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Outline

e Introduction to Neutrino Telescopes: detection technique, early

projects & challenges.

® Instrumentation for Neutrino Telescopes. The cases of: ANTARES,

KM3NeT, and IceCube.

® Instrumentation Plans for Future Projects.
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Introduction to Neutrino
Telescopes



Neutrino Discovery

e Rutherford (1903) named the three types of radiation: alpha (a), beta (B), and gamma (y) rays. Then
(Kaufmann, Schuster, 1900-1902) discovery that 8 rays are electrons.

e In [3 decay the electron spectrum is continuous (Chadwick, 1914) instead of a fix value (Ee:Eparent - Edaughter).

e To explain B decay spectrum (Pauli, 1930) proposed a new particle, the neutrino (originally called the
"neutron", Fermi neutrino), as a "desperate remedy" to save energy conservation.

® Fermi makes successful predictions for the energy spectrum. Bethe and Peierls (1934) estimate the
cross section for such process, saying that “it is absolutely impossible to observe processes of this kind”.
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https://arxiv.org/abs/1708.01046

Neutrino Discovery

e Neutrinos interact very weakly, so detection is difficult. Still, Pontecorvo showed that a
ton-scale detector near a nuclear reactor (flux ~10" v/cm?%s) could see a few events per day.

e Reines and Cowan in 1956, discovered antineutrinos via inverse 3 decay using a massive
detector (12 m underground, 11 m from the reactor, 110 PMTs) and a delayed-coincidence
signature (positron + neutron) from a inverse beta decay reaction. Science 124 (1956).

® Their technique remains the standard method in modern reactor-neutrino experiments.
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https://www.science.org/doi/10.1126/science.124.3212.103
https://cerncourier.com/a/ghosts-in-the-machine/
https://icecube.wisc.edu/timeline_slider_post/1956/
http://hyperphysics.phy-astr.gsu.edu/hbase/Particles/cowan.html

Neutrino Telescopes

Markov (left) and Pontecorvo (right)
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“We propose setting up apparatus in an underground
lake or deep in the ocean in order to separate charged
particle directions by Cerenkov radiation”, Markov 1960
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Photomultiplier Tubes

e Discovered by Hertz in 1887, the photoelectric effect is the emission of electrons from a material caused
by electromagnetic radiation such as ultraviolet light.

e Photons behave like a discrete energy packets. Explained by Einstein in 1905, in 1921.

e Photomultiplier tubes (PMTs) use the photoelectric effect to release electrons from a photocathode, then
amplify them through a chain of dynodes, producing a strong output signal.

e Fast response and high gain (amplification factors up to 10°-107), making PMTs ideal for detecting
Cherenkov light, scintillation, or other fast optical signals in particle and astroparticle experiments.

Photoelectric Effect

The photoelectric effect is the emission of electrons from a
material when it absorbs light of sufficient frequency. Photo-

|

hf bf electron )N

-
Emitted electrons (photoelectrons)

Incident light ’ ’

Electron

® © L Secondary “  Read-out

electrons

Photocathode -
Acceleration Voltage

FBsciencenotes.org] (Gain; 300 - 1500 V)
Transit Time: the total time interval between the arrival of an incident photon
at the photocathode and the peak of the resulting electrical signal output at the anode.
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https://www.nobelprize.org/prizes/physics/1921/summary/

Cherenkov Radiation

e Discovered by Pavel Cherenkov in 1934.
in 1958.

e Electromagnetic radiation (peaked at blue/UV) emitted
when a charged particle passes through a dielectric
medium at a speed higher than the light in that medium.

Cherenkov Radiation

In the figure, v is the velocity of the particle (red arrow), B; is
v/c, n is the refractive index of the medium. The blue arrows
are photons.

cosf, = I/BL,‘
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https://www.nobelprize.org/prizes/physics/1958/summary/

Water Cherenkov Detectors

e Energetic charged particles crossing a transparent medium (e.g., water) induce Cherenkov light,
producing a faint, fast optical signal that can be detected with PMTs.

e Large volumes of natural water can be instrumented with arrays of PMTs to capture these Cherenkov
photons. This is the principle behind underwater and ice-based neutrino telescopes.

e Alternatively, water tanks equipped with PMTs can be used to detect particle showers at the surface, as
demonstrated by observatories like HAWC and Pierre Auger.

