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Motivations for neutrino astronomy

Main guestion: what is the origin and the role of the cosmic rays in the Universe ?

F (m?srs GeV)'!

— Discover ~100 years ago but still unknown origin
— Spectrum over 32 orders of magnitude

— Mysteries at the ultra high energies > 10%° eV,
which acceleration mechanism ?

I m?yr! Which sources ?

Which cosmic evolution ?

— Connection to the other messengers (v, y, GW)
— At the heart of the non-thermal astronomy

| km?2yr!
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Neutrinos: cosmic messengers

Neutrinos: neutral, stable, weakly interacting
not absorbed by background light/CMB ®access to cosmological distances
not absorbed by matter Oaccess to dense environments
not deviated by magnetic fields ®astronomy over full energy range
‘Smoking gun’ signature for hadronic processes

Correlated in time/direction with electromagnetic and gravitational waves

New window of observation on the Universe



A new window on the Universe

radio/microwave infrared/optical CEININEREVE neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
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The Universe is opaque to EM radiation above 10-100 TeV,
but not to neutrinos



Neutrino telescopes: science

MeV to PeV energies
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Neutrino Sources?
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THE CR-GAMMA-NEUTRINO CONNECTION

VM Hadronuclear (e.g. star burst galaxies and galaxy clusters)
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Multi-messenger network

Neutrinos

IceCube,

GVD-Baikal
GeV/TeV y rays Cosmic Rays
Fermi, H.E.S.S. Pierre Auger,
HAWC Telescope Array

Radio/Optical/X-ra
VLBI, MWA, TAROT,
ASTER, Swift, INTEGRAL

Grav Waves
LIGO, VIRGO




Neutrinos fluxes from MeV to PeV

o(vp)/o(yp)= 107 at 1 TeV

Energy E [eV]

Neutrino energy flux E¢ [cm™2s™"]

1013_ T - T T T ] T I T ]
L oe Sojar (nuciear) i Need very large detectors
C Solar (thermal) ]
- Reactors .
1055 E / \
UE Geoneut 1 \ / 1
" BBN(n) . E
10—55 ~  Atmospheric .
- / . .
- s IceCube data - |CeCUbe
10-2E BBN (*H) \“5017 . GVD
- osmogeﬁ&; \E KM3NeT-ARCA
=181 L1 | L1 | T | I | | | [ T R | N
10 107 1073 100 10° 108 o 10 10" ¢ 1 Gton 1000m
Engrgy E [eV]
T
——1 .
ANTARES
v KM3NeT-ORCA \ | 20 200lm
uperK 8 Mton Mton | ("7
50kton T
IZOOm . ! v




Very large volume neutrino telescopes
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Current H20 (liquid+solid) neutrino telescopes

Antares — Baikal-GVD
Med. Sea (-2.4km) - ' } Lake Baikal (-1.3km)
12 strings E 1 cluster =8 strings

0.4 km3 (8 clusters)
2304 PMTs (10”)

885 PMTs (10“)
1/100 km3

ube
h Pole (-2.4km)

Mediterranean

South Polé
~43°North fiks g

6000*31 PM
1.1 km3

86 strings
5160 PMTs (10”)

\ e 1 km3
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Instantaneous PeV fields of view

At highest energies, neutrinos don’t make it through
the Earth: horizontal tracks are golden channel

Lake Baikal
South Pole
Mediterranean

180°

Instantaneous field of view with horizontal tracks
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ANTARES Detector

(2008-2022)

350 m

40 km
to shore
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100 m

12 lines (885 PMTSs)
25 storeys / line

3 PMTs / storey
5-line setup in 2007
Completed in 2008
Dismantle 2022
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Multi-site, deep-sea infrastructure

Single collaboration, Single technology
Selected for ESFRI roadmap 2016

P

Cities and Sites of KM3NeT

Al R e Oscillation Research
' ' with Cosmics In the Abyss
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http://dx.doi.org/10.1088/0954-3899/43/8/084001
http://dx.doi.org/10.1088/0954-3899/43/8/084001
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182 ns

KM3NeT: ARCA and ORCA
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31 x3” PMTs
— All data to shore: Gbit/s optical fibre

— White Rabbit time synchronisation
— LED flasher & acoustic piezo

— Tiltmeter/compass

— Low drag
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ORCA
2" junction box
Oct 2020

