Catching Neutrinos from the Deep Sea

Astroparticle & Oscillations Research
with Cosmics in the Abyss
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First ideas early 60’s...science

. NEUTRINO INTERACTIONS!
Ann.Rev.Nucl.Sci

10 (1960) 1 By FrEDERICK REINES?

IV. COSMIC AND COSMIC RAY NEUTRINOS

As we have seen, interactions of high-energy particles with matter pro-
duce neutrinos (and antineutrinos). The question naturally arises whether

the neutrinos produced extraterrestrially (cosmic) and in theearth's atmos-
phere (cosmic ray) can be detected and studied. Interest in these possibili-
ties stems from the weak interaction of neutrinos with matter, which means

that they propagate essentially unchanged in direction and energy. from

their pomt of origin (except for the gravitational interaction with bulk mat-

ter, asin the case of light passing by a star) and so carrv information which

may be unique in character. Forexample, cosmic ueutnnos can reach us from

largelz constramed bx the galactlc magnetnc field and s0 must perforce be
from our own galaxy. Our more usual source of astronomical information,

the photon, can be absorbed by cosmic matter such as dust. At present no
acceptable theory of the origin and extraterrestrial diffusion of cosmic rays
exists so that the cosmic neutrino flux can not be usefully predicted. An ob-
servation of these neutrinos would provnae New information as to what may

be one of the prmcnpal carriers of energy in mtergalactlc space

Greisen, 1960, Proc. Int. Conf on
Instrum for HE physics

One may even anticipate eventual high-energy
neutrino astronomy, since neutrino travel in
straight lines, unlike the usual primary cosmic
rays, and the neutrinos will convey a new type
of astronomical information quite different
from that carried by visible light and radio
waves

ACthE galachc nucleus

Ael‘-"-‘“soo
© F Halzen




First ideas early 60’s...method

Ann.Rev.Nucl.Sci COSMIC RAY SHO‘NERS1
10 (1960) 63 By KENNETH GREISEN

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we pronose a large Cherenkov counter. about 15 m. in diameter,
located in a mine far underground. The counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating
material to distinguish neutrino events from those caused by g mesons.
Such a detector would be rather expensive, but not as much as modern ac-
celerators and large radio telescopes. The mass of sensitive detector could
be about 3000 tons of inexpensive liquid. According to a straightforward

For example, from the Crab nebula the neutrino energyv emission is ex-

pected to be three times the rate of energy dissipation by the electrons, lead-
ing to a flux of 6-10™* Bev/cm.?/sec. at the earth. In the detector described

above, the counting rate would be one count every three yvears with the lower

of the theoretical cross sections—rather marginal, though the background
from other particles than neutrinos can be made just as small. Tthe detector

has the virtue of good angular resolution to assist in_distinguishing rare

events having unique directions.

Fanciful though this proposal seems, we suspect that within the next
decade, cosmic ray neutrino detection will become one of the tools of both

physics and astronomy.
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From MeV v to PeV v : natural medium
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Years 80's : the first project

See also: A.Roberts: The birth of high-energy neutrino
astronomy: a personal history of the DUMAND project,
Rev. Mod. Phys. 64 (1992) 259.

DUMAND-II (The Octagon)
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First steps In the Ice...

Observation of muons using
the polar ice cap as a Nature

Cerenkov detector SGIII 91 F. Halzen

D. M., Lowder*, T. Miller*, P. B. Price*, A. Westphal*,
S. W. BarwickT, F. Halzeni & R. Morse:
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* Department of Physics, University of California, Berkeley,
California 94720, USA

T Department of Physics, University of California, Irvine,
California 92717, USA

¥ Department of Physics, University of Wisconsin, Madison,
Wisconsin 53706, USA




First HE detection ... 201 3!
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The neutrino telescope world map 2020
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1 + 0.006 km3 Construction
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www.globalneutrinonetwork.org

lceCube Upgrade

Deep ice with a lower

1 km3 energy threshold
2011 —  Construction

Frame for enhanced cooperation




ANTARES & KM3Ne
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ANTARES

12 lines (885 PMTs)

