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Neutrino astronomy }

Neutrinos are electrically neutral, stable,
weakly interacting particles.

black
holes

:::::

NO deflection by LOW absorption @
magnetic fields (ISM/CMB) | '
Neutrinos V- : Travel through dense environments

over cosmological distances

|deal messengers from astrophysical sources!
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Expected correlation between HE photons and neutrino production



Detection principle

“We propose setting up apparatus in an
underground lake or deep in the ocean in order to
separate charged particle directions by Cerenkov
radiation.”

Moisey Markov (1960) - Proceedings of the 1960
Annual International Conference on High-Energy
Physics

Neutrino telescopes

e Large volumes of water/ice instrumented with 3-
dimensional arrays of photodetectors arranged in optical
modules
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* Vertical string-like structures, distributed in specific
geometries, optimized for the targeted energy region

28/08/2025

* Detection of Cherenkov photons emitted by relativistic
charged secondary leptons from v interactions

Daniele Vivolo, Lepton Photon 2025
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* Time, position, and amplitude of photon pulses are used Ou [E,(TeV)]1/2
to reconstruct v direction and energy




Detection principle

Same paper, reply by G. Bernardini:

“I want to object a little bit to your optimism although | myself am very optimistic. [...]
Some new detector should be developed in which you use 10 tons of material and in
which you are able to realize an appreciable amount of information. My optimism is
concentrated on the possibility of developing such a detector.”
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The neutrino telescopes World map

BAIKAL-GVD
in construction

in construction

In China also:

° NEON ~1 km?*in the South China Sea
ttps://pos.sissa.it/444/1017/pd

4

IcCECUBE ICECUBE
GENZ2

data taking planned
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The KM3NeT neutrino detectors

KM3NeT is a multi-site infrastructure. Two telescopes are currently under construction in the Mediterranean:
* ORCA (Oscillation Research with Cosmics in the Abyss, France)
* ARCA (Astroparticle Research with Cosmics in the Abyss, Italy)
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The KM3NeT neutrino detectors

KM3NeT is a multi-site infrastructure. Two telescopes are currently under construction in the Mediterranean:
* ORCA (Oscillation Research with Cosmics in the Abyss, France)
* ARCA (Astroparticle Research with Cosmics in the Abyss Italy)

KM3NeT ORCA

lower energy, main science goal: neutrino oscillations

Q (E, ~MeV - GeV) = GOAL: 7 Mton of instrumented water
ORCA=1BB=115DUs > 64170 PMTs

KM3NeT ORCA

()
N
o
N
[ o
O
o+
(@]
o
T <
S o
2 g
v o
-4 o
S ®
o O«
>
S
L)
[
[ i
[40]
0

KM3NeT ARCA
high-energy range, detection of HE cosmic neutrino sources KM3NeT ARCA
| (E, ~GeV-PeV) = GOAL: 1 km3 of instrumented water (1 Gton) Q
T ARCA 2 BB = 230 DUs 9 4140 DOI\/IS 128340 PMTs




Science goal }

The KM3NeT multi-energy scale science program

Supernova explosion Neutrino oscillations Dark matter High-Energy neutrinos

y collapse of
% _the iron core
assive star P4 in %2 sec
, 5
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ARCA I l ARCA J

Complementary science goals, same technology!
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The KM3NeT detectors

KM3NeT in numbers
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The KM3NeT detectors

KM3NeT in numbers

ARCA ORCA

Location Italy (Sicily) France
(Toulon)
Depth 3450 m ~2500m
Distance from shore | ~100 km 40 km
Number of DUs 230 (115x 2) 115 .
Instr. water volume 1 Gton 0.7 Mton §
(@]
DU height ~700 m ~200m a‘% o
DU horizontal 90 m 20m g g
spacing 3 8
s &
DU vertical spacing | 37 m 9m §
DOMs/DU 18 18 2
PMTs/DOM 31 31 °




KM3NeT technology
EEIJINST17(2022)P;O3 The KM3NeT Dlglta| Optical Module

17" high-pressure-resistant glass sphere containing
= e 31 three-inches photomultiplier tubes

a (12 in the top hemisphere, 19 in the bottom)
+» Readout electronics
i\_’\ *  Gbit/s optical fiber transmission
(all glata to s'ho-re) o
T *  White Rabbit time synchronisation

e LED beacon for auto-calibration
Acoustic sensor for position reconstruction
Tiltmeter/compass chip

2000+ DOMs integrated!

