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• 2 Building Blocks


• 115 Detection Units each, interspacing ~90 m


• 18 Digital Optical Modules (DOM) per DU, 
inter-DOM spacing 36 m 


• Total active volume 1 km3, ≈ 500 Mton/block


• 3500 m depth, SE the Sicilian coasts


• 2 Main Electro-Optical Cables (MEOC) for 
connection to shore of a network of 9+8 
junction boxes and inter-link cables

ARCA: Astroparticle Research with Cosmics in the Abyss
The neutrino telescopes of KM3NeT
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The KM3NeT Detector Sites

36m

ORCA
ANTARES

ARCA

23m

9m

90m

36m

ARCA  
● Final con9guration: 2x Building Blocks, 128340 PMTs
● Positioned ~120km off Sicily at 3500m sea depth
● 19 strings deployed (6.3%)

ORCA
● Final con9guration: 1x Building Block, 64170 PMTs
● 11 strings deployed, 10 operating (8.6%)
● Close to the former ANTARES site about 40km off 

southern french coast near Toulon
● Sea 3oor depth of the ORCA site ~2450m

Building Block = 

115 strings

08/05/22 3Johannes Schumann ECAP NuFACT2022
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• 2 Main Electro-Optical Cables (MEOC)


• 3 Cable Termination Frames (CTF)


• 9 + 8 Junction Boxes (JB)


• A nework of Interlink cables

✦ JB to CTF

✦ DU to JB

The elements of the infrastructure

500m

500m

To shore

To shore
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Phase-1 Cable

Phase-2 “Y” Cable
CTF01

CTF02



• 1 Building Block 


• 115 Detection Units (DU), 
interspacing ~20 m


• 18 Digital Optical Modules (DOM) 
per DU, inter-DOM spacing 9 m 


• Active volume ≈ 7 Mton


• 2500 m depth, close to Toulon

The neutrino telescopes of KM3NeT

ORCA
(France)

50 m

ANTARES cable

Main electro-
optical cable

ORCA: Oscillation Research with Cosmics in the Abyss
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The KM3NeT Detector Sites
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ARCA  
● Final con9guration: 2x Building Blocks, 128340 PMTs
● Positioned ~120km off Sicily at 3500m sea depth
● 19 strings deployed (6.3%)

ORCA
● Final con9guration: 1x Building Block, 64170 PMTs
● 11 strings deployed, 10 operating (8.6%)
● Close to the former ANTARES site about 40km off 

southern french coast near Toulon
● Sea 3oor depth of the ORCA site ~2450m

Building Block = 

115 strings
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Neutrino event topologies Neutrino telescopes
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Rasa Muller

“tracks” “showers” backgroundTracks Showers Background
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ANTARES operated in 
2008-2022


First-generation neutrino 
telescope


Instrumented volume 
~10 Mton

63 institutes in 22 countries 
4 continents — 2 detectors

The KM3NeT collaboration

ORCA 
-2500m ANTARES

ARCA 
-3500m
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Full members 
Observers

ARCA

ORCA

➡ Tuesday 9th, h 15:00: G. Illuminati, Results from ANTARES

➡ Thursday 11th, h 15:00: Parallel session, ANTARES – 15 years of multi-messenger astronomy



• Origin of Cosmic Rays


• Neutral messengers point back to their 
sources


- Neutrons are short-lived, photons are likely 
to interact ⇒ Neutrinos as cosmic probe


• Neutrinos are produced at sources via 
hadronic interactions


- Cosmic diffuse flux


- Point-like sources


- Multi-messenger approach

Neutrino Astrophysics in the Mediterranean Sea
• Detection principle: large volume of transparent 

medium instrumented with PMTs


• Located in the Northern Hemisphere


- Complementary to IceCube


- Southern sky sources, “Milky-Way 
optimised”


• Medium: Deep Sea Water


- Very small light scattering = good angular 
resolution


- Natural background (40K and 
bioluminescence) taken into account.
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• DOM: 31 x 3” PMTs


• Digital photon counting


• Directional information


• Wide acceptance angle


• All data to shore


• Gbit/s on optical fiber


• Custom White Rabbit


• 18 DOMs / String

Digital Optical Module

KM3NeT Technology in a nutshell
Detection Unit (string)