ANTARES/KM3NeT HAWC Observatory Pierre Auger Observatory
Source: KM3NeT Light-blocking Purified
dome water
Particle path
-
Watertight liner Photosensors Steel water tank
Source: rochester.edu Source: NIM A 970, 2020
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https://www.rochester.edu/newscenter/catching-some-gamma-rays-in-central-mexico-163572/
https://www.sciencedirect.com/science/article/pii/S0168900220302448
https://www.km3net.org/

Event Reconstruction

e Event reconstruction uses the charge and timing from hits to infer the event arrival direction & energy.
e Direction reconstruction fits the timing pattern to determine the particle’s arrival direction.

e Energy reconstruction relies on signal amplitude, total detected light, or proxy observables (e.g., number of
stations, number of hits, charge, etc) to determine the energy of the event.

® Quality cuts and reconstruction algorithms refine the final event sample, improving angular resolution,
energy resolution, and background rejection.

e Usage of likelihood methods, machine learning, and MC templates to achieve optimal performance.
PMT ) :

Source:

Muon travelling in
a direction d,
after a neutrino

interaction at
position p, and
time t;, then the

arrival time t of a

Cherenkov photon

at a PMT located
in a position q.

Source:
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https://roderic.uv.es/entities/publication/68cd22d4-0830-4a86-adc1-fb311311ac5f
https://www.nature.com/articles/s41586-024-08543-1
https://www.km3net.org/

A Remarkable Event

A muon detected with E= 120 ***° _ PeV

Event is near horizontal, travelling 140 km through Earth -> extremely unlikely
to be an atmospheric muon.

Inferred neutrino energy 220 **7° | PeV (assuming E spectrum)
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https://www.nature.com/articles/s41586-024-08543-1
http://www.youtube.com/watch?v=Pa6uVko8ij8
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Credit: A. Sanchez Losa cos(zenith)
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Detection Principle

Atmosphere

 Cosmic v

log(flux)

Credit: A. Sanchez Losa
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hadronic

hadronic

hadronic

Track-like
Good angular resolution:
0.25° (0.5°) at 10 TeV in water (ice)
0.08° (0.3°) at 1 PeV in water (ice)
Energy resolution factor ~ 2

Shower-like
Angular resolution ~2° (5°) in water (ice)
Better energy resolution < 10 % for E > 10TeV

shower

+ electromagnetic hadronic

shower

track

shower
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https://opus4.kobv.de/opus4-fau/files/296/DoktorarbeitBettinaHartmann.pdf

Detection Principle
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https://opus4.kobv.de/opus4-fau/files/296/DoktorarbeitBettinaHartmann.pdf

Broad Physics Scope

Low Energy
~ MeV

Extended Mantle
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Early ° *
Proto—neutron
~Star

CCSN detection
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KM3NeT - ORCA

Low Energy
> 10 GeV

Vv oscillations

Medium Energy
10 GeV < EV <10 TeV

dark matter search

...and exotic searches

&
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KM3NeT - ARCA

High Energy
EV >1TeV

: Vv from extra-terrestrial sources,
1 origin and production mechanism
! of HE CR

NEUTRINO ASTRONOMY
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Astroparticle Physics: The Multi-Messenger Connection

Credit:

® Cosmic accelerators can produce different
messengers: cosmic rays, gamma rays,
, and gravitational waves.

e Common origin: CR accelerators produce
both y and v through hadronic processes: py
and pp interactions.

SRl P - p/Y = X+ 7 =7+

Multi-messenger astronomy concept:
Combination of two or more messengers in
spatial and/or temporal coincidence enhancing
the discovery potential of a source.
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https://noirlab.edu/public/images/noirlab2421a/
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ANTARES (Med.)

z;%i@

Taking data
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GVD (Baikal)
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IceCube Gen2
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e Operating in full configuration:
« ANTARES ) 0.01 km3

(*) Shut down Feb’22

e IceCube 1km?

e Under construction, taking data:

+ KM3NeT 1+ 0.006 km?3
e Baikal GVD ~1km3
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Neutrino Detection Challenges

K
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Neutrinos have small interaction cross section. Detecting neutrinos requires a
large, transparent, inexpensive detector: air, water or ice.

Air, has intrinsic problems: limited observing time (~15%), large amount of
muons (background) created by cosmic ray interactions in the atmosphere.

Water allows us to go deeper and reduce the atmospheric muon background. e

o NESTOR Prototypes, 1993
4 DUMAND Prototype, 1990
o Fyodorov etal., 1985

v Rogers and Tristam, 1984

Lake or Ocean? Freshwater lake has less background noise (*°K in salt) and Dot
corrosion. But not very deep, e.g. Baikal, is ~1.2 km deep. - e

1000 2000 8000 4000 5000 6000 7000
Depth (m)

Challenges in the ocean include: instruments must withstand high-pressure,
difficulty of installation and accessibility for repairs, bioluminescence plants
and animals, power supply to the array, and transmission of data to shore.

