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Neutrino telescopes: science

MeV to PeV energies

Transition probability

Supernova Atmos neutrinos Dark matter Cosmic neutrinos
Solar flares v oscillations ,
der Monopoles, Cosmic rays
V. mass ordering Nuclearites,...
Sterile, NS, ... Origin and production

mechanism of HE CR

+ oceanography, biology, bioacoustics, seismology,...



Neutrinos and multi-messenger astronomy

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
transparent to neutrinos

| nearest blazar

nearest galaxy

galactic center
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Neutrinos: neutral, stable, weakly interacting
not absorbed by background light/CMB => access to cosmological distances

not absorbed by matter => access to dense environments
not deviated by magnetic fields => astronomy over full energy range
three flavours => additional information on source

‘Smoking gun’ signature for hadronic processes

Correlated in time/direction with electromagnetic and gravitational waves .
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Very large volume neutrino telescopes
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Current H20 (liquid+solid) neutrino telescopes

Antares
Med. Sea (-2.4km) —-
12 strings

885 PMTs (10“)
1/100 km3

KM3NeT
Med. Sea (-2
6 strings

Mediterranean
~43°North
3BB (345 strings)

6000*31 PMTs (3“)
1.1 km3

Baikal-GVD

Lake Baikal (-1.3km)
1 cluster =8 strings
0.4 km3 (8 clusters)
2304 PMTs (10”)
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h Pole (-2.4km)
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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
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Instantaneous field of view with horizontal tracks
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NC v AT
% Hadronic shower + muon track
hadronic shower
Angular resolution 10°/1° Angular resolution 0.5°/0.1°
at 100 TeV for Ice/water at 100 TeV for Ice/water
Energy resolution ~ 5% Energy resolution ~ 200-300%

(if contained: 25%)

Precision multi-flavour astronomy with water based telescopes
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KM3NeT

Multi-site, deep-sea infrastructure

Selected for ESFRI roadmap
Single collaboration, Single technology

KKKKKK

Cities and Sites of KM3NeT

Oscillation Research
e e 2 + with Cosmics In the Abyss

-
Iohannesb'
°® ‘
Potchefstroom

4

South Africa

Astroparticle Research
with Cosmics In the Abyss

Connection nodes of
KM3NeT 2.0: Letter of Intent -, [ _european —
//dx.do : N L -
http://dx.doi.org/10.1088/0954-3899/43/8/084001 : floor & ot)sewgtory em SO

J. Phys. G: Nucl. Part. Phys. 43 (2016) 084001 Py , 11
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KM3NeT building block
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ORCA
(France)
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KM3NeT DU deployment
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12 KM3NeT detection units now operational

Downgoing muons from cosmic ray showers Upgoing muons from atmospheric neutrinos
in ARCA6 in ORCA6

[ J

1: https:/www.cppm.in2p3.fr/~coyle/EventFiles/New.Sel3.Run9332.2021.20.04.23.42.44.200.js 1: Dropbox:Sel9.Run7271.30.01.16.38.57 js
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Effective areas: KM3NeT vs ANTARES

—CC % VCC
T 10° - - &= 10°5KM3NeT / ANTARES
1 e TARES Preliminary
£ KM3NeT - Preliminary E - | v
S 107 = oL . ARCA(1blocky — .
o g 10 = z : T~
§ 10 2 n 7
ﬁ g 102 E— S S-SR /SRR SRR SRR —'_____a-—"
4 () = . __4""' ;
2 C ol ;
: 8 10 = e ANTARES e
10 = - : :
o -
ARCAB v, + v [reco] g : : ; —v.CC
10°F / ——— ANTARES 7, + v ° [reco] 10 /S S S N V: cCl-
7. ORCAG6 ¥, + v [reco] ‘ § N T
1 - :
F 1 10 102 10° 10* 10° 108
10—5 L) 1 l L 1 1 1 l 1 1 1 1 l L1 1 l Ll — l 1 1 1 L neutrino energy [GeV]
2 3 4 5

7 8
log1 O(E\_ [GeV])

ARCA6+0ORCAG bit better than ANTARES Completion of ORCA115 array in 2025
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Doubling of detector in Sept 2021
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PMT efficiencies: 49K
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Acoustic position calibration in KM3NeT

1254 R. Le Breton
616 C. Poire

Precision
few cm

Animation of DU movement
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Use of dynamic positions,
verified by muon calibration

4 =1 dynamic calibration

[ static calibration

dynamic with gauss;
o=0.05m

T

-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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1304 V. Kulikovskiy

