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Neutrino energy

Neutrinos: » Provide a strong indication of

hadronic acceleration in

* electrically neutral - trajectory not astrophysical sources

affected by magnetic fields, point

back to the source p+ty-o>A"ont4n
* stable - travel long distances nt s ut+ v, et 4+ v, 7, +y,
* weakly interacting -> penetrate

regions opaque to photons VeiV,:v; = 1:2:0  atthe source )

Verviv, = 1: 101 at Earth



Detection principle

e Earth used as shield against
up-going atmospheric muons

Introduction
o Neutrino astronomy

o Detection Principle

o Neutrino Telescopes * Detector deployedin deep
o ANTARES water/ice to reduce down-

o KM3NeT going atmospheric muons
o EventTopologies

* Low v cross section reg
large detector volume

* Cherenkov radiation
detected by arrays of PMTs

* Position, time and charge
used to reconstruct
direction and energy

Either CC or NC
interaction with a

nucleus inside or key interaCtiOn (CC)
nearby the V 0 + N > _B+ X 3

detector volume




Global Neutrino

Network (G
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o ANTARES and KM3NeT
Mediterranean Sea

o lceCube
Antarctic lce

o Baikal-GVD
Lake Baikal
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Introduction
o Neutrino astronomy

o BetectenFindmt o First detection line installed in early 2006

o Neutrino Telescopes o Completed in 2008 :
o ANTARES o 2475 m depth in the Mediterranean Sea ‘ gt o e e il
O KM 3 NeT O La Seyne-sur-Mer Le Pradet NS

40 km offshore from Toulon

Saint-Mandrier-sur-Mer

o EventTopologies

L]
42°47'56.0°N 6

°09'56.0"E

Google
:

Elec’rro—o/n’ricol * Three-dimensional array of 885 PMTs
* 12 vertical lines, 25 storeys

* 3 PMTs per storey
* PMT facing 45° downwards



KM3NeT

KM3NeT/ORCA

Introduction

GeV energies

Oscillations,mass hierarchy AENETE R
Y 42°48'N06°02'E

o Neutrino astronomy o Lk consiaden
o DemsionZinal o 2450 m depth in the Mediterranean Sea g
o Neutrino Telescopes o 40 km offshore from Toulon
o ANTARES o | dense building block
o KM3NeT o
o

o EventTopologies

... KM3NeT/ARCA
36°16’N 16° 06’E

%
o 'C KM3NeT/ARCA

o v :

Under construction

3500 m depth in the Mediterranean Sea

|00 km offshore from Porto Palo di Capo Passero,Sicily
2 sparse building blocks

|-10TeV energy threshold
High-energy neutrino astronomy

O O O O O O

=52 CA
~| km ARCA




Event Topologies:
TRACKS SHOWERS
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v, (v;) CC interaction =» track Ve, V; CC + any flavour NC interaction =» shower
ANTARES
SNANEE Angular resolution < 3°
Angular resolution < 0.4° for E, > 10 TeV
KM3NeT/ARCA
KM3NeT/ARCA Angular resolution < 2°

Angular resolution < 0.1° for E, > 100 TeV Energy resolution ~ 5% 7



Searches

Point-Sources Diffuse Flux
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o KM3NeT Dark Matter

o Diffuse Flux
o ANTARES
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Point-sources

Searches
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ANTARES — Point sources

Track
Neutrino Sample: ! i e Shower
o 9 years:2007 - 2015 ' ‘ S
ource
o tracks and showers candidate
HESE track
Searches 60 L ‘
o Point-Sources
o ANTARES
o KM3NeT
o Diffuse Flux Search strategy:
o ANTARES
o KM3NeT dN _ .
o Dark Matter * |°x1° squares over 0 dEV = 9yE, 2 neutrino flux assumed
o o v
o ANTARES ANTARES visible sky

o KM3NeT

o Multi-messenger o Maximum likelihood method

|06 known astrophysical
objects (Pulsars, SNRs,...)
| 3 lceCube HESE tracks 10
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ANTARES — Point sources