Highly transparent Antarctic ice can also be used. It provides excellent optical
properties and low background. However, technological challenges: drilling
deep holes, sensor deployment, and limited accessibility for maintenance.
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https://doi.org/10.1103/PhysRevD.58.054001
https://www.youtube.com/watch?v=9HXXQBz6Vv0

The DUMAND Project

It was the pioneer Neutrino Telescope project: planned in 1978 for
1261 lines with 18 OMs each, at 5 km depth, 30 km off the coast of Hawaii.

Full design quickly scaled down (technology was not ready: deep-sea PMTs,
connectors, robotics). By ~1980 the plan became a 6x6 array.

DUMAND-I (1987): deployed the Short Prototype String (1 line, 7 PMTs).
Performed engineering tests and water-properties measurements.

DUMAND-II (1993): planned 9-line octagon (24 OMs per line). Only one line
was deployed; it operated for ~10 hours before failing.

Despite cancellation in 1995, DUMAND achieved key milestones: proved
deep-ocean feasibility, first deep-sea fiber-optic readout, and validated
pressure-resistant glass spheres.

Paved the way for AMANDA, ANTARES, IceCube, KM3NeT, etc.

Full story: Arthur Roberts: The DUMAND Project

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026


https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.64.259
https://en.wikipedia.org/wiki/Antarctic_Muon_And_Neutrino_Detector_Array

NESTOR Source: CERN courier

2

Early Neutrino Telescope Projects

di €8

i
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Several projects took over from DUMAND: AMANDA in the south pole,
Baikal in Russia; and NESTOR, NEMO, and ANTARES in the
Mediterranean these projects formed the KM3NeT collaboration later.

b

/

e

NESTOR (Greece) project focused on rigid tower structures,
demonstrating early underwater detection techniques and
infrastructure. Site remains available for a potential KM3NeT upgrade.

NEMO (Italy) project performed a R&D activity during 1998-2004 in the
Sicily coast (site of KM3NeT/ARCA). Developed flexible detection lines,
deep-sea site studies, and technologies to build a km? scale detector.

Baikal-GVD project in lake Baikal (Rusia) underwent several upgrades.
Early phase in the 1990s. Latest construction (GVD) since 2016 aiming
for the completion of a km3 scale detector in the next couple of years.

AMANDA was the first successful neutrino telescope deployed in
Antarctic ice in the 1990s. Demonstrated the feasibility of using natural
ice as a Cherenkov medium, detecting atmospheric neutrinos.

INSTITUT DE
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https://cerncourier.com/a/nestor-sees-muons-at-the-bottom-of-the-sea/
https://www.resinextrad.com/en/nemo-the-telescope-in-the-mediterranean-to-look-at-the-sky/
https://www.appec.org/news/baikal-gvd-neutrino-telescope-a-step-forward-construction-of-the-cubic-kilometer/

First generation:
Instrumentation in ANTARES



The ANTARES Detector
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e ANTARES was an underwater neutrino telescope (2006 - 2022). B Sipes
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e Sensitive to energies from hundreds of GeV to PeV. ~ et -
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https://antares.in2p3.fr/
https://www.google.com/maps/d/viewer?mid=1jS40dxh0l8JVG2FrYDxU4NKoJLQ&usp=sharing

Breakmg Down the Instruments in ANTARES
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ANTARES Main Electro-Optical Cable

e |tisa 45 km ALCATEL electro-optical cable deployed in Oct 2001 that connected the shore station at
La Seyne-sur-Mer to the ANTARES site.

e |t has a single high-voltage conductor for power transmission (sea return).
e Moreover, 48 optical fibers used for data transmission, clock & control distribution.

e |t linked at the Junction Box, which then distributed power, data, and timing to the detector lines.

HYERES

ILES D'HYERES
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ANTARES Junction Box

e The Junction Box is the device that acts as the interface between the MEOC and the detector lines.

e Constructed from titanium alloys due to their excellent pressure resistance and corrosion durability.

e |t had 16 identical outputs to distribute power, data, and timing. Main functions are:

o  Power distribution: Transformer: 3000 VAC — 16 x 500 VAC.

o Data collection: Ethernet over Dense Wavelength Division Multiplexing (DWDM), 7 x 1 Gb/s per line.
e |t was deployed in Dec 2002 and worked reliably for 20 years. No failure, no repairs were needed!

oI W

’j —SN
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ANTARES Detector Line

e 12 vertical lines with the following key elements: base,
storeys, Electro-optical mechanical cable, and buoy.

e Bases linked to the junction box. Then ~100 m left without | %
instrumentation to avoid sedimentation.

e EMC provides mechanical support, power, and data
connections to the storeys.

e Alinein ANTARES had 25 storeys, grouped in sectors of 5.

e Laser beacons at the base of lines 7 and 8.