25 storeys / line
3 PMTs / storey

5-line setup in 2007

Completed in 2008

LR % =t
fREE0 ;oEmEEmEe
| e — 1 s — R el

Beacon

100 m

Junction Box

© Frangois Montanet

Shore station

A

Hydrophone

Optical
Modules
10” PMT



-

3 *;nﬂ; ._|-¢ ¢|~._ Liﬂ-\l‘lnhv

ol
ATAREE RN W e |

© 2008 Cnes/Spot Image
Image © 2008 DigitalGlobe
Image NASA




14

KM3Ne

{ KM3NeT ARCA/ORCA

Astrophysics/Oscillation Research
with Cosmics in the Abyss

ARCA: 3.5km depth, 100km from Capo Passero (Sicily)
Focus: Cosmic Neutrino Sources
large, sparse grid -> high energy
ORCA: 2.5 km depth, 40km from Toulon (France)
Focus: Atmospheric neutrino oscillations
small, dense grid -> low energy

ORCA ARCA
i 200 m

e, KMBNeT-ARCA block 1

« 31 PMTs in one sphere
» 3 x cathode area wrt ANTARES OM
» Single photon counting
* Directional information
* Inspiring design for IceCube-Gen 2 | =
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The Physics Scope

Transition probabiity
o o

MeV Energy Low Energy Medium Energy High Energy
No reco. in HE NT GeV <E <50 GeV 10GeV <E<1TeV E>a1TeV

Full Galactic coverage Focus of this talk Not covered Focus of this talk
All mass progenitors here

Triangulations

4
Localisation
Coleiro et al., Eur. Phys. J. C 80, 856 (2020) . a
+ Exotics (Monopoles, Nuclearites, etc.)

+ Environnemental Sciences
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What can we hope to learn ?
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What can we hope to learn ?
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Detection Principles

The golden channel ?

Detection of Cherenkov
light emitted by muons with a
3D array of P|V|TS
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dark transparent

detection medium . Time, position, amplitude of PMT

pulses = u trajectory (~ v < 0.5 °)
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Atmospheric background vs cosmic v's

Atmospheric muons: shield detector, look down, apply veto
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Water versus Ice

20

Long (homogeneous) scattering length
Good pointing accuracy

Deep sites: 2500—-5000m

Shielding from downgoing muons
Logistically attractive

Close to shore (deployment / repair)
Complementarity to IceCube South Pole
Excellent view of Galaxy

Mild Latitude

On/off studies - Background control

K40 optical background

Useful calibration, but requires causality filters




Performance — Track events
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KM3NeT event
CC VM 0KM3NeT.

u,‘+N~E>had+u

Ly had

 Golden channel
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« High angular
accuracy

« Enhanced volume
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range) &
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Absolute Pointing

P The Sun shadow is also observed with a
| ’* statistical significance of 3.7 0, and an
A angular resolution of 0.59° + 0.10° for

Moon-shadow e downward-going muons.
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Cascade topology

veiv, v, =1:2:0 at source oscilaion_, — vgiv, v, =1:1:1 at Earth !

4

Ve ¥ IceCube discovery channel

s sensitivity to all neutrino flavours — Increases overall



Performance — Shower events
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Some Complementarities

® Distinct medium, distinct systematics
lce properties is limiting factor for reconstruction precision and flavour id: Upgrade !

Water is a much more homogenous medium than ice with long scattering length.
. ARCA/Current IC tracks 0.2°/ 0.6* @10 TeV 0.05°/0.25° @10 PeV

* Angular resolution helps enormously in source association Bartos et al. PRD 96 (2017) 2, 023003
) 25 ML | B ! L) L | L L ¥ L
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40K as monitoring tool

ys. J. C (2018) 78: 669
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Deep-Sea Cabled observatories

® Real-time

Program extended with KM3NeT
* High power (llnk with EMSO)

* High banawidth, High trequency More and more important in the
context of a rapid climate change

® Multiple sensors in same location

e Continuous, Long term
® Trigger for studies with other sensors
® QOceanography (water circulation, climate change):
e Current intensity and direction, water temperature, water salinity, oxygen,

radionuclides...

® Geophysics (geohazard):
® Seismic phenomena, low frequency passive acoustics, magnetic field variations,...

¢ Biology (micro-biology, cetaceans,...):
® Passive acoustics, biofouling, bioluminescence, video, water samples analysis
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Earth and Sea Sciences

Instrumentation Line
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Earth and Sea Sciences

PLoS ONE 8 (7) 2013
Deep-sea bioluminescence blooms after dense water formation at the ocean surface

Journal of Geophysical Research: Oceans, Vol 122, 3, 2017
Deep sediment resuspension and thick nepheloid layer
generation by open-ocean convection

Convection
d'eau profonde

Deep-Sea Research | 58 (2011) 875-884 P—
Acoustic and optical variations during rapid downward motion ‘ boluminesconts

episodes in the deep North Western Mediterranean

Sci. Rep. 7 (2017) 45517
Sperm whale diel behaviour revealed by ANTARES, a deep-sea neutrino telescope

an Dynamics, April 2014, 64, 4, 507-517
internal wave motions at the ANTARES site in the deep Western Mediterrane



New: bioluminescent flashes

A novel technique to infer information on bioluminescent organisms without
actively interfering with them.