Most significant cluster of the
full-sky search

a = 343.8° 6 = 23.5°

| .90 significance

----------------------------- ANTARES 2007-15 sensitivity
————————  ANTARES 2007-15 sensitivity (E < 100 TeV) -log_ (p-value)
Se arc h es - . ANTARES 2007-15 limits (candidate list) 9,0P
. ANTARES 2007-15 limits (candidate list for HESE events)

o Point-Sources ' looGibe 7 years seneitvity [ApJ 83501712 101] : : : :
o ANTARES IceCube 3 years MESE sensitivity (Ev<100 TeV) [ApJ 824(2016)2 L28] Sk)' ma’P In equatorlal Coordlnates Of Pre-trlal p-Va|ueS
IceCube 7 years limits [ApJ 835(2017)2 151]
o KM3NeT
o Diffuse Flux
o ANTARES
o KM3NeT
o Dark Matter
o ANTARES COMING SOON! PS analysis update (2007-2017)
o KM3NeT

COMING SOON! Combined analysis (ANTARES + lIceCube)
COMING SOON! Stacking search

o Multi-messenger

-08 -0.6 -04 -0.2 0 02 04 06 08

Sensitivities and upper limits at a 90% C.L. on the signal “
flux from the Full-sky and the Candidate list searches



Searches

o Point-Sources
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o ANTARES
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o Dark Matter
o ANTARES
o KM3NeT

Multi-messenger

Three ANTARES searches performed:

)

2)

3)

Astrophys.863 (2018) no.2,L30

ANTARES — TXS 0506+056

Events close to TXS 0506+056 in ANTARES data
lceCube-170922A detected on 22 September, 2017

High probability of being of astrophysical origin
Coincidentin direction and time with a gamma-ray flare
from the blazar TXS 0506+056 (Fermi-LAT, MAGIC)

°
o
o
o
N
=
-
O
L
[a]

p (track-like events)
Nhpits (cascade-like events)

=
o
5]

Online searches for neutrinos associated to 0 000}

lceCube-170922A

| 3 track-like and | shower-like neutrino candidates
within 5° from TXS 0506+056

Time integrated search for neutrinos from
TXS 0506+056

TXS 0506+056 added to the list of 106 neutrino source
candidates analysed in the latest ANTARES point-source search

Time dependent search for neutrinos in the
(Phys. Rev. D 96,082001 (2017))

bursting period reported by the IceCube Coll.

IC59 1c79 IC86a ° TXS 0506+056
<" looGube- 1705224 A e * Best fitted # of signal events

Gaussian Analysis

—— Box-shaped Analysis o ° 2.6% Pre_trlal P'Value

e Limits on neutrino flux and fluence set 12

2009 2010 2011 2012 2013 2014 2015 2016 2017
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KM3NeT/ARCA — Point Sources

E-2 source

— — KMONeT/ARCA,6y | _ 10- —— KM3NeT/ARCA, 6 y
‘\I’ IceCube, 7y C‘|‘
S —— ANTARES, 9y = IceCube, 7y
3} (3
T 107% i
® @ only showers
Searches % KM3NeT/ARCA %
o Point-Sources @) ™. only showers @) g
o ANTARES '_o‘ '—b' 107
o KM3NeT o A0
o Diffuse Flux H S .
o ANTARES & ™ 50 discovery flux
10—10 .
o KM3NeT 1
o Dark Matter
o ANTARES
o KM3NeT

o Multi-messenger
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o ANTARES
o KM3NeT
Multi-messenger

Diffuse Flux



ANTARES — Diffuse Flux A

Data

-
o
w

=== Atmospheric MC

—— Cosmic MC (I'=2)

Sample:
o 9 years:2007 - 2015
o Tracks and showers

= = Cosmic MC (I'=2.5)

wn
~
o
N
'
iy
o
o
3]
=
Q
-
(]
Q.
12}
——
=
(]
>
w

L Event selection chain + energy-related cut applied to
* obtain a high-purity neutrino sample

Searches * maximise sensitivity
o Point-Sources
o ANTARES Q % = &,E; " isotropic neutrino flux assumed & e e
o KM 3 NeT v -1 8‘ w— Cosmic MC (I'=2)
o Diffuse Flux - I'=2, q)(l)f(l()() TeV) = 1.0 - 1018 (GeV T Sr) 5 — — Gosmic MG (125
o ANTARES . <
o KM3NeT + T'=25 ®/(100TeV) = 15-107%(GeVem?ssr) [
o Dark Matter e
o ANTARES & Results: §
o KM3NeT * esu tS. w

o Multi-messenger

5
log, ,(E /GeV)

shower

24 * 7 (stat.+syst.) events in background MC
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o Dark Matter
o ANTARES
o KM3NeT

o Multi-messenger

Ap)JL 853,L7 (2018)

