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Neutrino telescopes: science

MeV to PeV energies
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Motivations for neutrino astronomy

Main guestion: what is the origin and the role of the cosmic rays in the Universe ?
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— Discover ~100 years ago but still unknown origin
— Spectrum over 32 orders of magnitude

— Mysteries at the ultra high energies > 10?2 eV,
which acceleration mechanism ?
Which sources ?
Which cosmic evolution ?

— Connection to the other messengers (v, y, GW)
— At the heart of the non-thermal astronomy
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The CR-gamma-neutrino connection

Multi-messenger connection (O™ order)

Trace many
things
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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;

10° transparent to neutrinos
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The Universe is opaque to EM radiation above 10-100 TeV,
but not to neutrinos



E2¢v+1—, [GeVem 25 1sr]

Neutrinos fluxes from MeV to PeV

= 'CvB core-collapse SNe = avg.atmo.vy +7; = avg. Galactic diffuse = IC cascade (6yr) = cosmogenic (p)
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Very large volume neutrino telescopes
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aikal

Mediterranean Sea 3 X P Lake B
Saltwater: K40 Freshwater
Bioluminescence » Chemiluminescence




Current H20 (liquid+solid) neutrino telescopes

Antares
Med. Sea (-2.4km) -
12 strings r
885 PMTs (10“)
1/100 km3

Mediterranean
~43°North

\ i 1 km3

o Baikal-GVD
- Lake Baikal (-1.3km)
.~ 12/18 clusters of 8 strings
se~  0.5km3
e 1,728 PMTs (10”)

ube
h Pole (-2.4km)

South Polé

86 strings
5160 PMTs (10”)




ANTARES Detector

(2008-2022)

350 m

40 km
to shore
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12 lines (885 PMTSs)
25 storeys / line

3 PMTs / storey
5-line setup in 2007
Completed in 2008
Dismantle 2022
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KM3NeT

Multi-site, deep-sea infrastructure

Single collaboration, single technology
Selected for ESFRI roadmap 2016

Cities and Sites of KM3NeT 62 institutes .
— o ~22.countries . Oscillation Research

fao ntinents with Cosmics In the Abyss
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Astroparticle Research
with Cosmics In the Abyss

Connection nodes of

european
multidisciplinary

seafloor & water column e m SO
observatory

+ Harvard
KM3NeT 2.0: Letter of Intent

http://dx.doi.org/10.1088/0954-3899/43/8/084001
J. Phys. G: Nucl. Part. Phys. 43 (2016) 084001
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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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KM3NeT building block
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Effective areas: KM3NeT vs ANTARES
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Bologna




@ KM3NeT Detector Unit deployment

N O e
\\\\\\\ \\\\\\\\\\\\\\\\\\\m

A\
\\\\\\\\\\\\\\\\\\\\\ AR
.\\\\\\\\\\ L

17



Current Status: 46 DUs deployed

ORCA18
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d KM3NeT Event display

ORCA18 ARCA28




Event Topologies

1. track like events 2. shower like events 3. “double bang” BACKGROUND !!
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EM cascade 7 decay products l [
€ = T Vi
CC Ve =— Vr / = (
hadronic shower hadronic shower hadronic shower
N @ ¥
si. ; 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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&) 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

22



Events per 2635 days

Measurements of the diffuse neutrino flux v,
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Baikal-GVD (2018-2021, Upward-going)
this study, best fit

IceCube HESE (7.5y, Full-sky)

Phys. Rev. D 104, 022002 (2021)

IceCube Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004 (2019)

IceCube Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)

IceCube Tracks (9.5y, Northern Hemisphere),
The Astrophysical Journal 928, 50 (2022)

ANTARES Cascades+Tracks (9y, Full-Sky)
PoS(ICRC2019) 891 (2020)

e o
IGe\.'E"i'E 1.2 14 1.6 1.8 2.0 22 24 26 2.8 3.0
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ANTARES 2007-2020 datg Lett. 8841 (2023), p. 137951

20 excess in tracks and showers — hint for Galactic signal
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(b) Showering-like events

For Ev>1 TeV
21 track events observed -> 11.7+0.6 back. expected
13 shower events observed ->(11.2+0.9 back. expected

Diffuse from Galactic Plane

KM3NeT

ICRC2023 PoS 1190

I| <31°and |b| < 5° for KM3NeT/ARCA6-8 and
Il <31° and |b| < 4° for KM3NeT/ARCA19-21

ARCA6 & ARCAS8 & ARCA19 fully analyzed
ARCAZ21 patrtially analyzed (until December 2022)

KM3NeT/ARCA6+8+19+21 Preliminary, 432 days
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On-Off zone analysis

ARCAG6+8 upper limits

/ARCA6+8+19+21 upper limjts
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IceCube
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IceCube '

KRA® best-fit flux

—— KM3NeT / ARCAG+8 combined 90% C.L. upper limit [this work]
== KM3NeT / ARCA6+8+19+21 combined 90% C.L upper limit [this work]

IceCube / KRA best-fit flux [2023]

