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KM3NeT detectors: brief summary

ARCAG

(ARCA with 6

ORCA

Depth 3.5 km 2.45 km
Volume 1 km3 (1Gton) 0.007 km3 (7Mton)
# lines 28 [ 2x115 16 /115

Topic Astroparticle RCA* Oscillation RCA*

Goal Vastro m,, hierarchy

*RCA : Research with Cosmics in the Abyss



KM3NeT muon simulation chain 3

My work:
KM3NeT CR muon simulation chain: ¢ Running CORSIKA:
= Test productions
. : = Mini-prods for systematic studies
simulated particles = v, other Stage n-p y
» First mass prod
\A sea o gSeaGen development: git.km3net.de/opensource/gseagen
......................... | IR = Implementation of CORSIKA processing
detector = Improvements in the propagation routine:
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, « Speed-up: for EeV 1w -> 40min
«& @ [ - oo
_____________________________________________________________________________________________________________________________________________________________________________________________ « Statistics optimization: muon range
-. _ tolerance margin, possibility to retry
JTE trigger :
propagation etc.
* More in the publication [under reviewl:
' . reconstruction “‘gSeaGen code by KM3NeT: an efficient tool to
propagate muons simulated with CORSIKA”
Here: (to be submitted to: Comp. Phys. Comm.)
sea — sea surface above the KM3NeT detectors * Reconstruction of new observables

can — cyllindrical volume around the detector

light — simulation of the y emission inside the can (including the environmental bgd)
trigger — preselection of interesting events by applying trigger conditions
reconstruction — reconstruction of observables, like energy, direction etc.



KM3NeT muon simulation chain 4

My work:
KM3NeT CR muon simulation chain: ¢ Running CORSIKA:
= Test productions
simulated particles — v, other Stage » Mini-prods for systematic studies

» First mass prod

\u CORSIKA sea o gSeaGen development: gitkmanet.de/opensource/gseagen

..................................................................................................................................... = Implementation of CORSIKA processing

MUPAGE detector = Improvements in the propagation routine:

« Speed-up: for EeV 1w -> 40min

«& @& | -
« Statistics optimization: muon range
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' o tolerance margin, possibility to retry
. rigger propagation etc.
* More in the publication [under reviewl:
' . reconstruction “‘gSeaGen code by KM3NeT: an efficient tool to
propagate muons simulated with CORSIKA”
Here: (to be submitted to: Comp. Phys. Comm.)
sea — sea surface above the KM3NeT detectors * Reconstruction of new observables

can — cyllindrical volume around the detector

light — simulation of the y emission inside the can (including the environmental bgd)
trigger — preselection of interesting events by applying trigger conditions
reconstruction — reconstruction of observables, like energy, direction etc.



Reconstruction of multiplicity 5

: Analogical results for ARCAG,
Example of reco results: ORCA115 | ORCAS

muon multiplicity for ARCA115 (and for 2 other observables)

KM3NeT/ARCA115 Preliminary KM3NeT/ARCA115 Preliminary
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Sensitivities vs time

Comments:
s Sensitivity limited by systematics

* Should improve by the time we complete the construction

¢ IceCube uncertainty: various CR models

My simulation

Muon flux

>

prompt

~1PeV

Expected median significance Z [0]

6

full analysis covered in my PhD thesis:
https://bip.ncbj.gov.pl/attachments/download/258

KM3NeT Preliminary
[ & | \ | |

Sensitivities for nominal prompt flux
m—— ARCA115 = = ARCA115 [with sys.]
== ARCAG == = ARCAG [with sys.]

/ mmm= ORCA11l5 === ORCAL15 [with sys.] |
= ORCA6 = = ORCA6 [with sys.]
== |ceCube result (GST3) -«

5 6 7 8
Data taking time t [years]


https://bip.ncbj.gov.pl/attachments/download/258

TL&DR:

s KM3NeT detectors under construction, already collect valuable data

. . . \0
< Reliable muon simulations necessary . 00
< Succesfull reco of N, Epundies Eprim &‘\
s Complete & ORCA will confirm prompt muon flux in first few &&Q
years of operation < >
% Stay tuned for more results! © o0

ov
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Promieniowanie kosmiczne 9
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Promieniowanie kosmiczne (CR):

Wysokoenergetyczne czagstki i jgdra atomowe

docierajgce do Ziemi z kosmosu

Odkryte przez Victora Hessa w 1912
(nagroda Nobla w 1936)

Od tego czasu pomiarow byto catkiem sporo ...

Ale zaraz, na tym wykresie nie ma
mionow ... !1?



Wielkie peki atmosferyczne (EAS)

Czgstka pierwotna
Miony nie sg czescig pierwotnego (najprawdopodobniej proton)
promieniowania kosmicznego!

Sg czgstkami wtérnymi Atmosfera

produkowanymi w ... Z:\;?

Wielkich pekach atm. (EAS) D, n,1T,K+c[i)QZI')szeAhagroEyijqdra
< Powodujg je czastki pierwotne CR / Q. % o b Y

» Wiekszos¢ zaczyna sie na
wysokosci h~30 — 40km

% 3 komponenty:

« elektromagnetyczny

* hadronowy

mionowy
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Niepewnosci systematytczne: wyniki

Indywidualne i potgczone wktady do niepewnosci systematyczne;:
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Jezeli sg punkty wzdtuz linii: interpolacja

Zakres energii odpowiada naszej symulacji CORSIKA

KM3NeT/ARCA Preliminary
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=1 Qullelsle Vi Miony pochodzace Z tego Samego EAS

Kilka istotnych wtasnosci:

Zmienna Obis Standardowa
i rekonstrukcja?