• Unfurling by 
autonomous ROV


• Rapid deployment


• Multiple strings in 
one sea campaign
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DOM: JINST 17 (2022) P07038

Unfurl: JINST 15 (2020) P11027



ARCA: Current configuration

ARCA28

10

First DU deployed in December 2015

• Next campaign in Sept/Oct 2024 to install:

➡ 2 Junction Boxes + 16–20 Detection Units + 1 Calibration Unit


• Before the end of the year, expecting to complete ~45% of Building Block 1



ORCA: Current configuration

ORCA23
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First DU deployed in 2016

• Next campaign before the end 
of the year to install:


➡ Node-2 + 5–6 Detection 
Units, depending on 
weather conditions


• 20% of detector active, 
Node-1 almost completed!



Core Collapse Supernovae

12

An	on-line	alert	system	for	
CCSN	already	implemented		

Integrated	in	SNEWS

ARCA28 + ORCA24

PMT 
multiplicity 

plot

Signal 
expected 

above 
background

ARCA28+ORCA24

Significance



Neutrino Oscillations (ORCA)
ORCA6-10-11

13

Neutrino Mass Ordering 
measuring atmospheric 

neutrinos crossing the Earth 

Energy range of interest 5-15 GeV

Baseline from 50 to 
12800 km Atmospheric νμ disappearance



Neutrino Oscillations (ORCA)
ORCA6-10-11
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Neutrino Mass Ordering 
measuring atmospheric 

neutrinos crossing the Earth 

ORCA6-10-11 data


Oscillations clearly seen both 
in track and shower events



Neutrino Oscillations (ORCA)
ORCA6-10-11

15KM3NeT/ORCA competitive 

Δm232 vs sin2θ23
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Dark Matter
ARCA8-19-21
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Galactic Centre

KM3NeT quickly reaching 
the ANTARES limits



Diffuse fluxes
ARCA6-8-19-21
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Using data collected 
until Sept. 2023, same 
ANTARES sensitivity 
for track events 15yr

ARCA reaching 
ANTARES sensitivity!

ANTARES

IC flux

ARCA (653d)

ARCA21 
287 days

ANTARES 
15y

Full sky



Diffuse fluxes
ARCA6-8-19-21
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Galactic Plane

ARCA6 & ARCA8 & ARCA19 full dataset

ARCA21 partially included (until Dec 2022)

|l|	<	31°	and	|b|	<	5°	for	KM3NeT/ARCA6-8	and	
|l|	<	31°	and	|b|	<	4°	for	KM3NeT/ARCA19-21

On-Off zone  analysis

ARCA6-8-19-21 upper limits 
(432d)

ANTARES  
best-fit flux

IceCube  
KRAγ5 best-fit flux

IceCube  
π0 model best-fit flux

ARCA6-8-19-21 sensitivity 
(641d)



Point-like Sources
ARCA21

19

Angular resolution

Large improvement in sensitivity is 
expected with data from substantially 

extended active volumes resulting from 
the sea operations in September 2023 

and September 2024

ARCA21 until December 2022

101 candidate sources

KM3NeT upper limits will soon 
improve the ANTARES 15yr limits 

Angular resolution improved 



Multi-messenger program
ORCA & ARCA
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Send neutrino alerts to 
external communities

Receive alerts from 
external communities

➣  On-line analysis        

and follow-up

A dedicated software is 
installed at the shore stations 
for Real-Time Analysis (RTA)

Receiving alert system operative: RTA platform active from November 2022 in ARCA and ORCA. 

Sending alert system to be finalised: High-energy neutrino alerts will be sent in real-time by end-2024.

➡ Tuesday 9th, h 15:50: A. Veutro, Online event reconstruction and classification in KM3NeT

➡ Tuesday 9th, h 16:10: M. Mastrodicasa, Neutrino real-time follow-ups with KM3NeT



Something unexpected…
ARCA21

21

A very-high energy cosmic event detected!



Something unexpected…
ARCA21

22

A very-high energy cosmic event detected!

Time residual 
distributions

The event is well reconstructed as a track



Something unexpected…
ARCA21

23

A very-high energy cosmic event detected!

