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Neutrino Astronomy 2

gravitational waves

neutrinos

photons

pions
protons

• High-energy gamma-rays
• Can be emitted in hadronic or

leptonic processes
• Partially absorbed in interstellar

medium or dense sources

• Cosmic rays (protons&nuclei)
• Signature of acceleration sites
• Deflected by magnetic fields

• Gravitational waves
• Hint of motion, rotation, or

merging of compact objects

• Neutrinos
• Can escape dense environment
• Not absorbed and not deflected
• Signature of hadronic processes



The KM3NeT experiment J.Phys.G 43 (2016) 8, 084001 3

Cherenkov light detection
with optical sensors:

DOMs (Digital Optical Modules)

with 31× 3” PMTs
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https://iopscience.iop.org/article/10.1088/0954-3899/43/8/084001


Deployment of new lines Video of a line deployment 4

https://www.youtube.com/watch?v=omlFkdCkbYk


The two sites and their current status 5

Astroparticle Research with Cosmics in the Abyss

Oscillation Research with Cosmics in the Abyss

1 km3

=
1 Gton

7 Mton

• 1 Building Block = 115 lines

• ARCA = 2 Building Blocks
• 90m between lines
• 36m between DOMs
• energy range: TeV–PeV

• ORCA = 1 Building Block
• 20m between lines
• 9m between DOMs
• energy range: GeV–TeV

28 lines deployed at ARCA site and 18 lines at ORCA → all taking physics data.





All-sky diffuse searches PoS ICRC2023 1195 7

ARCA 6+8+19+21, 14 months of data, upgoing track selection (νµ/ν̄µ signal).

Limits ≈ IceCube/ANTARES best-fit flux ⇒ will soon be sensitive to it (bigger detector + more data).

https://doi.org/10.22323/1.444.1195


Neutrinos from the Galactic Plane
PoS ICRC2023 1190
Phys.Lett.B 841 (2023) [ANTARES]
Science 380, 1338-1343 [IceCube]
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Search limited to Galactic Ridge (|l | < 30◦, |b| < 2◦) and muon neutrinos.

• 14 months of ARCA 6+8+19+21.

• Selection of track events in Galactic
Ridge direction.

• Background estimated using off-zone
regions in data.

• Fit of spectrum with background +
dN/dE = ϕ · E−Γ signal.

• Compared with ANTARES/IceCube.

4.5σ observation in IceCube and 2σ excess in ANTARES

Science 380, 1338-1343

https://doi.org/10.22323/1.444.1190
https://doi.org/10.1016/j.physletb.2023.137951
https://www.science.org/doi/10.1126/science.adc9818
https://www.science.org/doi/10.1126/science.adc9818


Neutrinos from the Galactic Plane
PoS ICRC2023 1190
Phys.Lett.B 841 (2023) [ANTARES]
Science 380, 1338-1343 [IceCube]

9

Search limited to Galactic Ridge (|l | < 30◦, |b| < 2◦) and muon neutrinos.

• 14 months of ARCA 6+8+19+21.

• Selection of track events in Galactic
Ridge direction.

• Background estimated using off-zone
regions in data.

• Fit of spectrum with background +
dN/dE = ϕ · E−Γ signal.

• Compared with ANTARES/IceCube.

https://doi.org/10.22323/1.444.1190
https://doi.org/10.1016/j.physletb.2023.137951
https://www.science.org/doi/10.1126/science.adc9818


Point-source searches with ARCA PoS ICRC2023 1018 10

Search for neutrinos in the direction of 101 candidate astrophysical sources

• Upgoing track selection (νµ)

• 14 months of ARCA6+8+19+21

• Pointing resolution from 1 to 0.2◦

• Most significant p-value = 1%

• Soon to be updated with 9 months of ARCA21 and ARCA28+ data.

• KM3NeT will soon reach ANTARES sensitivity.

https://doi.org/10.22323/1.444.1018


Follow-up of transient events arXiv:2311.03804 [GW]

PoS ICRC2023 1503 [GRB 221009A] 11

Search for prompt neutrino emission from transient sources detected by other messengers.

Follow-up of GW events during O3

• Upgoing tracks and MeV ν searches
in ORCA 4/6

• Search time windows:
• tracks: ±500 s
• MeV ν: [0, 2] s

GRB 221009A (Brightest Of All Time)

• Track selection in ARCA & ORCA.

• Search time windows:
• [−50,+5000] s
• ±1 day

Both: no excess ⇒ upper limits

https://arxiv.org/abs/2311.03804
https://doi.org/10.22323/1.444.1503


Multi-messenger realtime programme
PoS ICRC2023 1125 [framework]
PoS ICRC2023 1521 [follow-ups]
PoS ICRC2023 1223 [CCSN]
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• From data collection to reconstruction takes about 4 s.