Y. coS 0zenith

cOS B,cnith = Kierunek (zenit) dobra

Ny
raczej zta
Ebundle = Z E, Energia peku (skupia sie tylko na
przypadkach z 1 mionem)
_ Energia czastlki
Eprimary pierwotnej LS
N, Krotnos¢ mionow brak
W peku

wymagaty nowych narzedzi do rekonstrukcji




Peki mionowe
Sch aci mi h Moja rekonstrukcja:
chemat symulacji mionowyc % Dane uczace: moja symulacia CORSIKI

_ v.inne Etap (3-15M przypadkoéw w zbiorze treningowym)
symulowane czastki = |1,V < Uzyty model: LightGBM (gradient boosting machine Microsoft-u)
\H morze wybrany sposrod wielu rozwazanych
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" (wiecej w drugiej prezentaciji)
ﬂ Swiatto Procedura przygotowania modelu:
JTE trigger Przygotowanie
. danych
rekonstrukcja

Uzyte

Wybor istotnych Optymalizacja

zmiennych parametrow modelu

OPTUNR Walidacja
~~ LightGBM

Koncowy wynik



Rekonstrukcja energii peku

Przyktad wynikow dla ARCA115:

2D: rekonstrucja vs prawda

KM3NeT/ARCA115 Preliminary
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Analogiczne wyniki dla ARCAG,
ORCA115 i1 ORCAG6

histogramy 1D

KM3NeT/ARCA115 Preliminary
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Rekonstrukcja energii peku zastosowana do danych (ARCAG)

KM3NeT/ARCAG6 Preliminary, 1.48 days KM3NeT/ARCAG Preliminary, 1.48 days
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Rekonstrukcja energii czgstki pierwotnej] CR

Analogiczne wyniki dla ARCAG,

Przyktad wynikow dla ARCA115: ORCALLS TORCAS

2D: rekonstrucja vs prawda histogramy 1D

KM3NeT/ARCA115 Preliminary KM3NeT/ARCA115 Preliminary

< 1012 106

() metrics: ¢=0.533+0.014, R?=0.281 1073

9. == median 5

<_3Z === median x1 standard deviation - 107

£ 1010 n Bl 10— 8 5

Lua Lra g 100_

> c £

9 10—7 o) o)

2 ] T 19-3

o 108 o o

> = ©

5 10° 8 3

c > > 107°

= — —

Q .n6| = £

S _t’_] +~ 10774

o) o c

go) = Nt

2 , n 107° 10-12{ —— true total primary energy

% 10 1 N - B . predicted total primary energy (LightGBM)

@ .I metrics: ¢=0.533+0.014, R2=0.281 |

o n 10—15 10—15 1 ‘ ] ] | |
104 10° 108 1010 1012

10* 10° 108 1010 1012
True total primary energy Eprim * A [GeV] Total primary energy Eprim * A [GeV]



Rekonstrukcja energii CR zastosowana do danych (ARCA®G)

LightGBM Analogiczne wyniki dla ORCAG6
KM3NeT/ARCAG6 Preliminary, 1.48 days
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Rekonstrukcja krotnosci zastosowana do danych (ARCAG)

LightGBM Analogiczne wyniki dla ORCAG6

KM3NeT/ARCA6 Preliminary, 1.48 days
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Miony natychmiastowe (promptowe). podstawowa motywacja

Kategorie strumienia czgstek uzywane
powszechnie przez teleskopy neutrinowe:

« konwencjonalny — u, v gtdwnie z rozpaddéw m i K

* natychmiastowy (prompt) - u, v gtdwnie z rozpadow
ciezkich hadronow

. astrofiz¥czny — v z AGN-6w, SN-ych, itd.
(brak astro u, promptowe u, v sg ttem)

>

conventional

Muon flux

~1PeV E



Deklaracja hipotez 20

Strumien mionow sktada sie w

. L . »> BGD
catosci z mionow konwencjonalnych.,
Strumien mionow zawiera zarowno . TOTAL
wkiad promptowy jak i konwencjonalny.
Define the test
Sensitivity Measurement

Observable distributions

select prompt, conv

Significance |o]
Significance [o]

‘ b
¢ x 1D -
v | = Critical
cross-check —Pp O —> . —> e ——
A2 region - A
¢ variable 1 | B PRemPt = ...
define SIG, BGD 2 or
5 t
- POmPE <L

— » Quality cuts < —

MC Exp data



Rozktady obserwabli

KM3NeT/ARCA115 Preliminary

1010 ‘ ‘ KM3NeT/ARCA115 Preliminary 106 |
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Rozktady obserwabli: kierunek zenitalny

T

1010 KM3NeT/ARCA115 Preliminary
I | | I
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Rozktady obserwabli: energia peku

KM3NeT/ARCA115 Preliminary
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Komentarze:

+» Analiza jest zdecydowanie czuta na

energie peku

s Wyglada na to, ze nawet przy energiach
rzedu TeV jest réznica miedzy hipotezami



Rozktady obserwabli: krothnos¢ mionow
KM3NeT/ARCA115 Plreliminary

Events in 1 year per binwidth

Test Statistic qo
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Komentarze:

s Krotnos¢ miondéw réwniez jest uzyteczna

+ Najlepsza czutos¢ dla pekdéw sktadajgcych
sie srednio z ~40 mionow



Obszar krytyczny 25

Define the test
s Sensitivity Measurement
ot 2= .. Observable distributions - -
T select prompt, conv - E T% E
5 J x 1D -
‘ v | = Critical
_—> cross-check —p» | o . —_—)
G @ A § \ I’egIOn © A rompt
variable 1 | g PPt = ..
Hypotheses define SIG, BGD 2 or
n pr ¢zrompt < ..
— » Quality cuts <« =

