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Digital Optical Module
(DOM): 31 x 3” PMTs

Array of strings with 18 DOMs/string detecting
Cherenkov light produced by secondary
particles arising from neutrino interactions
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' ltwo different sites

> 1 km? neutrino t

Astroparticle Research with scillation '‘esearch with

Cosmics in the Abyss (ARCA) osmics in the / byss ( )
Location Italy, 100 km offshore Sicily France, 40 km offshore Toulon
Depth 3450 m 2450 m
String distance 90 m 20 m
DOM spacing 36 m 9m
String height 800 m 200 m
Instrumented mass ~1 Gton ~7 Mton
No. strings 115 %2 115

[ ARCA (ORCA) currently taking data with 28 (23) strings! ]
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° RCA: optimised to identify and study TeV-PeV astrophysical neutrino sources
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: optimised to study the intrinsic properties of neutrinos in the few GeV range

ARCA

ORCA + ARCA ORCA - >
-¢ .

MeV GeV TeV PeV

Neutrino oscillation/

Supernova neutrinos )
mass hierarchy Dark Matter

High energy neutrinos

[ Different primary goals but both can be used for neutrino astronomy from few MeV to few PeV ]
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Atm05pheric background

Interactions of cosmic rays in the

atmosphere generate atmospheric
muons and neutrinos

Atmospheric muons and neutrinos can
reach the detector

Earth can be used as a screen for all
particles, except neutrinos

Looking at high energies, cosmic
neutrinos flux is higher than that of
atmospheric neutrinos
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cosmic ray (p, o, Fe ...)

atmospheric nucleus
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e Interactions of cosmic rays in the
atmosphere generate atmospheric
muons and neutrinos

e | Atmospheric muons and neutrinos can
reach the detector

e Earth can be used as a screen for all
particles, except neutrinos

e Looking at high energies, cosmic
neutrinos flux is higher than that of
atmospheric neutrinos
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S aAtmospheri@background

e Interactions of cosmic rays in the
atmosphere generate atmospheric
muons and neutrinos

e Atmospheric muons and neutrinos can
reach the detector

e | Earth can be used as a screen for all
particles, except neutrinos

_/_

e Looking at high energies, cosmic
neutrinos flux is higher than that of
atmospheric neutrinos
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cosmic ray

M. Mastrodicasa-on behalf of the KMSNeT Collaboration- =

cosmic ray

/

Flux (cm”s”'sr™)

10.8 E > L 1 T T T T
107k Up-going :  Down-going
3 :
wr —Almospheiic - /3
muons, 3
10° | h=1680 miw.e. > i :
10" F E ’ / k
] / E
P : / ~— Atmospheric ]
| : muons, 2
i h=3880 m.w.e. 3
10" | :
10" F e :
10-15 !__ v, induced, E >1 TeV E ( 1
107k il

-1.0 -08 -06 -04 -0.2 00 02 04 06 08 1.0

cos6

Neutrino real-time follow-ups with KM3NeT




Atm05pheric background

Interactions of cosmic rays in the
atmosphere generate atmospheric
muons and neutrinos

Atmospheric muons and neutrinos can
reach the detector

Earth can be used as a screen for all
particles, except neutrinos

Looking at high energies, cosmic
neutrinos flux is higher than that of
atmospheric neutrinos
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KM3NeT ORCA and ARCA

Follow-up of external alerts received from
the multi-messenger community and search
for spatial and temporal coincidences

Sending of alerts when potentially interesting
events are detected to trigger follow-ups

Neutrino real-time follow-ups with KM3NeT




ThedKM3Nedfreal=titeanalysis framework

ORCA
SN processor shore
station Event Events DB R3ssctiy
writer
ORCA . SN module
RTA dispatcher " 2 Neutrino alerts
DAQ |4 |
= “ EXTERNAL
. . . 2 TS. Online analysis
Reco Tracks+Showers, Classifier Multl-messenger dlspatcher pipeline
RESULTS
=]
g =34
25 i
ARCA o CE! B <
SN processor shore E “ Alerts DB
station @ GCN alert Alert
handler sending
ARCA ) Internal shifter tools
RTA dispatcher
DAQ Credit: M. Lamoureux
Other telescopes
Reco Tracks+Showers, Classifier LOADING...
SN final processing + real-time follow-ups + alert sending
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e So far, only track-like events used for follow-ups (inclusion of shower-like events still in progress)

e Alerts received from 3 external brokers (GCN, Chime, TNS) + 1 internal broker (uQuasar) + SNEWS

e EHach alert triggers an all-sky analysis for both ARCA and ORCA

e Binned ON/OFF analysis technique
e Follow-ups in place:

Gamma Ray Bursts (GRBs)

General transients

7

IceCube neutrinos

Core Collapse Supernovae (CCSNe)
Gravitational Waves (GWs)

Fast Radio Bursts (FRBs)

nQuasars

\ 0 28 20 20 7

M Mastodicaeronbehalt of The KM3N€T C sllabe f’étfon =

Reconstructed events

l

External alert Multi-messenger

Follow-up of external alerts

dispatcher Rl

Online
analysis
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: region where signal is expected,

during a time window T . It is defined taking
into account the source error and the current
detector angular resolution (2° for ARCA and
4° for ORCA)

OFF region: elevation bands in local coordinates
where only background is expected during a
time window T, covering the local movement
of the ON region during T,

Search time window defined depending on the
source type

Background computed in a time window of 2
weeks before the alert

Event selection optimised for each alert to have a
small enough background (107 - 10! events)

P-value computed comparing the number of
events in ON reglon with that from background

M. Mastrodlcasa on behalf’? the KM3NeT COH'B%%
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Upgoing sky
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Ton Qon

D

icbands
T,y : search time window, depending on the source type
T g : 2 weeks
Q' : overlap between ON region and OFF region band
Ql
Ni

Npkg = OFF

TOFF QOFF

: size of OFF region band
: number of events in OFF region band after selection

OFF
OFF

Neutrino real-time follow-ups with KM3NeT

Z9[eZUOX) SODE[R] ‘[ :}PaID)




M. Mastrodicasa‘on

GRBs and
transients

Neutrinos

CCSNe

GWs

FRBs and
uQuasars

. Event 135591/36044887-0

Time 2021-08-11 02:02:44 UTC
Duration 22898.0 ns

~— Neutrino real-time follow-ups with KM3NeT
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GRBs

-1d
Transients < uEE—

{ GRBs7and transients follow-ups

-f GRBS, and Neutrinos CCSNe
\ transients

CWs FRBs and
uQuasars

Reconstructed events
L ¢
O" * — Mult.i-messenger > Onlin.e
4!,0 GRB/transient dispatcher  |e— analysis
% alert

Search time windows (T

oN)
-1d -1h -500s|+500s +1h

+1d

+1d
[ l

T,
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Skymap ARCA GRB 736967879 iter 1

KM3NeT preliminary

+  Alert position

® KM3NeT events in ON region
ON region: 15.72" cone

% Other KM3NeT events in signal TW

Npyg™ 0.011 Not significant,
Non=1 m==) | but interesting
p-value = 0.011 example

Neutrino real-time follow-ups with KM3NeT
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@ IceCube'neuttinos follow-ups

FRBs and
uQuasars

GRBs and

] GWs
transients

Skymap ORCA NEUTRINO 13848760138479 iter 0

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

KMB3NEeT preliminary

Reconstructed events

'

Multi-messenger |—p| Online o
dispatcher «—{ analysis

&

—>
Neutrino alert

Search time windows (T

ON) +  Alert position ® KM3NeT events in ON region % Other KM3NeT events in signal TW
ON region: 4.00° cone

-1d -1h +1h +1d .
n,~ 0.071 Again, an
Non=1 —) interesting
To p-value = 0.068 example
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UESNefollow-ups

FRBs and
uQuasars

N GRBs and :
v,v v AN . Neutrinos
transients

MeV v_interact via inverse-beta decay
— short tracks visible in single DOMs
— search for excess of coincidences
between PMTs in single DOMs

Search time window

" i
-0 +2s

Different strategy from Online | q— Multi-messenger |
ON/OFF approach analysis |—p dispatcher CCSN alert

T
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GWs follow-ups

/a
GRBs and . / FRBs and
transi Neutrinos ! GWs
ansients , uQuasars
Ny /’A‘\ \' , Reconstructed \/ _
% /1 /_\ \\\ ¥ events SN trigger Skymap ORCA GW S230927be iter 1

