


_Neutrino Mass Ordering
m- m?

Open questions on neutrinos and relation with cosmology 1 -, A
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* v have tiny, but non-zero mass. New physics? ~2X107%eV2

atmospheric
~2x1073eV?2

e v states mix. How? Relation with quark mixing?

 What is the v mass ordering?

° CP_Vi0|ation in v sector? Leptogenesis? | - - Current cosmologvical 95% C.L. upper limit '(Paperl)|
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* Non-standard interactions? sum of neutrino masses
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* Sterile neutrinos? Dark matter? §0_zo_
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Beyond-the-Standard-Model physics with neutrinos
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Neutrinos as a tool to study the cosmos

radio/microwave infrared/optical gamma-rays neutrinos cosmic-rays
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Neutrinos: straight trajectories, practically no absorption.

Sources: powerful cosmic hadronic accelerators.

Multimessenger astronomy: combine v, y-rays, other EM waves, gravitational waves, charged cosmic rays
A




Neutrino spectrum
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Neutrino telescopes

deep-inelastic scattering
at sufficiently high E

Nuclev

Cherenkov Radiation

>

H
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Detector properties:
* Transparent Medium

* Deep underground to
shield backgrounds

* HUGE Volume

- Deep Water / Ice

Philipp Eller




Neutrino telescopes




Neutrino telescopes

1. track like events 2. shower like events 3. “double bang” BACKGROUND !!
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KM3NeT collaboration
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KM3NeT general layout ORCA

mass

ARCA
String spacing [20 m 90 m
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KM3NeT general layout

ORCA: 115 strings
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KM3NeT components

1line =
115 lines 18 optical modules

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

Rasa Muller

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

identical for ORCA and ARCA

JINST 17 (2022) 07, P07038
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DOM and DU production

‘s

DOM: 8 sites
DU: 5 sites

+ sites for

base containers,
electronics,
testing

13



Deployments and status

JINST 15 (2020) P11027

' ‘N “‘l .‘— "‘.?,"T

Deployments: launcher module (LOM) with anchor, lower to sea floor, connect, test, unfurl, retrieve LOM

ORCA: 6 lines February 2020 — November 2021; currently taking data with 10 lines
ARCA: 6 lines April — November 2021; 8 lines Nov 2021- June 2022, since June 2022 taking data with 19 lines

Further growth in coming months.
14



Event reconstruction

Each PMT: location, direction, time of hit, pulseheight (ToT): fit Cherenkov cone

P KM3NeT | / KM3NeT preliminary
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angular resolution: <4 arcmin @ PeV energies (tracks), 50 arcmin (showers)

KM3NeT vs IceCube:

Con: 4°K background, bioluminescence, need for position calibration, deep sea operations
Pro: 49K calibration, better view of galactic center, no bubbles/dust = better angular resolution
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Calibration: timing _ kmaner  EPJ CB0(2020) 99
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Coincidence rate between PMTs on a DOM
for one ORCA and one ARCA line, as a
function of PMT multiplicity

Time difference [ns]

Also: lab calibration of timing differences,
LED flasher, timing from reconstructed tracks.
Timing resolution better than 1 ns. 16



Calibration: positioning

Lines move with the sea current. Needs dynamic position calibration.

JINST 16 (2021) 09, C09023

Orientation PosRion oepbarich 0+ Path top DC_)M % Line anchor
of 1 ARCA line '
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hydrophones, piezo sensors

Johannes Schumann
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Calibration: positioning

counts

[ static calibration
40 4 L] dynamic calibration

dynamic with gauss;
og=0.05m

Ll

-08 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8
preferred x-position from muon reconstructed track (m)

Track residuals before (blue) and after (orange)
dynamic position calibration.
After: 5 cm resolution.

Independent validation: cosmic ray shadow
of sun and moon.
Observe a ~10% dip in event rates from sun
and moon directions, with 4o (moon) c.q.
60 (sun) significance.
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Data taking (ORCA)

ORCA: 4 lines 2019, 6 lines 2020—2021
Data taking efficiency 91 - 99%

Stable trigger using coincidences;
efficient for E, > 3 GeV

First oscillation analysis with ORCAG®6:
96% uptime

92% of runs pass quality selection

354.6 days exposure after selection
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ORCA neutrino selection ORCA6, 355 days  PoS NuFact2021 (2022) 064