• Performing follow-ups of external triggers (GW, γ, IC ν) with KM3NeT
⇒ for now internal, soon to be circulated publicly promptly

• Sending KM3NeT high-energy neutrino alerts in preparation.

• KM3NeT also sensitive to MeV neutrinos from Core-Collapse Supernova
⇒ system already in place to send alerts

ORCA
DAQ

ARCA
DAQ

ORCA
shore

station

ARCA
shore

station

Multi-messenger dispatcher

sql query

sql query

Reco Tracks+Showers, Classifier

Reco Tracks+Showers,  Classifier

Multi-messenger dispatcher

GCN alert
handler

Online analysis
pipeline

Event
writer

Neutrino alerts

Internal/External reporting
(webpage, emails, brokers...)

External
alerts

Dispatcher

Supernova

Dispatcher

Supernova. Alerts DB

Events DB

https://doi.org/10.22323/1.444.1125
https://doi.org/10.22323/1.444.1521
https://doi.org/10.22323/1.444.1223


Prospects arXiv:2402.08363 [ARCA230]

Eur. Phys. J. C 82, 26 (2022) [NMO] 13

This spring: ∼ 15 more lines on ARCA and ∼ 10 more lines on ORCA site.

All-flavour astrophysical diffuse flux

Full ARCA will measure diffuse flux at 5σ in 6
months.

Neutrino Mass Ordering

With ORCA, 4.4σ (2.3σ) determination in 3
years if Ordering=Normal (Inverted).

https://doi.org/10.48550/arXiv.2402.08363
https://doi.org/10.1140/epjc/s10052-021-09893-0


Take-home messages 14

• KM3NeT telescope is currently under construction. . . completion in 2027–2028

• . . . but already taking data with partial configurations. ARCA: 28 lines, ORCA: 18 lines

• Two sites with complementary energy coverages:
• ORCA from 5GeV to TeV → optimized for neutrino oscillations
• ARCA from TeV to 100PeV → optimized for high-energy astrophysical neutrinos

⇒ < 0.1◦ (< 1.5◦) for tracks (showers) for Eν > 100TeV

• First results:
• Diffuse emission and point-source searches: getting close to ANTARES sensitivities.
• Transient follow-ups: upper limits for GRB 221009A, blazar alerts and GWs.
• Multimessenger online program: started. soon: sending follow-ups and ν alerts

• Topics not covered: study of neutrino oscillations, cosmic ray physics, dark matter and other
exotic searches, multidisciplinary science. . . (see compilation of ICRC proceedings)

• Stay tuned for new results!

https://arxiv.org/abs/2309.05016


A
R
C
A
28

O
R
C
A
18



Backups



Detection principle 17

1. Neutrino interacts
2. Produces charged particles
3. Emit Cherenkov light
4. Detected by 3D array of PMTs

Detector acceptance depends on energy:
lower energies → less light → needs denser PMT layout

higher energies → can use looser layout

νµ + N → µ+ X
- fit line → direction
- amount of light → energy

Track events

νµ

µ

⋆

θc



Detection principle 18

1. Neutrino interacts
2. Produces charged particles
3. Emit Cherenkov light
4. Detected by 3D array of PMTs

Detector acceptance depends on energy:
lower energies → less light → needs denser PMT layout

higher energies → can use looser layout

νe + ντ charged current interactions
νe + νµ + ντ neutral current interations

Shower events

ν e

⋆



Current status 19

ARCA: 28 lines

ORCA: 18 lines



Event reconstruction PoS ICRC2023 218

PoS ICRC2023 1075 20

Calibration
• Time offset corrected using 40K (intra-DOM), LED
beacon (inter-DOM), laser beacon (inter-line).

• Acoustic positioning system + compass for
position/orientation.

Reconstruction
With standard likelihood methods or Graph Neural
Network (GNN) approach.

Resolution @ 100TeV Tracks Cascade

ANTARES 0.3◦ 3◦

KM3NeT 0.1◦ 1.5◦

IceCube 0.3◦ 7◦

https://doi.org/10.22323/1.444.0218
https://doi.org/10.22323/1.444.1075


Gravitational wave follow-ups with ORCA4-6 arXiv:2311.03804 21

• Neutrino emission from binary mergers (neutron star, black hole) expected but not yet observed.

LIGO/Virgo O3 run ⇄ ORCA4-6 data taking
High-energy v emission

(upgoing tracks)MeV neutrinos
(SN-like signal)
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Multiple single DOM
coincidences in
[tGW, tGW+2s]

Excess of tracks with
respect to expectation in
[tGW-500s, tGW+500s]No excess observed→upper limits on neutrino emission

KM3NeT results

Limits on the total
energy emitted in 
v for each source

             + 
Population studies
→ constraints on
typical emission in
subpopulations

https://arxiv.org/abs/2311.03804


High-energy neutrino selection in ORCA4-6 arXiv:2311.03804 22

• Downgoing = dominated by atmospheric µ

• Upgoing = atmospheric+astro ν

ORCA analysis

• Focus on upgoing track events
= sensitive to νµ(ν̄µ)-CC from sky below horizon.

