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https://km3net.ific.uv.es/

s Motivation

From oscillations to event classification
The NMO signature lives in the difference between track-like and shower-like
events.

Three key tasks for ML
e Signal vs background: Separate atmospheric v from the much larger
atmospheric u flux
e Track vs shower: Identify the interaction by event topology due to no
flavor identification
e Event vs Noise: Discriminate events from natural noise

Why this matters

Reconstruction errors, mis-IDs, and selection efficiency impact the analysis.

Better classification — tighter NMO constraints.
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( pipeline.yaml } [ DST ROOT files }
S 1

amples - trees - resource: local cluster storage

| d eq Bo ord
e One repo to rule them alll S ==
o Data converter e
O M O C h i n e | e O rn i n g Stage 2 — discover }_\ Stage 3 — convert (per chunk)

e Agnostic approach (robust to changes) i { }
e Modular design (km3tpi module) TN
o preprocess (subpackage) | somtmmoris |
o m S | )
e Snakemake compatible l
o Project maintained by one developer e
o User friendly for task delegation
e Environment handling ﬁ o Stagp 'dm,mm”:f"F

—> 3a- TreeReader (uproot dask)

3d - ParquetWriter

metadata
counts - class balance
ml/{dataset}/metadata.json

o Conda
o Singularity l
e Testing & CI/CD o 3

Trainer.run()

{sample}/_validated




KM3TPI - Preprocess

p ~

pipeline.yam| DST ROOT files

samples - trees - resources) . local cluster storage

Stage 1 — prepare
checkpoint - split files into chunks
writes chunk + discovery manifests

{sampJe}/T_aliases.json ) b

p

A

Split files from the chosen
directory into sublists for chunk / - \

{ L y \

l

km3tipi.ml
Trainer.run()

/E_aliases.json > 3a - TreeReader (uproot.dask)

3b - apply_features

Stage 4 — validate - ml_manifest - metadata

4 VEGA

Stage 3 — convert (per chunk)

3c - attach sample_type label

3d - ParquetWriter

l |

( hY
parquet/{sample}/chunk_N.parquet
canonical data - one copy only )

validate ml_manifest metadata
. o
C r-e O 1-| O n schema consistency . pointers + columns » counts - class balance
{sample}/_validated ml/{dataset}/manifest.json ml/{dataset}/metadata.json



pipeline.yam| DST ROOT files

samples - trees - resources) . local cluster storage

. Stage 1 — prepare
checkpoint - split files into chunks
writes chunk + discovery manifests

Stage 2 — discover ‘ Stage 3 — convert (per chunk)

AliasDiscoverer.discover_union 7 \
{sample}/E _aliases.json 3a - TreeReader (uproot.dask)
{sample}/T_aliases.json b T =

' Ry

Mapping of the file's inner structure with
uproot per tree (E,T) & possible extensions

3b - apply_features

3c - attach sample_type label

3d - ParquetWriter

l

2 hY
parquet/{sample}/chunk_N.parquet
L canonical data - one copy only

Stage 4 — validate - ml_manifest - metadata
Y ( hY

validate ml_manifest metadata

schema consistency . pointers + columns » counts - class balance
{sample}/_validated ml/{dataset}/manifest.json ml/{dataset}/metadata.json
km3tipi.ml o

Trainer.run()



* KM3 PI - Preprocess o

[ pipeline.yam| [ DST ROOT files ]
S

amples - trees - resources local cluster storage

Stage 3 — Convert (per chunk) R

{__writes chunk + discovery manifests )

e One fused dask graph: read — features — ’  stagea—dscover F[ Stage 3 — convert per chunk) )
label — write
e Lazy by default, only the branches in the

{sample}/E _aliases.json %{ 3a - TreeReader (uproot dask)