ORCAS, 354.6 days ORCAG, 354.6 days
§ Data 225 atm. p + v (no osc.) § Data CI75 atm. u + v (no osc.)
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300
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w
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1 KM3NeT preliminary 0 k : . 4 0~ ¥ L‘-‘,L."—
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o
o T T “ 0.0+ — - — e | 004 s
102 4 L -1.0 -0.8 -0.6 -0.4 -0.2 0.0 ' 10° 10! 102
Reconstructed cos(8 ) Reco. energy, track length based [GeV]
—1.00-0.75+0.50-0.25 0.00 0.25 0.'50 0.‘75 1.00
Reconstructed cos(6,enitn) . H
Selection based on track signature: mostly v,
e Y Background: atmospheric muons
upgoing  downgoing Selection: vertex position, track fit quality, upgoing tracks
1237 v candidates in 355 days, S/B~40 -




Neutrino Oscillations in Earth

Zenith

Lodewijk Nauta

Isotropic flux of

=LA

Atmospheric neutrinos:
Zenith angle of events is a proxy

for oscillation length Evolution of a pure v, in vacuum Evolution of a pure v,, in earth

[0
Matter effect influences oscillations. Allows for determination of mass ordering and CP-violation

because of different behaviour of neutrinos/antineutrinos.
KM3NeT: no event-by-event v/v separation, but differences in flux/kinematics/cross-section




Ratio to no-oscillations

KM3NeT/ORCA Neutrino Oscillation Results

KM3NeT preliminary

1 .6 [ T T T T T T T LI I | T ]
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i ! + :
i g .
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0.4F N
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0 [ L1 11 102 1 L1 (1)3 n
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Oscillation fit, binned in E .o, B,enith
Normalization left free, various systematics on
flux, energy scale, tau- and NC normalization

Treatment Fit value

Parameter
Am3, (1073 eV Free 1.95455)
02;; [d(‘g] FI'OO 454+g‘7,
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PoS NuFact2021 (2022) 064
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Oscillations sensitivity improvement

KM3NeT, Neutrino 2022

Definitive ORCAG6 analysis on-going: g ; i i
e Larger dataset (+50%) 35l KM3NeT/ORCA Preliminary
e Introduction of shower reconstruction - B
e Shower/Track PID N
e Improved fitting methodology 3.0—
Major sensitivity improvement K 25—
= 2.
T F
q =
20—
1.5/
1 0 bl 1 i 1 L 1 1 l 1 L L 1 l 1 L L 1 l 1 1 L L I | 1 L L I 1 1 1 L i 1 | 1
‘ 0.2 0.3 0.4 0.5 0.6 0.7 0.8
sin(©,,)
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Neutrino mass ordering combining KM3NeT + JUNO

A combined analysis between KM3NeT and JUNO would speed up NMO determination.

Under the wrong NMO assumption, there will be tension in the determination of |Am§1|
(PRD 71 (2005) 113009, PRD 72 (2005) 013009, JHEP 09 (2013) 089, PRD 101 (2020) 032006)

JUNO ORCA Combination
—— JUNO, 8 cores  =—=—=— JUNO, 10 cores

True Normal Ordering
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Non-standard interactions (NSI)

NS| parametrize effect on v interactions at EW scale from new physics at much higher energy scale.

- 0 0 0 . 1 i €ee €Eeu €etr
H=-zU| 0 Am, 0 U' + V2Ggne €ue  Cup  Epr
0 0 AMm, e  €F, Err
nd LAC .
€aB = € €ap assumption JINST 16 (2021) 09, C09016
KM3NeT, ICHEP 2022
NSI-STD oscillation difference Normal Ordering 8] .

00 p s ayn g o B T LU S T L peTy Jove oy 0 5 1.0 " . .
ggf\ ey ' 71 ORCA6 KM3NeT; preliminary
PR _ !

._\:\:‘:-\3\ e v + vx0.5 s/ 355 day '
02 S N, €,:=0.02 —
BN ey ‘ & =05 51
1.3 . 1. |‘ 2 ‘7)
i P(v, ->v,) _ E! S
oN_0-4 - . \ ‘\ \“ ; \ ‘(“ ” ”) — —o'- l‘\
2 K AR 3 4 o0 ‘% -, ol SO VS, LT EE—— ) ———— 90%CL..
o h LR Bt U \ 3 0 |
_0.6 — \ 2 11 DY 5 . p— = 21
L \ i VS \ 1 o~ —— ORCA6 355 days
\ ' U | _| - P Antares 2021
) X ' -~ DeepCore 2021 KM3NeT/ORCA Preliminary
=== lceCube 2022 4 ,
) 802 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
Eur

1 T 10°
Energy (GeV)

KM3NeT/ORCA115 3-year sensitivity: —1.7 x 102 <

KM3NeT/ORCAS limit: —8.7 x 10~3 < em <9.0x 103
< 1.7 x 103 (TBU)
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Neutrino invisible decay

Still open as a subdominant contribution to neutrino deficits. Here assumed to affect v; only.

