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Large Volume Neutrino Telescopes

Cherenkov light from the charged products

of neutrino interactions in sea-water are
detected by a sparse array of photo-multiplier
tubes

Two general event types:

Tracks - Charged current (CC) v, interaction
- Cosmic Ray muons

Showers - Neutral current v interaction
- U, CC electromagnetic shower
- Vertex of CC interaction
- T decay shower

Sea-bed: ~2.5 to 3.5 km deep (Antares & KM3NeT)
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ANTARES

Deep-Sea Cherenkov telescope :
* Detectlight from charged products of neutrino interactions

2.5 km deep, 40 km off-shore of Toulon, France

12 Vertical lines, each is 350 m high

25 storeys of 3 10” photomultiplier tubes per line

10 Mton instrumented volume

First line deployed 2006, construction completed 2008

Decommissioned May 2022



KM3NeT

Multi-site, deep sea
neutrino telescope
Selected by ESFRI roadmap
Single collaboration

Single technology
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Construction & Current Status

Target integration speed:
Up to 5 DOMs/week/site
Up to 1 base module/week/site
Up to 1 DU/month/site

KMINeT

KM3NeT Phase-1

3 Installation sites
© 2 PMT preparation sites
@ 5 DOM integration sites

@ 3 DOM integration sites
in preparation or planned

KM3NeT-HQ
Amsterdam @@

Erlangen Y ) (O 3 base module integration sites

Strasbourg @
Nantes @

@ 3 DU integration sites
o & 1 DU integration site under
- qualification

Gengva O Bologna 3 DU test and preparation

Marseille.() & to deployment sites

' KM3NeTl-Fr -
. Ry O Bari
&K I 1
Caserta/Naples

Catania @@ &
F i KM3NeT-Gr
B KM3NeTt

1 electronic refurbishment center

, VMalencia

@ Athens . "

.

Distributed Integration, many institutes participating

ARCA :

Last month 11 DUs were added
and currently 19 DUs operational

ORCA:

Currently 10 DUs operational

Dynamic recent history
(some DU recoveries and
deployments)

Next sea-operations in September
ARCA : ~4 DUs + infrastructure
ORCA : 4 DUs + infrastructure

Note: e.g. ‘ORCA 6’ indicates a conflguratlon
of ORCA with 6 DUs
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Calibration / Alignment

Acoustic system for dynamic alignment
Precision O(10 cm)
Checked with muons

] Lo L

H 000800000000

[ static calibration

dynamic calibration

dynamic with gauss;
o=0.05m

|

5N

-0.6 -04 -0.2

0.2 0.4
preferred x-position from muon reconstructed track (m)

' Acoustic beacon




Checking resolution / alignment

w

o - s
* No standard candle source _§’ B e =5
: = 2 A
* Cosmicrays to the rescue < 102
= T
o 1 5%
N

< -20

-25

-1 -30

-9 -35

-40

3 -2 1 0 1 2 3
A azimuth [deg]

GW. Clark. 1957 Significance 6.20 420

Amplitude 1.31+0.34, 0.71+0.27

Resolution 0.65°+0.13° 0.49° £ 0.15°
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Neutrino Astronomy

KM3NeT has currently about the same acceptance as Antares

.... but Antares has about 40 times the livetime at the moment
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Neutrino Astronomy

Track angular resolution

.

KM3NeT ARCA Preliminary
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Diffuse (Cosmic) flux

‘Is there a neutrino flux resulting from unresolved sources? (on top of background)’
ANTARES 2007-2018 (3330 days)

= 10°
E = — Data 5 10°E
o C . = E — Data
; L — Atmospheric MC & - .
= o - - — Atmospheric MC
g 10° — Cosmic signal S L N
N = = == Cosmic signal
2 f w 10F
€ [= =
i ool fF o ANIARES & || ANTARES
= reliminar Preliminary
- T T 1
1
25 3 35 4 45 5 55 6 65 1055 5 =E i Y : 55
Eppy [2.0.] . ' ' log, (E,  /GeV)

Data: 50 events (27 tracks + 23 showers)
Background expectation: 36.1 £ 8.7 (19.9 tracks and 16.2 showers) — stat. + syst.