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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neutrino oscillations with atmospheric neutrinos

alar Normal ordering Inverted ordering
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Events

ORCAG6 neutrino oscillations (tracks)

ORCAG6, 354.6 days

ORCA®6, 354.6 days
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« ORCAG6: measurement of oscillation parameters

KM3NeT preliminary

Profile likelihood scan
—— ORCAG6
Contours: 90% CL 4l
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ORCA115: neutrino oscillations sensitivity (3 years)

Contours: 90% CL

— Super-K NOVA
—— lceCube —— ORCA115
— T2K —— KM3NeT
MINOS+ # NuFIT 5.0 (best fit)
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“ ORCA115: neutrino mass ordering

NMO sensitivity [o]

3 years

1245 M. Perrin-Terrin

- 1= Inverted Ordering
S| =0 _—
- {--5,,=180°
43 {—Best Fit .,
2F """
40 42 44 46 48 50
0,5 []

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

Asimov sensitivity [o]

—

6 yrs & combination with JUNO

1260 J. P. Athayde Andre

True Normal Ordering

0 4 A B T T —

8 ; combination
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N T T & o o
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true 6,, [°]

Combination power relies on tension
between best-fit of Am?;3; in “wrong
ordering” between JUNO and ORCA
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Atmospheric neutrino flux  [6i2kfuso

arXiv:2101.12170

ANTARES data 2007-2017 v,
Boosted Decision Tree (BDT) 107 Frejus 1995
-> low-energy showers Py Jal + AMANDA 2010
-> atmospheric v, CC 7 1072 e - IceCube 2011
= s 4 ANTARES 2012
Unfolding of energy spectrum -~ 1073 e 4 IceCube 2015
| + SK2016
Compatible with existing measurements Nm ol , 4 This work
| —Tf %a_??
| O 1075 =
Also Solar atmospheric flux! S ; ﬁTﬁ i
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) 4 This work
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534 D. Lopes-Coto 27



Events (2007 - 2018)

10°

2

10

Diffuse cosmic flux | 612 L. Fusco

ANTARES 2007-2018 (3330 days)

é = Data g 102; == Data
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= 2 105
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bl il d 4 1 1 PR g ity geily _JAg g iag kg g g U] g a-H § 4y
55 6 65 1055 3 35 4 45 5 5.5
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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.

Results not really constraining... but fully compatible with lceCube

Updated and improved analysis coming soon 28



Diffuse cosmic flux Il

Combined tracks & showers likelihood fitting:

O IceCube combined all-sky (2015)
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@ KM3NeT diffuse cosmic flux

Significance [0]
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Galactic plane
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Guaranteed galactic neutrinos from
CR interactions with matter

Phys Rev. D 96, 062001 (20%7)
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Analysis uses full model morphology & spectrum
— tracks and cascades

ANTARES Limit is a factor 1.2
above the ‘KRAy’ model.
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ANTARES updated analysis soon [
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Point source searches 11426 iiuminat

Updated: ANTARES 13 years (3845 days of live time): 10162 tracks and 225 showers

6

-Iogm(p-vglue)
2"d most significant cluster:

RA=343.8° 6=+23.5°

pretrial: 4.2 o

Close to blazar MG3 J225517+2409 (orange star)

The most significant cluster:

RA=39.6° 6=+11.1°

pre trial: 4.3 o (48% post)

Within 1 degree of J0242+1101 (orange star)
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Candidate list

121 sources investigated
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1142 G. llluminati

Pre (post) trial: 3.80 (2.40)

2"d: TXS 0506+056

p“(traé.k-liké events)

82 80 78 K 74
RA J2000 [*]

Pre (post) trial: 3.10 (2.60)

4 muon events within 1°

(shuwer-like-events)

Niies
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Catalog-based stacking analyses

Fermi SLAC All Blazars 0.19
Fermi 3LAC FSRQ 0.57
Fermi 3LAC BL Lacs 0.09
Radio Galaxies 48103

Star Forming Galaxies 0.37
Obscured AGN 0.73

IC High Energy Tracks 0.05

Blazar MG3 J225517+2409
Same optical and SED class as TXS 0506+056

Coincident with second all-sky hotspot!
Source flare (~5 months) in Fermi 3FGL y-ray light curve

One IC high-energy through-going track (ID#3)
during the flare (July 2010)

5 ANTARES tracks + blazar: 2.30
IC track+blazar : 1.90
ANTARES+IC : 2.60

https://arxiv.org/abs/2012.15082
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0.64
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0.49

le-8

Catalog p P ®Ylg00,
Pre-trial | Post-trial
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1.4
0.96

