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The concept of Cherenkov neutrino telescopes

1960, Rochester Conference

Moisej Markov Bruno Pontecorvo

First attempt in mid ‘70s:
Deep Underwater Muon And Neutrino Detector Project
(https://www.phys.hawaii.edu/~dumand/dumacomp.html)
about 4800 m under the Hawaiian sea

• Photomultipliers (PMTs) collecting 
Cherenkov photons due to relativistic 
charged particles from ν − interactions

• Particle direction reconstructed using 
time & position of optical sensors

ISVHECRI 1992

ANTARES accepted the challenge! It was the first neutrino telescope to be operated in the deep sea

DUMAND Project canceled in 1996

http://www.phys.hawaii.edu/%7Edumand/dumacomp.html)


The first deep-sea Neutrino Telescope

Complete description in: NIM A 656 (2011) 11-38



The ANTARES site
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cable
-2475m

Shore Station

Institut Michel Pacha

Control room

Toulon

4

42°50’N 6°10’E

La Seyne-sur-Mer



The apparatus

©Montanet

• 25 storeys / line
• 3 PMTs / storey
• 885 PMTs

40 km electro-
optical cable

Junction box 

14.5 m

Interlink cables
Anchor/line socket~2500 m depth

350 m

100 m

~70 m

NIM A 656 (2011) 11
The
storey

The Optical Module

NIM A 484 (2002) 369 5

• 12 lines



Why the Mediterranean Sea?
• Long (homogeneous) scattering length

• Deep: 2500 m at the ANTARES site

• Logistically attractive

• Mid Latitude

• K40 optical background

Good pointing accuracy

Close to shore (deployment / repair)

Shielding from downgoing muons

Excellent view of Galaxy
Complementarity with IceCube
On/off studies ➔ Background control

Useful calibration

tic
MEDITERRANEAN SEASOUTH POLE

Visibility for up-going neutrinos



40K (long-term) monitoring

Eur. Phys. J. C (2018) 78: 669

Up to 150 
Cherenkovψ
per decay; 
stable 40K 

concentration

40Ca

γ

e
40K (β decay)

40K powerful calibration tool

Regular tunings
Only ~20% efficiency loss



A multidisciplinary observatory
Deep-Sea Research I 58 (2011) 875–884

Acoustic and optical variations during rapid downward motion episodes in the deep North Western 
Mediterranean

PLoS ONE 8 (7) 2013
Deep-sea bioluminescence blooms after dense water 
formation at the ocean surface

Ocean Dynamics, April 2014, 64, 4, 507-517
High-frequency internal wave motions at the ANTARES 
site in the deep Western Mediterranean

J. of Geophysical Research: Oceans, 122, 3, 2017 
Deep sediment resuspension and thick nepheloid layer 
generation by open-ocean convection

Sci. Rep. 7 (2017) 45517
Sperm whale diel behaviour revealed by ANTARES, a deep-sea neutrino telescope

https://arxiv.org/abs/2107.08063
Studying Bioluminescence Flashes with the ANTARES Deep Sea Neutrino Telescope



ν detection principle

3

θČ

Natural radiators are low cost and allow huge instrumented volumes 
in dark but transparent media➔Deep lake, seawater, ice
Detection of Cherenkov light induced by relativistic charged particles 
produced in neutrino interactions using a 3D array of PMTs

TeV

PeV

EeV

ν
μ



2001 Main Electro-Optical Cable 
2002 Junction box

2003-2005 Prototype Lines
2006 First complete detector line

2008 Detector with 12 lines completed 
2016 Running (almost) without common funds

2022 Data taking terminated

ANTARES 2001-2022
2001 2022

The ANTARES Junction Box:
no failure in 20 years!



ANTARES: the first detection line

Disconnection after 16 years

Deployment: 14 Feb. 2006

Connection:
March 2006

Recovered optical modules available
for new experimental programs

7



Low Energy
> 10 GeV

Medium Energy
10 GeV < Eν < 10 TeV

High Energy 
Eν > 1 TeV

ν Oscillations Dark matter search ν from extra-terrestrial sources

Origin and production mechanism
of high-energy cosmic-rays

+ Exotic searches

Science scope
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• Upgoing track events (νμ CC)

• Angular resolution <0.4° for Eν> 10 TeV

• 90% purity

• Energy resolution of about a factor 2

• Upgoing cascade events (νe / ντ CC, NC)
• Angular resolution < 3°

• Energy resolution for νe CC better than 10%

Reconstruction performance

ANTARES Monte Carlo, JCAP01 (2021) 064



Oscillation Studies

J. High Energ. Phys. (2019) 2019: 113

• Data from (2007-2016) sample - 2830 days of lifetime
• 7710 events selected, two reconstruction procedures
• Track channel only, Ereco from muon range
• A binned likelihood fit (Poisson stat.) is performed in two dimensions (log10(Ereco), cosθ reco)

23

• Data sample available (check the ANTARES website)

No-oscillation hypothesis excluded at 4.6 σ



Additional Oscillation Studies Sterile & NSI

41• (3+1) sterile neutrino models ∆m2 > 0.5 eV2

• Tight complementary information to eV-scale 
sterile neutrino searches

Our results (90% CL) exclude regions of the 
parameter space not yet excluded by other 
experiments.