~— IceCube / n° model best-fit flux [2023]
—— ANTARES / Galactic Ridge best-fit flux [2022]
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https://arxiv.org/abs/2309.05016
https://pos.sissa.it/444/1103/pdf
https://pos.sissa.it/444/1190/pdf
https://arxiv.org/abs/2309.05016

E2 x do, / dE [GeVcm—2s71]
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Y Eay E20 for 90% CL [GeVem™2s71]

KM3NeT point source searches
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@ KM3NeT expected sensitivities

OuEaE=237 for discovery [GeVem—2571]

Diffuse flux

KM3NeT/ARCA230 Preliminary

Significance o
— 3

Astrophys. J. 928 (2022) 50

2 3 4 5 6
Observation years

50 in ~ 0.5 year for the full detector (230 DUs)

‘DU@'E.:{/E‘E"Z for discovery [GeVem™2s571]

=
<
w

=
o
A

NGC1068

KM3NeT/ARCA230 Preliminary

Significance o
— 3

N
.
N,

~
~,

o
=T
~~
S~

1 2 3 4 5 6

Observation years

30 in one year
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Neutrino oscillations with atmospheric neutrinos

S Normal ordering Inverted ordering
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0 New oscillation results with ORCA6

Ratio to No-Oscillations

£
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KM3NeT/ORCAG Preliminary, 433 kion-years

KM3NeT/ORCAG Preliminary, 433 kion-years

KM3NeT/ORCAS6 Preliminary, 433 kton-years
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( ’ ORCA115: neutrino mass ordering

NMO sensitivity [o]
N W R O O
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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
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Or ey S—
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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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Tau appearance

The muon neutrinos mainly oscillate to
tau neutrinos.

They appear as showers events.

Counting shower events is the
sum of the tau and electron neutrinos

=3k v_ CC events/year with full ORCA

KM3NeT/ORCAG preliminary, 433 kton-years
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Also NSI, decoherence, LIV, sterile,...
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Beyond Standard Model

Neutrino decay

Non Standard Interactions

KM3NeT/ORCAG6 preliminary, 433 kton-yr
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@ New idea: Tagged Protvino to ORCA

* Neutrino Beam from Protvino to ORCA
e Baseline 2590 km

* First oscillation maximum 5.1 GeV

* Sensitivity to mass hierarchy and CPV
* Lol published:

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

https://arxiv.org/abs/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/2112.12848
https://arxiv.org/abs/2112.12848
https://arxiv.org/abs/1902.06083

Water based neutrino telescopes:, |
- angular resolution => precision muIt| fIaveur astronomy
- location -> galactic +, extra galactlc sources '
- ARCA/ORCA ->full energy range : ,
- marine: observatory for env1ronmental scrences

: TR
KM3NeT taking et and-groWiﬁgrarpid-Iy': :
- First measurement of neutrino.oscillatjon parameters, |

- First point source limits, ATELs reacting to exfcer._nal'a.lert.sv

New collaborators very.welcome | =« = & ia,
Come and join the adventure!: .~ "+..° ' ’
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. Happy holidays and
e a splendid 2024




BACK UP



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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Dark matter-indirect detection
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Dark Matter

The Sun
ORCAG

KM3NeT/ORCAG Preliminary, 543 days
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KNTJNLT/OT{CA() preliminary, 433 kton-yr

Non-Standard Interactions

KM3NeT/ORCAS6 preliminary, 433 kton-yr
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ORCA115: sterile neutrinos
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Angular Resolutions
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EVENT TYPE AND ANGULAR RESOLUTION

TRACK* CASCADE*™

ANTARES T.racks:very long path (Ep>1TeV several km)
Big lever arm
KM3NET . *Good angular resolution

ICECUBE
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GVD

Cascades: small path (Ecasc >1TeV some tens of meters)
*Modest angular resolution

*Resolution at 100 TeV
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IC resolution for tracks

from arXiv:1910.08488, 15 October 2019

—_
o

T

> = ? i Tii
A 4 c o KM T : i 1.50 ‘ | :
'é o ; ar 3Ne h —— 1C86 2012-2018
3 2§ cascades o 1.25 \ —— MG Aartsen et al (2017) |
& ] 5 o P 1001y, \ === MG Aartsen et al.(2018)
& > - — \
10 = 47 A Ny \
i 3 0.50 e
i 2k ==::'_-_:: _____ ':“-\-_-—_.____ _____________
10-2—,‘. s, A SEsarel (., &N (SRl - | ! f ! ' inunuil O 5 Southern Hemisphere
10° 10 10° 10° 107 O e 10° T "1‘67|
%, [GeV] 3 4 7 8

5 6
E, [GeV] 1Og10(Ey [GGV])



EVENT TYPE AND

Tracks: very long path (Eu>1TeV several km)
Neutrino interaction vertex far from the detector
* Modest energy resolution

Cascades: small path (Ecasc >1TeV some tens of meters)
All the energy released inside the detector
*Good energy resolution
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Neutrinos from radio-loud blazars?

VLBI catalog: 3411 sources J0242+1101: radio-y-v association?
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@ ORCAG6: neutrino fit systematics uncertainties
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