MC Exp data



Optymalizacja obszaru krytycznego
Dla mniejszych konfiguracji detektoréw uzytem tych samych wartosci jak dla

ARCA115 40 petnych dla lepszej poréwnywalnosci.
ARCAG 251 40
ORCA115 16 40 Optymalizuje tylko dolne granice, poniewaz ograniczenie od gory nie poprawia
ORCA6 16 40 czutosci testu (dla wysokich energii i krotnosci sygnatu jest tylko wiecej).
10° KM3NeT/ARCA115 Preliminary 10° KM3NeT/ORCA115 Preliminary
* TS maximum 1.2 * TS maximum 2.00
> o~
GJ 10 E q-} 108’ 1.75
O, 1.0~ 92 -~
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2107, » E107 1502
2 c =2 e
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S 048 S -
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2 10, o =100 0.50 +
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107 -1 0 N1 2 "3 4 5 107 -1 N0 N1 N2 3 N4 5 \/
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Minimal reconstructed muon multiplicity N, Minimal reconstructed muon multiplicity N,



Czosci L

Define the test

TS= ..
Z= ...

wiecej szczegotow w slajdach zapasowych ...

crit. Z=...

T

?
o0

Hypotheses

select prompt, conv

v

cross-check

v

define SIG, BGD

MC

Observable distributions

Muon flux H

"

variable 1

» Quality cuts <

Critical
region

Sensitivity

Significance |o]

Measurement

Significance [o]

Significance [o]

prompt
o

¢Erompt -

or
¢ﬂrompt <




Czutosci vs niepewnosci systematyczne
KM3NeT Preliminary

10 | | I | |
— Sensitivities for 1 year of data taking
) and nominal prompt flux normalisation
N == ARCA115 === ARCA115 [with sys.]
v 8N | = ARCA6 — = ARCAG6 [with sys.]
= \.\ == ORCA11l5 === ORCA115 [with sys.]
kS, \| = ORCA6 — = ORCAG6 [with sys.] Komentarze: .
= \ % systematyka wptywa silniej na
% 6 - wieksze konfiguracje
B ' ¢ jej redukcja moze dramatycznie
C \ \, polepszyC czutos¢
O \ \_\ < bedzie to wymagato
8 4 \ ~ kosztownych dedykowanych
c A N symulacji
\. \.\
© N -~
v 2 -
i‘- i LT P g
0 | | | . -
0 25 50 75 100 125 150 175 200

Fraction of the nominal systematic uncertainty [%]
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More at:
youtube.com/KM3NeTneutrino

for deployment:

’ KM3NeTneutrino



https://www.youtube.com/watch?v=tzxHlLgAahE
https://www.youtube.com/watch?v=tzxHlLgAahE
https://www.youtube.com/watch?v=tzxHlLgAahE
http://www.youtube.com/user/KM3NeTneutrino

Water Cherenkov v telescopes

2006 - 2022

P-ONE
(planned)

/%% Hyper-Kamiokande

‘ (planned)
TRIDENT\ ‘\*’\

(planned)

lceCube-Gen2
(planned)




Sensitivities vs prompt norma

KM3NeT Preliminary
| 7

10 | 7 |
— Sensitivities for 1 year of data taking
S e ARCA115 === ARCA115 [with sys.]
N o ——= ARCA6 = = ARCAG6 [with sys.] |
y me= ORCA115 === ORCA115 [withsys.] | Comments:
% s ORCAG == = ORCAG6 [with sys.] s prompt flux normalisation has a linear
© L
= / effect on sensitivity | |
= 6 - s still, systematics are the dominant issue
©
-
©
T 4
Q
&
©
Q
0 2
Q
o
X
LLl

.. N —,.-—-"‘-'_'

D0 0.5 1.0 15 20 55 20
Prompt flux normalisation relative to nominal: Poromet

0
¢'pro mpt
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EAS simulations in KM3NeT 32

We have 2 options: s

1. MUPAGE (atmospheric MUons from PArametric

formulas: a fast GEnerator for neutrino telescopes)

« developed for ANTARES

« fast muon MC generator

* based on parametric formulas and MACRO measurements
* parameters can be freely tuned

2. CORSIKA (COsmic Ray Simulations for KAscade)

« developed for KASCADE
 full simulation of air showers
« customizable (models, primaries, etc.)



https://arxiv.org/abs/0907.5563
https://www.ikp.kit.edu/corsika/index.php

Niepewnosci systematytczne: podsumowanie

Metoda:

Niepewnosci liczone indywidualnie dla kazdego przypadku, tzn. oszacowuje Awevent(Eprim )
Jezeli to mozliwe, osobne oszacowania wktadow dla detektorow ARCA and ORCA

/ /
0’0 0’0

/
0’0

/
0’0

max—domyslne domys$lne—min

Kazda niepewnosc liczona jako: , y
domyslne domyslne

3 podejscia:

= [2,3] Dedykowane mini-produkcje CORSIKI (tylko pionowe peki, dla ustalonych wartosci £y, 1.11 - 107
pekow/rodzaj czgstki pierwotnej)

= [1] Pakiet crflux (bezposrednie oszacowanie strumienia CR)

= [4,5] Dedykowane mini-produkcje MUPAGE’a (wygenerowane przez Andreya Romanova)

Uwzglednione zrodta niepewnosci:

1.
2.
3.