MG3 J225517+2409
3C403 (2.50)
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a
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56000
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+240

... 5 tracks within 1°
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https://arxiv.org/abs/2012.15082

Radio loud blazars | 1248, Aulal

Inspired by A. V. Plavin et al, 2021 ApJ 908 157, search for correlation
between IC neutrino candidates and radio blazars in VLBI data (2774 objects)

Use the ANTARES PS sample 2007-2020 (10162 tracks) with same stacking
method yields a post-trial p-value of 2.2 102 (about 2.3 o)

Simple pair counting shows indication of a collective excess of neutrino-blazar pairs
at sub-degree angular scale (about 62 pairs in excess)
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Radio loud blazars I

1137 G. llluminati

ANTARES preliminary

Gaussian flare
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15 GHz, MOJAVERES

Relative Dec (mas)
o

Relative RA [mas)

Chance probability of the
multi-messenger
association under study

Muon Energy (TeV)

Fr (107" ph e s)

6

>

Event Weight
~

0

J0242+1101: potential radio-y-v association

1137 G. llluminati

Prelimi ANTARES
reliminar
/ ANTARES best-fit flare
[ Tracks .
| 3 Showers for this source
‘ ” E Garastiar Jare 1,12 pre-triy
| L 1% 25 ||| : }. |
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gamma-ray light-curve
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900 Z.A. Dzhilkibaev

Baikal-GVD Cascade events

GVvD2019 1 114 N
Radio blazar J0301-1812

0.5
J0301-1812
1.5° to GVD2019_1_114
—14 0.4
RATAN light curves: - {
4 22GHz 8G1z £
Y 0312-2347 (U2 Jy) 4 11GHz ¢t 5GHz E
-15 0.3 2
S >
- ; (E ///l
€16 = 2 -
c 3(0.2)y) z A
o Baikal Heio24¢ 2 3 < |
= GVD2019_1_114_773570 ) 3 0.2 / Ol
£ _17 wppsisss02m W)0301-1652 (0.2 Jy) g ’ ‘ T P
g = : 7 f/
fa) 1l il W A }
y < *
18 J0301-1812 (0.2 Jy) 7 U + i
R /V !
-19
0.1 *
-20 2015 2016 2017 2018 2019 2020 2021
48 47 46 45 44 43 42 Date
Right Ascension (°)
Radio blazar J1938-1749
W 12000-1325 (0.7 Jy) 0.8
= J1938-1749 | .
14 0.7 71.3°to GVD2020_3_175 1
" /‘., .
0.6 i : y
& 11559-1525 (1.1 Jy) *on OVRQ Il.ghtlc;r(\;/:sz. ‘;V I !
- 16 11-1546 (1.8 Jy) *“93571502 © *}1924-1549 (0] 0.5 ¢ ’
Ve
W)2002-1€ 19 (0.2 Jy) !
o = 0.4 Y,
gg _18 H12000-1748 (1.5 Jy) J1938-1749 (0.2 Jy) 3 " 2
o Y12005-1822 (0.4 Jy) Baikal ‘E E
l‘-ul .GVDZOZO 3_175_1565446 5 0.3 g
< ¥)2000-1921 (0.2 Jy) Y19 2 ’ S
g -20 W)1949-1957 (0.6 Jy) 2 E
[a) Y/1928-2035 (0.2 Jy)
*ngz&%« 0.2
=22 32, W11925-2219 (0.3
Y12005-2310 (0.3 Jy)
=24 Y/1934-2416 (0.2 Jy)
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date
300 298 296 294 292 290

Right Ascension (°)

38



GVD follow-up of ANTARES alerts

529 S. Alves

~
g

31 ANTARES alerts sent to GVD Baikal (5 clusters), 28 followed up:
Search within £500s, t1hour, £1 day within 5 degree
(cascade median resolution 4.5 degrees)

=> For 3 alerts multiplets of GVD cascades reconstructed within 1 day
For 1 alert additional ANTARES track found within +day

Alert A7 Alert A15 : Alert A16
g g AAAAAA . . ? ETH ® ANTAREStigger ¥ GVDcascades | |
S -20 B g ° trigger GVD des o] = r
g [ . AIARES oast  (¥.0VD cascades & cascades s 2 4 ANTAREStack e
§-2of g6 g /_\
3t //—\ \ S S 0
O _24f » o, a / \
IR .
‘ [ A\
: L N
r _6f- ®
_’)I\’ —
30 \ » ’L %o c}fne " N 5° cone
a2} e -4F sl /
-34f -6 : [
45 Medic mqm}@uuon 45°Medl A ngula R esolbtion. i 4 A:"IIM ian ‘Resalistian
P ecatudindid| N RSCEdEeddesnbr e s D D] N S R ki
158 156 154 152 150 148 233 286 234 232 280 %75 576 274 272 194 192 190 188 166 134 182 130
N [de Ascen:
ANTARES preliminary Hight Astéfsion T“eg] ANTARES preliminary Cansicn deol ANTARES preliminary RS E

