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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

KM3NeT-ORCA A\ 1JARES KM3NeT-ARCA >
+ 0Ceanograpny, PIOIOZY, DIOACOUSTICS, SEISMOIOSY,...



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

1 1 1 1 L 1 1 1 1 1 1 | 1 1
10 10 10?7 10° 102 10¢ 10° 10° 10 10" 10" 10" 10"  10%
Energy [eV]

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 ,



KM3NeT

Multi-site, deep-sea infrastructure

Selected for ESFRI roadmap
Single collaboration, Single technology

Cities and Sites of KM3NeT

| Oscillation Research
e A y  with Cosmics In the Abyss

uuuuuu

Astroparticle Research
with Cosmics In the Abyss

Connection nodes of
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

european ;

multidisciplinary (’—

Iseafloor & water column e m S O
observatory

- 4



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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ORCA ORCA

s 2" junction box
. Oct 2020

(France)

20210209

A R CA 7 5 o, o % "\
2nd Cable /A S

BLOCK 1
Nov 2020

s |
ARCA $ N o
. N Gor Yy " ,‘ ,v
junction box e /e
+5 detection units “ b IA AT

April 2021 < L L ¢ tkm
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KM3NeT: ARCA and ORCA
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Event Topologies

shower like events —

good energy
reconstruction

neutrino or
!, charged lepton

track like events

good pointing “double bang”

V. —o T + shower

cC




. Qe - .
a3 Resolutions g
b - : ib s -
o e s
Showers (CC ve vt — NC)““‘l Tracks (CC viu ve)\ 1
lSHOWEFI-Iike events TRACK-like events l
EM cascade 7 decay products [IJ
G 7 Yy
G Vg o= Vr </ ke, (
| (Q N
hadronic shower hadronic shower hadronic shower
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

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)
Eriangen @ @ 3 DU test and preparation
Caen @ Strasbourg @ to deployment sites

Nantes @ e @ 1 electronic refurbishment center

Genova~ () Bologna
Montpellier () e —

: Merseille’ KM3NeT-Fr

N / 1 (L ) Bari
Naples/Caserta @ @ © i

\_/

Valeheia ()
: (O @ Athens
KM3NeT-Gr *

Catanja @ ’.

KM3NeT-It

Detector construction all around Europe

DOMs

- 8 integration sites

* 860 produced

* 105 currently on bench

Base Modules

* 9 integration sites

* 45 BM produced

« 5 currently on bench

Detection Units

* 6 integration sites

+ 33 DUs produced

« 8 currently on bench
* 19 deployed

Despite pandemic big efforts are on going in the detector construction

11



18 KM3NeT detection units operational

75
L 1: https://www.cppm.in2p3.fr/~coyle/ARCA8Events/arca8_event_run_10427_evt_272371.js ¥ Menu: Event Settings \

Fri, 24 Sep 2021 19:43:50

KM3NeT
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—CC
it T
= 10°g - - = 10" EKM3NeT / ANTARES Prelimina
y L 757 |
£ E KM3NeT - Preliminary E v '
O 407 = G0 ARCA (1 block) I I
@ E o 10°E [ R
e F £ E -
T 10§ = -
£ F S 102k PR
() = - :
1F 2 8 ORCA
.F 8 10k
L | T F
ARCA6 7V~ + vSC [reco) : — v, CC
- =CC H
o ‘ — ANTARE +vOCr o /A N T
10 A S A R L 107 A | --—-v,CC
; ORCAS6 ¥ v S vE© [reco] - T T T
10 4 :
1 10 102 10° 10* 10° 108
5 L1 l PO YR TR T N VRN WY WY W A NN Y 1 IR ST TRY T SO o O L neutran energy [GeV]

4 5 7 8
log10(E [GeV]) I

ARCA6+0ORCAG bit better than ANTARES Completion of ORCA115 array in 2026

and ARCA230in 2027
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N hits / event

ARCAG6 data

2-t-Plot for DetID-75 Run 9380, Framelndex 37662, TriggerCounter 10793, Overlays 196, Trigger: MX 3DM 3DS

2021-04-24 130061406 uTc
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@ KM3NeT diffuse cosmic flux

KM3NeT
ES:' s ‘ | | E.z.s.,...,..,...,...,.
o P [ ARCA sensitivity (9.5 years)
© b fi fo A A ] o - = Best fit
= - : 2 F e 68CL (no sys}
S 0 g - —— 95CL (no sys
= - I
= 4__ ......................................................................................................................................... 4 S S
D - : : Q 15 ’
%) : : : — tracks : o . A
B p i ; : cascades H 2 -
3:~ """"""""" ;o A combined ‘ b B
i V. m conventional uncertalnty: b2 E o
B prompt uncertalnty > 1 N 7
2__‘.. ................... 4 3 i
. S [ Cube (9.5 years)
i < I ce
I S S SR S T S S 4 5. 05 o Best fit
L 1 T i 68CL
flux per flavour 1 2 108 (E/1 GeV)zexp( E/3 PeV) GeV' sr1s1cr’rr2 [ —95CL
%' : 0 5 — 1' . 1 5 : '2' — '25' — '3' . 3 5 o A L i " " 1 A i " 1 i i i 1 " A " 1 i
Observation time [years] 1.8 2 2.2 2.4 2.6

50 in ~ 0.5 year for the full detector (230 DUs)
50 ~ 1 year for one block detector (115 DUs)



107 10-8 10-7 10-6 10=%
dN/dQ [emZsr~ s

Guaranteed galactic neutrinos from
CR interactions with matter

Analysis uses full model morphology & spectrum
— tracks and cascades

ANTARES Limit is a factor 1.2
above the ‘KRAy’ model.