- Reconstruction of the light emission of individual organisms, as well as
their location and movement.

Reconstructed movement of a light source
detected by the ANTARES telescope
Reconstructed movement of a light source I

detected by the ANTARES telescope 10 1 ERS om (4, 37)
om (4, 38)
30 - om (4, 40) om (4, 39)
om (4, 42) 5 1 om (4, 46)
05 om (4, 43) om (4, 47)
€ “~ om (4, 44) € . om (4, 48)
E om (4, 45) i om (4, 49)
20 - » om (4, 50)
_5 om (4, 52)
15 1 — ~— om (4, 53)
: : , . o - om (4, 54)
40 42 44 46 48 50
xinm T T T T T T T
30 35 40 45 50 55 60
x inm
om (1, 34) 1 N
~10 1 om (1, 35)
om (1, 36)
o o £ om (1, 37)
Application to £ 15{ — om(139)
ANTARES data ) om (139

Led by the Al group of the Max Plack Institute of Garching



Open Science in KM3NeT era

' "" W Minimizing the knowledge gop
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DISCOVER OUR FOUR DEMONSTRATORS

https://www.reinforceeu.eu

GRAVITATIONAL DEEP SEA HUNTERS SEARCH FOR COSMIC MUONS
WAVE NOISE NEW PARTICLES IMAGES

HUNTING AT THE LHC
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Summary of recent |C results
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Atmospheric neutrinos

Data collected from 2007 until the end of 2017/

BDT selection on 15 parameters Unfolded spectrum
Preselection | +BDT > 0.33 : Yy
+A> =57 10_1? Frejus 1995
CRu . 136700 ~3 . 1 + AMANDA 2010
Atmospher%c v. CC 242 96 T 10-2 *M%i 3 4 IceCube 2011
Atmospheric v, NC 22 9 - - ﬁt*- 4 ANTARES 2012
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Diffuse flux

Updated data sample @ ICRC2019: 2007-2015 (2450 days) = 2007-2018 (3330 days)
All-sky / All-flavor neutrino search

e Selection cuts optimized with MRF procedure (assumed spectral index I' = 2.5)
e Look for excess above a given Ew

e Combine track & shower samples

2

Events (2007 - 2018)
2

10

; — Data g 102; — Data
i - Atmospheric MC : u = Atmospheric MC
= — Cosmic signal § i — Cosmic signal
: 2 10F
i ANTARES L;:"J . ANTARES
Preliminar Preliminary
1E
z 25 5 4 45 5 5 6.5 053 85 4 45 5 s
energy [ EXTR log (E_  /GeV)

estimator

Data: 50 events (27 tracks + 23 showers)
Background expectation (atm. flux, HONDA + Enberg, scaled x ~1.25) :
36.1 + 8.7 (19.9 tracks and 16.2 showers) — stat. + syst.




Diffuse flux

Combined (tracks+showers) likelihood fitting:

Atmospheric:®,;,, = 1.25 x (Honda + Enberg)

Cosmic:®1gp ey = (1.5 £ 1.0) x 107 GeV tem2s 1 er™?
[ =23+04
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KM3NeT-ARCA sensitivity

KM3NeT

« Track channel < 6r i T ]

Analysis for up-going events based on o F ’

maximum likelihood 8 5__ ........................................................................................................................................... _

Pre-cuts on q,., >80°, reconstruction g - .

quality parameter and N,; (proxy for ) AR A5 S/ ACSSS VNS W N — ]

muon energy) o -

n 3 ‘_ combined track+shower - 2 blocks | ]

; combined track+shower - 1 blocks ;

2 :_ ol _:

« Cascade channel 5 5 | | | 5 .

Contalnment Cut on reconstructed Vel’teX tO 1 . ......................... ......................... ........................ .................... —

remove atmospheric muons flux per flavour 1.2 10°® (E/1 GeV) exp(-E/3 PeV) GeV'sr's cm2

1 1 1 1 l 1 1 1 1 I 1 | 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 B

(excludes upper 100m layer) | % 0.5 > 15 > 25 3

All sky analysis based on BDT and maximum Observation time [years]
likelihood.

