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Introducing KM3NeT

The detectors and collaboration

Lol: arXiv:1601.07459 [astro-ph.IM]
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Scientific motivation
Building the detector
First results

Open Science

are Water Cherenkov detectors for high-energy
neutrinos in the Mediterranean Sea, under
construction

ORCA
data taking with 10 lines

~10 more lines ready for deployment
construction in progress (~50 lines)
ARCA
data taking with 19 lines

©)

O

©)

©)

O

funded for ~150 lines
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https://arxiv.org/abs/1601.07459
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Neutrino generation and sources
Cosmic, atmospheric or anything else

‘ Inverse Compton

&

Synchrotron
Radiation

‘\\V\, |EAU

® in cosmic sources
o classical M —e* + AR
o acceleration mechanisms for high
energies

o flavour composition 1:1:1 at detection

e in atmosphere
o from cosmic ray interaction
o background for cosmic search, signal for
neutrino property study

e other interactions, e.qg.

o dark matter: WIMP annihilation
@)
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Detection principle @ f}\, |E/A%\U

Cherenkov radiation from neutrino interaction secondaries

e neutrino interaction producing high-energy charged
leptons
o  Cherenkov radiation allows directional
reconstruction
o radiative processes allows energy reco
e Earth used for shielding of atmospheric muons
® resolution
o track channel: better than 0.1° for E>100TeV
o cascade channel: better than 2°

v — | track&hannel else: cascade channel
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Particle physics with ORCA @ N |E/A,;\\\U

Oscillation studies using “background”

L

detector _ Oscillation Research with Cosmics in the Abyss

0.

e signal: neutrinos produced by cosmic rays in
atmosphere
few-GeV energy range
neutrino properties through oscillation
studies
o mass hierarchy
o sterile neutrinos & other
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Astroparticle physics with ARCA @ ... |,.§/A,é\\\U

Searching all sky for high-energy cosmic neutrinos

Astroparticle Research with Cosmics in the Abyss

e superior angular resolution
decides origin, energy spectrum, flavour
composition

e 87% of the sky mapped including the Galactic
Center

e energies between O(10 GeV) - O(PeV)
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Extra: Earth and sea science @ }}\, |E/A,%\U

Using the infrastructure for a wide science program

L

Subject 73787515

o1 T 117 1 1 % — —swa | @ access for Earth and Sea science community
ol o1 0 —— o dedicated instrumentation installable on
Detection Units

o or use of standard equipment of
detectors

e standard equipment
o water optical and oceanographic
| wll = 3 E | :: f/:ggilNoise: properties
| | behaviour of bioluminescent organisms
measurement of sea currents

identification of acoustic noise sources

0.0022 [V]

-0.0019 [V]

| | | | | | e collaboration with the European
= Multidisciplinary Seafloor Observatory
(EMSO)

zooniverse project
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The sensors

High-precision photon detection

arXiv:2203.10048 [astro-ph.IM]

‘\\>~. |EAU
@ -y T

Digital Optical Modules (DOMs) with 31 PMTs
each

o 3inch diameter

o PMT base for digitization of signal

1 Gb/s bandwidth per sensor module
o typical bandwidth of ~20 Mb/s
o mainly light emission of K*° decay (5-8
kHz/PMT)

similar approaches in different detectors of
the Global Neutrino Network (GNN)

10.5281/zeno0do.6781203
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https://doi.org/10.5281/zenodo.6781203
https://arxiv.org/abs/2203.10048

Deployment and installation 9D |E/A%\U

Same implementation, different detectors

L

ARCA e Detection Units (DUs) containing multiple

DOMs

e anchored to the sea bed, uncoiled using a
launcher vehicle to place DU within Tm
accuracy on floor s. aielio et a1 2020 JINST 15 P11027

e several DU deployments achievable during a
sea operation

e connection to floor network using ROV

e readout of all data to shore

String DOM Depth Instrumented
- — Spacing (m) Spacing (m) (m) mass (Mton)
@ Neeud (N)
L s ter 20-23 ° 2470 >8
@ Ligne instrumentation (1U)
i oy s 90 36 3400 500*2

-250 m
-250 -200 -150 -100 -50 o 50 100 150 200 250
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11027

counts

Detector control and calibration @ ... |,.§/A,é\\\U

High precision in a varying environment

[ static calibration ‘”
40 -8 dynamfc cglibraticm ' ° -“mmg calibration
— Sl Cosm " oS o LED pulsers (nanobeacon) for inter-DOM
o calibration awxiv:2111.00223 [astro-ph.IM]
20 - o < 1ns precision for relative timing
| between DOMs
10 i | | o individual control for each DOM, each DU
. LT Papaeel 1 base and slow control for the junction
08 -06 -04 -02 00 02 04 06 08 boxes at the seabed

preferred x-position from muon reconstructed track (m)

e position calibration

(2
o

S : o Tilt and heading in each DOM
z £ sun shadow for o acoustic positioning system
< precision measurement o precision down to around 10 cm

e resultsin < 0.1° precision for neutrino
direction

=3 -2 -1 0 1 2 3
A azimuth [deg]
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https://arxiv.org/abs/2111.00223

