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Neutrinos from astrophysical sources

High-energy neutrino production:

P+p/Y=X+T0 = . +yy Supernovae, SN relics, Pulsar Wind Nebulae, Active Galactic Nuclei,
P+P/Y—=X+T = .+ U —e+V+V Dark Matter particle annihilation? Black hole mergers?
Expect correlation between HE photon and neutrino production
Tag for ongoing hadronic processes

Physics programme and goals

Photons can be absorbed by interstellar matter
Charged particles can travel long ranges but
are affected by magnetic fields and interact with
Cosmic Microwave Background

Neutrinos: messengers from deep space

Neutrino astronomy!

Neutrino sources:

Galactic Extragalactic
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¥ KM3NeT Physics programme and goals

. . . . Neutrinos produced by interactions of cosmic rays in atmosphere
Atmospheric neutrinos & oscillations DN DX+ T ot 1o €y + e

P+N-=-X+K,TU =+ W — e + VvV, + Ve

detector Oscillation + propagation in Earth matter

Matter-enhanced oscillation
Probing different regions of Length/Energy depending on the inclination
(Nadir angle) of the incoming neutrino

— A
™ 2 Normal Mass
= i : m v Invgrted Mass
B S Hierarchy — Hierarchy
o  Matter effects sensitive to y
~— . > - T
. Sign of Am;
2N | Ordering: I o N
q:) ormal Ordering: excess Ve [ iémﬁl ~ 7.50 x 10-5eV?
Q I )

Inverted Ordering: excess Ve (6m2, | ~ 2.43 x 10-%6V?

Resonance energy: |6m3; | ~ 2.43 x 10~ %eV?
7 GeV in Mantle 1
3 GeV in Core Jom2, w750 x 10752 |

NN 7 N

INEN i~ Cristiano Bozza - UNISA & INFN - RICH 2025, Mainz, Germany 3



Physics programme and goals

Physics programme with ARCA and ORCA

Supernovae v oscillations Dark Matter searches Cosmic neutrinos
v mass ordering Exotics searches Multimessenger Astronomy

MeV GeV TeV PeV

Normal Inverted

V3 v2

% NH "
" . E : s
-0
Q
ORCA ARCA

Despite the naming, we can also do
astronomy with ORCA (GW, AGN, SN,
solar flares, GRB follow-up) and particle
physics with ARCA (DM, exotics, ...)

INEN i~ Cristiano Bozza - UNISA & INFN - RICH 2025, Mainz, Germany




¥ KM3NeT Physics programme and goals

Observing the Galactic centre
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Technology foundation: the DOM

KM3NeT water Cherenkov telescopes: 3D arrays of
Digital Optical Modules (DOM)

® 37 Photomultipliers (3 in. Hamamatsu)
* 12 up-pointing

* 19 down-pointing

Central Logic Board

e Compass/Tiltmeter chip

Power Board

Piezo Acoustic Sensor

Optical transceivers

Mechanical structure

Cooling Mushroom

High pressure — resistant glass sphere (350 bar)

Each DOM is a complete photodetector, with directional capabilities and large photocatode area
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Instrumenting 1 km? of seawater:

DOMs connected with ropes
to anchor and buoy

DOM self-buoyancy: ~ 180 N

A Vertical Electro Optical Cable
carries power and inbound /
outbound signals

Detection Unit (DU):
® 78 DOMs
® 7 Base Module (not shown
here):
*  Power control
*  Communications
* Instruments

Building Block:
roughy cylindrical arrangement of
115 DUs on a hexagonal lattice

Digital Optical Module (DOM)
31 PMTs

Detection Units

Detection Unit (DU)
18 DOMs,
anchor, and buoy

o

Building block
115 DUs
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Full blocks and detectors

A Detection Unit is wound

on a launching device
(LOM)

Deployed on the seafloor

Unfurled to reach the
vertical configuration

The LOM (s recovered and
reused for another
operation
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Neutrino flavour and interactions

Neutrino signals in KM3NeT

vy CC "track-like” Ve CC orany v NC v; CC "double-bang” Atmospheric
good pointing “shower-like" background for v
good energy resolution signal for Cosmic Ray studies
v/I*

v, — T + shower
CcC
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ARCA & ORCA

36m vert. x 90m horiz. spacing TeV - PeV
/ \

¥ N

ARCA BBl ARCA BB2

Ital
® KM3NeT/ORCA = .V!

