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Global Neutrino Network (GNN)

KM3NeT, RICH2022 - E. Drakopoulou



Lol: arXiv:1601.07459 [astro-ph.IM]

Australia

Numbers:

« 55 groups

* 16 countries
* 4 continents
« 2 detectors
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The KM3NeT collaboration

Cities and Sites of KM3NeT
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https://arxiv.org/abs/1601.07459

Neutrino Sources

=10%
%o KM3NeT/ORCA
= . ——
T 10 Cosmatogicaly Oscillation Research
w . .
- Solar v with Cosmics In the Abyss
'-"E Supernova burst (1987A)
2107 low-ener i lik
< gy neutrino astronomy like
210 core-collapse supernovae
1 Background from old supernovae: /
104 | optimized for the detection of
10 | Terrestrial anti-v atmospheric neutrinos KM3NeT/ARCA
102} Atmospheric v | Astroparticle Research
10 S frorm AGN with Cosmics In the Abyss
10 o i g .
- \ Position in the Northern
1077 ORCA ARCA Hemisphere: optimal view of the
102 M3NeT Southgrn sky, including the
10¢ 107 1 10° 100 N 10° 107 1 10" Galactic Center

peV.  meV eV keV MeV  GeV TeV PeV EeV
Neutrino energy
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- g. Understand the
surrounding dust clouds,

Source, e. g. Galaxies... p ro d uction

Supernova, mechanism of
Interstellar

-rays
Active Galacti cleus AGN dust clouds y-ray

Gamma Ray Bur GRB Satellite
experiments

Cherenkov

de/tector
-

Intergalactic
magnetic fields

learn what is|
the origin of

V

Neutrinos: straight trajectories, practically no .
absorption. cosmic rays

Sources: powerful cosmic hadronic accelerators

Earth

Undergroun

. \ d:}ector /
KM3NeT/ARCA: Exploring the High Energy Universe : :/
> observe high energy (>TeV energy regime) T~ Atmosphere

neutrinos from astrophysical sources

> measure the diffuse flux of astrophysical Multi-messenger astronomy  combine v, y-ray
tri other EM waves, gravitational waves, charged
neutrinos
cosmic rays
KM3NeT, RICH2022 - E. Drakopoulou



- Neutrino properties through oscillation studies

!10 o neutrino mass hierarchy
o measure atm. mixing parameters
o New physics (sterile neutrinos, NSI & other)

Density (g/cm’)

4 « Characteristic patterns of neutrino appearance/
disappearance at different energies/path length

0

KM3NeT/ORCA: Determine the neutrino mass ordering %‘0‘:_ oo
> study atmospheric neutrino (~ few GeV energy 0_0_22_ o
regime) oscillations gj: o
> QOscillation pattern distorted by Earth matter effects. 050 ooz
Allows for determination of mass ordering because 06 A
of different behaviour of neutrinos/antineutrinos. 07 N
> KM3NeT:. no event-by-event v/v separation, but 22: i
differences in flux/kinematics/cross-section. A moﬁ
E, [GeV

KM3NeT, RICH2022 - E. Drakopoulou



Detection Principle

DEMOKRITOS

2, vy Neutrino detection:
VE /
Cﬂgﬁfjgﬂ:{gmgﬁgg/ %WZ . C_herenkov radia_tion allows
interactions - directional reconstruction
AN * radiative processes allows energy

= :
N hadronic .
=
U/ \ shower reconstruction

©o o o o o o o o o o , o o o Detectorproperties:

o o q e i s @ o °* Transparent medium
1 .
-~ « Deep underground to shield

o 0 =_ ¢ '@ o o :

g\c\ e R backgrounds (atmospheric muons)
© 0o L © o © « Huge detector volumes

Muon 3 . _ _
o °* Direction Resolutions:

O o C \8 o o o
Spherical Cherenkov front o track channel: better than 0.1° for
i A A E>100TeV
o cascade channel: better than 2°

