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Dutline

* [ntroduction: atmospheric neutrinos in a nutshell

e The KM3NeT experiment: detection principle, technology, and detector geometry

e Neutrino oscillation in KM3NeT/ORCA
O sensitivity to main physics studies
O other "low-energy” physics searches

O current analyses and first results

e Summary and outlook
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e Secondary particles produced from the interaction of Cosmic Rays (CR) with the earth’s atmogphere:

O energy range spanning between few GeV up to TeV
O vﬂ/ye ~ 2 at around 1 GeV, otherwise vﬂ/ve >

Ohysice Lettere B 816 (2021) 136228

| A
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IceCube 2013
IceCube 2015b
SK 2016
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trino oceillation meacurement A
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e Measurement of the atm. neutrino flux as a function of the zenith angle and energy

O baseline ~ cosine zenith angle of the incoming neutrino

O very wide bageline range, from 10-30 km up to 13000 km (up-going events crossing the earth)

A A New Journal of Phygice 6 (2004) 194
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ntroduction: atmocebher:

1trino oceillation meacurement
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* v, disappearance is the dominant effect:
O measurement of neutrino oscillation parameters, 0,; and Ams,

* v, appearance, sub-dominant effect:

O sensitive to the Neutrino Mass Ordering (NMO), resonance oscillation in the earth due to matter effect
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e KM3NeT, Cubic Kilometre Neutrino Telescope: Water Cherenkov neutrino telescope in the deep Mediterranean Sea
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o KM3NeT, Cubic Kilometre Neutrino Telescope: Water Cherenkov neutrino telescope in the deep Mediterranean Sea

O large detection volume which allows for huge statistics

O large array of photogengors for detecting the Cherenkov radiation from secondary particles
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Eur.Phye. J. C 80, 99 (2020)
J. Phyg. @: Nuel. Part. Phye. 43 084001 (2016)

e Same modular structure adaptable for different physics purposes:

O high time precision (~ns)

O good spatial resolution (~10 cm)

DOM
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e Two detection giteg (ARCA in Italy, and ORCA in France) with a wide physies program: from GeV/ to PeV
O ARCA, Astroparticle Regearch with Cosmics in the Abysg

® 3560 m depth

(~100 km oft-shore Capo Passero, in Sicily)
o ? BB (230 DUs, 128340 PMTs)

® Detector configuration optimised for neutrino
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e Two detection giteg (ARCA in Italy, and ORCA in France) with a wide physies program: from GeV/ to PeV
O ARCA, Astroparticle Regearch with Cosmics in the Abysg

LO ORCA, Ogcillation Regearch with Cogmice in the Abyee ' ® 2450 m depth

(~40 km off-shore Toulon, in Provence)
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| Genova Bol ogna
Montoelier - agkie x oscillation physics in the [ Gel, [OO GeV] energy range

e 1BB(115DUs, 64170 PMTs)
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KM3NeT/ORCA: neutrino topologies

— g o - o i 2l —

e Depending on the neutrino flavor and interaction, two event topologies can be detected:

O track-like events, very elongated and easier to be reconstructed

O shower-like events, more spherical

e At very low energy, the two topologies are

more difficult to be distinguished

06.09.2022 -NOW 2022 - C. Lagtoria
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https://iopscience.iop.org/article/10.1088/0954-3899/43/8/084001

KM2NeT/ORCA: event

-

e Event reconstruction:

O maximum likelihood algorithms optimized for

the two topologies

® direction, energy, time in each PMT, and

position of the interaction vertex

06.09.2022 -NOW 2022 - C. Lagtoria
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https://doi.org/10.1140/epjc/s10052-021-09893-0

CM2BNeT/ORCA: evente r tntin: T

e Event recongtruction: e Main sources of backgrounds:

O maximum likelihood algorithms optimized for O down-going atmospheric muons

the two topologies O optical noise (49K decays, PMT dark counts,
® direction, energy, time in each PMT, and bioluminescence)

position of the interaction vertex
Eur. Phys. . C (2022) 82: 26

. -E B A0 N VR0 O 5 5 WS O S ,
 Event (pre-)selection: S A -eeseeai et L = ingtrumented

: . PR mage
O up-going events (rejection of atm. muons) - e

effective volume [Mm”]

O ceontainment of the interaction vertex

O noise rejection o] T — I RE S S

1 > 3 4 5 678910 20 30 40 50
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Eur. Bhye. J. C (2022) 82: 26

e Event classification:

O multivariate analyses and Neural Network techniques (RDF, BDT, GNN, and other NN methods)
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OREA: sengitiy

e Fit methodology:

O 20D binned log-likelihood maximization energy and cosine zenith digtributions for the three classes

O Asimov dataset to derive the median sensitivity to either the oscillation parameters or mass ordering
A Y A

eZ

_02F Blintermediate class _0.2 ¥ 8 Shower class

|
o
N

reconstructed cos
|
o
N
reconstructed cos 0
—
o
(@]
reconstructed cos 6
—
(@]
o

|
o
»

|
o
(o3

3456 10 20 30 10C 83456 10 20 30  10C 3456 10 20 30 100
reconstructed energy [GeV] reconstructed energy [GeV] reconstructed energy [GeV]

Legs pure but important for congtraining systematics

e Main Systematics:
O (spectral index, relative n. of Vo s and anti-ye,ﬂ, their direction)
O eross-section (n. of NC and v_ and anti-v, CC events)

O detector responge (PMT efficiency, light yield in the hadronic showers, n. of events in the three classes)
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KM3NeT/ORC

"
S~ -

e Neutrino Mass Ordering (NMO):

A: cengitivity to. main physi

—— - P — Sy N A —

=

Eur. Bhye. J. C (2022) 82: 26

O Asimov approach, with Inverted Ordering (IO) as the alternate hypothesis to the Normal Ordering

NMO gengitivity ve true 6, value,

after 3 yearg of data taking
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KM3BNeT/ORCA: sensitivit 1; to. main ’o"u gic,

o a7 P — Sy N A —

o Neutrino Mass Ordering (N MO), combined analgsis with JUNO:

O advantage: tension in the Am321 best fits from both experiments when assuming the wrong hypothesis

O 50 measurement of NMO within 6 years!

® reachable within 2 years in the favorable scenario of NO and 6,5 in the positive octant!!
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https://doi.org/10.1007/JHEP03(2022)055

CM3NeT/ORCA: sensitivity to main physice searche

\§@ o~ -

Eur. Phye. J.C | ) 82:
e Neutrino oscillation parameters: 0,5 and Am322 hys. J. C {2022) 82: 26
O Normal Ordering (NO) hypothesis on the left and Inverted Ordering (IO) hypothesis on the right
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CM3NeT/ORC to. other low-energy cearches

— e e R Ry o e o e vl e — 7o g = e Ry e i o0 o e —

Eur. Bhye. J. C (2022) 82: 26

e v, appearance search as independent test for new physies:
O a good reconstruetion of shower-like events is crucial!

O measured from the v_normalization factor, n. of (anti-)v_ events in the NO hyp.

O Asimov approach:

ranges; 1o
; '

® null hyp it v_norm =1 OPEé?A (o)

[PRL 120, 211801 (2018)]

® 2 options for alt. hyp: SuperK (CO) = . . ;

[Phys. Rev. D 98, 052006 (2018)]

anti-)v. CC varying and
( ) T ying IceCube/DeepCore A

[Phys. Rev. D 99, 032007 (2019)]
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: 1.2

e and other studies: sterile neutrino.

significance [o]

neutrino earth tomography, low-energy

v, hormalisation ( CC-only )

astrophysics, etc. ...

>

2040608 1 121416 1.8 ° * ° s 2
. ] data taking period [months]
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KM3NeT Coll. at ICHEP 2022

o KM3NeT allows for physies studies since the commissioning phase:

O stable data taking, efticiency: from 91%, in 2019, to 98%, in 2022
O efticient trigger algorithms (based on PMT and DOMs coincidences)

O good event rate stability (~3% fluctuations)

ORCA 4 ORCA6 ORCAII
: ] | ‘ 4 new lineg in June &
- currently, a gea
g W operation ig ongoing!
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https://agenda.infn.it/event/28874/contributions/169638/attachments/94610/129593/ICHEP_2022-ORCA6_VPestel.pdf
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KM3NeT Coll. at Neutrino 2022

e KM3NeT allows for physies studies since the commissioning phase:
O DU ealibration (before and after the installation) allows for precise alignmem‘ measurement

O detector resolution in track reconstruction < [ degree

L
.
;
:
3
5

dynamic with gauss;
o= 0.05m
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ORCA®b, 354.6 days.
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https://inspirehep.net/files/70de7c984716e2290a96c282e164107c

KM3NeT/ORCA 6: current analysis gt

o NS TR — S T E oy P e R TP N = i e e (2o o — Sy Covie PP U e

¢ first KM3NeT/ORCA 6 neutrino oscillation analgsis included only the track class