The event is a horizontal event  (1° above the horizon) with energy above 10 PeV

The energetic 
cosmic event

MC simulation

Huge amount of light detected ➾ 35% of the total number of PMTs were triggered



Very-high energy cosmic event
ARCA21

24

Hit times are fully consistent with photons from Cherenkov emission

From the track and shower reconstructions

Hit	arrival	time	(ns)Hit	arrival	time	(ns)

DO
M
	n
um

be
r

DO
M
	n
um

be
r

A muon track and three showers detected



Very-high energy cosmic event
ARCA21

25

Hit times consistent with the emission from three points along the track

Stochastic light emission



Tracks (νμ CC) ideal tool for astronomy


• Ang. Resol. < 0.2° above 10 TeV


• Energy Resol. ~ 0.27 in log10(Ereco/Eμ)

(10 TeV < Eμ < 10 PeV)

Track-like and shower-like events
ARCA Reconstruction Performances

(νμ – true μ direction) angle

M
ed
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n

M
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n
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KM3NeT/ARCA

Shower (νx NC + νe CC) contained events 

• Ang. Resol. < 2° above 50 TeV


• Energy Resol. < 5%

KM3NeT vs IceCube:

Con: 40K background, bioluminescence, need for real-time positioning, deep-sea operations

Pro: 40K calibration, better view of the galactic center, no bubbles/dust —> better angular resolution



Detector construction
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Detector construction: a collaboration effort!

28
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DOM and DU production

DOM: 8 sites
DU: 5 sites

+ sites for
base containers,
electronics,
testing

12

DOM and DU production

DOM: 8 sites
DU: 5 sites

+ sites for
base containers,
electronics,
testing



• KM3NeT is active and taking (good!) data


• Detector performance as good as expected. First physics results with partial 
detector configurations. 


• ORCA currently taking data with 23 Detection Units. 

✦ Funding assured, procurement and construction in progress, for ~50 DUs 


• ARCA taking data with 28 Detection Units —> substantially more in October!

✦ Funding assured, procurement and construction in progress, for ~130 DUs


• Detector mass production in regime stage. Production rate will increase in the 
next years


• Stay tuned!

Conclusion

29
Simone Biagi



Why don’t you join KM3NeT?

ARCA and ORCA Building Blocks



Spares



Detector calibration

32

ARCA + ORCA



• Technology developed with 
external companies, from oil&gas 


• Electronics intrinsically redundant, 
every component is duplicated in 
case of breaking


• Boards and components produced 
with military/space standard


• This junction box meets the 
requirement of a 20-year lifetime at 
3500m sea depth 


• With a reliable infrastructure, DU 
mass production can start

Junction Boxes

Titanium cylinder

33



Detection Unit deployment

Deployments: launcher module (LOM) with anchor, lower to sea floor, connect, test, unfurl, retrieve LOM34



Detection Unit unfurling, triggered by ROV

Deployments: launcher module (LOM) with anchor, lower to sea floor, connect, test, unfurl, retrieve LOM 35
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Diffuse Analysis
• Overall, on the lack of any particular sources we can explore the highest energy tail 
• Atmospheric neutrinos expected to taper off above 100 TeV scale 
• Diffuse flux already observed by IceCube 
• ARCA and ANTARES joining forces to confirm the full sky flux



ARCA2 + ORCA1
Atmospheric muon flux Eur. Phys. J. C 80 (2020) 99 
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according to single hit and coincidence rates observed in
data. The PMT response is then simulated according to the
measured transit time distribution [17] and PMT parameters
(photon detection efficiency, gain and gain-spread). In this,
the PMT photon detection efficiencies can either be set to the
nominal value, or to the measured values using the calibra-
tion procedure described in Sect. 3. The software is designed
to produce a data format identical to the one produced by the
DAQ system. As a result, the same algorithms can be applied
independently on data and simulations.

6 Depth dependence of atmospheric muon flux

6.1 Optical background discrimination

The multi-PMT design of the DOM provides information
on the number of photons as well as on their arrival times
and directions. This information is used to discriminate
between the signals from atmospheric muons, biolumines-
cence and 40K backgrounds. The discriminating power is
mainly achieved by exploiting coincidences between differ-
ent PMTs in the same DOM. In this analysis, a coincidence is
defined as a sequence of hits in a DOM within a time window
of 15 ns. The number of hit PMTs in a coincidence is called
multiplicity.