Cherenkov cone
o o) o) o)

o o
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KM3NeT Layout

DEMOKRITOS

ARCA: Astroparticle Research with Cosmics in the Abyss
SRl e ORCA: Oscillation Research with Cosmics in the Abyss

AR LR

o ete

".:.."..l‘.‘....'.l.l L

CRELEPS
N » 5

ARCA: 2 x 115 strings
1km3

10m windmill for scale

# |ORCA:
atm v oscillations, 1-100 GeV

ARCA:
cosmic v, E>1 TeV

ANTARES

KM3NeT, RICH2022 - E. Drakopoulou




The KM3NeT Detectors

DEMOKRITOS

ARCA: Astroparticle Research with Cosmics in the Abyss
v' Astrophysical Neutrinos (TeV-PeV Energies).
v 2 blocks of 115 DUs each: Volume (0.5 * 2) km3 = 1 Gton.

v Each DU is about 700 m in height, with DOMs 36 m vertically
spaced; The DU horizontal spacing is about 90 m.

v Sparsely instrumented
v Currently 19 DUs deployed

ORCA: Oscillations Research with Cosmics in the Abyss

v Atmospheric neutrinos (GeV Energies).

v 1 block of 115 DUs : Volume = 8 Mton.

v Each DU is 200 m in height with DOMs vertically spaced 9 m.

The DU horizontal spacing is about 20 m. Detection Unit ﬁ@
v More densely instrumented. Results will be presented for (DU)
v Currently 10 DUs deployed ARCA and ORCA data
collected with the first 6 DUs.

KM3NeT, RICH2022 - E. Drakopoulou 9 3
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- = ”; y ;;J:; | -4‘ 1“ - - 2
1 building block = 1 line =
115 lines 18 optical modules

“detection unit (DU)”

KM3NeT, RICH2022 - E. Drakopoulou

KM3NeT Components i)

1 optical module = 71 unique components
31 photomultiplier tubes (in solid or liquid phase)

Rasa Muller

“digital optical module (DOM)”
31 3” photomultiplier tubes

Identical for ARCA and ORCA

JINST 17 (2022) 07, P07038



Event Signatures

CCv, CC v+ all flavours NC CCv, Atmospheric muon
+
& @ ,&v” % 2
& /8 S \
& . QL & z
o » QL &
@ o &
B/ & & ® s |
% & 8 W




Event Signhatures

Track-like event

1800ns Q KM3NeT Showe r_I I ke eve nt
o A ST TR, 1200ns
1500ns N

960ns
900ns

600ns 840ns

300ns l
Ons

720ns

£00ns |

P L N L LR IR
R R A 480ns
. " ’ o

360ns

240ns

120nsl
Ons
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Detector Control and Calibrations

Orientation Position

Atmospheric p

Timing Calibration:

« LED pulsers (nanobeacon) for inter-DOM calibration 2 E e E
arXiv:2111.00223 [astro-ph.IM] EEE

« < 1ns precision for relative timing between DOMs \E @ E @
R

Position Calibration:

acoustic emitters,

compass in DOMs hydrophones, piezo sensors

Lines move with the sea current. Needs dynamic

pOSition calibration. [ static calibration
40 4 L1 dynamic calibration
* Acoustic system for dynamic alignment 4 dyfiamic vith gauss:
30 -
* Precision O(10 cm) <
(o]
U 20 A
« Checked with atmospheric muons
I
. '_'_l—\_|_|