FIBRE TUBE Electronic
) containers

Recoverable ll Acoustic

. part transceiver
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- Pressure releases
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https://doi.org/10.1016/j.nima.2010.06.225

ANTARES Storey Elements

Titanium (T40) frame, ~2.3 m tall, used to fix Optical
Modules (OMs) and electronics to the line.

Each storey had 3 OMs with 10" PMTs, oriented 45°
downwards and separated by 120° in azimuth.

Local Control Module (LCM). Non-magnetic cylinder of
60 cm x 18 cm housing: Front-end readout electronics,
Clock and synchronization electronics, Slow control and
monitoring.

LED beacons for calibration on storeys, 2, 9, 15 and 21.

Each line was equipped with an acoustic transceiver
(RxTx module) on its anchor and receiving hydrophones
(Rx modules) on storeys 1, 8, 14, 19 and 25.

A real ANTARES storey is exhibited at IFIC in the

Experimental Building on the first floor.

25/06/2026 + VEGA

Local Control Module (LCM)
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Titanium tube .

Connector position

Hydrophone (Rx)
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https://doi.org/10.1016/j.nima.2009.03.194

ANTARES Readout & Electronics

All-data-to-shore concept: all PMT signals sent to
shore without offshore triggering.

PMT signals digitized using ARS (Analogue Ring
Sampler) ASICs. Two ARS per OM to reduce dead time.

ON_CLOCK

Master clock distributed from shore for
sub-nanosecond synchronization

LCM_CLOCK

\
o
¥

POWER_BOX

Data transmitted via optical fibers to the Junction Box
and then to shore.

On-shore software triggering and filtering selects
physics events from background.

Power box for voltage conversion and distribution.

Compass and tilt sensors for storey orientation and
geometry reconstruction.
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ANTARES Optical Module

The main detection element was the Optical Module (OM), hosting a 10" PMT.

® PMT model: Hamamatsu R7081-20, optimized for single-photon detection.

—e
e

e The PMT is housed in a pressure-resistant borosilicate glass sphere, with
optical coupling through glass and optical gel, avoiding any water-air interface.

e OM has a u-metal magnetic shield to reduce the effect of the Earth’s magnetic
field that could distort electron trajectories inside the PMT.

e Each OM includes a small internal LED that illuminates the PMT photocathode
directly. Provides a self-calibration reference for each OM.

Titaniu S
screw Elastomere

4 Penetrator

Glass
sphere ™

pads

Glass
sphere

< Titanium
Titar_1ium A 7 plate
wire

Optical .~
gel

o~ Photomultiplier
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https://www.sciencedirect.com/science/article/pii/S016890020501836X
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ANTARES Optical Beacons

e The ANTARES Optical Beacons were pulsed light sources used for timing calibration.

The time emission of the Optical Beacons was well-known, so you could use them to measure and
correct relative PMTs timing offsets, achieving a complete detector synchronization.

e Mainly developed and constructed at IFIC. Two types:
O  LED Optical Beacon: Less intense, good for calibration of OMs in the same lines.

o Laser Optical Beacon: More intense, good for calibration between different lines.

25/06/2026 + VA
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https://www.sciencedirect.com/science/article/pii/S0168900207012041
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ANTARES LED Optical Beacon

e Hexagonal prism containing 36 blue (470 nm) LEDs distributed in 6 faces which could flash independently.

e Light output ~4 x 10° photons per pulse, with uniform emission up to 35° and very precise (~2 ns rise time).
e Worked in a triggered mode thanks to a small pulsing circuit (trigger signal is a 1.5 V square pulse of 150 ns).
e All the components are housed in a borosilicate glass container able to hold pressures higher than 220 atm.

e Internal PMT Hamamatsu H6780-03 (TT*=5.4 ns) to know the actual emission time of the light.