• Boosted Decision Tree (BDT) to separate ν from
misreconstructed muons.

• Selection of events in GW direction.

• Cut on BDT score optimized for each event to
optimize analysis sensitivity.

-log10(1-score)

https://arxiv.org/abs/2311.03804


GW/ORCA statistical analysis arXiv:2311.03804 23

• ON/OFF approach:
• measurement in OFF region (off time) NOFF

• measurement in ON region (search window) NON

• ratio between sizes α

• Signal assumption: dN/dE = ϕ · (E/GeV)−2

• Bayesian analysis:
• Likelihood: L(NON|b, ϕ,A(Ω)) = Poisson(NON, b + A(Ω) · ϕ)
• Priors:

• Background estimation: π(b) = Poisson(NOFF, b/α)
• Systematics on acceptance: π(a) = Normal(σ = 10%)
• Gravitational wave localization: π(Ω) = skymap
• Signal parameter: π(ϕ) flat prior on normalization

• Posterior:

P(ϕ) = C

∫∫∫
L(NON|b, ϕ,A(Ω)) × π(b) π(a) π(Ω) π(ϕ) db da dΩ

• 90% upper limits:
∫ ϕ90%

0
P(ϕ)dϕ = 0.90

https://arxiv.org/abs/2311.03804


Constraints on GW+neutrino emission arXiv:2311.03804 24

50 (55) follow-ups performed with high-energy (MeV) neutrinos → no excess → upper limits

• Limits on flux and total energy emitted in neutrinos by individual mergers:
• High-energy neutrinos (E−2 spectrum): E iso

tot,ν < 1055 − 1059 erg
• MeV neutrinos (quasi-thermal spectrum): E iso

tot,ν < 1060 − 1063 erg
• Stacking limits:

• Considering all BBH (NSBH) events, constraints on the typical E iso
tot,ν or ratio E iso

tot,ν/EGW

102 103 104

distance [Mpc]

1056

1057

1058

1059

Lim
it 

on
 E

is
o

to
t,

 [e
rg

]

BBH
NSBH
Stacking limits

https://arxiv.org/abs/2311.03804


Multi-messenger realtime programme PoS ICRC2023 1125 25

Internal tools:

• Monitoring of ARCA and
ORCA status (event rates,
processing times. . . ).

• Status of online systems.

• List of received alerts (ν,
GW, GRB, others).

• Results of performed
follow-ups.

https://doi.org/10.22323/1.444.1125


Core-Collapse Supernovae PoS ICRC2023 1223 [general method]

PoS ICRC2023 1160 [new BDT] 26

Detection of Core-Collapse Supernovae (CCSN) through ν̄e inverse beta decays in ORCA+ARCA.

• Looking for overall excess of
coincidences over the whole
detector.

• Background for 40K,
bioluminescence and
atmospheric muons.

• Alerts sent in realtime
through SNEWS network.

• Horizon extending already
beyond the Galactic Center.

https://doi.org/10.22323/1.444.1223
https://doi.org/10.22323/1.444.1160


Full ARCA detector sensitivities PoS ICRC2023 1074

PoS ICRC2023 1075 27

Point-source searches Discovery of diffuse flux

Expected yearly rates Atmospheric muons Atmospheric neutrinos Astrophysical neutrinos

Track selection 700 85000 200
Shower selection 1500 2300 100

https://doi.org/10.22323/1.444.1074
https://doi.org/10.22323/1.444.1075


Beyond astronomy: neutrino oscillations Eur. Phys. J. C 82, 26 (2022)

PoS ICRC2023 996 28

ORCA site is optimized for the study of atmospheric neutrino oscillations.

4.4σ (2.3σ) determination of Neutrino Mass
Ordering in 3 years if Normal (Inverted) Precision measurements of ∆m2

32 and θ23.

Other measurements:
• Tau neutrino appeareance
• Composition of Earth core
• Various BSM physics (NSI, ν decay, LIV. . . )

https://doi.org/10.1140/epjc/s10052-021-09893-0
https://pos.sissa.it/444/996/


Beyond astronomy: Earth and Sea sciences 29

• PMT data (light)
⇒ study of bioluminescence activity

• Hydrophone data (sound)
⇒ monitoring of anthropogenic noise, presence
of Cetaceans, geophysical noise

• Complementary instruments
⇒ sea current, seismic activity, O2 levels. . .

Dedicated program at ORCA site