In Fig. 5, the coincidence rates, averaged over the DOMs
of the ARCA2 and ORCA1 detectors respectively, are shown
as a function of the multiplicity. Only statistical uncertain-
ties are indicated. The random combinatorial background has
been subtracted and the times of the hits have been calibrated
as described in Sect. 3.

The contribution from 40K decays is dominant up to a
multiplicity of seven [18]. Conductivity measurements indi-
cate the salinity in seawater to be independent of depth and
detector site [19,20]. Due to the difference in the average
efficiency between the optical modules of the two detectors
(see Sect. 4), the 40K coincidence rates observed in ORCA1
are lower than the rates observed in ARCA2. This difference
is about 12% at multiplicity 2, which is consistent with a
quadratic dependence of the rate on the average PMT effi-
ciency.

Coincidences from atmospheric muons dominate at a mul-
tiplicity of eight and higher as muons and muon bundles can
potentially illuminate all the PMTs of a single DOM. The
ratio between ARCA2 and ORCA1 at high multiplicities
shows a factor three difference due to the different average
depths of the DOMs, which is around 2310 m for ORCA
and 3070 m for ARCA. In Fig. 6, the stability of the coin-
cidences rates in the multiplicity region dominated by atmo-
spheric muons is shown. Four ARCA2 DOMs lost one PMT
during the considered data taking, resulting in a decrease of
the respective rates. The data from the affected DOMs are

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

210

 R
at

e 
[H

z]

ORCA1
ARCA2

KM3NeT

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
 Multiplicity

0
1
2
3

 R
at

io

Fig. 5 Top: coincidence rates as a function of the multiplicity for the
ORCA1 and ARCA2 detectors averaged over all the DOMs of each
detector. Bottom: ratio between ORCA1 and ARCA2 coincidence rates.
Up to a multiplicity of six, the coincidence rate is dominated by 40K
decays. Above a multiplicity of seven, atmospheric muons dominate.
Only statistical errors are shown
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Fig. 6 Rate of multiplicity ≥ 8 coincidences as a function of time
for the DOMs of the ARCA2 and ORCA1 detectors. Each point cor-
responds to one run and every colour to a single DOM. Vertical white
bands are periods without data-taking. The vertical black line in the bot-
tom plot represents the date at which the L1 data stream is downscaled
(see Sect. 4)

rejected in the following analysis when evaluating the muon
flux.

123

m ≥ 8
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Fig. 9 Integrated atmospheric muon flux measured with the ORCA1
and ARCA2 detectors as a function of depth below the sea level (red
points). The systematic errors are displayed as light red shadowed areas.
The Bugaev model of the atmospheric muon flux is drawn with a dashed
black line (quoted errors are the grey shadowed area), see text for model
description. ANTARES data from [22] are included as blue points for
comparison (systematic errors are the light blue shadowed area). The
depth is expressed in water equivalent (w.e.). Statistical uncertainties
are included and smaller than markers

In Fig. 8, the efficiency-corrected coincidence rates are
shown in red. For the lowest six DOMs of ORCA1, the cor-
rection factor is larger than for ARCA2. This can be explained
by the lower efficiencies of the PMTs of ORCA1 (see Sect. 4).

6.3 Determination of the atmospheric muon flux

The efficiency-corrected rates are used in the following
to measure the atmospheric muon flux. The single DOM
response to atmospheric muons in terms of multiplicity ≥ 8
coincidences is quantified in terms of effective area. A dedi-
cated MUPAGE simulation, using an up-to-date PMT model
reflecting our best knowledge of the angular acceptance and
quantum efficiency is used to estimate the coincidence rates.
The effective area (Aef f ) is the ratio between the coincidence
rate measured by a simulated DOM and the muon flux esti-
mated at the boundary surface of the generation volume at
the same depth. From the simulation, the average value of the
effective area for multiplicity ≥ 8 coincidences is 96+5

−12 m2.
The uncertainty taken into account here will be discussed
in Sect. 6.4. The muon flux measurement is obtained by the
ratio between the corrected measured coincidence rates and
the DOM effective area. The flux as a function of the depth
expressed in metres of water equivalent is shown in Fig. 9. As
a comparison, the model from Bugaev et al. [21] is shown,
together with the ANTARES measurement previously pre-
sented in [22].