S

Modele strumienia czgstek pierwotnych CR domyslnie: GST3

Wysoko-energetyczne modele oddziatywan hadronowych domysinie : SIBYLL 2.3d

Sezonowe roznice w profilu gestosci atmosfery domysinie : dopasowanie do atmosfery
MSIS2.0 usrednionej po porach
roku i lokalizacji (ARCA i ORCA)

Efektywnos¢ fotopowielaczy domyslnie : warto§¢ nominalna (A. Romanov)

Dtugosci absorpcji Swiatta w wodzie domysinie :

wartos¢ nominalna (A. Romanov)



https://git.km3net.de/aromanov/corsika_vs_data/-/blob/main/internal_note.pdf
https://git.km3net.de/aromanov/corsika_vs_data/-/blob/main/internal_note.pdf
https://git.km3net.de/aromanov/corsika_vs_data/-/blob/main/internal_note.pdf

Light sensors m

Digital Optical Module (DOM)

acrylic glass sphere with:

3137 PMIs, 2022 JINST 17 P0703
« readout electronics, |

e pressure gauge,

e acoustic sensonrs,
. JATIS 7(1), 016001 (2021)

Photomultiplier Tube (PMT)

converts light into electric signal

JINST13 (2018) P05035




DOM arrangement | E

Detection Unit (DU):

vertical string with 18 DOMs

Eur. Phys. J. C 76 (2016) 76:54

Naming:

ORCAG «> ORCA with 6 strings / = e e
N with 2 strings =g
etc. RS @

2020 JINST 15 P11027



Detection Unit (DU):

vertical string with 18 DOMs

Eur. Phys. J. C 76 (2016) 76:54

Naming:

with 6 strings
with 2 strings

2020 JINST 15 P11027

«—>
«—>




ML reco: general overview 37
features
targets

Workflow of the reconstruction:

Dat S (in case the training performs better with
ata extraction Scale Weights scaled weights; depends on the model and
target)

Preprocessing ‘

feature/ (X — Xroan)
model/ el = e one common scaling
. . st
Training target/ e e e T S
method/ 37 | scaler = Standardscalen() o

scaler.fit(x_train)

selection e

-
48 dump(scaler, DIR+VER+' common_scaler.joblib"})
Valldatlon Scale features 41 | print(DIR+VER+' common_scaler.joblib")

18 from sklearn.model_selection import train_test_split
19 x_train, x_test, y_train, y_test = train_test_split(

i 0 0 20 data[ COLS+WEIGHTS],
Model tuning 64% 169 20% 21| LABELs,
0 22 test_size=8.2, random_state=131871, shuffle=True,
23 stratify=LABELS
24 )

Final result

Validation data Test data




ML reco: features used for reconstruction
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ML reco: feature clustering

3DMUON_3DSHOWER_trig_hit_amplitude_avg
3DSHOWER _trig_hit_amplitude_avg
3DMUON_3DSHOWER trig_hit_amplitude_std
3DSHOWER _trig_hit_amplitude_std
3DMUON_trig_hit_amplitude_std

3DMUON _trig_hit_amplitude_avg
3DMUON_3DSHOWER._ trig_hits

3DSHOWER trig_hits

3DMUON_trig_hits

3DMUON_3DSHOWER_trig_hit amplitude_sum
3DSHOWER_trig_hit_amplitude_sum
3DMUON_trig_hit amplitude_sum
vertical_span_3DMUON_3DSHOWER_trig_hits
vertical_span_3DSHOWER_trig_hits
3DMUON_3DSHOWER_trig_hits_duration
3DSHOWER._trig_hits_duration

overlays

vertical_span_3DMUON_trig_hits
horizontal_span_3DMUON_trig_hits
3DMUOM_trig_hits_duration
horizontal_span_3DMUOMN_3DSHOWER_trig_hits
horizontal_span_3DSHOWER_trig_hits
last_3DMUON_3DSHOWER trig_hit_pmt_dir z
last_3DSHOWER _trig_hit_pmt_dir z
last_3DMUON_trig_hit_pmt_dir_z

first 3DMUON_3DSHOWER_trig_hit_pmt_dir z
first_ 3DSHOWER_trig_hit_pmt_dir z
first_3DMUON_trig_hit_pmt_dir_z
distance_first_3DMUON_trig_hit_to_det_edge
distance_last_3DMUON_trig_hit_to_det edge
distance_last_3DMUON_3DSHOWER_trig_hit to_det_edge
distance_last_3DSHOWER_trig_hit_to_det_edge
distance_first_3DMUON_3DSHOWER trig_hit_to_det edge
distance_first_3DSHOWER_trig_hit_to_det_edge
last 3DMUON_3DSHOWER trig_hit_pmt dir x
last_3DSHOWER_trig_hit_pmt_dir_x
last_3DMUON_trig_hit_pmt_dir_x
first_3DMUON_3DSHOWER_trig_hit_prmt_dir_x
first_3DSHOWER_trig_hit_pmt_dir_x
first_3DMUQN_trig_hit_pmt_dir_x

last 3DMUON_3DSHOWER trig_hit_pmt dir y
last_3DSHOWER_trig_hit_pmt_dir_y
last_3DMUON_trig_hit_pmt_dir_y
first_3DMUON_3DSHOWER_trig_hit_pmt_dir_y
first_3DSHOWER_trig_hit_pmt_dir_y
first_3DMUQN_trig_hit_pmt_dir_y

KM3NeT/ARCA115 Preliminary

=== cytoff: 0.4

10>  10*  10° 102 10  10°

Cluster distances (Ward method)

Tor

Cluster distance cutoff is arbitrary

Clusters are marked by different colors

Example for ARCA115
(the same was done for ARCAG,
ORCA115 and ORCAG®)