Data acquisition and computing
Big data: high volume, parallelized, distributed

'KM3NeT users
v
ES ¢ Local computing y
© 9 ]
= resources
Tier-2
m | .‘( »
% CC-IN2P3 CC-IN2P3 /
3 HOU CC — N CNAF —
(o] N\ ¢
s — \ A\ HellasGRID  ____ :
, 2 { ReCas ... J >
) CC-IN2P3 | y
g CNAF
17 ReCa$S
_lier-1
5
g KM3NeT FR KM3NeT IT
3 onshorg onshorg w
P computing raw data computing
data base
Tier-0

98- EAU

all digital data from the PMTs sent to shore
o processing on computing cluster in real
time
o full MC simulation of data processing
starting from neutrino generation

physics events filtered through triggering
software
o different filters can be applied to the data
o for full building block about 25 Gb/s
reduced to 1/100
o storage for further processing

model based on the LHC computing model
o hierarchical data processing system
o distributed & parallel computing

KM3NeT-InfraDev-WP4-D4.1
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https://www.km3net.org/wp-content/uploads/2018/10/D4.1-KM3NeT-Data-Management-Plan.pdf
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All-sky neutrino flux and point sources

Cosmic neutrino searches from point-like to very extended sources
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L

all-sky neutrino flux (ARCA 101 days)

o Dy, =17.3x10" GeV' cm™? s sr”
m & =144x10"8(E/100TeV) 22 GeV'cm?s' sr’

o observation with 3o significance possible
in about six years of operation for most

intense sources

extended source, e.g. galactic center
o on/off-zone analysis 10.5281/zenodo 6767723

neutrino flux from potential astrophysmal

RX J1713.7-3946

S E |
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https://doi.org/10.5281/zenodo.6767723
https://doi.org/10.1016/j.astropartphys.2019.04.002
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Neutrino oscillations

Determine basic neutrino properties

Am2,| [10° eV?]

Am2,| [10° eV?]

0,5 [°]
o0 . 40, .45 .. D0 . 55
R T a— KM3NeT
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arXiv:2103.09885 [hep-ex]

normal hierarchy

inverted hierarchy

-EAU

e after 3 years of data taking

o sensitivity for neutrino mass ordering at
4.40 (normal) and 2.30 (inverted)

o precision to measure Am322 and 6,,: 85
107% eV? (normal), 75 - 107® eV? (inverted)
ordering

o unitarity test of the leptonic mixing
matrix; exclude v_event rate variations
larger than 20% at 3o level

— see talk be Lukas Maderer (Thursday)
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https://indico.cern.ch/event/837621/contributions/4917686/
https://arxiv.org/abs/2103.09885

Further neutrino research

a ‘\\>“. |E /A\U
S <UL | /o
ORCA research extended
e probing neutrino invisible decay (neutrino
1or = A o ey mass state v,decays into a sterile neutrino)
i é ,.-_ ’ A AN “ i (zenodo.org/record/6758959)
N . s 2 ?; “cosf, = -0.85 _ . . . . o
i \¢ : e sterile neutrino searches: active-sterile mixing
~  oef with mass squared differences Am,.*
T ! "a between 105 and 10 eV2 (zenodo.org/record/6804567)
o 0.4_ - :'. ' 0 i i i
E 2 -+ -0 eV? - NO\\L e non-standard interactions: sub-dominant
i R A se :'—(L3=1()'5 eV? - NO ""‘ . . .
| ; : 4\ J %] fF =10t ev-NO\\ effects in the oscillation patterns
28 ‘ 5“ b, \ ‘-"é ‘ ::' :::::?O?s\/e\‘/f_)lo (zenodo.org/record/6785232)
i ? 1,'.." .e (13=10'4 eV?-10
0.0 - R ®
10
Neutrino Energy (GeV)

Fig. 1: Muon neutrino survival probabilities in the presence of decay
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quantum decoherence from quantum gravity
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https://zenodo.org/record/6758959
https://zenodo.org/record/6804567
https://zenodo.org/record/6785232
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Dark matter v ,‘.\:\, F/A\U

Neutrinos from WIMPs

WIMPs decaying

1072 = .
5 bt T e with masses from 300 GeV/c?to 100 TeV/c?,
: = HH ihilati B T s A/
10-20 ] A e five annihilation channels: p*p~, Tt IV bb, WW
] w— bb
] h —TATTA : .
10-21 | b sources with WIMP accumulation
T, : ® galactic center (zenodo.org/record/6785348)
E 10-22 - ® solar core (zenodo.org/record/6775092)
g 3
vV 10-23 4 106 days of ARCA data available
] ® expecting competitive limits with increased data
10724 5 taking
] = This work: ARCA-6 (106 days)
107454 === ANTARES (3845 days)
102 108 10* 10°
mpulGeV/c?]