J. High Energ. Phys. (2019) 2019: 113

ANTARES
IceCube
SK
… NH, 824=0°

• Non-standard interaction signature in
neutrino oscillation patterns are detectable

• Mild hint for non-standard interactions
observed in 10 years of ANTARES data

• The non-NSI hypothesis is disfavoured
with a significance of 1.7 σ (1.6 σ) for the
normal (inverted) mass ordering scenario.

J. High Energy Phys. (2022) 7: 48



Indirect Search for Dark Matter
Competitive limits !

Our analyses do not include 
showers (all flavors) yet

Improvements ahead

Earth
Physics of the Dark Universe, 16 (2017) 41–48

Sun
Phys. Lett. B759 (2016) 69
JCAP 05 (2016) 016
JCAP11 (2013) 032

Galactic Center
JCAP 06 (2022) 028 (secluded DM)
Phys. Lett. B 805 (2020) 135439 .
Phys. Rev. D 102 (2020) 082002 (with IceCube)
Phys. Let. B 769 (2017) 249
JCAP 10 (2015) 068

Galactic Center



Search for Exotic Physics with ANTARES

Nuclearites
Nuclearites of strange quark matter 

Down going flux with Galactic velocities 
dE/dx according to de Rújula & Glashow model

Monopoles
Magnetic monopoles 

Kasama, Yang and Goldhaber model 
Adapted reco for slow moving particles

JHEAP 34 (2022) 1-8 JCAP 01 (2023) 012

~10-year sample



Diffuse ν flux

Data: 50 events (27 tracks + 23 showers) 
Background expectation (atm. flux, incl. prompt) :

36.1 ± 8.7 (19.9 tracks and 16.2 showers)
1.8 σ excess 

All-sky / All-flavor neutrino search, 2007-2018 (3330 days) 
• Selection cuts optimized with MRF procedure (assumed spectral index Γ = 2.5)
• Look for excess above a given Eth

• Combine track & shower samples

energy estimator

https://pos.sissa.it/358/891/pdf (ICRC 19)

Results not really constraining… but fully compatible with IceCube



Diffuse ν flux – Towards a confirmation of IC?
Combined (tracks+showers) likelihood fitting:

Cosmic: Γ = 2.3 ± 0.4Φ100 TeV = (1.5 ± 1.0) ⋅ 1 0 - 18 GeV - 1 cm - 2 s - 1 sr - 1

Results not really constraining… but fully compatible with IceCube



Hint for a neutrino emission from the Galactic ridge

Latest improvements:
• Data sample: 2007-2020
• Tracks and cascades included
• Event selection optimized for region: |l| < 30° and |b| < 2°

Galactic ridge region definition:
|l| < lridge ≈ 30-40° and |b| < bridge ≈ 2-3° Phys. Lett. B 760 (2016) 143-148

https://arxiv.org/abs/2212.11876

ANTARES PRELIMINARY

Robust background estimate



Latest PS search – All flavours
Full-sky search

Candidate-list search:
121 investigated sources

Full-sky hotspot (𝛼𝛼,𝛿𝛿) = (39.6°, 11.1°)
pre-trial p-value: of 6.8 × 10-6 (4.3 σ) 

post-trial p-value: of 48%
Within 1 degree from J0242+1101

Most significant source:
J0242+1101
pre-trial significance: 3.8 σ 
post-trial significance: 2.4 σ

Data set:
Period: from Jan 2007 to Feb 2020
Livetime: 3845 days
Events: 10162 tracks and 225 showers

ANTARES preliminary



Combined ANTARES-IceCube PS search

Significant improvement of limits especially for hard energy spectra 
Best limits on neutrino point source emission in Southern Hemisphere

ANTARES data set is public: see https://antares.in2p3.fr

The Astrophysical Journal 892 (2020) 2

ANTARES 2007-2015 and the IC40, IC59, IC79, IC86 samples for the Southern Hemisphere



The multi-messenger program
34

Receiving alerts Sending alerts

electromagnetic

+

Alert system (TAToO: Telescopes
and Antares Target of Opportunity)

active since 2009 
APP 35 (2012) 530



From ANTARES to KM3NeT

Digital Optical Module
(DOM)

KM3NeT:
• 31 3" PMTs in one 17" sphere (DOM)
• 3x cathode area w.r.t. an ANTARES OM
• Single photon counting
• Directional information

Strings with 18 DOMs

ANTARES:
• Storeys with triplets of optical 

modules (OMs) and electronics 
container

• One 10" PMT in each OM

Innovative deployment technique in KM3NeT, with 
detection line furled on a spherical launcher vehicle

(See Sonia El Hedri’s presentation on KM3NeT!)
JINST 17 (2022) P0703



KM3NeT blooming on ANTARES...

Digital Optical Module
(DOM)

Strings with 18 DOMs 
String distance: 90m/20 m 
DOM distances 36m/9m

At installation time on the instrumentation 
line of ANTARES in spring 2013...

The first optical module of KM3NeT ever operated in the sea

...and at recovery in spring 2022



Summary
►ANTARES has been the first undersea neutrino telescope

►Fundamental lesson learned from ANTARES: undersea Cherenkov 
technique is feasible and reliable for long time data taking!

►Multi-disciplinary observatory (Earth and sea sciences)

►Competitive physics results & intriguing hints

►Constraints on neutrinos as seen by IceCube

► Extensive multi-messenger program

► Joint studies with several partners

QUITE AN ADVENTURE! To be continued...
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