Internal PMT signal as recorded Time difference between an
by the ANTARES DAQ LED OB (on the 2" floor) an
OM just above (on the 3™ floor)

Led Beacon

TRMS:0.15ns| |
Mean :2.7 ns

il I B | IS PP P I I I |

80 100 120 140 160 180 200 -5 -4

3 2
time difference (ns)

Time (ns)
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ANTARES Laser Optical Beacon

e Solid state laser (Diode-pumped Q-switched Nd:YAG), triggered by a TTL signal.
e Green (532 nm) emission, ~10" photons per shot (~1.5 mJ), with variable and stable intensity.
e \Very fast timing, ~0.3 ns rise time, monitored by an internal fast photodiode (=50 ps jitter)

e Lambertian (cos 8) light emission via the sides of a quartz rod, minimizing seabed sedimentation effects.

e Components mounted in a titanium frame for high-pressure deep-sea operation.

Internal photodiode Corrected time
Laser on the seabed where signal as recorded difference between a
sedimentation effects are visible by the ANTARES DAQ  Laser OB and an OM

7
Sigma: 2.0 ns

v ]

<10 -5 0 5 10
At(ns)

Solid state
laser
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Current Generation:
Instrumentation in KM3NeT
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The KM3NeT Detector
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KM3NeT Main Electro-Optical Cable

e KM3NeT builds on the ANTARES MEOC concept, scaling it in power,
bandwidth, and modularity, with multiple MEOCs supplying
independent detector blocks up to cubic-kilometer scale.

e Higher power capacity than ANTARES for multi-PMT DOMs and
instrumentation: ORCA uses a series (daisy-chain) distribution, while
ARCA employs a parallel, high-capacity architecture.

e Higher data bandwidth and improved redundancy, based on
ANTARES operational experience.

Main electro- : A ORCA

optical cable :
To shore § X (Fl’anCe)

The elements of the infrastructure
ARCA (ltaly)

Pg*
P12\ P\ PIN ;o\ P16

* 2 Main Electro-Optical Cables (MEOC)

ANTARES cable

0% p21\ P22\ P23\ P24\ P25

* 3 Cable Termination Frames (CTF)

2\ paiv P35
P31\ P3: »P?] P34 To shore
P2 pa3 PH_ PRSP,

p54 P55 pse ps7 psg)
3 pe4  P6S e PO7* pes  pe9  F70
prss pis P17 pis PO pho peix

5
&
* 9 + 8 Junction Boxes (JB)

pog_ P97 POER\p9d, 100

P101 P102 P103 p1o4 P10 P106
P109 PL10° g\\\ PLI2 PLI3 Pl14

* Anework of Interlink cables
+ JBto CTF
+ DU to JB

P16 P117 P118 p11g PI20*
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https://agenda.infn.it/event/33107/contributions/205056/

Source: APPEC web KM3NeT/ORCA

KM3NeT Junction Boxes/Nodes

e Multiple interfaces (Junction Boxes/Nodes) between the MEOC and
the Detection Units, distributing power, data, and timing.

e Technology developed together with external companies, from oil &
gas sector, that meets military/space standards. Designed for
long-term operation (>20 years) at deep-sea depths.

® Intrinsic redundancy: all critical electronics components are
duplicated, avoiding single-point failures.

KM3NeT/ARCA Source: KM3NeT web

ORCA: MEOC connects directly to the JB. Power
conversion and distribution happen inside.
ARCA: power is split at CTF to feed different
detector regions, and then split again locally at

. __ _§ each JBs to supply the DUs.
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https://www.appec.org/news/next-step-in-the-deployment-of-the-km3net-orca-detector/
https://www.km3net.org/major-upgrade-of-arcas-seafloor-network/

KM3NeT Detection Unit (DU)

e \Vertical detection structure anchored to the seabed and held taut by a top buoy, with two -A

high-strength Dyneema® ropes forming the main mechanical backbone of the line.

e The Vertical Electro-Optical Cable (VEOC) is like the backbone that runs along each DU
distributing power, data, and timing to all DOMs.

e Composed of a string of 18 Digital Optical Modules (DOMs). In KM3NeT, several
instruments that were external in ANTARES are fully integrated within each DOM.

® The anchor Base Module hosts critical systems for power supply, control, communication,

time synchronization, and acoustic positioning.

25/06/2026

Francisco Salesa Greus | TIDPAN 2026

Source: Eur.Phys.J.C76.54 (2016)
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https://www.dyneema.com/
https://doi.org/10.1140/epjc/s10052-015-3868-9

KM3NeT Launcher of Optical Modules (LOM)

® The LOM is a mechanical structure used to lower and deploy a KM3NeT DU to the seabed.
e The LOM keeps the DUs in a compact structure that allow to carry several of them on the boat.
e Designed for a more efficient deployment: DUs are independent and can be added progressively.