ANTARES — Diffuse Flux

Sensitivity and Unblinded Results from Counting Statistics » Confidence intervals and Upper limits calculated according to the
T =20 =25 method of Conrad et al. (Phys.Rev. D 67,012002)

BY-0%UL(100 TeV) 4.0 x 10-18 6.8 x 10-18 » Valid in the energy ranges (90% of signal tracks + showers expected):
0 . . ~

oY $8%CL(100 TeV) (0.29-2.9) x 1071 (0.5-5.0) x 1018 ° 40TeV-—7PeV (=20

- 0000000 * 30TeV — I.5PeV (I =2.5)

Fitting the data:

ANTARES (this work)
IceCube all-sky (2015)

o maximum likelihood fitting method applied to provide an .
IceCube diffuse tracks (2016)

estimation of the parameters describing the observed
excess (Do, IN

o Best-fit cosmic flux:

(%)
—
w
o
=
(&)
>
]
Q)
@
o
hanit
>
(O]
-
o
o
Z
o
o

2D log-likelihood scan of the diffuse cosmic flux
normalization and spectral index

COMING SOON! 16
Diffuse analysis update (2007-2017)



J.Phys.G43 (2016) no.8,08400 |

KM3N€T/ARCA — Diffuse FIUX PoS(ICRC2017)998

KM3NeT ARCA Preliminary

lceCube flux used as benchmark flux: ,
power law spectrum with a cut-off at a few PeV -~ ICRC20 —3650% -
[ —5650% |

Cascade selection cuts: KM3NeT
* Containment © !
* BDT training = | 5
O
S h Track selection cuts: g) | ob43ervati<§n years6
€arches * Direction (Up-going) (7 vacks
o Point-Sources e Ener comtined
o ANTARES gy V.m CONnventional uncertaintyf
o KM3NeT * Quality parameters v/ e :
o Diffuse Flux é :
: a1 Letter of Intent
o ANTARES Maximum likelihood |
o EINCH method for discovery
o Dark Matter tential calculati :
otential caiculation : : :
B AR > 15_ 2 25 3 35

o KM3NeT ' Observation time [years]
o Multi-messenger
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Dark Matter

Massive object
’\,’\ -.»ﬁ‘l“‘_
% (Sun, GG, ...)

o WIMPs tend to accumulate in massive celestial objects
(Sun, Galactic Centre, ...)

o Clean signal and low expected background

Ingredients:
o Signal energy spectra for each considered WIMP mass and
annihilation channel:
WIMP + WIMP - bb, W+W_,T+T_,,Ll+,u_,vu17ﬂ
o Spatial distribution of dark matter in the source:
* Point-like (Sun)
* Three halo models used: NFW, Burkert, McMillan (GC)
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Multi-messenger

Phys. Lett. B 759 (2016) 69-74

ANTARES — Dark Matter Phys.Lect. B 769 (2017) 249

SUN Galactic Centre

m ANTARES GC NFW 1'7°

lceCube GC 't NFW p rofile

s [ceCube GC + cascade ™t
Fermi dSphs bb _
Fermi + MAGIC dSphs bb

[ Sl ,—”,‘
D ~. -7 e
. ~_~ ‘r‘ ”
’ wzla-
' | ANTARES W' W’ (this work) Lot
. _-'
S L.
. .
. .