Bundle energy reco: best ML model selection

Performance comparison on a fraction (50k events) of the training dataset:

KM3NeT/ARCA115 Preliminary

XGBoost
LightGBM
HistGradientBoosting

OrthogonalMatchingPursuit ]

tassolarsiCT |
LassolLars

Lasso

Lars

ElasticNet
TheilSen
PassiveAggressive
RANSAC

mm c
 mm R? |

Best perfof

Huber
ARDY

SGD
Ridge
Linear
Baggingl |
Extralreesy
RandomForest I R

0.2 0.4 0.6

Metric value

mance

The (weighted) Pearson correlation coefficient:

> wi (z: — ) (¥ — Y)

c(z,y) = e
Sw; (z; — 2)° Sw; (yi — )

1 )

The (weighted) R2-score,
called the coefficient of determination:

Zwi (ytrue - ypred)2
i

R? (Yirue, Ypred) = 1 — -
e TP sz (ytrue - y)2

0.8 1.0



Bundle energy reco: best ML model selection

Speed comparison on a fraction (50k events) of the training dataset:

XGBoost
LightGBM
HistGradientBoosting

OrthogonalMatchingPursuit

KM3NeT/ARCAL15 Preliminary

LassolarsIC
LassolLars
Lasso jmm

Lars
ElasticNet
TheilSen
PassiveAggressive
RANSAC Jmm
Huber jum

ARD

SGD

Ridge

Linear
Bagging
ExtraTrees
RandomForest
GradientBoosting
AdaBoost
DecisionTree
KNeighbors
MLP

gt

10!

102
Training time [s]

103

LightGBM:

» not the fastest, but still very decent

» + it turned out to scale up very well
(entire dataset is orders of
magnitude larger)

L)

L0

>

L)

L)

These times were obtained running
with 20 CPU cores in parallel



Bundle energy reco: learning inspection 42

R?2 — score

1.0

0.8

0.6

0.4

0.2

0.0

KM3NeT/ARCA115 Preliminary

| .
==== full training dataset .
—&— training score .
)\_\ —e=—validation score g
50k events
162 T10° 10t I 108 Tl

Training examples

Here we see why 50k
events were fine for testing
(but e.g. 5k would not be)



Bundle energy reco: basic comparison with JMuon

Here | just compare LightGBM (no tuning whatsoever) and JMuon reco
(non-ML reco)

JMuon
KM3NeT/ARCA115 Preliminary

—
o
[(e]

[}
o
(o]

—
o
)]

)
o
'S

—
o
w

10,

Predicted bundle energy E pundie [GeV] (JMuon)
o

=
o
=

metrics: c=0.340+0.013, R?=-56.381

median | [ |
=== median +1 standard deviation

n o B el

-
o
=

102 10®° 10* 105> 10%® 107
True bundle energy E,pundie [GeV]

108

10°

10!

1071

1073

1 year per bin area

1075

n

[E
<
Events

107°

Predicted bundle energy E,pundie [GeV]

LightGBM
KM3NeT/ARCA115 Preliminary

[
o
(e}

[}
o
o

[}
o
\__,

[
Q
(o2

105_

[
o
B

—
o
w

102_

metrics: c=0.698+0.010, R?=0.469

median
=== median *1 standard deviation

1
10101

102 104 105 108 107 108
True bundle energy E,;pundie [GeV]

10°

10!

1071

1073

1 year per bin area

1075

n

Events

1077

107°



Bundle energy reco: basic result in 1D

Comparison in 1D:

108 KM3NeT/ARCA115 Preliminary
| —— true bundle energy
predicted bundle energy (LightGBM)
wy o T metrics: ¢=0.446+0.013, R2=0.066
T e e e — O N predicted bundle energy (JMuon)
o metrics: ¢=0.359+0.000, R?=-52.449

£
— 2 |
s 10
=
Ko)
. Clearly even untuned ML approach
. reproduces the distribution much closer
©
> ot
Z, 10
=
2
j _
O 10 7]
>
L

107194

10713 . . , | . . |

10! 102 103 104 10° 10° 107 108 10°

Bundle energy Epundie [GeV]



Bundle energy reco: feature importance

KM3NeT/ARCA115 Preliminary

overlays

horizontal_span_3DMUON_3DSHOWER_trig_hits

vertical_span 3DMUON 3DSHOWER _trig_hits

horizontal_span_3DMUON_trig_hits

vertical_span_3DMUON_trig_hits

horizontal_span_3DSHOWERtrig_hits

vertical span_3DSHOWER_trig_hits

3DMUON_3DSHOWER_trig_hits

3DMUON_trig_hits

3DSHOWER _trig_hits

3DMUON_3DSHOWER_trig_hits_duration

last 3DMUON_3DSHOWER trag'h:t pmt_dir z

;ast gBMUSN §D§H8WER _trig_ gat pmt_ gir_y C | h d |
ast 3DMUON_3DSHOWER_trig_hit_pmt dir_x1

first 3DMUON_3DSHOWER _trig_hit_pmt i dir z 1 olors here are nOt random:

first 3DMUON _3DSHOWER _trig_hit_pmt_dir_y

first 3DMUON_3DSHOWER _trig_ hit_pmt_dir x 1

distance first 3DMUON_3DSHOWER trig_hit to det edge

distance_last 3DMUON_3DSHOWER trig_hit to det edge

3DMUON_trig_hits_duration

last_3DMUON_trig_hit_pmt_dir_z

last_ 3DMUON trig_hit_pmt dir_ y

last 3DMUON |_trig_hit_pmt_dir_x 7

first_ 3DMUON_trig_hit_pmt dir z 1

first 3DMUON _trig_hit_pmt_ dir_y 1

first 3DMUON _trig_hit_pmt_dir x1

The idea:
e et IDMUON e P to-dot-edge Try to select only the most important feature