® This compact configuration is kept during descent and it is only from the seabed when the whole line
is released and self-unroll driven by buoyancy.

e The LOM frame is recovered after deployment and reused for subsequent Detection Units.
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11027
http://www.youtube.com/watch?v=zRUIuAyAegk
https://docs.google.com/file/d/18FoGZLC2EsM-h_ZF5r-ujGhNYwf2HTVy/preview

KM3NeT Digital Optical Module (DOM)

® The key detection element in KM3NeT, the is a pressure-resistant glass
sphere (~17" diameter) housing light sensors, 31 x 3" PMTs, and all front-end electronics.

® Includes Central Logic Board (CLB) for readout, timing, data transmission, and control.

® Integrated sensors and calibration: Nanobeacon LED (timing calibration), acoustic piezo sensor
(positioning), compass and tilt sensors (orientation).

e Optical coupling via glass and optical gel, ensuring efficient light collection.

Designed for long-term operation at deep-sea pressure (>300 bar).

Building block
115DUs

Francisco Salesa Greus | TIDPAN 2026 Ases
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https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07038

Advantages of Multi-PMT DOMs

e Larger effective photocathode area: Multiple small PMTs provide a
significantly larger total light-collection surface compared to a single
PMT of similar size.

® Intrinsic directional sensitivity: The segmented PMT layout allows
reconstruction of the photon arrival direction within a single module.

e Improved background rejection: Local coincidences between several
PMTs help suppress random noise (e.g. “°K or bioluminescence).

e Better timing performance: Detection of multiple photons within the
same module improves timing precision and event reconstruction.

e Wider dynamic range: Multi-PMT systems can handle both low-light
and high-light signals more effectively.

e Redundancy and reliability: Failure of individual PMTs has limited
impact on overall module performance.

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026
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. Section of a bottom support structure
. Section of a top support structure

. Glass hemisphere (bottom)

4. Bottom support structure with PMTs

and light collection rings installed

. Tray for routing of optical fibres

. Cooling and support mechanics

(shell with rod mounted)

. Power board
. Central Logic Board

. (Three) PMTs with base attached

and light collection rings

. Pressure gauge
. Signal collection boards (2)

. Nanobeacon (led flasher) on driver

board

. Penetrator flange (left) and penetra-

tor with temporary fibre/cable rout-
ing plate (right)

4. Piezo hydrophone

. Laser transceiver
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KM3NeT PMTs

Each DOM contains 31 small (3") Hamamatsu R12199-02 3-inch PMT, providing large photocathode
area, precise photon counting, and directional detection information.

Wide angular acceptance: PMTs are oriented to provide nearly full 41 field of view.

Detect Cherenkov photons from neutrino interactions with ~ns timing resolution (TTS < 5 ns).
Performance: high gain (~10°), low noise, and ~20% quantum efficiency in blue light.
Improves rejection of “°K background (present in seawater) via coincidence between PMTs.

Source: JINST 17 P07038 (2022)

e ]
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https://iopscience.iop.org/article/10.1088/1748-0221/13/05/P05035
https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07038

KM3NeT DOM Electronics

e Two key electronic components are integrated inside the DOM, optimized for
low power consumption, reliability (FIDES, HALT), and mass production:

e Central Logic Board:

o  FPGA-based readout system that digitizes PMT signals using ToT, and
packages all hits into data streams continuously sent to shore.

o Precise timing and synchronization: Implements an adapted White
Rabbit protocol, providing sub-nanosecond synchronization across the
detector for coherent event reconstruction.

e Power Board:

3v3 DC/DC

o Distributes and regulates power feed into voltage rails via DC/DC
converters and a linear regulator for PMTs, CLB, and auxiliary devices.

2vs DC/DC i

1vo bc/pc §

o  Real-time monitoring of currents and voltages is performed using
onboard 12-bit ADCs, complemented by temperature monitoring and
protection mechanisms to ensure reliable long-term operation.

pmp  INSTITUTDE
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https://www.fides-reliability.org/
https://en.wikipedia.org/wiki/Highly_accelerated_life_test
https://pos.sissa.it/395/1108/
https://www.mdpi.com/2079-9292/13/11/2044

KM3NeT Calibration

e Calibration is required to ensure that physical quantities (e.g., energy, time, charge, direction) can be
properly derived from detector signals.

e Controlled reference sources (optical beacons, muons, acoustic emitters) to monitor the detector response.

e Corrects for detector positions, gain/charge variations, timing offsets, environmental effects, and long-term
drifts in detector components (aging of PMTs, electronics, etc.).

e Essential for accurate event reconstruction, energy estimation, and inter-detector uniformity.