Catania

sy KM3NeT/ARCA

Full ORCA: 7 Mton

Currently deployed: 28/115 DUs

Full ARCA (2 building blocks): 1 Gton ~ 1 km? 9m vert. x 20m horiz. SpaCing
GeV - TeV

Currently deployed: 51/230 DUs
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® KM3NeT ARCA & ORCA

Calibration base :
* InterDU Complementary Time calibration method
— Laser Beacon

* Part of the Long Base Line Positioning system of the detector
— Hydrophone and Acoustic Emitter
Instrumentation Unit :
*  Used to monitor sea water properties
* Instruments:
- COﬂdUCtiVity Hydrophone

=  Pressure

—  Temperature,
— Salinity Acoustic emitter

f Laser Beacon
—  Current profiler
—  Sound velocity

Base module
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ARCA & ORCA

Current ARCA footprint on the seabed Current ORCA footprint on the seabed

5B7000E 5872008 5874008 S87600E 5678008 588000E 5882008 588400E
kW
— MEOC1 v
~— 4017618N
MEOC2 =
A CTF1 ™ P
~_ o
A CTR2 \"{%
[] 1Bs Phase1 e
IBs Phase2 i prm—
® DU Phasel
* DU Phase2 Q @)
© B
L U] @] o)
< MH .
> 7224N \
a0 Q Q
.86 5
> O —
= a5 4017027N :
o o, S
A
O O
96 %1808
— " 4016830N o e
00 elqg moa 45 e
7 .8 35
I o o O M01-2015 d g
102 48 .0 a9 50
108 106 e .- &) 46 E
e P & g [0 Mot2021 |, 5
.
R o n? @ M02-2021
109 -2
e BOS.
o ...o78 . © M01-2022 o—a
¢ 56
7 e - @ M02-2022
7 = 1504 I-4016436N '®, O
= O %8 i QO M01-2023
1o shy
i AN @ M01-2024 O——0——0 o
iy O M01-2025
| ‘ 4016239N
SB7000E 5872008 5874008 5876008 587800E 588000F 588200E 588400€

(INFN i« Cristiano Bozza - UNISA & INFN - RICH 2025, Mainz, Germany



United
Kingdom

= University of Hull

France
CNRS Muclédaire et Particules
Astroparticle ahd Cosmology Laboraton,
Lhniwe Paris Cite; CHES
Centre for Particle Physics of Marseilis,
Bix-Marsaille Universite, CMRS

Belgium
= UCLauvain,
Lowvaln-| Lc:—Ne..ue

ité de Strosbowng, CHRS
2 CIRS, IMT Atlantique, Nantes

Labaratoire Univers et Farticulss de
Mantpallsr

Laboratoire da
Caen, Univers

Spain =4

Conseo Suparior de

United
States of
Americu

Universitat Politéanica de
valancio, IGIC Gandia,
Valancia

ad de Granada

Centro Cceanografice de & Harvard Univeesity
Murcia [[EC-CSIC|
tabaratari d'aplicacions .

Bioasistiquas, Universitat
"—‘olltecmeq de Catalunya,
a | lo Gaktri

Morocco

= University Mobammed ¥,
Robat

Algeria

T Rmemars

tiahammed lar,
Oujda

* Cadi Syyoed Univarsity,

Marrakesh

Mohammed V| Polytec

Univarsity, Ben Guarir

The
Netherlands

= WWO-I, Nikhet, Amstasdam
Universiteit wan Amaterdam
Unlvarsitait Laidan

MIGE, Texel

MO, Technical Sciences,

Delft

B Full members

Observer members

INFN istit

B

The Collaboration

Germany

Friedrich-Alexander-Un versitiat

Edungon-Himberg

e Plonok-
Radioastronomis, Bonn

Universitat Edengen, Remais

.

INFM Lobaratoritiazional|
del fud Sezicne di Catania
INFH Sezione di Firenzs,
Urivarsita di Firenze

INFN Segiane di Génsua,
Universita di Genava

INFN Sezions di Mapofi,
Univarsita della Campanis,
Universith di Napall

South Africa

Univarsity of Joharnesburg
Univarsity of the Witswaterstand,
Johunr\ssb—ﬂq

t University,

Italy

Slovakia  Poland Romania
INFN Sezione di Roma, » Univerzita Komenskeho « AGH University of S B o e e Brkdni
~ Bral Erakow 58

Saplenza Universibh di Romea
MFN Sezians di Bari, -
Poltscnico di Bari
NFM Sezions di Bologna
\.-nw\ers Pm di Bre|cg1c:

4

IMNFLPR Subsidiary, Magursls

» NCEI- Mational
Centre for Muclear
Reseorch, Warsaw

Greece

= lpstitute of Muclear and
Particln Physios, NCSR
Damaksites, Athans

= National and Kapedistrian
Unisarsity of Athens

Czech .
Republic

» Crzech Technies
University in .
Prague, institute of
Experimental and =,

pepled Fhysics Cyprus

Universita degll Studi di
Salemn, INFM Grupps
Collegats di Saleme

Georgia
i Stake University
. Lln.wl-mt,uof Geargia, Thilisi

United Arab Emirates v ;
» University of Sharjah Au struliu. ‘

« Khalifa University of Sclence and Technalogy,
Abu Dhab « Wastarn Sydnay Univarsity

Cristiano Bozza - UNISA & INFN - RICH 2025, Mainz, Germany

13



Data acquisition: all data to shore

‘Standard WR (SWR) Detection Unit

PMT pulses are encoded by timestamping the crossing of a threshold and the time Bromden 5 oo Uk
over threshold
" BaseModules
A

All data are sent to shore for triggering, filtering and processing

ith o R Jth
Junction Box *, ¢+ Junction Box

On-Shore (Shore Station)

Switch-fabric

| ith | | i-th
WRS-BC WRS-L1 wvlil- 1l

l 7}
L2 2

WRS
Grand Master

DryWRS

2 network configurations used:
ORCA: Broadcast White Rabbit
ARCA: 30 DUs in Broadcast mode, all others in Standard White Rabbit scap (o — e |

(SDN)

.
Standard White Rabbit

Base Module *‘r

>

Control

5N o
= = == )
| z . S = = — Data Queue 1 1 STORAGE
BTGt i\
N . A Opical Acoustic
- = Data Filters Data Filters CEaWEED
..... — T Data aggregation
layers Quasi-OnLine
- 2 = Analysis and
" -

Broadcast White Rabbit
Base Module

Monitoring

Online data Processing units
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Acoustic Positioning

DUs sway and change their shape under
the action of currents

Acoustic beacons in known positions emit
signals with characteristic waveforms

Piezo sensors on DOMSs and base modules
detect the signals

3
%/

The map of the times of arrival of the
acoustic signals is inverted to work out the
current geometry of the telescope

]
o e
We need pointing accuracy ~ 0.1° or ®
better! ®
e
e
o
»
s ®
..,["\)sk i
- Junction Box

Acoustic Beacon External tripod
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Reconstructed deviation of a DU in ARCA in 7 days

KM3NeT/ARCA30, preliminary

Acoustic Positioning

Reconstruction DOM position shifts in ORCA in 4 days

KM3NeT/ORCA24, preliminary

700 1 DOM 18] +02/12/24 01/01/25
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-1 i @2 DOM 4 31712724
— 4001 = .
E E c.‘.-:;“
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300 27/11/24 ~ —2- g DOM 18
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200+ T | A ST
———— DOM 4 o,
100 { == B S
— 25/11/24
0{e Anchor . | 29/12/24
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DAQ software: TriDAS and Control Unit

~ Dawbaselnedace o ket
Data Filter Data Dispatcher
. — — Data Filter Data Writer
Dynamic Provisioning and Authentication Data Filter ByETE PR e AT e
Data Filter
_ Dynamic Provisioning and Authentication
~ TiDASMamager Data Fifler @ A D
Dynamic Provisioning and Authentication Data Filter The Components Of the Tnggenng and
— Data Acquisition System (TriDAS) Control
Data Filter Unit receive timeslices from each DOM,
Data Filter

build timeslices for the full telescope, then
apply triggering algorithms and provide

Dynamic Provisioning and Authentication

Dynamic Provisioning and Authentication Data F!Iter p ar tla[ reCOﬂStr UCtion S and wr lte trlgg ered
— events to storage
Optical Data Filter \ /
Acoustic Data Filter
data — Dynamic Provisioning and Authentication
Dynamic Provisioning and Authentication R eg UIar an d Steady data taklng
Trigger Rates for DetlD-232
Fri Dec 20 10:18:51 2024 UTC
/The Control Unit (CU) is a modulm . . . . ; .
software suite that defines the current task 10 L e e f—g“ i s o o e B *3*‘ v e 10!
and operating parameters of the telescope - ' " i - yta . - \ o e
o T3 5 s s & s S NS s
g 10 . A e . L i 1 107
CU processes can run on different servers £ i ; i | i j - i i :
_g i 1 % Overall ‘: : : : % : : A: 107!
. . == i - 3DMuon ! ! ! 1 ¥ I 1 1
It can work without connection to the T v Mxshower i i i i ‘ i i |
central database and can reconfigure itself s R N N S O I
\[\n case of hardware failures / 2024-12-1909:00  2024-121912:00  2024-12-1915:00  2024-12-1918:00  2024-121921:00 20241220 00:00  2024-122003:00  2024-122006:00  2024-12-20 09:00
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The Realtime Reconstruction System