N\:r 8 DOM Integration sites

ECAP.
Strasbourg (a

O
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KM3NeT technology
The KM3NeT Detection Unit

e 18 DOMs per DU
e Base Module

* Anchor
e \ertical Electro-Optical Cable
*  Buoy

Assembly, calibration and test in 6 DU Integration sites
100+ DUs integrated!

\}_\iﬁ‘ﬂ‘iﬂ.ﬂ =

LY JINST 15 (2020) P11027

— : ¥

?’_

Deployment strategy: bottom-up
* 2mdiameter LOM (launcher)
* autonomous/ROV unfurling

* recoverable & reusable

Daniele Vivolo, Lepton Photon 2025
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The KM3NeT Collaboration

O Detection Units #
O Digital Optical Modules

@ Base Modules

© Calibration Units

O Photomultipliers

O Electronics & DAQ

@® Nodes & junction boxes
() Pressure tests
@ European Central Storage

Daniele Vivolo, Lepton Photon 2025
28/08/2025

Integration sites




Exposure [Mton-years]

Construction status N
79 KM3NeT Detection Units deployed .

ARCA: 51 DUs

(22% of the full detector)

U5\~ ORCA: 28 DUs

/7 (24% of the full detector)

KM3NeT Preliminary

KM3NeT Preliminary  Total: 246 Mton-years | Last updated: 2025-05-18 15:03:16 UTC
| ARCA8 {o! ARCA21 | ARCA28

a

i< | =
=3 : /
I<: 1
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ORCA6 { ORCA18 ||

250 - 250

ORCALO
ORCAll
ORCAl5
ORCA23
ARCA6
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200

..........................................................
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owamors | | A .{}M | Upcoming sea campaigns:
I I + ORCA (fall 2025):
from 4 to 6 additional DUs

Exposure [Mton-years]

S
ARCA30
ARCW3

| Ndutrino24

Daniele Vivolo, Lepton Photon 2025

2, 1
ORCA24

o - * ARCA (summer 2026):
Date approx 20 additional DUs

STAY TUNED!




KM3NeT ARCA/ORCA
SELECTED RECENT RESULTS
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Neutrino oscillations (KM3NeT/ORCA)

Event selection

e Reconstruction based on track and shower topologies.

V. Carretero (EPS-HEP 25)
A. Garcia (ICRC 2025)

* Boosted Decision Trees (BDTs) to summarize reconstructed quantities into background scores

* Both frequentist and Bayesian analyses

e Three selection scores: high purity tracks, low purity tracks, and showers.

KM3NeT/ORCA preliminary, 715 kton-y
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Ratio to no-oscillations

Neutrino oscillations (KM3NeT/ORCA)

Results

x 1073e¢V2, 10
NO

+0.17

Am2, = ;
317 1[2.10,2.37) x 1073eV2,

sin® B3 = 0.50 & 0.07

2log(L10/Lno) = 0.61

Fully consistent with World data
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V. Carretero (EPS-HEP 25)
A. Garcia (ICRC 2025)

I'/ORCA Preliminary, 715 kt-y
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E? dN/dE [GeV cm~2 571 sr1]

KM3NeT/ARCA recent results

All-sky diffuse sources

Analysis of ARCA 6-21 data (640 days)
Upgoing track selection (v, signal), UHE event not included

10-6 KM3NeT/ARCA6+8+19+21 preliminary, 640 days 4 KM3NeT/ARCA21 preliminary, 287 days 102 KM3NeT/ARCA21 preliminary, 287 days
—— ARCA 6+8+19+21 (this work) £ 107 i : : 5 X emosphericy v, + 0, CC
= = ANTARES 1f best-fit flux (2018) — - f— mlommnzﬂmmﬁbﬂg} H H
=== |ceCube 1f best-fit flux (2022) 3 10° B 5 | w—-—cosmic v + ¥ (6,=3.03, =3.0) " —— median
YE€[2.1,2.7] @ E ——— : ) —— 68% quantile
10 5 o
g ~
- g 100 =
1 ¢ -lg
1078 - 3 =
10—1 _€ g.. = P g
E < 10—1 - § 8
102 g 3
= Y
10—9 1 0—3 i M TR | i L L1 I T 1 | 10_2 _8 g
10° 10° 10° 107 2 25 3 35 4 45 5 55 6 > 3 a4 5 s 7 = 2
Energy [GeV] Log, (E ../ GeV) Log1o(Eu/GeV) E
@
. . . . . Pt
90% CL upper limits, after unblinding, Angular resolution below 0.4° for S
for the combined ARCA6+8+19+21 neutrino energies > 10 TeV

No significant excess found




DlAH E20 for 90% CL [GeV em~2 s71]