Prefiminary DUs connection scheme 20210209

ARCA
2nd Cable
Nov 2020

K
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ARCA SEeN

3rd junction box R Y
Sept 2022 “ran At
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Detection Construction

Amsterdam

Genova

Nantes

20
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KM3NeT

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

@ 5 DU integration sites (DOM to VEOC)
Erlangen @ @ 3 DU test and preparation
Caen © Strasbourg @ to deployment sites

Nantes @ et @ 1 electronic refurbishment center
Genova (O Bologna
Montpellier C),.A,)

_ Merseills’ KM3NeT-Fr

N t () Bari
v Naples/Caserta @ @O« ()
Valeheia () =

(@ Athens
KM3NeT-Gr *

Catanja @) O

KM3NeT-It

Detector construction: status

DOMs

* 8 integration sites

* 946 produced (52 Dus)
* 36 currently on bench

Base Modules

* 9 integration sites

* 45 BM produced

5 currently on bench

Detection Units

* 6 integration sites

» 37 DUs produced

« 7/ currently on bench
32 operating

Despite pandemic big efforts are on going in the detector construction

21



KM3NeT DU deployment
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Current Status: 32 DUs operating
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Effective areas: KM3NeT vs ANTARES

—CC ce
+
1II"irl-l VI—'

KM3NeT - Preliminary ;'_,_.—F

3

MSNGT / ANTABES F‘re;iminaryr
. ARCA (1 block)

7

&

- -

o o

o -
IR |||%|

-
i
—
——

Effective area [m“]
=

10?

—_

: -
f—_

ORCA __ [/ e
................. ="/ ANTAHES

—
o
T

—
S

=
m ||l|ﬂ1] |ll|||'|'|'| I||||I'|'| ||||I'I'1 |||||'I'I'| TTTTTm|
effective volume [Mm’]

I IIIIIIi

——— ARCA6 v, +v<C [reco]
Vi —— ANTARES gf": +vS° [reco]
- ORCAB v, + v;“ [reco]

——v,CC
———v,CC}

L 1 IIIIII; 1 1 |||I||i 1 1 ||||Ili 1 1 |IIIIIl L L L 4 l1l]
10 102 10° 10* 10° 108
neutrino energy [GeV]

I

—
DI
e
o
L
=

—
T IIIIII|

-
=
B

1 I 1 1 1 1 I 1 1 1 | I 1 L1 1 I 1 1 1 1 | 1 1 1 1
5 6 7 8
log10(E [GeV])

—

<
MU"
w
s

ARCA6+0ORCA®6 bit better than ANTARES

-> ok to dismantle ANTARES

25



« Acoustic position calibration in KM3NeT

Precision
few cm

4-E=2) dynamic calibration

Animation of DU movement

200
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%2 P 2 %

Use of dynamic positions,
verified by muon calibration

[ static calibration

dynamic with gauss;
o=0.05m

Waiine

-08 -0.6 -04 -0.2 0.0 0.2 0.4 0.6 0.8
preferred x-position from muon reconstructed track (m)
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PMT efficiencies: #°K
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2 DUs of ARCA (23/12/2016-2/3/2017) &
1 DU of ORCA (9/11/2017-13/12/2017)

KM3NeT
N T T 17
T
— = ORCA1 E
2
© 4 ARCA2 =
o ] 3
u 3
bl E
Ail‘.l"._“ E
Ay aln . E
4, % R
AW E
*a : " - ]
A“A " E
r'y A (] - .
S B
im 3
L
A 3
. . .. . () - . ) &
e : i
+
© 4
@« i RCA: ~3 times. lower. muon.rate
4 6 B 10 12 14 16 18 20 22 24 26 28 30

Multiplicity

v

Muon depth dependence

Muon flux as function of depth compared
to Bugaev model (Bugaev et al, Phys. Rev. D 58 1998 054001)
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https://arxiv.org/pdf/1906.02704.pdf

PMT detection efficiency calibration verified
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https://arxiv.org/pdf/1906.02704.pdf

Event Topologies

1. track like events 2. shower like events 3. “double bang” BACKGROUND !!
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Resolutions
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EM cascade
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hadronic shower

NC V..
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hadronic shower

Angular resolution 10°/1°
at 100 TeV for Ice/water

Energy resolution ~ 5%

7 decay products

hadronic shower

hadronic shower

Hadronic shower + muon track

Angular resolution 0.5°/0.1°
at 100 TeV for Ice/water

Energy resolution ~ 200-300%

(if contained: 25%)