Expected background events/cluster/day ranging from 0.02-0.05

- No obvious source candidate close by
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KM3NeT: sources 928 & muler

Point sources Extended sources
T T T T T T T T T T 3 1 1 T T 1 1 T T —]
KM3NeT Preliminary = HAWC J1625-134
107 L ANTARES 13vr . —— HAWC J1907+063
oCube 1 y : 25 | —— HAWC J2019+368
ceCube 7yr X —— RXJ1713.7-3946
7.0yr KM3NeT/ARCA (2BB) o[
........................... 3.0yr KM3NeT/ARCA (2BB) E
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&
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T T
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?
)
:
3
[}
3
;
L1
o
(3]

KM:?NeT lPreIil.ninar.y

10—10 1 1 L 1 1 1 1 1 1 1 o 1 1 1 1
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o New initiative: Pacific Ocean Neutrino Explorer

1272 E. Resconi
1138 C. Fruck, 1183 I. Carmen Rea, 1270 C. Spannfellner

OCEAN NETWOR

Undarslaa

Images: Ocean Networks Canada

60 i | 1 1 L 1 1 1 1 1
STRAW, Cascadia Basin,
150 m St Gy 3 this Work
50 I KM3NeT, AC9,
G. Riccobene et al., Astropart. Phys., 2007
—_ KM3NeT, LAMS,
ST RAW 110m .E 40 1 / i i E.G. Anassontzis et al., NIM A, 2008
ST RAW— b ﬁ }I # Lake Baikal,
] E 30 4 } ¥ I } V. Balkanov et al., Applied Optics, 1999
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P at h fl n d ers g = I Smith & Baker, Applied Optics, 1981
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= 20 = Y-z
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https://icrc2021-venue.desy.de/video/Highlight-The-Pacific-Ocean-Neutrino-Experiment-at-Ocean-Networks-Canada/b6f1f9128b3c5721f4abc15edd99028d
https://indico.desy.de/event/27991/contributions/101389/
https://indico.desy.de/event/27991/contributions/101204/
https://indico.desy.de/event/27991/contributions/101368/

1245 M. Perrin-Terrin

@ 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 o
« 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:
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https://arxiv.org/abs/1902.06083

KM3NeT

Gamma detector
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ANTARES
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Conclusions and outlook

New ideas in gestation g ‘"iff““\ = ; - — e
- P-ONE O | <

Looking forward to interesting results at the next ICRCT\
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ANTARES: neutrino oscillations

First oscillation measurement with a very large neutrino telescope
J. High Energ. Phys. (2019) 2019:113
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https://doi.org/10.1007/JHEP06%282019%29113

Angular resolutions |

ANTARES KM3NeT
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KM3NeT deployment

— Rapid deployment

— Multiple strings/sea campaign
— Autonomous/ROV unfurling
— Reuseable
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Multi-messenger network 1279 F. Huang

Neutrinos
IceCube,
GVD-Baikal

Cosmic Rays
Pierre Auger,
Telescope Array

GeV/TeV vy rays
Fermi, H.E.S.S.

Grav Waves
LIGO, VIRGO

VLBI, MWA, TAROT,
ASTER,Swift, INTEGRAL

ANTARES real-time alerts

 Time to send alert 5s, median resolution 0.5deg
 Afew 10 alerts per year sent
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RIARN

Dark matter-indirect detection

Sun 613 C. Poire

Dark matter
particles @

Galactic Centre 1207 R. Gozzini

Neutrines produced from
decays of annihiation

products may be detected,

ANTARES 11 years NFW =mmm=m= KM3NeT ARCA 230 lines 1 year NFW
HESS 10 years GC survey Einasto VERITAS Dwarf Spheroidals NFW
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Phys. Lett. B 805 135439 (2020)
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Magnetic monopoles/Nuclearites

1013
. 1“., 10 ANTARES 2017 (1012 days)
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TAR
PN LAREY