The angle-integrated flux as a function of depth for the
considered model has been calculated from the formulae pro-

vided in Ref. [23]. In order to compare with the data, the flux
model is here described with a simple analytic expression
in the form of a vertical flux Iµ(d, θ = 0) corrected with
a factor C(d) that accounts for the angular integration. In
the depth range of interest, the resulting expression reads as
follows (where the water equivalent depth d accounts for the
density of seawater):

Iµ(d) =
Iµ(d, θ = 0)

C(d)
= A1 · eA2·d + A3 · eA4·d

B1 + B2 · d
, (2)

A1 = 1.31 × 10−5cm−2 s−1 sr−1, A2 = −2.91 × 10−3 m−1,

A3 = 7.31 × 10−7cm−2 s−1 sr−1, A4 = −1.17 × 10−3 m−1,

B1 = 4.16 × 10−1 sr−1, B2 = 1.07 × 10−4m−1 sr−1.

In this, the Ai parameters define the depth dependence
of the vertical flux and the Bj parameters the integration
factor. This parameterisation is valid for a flux of muons
with energies above 1 GeV. From [23], a conservative error
of±8% is assumed on the parameterisation of the muon flux.

ANTARES and KM3NeT data are compatible with the
model within the systematic uncertainties. If the normalisa-
tion of the model is fitted to the data, the RMS of the differ-
ences between model and data is lower than 2%.

6.4 Evaluation of systematic uncertainties

The systematic error assigned to the muon flux measurement
is estimated from the uncertainties on the determined PMT
efficiencies, the knowledge of absorption length of light in
water and the DOM effective area used to calculate the muon
flux from the ≥ 8 multiplicity coincidence rate.

The uncertainty on the absolute PMT efficiency is esti-
mated from the comparison between the data and the nominal
DOM simulation introduced in Sect. 3. The mean difference
of the coincidence rates across all PMT pairs averages at
5%, including the effect of the Gaussian modeling of the
40K hit time difference distribution (Fig. 3). This value is
taken as the systematic uncertainty on the PMT efficiency
normalisation. From calibration studies, the uncertainty on
the relative efficiency of individual PMTs is assigned a sys-
tematic uncertainty at the 5% level. Conservatively, this error
is propagated to the overall DOM efficiency normalisation
and added in quadrature to the uncertainty on the absolute
PMT efficiency. The total effect of the uncertainties on the
PMT efficiency applied to the DOM coincidence rates is then
of 7%.

The effect of the estimated 10% uncertainty on the light
absorption length in water properties has been studied with a
dedicated simulation. The corresponding systematic uncer-
tainty on the measurement of the muon flux is 6%.
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• Single-DOM measurement


• Useful to validate the calibration process


• Results compared with ANTARES and 
Bugaev model

Atmospheric muons

37

ARCA2

ORCA1 

Data-set

ARCA2

Data-set

Optical background

(40K decay)

μ



• Selection criteria applied to remove 
atmospheric muon background


• 15 events observed as up-going


• MC: 4 events from atmospheric ν


• MC: 7 events form atmospheric μ

Selection of atmospheric neutrinos

Up-going 

(only ν can travel 
through the Earth)

Down-going 

(dominated by 
atmospheric μ)

ARCA6

38

No quality cuts

Mis-reconstructed muons dominate



Time calibration
Calibration: timing

15

Coincidence rate between PMTs on a DOM
for one ORCA and one ARCA line, as a
function of PMT multiplicity

dominated by 
atmospheric muons

dominated
by 40K

information from PMT coincidences

Also: lab calibration of timing differences,
LED flasher, timing from reconstructed tracks.
Timing resolution better than 1 ns.

EPJ C80 (2020) 99
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Positioning

40

Calibration: positioning

16

Lines move with the sea current. Needs dynamic position calibration

compass in DOMs
acoustic emitters,
hydrophones, piezo sensorsJohannes Schumann

JINST 16 (2021) 09, C09023



Positioning

41

Calibration: positioning

17

Track residuals before (blue) and after (orange)
dynamic position calibration.
After: 5 cm resolution.

Independent validation: cosmic ray shadow
of sun and moon

KM3NeT, ICHEP 2022