Astrop. Phys. 111 (2019) 100 -110

KM3NeT can observe (30 ) IceCube signal in 3 months and
confirm it (50) in six months



39

Focus on the Galactic Plane

Phys. Rev. D 96, 062001 (2017)

« ANTARES Limit is a factor 1.2

8 h above the ‘KRAy’ model.
< imi , « Combination with IC ongoing
5 o\
c ’ A, .o 9_.q
S 0 « KMNeT sensitivity promising.
8 L
1 : Neutrlno and Gamma- ray Galactic Rldge |1 < 30° |b| < 4°
].0 - T T LLLELLLL T TTTTTT T T LI |
E ! ! - Conventlonal Model cutoff 50 PeV ]
A L === Gamma Model cutoff 50 PeV
1 : —— ANTARES UL 2017
N\ %0 —— KM3NeT/ARCA Discovery 30 4y |1
N T'_' 105 by .'o. = KM3NeT/ARCA Sensitivity 4y
£ RN "'.! A TceCube 4y HESE data, v
) Tw C ‘:“s~ (] ®  Fermi-LAT PASSS data, ¢
q T
10 &
: : % 106
Right Ascension [deg] o 107k E
» Guaranteed galactic neutrinos <
from CR interactions with matter S
* Does it contribute to IC flux ? ;5 10-7L . i
- Test 'KRAy’ model reproduce Fermi & dlscovely 30 4y oo
Milagro data. sensitivity 4y N
s uses full model morphology & o 8r(M3NeT Tracks <‘|$ cascades to be comblned 5

nd cascades 107 10T 10 BT



Focus on the Galactic Plane

Combined U.L. at 909, CL (blue line) on the 3-flavor Stacked expected signal vs. d (top) and energy
neutrino flux of the KRAy model (5-50 PeV cutoff) (bottom). Colors relative contribution to the sensitivity

09

s ANTA
107 . )
: - ot [ceCube

o =06

0y =
T—,: FLH

= &
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= 2 0.

= B

- 2

% & 03

3

= 10-8 _ 0:

E 10 = KRA7 model

3 == Combined UL KRA~® o1

2 [| ===+ Combined UL KRA»™ .
o | ; 0 ‘ . .
& ANTARES UL KRA~? 1.0 5 0.0 0.5

: win{ True Dedination)
IceCube UL KRAY™

T

[ceCube starting events ) ) ’ :' :\.\"I‘:\m'é showers
IceCube up-going v, ANTA Bl ANTARES tracks
- RN e e SR HTY UMMIMIA W T VR 05t B ocCube tracks
10701 100 10! 102 10° IceCube
E[TeV]
04
/

Result: total flux contribution of diffuse
Galactic neutrino emission <99 of the total
diffuse IC astrophysical signal (E,> 30 TeV)

- Updates desired...

Phys. Rev. D 96, 062001 (2017)
120 (2018)

Bxpoeird signal jau)
— o
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LR

107

1 I
logo( True Encegy /CeV)



Joint ANTARES-IceCube search

Relative contribution, fod
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ANTARES data set is public :
see https://antares.in2p3.1r
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Prospect for KM3NeT-ARCA

Discovery potential

Sensitivity

(E-2 Spectrum)

KM3NeT preliminary —— IceCube sensitivity, 7 years KM3NeT preliminary Discovery potential (50):
— 107 1 =107 T
7 3 I KM3NeT/ARCA sensitivity, 6 years 17} g I KM3NeT/ARCA, 6 years
o o
.-_E, Antares sensitivity, 9 years g — IceCube, 7 years
3 3
:‘.2. 10°® :‘-2- 10°®
w w
& g
10°E 10°F
| | 1 | N | | 1 | .
1073 05 0 0.5 1 10 "3 05 0 0.5 1
sin(d) sin(d)

Only up-going track events
estimated contribution from cascades ~ 209

More than order of magnitude improvement in Southern Hemisphere
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Prospect for KM3NeT-ARCA

) KM3NeT e RXJ1713.7-3946
18 - \ \ \ Galactic Centre
B : Vela X
1.6 - Vela Jr
L4 HESS J1614-518 (1)

Expected KM3NeT/ARCA AN
resolution at 50% for tracks f——— NA. )

for E» of about 200 TeV JNe 08 E N\ ‘s\
e NG T R gl ST 0.4 o P —

e RTNTUTAL 713773 0 5 10 15 20
SRS Observation time [years]
[ L AT TN L B KM3NeT
A L TXS 0s06k0a) S s v 2 \ T
> 3 " s T Faat