ORCA

e stiore Event Events DB RE
station writer v sql query

SN module Neutrino alerts
RTA dispatcher £
DAQ i )
2 i EXTERNAL
! S Online analysis
Reco Tracks+Showers, Classifier MUItI_messenger dlspatcher pipeline
RESULTS
.
a < 0
M o £z
ARCA 7 E e &
SN processor shore = Alerts DB
_____ station a GCN alert Alert
- handler sending
ARCA Internal shifter tools
RTA dispatcher
DAQ P

Other telescopes
Reco Tracks+Showers, Classifier

A Realtime Reconstruction System provides fast reconstruction for Supernova signals and quickly reconstructs tracks and showers to
detect correlation with external alerts

KM3NeT also starting to provide alerts itself!
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Cumulative alerts

KM3NeT is participating in several multimessenger alert programmes

KM3NeT real-time analysed alerts

The Realtime Reconstruction System

Alerts from satellites, observatories and detectors

=== Neutrino (total: 45)
640 1 — GRS (total: 652) fjfj’
== GW (total: 255) —
560 4 — TRANSIENT (total: 117) Y al
=== FRB (total: 334) /W//
= MICROQUASAR (total: 113) Py
480 A S
400 4 KM3NeT Preliminary ;f*ﬁy
320 -
240 A
160 -
80 -
0 -
&
Vv

INFN istit
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Data flow and processing

L4 L}
get_detector_online get_jpp auxiliary_data 2
§ [ PMT stream } (Acoustic stream] [ slow control } [ms\mmentalion external trigger ][ event simulation ]
g | | \ | \ :
== E T e detector response
get_calibrated_detector o Al Aol rigge i simulation
o
§ v v ) v
2 [amical raw data} [acnusuc rawdala] [ status ] [ monitoring ]
4
get_runs_info for detid can_definition a l I . I |
‘ 9 ¢ - . e RTA platform
|2 calibration offling calibration
[ get_run_inta | | mupage_parameters 5 v
S A " alert data "
E er simulated events
= :
a3 calibrated
prod_mupage._rate gseagen_generation [
‘ reconstruction ‘ online reconstruction
mupage_generation generate_kmsim_parameters optical <o
[ reconstructed ] [ reconstructed ] onkne event
3
L ]
generation_timesort_Evt =
< .
quallty v
o [V osivs |
light_jsirene nun:,kmzsuﬂ reco_convert_to_offline ; - event selection .
i o event lists WisiEment At
2] response
= I 1
get_raw_data_iRods merge files 'E
% binning for target
N £ v v
trigger_pure_noise_svents trigger_jtertr do_run 8 [ event selecu’on] [ significance ]
crossmatch
2]
=8 '
i~ ) | v
reco_JORCAMuon reco_parallel_splitter reco_parallel_splitter_gsg | benchmark_nun | E - N—
\ = ,- advanced analysis
g V
reco_JORCAShower do. detid s analysis product circular
=1
|
@
H
reco_showerreco_merger reco_showerreco_merger_gsg benchmark_detid export_configuration 2 T “1 &
( ] [ ) - - ollow-up
g aggregated analysis products catalogues
©
(& snakemake e 3
- | reco_merge_2_recos | process_all

Data processing with Snakemake-defined workflow on the GRID: Data filtering and processing levels: “reqular” and online flows
optimising computation and resource usage Storage using RUCIO
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Results: supernovae

KM3NeT/ORCA®6, 6 hours run
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Results: oscillations

