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A little spoiler … 4

stay tuned …

Paper to be published in Nature on

12 February
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Summary 10

TL&DR:
❖ KM3NeT grows & already collects valuable data

❖ Reliable simulations necessary

❖ Big potential for neutrino astronomy (and beyond)

❖ Stay tuned for more exciting results! ☺

Nature Paper – 12. Feb!
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Backup



1 string (DU):

18 DOMs

1 DOM:

31 PMTs

DOM:

71 unique components 
1 building block:

115 DUs

DOM production:(@Nikhef) Preparation for deployment: String deployment:

Detector design summary 12

More at:

youtube.com/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 𝜈 telescopes 13



Sensitivities vs prompt norma 14

Comments:

❖ prompt flux normalisation has a linear

effect on sensitivity

❖ still, systematics are the dominant issue



We have 2 options:

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.)

EAS simulations in KM3NeT 15

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


Digital Optical Module (DOM) 
acrylic glass sphere with:

• 31 3” PMTs,

• readout electronics,

• pressure gauge,

• acoustic sensonrs,

• ...

Photomultiplier Tube (PMT)
converts light into electric signal

Light sensors 16

2022 JINST 17 P0703

JATIS 7(1), 016001 (2021)

JINST13 (2018) P05035



DOM arrangement 17

Detection Unit (DU): 
vertical string with 18 DOMs

Naming: 

ORCA6 ORCA with 6 strings

ARCA2 ARCA with 2 strings

etc.

2020 JINST 15 P11027

Eur. Phys. J. C 76 (2016) 76:54
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2020 JINST 15 P11027

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



Workflow of the reconstruction:
Read data

Train data Test data

64% 20%

Scale features

𝑥scaled  =
𝑥 − 𝑥mean

𝑥std

features

weights

targets

(in case the training performs better with 

scaled weights; depends on the model and 
target)

Final result

Model tuning

Data extraction

Preprocessing

Training

Validation

ML reco: general overview 19

feature/

model/

target/

method/

selection

Validation data

Scale weights

16%

one common scaling



ML reco: features used for reconstruction 20

Example for ARCA115

(the same was done for ARCA6, 

ORCA115 and ORCA6)

In total: 46 features (+4 targets)



ML reco: feature clustering 21

Example for ARCA115

(the same was done for ARCA6, 

ORCA115 and ORCA6)

Cluster distance cutoff is arbitrary

Clusters are marked by different colors



Bundle energy reco: best ML model selection 22

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

The (weighted) Pearson correlation coefficient:

The (weighted) R2-score, 

called the coefficient of determination:

Best performance



Bundle energy reco: best ML model selection 23

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

These times were obtained running

with 20 CPU cores in parallel

LightGBM:

❖ not the fastest, but still very decent

❖ + it turned out to scale up very well

(entire dataset is orders of 

magnitude larger)



Bundle energy reco: learning inspection 24

Here we see why 50k 

events were fine for testing

(but e.g. 5k would not be)

50k events



Bundle energy reco: basic comparison with JMuon 25

Here I just compare LightGBM (no tuning whatsoever) and JMuon reco

JMuon LightGBM

(non-ML reco)



Bundle energy reco: basic result in 1D 26

Comparison in 1D:

Clearly even untuned ML approach 

reproduces the distribution much closer 



Bundle energy reco: feature importance 27

Colors here are not random!

They match the feature clustering

The idea:

Try to select only the most important feature 

in each cluster



Bundle energy reco: feature selection 28

1. All features 2. importance>0 & clustering

I considered 4 options:

1. All features

2. Features with importance>0 & only the most important 

one from each cluster

3. The most important feature only

4. Features with importance>0



Bundle energy reco: feature selection 29

I considered 4 options:

1. All features

2. Features with importance>0 & only the most important 

one from each cluster

3. The most important feature only

4. Features with importance>0

3. 3DMUON_3DSHOWER_trig_hits only 4. importance>0



ML reco: general overview 30

Workflow of the reconstruction:

Final result

Model tuning

Data extraction

Preprocessing

Training

Validation

feature/

model/

target/

method/

selection



Multiplicity reco: muon selection 31

We want to exclude muons, which: 
❖ 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

μ

Too dim

How?
❖ Check the JMuon* likelihood ℒ for single 

muon events against:
▪ distance of muon from the DET center 

(   ) for vertical muons → pick an optimal 

volume by shrinking the can by 𝑥 as: 

𝑟can − 𝑥, ℎcan − 𝑥
▪ muon pathlength 𝐿 but for shrinked can
▪ muon energy → 𝐸 cut

Too short

μ

Too far

μμ
Stopping

μ

JMuon – standard muon track reco



Multiplicity reco: muon selection 32

Summary of the selction:

Detector Minimal 𝑬𝝁 [GeV] 𝒅𝐦𝐚𝐱 [m] minimal 𝑳𝝁 [m]

ARCA115 120 - -

ARCA6 120 269.4 240

ORCA115 1 - -

ORCA6 1 - -

This selection is used for further multiplicity results

(plots in the backup)



Multiplicity reco: muon selection check 33

All muons Selected muons

Example of ARCA6, for which the effect is the most pronounced



Multiplicity reco: final results 34

Analogical results obtained for 

ARCA115, ORCA115 and ORCA6

2D: pred vs true 1D histograms

A6 A6

Example of the results for ARCA6:



Definition of the test 35

TS: 𝑞0 = ቐ
2 ⋅ 𝑁𝐓𝐎𝐓𝐀𝐋 ⋅ ln

𝑁𝐓𝐎𝐓𝐀𝐋⋅ 𝑁𝐁𝐆𝐃+𝜎𝐁𝐆𝐃
2

𝑁𝐁𝐆𝐃
2 +𝑁𝐓𝐎𝐓𝐀𝐋⋅𝜎𝐁𝐆𝐃

2 −
𝑁𝐓𝐎𝐓𝐀𝐋

2

𝜎𝐁𝐆𝐃
2 ⋅ ln 1 +

𝜎𝐁𝐆𝐃
2 ⋅ 𝑁𝐓𝐎𝐓𝐀𝐋−𝑁𝐁𝐆𝐃

𝑁𝐁𝐆𝐃⋅ 𝑁𝐁𝐆𝐃+𝜎𝐁𝐆𝐃
2 for 𝑁𝐓𝐎𝐓𝐀𝐋 ≥ 𝑁𝐁𝐆𝐃

0 for 𝑁𝐓𝐎𝐓𝐀𝐋 < 𝑁𝐁𝐆𝐃

Significance: 𝑍 = 𝑞0

Critical 𝑍: 5𝜎

Poisson formula for BGD with non-negligible uncertainty: ref1 ref2 ref3

systematic uncertainties are included: 𝜎𝐁𝐆𝐃 = 𝜎𝐁𝐆𝐃
stat 2

+ 𝜎𝐁𝐆𝐃
syst 2

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
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Definition of signal and background 36

Definitions:

❖ prompt: 𝜇 „ irectly” from 1st 

interaction:

▪ Possibly few parent particles
▪ Parents with lifetime 𝜏 < 𝜏𝐾S

0

❖ conventional: all other 𝜇

MC

𝜏𝐾S
0 = 89.5ps

prompt 𝜇:

gmom mom 𝒉𝐦𝐨𝐦 𝒉𝝁 EM counters

prim muon 1 1 0

prompt muon any any 0

prim prompt ≤ 2 ≤ 2 0

prompt prompt
2 32 0

3 33 0

(hadronic counters)



Prompt and conv parent particles 37

NB: particles & antiparticles are counted together!

(and so are all nuclei, including hydrogen)

Note: 1 parent conventional → t e muon is conventional. 

The colours here only tell you if particles have short or

long livetimes (if applicable).

Most muons originate from 𝜋± and 𝐾±, as expected.

The most important prompt mother particles for muons

are light vector mesons (𝜂, 𝜌, 𝜔), not 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.