-08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8
KM3NeT, RICH2022 - E. Drakopoulou preferred x-position from muon reconstructed track (m) 14


https://arxiv.org/abs/2111.00223

Detector Performance

_CC —

DEMOKRITOS

v, + VSC A JINST 16 C11015 £
E T asNeT-ARCA Preliminary s 10" UTURE
$ 102 —— "”E -KM3NeT / ANTARES Preliminary
- 2 F  ARCA (1 block
: = wL  ARCA(lblock) ~—T" .
= £ 8 : -
w 2 B
| 3 10 ANTARES
1072 ' cC 30:) -
| ARCAB YV, +v(° [reco up] -
10°2 ‘ ANTARES 7.~ + v € [reco, up] 1E 5 .
EA ORCA6 VSC + v ¢ [reco, up] » Vi CC
10 ¥ 107 === vCC
10-52 L1l 1:; L1 l4l. L1 lsl PR RN B l7| L 8 L m L ‘““ui ] L“.“.i Lo el PEEERTIT
log10(E_[GeV)) 1 10 10? 10° 10* 10° 10°
. ARCAB, ORCA6 and ANTARES have neutrino energy [GeV]
comparable effective areas for low - Effective volume for ARCA (1BB) and ORCA
energies. compared to ANTARES.

- For E > 10 TeV, ARCAG6 has
significantly higher effective area.” ™ [ARCA6: ARCA with 6 DUs

KM3NeT, RICH2022 - E. Drakopoulou 15



https://iopscience.iop.org/article/10.1088/1748-0221/16/11/C11015/pdf

10°

5 VE
The detection of a diffuse flux of cosmic 2 F KM3NeT Preliminary
neutrinos provides: g 0?2 ARCAG, 101 days livetime
-— - selected evenls
. . . . S = — data
* information on the production mechanisms £ | _,_"."7'—1—v— o ; :;é;gw
composition and acceleration of Cosmic Rays 5 | [ =~ - a ++ |
« Signal from faint sources that are difficult to f% -,- ' L
detect individually [ ‘H‘ ol
100 days ARCA 6 E
¢ Sample dominated by muons 10 2 _L L1l 1 1 1 11 l L L1 1 L1 l L L1 l L1 J 11 1 1 1 - l ; ¥ —— l L L1
. . 2 25 3 35 4 45 5 55 6 65 7
 No high-E excess due to neutrinos LO9(E o, [GeVD
* Results compatible with background For the diffuse cosmic neutrino flux of [2]: Number
1.44 x 1018 (E/100TeV) 228 [GeV1cm?Z st srl] of events
Dy [GeVIem2stsr?!] | @, [GeViemZstsr] | N,y nuane = 68.4
17.3 x 108 51.4 x 1018 A
KM3NeT, RICH2022 - E. Drakopoulou zenodo.org/record/6767724 16



https://zenodo.org/record/6767724
http://www.apple.com/uk

Cosmic neutrino flux - Full ARCA

DEMOKRITOS

When ARCA is completed (2BB), it will be able to confirm the
IceCube flux within within 1 year of data

KM3NeT ARCA Preliminary
S LIV OO OO U U SO SO SO JSURY [UUSY SOV SUON. OO U IO OO SO OO SO OO BN O |
E | - ﬁ'ﬁi”ﬁ"éﬁ'ﬁfﬁﬁ'ﬁﬁﬁﬁ — 30 50%
| o |/ 50 50%

—A
S
(&)

deecdeddd.

Angular-resolution [ °]

10

—
<
»

107 .
E, [GeV]

PEPLTOT! S
108

rrszud

102 TSI EEPESION. PUTY S
10° .10* 10°
-

®, (GeV cm? s sr)

Ly
" L Algorithm

-{== improved - . : o -
... standard

O T : - 2building blocks

Angular deviation [degrees]
L

==

[ —

>

o

o :
(4}

et - i ’
. F"I:J:"! i::.. e R -EHETS t 10—7 ' ' ' ' 1 ' L 1 1 1 1 L ' L l L 1 L ' l ' 1 ' L l A 1 A L
¢ 3 ' 0

i i Al 1 2 3 4 5 6
HSROWeR- LI observation years
Neutrino energy [Gev]
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There are sources of High Energy Cosmic Rays in
the galactic center; CR + interstellar medium — v's!