Precision multi-flavour astronomy with water based telescopes




&) Resolutions: IceCube vs KM3NeT @

Old IceCube skymap
5 +60° ja\: f;QJIT‘I lceCube,

Resolution for v, Resolution for v,
ANTARES ©O ANTARES

KM3NeT ° KM3NeT
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@ ORCA6: Moon/Sun Shadow

2D histogram data moon

KM3NeT/ORCA preliminary

Zenith [deg]

185 1 05 0 05 1 15
Azimuth [deg]

Significance=4.2 ¢
Angular resolution = 0.49°+/-0.15°

Zenith [deg]

2D histogram data sun

KM3NeT/ORCA preliminary

KM3NeT
ORCAG6
-0.5 B 13 months
data taking

135 1 05 0 05 1 15
Azimuth [deg]

Significance >6 ¢

Angular resolution = 0.8°+/-0.14°
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KM3NeT Sensitivities

Diffuse flux

KM3NeT
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33



neutrino oscillations with atmospheric neutrinos

S Normal ordering Inverted ordering
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( ’ ORCA115: neutrino mass ordering

NMO sensitivity [o]
N W R O O

3 years

1% Inverted Ordering
= < Bep=0°

{--- 5,=180°
{—Best Fit 55

.....

af-a-NurmaI:Grdering | -KM&NET- -----

2.5-50 determination of Neutrino Mass
Ordering possible in 3 years

40 42 44 46 48 50
0,5 [°]

6 yrs & combination with JUNO

—

Asimov sensitivity [o]

True Normal Ordering

Or ey S—
8F combination

61

af

2F JUNO
ol . . . Preliminary:

40 42 Sl 46 48 50
true 6,, [°]

Combination power relies on tension
between best-fit of Am?;, in “wrong
ordering” between JUNO and ORCA
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ORCAG6 neutrino oscillations (tracks)

ORCA®6, 354.6 days ORCAG6, 354.6 days
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“ ORCA115: neutrino oscillations sensitivity (3 years)

Contours: 90% CL

—— Super-K NOVA
—— |ceCube — ORCA115
— T2K —— KM3NeT
MINOS+ % NuFIT 5.0 (best fit)
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ORCAG6: Other neutrino physics

ORCAG6 353 kton-year sample:

Neutrino decay Non-standard interactions (NSI)
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Earth and sea sciences

KM3NeT

Gamma detector

TELESCOPE
ANTARES

LIGNE LION
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Température atentielle (*C)
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Climate change

Temperature

Temperature evolution @ 2400 m
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Oxygen Trend @ 2400 m
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Deployment with Nautile

Seismograph (GeoAzur)

Germanium

BathyBet (MIO, DT-INSU
gamma detector (cPPm) .

https://www.mio.osupytheas.fr/fr/mers-et-oceans-changement-global/emso-lo-bathycruise


https://www.mio.osupytheas.fr/fr/mers-et-oceans-changement-global/emso-lo-bathycruise

Summary

ARCA/URCA -

ORCA currentlyétark:ls:;gr

Funding assured, and procurement—and,constructlon in [ngé’SS
End of 2023: 32 lines_ . ssssms————"m0

ARCA currently taking data with 21 lines. S— .:%:,., —
Funding assured, and procurement and construction in progress, for ~130 lines.
End of 2023: ~38 lines :

New collaborators very welcome
Come and join the adventure! .
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Angular Resolutions

Better than 0.1° > 20 TeV S0
1072
§ 10
g
-
Better than 1° > 30 TeV -

iii i iiiiii id iiii
10* 10° 10°
Neutrino energy [Gev]

.4,Rralj]mlnajry

Better than 1°for tau track length > 22 m

Angular deviation [degrees]

Algorithm
=== Aashowerfit
10-' |H = Double cascade
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Intriguing association with PKS 0735+17

Baksan

4+ Fermi-LAT (> 300.5 MeV)
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Sahakyan et al (arXiv:2204.05060)

IceCube: 1 bronze alert (~172 TeV) [GCN #31191]
ANTARES: no coincidence [ATel #15106]

GVD-Baikal: 1 cascade event (~43 TeV), ~4h after the
IC neutrino, ~5deg from the blazar direction (2.85 o)
[ATel #15112]