1 1 (v; decay to light invisible v,
Hr = oF | Hvacuum + Hdecay + Hmatter| = ﬁH SN1987A and solar limits on vy, v,)
0 0 0 | 0 0 O [V 0 0 m
H=u|l o am, o |ul+u|l 0o o o |U'+[ 0 0 0O g = —2
0 0 Ang 0 0 —iag 0 0 0 T3
AmE, — Ama, — iag V = +2En.V2GE

Breaks PMNS unitarity, affects oscillations.

: L DL L L L L L L L L L L | ': - 0 1 _ T3
1of KM3NeT Preliminary . g)l(:{pce:glent L.L.(90 /Ogldj) (pS/eV) a_3 - ;3
. ORCA®6, 355d ] -
oot e : ORCA115 (10y) 180
i _ T2K, NOVA 2.3
S § : T2K, MINOS 2.8
] K2K, MINOS, SK I+11 290 — |y 2-flavour,
o2f - no matter effects
' KM3NeT, ICHEP 2022
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Quantum decoherence: sensitivity study

Quantum gravity: possible presence of short-lived horizons at the Planck scale.

Dimensional Analysis

JH ~ pi° /Mp

Unitary Non-Unitary
Could this generate non-unitary quantum evolution?  O;p = —i[H, p| + JH (p) 4~ E? o~ AE?
1 ..
Neutrino oscillations:  Fas = 5 sin? 201 — ¢ "cos At]
Little is known about how I depends on energy Interest KM3NeT: long baseline, strong matter effects

Normal hierarchy

» Take a phenomenological approach: I'(E) =T, (E/E,)"

KM3NeT, ICHEP 2022

-2 -1
10—1_0 r y x E Y x E
10 | e ORCA115, 21Mton-yrs.
‘ m  ORCAG, 600kton-yrs.
0.8 ﬂ 10-20 . X | x DeepCore, 2018
=06 S !
,T; 'lh %} | %
é: 04 - — Std. Osc. 9‘ 10_?1 1 o
a ! v
J e N = 2 E I e *
e ——n=0  [o=4x10" GeV > ~ ° s
10—22 !
0.0 J ==en=-1 ! o
0.3 1 ? 10 50 | KM3NeT/ORCA preliminary .
22 Energy [GeV] 107231 —, . :
o Atm. Sol. 1 Sol.2 Atm. Sol. 1 Sol. 2
Three-flavour oscillations: Limits Limits

3 parameters 5y, 37 and I3,
. - competitive limits
Strong constraints on I, from solar v osc. P

I',; =0 — Atm. Limit
I';, =0 — Solar Limit 1
I';;, =0 — Solar Limit 2

ORCA best for
n=-lorn=-2

ARCA best for
n=1lorn=2
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Sterile neutrinos sensitivity study

Sensitivity study, assuming 4", sterile neutrino: 3 new mixing angles, 2 phases, 1 mass.
Oscillation analysis, assuming 3 years data taking, full ORCA.
Systematic uncertainties same as in oscillation sensitivity study.

Expected exclusion for 8,4, 034 assuming Amz, = 1 eV2 Expected exclusion for Am34, 0,4 JHEP 10 (2021) 180
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Neutrino selection in ARCA

First ARCA data: analysis in progress.

First data with ARCA6 shows
presence of atmospheric v,

to the level expected.

Background of atmospheric p is
interesting for cosmic ray physics

number of events / bin

— — —
() o o
(] (&) >

—
o

| I|I|I|I| [ IIII_II|| [ TTTT_I1 IIIIIII| ._|_I|III|I| [ |IIIIII| [ TTITIT
.I.
t
]

KM3NeT, ICHEP 2022

KM3NeT Preliminary

ARCAG6, 101 days livetime
e L4 ==
. — == L —+—’—_|_ L s
' ! = = |

:_'—_I_:_i_i_ i :_I_::'

_|_

-1 -09 -08 -07 -06 -05 -04 -03 -02 -0.1 0

cos(zenith_reco)
upgoing horizontal
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Galactic ridge with ARCA

There are sources of HE Cosmic Rays in the galactic
center; CR + interstellar medium - v’s!

method: ON/OFF technique
¢ ON region: galactic ridge
(ngal | < 40°, |Bga1| < 39
¢ 9 OFF regions: obtained by
time-shifting the ON region
(avoiding the Fermi Bubbles)

