      "Neutrino Telescopes",   Topical lectures,  Nikhef 08/12/2025 66

Tau production and decay

Tau decay length: 
50 m per PeV
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Angular resolution
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Energy resolution
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Sensitivity

Supernova remnantIceCube signal
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Direction measurement
Sun shadow, 
significance 6.0 σ, 
resolution 0.68o +/- 0.15o
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Highlights
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IceCube: Cosmic neutrinos exists

• 2013 publication of the first cosmic neutrino flux
• Confirmed by GVD & one very high energy neutrino 

from KM3NeT 
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IceCube: Cosmic neutrinos exists

• 2013 publication of the first cosmic neutrino flux
• Confirmed by GVD & one very high energy neutrino 

from KM3NeT 
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Cosmic neutrino flux measurement

• Diffuse, extragalactic
• Latest fit prefers broken power-law 

(4.7σ)
• Flavour ratio: 1:1:1

 γ=2.84

 γ=1.72
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TXS 0506+056
Aartsen et al: arXiv: 1807.08816

22/9/2017, TXS 0506+056: 

Blazer with first neutrino-gamma 
coincidence observation:

- Magic, Fermi
- IceCube



Fermi-LAT

MAGIC
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Neutrino sources

Fermi-LAT

IceCube
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NGC 1068

• Integrated flux of over 10 years

• An excess of ~79 events (4.2 σ) in 
the vincinity of NCG 1068, which is 
an AGN
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Cosmic neutrino sources

• High energy IceCube track from 2017
• Location: known Blazar, TXS 

0506+056 also ‘flaring’ in X-rays at 
the time.

• Extensive Multi-messenger follow-up
• ν burst in 2015

• Excess of upgoing neutrino 
candidates
from direction of an Active Galaxy

• 10 years of data
• Very few gamma rays

• Diffuse / unresolved contribution 
from our Galaxy

• ~10% of all cosmic neutrinos

Vast majority of cosmic neutrinos has no known source…

TXS 0506+056 NGC 1068 Galactic plane
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Neutrino sources and their fluxes
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Glashow event

“Detection of a particle shower at the Glashow resonance with IceCube”, Nature, Vol 591 (2021), p

Detection of anti neutrino in cosmic 
neustrino flux:
Test predictions from cosmic ray 
interactions with interstellar matter, 
such as pγ and pp
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Glashow event

Detection of anti neutrino in cosmic 
neustrino flux:
Test predictions from cosmic ray 
interactions with interstellar matter, 
such as pγ and   pp

V. Barger et al, arxiv.1407.3255

Counting the anti neutrinos in the total flux
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Glashow event 

“Detection of a particle shower at the Glashow resonance with IceCube”, Nature, Vol 591 (2021), p

• Detection of an early pulse of the high energy 
muon that ‘outruns’ the Cherenkov photons 
from the hadronic shower. 

• The Cherenkov signal from the muon is 
observed as a early pulse in the DOMs
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February 13 2023, 01:16:47 UTC
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Lecture by 
Maarten on 
Wednesday
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Alternative detection methods
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A cosmic origin

Acoustics!

• Flux predictions, depends on the 
composition of the cosmic rays 
(Protons, ions) 

• VHE event shows a preference 
for proton dominated cosmic flux

• (Flux prediction differs with more 
than 3 orders of magnitude)

Adriani et al, 2025
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The GZK cut-off

 Greisen, Zatsepin and Kuzmin (1966): Universe is not 
transparent for high energy protons and ions.

 Berezinsky and Zatsepin: first prediction of associated neutrino 
flux
 

… with subsequent decay to 
neutrinos 
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The GZK horizon

The universe is opaque for cosmic rays at resonances.

Cross section for proton-photon reaction

Density of CMB photons in the Universe

Mean free path. Total energy is absorbed around 100 Mpc
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Detection of high energy neutrinos

 Three methods of observing neutrinos in large scale telescopes

- Optical, Cherenkov radiation

- Coherent radio emission

- Acoustic signals
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Scientific objectives of an acoustic telescope

 Astrophysical sources, origin of UHECR:
 GZK neutrinos
 AGNs, Blazars
 Tidal Disuption Events (TDE)
 Magnetars

 Exotics:
 Superheavy dark matter 

 Particle physics at energy scale presently unreachable
 Cross section measurement

 Cosmic neutrino background
 Serendipity

 Is there a fundamental end to the CR spectrum?

Cleaver et al, 2025

Lunardini, Winter 2017

Fang, Metzger 2017
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Particle showers in water

> 100 strings; > 1000 hydrophones; > 100 km3
 Particle showers include of hadronic and electromagnetic showers
 Both longitudinal and radial energy deposition
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> 100 strings; > 1000 hydrophones; > 100 km3
 At energies above the shower geometries 

are affected by the LPM effect
 Reduce cross sections for EM processes 

in the shower

 Extended longitudinal energy distribution, 
subshowers

 Pronounced in EM showers

 Corsika simulations

Particle showers in water at the highest energies
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Acoustic neutrino signals

> 100 strings; > 1000 hydrophones; > 100 km3
• First idea by Askaryan (1957)
• Wave equation p is given by energy deposition ε.

c    =  speed of sound

Cp =  expansion coefficient

α  =   heat capacity

Grüneisen parameter

Water properties:
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-> Detect mPa pulses in a static pressure environment of MPa 

Eν = 1011 GeV

• Pulse asymmetry
• Broad spectrum that peaks at 5-12 kHz.
• Near field effects
• Complex waveforms in case of LPM effect

Acoustic neutrino signals
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> 100 km3 , >10000 hydrophones

Future telescope concept