O max. binned-likelihood in 2D energy and cosine zenith distributions

O NuFit 5.0, assuming NO, as the null hypothesis . A KM3NeT preliminary DoS NuFact2021(2022) 064
. ) | | _ :\lo oscillations _
O improved source of systematics compared 14 —— NuFit50 =
— Fit -
to full ORCA sensitivity studies: é’ 15 —3$— ORCA data -
® atm. neutrino flux S { -
| 0 N
® crogg-gection o 08 1 L
o 2 06 ' :Fq, = $ —
® overall normalization IS n
L 04 —
® detector regponge =
021~ ORCAG6 (355 days) E
p»
10° 10°
I-reco/ Ereco [km/GeV]

O clear oscillation pattern (..only track class, 6 DUs, and ~1 year of collected data!!)
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https://inspirehep.net/files/70de7c984716e2290a96c282e164107c

KM3NeT /ORCA 6: current analygis s
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¢ first KM3NeT/ORCA 6 neutrino oscillation analgsis included only the track class

O max. binned-likelihood in 2D energy and cosine zenith distributions

O NuFit 5.0, assuming NO, as the null hypothesis DoS NuFact2021 (2022) 064
. . . Contours: 90% CL
O already in the game with the other experiments (..only — Superk —— Nova
—— lIceCube —— KM3NeT
— T2 .0 (best fi
track class, 6 DUs, and ~1 year of collected data!!) e % NUFIT S0 (best i
A
3.5
KM3NeT£reIiminary
ORCAG6 (355 days)

sin2923
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Drova*nan}s: T
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KM3NeT/ORCA 6:curt ent T'nluaia R, mqonq m

— — o % 27 o i o v o g . o

o first KM3NeT/ORCA 6 neutrino oscillation analysis included only the track class
O max. binned-likelihood in 2D energy and cosine zenith distributions

O NuFit 5.0, assuming NO, as the null hypothesis

A KIM3NeT Col. at ICHED 2022
:  KM3NeT/ORCA Prellmmary '

O already in the game with the other experiments (..only

/N - R SRRSO Susvosofutosothe e tuststosbut oot oSOt SO SNSRI USRS
track class, 6 DUs, and ~1 year of collected datal!) sob ] e CRo 202t Sonaty oy |
g I S SO
e Short-term improvements for the final ORCA 6 analysis: -
O increased data set (539 days of collected data) £ s

O track-ve-ghower clagaification (BDT, GNN, others) 2.0

O reconstruction and selection of ghower-like eventa 15
O inclusion of shower clagg in the fit procedure

O improved study on gystematicg
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https://agenda.infn.it/event/28874/contributions/169638/attachments/94610/129593/ICHEP_2022-ORCA6_VPestel.pdf

tO reconstruction and selection of gshower-like evente l

e e I
\l | progrese

N

work 26
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e KM3NeT/ORCA will contribute to the NMO measurement (3¢ after 5 gears) and neutrino oscillation parameters

e KM3NeT/ORCA 6 data ready for neutrino oscillation physics! |

— l
O only 9% of ingtrumented volume, only | year of data, only track clase included N — ===
O clear oscillation pattern favoured at 5.9 ¢

O firgt measurement of 6,; and Am;, parameters

A new KM3NeT/ORCA 6 masgs production is underway:

* improving statigties (+50% of the current dataset) and detector gize (soon ORCA13!)
e inclugion of track-vs-shower classification (BDT, GNN, other techniques)
e shower-like events reconstruction, gelection, and inclugion in the fit

o improvement of the fit procedure (event classes and systematics)

* v, appearance studies started
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CM2BNeT/ORCA: neutrinoe claccifi
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e Event classification:

O multivariate and neural network topology algorithms (RDF, BDT, GNN, and other NN techniques)

— atm. muons
— atm. neutrinos

fraction

——— noise

. 2 .
.................................................................

..........................

0.6 0.8 1

(Bood classification of the gignal |
atmospheric muon score

againgt the main bkge! A
1 T D B DT T EC T L L
-;C; —— atm. muons
S IR || IS S — atm. neutrinos |
— noise

..............................................................................................................................

cecsscssefrsssascnscssestessrscsscsshesencrscssestesssncsscsseshosssscnsersessensnssnsensosss . ST

.....................................

noise score
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X Z
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:
2 quickly reached a high neutrino
£ bl : e clagaification efficiency (> 95%)
I 3 O R — alineutrinos | . |
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........................... o] TS O i

Al I S cC.5Gev | contamination (~4%) |
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initial neutrino clageification

2 0

— all neutrinos

.................................................................
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...................................................................
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efficiency againgt noise
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e Event clagsification:

O multivariate and neural network topology algorithms (RDF, BDT, GNN, and other NN techniques)

-
O
©
©
- shower class
- intermediate class
3 4 5 6 7 8910 20 30 40 50
neutrino energy [GeV]

c
O =
O 09F
© =
- 0.8 —

0.7F

0.6 = - intermediate class

05 E_ - track class

0.4F KM3 o,

0.3F

0.2F

0.1

of '
3 4 5 6 7 8910 20 30 40 50

neutrino energy [GeV]
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fraction
o
((e]

0.6 i - intermediate class

05E = - track class

3 4 5 6 78910 20 30 40 50
neutrino energy [GeV]

fraction

- shower class

- intermediate class

FSE -trackclass
|

> ,
3 4 5 6 78910 20 30 40 50

neutrino energy [GeV]

Baged on the track ccore,
the final neutrino gample ig
claggified into three clagge:
- track clage

- ghower clagg

- intermediate clage

The three clagses are the inputg

for the neutrino ogeillation fit
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CM3NelT/ORCA: gansxr.‘mr.q to.main D'ms:l

oD O3 % w5 PP A -‘ -- 5 .——., B — . — g

e Fit methodology:

O 2D binned log-likelihood maximization energy and cosine zenith distributions for the three classes

O Asimov approach:

L

® null hypothesis = MC pseudo-data using NuFit parameters

null

n;
—20 nnull alt null In
( l l nalt )

LL o ZZE[E

rec? COSQ}@C

]LLOz — Zze[E

recq COSQ]’EC]

® alternate hypothesis = unblinded data

® ith, each bin in energy and cosine zenith

e Main Systematics:

O neutrino flux (spectral index, relative n. of v, , and anti-v, ,, their direction)

O crogg-gection (n. of NC and v_ and anti-v, CC events)

O detector regponge (PMT efficiency, light yield in the hadronic showers, n. of events in the three classes)
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KM3NeT/ORCA: main systematics

- A Nl - - - - : \ Nl - - \ 4 = - - - : \ 4 N
F e T = S NS N NN NS T ISR SRS S e

* Systematics for sensitivity studies o Systematics for the current oscillation analysis

Parameter Null hypothesis Dataset Value Value at Min. Prior
Am2, [eV2)] NO 2.528-107%  (2.517011) x 1073 froc
32 ;(()) 2436-10-3  (2.43%0:10) x 10-3 Type Parameter Treatment
Am2, [eV?] 0 7.39.105 7.39.10° fixed 2 —3 )
sor 11 © 2520 i Oscillations ; 3&1 [1;) V'l iree
' 23 1A€g ree
el 0 o oo Model Normalisation Free
NO
612 [] 0 33.82 33.82 fixed B VY S T V77 W L
- = — T Flux shane Spectral index N (0,0.3) ;
: o es ool P Py /1 N(0,007)  °
Spectral index NO 1.0 1.00£0.02 free \ Vup VdOWIl > :.'3-
10 ' 1.01+0.02 - _ =1
wo NO Lo 1.01 4 0.01 0.00 = | an /nvp N(O’ 01) o
Vup Vhoriz O : . . : .,
/ = - SR — 3. Flux composition | n,,_ /ny, N(0,0.1) );-f’
NG/, 10 ‘ 1.001003 ' o
/7 10 ' 1.00 +0.16 ' > | nN N(l 0 1) *
0.15 . 9 Ve i
i, o 10 e Cross section CC N(1,0.2) @
—-0.11 ‘ . Q
N TN mmos o = = - N(O, N
Q — etector nergy scaic , U.
2 e 30 10 0L oo 5 ) detector response
%
g 10 R B B¢
e | +o'.19 »
S T )
-t
() NO 1.0010-08
..3 Mintermediate 10 L0 1,02+ 0.04 free
= NO 0.98 + 0.04
Mracks 10 L0 1.00 + 0.03 free
/ NO 1.01+9:99
\/k NShowers 0 1.0 1.03 fgfg’% free J
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’&\I’W o / OR ) A: censitivi .‘y to. main a‘u;s: y

e Neutrino Mass Ordering (NMO):
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data taking period [year]

data taking period [year]
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-1% 48
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O 44 N
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CM3BNeT/ORCA: sengitivityito

* Neutrino Mass Ordering (NMO), combined analysis with JUNO:

O advantage: tension in the Am321 best tits from both experiments when assuming the wrong hypothesis

baseline systematics

— JUNO —— ORCA

——— optimistic systematics

Combination

True Normal Ordering (test 10)
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