107 10-8% 10=% 10°9 1072
dN/dQ [em™2sr™'s7)

AplL 868 (2018) L20

KM3NeT, Neutrino 2022

15¢

-15°

galactic latitude [deg]
o

75° ON-OFF definition Arca

60° .
mmm OFF regions

EEN ON region

60° 90° 120° 150°

-75° galactic longitude [deg]

Simulated signal flux
1.2 x 108 (E/1GeV)?*[GeV T cm2 st sr]

MC simulated signal in ON region 1.81x 10*

detector: ARCAB Background events:
livetime: 100 days mean over 9 OFF regions ( sum) 4.3 (39)

m rum: ¢ = ¢, - E~ %4
assu ) ed spectrum: ¢ = ¢, ON region events: 8
selection:
reco quality pre-cuts + upgoing track-like events — —
+ additional bad reco rejection using a Neural Network Excess, but not significant (yet) Flux upper [imit:

[as expected]

6.2-107*[GeV™l-cm™2- s71. sr71]
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Cosmic neutrinos

Some discussion on single power law vs. two components (hard/soft) in flux.
Full ARCA will see this flux with 50 within one year.

Flux of cosmic neutrinos well established by IceCube. Also hints from ANTARES and GVD (Lake Baikal).

But what are the sources of cosmic neutrinos? @ﬂ Disruption Ever@ IceCube

IC191001A -- AT2019dsg? IC200530A -- AT2019fdr?
Blazars?

—> |C170922A — TXS0506+056 (2017, 3.50) . .
Radio Galaxies?
IC211208A — blazar PKS 0735+17 ? ANTARES: o
IC190730A (300 TeV v,) - blazar PKS 1502+106 ? e
| Catalog A P P P50
R R S ol R | .. NGC 1068 Fermi 3LAC All Blazars 6.1 0.19 0.83 43
IceCube 9700 bbb Fermi 3LAC FSRQs 0.83 0.57 0.97 22
B 0 Fermi 3LAC BL Lacs 8.3 0.088 0.64 48
= Radio Galaxies 3.4 4.8x107° 0.10 42
452 Star-forming Galaxies 0.030 0.37 0.93 2.0
w  -0.30° = Dust-obscured AGNs 1.0 x 1073 0.73 0.98 1.5
aale. | .. TR Sy IceCube High-energy Tracks 0.77 0.05 0.49 52
. . y |
3|\?th°§50%§ In 'CeCUbe-_3 AT e + flaring radio blazar J0242+1101 (PKS0239+108)
— e D .0 . . .
(=M77, Seyfert galaxy) | g - Very active and dynamic field!




Point source searches with ARCA

KM3NeT, ICHEP 2022
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Some details:
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time-integrated Point Source search
46 candidate sources [red circles]
Detector: ARCA6

Livetime: 92 days (May-Sep 2021)
AY~1.3° (for E~2)

—d
<
w
i

0 E* for 90% CL [GeV cm™ s

KM3NeT/ARCAG (92 days) source limits
KM3NeT/ARCAG (92 days) sensitivity
ANTARES (13yr) sensitivity

IceCube (7yr) sensitivity
KM3NeT/ARCA230 (7yr) sensitivity
KM3NeT/ARCA230 (3yr) sensitivity

1
PrrEareibily

gy . == @
-!_!_!_-. _____ pregee, PTE R ok

KM3NeT-ARCA Preliminary

ll

<
-
=

No significant excess [as expected]
Limits not (yet) competitive [as expected]
Best source: Centaurus A (p = 0.02)
(radio galaxy; yellow arrow)

1 /—0.5

Astroparticle Physics 111 (2019), 100

0 0.5 1

sin(8)
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Followup on recent IceCube alerts (possible blazar associations)

Method: ON/OFF technique

¢ ON region: cone centered on the source position

¢ OFF region: declination band centered at the source’s
position (but with ON region subtracted). The solid angle is
rescaled to be able to compare with the ON region.

% Example for PKS 0735+17 blazar:

77777

RA [rad]

detector: ARCAG6
assumed spectrum:
¢ = ¢y - E~% (all alerts)
selection:

upgoing track-like events

dec [deg]

27.5

N
Ll
o

N
N
w

N
o
=)

-
<
w

-
L
°

...
N
w

-
o
o

KM3NeT, ICHEP 2022

1225

120.0 117.5 115.0 1125 110.0 107.5 105.0

ra [deg]

Ale

USA

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 1.2-107t 9.7-1073

Expected bgd (MC) 4.9-1072 6.7-1071 5.2-1072

Expected bgd (data)

(4.7 +£0.7) - 1072

(6.6 +0.3)-1071

(4.9 +0.9) - 1072

Events in ON region
for 30

2

5

2

Measured events in
ON region

No significant discovery (yet?), only 1 v, candidate
with E~18 TeV (p = 0.14) [as expected]

4+ Fermi PKS 0735+17 position

m IceCube-211208A alert, 90% containment

@ Baikal shower event, 50% containmnet

1.4° cone, ON Zone
® KM3NeT/Arca data

Atm muon contamination 99%

Median E~2 cosmic neutrino angular resolution = 1.7°

34




Dark matter

Search for excess flux of neutrinos from Sun or Galactic Center, from DM decay, or DM-DM annihilation.