M 

  efine    ,    

 select prompt, conv

        

cross c eck

          

  
 

  
 

variable 1

M
u
o
n
 f
lu
 

T      

      

crit         

 efine t e test

Check of prompt and conv definition 38

I look at 3 things:

1. Muon arrival time

2. Muon energy share

3. Muon production point



Muon arrival time 39

Proton

events

Iron

events

arrival time: time between the first 

interaction of the primary and the 

muon crossing the can boundary

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 40

Prompt muons indeed tend to carry a

larger portion of the total primary 

energy

The wiggles are coming from the

contributions of different primaries

I use ORCA115 to boost the statistics



Muon production point 41

Prompt muons indeed are more

often produced close to the 1st 

interaction

I use ORCA115 to boost the statistics
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Definition of signal and background 42

Definitions:

❖ SIG: ≥ 1 prompt 𝜇 in bundle

❖ BGD: 0 prompt 𝜇 in bundle

BGD has to be reweighted:

𝑤BGD = 𝑤event prim, 𝐸prim ⋅ 𝑓TB prim, 𝐸prim

Note:

Ideally, 𝑓TB should be 

evaluated at generation, but 

t at’s not possible

(or we could use 2 separate 
M ’s, but it’s not possible yet)
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The observable distributions 43

The quality cuts:

❖ Likelihood cut:

ARCA: ℒ > 50
ORCA: ℒ > 280

❖ ML reco reliability cut:
ARCA115: 𝐸bundle > 3TeV, 𝑁𝜇 > 0

ARCA6: 𝐸bundle > 3TeV, 𝑁𝜇 > 0

ORCA115: 𝐸bundle > 300GeV, 𝑁𝜇 > 0

ORCA6: 𝐸bundle > 800GeV, 𝑁𝜇 > 0



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)

Neutrino sources 44

ARCA
ORCA



ARCA6

Event topologies 45

Examples of basic event topologies: Classes based on combinations of:
❖ Direction

❖ Shape

      

                

                   

              

                  
 
  

              

                  
 
   

 
  

              

                  
 
  



● UHE neutrinos may also interact with water and produce acoustic pulse

46

𝝼

Water

Energy of neutrinos 
(UHE 𝝂) deposited 

heats water up

Relaxation of water 
molecules 

approaching 
equilibrium pressure 

High-energy neutrinos Tidally disrupted events Strategy



● High-energy neutrino emission is correlated with temporal and spatial emissions across all the multi-
messenger

● Tidally disrupted events are one of the potential candidates of high energy neutrinos

47

Price et al. (2024)

High-energy neutrinos Tidally disrupted events Strategy



● Tidally disrupted events (TDE): Theoretical 
concept of massive black holes and star 
system reaching Roche limit

● Main sequence stars of mass 1 - 10 M⨀  
and black hole mass 106 - 1012M⨀  

● TDE comprises of jet and fallback accretion 
system

48
High-energy neutrinos Tidally disrupted events Strategy

Black Hole

Main 

Sequence 

stars

Shock



● Multi-messenger properties:

○ Spectral classification by UV - optical color 
diagram into TDE-H, TDE-H+He, and TDE-He

○ At X-ray and radio energies non-thermal 
emissions

○ Very high-energy neutrinos of TeV and PeV
○ Gravitational waves candidate up to 10 Hz

49

Shocks

Shocks

High-energy neutrinos Tidally disrupted events Strategy



50
High-energy neutrinos Tidally disrupted events Strategy

Raw 102 TDE samples - Time-
independent and time-

dependent analysis

Multi-wavelength analysis Multi-messenger analysis

X-rays and Gamma-rays follow 
ups

Gravitational wave UHE neutrinos
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High-energy neutrinos Tidally disrupted events Strategy

Raw 102 TDE samples - Time-
independent and time-

dependent analysis

Multi-wavelength analysis Multi-messenger analysis

Observatory: Space Science 
Data Center
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High-energy neutrinos Tidally disrupted events Strategy
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