(=}
o
~
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o
o
1
N
\

Declination [°]

— lceCube (50%) | i L L e
sodl— - IceCube (90%) | -~ - - O 1.2

| O Maaic@5%) | 49| P \\
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o
N

Stacking Vela Jr and R)

Directly constrain (or discover) hadronic scenario in galactic TeV gamma sources



ANTARES Catalog-based searches

Likelihood based stacking approach

CATALOG PRE-TRIAL POST-TRIAL DOMINANT SOURCE

Fermi 3LAC All Blazars
Fermi 3LAC FSRQ
Fermi 3LAC BL Lacs . - MG3J225517+2409
Radio-galaxies - - . 3C403

Star Forming Galaxies
Obscured AGN
IC HE tracks
Blazar MG3 22551742409 Mild excess seen for radio galaxies

ANTARES & IceCube tracks

Fermi light curve (S.

Buson)
R +| + i

ﬁi+'TTT+ iy T T

-25-1]

w
&
log1o E (GeV)

Decli
N
i B
[ph cm

__‘_

-
—
[ S—

L L L s L L L
gy g | y——— y———— A—p———— p—p——— Sp———
o

1

T ll T T T T
- 20 55000 55500 56000 56500 57000 57500
Time [M)D]

M’gi_me association: ANTARES -> 2.30 & IceCube track -2“

222222222222222222222222222222




Catalog-based searches
PRELIMINARY !

Following L A. V. Plavin et al 2021 ApJ 908 157, ongoing search for correlation
between neutrino candidates and radio blazars seen in VLBI data (3411 objects)
Use the ANTARES PS sample 2007-2020 (10162 tracks) with same stacking
method yields a p-value of 8.3 1072 (about 1.8 o)

Simple pair counting also shows hint of correlation at sub-degree angular scale

100 :
% PRELIMINARY
T 50
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© —50
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The multi-messenger endeavor

15T APPROACH:

Time dependent searches

GRB

Microquasar
Gamma-ray binaries
Blazars

Supernovae Ib,c
Fast Radio Bursts

- . Vh b 0 RN & o o
o i Pl RS T s e RS e .
s JE First 1Q1n1§arfl1-forneutrln e
and GW prior to discoveries

(2007 data)
JCAPO6 (2013) 008



Follow-up of Gravitational Waves

* Online alerts followed. Results from counterpart searches after 24hr through GCN

* Refined offline searches (fully calibrated sample): No events found - limits set.

* Latest O2 BBH: Constraints on fluence and E, , for BBH

7

3
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8
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3 w 8 20 5w
® 30 : 3 © 3 F i
N% 40 3 : 1
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N o 9 1055 f i frrones ...Gw170823 ........................ |
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Eur. Phys. J. C 80, 487 (2020)
ApJ 870 (2019) 2
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ApJL 850 L35 (201
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Search for neutrinos from TXS 0506+056

Time integrated archival search

Same method as PS searches, +2016/17

Expected background (3136 days) :
« 0.23/deg? for track-like
« 0.005/deg? for shower-like events

# of events fitting the likelihood signal
function for the source: pg;, = 1.03

DECL J2000 [ "]

Pre-trial p-value of 3.49%, (post-trial 879%)
1 track (12/12/2013) 0.3° from the source

Flux U.L. (@100 TeV) for E2: 1.6x1018
GeV'l cm2 sl in the range [2 TeV-4 PeV]

In the list of 107 pre-selected sources, only
two have a smaller p-value

350

300
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u
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F2.50

N
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Npits (cascade-like events)

o) (mtrack-like events

_
w
=}

]
o
=}

rloo0

1
~
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RA 2000 [ °]

82 80 78 76 74

Distribution of the 13 tracks +1 shower events in
the (RA, ) coordinates around (radius=1° and 5°)
the position of TXS 0506+056.