§5°;b + Signal tracks
el ¥ Signal showers

BG tracks
«BG showers

MD M

Unbinned likelihood

n = O'V

A(Mpm)t

N I

0 dE 47r D M

First results with ARCA6, no excess observed.
Limit on flux translated to limit on < ov >

Limited exposure, needs more data.

Other results: secluded dark matter; analysis of
power spectrum (i.e. anisotropies)

or : ‘ 4\ e T 1 Daat ;" 2 ‘.
number of events OB AR B e B T R e T
<VOo> gt TP T A AR T AN R WO
-150 -100 -50 0 50 100 150
RA
1 1

KM3NeT, ICHEP 2022

i ARCA®6, 106 days

—— TT
— W TW—

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

10° 10° 104 105
mDM[GEV/C2]
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Supernova neutrinos

MeV neutrinos: no track or shower. But large multiplicity: PMTs see light of neutrino interactions
(inverse beta decay) within 10-20 meter of DOMs. Real-time alert trigger in place.

v ARCA background '
& 108 KM3NeT »  ORCA background ggcczmﬁg:' ;(7) mg
£ mmm 40 M, at 10 kpc & mia c' A
&0 z 27 M4 at 10 kpc 100 - @ i A s
c . 11 M, at 10 kpc T :
€ 10 =i | EPJC81(2021) 445, EPJ C82 (2022) 317
g = 50- = '
5 2 5 :
2 —~ KM3NeT !
° = .
5 > I
s = .
] v L '
o < | i
E ! 1
QU (V) 3! :
> 10 c!
“10-2 The European Physical * Lt :
Journal C 81.5 (2021): 119 A 2| l
4 |s 6 7 8 9 10 11 12 B EE E
Multiplicity | |
I i
Dominated by Dominated by 3 ' :
Radioactive Atmospheric 10 20 30 40 50 60
decays (K40) muons

Distance [kpc]
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Multimessenger astronomy

e Static sources: searches based on catalogs (GW, y-ray sources, radio galaxies, star-burst galaxies, etc etc)
* Transients: KM3NeT generates and acts on alerts. (GCN, SNEWS)

KM3NeT, Neutrino 2022

Example: Follow-up of Gravitational Wave events Limits on neutrino flux of 55 GW events in
(LIGO/VIRGO 03) with ORCA MeV and GeV-TeV ranges.

50% area: 1,040 deg?

GW200220_061928 Bhs Sl 55 10! -~ BBH
NSBH —
_I_'_I_
30° : +
1038 4 +
N I —
0° 2 + .
x> —_—
s S LI S
30° — 30° g8 107 ——
_—'_EI.;
1056 4
_ | GeV-TeV neutrinos
Search for 1000s in 30 degree area

around the GW confidence region. 107 T 1o Y
distance [Mpc] 37



2z-t-Plot for DetID-116 Run 12562, Framelndex 61707, Trigger r 1557, Overlays 935, Trigger: MX 3DM 3DS
2022-07-07 04:42 50 UTC

Summary and Outlook Do T A cvent ;
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700 -
600 -

KM3NeT is operational! -

200
100 -

Detector performance is at least as good as expected. 2

700 1 1 1 ’
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First physics results with ORCA and ARCA obtained. g

[ml]
et o lin
o B 4

(
o0
3 3 h
2 | cittBIR T
R Qe b
é:zd:a:wmwg
cons 800D 00
[

500

: Lk
. g il o e B it TERIS B T i Rmen oo
KM3NeT generates and acts on multimessenger alerts. m it % )] ‘ 3=

N300 -
200

[m]
.acovviofib D+ (1 2
* o

:

ORCA currently taking data with 10 lines. e e Cre ch A
~7 more lines ready for deployment later in 2022. _ .
Funding assured, and procurement and construction in nw

progress, for ~50 lines.

ARCA currently taking data with 19 lines.
Funding assured, and procurement and construction in
progress, for ~150 lines.