MC uncertainty bands include
Honda +- 25 %
Enberg high/low 14
Detector systematics



Galactic Plane

Neutrinos from interactions of cosmic rays with galactic matter

Analysis uses full model
morphology & spectrum
— tracks and cascades

—_
|
=3

KRA~ model

[ | == Combined UL I\'RA'}-?J

ANTARES Limit is a factor 1.2

EEd(TJI;"dEdQ [GeV em Zslar l]

( ’ [| ===+ Combined UL KRA~™

 — above the ‘KRAY" model. f combimed BLRIRAY

10-° 10 107  10-° ml Y | ANTARES UL KRA~
dAN/dQ [em ™2 st 171 --—- IceCube UL KRA4® G

|1 IceCube starting events
[ IceCube up-going v,

ApJL 868, L20 (2018)
KM3NeT/ARCA :

100 days of ARCA 6 no significant signal (as expected)
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‘Can we find sources of neutrinos in the sky?’

Point Source Searches

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

Full sky search Catalog search : 121 candidates
| e ANTARES 13 years 5¢ Discovery E?
5 = 10 sRcihe ANTARES 13 years Sensitivity E? it
NU) - v ANTARES 13 years Limits E?
5 5 e i
2 X1
4 ()] ; e : 5
S
5 T 10
=
2 =i
©
1 <ﬁ.r 5 : 5
~ PRELIMINARY
0 10_9IIIIIII!I!IlllllllI!Ill’lllllllllll!ll!
-Iogm(p-value) -1 -08 -06 -04 -02 0 02 04 06 038 1
sind

The most significant cluster: .
RA=39 6° 5-411.1° Most significant source

nd H L . . .
éA_rgzgt ;:ggll‘f;;tSCJuster- ore trial: 4.3 0 (48% post) Radlo_ b.rlght blazar J0242+1101
T Within 1 degree of J0242+1101 Pre-trial: 3.80

pretrial: 4.2 0 Post-trial: 2.40
Close to blazar MG3 J225517+2409

Both are close to IceCube HE tracks
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ANTAR “::G ) = i 225 showers
5@

Catalog search : 121 candidates

| e ANTARES 13 years 5c Discovery E”
10 sRcihe ANTARES 13 years Sensitivity E? it
’ ANTARES 13 years Limits E? o

........... &

PRELIMINARY

P BRI IR B

08 -06 04 =02 0 02 04 06 08 1

gnificant source
Radio-bright blazar J0242+1101
Pre-trial: 3.80

Post-trial: 2.40 17

2" most significant cluster:
RA=343.8° 6=+23.5°

pre trial: 4.2 o

Close to blazar MG3 J225517+2409

pre tric
Within

DA+



Blazars

Search for correlation between neutrino candidates and radio blazars in VLBI data (2774 objects), inspired by

A. V. Plavin et al, 2021 ApJ 908 157

100

50 1
0 -

=50 4

Excess (nb of pairs)

_100 T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Separation (events a)

p-value

10—2 N

10_3 7 T T T T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00

Ratio angular distance / event o

Antares point-source sample (2007-2020/10162 tracks)
Pair counting shows indication of neutrino-blazar
excess at sub-degree angular scale

Time-dependent un-binned likelihood search
results in a few with >3 sigma pre-trial

Gaussian flare

ANTARES preliminary

I|‘||II||| ‘l 1
26

J1500-2358 (overlapping radio, gamma flaring)
J1517-4424

J1606+2717

J1418-3509

J0242+1101 (most significant in catalog search)
J0732-0150

J0641-3554

o o5 1 15 2
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Gravitational Wave follow-up