5 10—27
10 ) 10°

1 10 10 107 10
2007 - 2012 v 2007 — 2015 WIMP Mass [GeV/d]

COMING SOON! GC and Sun analyses update (2007-2017)

COMING SOON! Combined GC analysis (9yr ANTARES + 3yr IceCube) 19
COMING SOON! Constraints on secluded dark matter models
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KM3NeT/ORCA —

Nuovo Cim.C40 (2017) no.3,141

Dark Matter

Spin-dependent

', :lceCube b b
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ANTARES T' T

Promising estimated
ORCA sensitivities!
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Multi-messenger

Real-time analysis msssmp Alert triggering

L

1 )

Searches
o Point-Sources
o ANTARES
o KM3NeT
o Diffuse Flux \ y,
o ANTARES
o KM3NeT
o Dark Matter
o ANTARES
o KM3NeT
o Multi-messenger

21
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ANTARES — Multi-messenger

Time correlation with lceCube events

Search strategy:

* Search for correlations in time and space between
ANTARES data and 54 IceCube neutrino events

20 from the lceCube HESE sample

e  Maximum likelihood method

*  Gaussian signal time PDF assumed with o (emission
duration) fitted in the likelihood maximization within 0.1

Searches
o Point-Sources and 120 days
o ANTARES
o KM3NeT
o Diffuse Flux ¥
o ANTARES &
o KM3NeT § [ S0 N N N T 0 < 0.1 days
o Dark Matter g No S|gn|f|cant correlation |. sensitviy : | | | |
o  ANTARES ° Largest excess: :90% post ~trial p-value S NG Y IR
o KM3NeT ég Upper IimItS on fluence e S o o y <23 y <24
o  Multi-messenger SRS SRS W £ , i ,‘v',,'vi;, L - ~ Compatiblewith the IceCube
I - L N ~_ best-fitting spectral indices for

the neutrino flare from TXS
0506+056

-08 -06 -04 -02 0 0.2 0.4 0.6




MNRAS 482, 184—193 (2019)

ANTARES —_— M u Iti_messenger Astrophys.].848 (2017) no.2,L12

Fast Radio Bursts Gravitational VWaves

Searches
o Point-Sources
© ’QH;QRE_S * Search for correlations in time and space o Follow-up of GW events
° Di?fuse Flux y between ANTARES high-energy neutrinos and o Joint search:
o  ANTARES |2 FRBs detected in the 2013-2017 period o Search for neutrinos in a 2500 s window around
o KM3NeT * Search time window: * 6h around the source
o Dark Matter observation time o No significant coincidences -
o ANTARES
o KM3NeT

o Multi-messenger

P



MNRAS 482, 184—193 (2019)

ANTARES —_— M u Iti_messenger Astrophys.].848 (2017) no.2,L12

Fast Radio Bursts Gravitational VWaves

Searches
o Point-Sources
O AN * Search for correlations in time and space o Follow-up of GW events
o KM3NeT ) . i
o Diffuse Flux between ANTARES high-energy neutrinos and o Joint search:
o  ANTARES |2 FRBs detected in the 2013-2017 period o Search for neutrinos in a 2500 s window around
o KM3NeT * Search time window: * 6h around the source
o Dark Matter observation time o No significant coincidences -
o ANTARES
o KM3NeT [ i \
o> Multi-messenger Other searches:
o GRBs
o X-ray binaries
o Blazars 24
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Conclusions

Conclusions

JANTARES

o |2 years of continuous data taking

o Solid results from various searches for neutrino emission
(point-like, diffuse, dark matter,...)

o Active multi-messenger program

o Combined analyses with IceCube

A KM3NeT/ARCA

o Under construction

o Cubic kilometre-sized detector with high visibility towards the
Galactic Centre

o Expected to make definite statements about neutrino flux from
several Galactic candidates within a few years of operation

o Observation of HE neutrino flux discovered by IceCube expected

in less than | year of operation
25
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Event Topologies: TRACKS

ogfegees
o s\u‘.ts‘.s'{éC&&‘

g\.\.‘,?&
YLCOC00

Track-like events:
Vv, (Vr) neutrino

CC interaction near the detector
= track

e

¢
@

©

Angular resolution < 0.4° for E, > [0 TeV Angular resolution < 0.1° for E,> 100 TeV

—_
o

e

Angular resolution [°]
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Event Topologies: SHOWVERS

Energy resolution ~ 5%

7 X0

(%
A

Shower-like events:

all neutrinos NC

Ve,V; CC interaction inside
or very close to the
detector =» shower

e
&

e

-
(]

i
&
©

Angular resolution < 3° Angular resolution < 2°

—_

o)

Angular resolution []
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KM3NeT/ARCA
First detection lines

g
0
g
A
Q0
<
S
~
S
=
~
.20
L
T

KM3NeT First DU Preliminary
Hit
®  Triggered hit
Muon fit

106 Feb 2016 04:18:14+327335521 [ns]

500 1000 1500 2000 250
Photon arrival time [ns]