" 3DSHOWER trig_hits_duration .
last_3DSHOWER trig_hit_pmt_dir_z in each cluster
last 3DSHOWER _trig_hit_pmt_ dir y
last 3DSHOWER trig_hit_pmt_dir_x
-
|
[

They match the feature clustering

first_3DSHOWER_trig_hit_pmt_dir_z
first 3DSHOWER _trig_ “hit_pmt_dir_y
first 3DSHOWER_trig_hit_pmt_dir_x 1
distance_first 3DSHOWER _trig_hit_to det edgeH
distance last 3DSHOWER trag1 hit_to_det edge
3DMUON_3DSHOWER _trig_hit_amplitude_std
3DMUON 3DSHOWER _trig_hit_amplitude_avg
3DMUON 3DSHOWER trig hit amplitude sum
3DMUON_trig_hit_amplitude_std 1
3DMUON _trig_hit_amplitude avg
3DMUON trig_hit amplitude_sum
3DSHOWER trig_hit_amplitude_std {
3DSHOWER _trig_hit_amplitude_avg 1
3DSHOWER _trig_hit_amplitude_sum {me . .
10~ 10— 10~ 10t

Feature importance

(mean R? decrease)




Bundle energy reco: feature selection

| cons
1. All

—
o
{e]

idered 4 options:
features
2. Features with importance>0 & only the most important 4. Features with importance>0

1. All features

KM3NeT/ARCA115 Preliminary

metrics: ¢=0.698+0.010, R?=0.469

| === median

S
© 108
@) === median *1 standard deviation
= 7
T 10
5 B
3
W 106
> H
2
o O [ | [ N |
(- 105.
Q
Q
© 4

104
c
= | o
o)
© ]
5 103
4
S I
= I
D 102] I '
ju I
o I :

m |
101 - | J | .
101! 102 103 104 10° 108 107 108

True bundle energy E,pundie [GeV]

10°

10!

[
9
w

1077

Events in 1 year per bin area

one from each cluster

Predicted bundle energy E,pundie [GeV]

3. The most important feature only

2. importance>0 & clustering

KM3NeT/ARCA115 Preliminary

10°:
I metrics: ¢=0.697+0.010, R2=0.470
108, —=— median
| === median *+1 standard deviation
10"; [
" m
- .r ]
104
B -
|
102 I
101 . ‘ | L | |
101 102 103 104 10° 108 107 108

True bundle energy E,pundie [GeV]

10°

10t

Events in 1 year per bin area



Bundle energy reco: feature selection

| cons
1. All

=
o
w0

idered 4 options:
features

KM3NeT/ARCA115 Preliminary

=
o
o0

=
o
~

=
o
o

=
o
IS

[
o
w

102_

Predicted bundle energy E, bundgie [GeV]
5

101

metrics: c=0.642+0.011, R?=0.410

| == median

= == median +1 standard deviation

"
I
-

L

-_"-_J
NN B B N

101

102 10® 104 105 106 107 108
True bundle energy E, pundie [GeV]

10°

10!

1071

103

[—I
<
Events in 1 year per bin area

[—l
o
4

10—°

one from each cluster
3. The most important feature only
2. Features with importance>0 & only the most important 4. Features with importance=0

3. SDMUON_3DSHOWER _trig_hits only

Predicted bundle energy E, pundie [GeV]

[
o
(s]

4. importance>0

KM3NeT/ARCA115 Preliminary

[
o
ee]

=
o
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=
(=]
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=
o
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[
(]
IS

=
[e]
w

=
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[
o
=

metrics: ¢=0.700+0.010, R2=0.471

| == median

=== median *1 standard deviation

o
o
[

102 103 10 105> 10%° 107 108
True bundle energy E,pundie [GeV]

10°

10t

1 year per bin area

10~
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[_I
<
Events
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ML reco: general overview

Workflow of the reconstruction:

Data extraction

Preprocessing
feature/

model/

Training igﬁgd/

selection
Validation

Model tuning

Final result

Objective Value

Hyperparameter Importances

colsample_bytree_ 0.07
reg_lambda- 0.03
n_estimato rs- 0.03
num_iterations- 0.02

min_child_weight[Jjjfjj 0.02

num_leaves. 0.01

Hyperparameter

min_child_samples. 0.01
reg_alphal <0.01

subsample_for_binl <0.01
0 0.1 0.2 0.3 0.4 0.5

Importance for Objective Value
Optimization History Plot

= Objective Vaiue

— pest vaue
e
P —
E e "
&
o
S|IEE Plut o 20 40 &0 8o 100 120
Trial
1
Trial
0.8
100
0.6 y =
y 3 00 L) LELE OOE » e & fe5e
L, e, T mpe . twm o emy vwew o am pey - ern
0.4 o’ : ° R ° °e ' | 3 s 7 S RIS I Tt e . 8 °g 50
0.2
o
0.5 1 L] 0.5 1 0 500 1000 [ = =T o N b o @ L] 500 1000 0O 200 400 o w o= = oM~ o v o2 o 0.5 1 L] 50k 100k
: i chi 85 €888 . S238 S8 8 )
colsample_bytree learning_rate min_child_samples £ = num_iterations num_leaves subsample  subsample_for_bin
n_estimators reg_alpha reg_lambda

min_child_weight —



Multiplicity reco: muon selection

- Ho K g We want to exclude muons, which:
\/ s Are too far from the detector
% Have too short pathlength inside the
volume of interest
% Emit too faint light (have too low Energy)
*» Basically are not visible or would be poorly
reconstructed

How?