Neutrino oscillations in the Earth: status and outlook

. . - - . 05[]
KM3NeT/ORCA Preliminary, 715 kt-y 3.50pr—rT R L ORCA Prolminasy, Ao My 2
T T T IJ 1 ('-I T {‘I - T L'I T l'I s l\ T lf T IJ - T T Ll T E ' ' QO%IC.L. ! N’O E = 3r5 4{0 45 570 5|5
1.2 =1 3.25F —- NOvA2022 —- MINOS+ 2018 E % I — KM3NeT
- 1 ] —- T2K 2023 ++++ IceCube 2024 (NO) E 3f- MINOS  —NOvA
i | | +_... ] 3.00F SK 2023 — KM3NeT 715 kt-y E = lceCube  —ORCA JQ’
& 1.0 B M e =] 275k 1| = / —
S | ; : 1 E 25 STt
LT - |14 =)
= 0.8 = 2.25F E K
2 - i . E ] 2 e
T 1 = M E 03 04 05 06 07
=06 _ *;_I..ld. T Lk ; 0,57
g | High purity tracks + - S T T T - 33|5 40 45 50 55
o 0.4F —— No-oscillations _ E ~1.50p—Tr . 2 - - KM3NeT
— S | o 1 © 28'_ MINOS ~ —NOvA B~
5 F — NIt wo t ! i | & 2l o 10
- ; . : 1l = 28} s
— S —2.00F = o i 3
0.2F Beat Ait . 200f 1, &*\SEZQ /
[+ Data 4 ~2.25F i = 7
L I L 4 : ] 2.2¢
1 1 1 1 111 L L i1 1 1 11 L ' il — — - 2
[J.%)l 1(}2 103 zi: : (23-3 0.4 0.5 0.6 0.7
L/E [km/GeV] b . . . . ' ' ' " sinfo,,
+0.17 —3.3/2 —00"03 0.4 05 0.6 0.7
Am3, = 2095y x 1077V, 10 i B Full detector expectation
' [2.10,2.37] x 1073eV2, NO|

sin? 63 = 0.50 & 0.07

 2log(L10/Lyo) = 0.61

@?N wu  Cristiano Bozza - UNISA & INFN - RICH 2025, Mainz, Germany



Results: point sources

KM3NeT/ARCA Preliminary

Median, 68% quantiles v,CC
—— ARCA6-8
—— ARCA19-21

102j

Pointing capability improving with increasing telescope size
No point sources observed yet (101 candidate sources)
Sensitivity quickly improving: telescope growth, time integration, data

processing (part of ARCA21 dataset used, full ARCA21, ARCA28 and
ARCA33 coming)

Angular deviation [degrees]
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Neutrino significant map (KM3NeT/ARCA6-21 Preliminary)
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Results: diffuse flux

All-sky diffuse flux detection

KM3NeT/ARCA6+8+19+21 preliminary, 640 days

s 10—6
KM3NeT/ARCA21 | ,287d
c 10— Py R [ = ARCA 6+8+19+21 (this work)
2 F e = = ANTARES 1f best-fit flux (2018)
s total back: nd — — -fi
8_ ; 03 E_ i co:mic?‘:r grgL::%:s_m'Tza_O) __________ '_I' |CZ(_‘iL2.Ible ;f;;est fit flux (2022)
2 = 7 e
= I
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= S
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Log, (E,/GeV) 10* 10° 108 107
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No observation yet, sensitivity improving
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Results: Galactic ridge

® KITNeT ONVOFF zones Multiple sources of high-energy CR (Cosmic
Rays) in the plane of the Milky Way

frami [ High-energy neutrinos should be produced
e e via interaction of CR with the interstellar

. W medium
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KM3NeT/ARCA6+8+19+21 Preliminary, 640 days
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Sensitivity to signals from WIMP-WIMP

annihilation in the Galactic centre
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Results: Dark Matter

Sensitivity to signals from WIMP-WIMP
annihilation in the Sun
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KM3-230213A

cuSMVIE | ‘
Deep-seatelescope detects

neutrino with highest
energy ever recorded
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KM3-230213A

Local coordinates: (zenith, azimut) = (89.4°, 259.8°)
Celestial coordinates: (RA, dec) = (94.3° -7.8°)
Error (68%, 1.5°, 90%, 2.2°, 99% 3.0°)

Absolute positioning of
detection elements: 0.12°

Sea campaign
to improve
position
measurement
of reference objects

Credit: NASA/DOE/Fermi LAT Collaboration.
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KM3-230213A

Event reconstructed as a track
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Cherenkov emission from muon

+

Three trailing showers

3672 (35% of total) PMTs triggered

KM3-230213A
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KM3-230213A

Robust energy estimate from the number of triggered PMTs

Fraction of Monte Carlo events
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KM3-230213A

Four main hypotheses for KM3-230213A
1 diffuse flux e |

Upper limits
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Outlook
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DY for 90% CL [GeV™! em™2 571
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& KM3NeT

... and maybe more such stuff!
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Outlook
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¥ KM3NeT Thanks!
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