ApJL 863, L2 (2018)



Search for v counterparts to TDE events

[ arxiv:2103.15526

IC191001A & AT2019 dsg

|C200530A & AT2019 dsg

PRELIMINARY PRELIMINARY
18
/ \ 30
.. 16 —
o o 28 e ‘
Q o
S o
- "\\ ° ,,\' _1 26 . !
wl Ll
o 12 (@)
24
10
22
318 316 314 312 310 262 260 258 256 254 252
RA J2000[°] RAJ2000[°]
Source Results
Name 0% fisig | p-value ng%C'L' F90%C.L. log( —mm%ev ) - IOg(M%eV
sensitivity limit sensitivity | limit
AT2019dsg [2.0 || <0.1| 12% [7.3x 1078 |1.0x 107 14 19 3.6 - 6.6
25 0.2 10% |1.5x107°|2.2x 10~° 29 43 2.8-5.5

1.2 x 1073

2.0 x 103

AT2019fdr

8.5 x 10~8

2.1 x 1075
2.0 x 10~3

1.3x 10~ 7
3.0 x 10~5
3.0 x 10~3
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The multi-messenger endeavor

Telescope-Antares Target of Opportunity
(TatoO)

2ND APPROACH:
Alert

° ° ﬁ
| triggering

Real-time analysis




GVD Baikal follow-up of ANTARES alerts

38 ANTARES alerts sent to GVD Baikal, 32 followed up:
Search within £500s, £1hour, £1 day within 5 degree
(cascade median resolution 4.5 degrees)

=> For 3 alerts multiplets of cascades reconstructed within £1day

F | ® ANTAREStigger ¥ GVD cascades |
| @ ANTAREStrigger ¥ GVD cascades [ @ ANTAREStrigger ¥ GVD cascades
Lo | # ANTARES track

5 GVD clusters running during that period
Background events/cluster/day ranging from 0.02-0.05




TATOO and the transients

Radio Optical X-ray GeV y-rays TeV y-rays 2”5522’6?;88‘52%1193)1
MWA TAROT Swift Fermi HESS
(12/yr) ZADKO (6/yr) (offline) (2/yr)

MASTER Integral HAWC

(GWAC) (offline)
Triggers: (30/YI")

Doublet of neutrinos (<3°, <15 min): ~0.04 events/yr

Single neutrino with direction close to local galaxies: ~1 SWIFT - BF S Mo
TeV, ~10 events/ yr 51 e e .MASTER
&= A PN e " SvtOm
Single HE neutrinos: ~5 TeV, 20 events/ yr = 9 _ i ' ~ GWAC
Single VHE neutrinos: ~30 TeV, ~3-4 events/ yr " _ %; .niied 0 M
Performances: oy O "MWA ® ‘f\r
Time to send an alert: ~5 s ZADKO

Median angular resolution: ~ 0.4°

322 to robotic telescopes Follow-up efficiencies: ~70% (X-

Sent neutrino alerts 195 to Swift +~25 to MWA ray / optical) + ~20% (radio)
(2009-2020) 415 o INTEGRAL *2  toHESS o



next: KM3NeT

Amsterdam @Q©

Erlangen @ @
Strasbourg @
Nantes @

-

GenovaO O Bologna

Montpellier O

) Marseillé

KM3NeT-Fr

KM3NeT Infrastructure
@ 3 Installation sites
@ 2 PMT preparation sites
() 8 DOM integration sites
@ 9 base module integration sites
@ 4 DU integration sites

3 DU test and preparation
to deployment sites

@ 1 electronic refurbishment
center

DOMs:

* 8 integration sites

* 640 DOM produced
(400 ARCA,240 ORCA)

* 100 currently in progress

BMs:

* 9 integration sites

» 27 BMs produced

* 6 currently in progress

DUs:
* 5 integration sites

* 13 DUs produced
* 8 currently in progress

O@ Athens™ Joii s pAN Y
KM3NeT-Gr &~ S50 </ R R }I

"N Bari
vy Naples/Caserta@) @ © &
Valeheia()
-

Catanja @ ©)

KM3NeT-It Total:22 integration sites!
(last year:15)




Integration efforts

DOM integration




Integration efforts

Dq_inte ration



Deployment Procedure




KM3NeT/ARCA status

8-15 April 2021 < Successful deployment of 5 DUs and 1 JB
6 DUs now in operation (1 DU deployed in Dec 2015 and still in operation)

5 DUs on deck before deployment

BB 1626878661338 logged on as rconiglione Lot ot oo ic 1c.o7. 10

uuuuuuuuuuuuuuuuuuuuuuuuuuuuu

zzzzzzzz

KM3NeT-ARCA block 1 % § % § % §

= I

R

Commissioning phase over g : § A % §
Stable data taking from 13-May s § & & & 8

aaaaaaaaaa



ARCAG: first results

After about 1 month from deployment:
- First time/position calibration already set up
- First run-by-run MC