Sterile neutrinos and non-standard interactions

' ]’ ] ! I w— ANTARES (2019) - 99% CL
------ ANTARES (2019) - 90% CL
] IceCube (2017) - 99% CL
""" IceCube (2017) - 90% CL
@?; ............... : _ ORC;;y ;;;;-‘gg%u
* (3+1) sterile neutrino models Am,; ~[10%-1] eV? y s
o 10—1 .................. .................
o
* For Amy; <0.1 eV tight complementary c :
information to eV-scale sterile neutrino searches
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 Similarly non-standard interactions signature in i KM3NeT Preliminary \ %, \« [ B
neutrino oscillation pattern detectable 1073 102 10"
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* Bestfit € 0 £0.20 ; it CL
. . . . . . w = ANTARES Limits [2007-2016)
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Event topologies

shower like events —

good energy
reconstruction

neutrino or
’, charged lepton
[
7 Co

track like events

good pointing “double bang”

V. —o T + shower
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Muon depth dependence

2 DUs of ARCA (23/12/2016-2/3/2017) &
1 DU of ORCA (9/11/2017-13/12/2017)
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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

Some other searches

1030
. . 1 T GwW17b729
Gravitational waves | < i 1
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10-% ~—— ANTARES stacking {2007-2017): 784 GRBs
Gamma ray bursts Stacking analysis of 784 GRBs T S
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IE 9
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—— IceCube v, tracks 10 yr
IceCube HESE 7.5 yr
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= 10—11
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A MNRAS, 500, 5614-5628 (2021) — NeuCosm = 316 (Guetta et al. 2004), (0,390
= NeuCosm I = 180 (Uso.l Lu et ol 2012}, (0.3%)s
Tidal disruption events i
Name ¥ || ftsig | p-value PYuECL FOORC.L log( F@:‘_i’v‘) - log( Zmpx)
sensitivity limit sensitivity | limit
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w ORCAG6: neutrino fit systematics uncertainties

Treatment  Fit value
Parameter
Am2, [1073 eV?] Free 1a5 e
O3 [deg] Free 454737
Norm Free 988"
Flux: spectral index N(8:0.3) 0052:3%-
Flux: zenith angle bias | A/(0,0.07) 0.035%0 020
Skew i N(0,0.1)  0.0097
Skew e/ N(0,0.1) 00028
Skew pe N(0,0.03) 0:00% 05
NC normalization N(1,0.1) 0:99° -2
T normalization N(1,0.2) a7
Energy scale N(0,0.1) 0.0017 07
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as seen-by
ANTARES
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The Sun shadow is also observed with a

statistical

significance of 3.70, and an

angular resolution of 0.59° + 0.10° for
downward-going muons.

2007-2017 data
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40K: Inter-PMT Calibration

40K powerful calibration tool
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« Acoustic position calibration in KM3NeT

Acoustic receivers in DOMs
(swaying in sea currents)

Several acoustic beacons
located at fixed positions
around detector emit
pulse sequences at
regular intervals

~ Acoustic receiyers at anchors
i (at fixed pogjtions)

Positions of DOMs obtained dynamically from simultaneous fit of arrival times in all DOMs
of signals from acoustic beacons at known positions to mechanical model of the DU



ARCA: Connection JB and 5 DUs

8-17 April 2021:  Deployment of 1st Junction Box
Connection of +5 new DUs

(] =] | HE-\“'X; | e (]
0y gL - B 25
/s \Tripod #2
Tripod_#1 e |/ ®.q
L N ® 0'\&
4T 40
o ) - o Working DU
f o it ]
s DU to be installed
@ § JB to be installed
2
0 (s}
© B Jripod #3
@
4
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Production ongoing around europe

Amsterdam

o 2
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ORCA: Connection second junction box

16-24 Oct 2020: Successful connection of Junction Box 2 to ORCA
https://www.km3net.org/sea-operation-in-times-of-corona/

To shore

Mil
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L an now connect UptO S
® Manifold (MF)
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https://www.km3net.org/sea-operation-in-times-of-corona/

Proposed Protvino beamline

Proton radiography

u-70
70 CeV

*VPERON

Radio-biology

: :
(P | | [1sTRa | || RAMPEX (sPASCHARM)
[ TNF-atas | [ ws e |

1-100
100 MeV

U-1.5
1.5 GeV

URAL-30
30 MeV

Near Detector Hall Absorber Hall Target Hall

90m deep 63m deep

Muon Absorber Region
120m long

30m deep

Decay Pipe Tunnel
180m long

Water-Saturated Horizons

Experimental
~hall 1BV

A. Zaitsev, VLVnT 2018
Anatoly Sokolov
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