/fQ‘\\l\\ | ¢ ¥ v

Multi-messenger |—p| Online

\ \}j/ GW alert dispatcher ~ |— analyses
\: \'/ = 1// A 5 oo,
\/ . :
| Search time windows
-500s [+500s KM3NeT preliminary
High energy analysis ~
(ON/OFF technique) -500s +6h . . .
-~ 50% contour ON region ® KM3NeT events in ON region
_0 +25 —— 90% contour Region above horizon at to X Other KM3NeT events in signal TW
MeV analysis _ _ _ .~
(same approach as CCSNe) —) n_ =0.019, N, =1, p-value = 0.019 y | Not significant, but
To (no ARCA counterpart) interesting case
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GRBs and Neutrinos CCSNe GWs FRBs and

transients nQuasars

W\

Skymap ARCA FRB 380111105 iter 2

Reconstructed events

¢

Multi-messenger |—p| Online
dispatcher «—{ analysis

—>
FRB or pQuasar

FRB alert

KMB3NeT preliminary

Search time windows (T )
-1d -1h -500s|+500s +1h +1d ¢ Mepestn e T e ONregn < Ghr ST s Sl
FRBs
N~ 0-012 Interesting
puQuasars I Noy=1 example of a
T p-value = 0.012 FRB follow-up
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Number of alerts per day

M. Mastrodicasa-on behalf of the KMSNeT Collaboration — ;

124

[
o
|

o«
s

o
L

»
L

(Howhmany;alertsidid we analyse?

Number of SELECTED alerts per day
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KM3NeT preliminary o GW e FRB
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Date
Rate of triggered real-time follow-ups
: ~ 1 per day e Neutrinos: ~ 1 per 2 weeks
e GWs:~1 per2days e FRBs: ~1 per5 days
e Transients: ~ 1 per week e pQuasar: ~ 1 per week
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Cumulative alerts

KM3NeT real-time analysed alerts

10% 1

10° -

[

o
N
1

10 4

= Analysis commission period

Neutrino (total: 52)

GRB (total: 755)

GW (total: 192)
TRANSIENT (total: 73)
FRB (total: 58)
MICROQUASAR (total: 10)

KM3NeT preliminary

M. Mastrodicastorcbehalf of the KMSNeT Collaboratlon
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Results 67KM3Net teal-time follow-ups

So far, many alerts have been
analysed but no significant
candidate event has been found

KM3NeT keeps growing and real—t1m3
follow-ups are continuously performed.
Also, selection to send alerts to "che
external community is in preparation ‘—+
most exciting time has to come yet!

Neutrino real-time follow-ups with KM3NeT




'Sunimary

e KMB3NeT is currently taking data in a partial detector configuration

e Real-time multi-messenger searches are a key component of the KM3NeT program

e [Events reconstructed within the KM3NeT real-time analysis framework are used to perform
follow-ups of external alerts received from other multi-messenger instruments

e Different analyses are triggered depending on the source type

e No candidate neutrino events have been found so far in spatial and temporal coincidence with
received alerts

e KMB23NeT size is growing and follow-ups of external alerts keep being automatically triggered

e The definition of an event selection to start sending alerts to the external multi-messenger
community is ongoing

M. Mastrodicaston behalf of the KM3NeT Collaboration: - Neutrino real-time follow-ups with KM3NeT
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10
104
103
102

10

Events per building block (in 500 ms)

Expectédmiumberlof events for CCSNe

KMB3NeT 115 strings

v ARCA background

KM3NeT A ORCA background
I 40 M, at 10 kpc
27 Mg at 10 kpc
11 M, at 10 kpc

A
A
A
A
4 5 6 7 8 9 10 11 12
Multiplicity

Number of events (in 500 ms)

Multiplicity: number of unique PMTs involved in a coincidence
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ARCA 29 strings + ORCA 24 strings
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1024
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101t
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A ORCA24 background
Vv ARCA29 background
—— Total background

KM3NeT preliminary

40 M, at 10 kpc
27 M, at 10 kpc
11 M, at 10 kpc

A

6.5
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Multiplicity
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KMsNéT, dqta flow

Vv LO hits collected
in AT = 100 ms

| ARCA/ORCA

=5

—»
ToT
(Time-over-Threshold)

all-data-to-shore

its collected by the detector components
and are directly sent to the shore stations
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Onshore station

After DataFilter, different flow
between online and offline

frames types

DAQ dispatcher

.................. : data
= writer
TS ISl (1S ) !
—4 =& storage
vy [ B levr) i C e
© ' - -
o o TSSN)| SN monitor
ISuM) | & |/sum ) ! S L
' H -
: ! a1
P ' 2 [EYT) Distribution
2 ) DataQueue DataFilter 4 )Filtered data < | Reco
collects hits applies different (among which b | SuM Classification
(unfiltered data) trigger algorithms EVT, namely \
and organize and select triggered events) -| Online framework |-
them in different | different event are sent to the

Neutrino real-time follow-ups with KM3NeT

Credit: A. Zegarelli
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