KM3NeT: 1 track neutrino candidate (~18 TeV) in
ARCA, 1.8 deg from the blazar (p=0.14). No
coincidence in ORCA [ATel #15290]

Baksan: 1 track neutrino (1 GeV), 2.2 deg from the
blazar (~3 o) [ATel #15143]

The blazar was found to experience a strong flare in gamma rays
(ATel #15099, ATel #15129), X-rays (ATel #15102, ATel #15108,
ATel #15109, ATel #15113, ATel #15130), optical (ATel #15098,
ATel #15100, ATel #15132, ATel #15136, ATel #15148) and
radio (ATel #15105) bands.
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KM3NeT: sources

Point sources Extended sources
;._—l 10_5 T T T T T 3 T T T T T T T 3
@ ; —— HAWC J1825-134 1
‘}'E X 25 —— HAWC J1907+063 ]
S 10° , T T = F —— HAWC J2019+368 -
3 ] C 7
> : ... i W a L —— RXJ1713.7-3946 ]
=8 8 2 - ]
2 —7 32 [ ]
107 ¢ 3 & [ i
Q B 1 5 - —
32 8 ht [ ]
8 107 F E .’Q; 1 [ -
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L= | .
w10 3 05 [ ;
[ — ] 0 L KM3NeT Preliminary ]
1 0_10 1 1 1 1 1
1 05 0 0.5 1 0 2 4 6 8 Y10 12 14 16 18 20
sin(d) ears
Source Decl, RA [°] Ext [°]
KM3NeT Preliminary _ RXJ713.7-3946  -39.77,258.8 0.6 (disk)
" KM3NeT/ARCAG (92 days) source limits HAWC 11825134 1337,2764  0.53 (Gauss)
-------------- KM3NeT/ARCAG (92 days) sensitivity B
ANTARES (13yr) sensitivity - HAWCJ2019+368 36.76,304.92 0.356 (Gauss)
IceCube (7yr) sensitivity —  HAWCJ1907+063 6.32,286.91  0.67 (Gauss)
KM3NeT/ARCA230 (7yr) sensitivity

--------------------------- KM3NeT/ARCA230 (3yr) sensitivity
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@ New idea: Tagged Protvino to ORCA

A. V. Akindinov et al.,
“Letter of Interest for a Neutrino Beam from Protvino to KM3NeT/ORCA"

https://arxiv.org/abs/1902.06083

* Neutrino Beam from Protvino to ORCA
* Baseline 2590 km

* First oscillation maximum 5.1 GeV

* Sensitivity to mass hierarchy and CPV
* Lol published: arXiv:1902.06083

* Huge detector -> relax beam power

* New idea - v tagging at source:

M. Perrin-Terrin
https://arxiv.org/abs/2112.12848
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https://arxiv.org/abs/1902.06083
https://arxiv.org/abs/2112.12848
https://arxiv.org/abs/2112.12848
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Supernova monitoring in KM3NeT

SN MeV neutrinos => collective excess of multi-fold coincidences on all DOMs

Eur. Phys. J. C81 (2021) 445
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ORCAG6: non-standard interactions

ORCAG6 353 kton-year sample:

NSI parameter |g,.| <0.009 (comparable to world best limits)
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ORCA115: sterile neutrinos

Am,,%> 0.1 eV? Am,,%2< 0.1 eV?
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@ Tau appearance

The muon neutrinos mainly oscillate to

. ranges; 10
tau neutrinos. OPERA (CC) +— i1 ; il
[PRL 120, 211801 fzma),r f -
NN
S -K CC i — —
They appear as showers events. fpfygg; (CC) o ooy m "
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Water versus lce
Sea water

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

i)




Old idea/New technology: Acoustic detection of UHE neutrino

Hadronic cascade:

~10m length \'4
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120 T T T
100 —
80 _
E 60— F— : Bl A i Al LAY ML Bl L B LML LU bk B
g._ 40 R ticall : : H : Ragia, Acdustiz |
3 L i — e
3 P o
-
E
=

| Adapted from Y A
Tanav/0704 10251 T e
—60/—(Acorne Coll.) i ;
", | N N N B I
-100-80 -60 -40 -20 0 20 40 60 80 100
Time (us)

5 8

¥ “FORTE 2043 o |

Syl

' THIS

ha 'Ié-'aumainn-aai::Tnll

k : : ...\.._..ll.l.?s'J.":."\_zl:.'.J.:.“I.'.LI'."\:'...‘L........5...........5..