KM3NeT/ARCA recent results
Point-like sources e

* PS results of ARCA 6-21 (640 days) "’°

e + Extension at LE with ORCA6-18 (1200 days) Wl i o

e Only the upgoing track channel Yot 0 (gL

e Binned likelihood analysis applied to all-sky scan + 106 selected AL Ll ‘%f“ "

sources (based on EM properties) \ R R g 3

e Only ARCA analysis unblinded R i e 8 m
= No strong neutrino emission observed, in line with the v> : ’ 1
background expectation '

Upper-limits assuming E-2 spectrum ; ' /

—logio(pvalpre)

10-5 KM3NeT/ARCA6-21 Preliminary

Differential 3o discovery at 6=-8°
1073

—— KM3NeT/ORCA6-18

1= —— KM3NeT/ARCA6-21

10-41 PRELIMINARY

Sensitivity

- BT " .--_.-L.t—-—;-'*
| L] — -
L_‘_:.,h }g':"'—'_ ot ® ARCA6-8 (302 days)
—— ARCAS6-21 (424 days)
—— ARCAB-21 -this work- (640 days)

—— ANTARES (15 yr)
—— lceCube (10 yr)

1073+ i
1078

10—6_

10—8.

Daniele Vivolo, Lepton Photon 2025
28/08/2025

107? Observed limits

= ARCAG6-8 (302 days)

= ARCA6-21 (424 days)

+ ARCA6-21 -this work- (640 days)

o for 30 discovery [GeV cm~2 s71]

-10 -9 T T T T T T T T
10 -1.00 —0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 10 1 2 3 4 5 6 7 8

sin(daclination) Logio(Ev[GeV])




The UHE neutrino event

The iternational fourn afo p—

KM3NeT. Nature 638, 376-382 (2025).
https://doi.org/10.1038/s41586-024-08543-1

Daniele Vivolo, Lepton Photon 2025
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K I\/I 3 - 2 3 O 2 1 3 A LA Nature 638, 376-382 (2025) }

Trigger time: Feb 13th 2023, 01:16:47 UTC

ARCA21 configuration (21 DUs, =0.2 km?3), 335 days of livetime

Bright track selection (length > 250 m, NtrigPMT > 1500, logL > 500)

KM3-230213A: nearly horizontal event (0.6° above horizon), RA=94.3°, DEC=-7.8° (I1=216.1°, b=-11.1°)
Containment radii: R(68%)=1.5°, R(90%)=2.2°, R(99%)=3.0°
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DOM number

DOM number

KM3-230213A
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LA Nature 638, 376-382 (2025)

A muon-like event!

200

180

160

140

120

100

80
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20

-~

400 500 600
distance along trajectory (m)

Hit times are fully consistent with photons from Cherenkov emission
The light profile is consistent with at least 3 large energy depositions
along the muon track

Characteristic of stochastic losses from very high energy muons

Daniele Vivolo, Lepton Photon 2025
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log,(number of triggered PMTs)

KM3-230213A: a striking outlier!

Simulated Monte Carlo events
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LA Nature 638, 376-382 (2025)

ARCA data

4.00 -

3.75 -

3.50 -

3.25 -

3.00 -

2.75

2.50 -

2.25

2.00 -

10°

$3 KM3-230213A 1

-1.00 -0.75 -0.50 -025 O 025 050 0.75 1.00

cos(zenith angle)

The upper limit on atmospheric muons contamination at 100 PeV, considering a zenith error of 2° around the

direction of KM3-230213A, is 1010 events per year

Contamination of the atmospheric neutrinos (dominated by prompt components in this energy range) is
estimated 1-5 x 10 events per year

Number of data events

Daniele Vivolo, Lepton Photon 2025
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Not an atmospheric muon

e Range of EeV muons in water: 60 km

* Residual energy in the detector approx. 10 PeV = maximum range in water is 30km

* The direction of the event points towards the Malta Escarpment = 300 km water equivalent
- Atmospheric muon rate = 1019 events per year (within 20 of best-fit direction).

atmospheric muons

Daniele Vivolo, Lepton Photon 2025
28/08/2025




Not an atmospheric muon

e Range of EeV muons in water: 60 km

* Residual energy in the detector approx. 10 PeV = maximum range in water is 30km
* The direction of the event points towards the Malta Escarpment = 300 km water equivalent
- Atmospheric muon rate = 1019 events per year (within 20 of best-fit direction).

The systematic uncertainty on the absolute orientation of the detector is expected to be
improved with the results of the recalibration of the data.