Search for spatial and temporal coincidences with GW events (03) "7 — BBH
NSBH
Antares and ORCA analyses (no neutrino counterpart found) 1058 - : =
o P —
ORCA4/6 : < ——
+- 500 s around events %Jjé 107 ; —
90% confidence region + 30 degrees —
ON/OFF method . -
50% area: 1,040 deg? o
GW200220_ 061928 Ot?s??r?);)eaat;iﬁfssjggg;
102 1(I)3 1(’)4
distance [Mpc]
505 g Limits on ¢ = E%dn/dE
‘ - (all-flavour, ORCA4 ORCA6
0° E? spectrum)
2 Limits [GeViem?] 100-500 50-200
e > 30° 5-95% neutrino 70 GeV 40 GeV
> energy range -5TeV |-5TeV
Flux upper limits for 55 events set

with ORCA4 and 6 data ,



Multi-messenger program

On- and offline Analyses, e.g
* Time and location coincidences
* |ceCube HESE events

KM3NeT

Bi-directional real-time:
* Provide triggers (order 1/day over all

prograrrims). _ _ * Auger/TA cosmicray events
* Coincidence & High energy triggers « AGN flares from HAWC
* 5sfirst response, 0.4 degree resolution
* Receivetriggers, e.g.: First KM3NeT ATEL follow up (#15920)
* Supernovae Search for neutrino counterpart to the blazar
o PKS0735+178 potentially associated with
FRBS’ AGNs IceCube-211208A and Baikal-GVD-211208A
° FIaring objects with the KM3NeT neutrino detectors.
* Gravitational waves
Radio/Visible/X-rays Gamma rays: Neutrinos UHE Cosmic Rays Gravitational Waves

MWA, TAROT, ZADKO,MASTER,SWIFT, SUPERB Fermi, Hess, Magic IceCube Auger, TA Ligo/Virgo




number of events / bin

Cosmic Ray Physics

107
KM3NeT PI"‘E“I"I'III"Ial'!fr ORCAG6, 354.6 days.
10° = ARCAG, 19.4 days livetime } Data ] & frm 1 Atm. nu
——— |
10° = sara — + Data, v sel. 0 Atm. mu, v sel. 3 Atm. nu, v sel.
atm. muon MG —- 108 . .
10° atm. neutrino MC —_— KM3NeT preliminary
—
10° —
— 10° -
10° =
== 2 )
10 —— c 104 - [}
L :I:"‘+ g
| to 1 5
T 3 ——t = 102 .
'|l:|-lI —I—-'_+ PP
1ﬂ—2‘ il N | L8 1 i 0 | I | -] L1 1 I L1 I L0 1 I L1 I LAL 1
-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

cos(zenith_réco) ~1.00~0.75-0.50—-0.25 0.00 0.25 0.50 0.75 1.00
Upward going Reconstructed cos(Oenitn)

Data/MC differences -> Cosmic Ray Physics!!



Many more topics ....

e Dark matter, sensitivity

e Gamma-ray bursts
e e.g.see A. Zegarelli last Monday

 Starburst Galaxies
* Monopoles, Nuclearites
* Combination with gamma-ray observatories
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Neutrino Oscillation Physics

; m— 4G NO OSC
z I
= : + ANTARES — 4 WOl b T
1000 —
- Ml | :Lh e
T E

ty (glom’)
o]

S

kil

.

