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State-of-the-art

Energies and rates of the cosmic-ray particles
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State-of-the-art

Energies and rates of the cosmic-ray particles
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Cosmic rays are charged particles coming
from outside of the Solar System

Cosmic rays are made up of:
- 89 % of protons
- 10 % of a particles
- 1 % of electrons and heavy nuclei

At high energy (around 10° GeV) the Extra-Galactic component
should start dominating the arrival flux.
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Cosmic rays are charged particles coming
from outside of the Solar System

Cosmic rays are made up of:
- 89 % of protons
- 10 % of a particles
- 1 % of electrons and heavy nuclei

At high energy (around 10° GeV) the Extra-Galactic component
should start dominating the arrival flux.

E
T = ——— = Galaxy disk width for a

ZeB proton with an energy
of 10° GeV

The origin of the highest energy cosmic rays

is still unknown!!!
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How can we detect Extra-Galactic sources?
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Cherenkov neutrino telescope

Neutrino telescopes = three-dimensional arrays of photomultiplier tubes
(PMTs)
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Events topology in cherenkov neutrino telescopes

1. track like events 2. shower like events 3. “double bang” BACKGROUND !!

sonnd directionality sand en " recot Y O
good airectionality good energy reconstruction
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Multi-messenger community
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Back to the 22" September 2017

IceCube alert system was implemented in April 2016
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Back to the 22" September 2017

Notice from IceCube for a 290 TeV neutrino with an astrophysical origin probability of 60 %

side view
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The alert was publicly distributed after 43 s after the trigger, refined direction 4 h later
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Back to the 22" September 2017

Follow-up detections of IC170922 based on public telegrams
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Back to the 22" September 2017

Follow-up detections of IC170922 based on public telegrams

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
w— |C170922A 90% - area: 0.97 square degrees
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Right Ascension = ’»
Fermi-LAT y-ray satellite reported a flaring blazar (TXS 0506+056) within 0.1° of IceCube neutrino
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Back to the 22" September 2017

Follow-up detections of IC170922 based on public telegrams
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What is a blazar?

| A blazar is an Active Galactic

| - Nucleus (AGN), i.¢. 2

I\ \ supermassive black hole in
|| accretion phase, with relativistic
et pointing toward us.

e Blazar jets may accelerate cosmic rays
Obscuring and can produce Y-rays and neutrinos
orus o o 5 . .

in cosmic ras interaction with matter
and/or radiation around blazar.

Alessandro Veu
tro, Hunting neutri
1no i
s under the sea with the KM3NeT neutrino tel
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, 8™ November 2023
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Back to the 22" September 2017

Follow-up detections of IC170922 based on public telegrams
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Back to the 22" September 2017

Follow-up detections of IC170922 based on public telegrams
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MAGIC Cherenkov telescope reported emission of y-rays
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Back to the 22" September 2017

Chance coincidence of the neutrino with the flare of blazar TXS 0506+056 is disfavored at the 36 level

Follow-up detections of IC170922 based on public telegrams

m %‘% ,?J) Q Taken together, these

observations provide a

’ : mostly complete,
IceCube Swift Fermi, ASAS-SN )
o s Seoternber 28 contemporaneous picture

of the source emissions
Q Q @@ @ @ from 0.3 keV to 400 GeV.

SALT, Kapteyn MAGIC Liverpool, AGILE
October 7 @ October 4 September 29

g ISP &

Kanata, NuSTAR VLA Subaru )
October 12 October 17 October 25 % arXiv:1807.08816 (201 8)
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https://arxiv.org/abs/1807.08816

Multi-messenger community
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Status of the deployment

i 2021
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Start of the implementation of
the ORCA online framework
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KM3NeT

« Deep infrastructure under construction in the Mediterranean Sea
« Two instrument sites: ORCA (France) and ARCA (Italy) —>  Same technology used for both detectors but different physics

Astroparticle Oscillation > 1 km? neutrino telescope

Research with Itesearch with
ARCA

Cosmics in the (Cosmics in the
Abyss Abyss

S

Italy France

:
Location
\.‘ (Sicilian coast)  (coast of Toulon)
100 km @ TN
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Depth 3450 m 2450 m

Numberof DUs  115x2 (2 BB) 115 (1BB)

s

S 2 i d
R
) A YA © U 3¢ Instrumented
S bd s oIime ORCA

. Construction started in 2015 1 Building Block = 115 Detection Units
(1BB =115DUs)

\ . 2 2 :AR A R A kln l h21 ] D Credits: KM3NeT Collaboration
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Multi-messenger program in KM3NeT

EM/MM external communities

Data AcQuisition (DAQ) level SENDING ALERTS

Send neutrino alerts to external communities for

subsequent follow-ups

KM3NeT ORCA and ARCA RECEIVING ALERTS

16
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Driving factors in multi-messenger detections

ANGULAR RESOLUTION BACKGROUND REJECTION

RESPONSE TIME WELL-DEFINED FOLLOW-UP STRATEGY
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Driving factors in multi-messenger detections