In the July 2025 Sea Campaign, the absolute positioning has been successfully achieved.
This recalibration aims to reduce the uncertainty to 0.12° for this event.
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Fraction of MC events

Neutrino energy

[0 Nature 638, 376-382 (2025) }

Muon energy measured from the amount of light
(3672 triggered PMTs, 35% of the detector)

10000 times the energy of the LHC

Muon energy
10 PeV 1 1000PeV

o 100PeV === KM3-230213A

E, = 120

+110

“eo PeV

I
I
I
1
]
i
h

2000 4000 6000
Number of triggered PMTs

R, = 3672

E, = 12075,° PeV

T

Systematic uncertainties were considered

(e.g., water absorption length)

-2AloglL

[ Stat. only 1
B Stat. + syst. |

~PMT

Ny, = 3672
== Stat. only
— Stat. + syst.

E, [PeV]

ool 1 M B | L L L
3456 10 2030 100 200

b J
1 Ll | L 1 L L 1 Ll L L L 1 L L1
567 10 20 30 40 100 200 1000

E, [PeV]

Assuming an E source spectrum, the estimated neutrino energy is

E, =220

+570

“TooPeV

28/08/2025
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[GeVcm~2 s 1sr 1]

1f
v+

E’0

KM3-230213A in the global neutrino landscape

A factor of 20 more energetic than most energetic neutrinos in IceCube
* First UHE neutrino ever detected = exploring a new energy regime!
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e mefe= KM3-230213A E~2 fit

mefe oint E72 fit
Joint BPL fit (this work)

IceCube fits

—}— NST (2022)

—— HESE (2021)

—}— Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)

o1

Current data do not yet allow us to precisely constrain the shape of the spectrum, e.g., the presence of a break
with respect to well-constrained flux measurements in the TeV—PeV region.

LA Phys. Rev. X 15, 031016

Daniele Vivolo, Lepton Photon 2025
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KM3-230213A: cosmic or cosmogenic?

- == 600

3000

Looking at the direction of the sky where the """""“‘:":;;Mg-mféA
neutrino came from (up to 3° uncertainty). N ARY Sl
* Multiple blazars in that direction = no clear 6
correlation with multiwavelength emission .
* No coincidence of transient sources (tidal
disruption event, gamma-ray-burst,
supernovae, ...) =91
* No obvious source in the galaxy = very unlikely 10
from galactic origin

<R

KM3-230213A and its uncertainty
: (at 68%, 90%, 99% containment)

Blazar selection methods
[J 1: X-ray, radio, infrared cross-match
<> 2: Radio VLBI
- 3: SBZCAT
O 4: Fermi-LAT
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KM3NeT ARCA/ORCA

EXPECTED PERFORMANCE
FULL-DETECTOR CONFIGURATION
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The full KM3NeT detectors: expected performance

ARCA - Sensitivity to point-like sources

KM3NeT/ARCA
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Unprecedented performance for the southern sky

The better sensitivity of ARCA in the Southern
Sky is due to the visibility of the Galactic Plane.

In the Northern Sky, the enhanced performance
of ARCA is due to its angular resolution.

Sensitivity [o]

50 can be reached in the next 5-6 years if combined with Juno

Atmospheric neutrinos very valuable to understand neutrino

ORCA — Neutrino mass ordering

KM3NeT Preliminary  Total now: 0.65 - 1.24 sigma | Last updated: 2024-05-27 18:29:46 UTC
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properties:

Competitive measurements of standard neutrino oscillations.

World-leading constraints on BSM scenarios.
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summary !

KM3NeT is building two deep-sea underwater neutrino telescopes in the Mediterranean Sea:
KM3NeT/ORCA (Toulon, France) and KM3NeT/ARCA (Capo Passero, Italy)

v’ Rich combined neutrino physics and astrophysics scientific program, ranging from MeV to PeV
energies
v' Good angular resolution + Galactic center visibility = precision multi-flavor astronomy
» the diffuse flux observed by IceCube will be observed, by the full ARCA detector, with 50
significance in less than one year
e sensitivity to astrophysical sources in the Southern Hemisphere will be improved by a factor 2
* multi-messenger program

KM3NeT is taking data and growing rapidly:
v 79 Detection Units are currently deployed (51 in ARCA, 28 in ORCA)
v' UHE neutrino event - KM3-230213A
v’ First measurement of neutrino oscillation parameters (with only the 5% of the planned sensitivity!)
v’ Successful measurements of u, v fluxes
v' Upper limits quickly reaching the ANTARES limits

Daniele Vivolo, Lepton Photon 2025
28/08/2025

KM3NeT THANKS FOR THE ATTENTION!
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