Time: 2024-11-23 16:09:02 UTC

Detector layout (dynamic)

: DU 1 — top view (centered on anchor)
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https://docs.google.com/file/d/1d_ZyuoqU0nt5DM3I1ArNP6y6VhdC8wdH/preview

KM3NeT Time Calibration System

e The is an evolution of the ANTARES LED Optical Beacon concept.
e Designed for timing calibration (ns accuracy) with a simplified

e Inexpensive so, unlike ANTARES, every single DOM has a Nanobeacon.

e Provides high redundancy, and therefore more robust and reliable calibration.

e Moreover, are also present at the bottom of some lines.

NB flash seen in all ORCA floors (> 150 m)
Source:

KM3NeT Preliminary

e

( The nearby PMTs provide the LED
P\ J emission time reference, from which

&
23\ relative timing offsets between
. “‘ 1,‘ DOMs can be extracted.
[y
B / . 4
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https://doi.org/10.1016/j.nima.2022.167132
https://www.mdpi.com/1424-8220/22/19/7683
https://ieeexplore.ieee.org/document/10226329
https://pos.sissa.it/444/1062/

Ice vs Water:
Instrumentation in IceCube



IceCube Neutrino Observatory

Located next to the South Pole at f&! "::EBU BE
1.5-2.5 km deep. = 50 m

Cherenkov detector in ice.

By

Fully operational since 2011, contains
86 strings (5160 DOMs).

IceCube Laboratory
Data is collected here and

Deep Core array is sensitive to lower selit by safellits by einiats
energies (~10 GeV): neutrino
oscillations, but also astronomy.

Largest high-energy neutrino
observatory in the world with ~1 km?®

instrumented volume. - .
igital Optical
Module (DOM) 2450 m

Includes a surface array (IceTop) to e L L
detect cosmic ray air showers.

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026

Amundsen-Scott South
Pole Station, Antarctica

A National Science Foundation-
managed research facility:

86 strings of DOMs,
set 125 meters apart

!

60 DOMs
on each
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IceCube vs KM3NeT/ANTARES (l) s

e Main difference between IceCube and KM3NeT/ANTARES: medium where are ’ f‘—w-.‘LI' l "l'”_g;_
e

deployed (ice vs water).

® Iceis low optical noise environment (~300-500 Hz per PMT), whereas noise in
water is much higher due to natural backgrounds, e.g., “°K decay and
bioluminescence (~5-50 kHz or higher).

e Different readout strategies:

o  Low noise allows signal digitization inside each DOM, so only processed
data are sent to the surface, reducing bandwidth requirements.

o  KM3NeT/ANTARES adopt an all-data-to-shore approach, as high noise
makes local triggering difficult.

® Light propagation differs: ice has strong scattering. KM3NeT multi~-PMT DOMs
take advantage of this providing larger photocathode area and intrinsic
directional sensitivity, improving angular and timing resolution.
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IceCube vs KM3NeT/ANTARES (lI)

® IceCube has a stable detector geometry, since the DOMs are frozen into the ice
and remain fixed. In KM3NeT/ANTARES the detection lines move with sea
currents and require continuous acoustic positioning and alignment systems.

e The deployment techniques are different: IceCube is constructed by drilling
deep holes in the Antarctic ice using hot-water drills and lowering the modules
before the water refreezes. KM3NeT deploys Detection Units on the seabed
using a self-unrolling technique.

® Operational constraints differ: IceCube deployment is limited to seasonal
(summer) drilling campaigns, whereas KM3NeT/ANTARES use ships and ROVs,
allowing more flexible but technically complex offshore deployment.

® |ceCube uses independent vertical cables for each line, while
KM3NeT/ANTARES use a shared subsea network with distributed power and
data infrastructure.
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IceCube Line Installation

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026

INSTITU
rrrrrr

52


http://www.youtube.com/watch?v=xUBCvttShfA
http://www.youtube.com/watch?v=2l_01ELFeVE

Next Generation:
Instrumentation Plans for
Future Projects



Planned Improvements for Future Projects

e Next-generation experiments aim to significantly increase the instrumented volume
(km?3 scale and beyond) to improve statistics and therefore sensitivity.