WIMP from the galactic center
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Multimessenger alerts @ “,}\, |E/A,g\\\U

Sending out alerts on neutrino events

L

e various alert types
o supernova monitoring for prompt alerts,
generation latency < 20 s
receive external EM/GW/v alerts
send all flavor, all-sky v alerts, multiplets
& HE (GeV - PeV) neutrino alerts

e two pipelines
o MeV supernova: alert

e planned alert types
o neutrino triggers (~1/month): high energy
and Multiplet neutrino alerts
o physics triggers (~1-2/month): correlated
Internal/External reporting (webpage, GCN notice/circular, SMS, e-mail) n eUtrin 0S ba Sed on a Strophysi Cal
properties (AGN/TDE/CCSN/GRB/Sun...)

zenodo.org/record/6805417
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https://zenodo.org/record/6805417

Supernova monitoring
Different observation mode: high

[ y
DAQ ARCA | [ DAQ ORCA

l€

L1 Timeslices

[<
L2 Timeslices . \ 4
Triggered events Trigger for
Summary slices circular buffer [ Buffer Analyser }
dump
Y Y
Supernova | Supernova |
. Processor Processor | Ie Data
S S (- L Buffer Trigger J v
S Data _
Coincidence [ SNEWS2.0 handler J »< SNEWS2.0
level Alerts
: A 4 ’ :
| Signifi ‘ | Alerts _ | | Alert
Supernova Trigger M} Supernova Alert ‘L): SNEWS handler ‘LL SNEWS
SNEWS
\ 4 Alert
‘ - ) Follow-up trigger = Alert broker Alerts
‘—» Supernova DB Writer GCN

Manual trigger

Time series
» database

Follow-up message

» Monitoring webpage

https://zenodo.org/record/6785410

’ ‘\\>'l FOR ASTROPARTICLE |E/A\U
@ - I

high flux of low-energy neutrinos, generating
positrons producing increase in photon rate

CCSN detectable as excess of coincidences
above the optical background KM3NeT

building on both detectors for event
identification

injected to Supernova Early Warning System
(SNEWS)

50 discovery potential for Galactic and
near-Galactic events
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Multimessenger analyses: Gravitational waves @ D--EAU

Timing coincidences with GW alerts

L

e search for MeV-TeV neutrinos from compact
50% area: 1,040 deg?® i i
e 0% arca: 3485 deg binary mergers .(LIGO and Virgo, 3rd
= DRE pebantiE = SR8 observation period)
60° : :
o independent search focusing on the MeV
and GeV-TeV ranges

.30“
o stacking analysis for neutrino emission
o 0° in different populations of mergers
e ORCA already surpassing ANTARES in GeV
-30° : & ‘ -30° range e e —— ANTARES/GW190814 1y
! 4 R —— ORCA4/GW190814 | 1010
R T e |
% i T i Effective areas NE
2 102, — i L‘;
w n—;—i—" """" L 104
Limits on ¢ = E%dn/dF = el iz §
T B 10! ———————————— r10° =
zenodo.org/record/6805229 (a_lzl-ﬂavour, /ORCA4 ORCA6 = J ——
EZ spectrum) | & wool 2
= r10 2 W
Limits [GeV/cm?] |100-500 50-200 E iz
5-95% neutrino 70 GeV 40 GeV 10-1{" KM3NeT preliminary |
energyrange |-5TeV -5TeV | 100 100 102 10° 100 105 10f0

Energy [GeV]
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https://zenodo.org/record/6805229

Multimessenger analyses: Gamma rays

Coincidences with other neutrino detections & gamma rays

Vela X
50 - X  CTA only
X KMB3NeT only
40 7 ———  Combined
=== Combined (CTA)
W 30 N .
E X — == Combined (KM3NeT)
20 -
Larger fn=1
sl 1%, '
%
stronger | | )‘*-X%x-x-x-x—x-x 3K
rejection ; : : : : |
0.0 0.2 04 0.6 0.8 1.0

J = Ihad /[ (Ihad + Lep)