KM3NeT - Preliminary

KM3NeT - Preliminary

(2] H :
L _- £ 4o00] .
& F — MC - g 4000 A
S _=‘- 2 C
©10* — e © 3500
g data = 3 . [ \
= B e -
Z 00 I o § 3000
- = -
- = 25001 |
10 ﬂhi: - f \ £
e 2000} — 0.6
10 :‘t.i* E .ﬂ \l
= 1500 r; Iql
Bi : S \
Q18 1000¢ rfJ
; 1.6E 500: 1
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© 1?15. . - - » e E hﬁ—q-
0-85 + ¢+*_.—.——____ - _'_‘_4— S T N N I |
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>ment data/MC Zenith angula




Outline

The High-Energy Physics Case — The cosmic endeavour

Historical aspects & Scientific motivations

Detection principles & Performances

Status of ANTARES and KM3NeT/ARCA
Selected results in today’s context

Prospects
:> The Low-Energy Physics Case — A new endeavour
KM3NeT/ORCA
N . Proposed detector & performances
(I | i
( _— ) Expected Sensitivity
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Massive neutrinos

mass (eV)

T ———3 '€V « Neutrinos have distinct masses => why so light?
At
» Often considered as first evidence of physics
vy . BD PP P beyond the Standard Model. Are neutrinos
------------------------ eV _ :
. . fundamentally different from other particles?
u s
md « Neutrinos mix like quarks = why so similar/different?
----------------------------- MeV
e
Ve Uit Uea Ues 1
"""""""""""""""""" g keV Vy = U pl U ) U u3 1%
Vr U’r 1 Ue’r2 (-“"TT 3 V3

UPMNS Us = S|n613e 5 UCKM

i (.:;) (-=:)

Illlllllllllll
generation
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Oscillations of Neutrinos

Ve 10 0 cra () spge—0cP Cor Spa () em (0 1
VI-" — 0 Coy 893 | ° 0 1 0 | —S12 C12 0]- 0 ei"2 0 9
Vr 0 —893 €23 —Slgcwcp 0 C13 0 01 0 01 V3
Atmospheric Reactor Solar Majorana
9A~450 613~9° 9@"'300
2 2 *
my < m3 CP violating phase 6¢p

2 2 2 2
ms —mi < |m3 — mi o

Vo e — = 1115
pe—— e S

m% S [/

All parameters
measured to fair
precision except:

mass hierarchy

2 L e— )

octant of 6,5 e =
CP phase Ty - _m— |

/) S, == T]l3
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Atmospheric neutrinos

= Resonance occurs for NH only for
neutrinos and vice versa for antineutrinos

= Mantle crossing neutrinos provide
strongest signal for MH measurements

P(vy — vx) for 6=130°

Density (g/cm®)

Oscillations are
resonant at certain
energies

E...~7GeVi

~

n Mantl



Sensitivity projections

V. appearance Oscillation parameters

 Tranges; 1o
OPERA (CC) +— —
[PRL 120, 211801 (2018)] é i § L L E B B B B

I l E 1 T T I 1
Supe}-K(cé) T L |—SK —T2K KM3N€T
[Phys. Fev. D 98, 052006 (201)] i 3 Lol MINOS: —NOVA [eosmsssmandssmaspua
. [c?eCube/fDeepC(i)re - |—lceCube —ORCA
CCNC [Phys. Rev. D99, 032007 (2019)] : ;

cc !

—

\ H H H
A\ i‘\‘ v, appearance ol
\ v |—1year,CCNC | )

\ | — tyear,CConly | /
\ \ --- 3years, CC+NC ',’ /

--- 3years, CC-only |

AM3,| [107° eV?]

significance [o]

OO . PDNDWPEAOOIOo)N 00 OO
¢//
N

2040608 112141618
v, normalisation
% 3 years of full ORCA

~ + Confirmation possible after a few 2 Normal ordering, d,; = 48.6° (NUFi

s operation with full ORCA
inst g,3 and mass




Sensitivity projections

NMO sensitivity [o]

Neutrino mass ordering % Favourable scenario: Normal Ordering
- measurement at 5o after 4 years

% For Inverted Ordering scenario:
- measurement at 3o after b years
~» moderate impact of §;p on sensitivity

= Inverted Ordering

- [ Normal Ordering | é(M3NeT

| [+ Inverted Ordering | :

yrs fuII ORCA

1234 46 48 50  O——g—t—id
0,3 [° data taking period [year]

lwlllll!lIII!IIIIIIIIIIII

N
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Sensitivity projections

Neutrino mass ordering: combination with JUNO

Tension between the best-fit Am?5; % 5o discrimination achievable for all
with a wrong ordering assumption hierarchy/octant scenarios in < 6 yr
enhances sensitivity when combining < detail of energy-scale systematic are
ORCA+JUNO important