% Check the JMuon* likelihood £ for single
muon events against:
= distance of muon from the DET center

u (@) for vertical muons — pick an optimal
x volume by shrinking the can by x as:
Too dim | Tean — X, fean — X

= muon pathlength /. but for shrinked can
= muon energy — E cut

JMuon — standard muon track reco

e




Multiplicity reco: muon selection 50

Summary of the selction:

Minimal E,, [GeV] minimal L, [m]

ARCA115

ARCAG 120 269.4 240 (plots in the backup)
ORCA115 1 - -

ORCA6 1 - -

This selection is used for further multiplicity results



Multiplicity reco: muon selection check

Example of ARCAG, for which the effect is the most pronounced

All muons Selected muons

10° KM3NeT/ARCAG Preliminary 105 KM3NeT/ARCAG6 Preliminary
metrics: ¢=0.415+0.018, R2=-0.502 10° metrics: ¢=0.519+0.017, R2=0.027 109
== median 1 standard deviation === median *1 standard deviation
10%4: === median 104, == median
1072 © 102 8
3 ] Q 3 [ [ ]

| I - —
> -y c > m T - i
= 103_ [ | || E o 103 r I [ ] E
© — 1074 Q L 1074 Qo
— ] [ - 1.
Qo O o )
o o > o
=3 2 [ - 2 [
& 10 8 = 10 8
© > o >
3 — g —~
— ] L 1 c
o) 101 10—8 E 5 10 10—8 ;
a _3 g 2 p. 2
o- o g & - g
10°- 10-10W 10° 10-10 L

I I

| [

| [

-1 i i | | | i 10—12 -1 1 | 10—12
10 101 10° 101 102 103 104 10° 10 101 10° 10! 102 103 104 10°

True multiplicity N True multiplicity N,



Multiplicity reco: final results 52

Analogical results obtained for

Example of the results for ARCAG: ARCAI15, ORCA115 and ORCAG

2D: pred vs true 1D histograms

KM3NeT/ARCAG Preliminary KM3NeT/ARCAG6 Preliminary

10° 1010
metrics: ¢=0.558+0.016, R>=0.302 10° —— true multiplicity N,
- = median +1 standard deviation . predicted multiplicity N, (LightGBM)
4] == median 0 =— metrics: ¢=0.558+0.016, R2=0.302
10 2 =
107 m©
3 0 ©
2 m g 106_
2 10% c £
= " = 107 o f
S I 5 8 0]
=) 2 - = ceend
g 10 100 8§
o > : 107
v -
4+
8] c
= 10! -8 .E =
© 10
o 2 £ 100
o S 0
-~ >
100 -3 | 1010w t 10-2-
|
| |
-1 , 1 ‘ -12 -4 | . | I -
1076 100 101 102 103 104 105 10 10 100 101 102 103 10* 105

True multiplicity Ny Muon multiplicity N,




Definition of the test

Poisson formula for BGD with non-negligible uncertainty: refl ref2 ref3
NTOTAU(NBGD+0§GD)> NfoTaL ( Oﬁcn(NTOTAL—NBGD))]
2 - |N. -1 ( ——=-In(1 for N >N,
1S:qp = [ TOTAL " 1 N§ep+NTOTAL OheD OhGD n\tt Ngep*(NBep+036p) oF roTAL BGD

0 for Nrorar < Npep

Significance: Z = \/q,
Ciritical Z: 50

systematic uncertainties are included: Opep = \/ (GEE"’S)Z + (GsySt 2
BGD

Define the test

Sensitivity Measurement

Observable distributions

select prompt, conv

Significance |o]
Significance ||

[
5 J x 1D
o ) e —_—> cross-check _>V s K —p CI’I’['ICE:H —>
A S region -
¢ variable 1 L B PRrOMPt = ..
Hypotheses define SIG, BGD : or
’ > gorompt <.
= » Quality cuts < =

MC Exp data


https://indico.cern.ch/event/1040096/attachments/2270146/3855271/cowan_cern_at21_4.pdf
https://arxiv.org/pdf/2102.04275.pdf
https://articles.adsabs.harvard.edu/pdf/1983ApJ...272..317L

Definition of signal and background

Definitions:

s prompt: u ,directly” from 1st
interaction:

= Possibly few parent particles

= Parents with lifetime t < Tg prompt p:
% conventional: all other u

Tyo = 89.5ps
Define the test

TS=...

Z= ...

crit. Z= ...

T

Hypotheses

0 ' e _> cross-check —>

select prompt, conv

<
Muon flux

¢ A

define SIG, BGD

(hadronic counters)

© O O O

Measurement

Significance [o]

¢Erompt —

or
¢,|L3Lrompt < ..

MC

» Quality cuts <«

prim muon
MC
_——— prompt muon any any
prim prompt <2 <2
, , 32
rom rom
promp promp 33
Sensitivity
Observable distributions S
1D L ”
\ Critical
region —
variable 1 | E
i ¢Emmpt
Exp data




Prompt and conv parent particles

KM3NeT Preliminary
. prompt

Mother particle type

KM3NeT Preliminary

I prompt I conv

~ ©
A5 e 5 R

X
W

=
L L

O

=
S Mok

no H o H+ o

MO M

1072 107 10°® 10° 10™* 102
Fraction of the total muon flux

10°

Grandmother particle type

. conv

=
0
QC

nuclei

106 10* 102

1078
Fraction of the total muon flux

10'—12 10‘-10

10°

Note: 1 parent conventional — the muon is conventional.

The colours here only tell you if particles have short or
long livetimes (if applicable).