Unblinded ‘pilot (on/off-zone) analysis’, 100 days
ARCA 6 -> no signal as expected

FULL ARCA: Observation with 3o significance
possible in about six years of operation for most
Intense sources

107 E(M3.NG?T KM3NeT/ARCA, 6 v
E\I'_‘ ; """""" [ceCube, 7y
= i —— ANTARES, 9 y
-—I- 10—)‘1 et e, / _
R 3
o0 : ' E
-~ i 1
R
= 1070 =
é' :‘\___//_'A ........... :
’.\qu - -
—10 1 I 1 PR S S S SRR S N i 1 P | 1 1 L 1
107 0.5 0 0.5 1
Astroparticle Physics 111 (2019) 100-110 sin(d)

KM3NeT, RICH2022 - E. Drakopoulou

Simulated signal flux
1.2 x 108 (E/1GeV) 2?4 [GeV 1 cm? st sr1]

MC simulated signal in ON region 1.81x 10
Background events:

mean over 9 OFF regions ( sum) 4.3 (39)
ON region events: 8

Neutrino flux from potential astrophysical
Neutrino SOUrces  psiroparticle Physics 111 (2019) 100-110

e RX J1713.7-3946
o~ - smsesen (in]-u li(' ('c-nl.n,'

— \.(-]A x

= Vela Jr
" ” — HESS J1614-518 (1)
b W | HESS J1614-518 (2)
o 3 ’
& ln—'i‘E |
o F
&3} [
1071

E, [TeV] 18


https://doi.org/10.1016/j.astropartphys.2019.04.002
https://doi.org/10.1016/j.astropartphys.2019.04.002

Method: ON/OFF technique
« ON region: cone centered on the source position

« OFF region: declination band centered at the
source’s position

subtracted).

The solid angle is rescaled to be able to compare

with the ON region.

« Example for PKS 0735+17

dec [deg)
L J

KM3NeT, RICH2022 - E.

r;IOeql
Drakopoulou

(but with ON region

blazar:

Alert IC211208A 1C220205B
Associated blazar PKS 0735+17 PKS 1741-03
Time window +1 day 1 month +1 day
Radius of Interest 1.4° 1.4° 1.9°
Expected signal 89-1073 1.2-1071 9.7-1073
E"pe(a‘é‘; bgd 491072 6.7-107" 521072
Expectedbgd | (454 07).102 | (6.6+03)-10"! | (49+09) 107
(data)
vl : :
Measured events 0 1 0

in ON region

Fermi PKS 0735+17 position
iceCube-211208A alert, 90% containment
Baikal shower event, 50% containmnet
1.4° cone, ON Zone

KM3NeT/Arca data

Atm muon contamination 99%

zenodo.org/record/6805372

Median E~? cosmic neutrino angular resolution = 1.7

No significant discovery, only 1 v, candidate with E~18TeV (p = 0.14)

19



https://zenodo.org/record/6805372

Neutrino Oscillations - ORCAG

DEMOKRITOS

Contours: 90% CL

Super-K NOvVA
_ - IceCube w— KM3NeT
« Measurement of Am312 and 623 with ORCAG — T2K = NUFIT 5.0 (best fit)
MINOS +
DUs for about a year of data taking. 35
KM3NeT Preliminary
_ _ ORCA 6 DUs
- This measurement was conducted using only 307 355 days
track-like events and demonstrates the potential < -
[+ -4
for early oscillation measurements with this -
detector. s” 2.0 1
154
1.0 r - - - -
0.3 04 05 0.6 0.7
Sin29“

zenodo.org/record/6785279

KM3NeT, RICH2022 - E. Drakopoulou 20


https://zenodo.org/record/6785279

Neutrino Oscillations - Full ORCA

Normal Hierarchy 0,, [ Inverted Hierarchy 0,, []
& 35 40 45 50 55 rg‘ 35 40 45 50 55
% o T2k | KM3NeT () [ sk —T1x | KM3NeT
™ - | MINOS NOVA i' 3 years ? 3= MINOs ~NOvA | -3 years
o 2'87\ ceCube —ORCA | = lceCube — ORCA
— 2.6} ”‘,-fi"o"k"“ ‘; B> _
~ : ‘ " o gy Wy
E W 4 = ; E 2.5} — " /
5 2'4E — = | Sc T®
- 2.2F -
s o i e S B R e
0.3 0.4 0.5 0.6 0.7 0.3 04 0.5 0.6 0.7