® Large detectors require both modular construction for scalability and inexpensive
designs to remain affordable.

e Improved technology: Multi-PMT DOMs (now standard in the field) and development
of hybrid concepts (PMTs + ) better light collection, timing, and directionality.

e Better calibration: Sub-nanosecond synchronization and advanced calibration systems
improve reconstruction accuracy and angular resolution.

e Higher bandwidth and flexible data acquisition: Upgraded optical networks and
software-based triggering allow more sophisticated real-time event selection.

e New detection techniques: Integration of complementary methods, e.g. radio

detection, to extend sensitivity to higher energies (> PeV) and larger effective volumes.

e Multi-messenger integration: Future detectors are thought to operate in coordination
with other observatories, providing alerts and allowing multi-messenger follow-ups.

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026 o

Source: .g
@ Single PMT
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First Generation:

Baikal; Antares; IceCube

Multi-PMT

Second Generation
Current state of the art
KM3NeT; Upgrade IceCube

Multi-SiPM @ EKADTT{&“;:,:',

Next Generation

Source:
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https://www.mdpi.com/2218-1997/9/7/326
https://doi.org/10.3390/universe9070326
https://doi.org/10.3390/universe9070326
https://doi.org/10.3390/universe9070326
https://doi.org/10.1016/j.astropartphys.2024.103024

Upcoming Neutrino Telescopes: IceCube-Gen2

e Detection volume of 8 km?®. %2 ICECUBE | DETECTORS

SURFACE * RADIO * OPTICAL

® Improved sensitivity in all energy ———
range from GeV to PeV. Tee R L

e Improved calibrations.

e Radio array for acoustic detection.

Cosmic Ray Surface
Array

Amundsen—Scott South
Pole Station, Antarctica

A National Science Foundation-
managed research facility

Q An air shower array that sits
. COSmIC ray SU rface array- on top of the optical array
One surface station installed
above each optical string

One of the selected 0 &l
optical sensor for
IceCube-Gen2, the e e
m D O M WI th 24 @ IceCube-Gen2 Optical s(astisoln:estper?:é
. odule over an areg
4-| n Ch P M TS o ! ::t‘;\e[ sensitivity of IceCube's e
@ 9,600 new optical modules in < IceCube > |
i total to be deployed in the ice (1 km) i
Source: s
Dcarsan < IceCube-Gen2 > -
lceCube webpage T | (5 km)
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https://indico.cern.ch/event/1258933/contributions/6485784/
https://icecube.wisc.edu/news/research/2024/05/successful-testing-of-over-10000-photomultiplier-tubes-for-icecube-upgrade-digital-optical-modules/

Upcoming Neutrino Telescopes: TRIDENT, NEON, HUNT

e Several Chinese projects in development:

® Tropical Deep-sea Neutrino Telescope
(TRIDENT): 8 km?, 1000 strings, 20k OMs.

e Neutrino Observatory in the Nanhai (NEON):
10 km?3, 1200 strings, 21.6k OMs.

e High-Energy Underwater Neutrino Telescope
(HUNT): 30 km3, 2300 strings, 55k OMs.

25/06/2026 + VEGA

Francisco Salesa Greus | TIDPAN 2026

TRIDENT collaboration, Nature Astron. 7 (2023) 12, 1497-1505 e _

Oriental Pearl Tower 465 m

Depth ~ 3500 m

TRIDENT new DOM:

- Hybrid DOM (hDOM): 17" sphere
combining 31 PMTs + 24 SiPM.

- Performance gain: large light
collection and ultra-fast timing,
gives ~20% more photons, and
~40% better angular resolution.
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https://www.nature.com/articles/s41550-023-02087-6
https://doi.org/10.1016/j.astropartphys.2025.103123
https://trident.sjtu.edu.cn/en/science/experimentalLocation

Conclusions

e Instrumenting neutrino telescopes requires operating in remote places (deep
Antarctic ice, bottom of ocean/lake) which makes it challenging.

e Early experiments such as DUMAND, in the 1970s, pioneered the development of
new technologies for these extreme conditions.

e First completed projects, such as ANTARES and IceCube, demonstrated the
feasibility and long-term reliability of large-scale neutrino detectors.

e Next-generation detectors like KM3NeT combine modular, cost-efficient design
for larger detector volumes with the flexibility to integrate new technologies.

25/06/2026 + VEGA Francisco Salesa Greus | TIDPAN 2026 H o T 57



Thanks for

'~/ your attention

g '
+V€G/\ Valencia ...':'I:':.
Experimental 3
Group of iy
Astroparticles


https://km3net.ific.uv.es/
https://km3net.ific.uv.es/
https://ific.uv.es/~agusanlo