Event display: down-going muon

KM3NeT ARCA DU1+2 Preliminary
Random coincidences
40K simulation
L1F1: Atm. muon simulation
L2F18: Atm. muon simulation
L1F1: Total simulation
L1F1: Data
L2F18: Total simulation
L2F18: Data

Rate [Hz]

15 20 25 30
PMTs in coincidence

Coincidence rate (clusters of two or more hits on the
same DOM within a time window of 25 ns)
as a function of the number of hit PMTs
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KM3NeT/ARCA — Point Sources
Galactic sources

KM3NeT RXJ1713.7-3946 RXJ1713.7-3946
| —— Galactic Centre _ g Galactic Centre
‘ Vela X

Vela Jr
HESS J1614-518 (1)
HESS J1614-518 (2)

— Vela X
Vela Jr

—— HESS J1614-518 (1)
HESS J1614-518 (2)

n s.é“h's"i.tivitym.. ——

Observation time [years] Observation time [years]

o Expectations for various Galactic sources
o Assumed neutrino fluxes derived from the
measured y-ray spectrum
o  Assumptions:
* Hadronic scenario for the y-ray production
* Transparentsources

30
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ANTARES — Diffuse Flux

° s !-10
Galactic Plane r
Sample: Search strategy: g ol ;
o 9 years:2007 - 2015 o Signal map according to KRA, modelling = f
o tracks and showers o Two ref models:5 PeV and 50 PeV cutoffs

o Likelihood ratio test method
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=
3
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=
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7
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2
%

Declination [deg]

10-8

KRAv model
Combined UL KRAY®
* Combined UL KRAY"
ANTARES UL KRA®® \ O,
lceCube UL KRAY™ %) o Strong constraint on a possible diffuse neutrino

eCube starting events .. .
locube starting ovarts emission from the Galactic plane
] leeCube up-going v, ) ]
o Hypothesis of neutrino flux produced by the
Galactic CR interaction with gas explaining the 3
IceCube spectral anomaly discarded
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ANTARES — Multi-messenger

Real-time analysis

Radio Oitical X-ra‘ GeV y-rais TeV y-ra‘s I

MWA VRSO Swift Fermi HESS
ZADKO
e e INTEGRAL HAWC
GWAC
Triggers: Performances:
* Doublet of neutrinos (~0.04 events/yr) * Time to send an alert:~5 s
* Single neutrino with direction close * First image of the follow-up:< 20 s
to local galaxies (~1 TeV,~10 events/ yr) * Median angular resolution:
* Single HE neutrinos: % ~ 0.4° (ANTARES)
¢ HE (=5TeV, 20 events/ yr) % Same as in the offline reconstruction
% VHE (~30TeV, ~3-4 events/ yr) expected for KM3NeT!
to robotic telescopes
Statistics of the sent neutrino alerts to Swift
(07/2009-02/2018) =t INTEGRAL
to MWA 32

to HESS



ANTARES — Multi-messenger

Gravitational Waves

2015 2016 2017 2018 2019

Advanced  —
LIGO/Nirgo

observing runs: Ol 02

* Follow-up of the GW publicalerts

* || BBH merger candidates and 3 BNS merger detected since early April
* Search for neutrinos in the online data stream

* Direction: , Time windows: and

*  Only up-going, track-like events selected

. No coincidences detected so far

Bayesta Skymap 2019 04-25 @ 08:18:05.018 - ANTARES Upgoing Observability 46.1%
Total 50% Area‘ deg?
Total 90% Are: 10183 deg?

Below Hol 230 deg? GW Contours at 99% 90% 50% elo 5203 deg? GW Contours at 99% 90% 50%
Above Ho xzo n (D q ng) 90", : 22 deg? ANTARES upgoing field-of-view H ( ) 0 : 4980 deg? ANTARES upgoing field-of-view

O3

nfe Skymap 2019-05-10 @ 02:59:39.284 - ANTARES Upgoing Observability 92.0%
% r :31d

1166 deg?

873 deg? GW Contours at 99% 90% 50%
: 293 deg? ANTARES upgoing field-of-view
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