ANTARES updated analysis soon

KM3NeT sensitivity very promising
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( mventic nnl M (](](llt ﬂ l)I(\ E

Gamma Model cutoff 50 PeV
ANTARES UL 2017

KM3NeT/ARCA Discovery 3o 4y |1

KM3NeT/ARCA Sensitivity 4y

A IceCube 4y HESE data, v

Fermi-LAT PASSS data, 1
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Phys Rev. D 96, 062001 (2017)
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= 104
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[ | mem= Combined UL KRA~®

[| ===+ Combined UL KRA7™

|| — ANTARES UL KRA4
--—- IceCube UL KRA~™

I IceCube starting events

Em  IceCube up-going vy,
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il PR W |
102 10°

ApJL 868, L20 (2018)
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KM3NeT: sources

Point sources

Extended sources

KM3NeT Preliminary

ANTARES 13yr b 25

IceCube 7yr t

7.0yr KM3NeT/ARCA (2BB) 2 F
--------------------------- 3.0yr KM3NeT/ARCA (2BB) E

@/, for 90% CL
&

KM3lNeT lPreIillninarly

—— HAWC J1825-134
—— HAWC J1907+063
—— HAWC J2019+368
—— RXJ1713.7-3946

-1 -0.8-06-04-02 0 0.2 0.4 06 0.8 0 2 4 6 8
sin(3)

14 16 18 20

10 12
Years
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neutrino oscillations with atmospheric neutrinos

Solar

Normal ordering Inverted ordering
A A
m’| s v2 E—— |
' Alrniol
V1
ATn‘itm
vV,
. ¢ ATn’gtm
mv,
_
N V2
ATn’?ol
I V1 v [N

1 2 3 4567 10 20 3040 100

Neutrino energy [GeV]

IIIIIII|III|III|III
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Q ORCA115: neutrino mass ordering

NMO sensitivity [o]

3 years

6 f_, & NormaI: Ordering 2 'KM3N9T=
- 1= Inverted Ordering
5|—_‘ ...,..8CP=00 . : :
[ §---3,,=180°
P i L
40 42 44 46 48 50
0,5 []

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

6 yrs & combination with JUNO

—_

Asimov sensitivity [o]

True Normal Ordering

0 4 T | B L | —
8| combination

6

al

2k JUNO | -
N T TN o v
40 42 44 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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Events

ORCAG6 neutrino oscillations (tracks)

ORCAG, 354.6 days

§ Data
[ atm. u

TZ23 atm. u + v (no osc.)

1 atm.u+v

300

250 A

200 A

150 A

100 A

50 1

KM3NeT
preliminary

Ratio to no-oscillations

10!
. energy, track length based [GeV]

1.6

1.4
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0.8

0.6
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ORCAG6, 354.6 days

§ Data
1 atm. u

CZ23 atm. u + v (no osc.)

[ atm.u+v

200 A

150 A

Events
=
o
o
1

50 -
KM3NeT |preliminary|
1 —
0 T T T T
102 -1.0 -0.8 -0.6 -0.4 -0.2
Reconstructed cos(6enith)
[ T T T l T T T T T T T T ] T T T T ]
- ——— No oscillations _
- ——— Nu-Fit 5.0 -
- — Fit 7]
C —&— ORCA data i
: L -
- — ]
- | =
— ORCAG (355 days) ]
B L lPrl‘qIImInaryl 1 1 1 1 1 1 l 1 1 1 L n
10? 10°
Lreco/E oo [KM/GeV]

0.0
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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)
3.5
KM3NeT§)reIiminary
ORCAGb (355 days)
3.0 - NO
~ — —_—
% 2.5 /g/@\\l
E N
N
NEm 2.0 - .
J
1.5 A
1.0 I 1 1 1 1
0.3 0.4 0.5 0.6 0.7

sin2923



ORCA115: NMO compared with the world

Draft SNOWMASS White paper, Denton et al., 2022

Atmospheric’
L mass ordering

T

Caveats ap ;;[:v

fa3 octant

(2

o

Lo Ot

Cavegts .‘;p_:il_‘, |
CPV '
-0 = 3w /2

Lo CtoO

O |]«:‘;-.~.-¢-,~:u apply . ) | . \ \ , ! . : . :
202 2025 2030 2035 2040

Figure 26: The estimated sensitivities to the three remaining oscillation unknowns based on the latest
estimates of sensitivities and starting dates. Many caveats are required, see the text for details. [Note:
DUNE has sensitivity to the octant; future versions will include this curve.] 22




@ 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 2%
e 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:

w
o

— v 1 v ] v 1T T 3 i
—e— TagP20 10 yr
—— DUNE 10y arXiv-2005.16043 | __ 40*102° POT

/N
/

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

Conclusions and outlook

New ideas in gestation — &\_::: Sea—— : ‘ :
- Protvino to ORCA (P20) ’
- Acoustic detection of UHE neutrinos
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