{sample}/T_aliases.json

( She pplyf atures

( 3c - attach sample type label

alias JSON ever touch disk [ o remen

)
]
)
]
e Memory bounded per tree, not per chunk o J
e One canonical Parquet per chunk EarquewsammemhunkNparqueﬁ

canonical data - one copy only

Stage 4 — validate - ml_manifest - metadata

ml_manifest
pointers + columns
ml/{dataset}/manifest.json

l

km3tipi.ml 6
Trainer.run()

Still active investigation to o
reduce the RAM request for *22;";1;‘13:‘.?;:?:3 %
each parallel job

metadata
counts - class balance
ml/{dataset}/metadata.json
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pipeline.yam| DST ROOT files
samples - trees - resources) . local cluster storage
. Stage 1 — prepare

checkpoint - split files into chunks
writes chunk + discovery manifests

Stage 2 — discover Stage 3 — convert (per chunk)
L . AliasDiscoverer.discover_union 7 \
\ pat h": "res {sample}/E_aliases.json T 3a - TreeReader (uproot.dask)

5 - {sample}/T_aliases.json ) b T
n_chunks":

'n_events":

3b - apply_features

3c - attach sample_type label

3d - ParquetWriter

l

barquet/{sample}/chunk_N.parquet

L canonical data - one copy only

e 4 — validate - ml_manifest - metadata

ml_manifest metadata

pointers + columns » counts - class balance
{sample}/_validated ml/{dataset}/manifest.json ml/{dataset}/metadata.json
km3tipi.ml 7

Trainer.run()



discover
]‘ convert |
N
ml_manifest |
S

1 metadatz

KM3TPI : Snakemak

process

Job stats:

metadata

ml_manifest

prepare
validate
total

Prepare = checkpoint:

inspects data, then expands jobs




‘ MLConfig YAML Dataset manifest | Dataset metadata ‘ Parquet chunks ‘
config/ml/{model}.yaml \ml/{d ataset}/manifest.jso ) mI/{d ataset}/metadata.jso parquet/{sample}/ )

Selected archetype: | \ \ //

prepare split mspect_split
featur solver + by _file split pre-train sanity -> summary.json

MLProcessor: main entrypoint
Trainer: training & optimisation _ \‘

ibility artifact

y Y I
MLflow 1

Design choices: parentrun ':Whmig:'td P \
« Schema versioning (metadata) — . opmess
« Split by file & row — 1 ffffff | |
«  Optimisation with Optuna & collbock { L

s afes e,
« Class balancing: weights & multiplicity [ molratt e )
. Deracator based cuts e S

M O n i.I.O r.i n g Wi.l.h M |_ F I OW | metrics oltest split ) | diagnoIic plots J ‘ per—churI fan-out J

metrics.json diagnostics/*.png scored parquet ‘
physical-weighted ) L 4 plots + index.json ) + _infer > done )
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_MI- Snakemake Plpellne [ branch: features/ml-pipeline |

Steps: s R s
1. data processing (filtering, features, splits)
2. sample inspection (train) - new
3. hyper-parameter optimisation (on/off) ; ~
4. model final tfraining/fitting
5
6
7/

preproc
model evaluation
diagnostic plot checks
dataset inference

Inference steps:
e Applied to parquet chunks
e Create lightweight ROQOT score tree - new
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KM3TPI - Machine Learning

MLConfig YAML Dataset manifest Dataset metadata Parquet chunks
config/ml/{model}.yaml ml/{dataset}/manifest.json ml/{dataset}/metadata.json parquet/{sample}/
prepare_split inspect_split
feature_resolver + by file split ° pre-train sanity -> summary.json

I

split_manifest.json
reproducibility artifact

tune
i only when optuna.enabled .