50 100

150 200
Erecofcosereco [GeV]

Program (ORCA)

* Measure atm. mixing parameters
* Neutrino Mass Ordering

* New physics (sterile, decay, NSI)

Proof of princip]e by ANTARES

. &

.-5 — I WK .
w— DeepCore (2017) -}
. e SK (2018) l
4 MINCS (2018] -]
— T2K (2018) |

5 a— ’O\“\ (2018)

NP IR AP VRPN PP RN I
3 04 05 06 0.7 08 0.92 1
; ; sin0,,
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Neutrino Oscillation Physics: ORCA 6

Ratio to no-oscillations

1.6

1.4

1.2

0.8

0.6

0.4

0.2

KM3NeT preliminary

B T T | T T T T T T T T [ T T ]
L Ne oscillations -
L Nu-Fit 5.0 ]
r ——— Fit ]
- —&— ORCA data T
- ——— i

——

ORCAG (355 days)

ILIl 1 1 IIIIII| 1

102
L [km/GeV]

re CO reco

Contours: 90% CL
—— Super-K
—— IceCube
— T2K
MINOS+

NOvVA
—— KM3NeT

% NuFIT 5.0 (best fit)

3.5

3.0 A

N
w
1

Am3, [1073 eV?]
N
o

1.5+

KM3NeT§reI|m|nary
ORCAG®6 (355 days)

1.0

0.3 0.4 0.5
sin2623

0.6

0.7

1 year of data with 6 lines of ORCA
=] kton-year.
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Neutrino Oscillation Physics: ORCA 6

. Contours: 90% CL
KM3NeT preliminary — Superk NOVA
1.67 T T | T T T T I T T 1 I 1 1 1 — IceCube — KMBNeT
- — T2K % NUFIT 5.0 (best fit)

1.4— MINOS +
2 2:_ Completed ORCA detector will KM3NeT§reI|m|nary
o '“L e ORCAG (355 days)
= - reach unprecedented sensitivity
0 1E ——
—_ i (o)
S - | 3 years of full ORCA operations 6,3 [°] /\
c _ 5 | [—sK —T2K KM3NeT k
2 o6 o 3f-{ MINOS —NOvA b
o) B o - | IceCube —ORCA il .
T g4l = — \
& 04F *\E\; . ‘,\

02~ ORCAG6 (355 days) 4 ; I ; /

[ - | L 1 1 1 - ‘ / T T T T T
0 102 i WY : == ;/./ 0.3 0.4 0.5 0.6 0.7
L /E 2= g e s sin653
o e 0.3 0.4 0.5 06 07
90% CL Sin“0,,
1 year of data with
=1 kton- ycar.
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Neutrino Mass Ordering sensitivity of ORCA @

| — (1113)2 (mz)z— ——

(rru)Z—l-(AmZ)sL
LR Oscillation probabilities are affected by Earth matter (electrons)
Tomy, @y, differently in case of normal or inverted ordering
- -> Measure energy vs zenith angle pattern to determine ordering
—— m— (1)’
JMZ)SL (m,)? (m,)’s —
normal hierarchy | 3 inverted hierarchy lMaln phySICS toplc’ for ORCA
s F: : : ; : : 623=480
O, 6 [ {-+- Normal Ordering .KMSNeT, © 8 : : : ?
o - == Inverted Ordering — [ | Normal Ordering | : KM3NeT
> - 1.5 =0 : : : = < Inverted Ordering |
=  OFf % R | I s rm— e
w - {77 Ocp=180° = -
= [ {—Best Fit 8.0 0 - ’
& 4 | A
@, - ®) -
= I =
< PR TSR z 2
2 i
2 s et S B el oL P B B
40 42 44 46 48 50 0 2 4 6 8
3 years 0,; [°] data taking period [year]

Sensitivities for full ORCA Y



Supernova Detection (“MeV neutrinos)

~10 MeV supernova neutrinos can not be

resolved individually

Detection of Galactic supernovae by enhanced
collective coincidence rates between PMTs in DOMs

100 KM3NeT

104 J

103 ]
Hlga,

102 h_

101 ]

100 J

Events per building block {in 500 ms)

v

A

B 40 M, at 10 kpc

ARCA background
ORCA background

27 M, at 10 kpc
11 My at 10 kpc

4 5 6 7 8
Multiplicity

9 10 11 12

Sensitivity [o]