Most muons originate from n* and K*, as expected.

The most important prompt mother particles for muons
are light vector mesons (n, p, w), hot D mesons
(also expected).

If mother is a muon or grandmother is the same nucleus
as the primary, it means that there were just less
interactions between shower start and muon creation.

NB: particles & antiparticles are counted together!
(and so are all nuclei, including hydrogen)



Check of prompt and conv definition 56

| look at 3 things:

1. Muon arrival time

2. Muon energy share

3. Muon production point

Define the test
o Sensitivity Measurement
ot 2= .. Observable distributions - -
T select prompt, conv - E T% E
x 1D a - &
? = Critical
e @ > cross-check S —> . —> e
3 region . A o~
variable 1 | g PPt = ..
Hypotheses define SIG, BGD 2 or
n pr ¢'|L)Lrompt < ..
— » Quality cuts <« =

MC Exp data



Muon arrival time

102

counts

100

102

counts

100

KM3NeT/ARCA115 Preliminary

I
event #6

I conv

B prompt |

—150 -100 -50 0

arrival time difference t — <t> [ns]
KM3NeT/ARCA115 Preliminary

50

I
event #3

Il conv

m prompt |

-10 0
arrival time difference t— <t> [ns]

10 20 30

KM3NeT/ARCA115 Preliminary

I I
event #97
102 B conv
I prompt
0
4+
c
3 10!
o
10%4 L
-80 -60 -40 =20 0 20 40 60
arrival time difference t— <t> [ns]
, KM3NeT/ARCA115 Preliminary
10 T T
event #24
El conv
B prompt
0
T 10l
& 10
o
lw]
100_
i |
-300 -200 =100 0

arrival time difference t— <t > [ns]

o/

arrival time: time between the first
interaction of the primary and the
muon crossing the can boundary

Iron

events

Conclusion here is that prompt is not
really evident from arrival times on

event-by-event basis
(which is a bummer, because this could have
been measurable)




Muon energy share

106 KM3NeT/ORCA115 Preliminary
g | |
= 3|l muons
10°4 === prompt muons -
% ] |‘ =s2=  CONV MUONS
= 10%:
= ;
= : J
Q 1034
L. ]
) ]
2 102 Tr=a.
- ]
o | \5““1.
> 10%;
SR
£ 1094
0 ? ‘%
o ]
@ 1071
>
1072
1077 -—10 _8 —6 —4 =2 0
10 10 10 10 10 10

energy share of the muon

atproduction

u
A 'E;:rim

| use ORCA115 to boost the statistics

Prompt muons indeed tend to carry a
larger portion of the total primary
energy

The wiggles are coming from the
contributions of different primaries



Muon production point

10°

Events in 1 year per binwidth

1078

KM3NeT/ORCA115 Preliminary

| use ORCA115 to boost the statistics

il

—

Prompt muons indeed are more
often produced close to the 1st
interaction

= all muons
<4 prompt muons
<4 conv muons

101

100

Tor

102

103 1
Distance from shower start to u production dyproq [M]

i

108




Definition of signal and background

Definitions:

% SIG: = 1 prompt u in bundle
< BGD: 0 prompt u in bundle

BGD has to be reweighted:

WBGD = Wevent(prim» Eprim) ) fTB (prim, Eprim)

Define the test
TS=...

Z= ...
crit. Z=...

T

?
o0

Hypotheses

select prompt, conv

v

cross-check

KM3NeT/ARCA115 Preliminary

3.5

3.0

25

(=]
Y]
[sa]

_ TOTAL

T
—— p interpolation
= He interpolation
= interpolation

= O interpolation
= Fe interpolation

| == datapoints

2.0
|

[aa]
W

15

_.é"-"”

Muon flux H

» Quality cuts <

Note:

|deally, frg should be
evaluated at generation, but
that’s not possible

(or we could use 2 separate
gl MC'’s, but it's not possible yet)

Measurement

Significance [o]

¢Erompt -

or
¢ﬂrompt <

1.0 e ———————
0302 104 106 108 100
Primary energy Eprim [GeV]
Sensitivity
Observable distributions El i
1D @ =
Critical
region -
variable 1 L E
w ¢zmmpt
Exp data




The observable distributions

KM3NeT/ARCAG6 Preliminary, 1.48 days

KM3NeT/ORCA6 Preliminary

61

10’ I 10°
. . I ——= cut: £>50 _ metrics: c=0.386+0.013, R2=0.147
The quality cuts: 5 : 4+ data % 100 == median - -
’:‘ lee“hOOd CUt z : + MUPAGE 9 ===median £1 standard deviation o
o : 2 107] ]
ARCA L > 50 o ,g i + CORSIKA with syst. élo ‘ 10_1g
e 3 £
ORCA: £ > 280 — g | Toe - 5
.0’ ML . I . — 102 -o#'f‘ I &h g H _38_
X reco reliability cut! «— - _ 27 4T |0 — % 00 10 2
B g 10t 1 - LR N S A E— v
ARCALIS: Epynie > 3TeV, N, >0 £ i + ST N 2
| 1 -5
ARCA6:  Epyngie > 3TeV, N, >0 - ~+ 2 e <
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L. Mohrmann, Characterizing cosmic neutrino sources — a measurement of the energy spectrum and flavor composition of the cosmic neutrino flux observed with the IceCube Neutrino Observatory, Humboldt U., Berlin (2015)




Event topologies 63
Examples of basic event topologies: Classes based on combinations of: :; [S)lhrgggon

down-going track up-going track single cascade double cascade
(typically atm. u) (typically atm. vﬂ) (typically atm. v /v ) (typically atm. v)
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