: i PO
e 9‘_ .-?I.

LoglE” &(ENGeV cm” 5% sr7)f

£
LR LI TTTI TTT1 LI IIII-I 3
| AL AR RARRY B

P(r=200m) ~ 10 x 1—E|.__ca§{7 mPa

ol s b bl oo b bl

7 & 9 o 12 I3 14 15 6 i 18 I9 0
Log{E(GeV]]

56



tremer - Qpération Nautile (31/1/22-14/2/22): Déploiement BJS

Pourquoi Pas?/Nautile (Ifremer)

)

https://www.mio.osupytheas.fr/fr/mers-et-oceans-changement-global/emso-lo-bathycruise



https://www.mio.osupytheas.fr/fr/mers-et-oceans-changement-global/emso-lo-bathycruise

90% of deep sea organisms:

Communication
Attract prey
Repel predators

Bioluminescence

Run 31273 Biocam DAQ SCAN Line 14 Floor 1_Sat Jan 12 20:12:43 2008
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ANTARES: "La Recherche Prize”
PLoS ONE 8(7) 2013
Deep-sea bioluminescence blooms after

dense water formation at the ocean
surface

MILOM data in 2005
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Bioacoustics

Amplitude

slze of whales
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BathyBot & LSPM/KM3NeT dans la presse

Parisien (29/1/22) Le Figaro (29/1/22) Le Figaro (3/2/22)

BathyBot, le rover des fonds marins B
v Mission : observation sous-marine ZIECIENCES < R
o By © s hon s BathyBot, un robot installé a 2400 metres La «chassey e B
L\ 9 Localisation : au large de Toulon (Var) X SAE & AUX Neutrmos ¢ i
% au fond de la mer Meédits . e g
{ Profondeur:2500m A e A Rk pfend el ampleur, a2500m
V=00 km U'$ Durée : au o - S i
o sy O Durée :aumoins dixans sous la Méditerranée Ik
Untélescope sous-marin installé :
BATHYBOT BATHYDOCK asibi e
« Rayon d’action: 50 m « Point d’ancrage du BathyBot cosmiques produits par des évé imesdns Uivers.
« Piloté a distance et boitier de liaison Sy L s e T el
* Capteurs : température, salinité, e Permet la descente du X g
oxygénation de I'eau, systeme BathyBot depuis un bateau ikl s ks e s
d’'imagerie détectant P matn @y p. snficeuon
particules o A T ks
et plancton i praln o S i il e

atica] o O Le bt B
e, e sre e s o
B, t wn Senle oot 9
o ey G el ey
e corgeead s s b
pheas po e s bk,
2 e, s MO 20k
T ke iz el i oroirsg,
ey el prevagu ke pusage

ot doe petok b dee. dec
esprlbboe kil o de e b Tl @0 ¢
Qo splpanmeet®  Tereatodd. Vit d Noeater (d
e {o dnlitpiie (i dceplnce, S e 0 Teoigel ot
e Lr oo, g e sy v dmailo%- A 43 Lo 4
e s b el e o>, 5% 1K s 4y o
6 ¢ o vk & e Puchl o v e et D et
Tond e s v+ bl echence i OO (s domirs a3 o

- Céble de liaison avec Toulon

(alimentation électrique
- etinternet par fibre)

Fuses btk IRt omme i & mpewna
i @) S s ke £l AN e T,

pr
-
~

i)
it
=
o
it
"3
»
&

3

£S MARDIS ]
:?:z;n DES JOURNALISTES DU FIGA!

le club

- en béton pouvant LE FIGARO : L s
- accueillir de petits S
organismes vivants
« Point d’observation
surélevé

' o L h

LPANFOGRAPHIE. 14/1/2022



a ORCAG6: neutrino fit systematics uncertainties

Treatment Fit value
Parameter
Am3z, [1072 eV?] Free 1.951“3:%11
0y [deg] Free 454727
Norm Free 0.881013
Flux: spectral index N(0,0.3)  0.052100%%
Flux: zenith angle bias | N'(0,0.07) 0.0357 020
Skew N(0,0.1) 0.007010
Skew e/€ N(0,0.1) 0.00%910
Skew pe N(0,0.03)  0.007003
NC normalization N(1,0.1) 0.997010
T normalization N(1,0.2) 0.97 050
Energy scale N(0,0.1) 0.00750;
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