ACKGROUND REJECTION

-DEFINED FOLLOW-UP STRATEGY
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Driving factors in multi-messenger detections

BACKGROUND REJECTION

bioluminescence K atmospheric muons

19
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Driving factors in multi-messenger detections

BACKGROUND REJECTION

Time coincidence of hits

bioluminescence atmospheric muons

19
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Driving factors in multi-messenger detections

BACKGROUND REJECTION

Time coincidence of hits and up-going events selection

bioluminescence atmospheric muons

19
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Driving factors in multi-messenger detections

KMsNeT Prellmlna,y
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s Average_- 36

Triggered events are processed in parallel in less than 4 s (ARCA) é’
o )
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/ Portopalo di
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Shower reco

Classifier (GNN)
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Driving factors in multi-messenger detections
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Driving factors in multi-messenger detections

N
10°

WELL-DEFINED FOLLOW-UP STRATEGY

102

Number of alerts

Follow-up analyses are launched automatically for external
triggers selected in the up-going sky of KM3NeT.

Neutrino

Only track-like events are currently used (better
angular resolution).

Diftferent analyses performed depending on the source.
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Driving factors in multi-messenger detections

ANGULAR RESOLUTION BACKGROUND REJECTION
Less than 1° for track-like events Time coincidence of hits and up-going events selection
RESPONSE TIME WELL-DEFINED FOLLOW-UP STRATEGY

Follow-up analyses are launched automatically for
external triggers selected in the up-going sky of
KM3NeT.

22 ﬂ
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Triggered events are processed in parallel in less than 4 s
(ARCA)




Take-home message!

KM3NeT has started to play its
role in the field of the real-time
multimessenger astronomy!
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Thank you for your attention!






Atmospheric neutrinos background
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In IceCube the selection criteria is based on a quantity
called Signalness.

1':-;ignal (E 5)
j\'rsignal (E (5) -+ Nbackground (E (S)

Signalness(E, §) =

It represents the probability for a given neutrino event
to have an astrophysical origin.

W 21Xiv:2304.01174 (2023)
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https://arxiv.org/abs/2304.01174

ON/OFF technique W Pos (ICRC2023) 1521

e The Region of Interest (Rol) is selected as: max[Source error, 2° for ARCA or 4° for ORCA|. It is, in general, a circular
region, except for GWs, which moves in local coordinates to follow the source in time window below the day;

e The expected background is computed from an OFF region defined for each alert, using various days before the alert
trigger time in a region with similar coverage in local coordinates as the ON region.

e Checks on the stability conditions during the ON and the OFF period ensure a stable data-taking flow.
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. . EEm OFF region band
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90% contour Region above horizon at ty Other KM3NeT events in signal TW
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https://pos.sissa.it/444/1521/pdf

GRBs/Transients analysis pipeline

GRBs/Transients
GCN pQ External brokers | FINK || TNS
Shifters Alert published to the
Gamma-ray Coordinates
Automated trigger receiving & 8 B Lo oo > I
filtering & archiving ; 3

] 14 Network (GCN)
Monitor the trigger /

reception & selection /
%, ———> e
ated correlation analysis f{
GW CCSN "0
2 s I

KM3NeT receives
ORCA 7 the external trigger
i | 23 | oo ”
results
g . : To - 24h To To+3h  To To + 24h
; E Report the results in |

the chat, organise
discussion, write
GCN circular...

Time windows

Image from Damien
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|IC neutrinos analysis pipeline

GCN uQ External brokers | FINK TNS
Automated trigger receiving & S Licococccasuns >
filtering & archiving i g Monitor the trigger
reception & selection
GRB IC CCSN
ORCA
ARCA || ORCA ARGA | [romm==m=====" >
Check the analysis
results
Resultsreporting @ WU \ s [ """=c=" >
Report the results in

the chat, organise
discussion, write
GCN circular...

Image from Damien

Event 135591/36044887-0
Time 2021-08-11 02:02:44 UTC
Duration 22898.0 ns

Neutrinos

Alert published to the
Gamma-ray Coordinates
Network (GCN)

GCN

KM3NeT receives
the external trigger

To - 24h To-1h To

To+ 1h To + 24h

| )

Time windows
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GWs analysis pipeline

GWs
GCN pQ External brokers | FINK (| TNS
4+
Shifters . Alert published to the
A Gamma-ray Coordinates
Automated trigger receiving & 3 . ______________ > ‘, o Network (GCN)
filtering & archiving ! Monitor the
e
s > 9
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GRB Ic
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ARCA || ORCA | | ARCA | | OR oy | e > F the external trigger
To - 500s To To + 500s To + 6h
Results reporting ' [N o > I
' #
Image from Damien Time windows
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CCSNe analysis pipeline

W PoS (ICRC2023) 1223

This pipeline search for the low energy neutrinos
(~100 MeV) emitted during a time window of a few
l Shifters hundreds of ms to one second, during the

. core-collapse of massive star (> 8 Mg ).