Contribution of hadronic
model to gamma-ray flux
(ncreases

Input
scenario

zenodo.org/record/6785224

’ '\\>~. T |EAU
@ e I

e combine with gamma ray observations
joint binned likelihood analysis

o for 4 different sources (VelaX et al)
o pure leptonic / hadronic scenarios
o gain from combined CTA/KM3NeT

analysis

e follow-up IceCube neutrino alerts
o looking for a signal excess around the
best Active Galactic Nuclei (AGN)
counterpart (4 alerts in 2021/22)
estimating background from off region
time window of 1 day

extended search time window: 1T month
zenodo.org/record/6805372
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Offering data and cooperation @D EAU

Developing with Open Science

partic_le _partic{e
e open science policy

DAQ Event Data level 1

‘ Comin KM3NeT supports the aims of open data and
o acs)nxl :12?1”2?51 KM3NeT internal format . . .
{h di : simulaion;ascl tales open science and commits to implement the
stations : 160839 . .
—— necessary steps wherever possible. This
a Offline Event Data level 2 includes open data access data supporting
<vec> Triggered hits : . .
M. | | roormmt publications, open source software and open
HPC event selectors * conversion to hdfs . . . . .
) y data in general including the information
I .
7 s m— needed to appropriately use the data.
: o e erios | KM3NeT high-level format
Iegshere»d> event selectors * ROOT tree-based
HPC da’;a classtification * hdf5 () Open da'ta
e analysi params.

o event data in full releases (after embargo)

111 J
£ o single neutrino events (alerts)
EOSC GitLab Docker

o services for background

KM3NeT ‘ Open Data
VO Server J Server

Open Formats Data level 4

cclestalcoordnaies L o ed format estimates/simulations
e | sl el * VOEvent, VOTable
context information
computer probability functions * KM3NeT hdf5 format

* use-case specific services
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Open Science Environment
Only publishing data is not enough

«o0sa_server_database»
Open Data Center

[opendata.km3net.de]

Django

osa_ics_thermometer: 0Sa_awareness: osa_cloud: +0s3_ightnings
« » « » « » o
environmental data science services optical data multlr:I:::senger
¥ @ P
— G
. =
[e.g. audio] [simulation] [e.g. neutrino] [event]
measurement interpretation measurement
measurement
s e.g.mp3 as e.g. histograms /as hdf5 as VOTable (as VOEvent

«o0sa_server_database»
VO servers

[vo.km3net.de]

DaCHS server

al By

data &
servers

education
& introductions

£

INNS

E
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software & workflows

access with openknfs/
browse

«osa_wireless_network»
Zenodo

[zenodo.org]

external

ﬁgister

«osa_lifecycle»
software

@
[e.g. km3pipe]

processing

«osa_ics_drive»
workflows

[e.g. JupyterNB]

processing

«o0sa_wireless_network»

«osa_server_file»

«osa_server_file»

using e.g. TAP, ADQL

VO registry

Open Science Portal Education Portal

2 (ﬁr]
[various] [@git.km3net.de]

external Gitlab pages

[edu.km3net.de]

«osa_server_application»
Container repository

[docker.km3net.de]

Docker

«osa_server_application»
Software repository

[git. km3net.de]

Gitlab

AN

[

/’

openscience.km3net.de

search records

search astro data/overview

«osa_desktop_imac»
User

et
[local computer]

browser/python

d with PlantUML
The KM3NeT

ta2

be
-BY4.0

ion 1.20.

guidelines

pull containers

ownload python clients
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Developing with common initiatives 9 D o |EAU

From institute initiatives to large-scale cooperation

ESFRI RIs
Data Products

4

Development happens in the

( Wi | VO Registry i
Astronomy Data ] ; ESFRIRIs
R VO Registry Analysis Tools (Science Tools

communlty \centres > 58,4 VO Services ‘-U\ég-s S N _\'

: S Science
Virtual Observatory Catalogue of (Community
Services \Foundation )
. Citizen Science Mass - -
PY in ESCAPE/EOSC future ESERI Rls Participation Experiments Software and Service Catalogue
Data

J, Citizen Science

Authentication & Authorization

o data lake infrastructure

' Tools
.

1%
Yo
HPC HTC

Science Workflow
Analysis - “
Platform | Web Interface |

o common analysis ~
platform Commercial

Cloud

o software sharing

Compute

Services | 7 3
ik Science Analysis Platform

Academic Data Centres

Data Lake

o common formats

e in various multi-messenger
initiatives

-

Training

Publications
Datasets
Software
Tutorials

CTA
EGO-Virgo
ELT
EST
A FAIR
HL-LHC
ESFRI JIVE
Users  KM3Net
LSST
SKA

ESO observatories
CERN experiments
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Where are we going @ ,‘}\, F/A\U

Continuing building - and expanding the physics program

Production ongomg

Amsterdam
!
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