True Normal Ordering (test 10) True Normal Ordering

T T T T T —_ 10— T
’NSJSO - | \\ Y' B relimi L, [ Combination ////1
> i
=  ORCA  _~
- E
100_ g
@
7))
>
o
50 £
- w -
' < 2F .
: i KM3NeT Preliminary |
0 L o TR PR ST SR N ST S T | 0 PR S TS AN ST ST SR ST ST ST S S S S
27 -26 -25 -24 -23 2 4 6 8 10
Am3, [x 10° eV?] Time [years]

Oscillation parameters from NuFit 4.1



Other neutrino physis: sterile

Am,,2> 0.1 eV?2 Am,2<0.1 eV?2
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ORCA Status

From February 2020 six detection units in operation

CU Detector Manager

D.ORCANG 1087043020312 Logped on as Lag ot

ORCA Shore Station

D_ORCAO006

Currest sates. Cwrrest rn s

x10°
300f — JDAQEvent
— JTrigger3aDMuon

e T e

' ; : : o’ @ — JTrigger3DShower
250f — JTriggerMXShower
200
150
100
50
0 | [TV T S T SR SN SN SN ST VAT SR [ S S S S S S S W

01:03:20 01:05:20 01:07:20 31:08:20 31:10:20 31:12:20 02:03:21
23:36 20:34 17:32 14:30 11:29 08:27 05:25

number of events

re than one year of data available Data Taking efficiency of 9




ORCA4: First Results

% Stable data taking since mid-2019
» Uptime 919 (2019) - 999% (2021)
% Good stability of trigger
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% ORCA4 data sample: 133.1 days

% Good data-MC agreement
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ORCA4: First Results

/ |V A T - — -
1ol KM3NeT o e | % Neutrino selection:
preliminary Ve (20 Cut<=35 - Upgoing tracks
[ i/ A o/ Track quality parameter
80 4 t = ve A . -
// « containment » condition on
g ) WM g reconstructed vertex
g, 60 7
7 |
% High-purity neutrino sample:
20 1 %
7
0 - ] : 1 A .//
0 20 40 60 80 100
X Radial position (X:Y plan) [m] o Data 2.86 £0.15 /day
0 OT? ° v, 2.92 £0.02 /day
........ % ¥ iteracion o v 3.94 10.03 /day
L >< ------- . atm (no-osc)
e U 0.02 £0.02 /day

H{_J
Only stat.



ORCA4: First Results

—y
o

Ratio to No-Oscillations
o

S
wn

IIII

- KM3NeT p
[ ORCA4,133.1

I I I 1 T T
reliminary -t
days livetime — g, NEUNOS W/ 08Ci

0.0

Il | lIlIIlI | | | —

10°
L/E [km/GeV]

% First preliminary measurement
Honda atmospheric flux + NuFit 4.0
Flux normalization free

% Good data/MC agreement

1« Statistically limited

% No track/shower separation:
all events reconstructed as tracks

% resolutions (energy/direction) limited

by small size of detector
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P20 : Protvino to ORCA

< From U70-Protvino to ORCA (P20) % First oscillation maximum ~5 GeV
% Up to 450 kW beam power % Sensitivity to mass ordering
< Baseline 2595 km and CP violation

8,5=45°, 0,,=8.51°
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P20 : Protvino to ORCA
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P20 Lol: Eur.Phys.J.C 79 (2019) 9, 758




Summary and perspectives

® |ceCube has just opened the field of neutrino astronomy but sources remain
to be identified. - Exciting times ahead of us'!

® ANTARES: first undersea Cherenkov detector
e Excellent angular resolution, view of Southern sky

e Competitive sensitivities (especially for Galactic neutrino component, Dark matter
searches)

—CC cc
+
Vu Vi

- KM3NeT-ARCA Preliminary

-
ob)

® More results to come
e Taking data until mid ~2022

Effective area [m*]
5
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* KM3NeT: phased approach to next-generation NT
e |[etter of Intent 10

ARCAB .~ + v [reco, up]

ANTARES 7. * + vC° [reco, up]

ORCA6 VEC + v [reco, up]

® Prototypes performing well 0p

® Deployment of the first detection units.

e fndof 2021 : 31 DUs in total
About 1/3 of what is currently funded -> continue the build!

'HE neutrino astronomy (tracks & showers)