| Sin0,,
arXiv:2103.09885 [hep-eX]
zenodo.org/record/6785279

Expected measurement precision after 3 years of data taking at 90% confidence level:
« precision to measure Ams12: 85 - 10-6 eV2 (normal), 75 - 1076 eV2 (inverted) ordering and
023: [-3.1, +1.9]° (normal), ([-7.0, +2.0])° (inverted) ordering.

KM3NeT, RICH2022 - E. Drakopoulou 21


https://arxiv.org/abs/2103.09885
https://zenodo.org/record/6785279

'2' 6 E—. -+ Normali Ordering | 'KMSNGT' ‘2‘ : -+~ Normal EOrdering KM3Ne T
é“ - {=Inverted Ordering 2 L |+ Inverted Ordering | :
é 5-—j'8cP=On .2 6_ eveeeeseereseesesseses feseeses ssessesemees revens
Z; [ {---8,,=180° B i
[ {—Best Fit 8 — _
Q41 _ 8 4L
@) - o I
= I o = i
Z - _____ z 2._ . .....
of ; 6. ago
, : z : : B : : 623—48
P S SR S S | N —t
a0 42 44 46 48 50 % 2 4 6 8
0., [°] data taking period [year’

zenodo.org/record/6785279

« The sensitivity to Neutrino Mass Ordering (NMO) after 3 years of data taking is 4.40 for normal
and 2.30 for inverted hierarchy.
The NMO can be determined at 3o level after 1.3 (5.0) years if the true NMO is normal (inverted).

KM3NeT, RICH2022 - E. Drakopoulou 22


https://zenodo.org/record/6785279

DEMOKRITOS

G cEeranreaEEEED Goal: To identify neutrino candidates in real- time

-

R —
\ 4

lr
=D
3 \ 4
CcDS #—

Internal/External reporting (webpage, GCN notice/circular, SMS, e-mail)

/‘
/N

zenodo.org/record/6805417

KM3NeT, RICH2022 - E. Drakopoulou

o supernova monitoring for prompt alerts,
generation latency < 20 s

o receive external EM/GW/v alerts; search for
correlated v

o send all flavor, all-sky v alerts (multiplets & HE
(GeV - PeV)) to external observatories

\ SN analysis

Two pipelines:

ﬁ o MeV Supernova alert
o GeV - PeV Neutrino alert

23


https://zenodo.org/record/6805417

qs ARCA - Many more topics...

DEMOKRITOS

sources with WIMP accumulation

Starburst Galaxies

« galactic center (zenodo.org/record/6785348)

Supernovae - solar core (zenodo.org/record/6775092)

« KM3NeT + CTA 1072 —

Cosmic Rays Currently (ORCA6) would trigger **1"
one.g. 27 MO at ~10 kpc | e \

10~21 4

 Dark matter & exotics | oRcAtARGA domo | T .
' o ORCA+ARCA, 27 Mo ME ] N
100\ ¢ 3 ORCA+ARCA, 11 Mo S 10722 4 ~ —~-_ L
] i > H A 1 - \ e ——
Vela X A\ g S 1 \ e
FS‘ 501 ) E Y10 3 \\__-\\\\\:1\ __;w\_-_,__///
8o X CTA only LAY = KM3NeT v I T e
X KM3NeTonly 4 S | - w026 0 TTee—— =
40 - = ) I‘(D/. = -
Combined 2 ! ] —— This work: ARCA-6 (106 days)
30 === Combined (CTA) 3 5! 10-25 4 -=- ANTARES (3845 days)
— J ‘EI 1 T T T T
% X === Combined (KM3NeT) 10 1 85 102 103 10 10°
o 1 45: mpmlGeV/c?]
Larger fin =1 54 -§i
Values 10 - I 3 - i
imply a % ! 10 20 30 40 50 60
%X I .
. G4 Bpazag t S LR Distance [kpcl  arxiv:2102.05977
rejection , ! ' , ) |
0.0 0.2 0.4 0.6 0.8 1.0
f = fhaa / Unaa + Teo) zenodo.org/record/6785242
Contribution of hadronic
model to gamma-ray flux Input
scenario