100 1

50 +

101

]
ORCA+ARCA, 40 MO
ORCA+ARCA, 27 Mo
ORCA+ARCA, 11 Mo

Milky Way edge

KM3NeT

Galactic Center

10 20 30 40 50 60
Distance [kpc]
Alert system already operational!
Integrated in SNEWS network

ORCA6 would trigger on e.g. 27 Mg at ~10 kpc
28



Other KM3NeT (‘Low Energy’) Physics Topics a

* Indirect detection of Dark Matter

* NMO analyses (JUNO)

* Tau-neutrino appearance

* Non-Standard Interactions and Sterile Neutrinos
e Earth Tomography and Composition

e Earth and Sea Sciences

29
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mary

* Antares

* After 16 years Antaresth
and end, leaving a gre : ~

* KM3NeT

* Excellent successor of Antares
e Construction well underway =
* First promising oscillation r I‘

* Already interesting pllot‘ ses




KM3NeT/ORCA Goal: Neutrino Mass Hierachy

Neutrinos can change flavour during propagation as the mass eigenstates
are not their flavour eigenstates

Neutrino flavour oscillations are described by the PMINS matrix:

1 0 0 C13 0 E‘_m_Slg Ci2 si» O
U=10 Coz 503 X q 1 0 X —512 (Cio 0
0 —53 (o3 —Em 513 0 Ci3 0 0 1

and two mass squared differences

Only the size (not the sign) of the large mass squared difference AM?is known.
This allows for two orderings of the neutrino mass eigenstates

Neutrino Mass Hierarchy (NMH)

Also: CP violating phase §.p unknown and octant of 0,3

| — (m3)2
(Am’)

m— e — ()’
(ﬂnlz)sol

[ (ml)2

normal hierarchy

(mz)z— I
(&nz)sol
(ml)2 | ]

(Am®)

atm

A

(m,)’s —

inverted hierarchy
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Determining the NMH with atmospheric v’s

Crust

In vacuum, neutrino oscillations are unaffected by the mass

ordering. E.g: Am2. | Mantie
Pau(vy — ve) = sin® 623 sin® 2613 sin® 21
4EU Outer Core
Inner Core
. _ _ Am3, L
Pa(v, = v,)=1-— 4 cos® 83 sin® B3 (1 — cos® B13 sin® Ba3) sin? ( 4;1 )

In matter v, ( v,)acquires effective potential A = i\/foNe through
charged current elastic interactions with electrons. And oscillations
probabilities are modified.

Mantle:

This affects ph d amplitude of oscillati dis st t e Eres = 7GeV
s affects phase and amplitude of oscillations and is stronges E .. ~3GeV
at resonance energy:
Eo = Am3; cos 263 ~7CeV 45g/cm’ ( am§13 rz) €05 2015 See.: Akhmedoy, !E.K., Razzaque, S. &
2v/2Gr N, p 2.4 x 10~3¢eV Smirnov, AY. J. High Energ. Phys.
Density profile of the path through the Earth depends on zenith angle (2013) 2013: 82.

Measure atmospheric neutrino flux as function of energy and zenith angle! 33



Determining the NMH with atmospheric v’s

Relative difference in event numbers between normal and inverted hierarchy (N, -Nyu)/Nyy

s 0

g-0.1

o
-0.2
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Zenith angle s

corresponds with -0.5
different distance i
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and density profile ! 0.8
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Indirect detection of Dark Matter

Relic WIMPs gravitationally bound / elastic collisions
(Sun, Earth, Galactic Center) Earth

<ov>[cm3sT!]

10—19 E

10—20 i

10—7] .

10—22 a

10723

10—24 4

1077° 5

—=- ARCA-6 (106 days)
m—— ANTARES (3845 days)

102 103 104 10°
mpulGeVic?]

'ANTARES

Limits on thermally averaged cross-section for
WIMP annihilation in the Galactic Centre — ANTARES (solid)

Sensitivities for ARCA 6 (dashed)



