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Motivations for MMA – ACME project
Neutrino Telescopes – Main results

Synergies with gamma-rays



Neutrinos ?
• Week interactions

• Anti-particle ?
• Majorana or Dirac ? 
• Higgs Mechanism ?

• Sterile Neutrinos ?

• Oscillations - Flavor mixing along propagation

• CP violation ?

• Mass ordering ?
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 Multi-Messenger Astroparticle Physics

Astronomy + 
Physics of
cosmic accelerators

Cosmic B-fields +
Structure of space-time 

Particle interactions

Gravitational Waves

Dark Energy

Dark Matter

Neutrino Properties

Cosmic
Microwave
Background

A very large Scientific Scope
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 A Nobel Prize Field             [21st century]
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Cosmic rays, challenging since 1900 

✧ Main unknowns

✧ Major role in Galactic ecosystem !
✧ Energy density ~ star light, thermal, B field
✧ Regulate the equilibrium between the 

different phases of the interstellar medium
✧ Control ionisation, heating
✧ Regulate star formation
✧ Produce Li, Be and B!

32 orders of m
agnitude ( /m

2/sr/G
eV )

1 per m2 per 
billion years

4 per cm2 
per second

> 12 orders of magnitude!

✧ Which sources (Galactic and Extragalactic)
✧ Acceleration processes are uncertain

✧ How does Nature proceed ?
✧ What, where and how ?

✧ How does Nature behave ?
✧ Lorentz factors beyond all tests of Relativity

to produce them

at such energies

✧ Cross section beyond LHC reach

> 30 joules !
Tennis ball at 
120 km/h



Rationale for HE Neutrino Astronomy
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✓Transient sources          ✓Core of astrophysical bodies
✓ Point source                 ✓Cosmological distance
Þ Signature of hadronic acceleration

Neutrinos   
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Common production mechanism
Neutrino beam           Cosmic neutrinos          Atmospheric neutrinos       Cosmogenic n

7

©
 F

. H
al

ze
n

Gamma-ray morphology can 
indicate target material

while neutrinos test hadronic 
emission



In short
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Tracks :        ~0.5 °   ~ 0.1°
Cascades :  ~10°        ~1°
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Atmospheric background vs cosmic n’s
Atmospheric muons: shield detector & define signal as upward muons

Atmospheric µ 109 per year
Atmospheric n 104 per year
Cosmic n 0-100 per year ?

• An excess at High 
Energy

• Anisotropies • Time / space 
coincidence with 
other cosmic probes

Atmospheric neutrinos: search for 
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The neutrino telescope world map

Detecting GeV to PeV neutrinos 
using Cherenkov detectors 

in deep water or ice …

ANTARES
Deep water
0.01 km3

2008 – 2022

Baikal/GVD
Deep water
~1 km3

Construction

KM3NeT
Deep water
1 + 0.006 km3

Construction

IceCube
Deep ice
1 km3

2011 – 

Upgrade
with a lower 
energy threshold
2025-2026
(5 strings) 

www.globalneutrinonetwork.org

Frame for enhanced cooperation

+ Prototypes in Canada (P-ONE)
and China (TRIDENT, HUNT, NEON)
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http://www.globalneutrinonetwork.org/


Completed since December 2010. 

IceCube : the biggest NT in the world
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Future: IceCube Gen-2 (10 km3)

(not funded yet)



Historical major steps in Antarctica

…
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Diffuse Neutrino Spectrum

Current Status: Evidence for spectral break ~ 30 TeV
(supported by ANTARES diffuse flux search: JCAP 08 (2024) 038)
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Neutrinos from g-ray opaque sources ?

ANTARES

5,1s 13 years of data



Neutrinos from blazar TXS0506+056
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IceCube conclusion: Compelling evidence of a HE n from a blazar



Neutrinos from the Milky Way

à Clarification will come from Northern Hemisphere Instruments



Antares Focus on the Galactic Plane

& Phys. Lett. B 841 (2023) 137951

96% C.L. hint of a galactic signal
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No excess à KM3NeT well suited  to 
discriminate models

& JHEAp 53 (2026) 100565



ANTARES Main Legacy Paper

Take a look to our legacy papers &  Find our public data sets
https://antares.in2p3.fr/

https://antares.in2p3.fr/publications/


The KM3NeT Infrastructure 
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2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

ANTARES 
decommissioning

ANTARES 
legacy papers

ORCA  & ARCA 
completions

ARCA 62 DUs
ORCA 44 DUsThe construction goes on…

ORCA (France): 108 
detection units, dense 
spacing (20m between 
lines), 6.5 Mton fiducial 
mass

ARCA (Italy): 198 detection 
units, sparse layout (90m 
between lines), 1 Gton



KM3-230213A
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KM3-230213A

A very well reconstructed muon
§ High-energy muon seen on 13 February 2023, 21-DU ARCA configuration

§ 3,672 PMTs (35%) triggered during the event

KM3-230213A
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• Energy is measured from light amount:

E-2



KM3-230213A: incoming direction
Absolute orientation as main source of error.
Nominal accuracy with acoustic system.

Sicily

Malta

KM3NeT
ARCA

Azimut : 260° 
Elevation : 0.6° 
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• Exceedingly unlikely for atm. muon to travel that much column depth -> neutrino

?

𝜃!"#$%& = 0.6° ± 1°
absolute position

• 100PeV muon  è maximum 45km in water



KM3-230213A: Origin ? © Alberto Manfreda



Gamma-ray & neutrino sources ?
• Most Galactic sources are optically thin

• Example Stellar Cluster 
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Gamma-ray & neutrino sources ?
• Most Galactic sources are optically thin

• Example Crab Nebula
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Gamma-ray & neutrinos sources ?
• Most Galactic sources are optically thin

• Example of tool : 

© Condorelli



Gamma-ray & neutrinos sources ?
• Most Galactic sources are optically thin

• Example of tool : 

RXJ1713.7-3946

© Condorelli



Just a beginning …
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…Towards optimal Multi-Messenger Astronomy
From landmark discoveries to routine multi-messenger science

Coordinate globally
Align observatories, scientific communities and ground- and space-based facilities.

Optimize observing strategies
Prioritize targets, share resources and coordinate follow-up observations.

Enable real-time multi-messenger science
Invest in low-latency alerts, interoperable data systems and shared infrastructure.

Maximize scientific return
Strengthen theoretical modelling, joint data analyses and AI-driven methods.

Secure long-term capabilities
Sustain space missions, next-generation observatories and dedicated expertise.

Multi-messenger astronomy will reach its full potential only through coordinated 
facilities, shared data and sustained investment.



• The origin of Galactic and extragalactic cosmic rays remains an open 
question.
→Need to identify the sources capable of accelerating hadrons to multi-PeV energies.

• Gamma-ray and neutrino observations are complementary.
→A multi-messenger approach is essential to distinguish hadronic from leptonic scenarios and 

to overcome source confusion and absorption effects.

• CTAO and KM3NeT are key and complementary instruments.
→CTAO: unrivalled sensitivity and angular resolution in gamma rays to identify and 

characterise sources.
→KM3NeT: high sensitivity to cosmic neutrinos to confirm the hadronic origin and probe 

hidden sources.

• Synergies between Gamma-ray and Neutrinos will enable major advances.
→Joint analyses, source correlations and coordinated observations are crucial to unveil the 

most powerful cosmic accelerators and explore new physics. [e.g. ACME]

• The next decade is really exciting.
→Will we move from detecting high-energy particles to identifying their cosmic origins.

Outlook



THANK YOU !

« Let’s make great science together ! »