GCN ',[Q External brokers ’ FINK H TNS ’ ‘

)ated trige ei SR Lo > I
g & arbiving ie Monitor the trigger The strategy adopted is to search for an excess of
l R — coincidences between PMTs in single DOMs in a
sliding window of 0.5 s.

GRB IC G
AP P 4
’ ARCA || ORCA | | ARCA | | ORCA ||ARCA (1N |  Jfeeenun-

discussion, write
GCN circular...

Image from Damien
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https://pos.sissa.it/444/1223/pdf

The online follow-up of GRB 221009A

One year ago, the brightest long GRB ever detected was observed, relatively close to us (z ~ 0.15, corresponding to
2.4 billion light-years away), at 13:16.59 UTC.
This event produced the most energetic GRB photon ever seen by Fermi LAT (ATel #15656), that of 99 GeV.

LHAASO during 2000 sec after the GRB trigger detected photons up to 18 TeV, KM3NeT sky i, GREZ21009A Tolldw-Up
highest energies ever detected from a GRB (GCN #32677) =) cinn S

+ GRB221009A

KM3NeT/ARCA Events
® inside the search time window

2411 TO = 2022-10-09 13:16:59.00 UT

';;:’;ga ‘;‘2“7‘ dfmm Searh time window: [T0-50s , TO+5000s]
SUBJECT: GRB 221009A: search for neutrinos with KM3NeT KMsNeT GCN CIrCUlar 32741
DATE: 22/10/13 18:57:37 GMT 22 4
FROM: Damien Dornic at CPPM,France <dornic@cppm.in2p3.fr> —_
The KM3NeT Collaboration (https://www.km3net.org/) reports:<br><br> c

o
Using the data from the online fast processing chain, the KM3NeT Collaboration has performed a dedicated search for track-like muon neutrino © 204] *:
events arriving from the direction of GRB 221009A (Dichiara et al. GCN 32632 (Swift); Veres et al. GCN 32636 (Fermi-GBM)). The search covers E
the time range of [T0-50s, T0+5000s], with TO being the trigger time reported by Fermi-GBM (T0=2022-10-09 13:16:59.00 UTC), during which both g
KM3NeT detectors were collecting good quality data. However, the GRB location was above the KM3NeT horizon (mean elevation of about ~40deg) a

during the search time window, significantly reducing the point-like source sensitivity. In both detectors, zero events were observed in the 18 4
search window, while 0(0.1) were expected from the background. The online fast processing uses preliminary calibrations and detector alignment,
which will be superseded in a future elaborated analysis.<br><br>

[ ]

A parallel search has been performed in the MeV range (Eur.Phys.J.C 82 (2022) 4, 317) without any significant neutrino coincidence.<br><br> 16 4
KM3NeT is a large undersea (Mediterranean Sea) infrastructure hosting two neutrino detectors, sensitive to burst of supernova neutrinos in the
MeV range and to astrophysical neutrinos in the GeV-PeV energy range: ARCA at high energy and ORCA at low energy. A total of 21 and 11
detection lines are currently in operation in ARCA and ORCA, respectively.

14

KMS3NEeT preliminary
294 292 290 288 286 284 282

Right Ascension (°)

No events found in the signal region!
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https://gcn.gsfc.nasa.gov/gcn3/32741.gcn3

GNN classifier

GNN takes as input graphs, which are unordered sets of nodes and links.
This makes GNN very flexible and suitable for a moving detector such as KM3NeT.

In the following, we will focus on the atmospheric muon vs neutrino classifier,
which has been running in the online pipeline since June 2023 (see below).

The output of the muon vs neutrino classifier is the neutrino score, a number
between 0 and 1, that can be interpreted as the probability of a given event to be a

neutrino.
® Tracks: Reco Level [Hz] ® Showers: Reco Level [Hz]
® Tracks: Noise Cut [Hz] @ Classification level [Hz]
® Tracks: Noise Cut + coszen<0.1 [0.01 Hz] ® Classifier: score>=0.7 [Hz] [0.1 Hz]
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GNN model

The GNN model implemented in KM3NeT is based on the
ParticleNet architecture (see here for reference), which
makes extensive use of EdgeConv (edge convolution)
operations and also adopts the dynamic graph update
approach.

The EdgeConv block starts with finding the k nearest
neighboring particles for each particle, using the
“coordinates” input of the EdgeConv block to compute the
distances.

EdgeConv Block

1

7 v

EdgeConv Block

16, C = (128, 128

128

—1

EdgeConv Block
16, C = (256, 256, 2

¥

Global Average Pooling

v

Fully Connected
256, ReLU, Dropout = 0.1

2

Fully Connected
2
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N

/e

Linear
v

[ BatchNorm W
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https://arxiv.org/abs/1902.08570

GNN performance

----- ROC cut = 0.687
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GNN performance

----- ROC cut = 0.687
TPR = 96.2%

1 neutrinos 100 - e FPR =2.6%
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GNN performance on track-like events
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GNN performance on track-like events
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GNN performance on track-like events
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