increases
KM3NeT, RICH2022 - E. Drakopoulou 24


https://zenodo.org/record/6785348
https://zenodo.org/record/6775092
https://zenodo.org/record/6785242

ORCA - Many more topics...

- probing neutrino invisible decay (neutrino mass state vs decays into a sterile neutrino)
(zenodo.org/record/6758959)

- sterile neutrino searches: active-sterile mixing with mass squared differences Amas12 between
10-°> and 10 eV2 (zenodo.org/record/6804567)

« non-standard interactions: sub-dominant effects in the oscillation patterns (zenodo.org/record/
6785232)

« quantum decoherence from quantum gravity (zenodo.org/record/6781033)

poo7a | Neutrino decay / lifetime
* Proof of principle

KM3NeT/ORCA Preliminary

: U [ croe- s * Full ORCA detector will be
< | e world-leading
u U VNI 1 RSOSSN A7 AU SR, ek 0%l Experiment L.L.(90%CL) (ps/eV)
I . ORCA6 2.4
L L e 20 \ N ORCA115 (10y) 180
- IceCube 2022 { AL | ,}/ KM3NeT/ORCA Preliminary A S l_]l\ \()\\ 1.5
802 -0.015 -0.01. -0.005 .'0 0.005 0.01 0.015 0.02 10° 10° a3[eV2]10‘ 10° T2K. MINOS X
Non-standard interactions: 1 year ORCAG6 already KoK MINOS. SK I+1I 500

starting to become competitive with similar experiments
KM3NeT, RICH2022 - E. Drakopoulou 25


https://zenodo.org/record/6758959
https://zenodo.org/record/6804567
https://zenodo.org/record/6785232
https://zenodo.org/record/6785232
https://zenodo.org/record/6781033

KM3NeT DOM & DU Production

DEMOKRITOS

Product:on ongoing

Amsterdam

KM3NeT, RICH2022 - E. Drakopoulou 26



For more fo us at;
https://www.km3net.or

KM3NeT, RICH2022 - E. Drakopoulou " ° y



https://www.km3net.org/

DEMOKRITOS

Bac kvqo
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 Signal: Neutrinos from astrophysical sources |
e Background: atmospheric neutrinos \

atmospheric muons

/

—— Atmospheric
muons,
h=1680 m.w.e.

-
o
[
|

- « Atmospheric
10™ | muons,
E h=3880 m.w.e.

E2%®(GeViem2s'srY)
3
/

\ cosmic V,,

~—t
3
o

-
e,
5
2
vy

4

Flux (cm’s”'sr”)

10-13 ; 10—10
= /

10-14 [ e v induced, E >100 GeV
!— M »

107"

10™"° f —— v induced, E >1 TeV
; : : 107"

Figure 12 from High-energy neutrino astronomy: detection
methods and first achievements B Baret and V Van Elewyck

2011 Rep. Prog. Phys. 74 046902
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Neutrino Physics

normal ordering (NO) inverted ordering (10)
m2A A2 Atmospheric neutrinos:
e I V2 "free beam" of known composition (v, v,)
Amy, Oscillation pattern distorted by Earth matter effects
A maximum difference for 8=130° (7645 km) and E, = 7 GeV
Am'gol 2 v
2 15 s

KM3NeT-ORCA: Oscillation Research with Cosmics in the Abyss

measuring the neutrino mass ordering (MC Simulation)

A

=130°

< Measure 6 and E, for
upgoing atmospheric

neutrinos (GeV scale)

l

Treatment of systematics is important

P(vy — v,) for 0
o

30