MLflow p 5 best_params.json

parent run tune_history.json
Sample params xgb.train .

nested trial

metric: " optuna.db

artifgfts | . ~optional resumable study

Median pruner i

3 fit -
final XGBoost -> sklearn Pipeline

l

model.pkl

+ model_metadata.json

/\\

evaluate diagnose infer
metrics on test split diagnostic plots per-chunk fan-out
metrics.json diagnostics/*.png scored parquet
physical-weighted 4 plots + index.json + _inference_done
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KM3TPI - Machine Learning

MLConfig YAML Dataset manifest Dataset metadata Parquet chunks
config/ml/{model}.yaml ml/{dataset}/manifest.json ml/{dataset}/metadata.json parquet/{sample}/
prepare_split inspect_split
feature_resolver + by file split pre-train sanity -> summary.json

l

split_manifest.json
reproducibility artifact

i
i
pahﬁle_g??un ! 5 best_params.json

I

i

I

tune_history.json

= Sampl rams xgb.train
nested trials
metrics optuna.db
artifacts

. .'6pt\ona\ resumable study
Median pruner i

e fit -
final XGBoost -> sklearn Pipeline

l

model.pkl

+ model_metadata.json

/\\

evaluate diagnose infer
metrics on test split diagnostic plots per-chunk fan-out
metrics.json diagnostics/*.png scored parquet
physical-weighted 4 plots + index.json + _inference_done
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KM3TPI - Machine Learning

MLConfig YAML Dataset manifest Dataset metadata Parquet chunks
config/ml/{model}.yaml ml/{dataset}/manifest.json ml/{dataset}/metadata.json parquet/{sample}/
prepare_split inspect_split
feature_resolver + by file split ° pre-train sanity -> summary.json

l

split_manifest.json
reproducibility artifact

1 tune
I
only when optuna.enabled .
MLflow p 5 best_params.json
parent run | tune_history.json
P Sample params xgb.train .
nested trials | "
metrics ) N " optuna.db
artifacts | e ‘optional resumable study
I 4
! edian pruner

! fit -

final XGBoost -> sklearn Pipeline

l

model.pkl

+ model_metadata.json

N

Evaluate the test and validation
dataset on a set of chosen metics T ! !

metrics.json diagnostics/*.png scored parquet
physical-weighted 4 plots + index.json + _inference_done
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KM3TPI - Machine Learning

MLConfig YAML Dataset manifest Dataset metadata Parquet chunks
config/ml/{model}.yaml ml/{dataset}/manifest.json ml/{dataset}/metadata.json parquet/{sample}/
prepare_split inspect_split
feature_resolver + by file split ° pre-train sanity -> summary.json

l

split_manifest.json
reproducibility artifact

tune

only when optuna.enabled .
MLflow 5 best_params.json
parent run tune_history.json
ested trials T

_______ s .~ optuna.db
,-optional resumable study

|
|
i
I
I
I
- : Sample params xgb.train
|
|
I
I
; Median pruner

fit o
final XGBoost -> sklearn Pipeline

l

model.pkl

+ model_metadata.json

N

Plots for a "visual” inspection of the
performance for a requested split dataset

evaluate diagnose infer
metrics on test split diagnostic plots per-chunk fan-out
metrics.json diagnostics/*.png scored parquet
physical-weighted 4 plots + index.json + _inference_done
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Initial pass through checks with
hands-on-session dafaset

Statistics (trigger level):
e Neutrinos: 18k
e Muons: IM

Sample balance ratio: ~ 1:60

e Just asanity check!
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ML Snakemake Pipeline - Check Training Sample

gandalf_Qup

gandalf_Qdn

gandalf_nHits

QupOvernHits

trks.E_0

trks.E_1

trks.dirz_0

trks.dirz_1

Feature correlation - Pearson (train split)

trks.E_O0
trks.E_1

-

N
-
F>d

v
-
b

gandalf_Qup
gandalf_Qdn
gandalf_nHits
QupOvernHits -
trks.dirz_0 4

1.00

0.75

0.50

-0.25

- 0.00

- —0.25

-0.50

-0.75

-1.00

correlation

Class counts per split

10° A

events

104 4

B train
1 HEE val
1 =l test

614,940

221,236 210,490

X 2

Missingness per feature (train split, n=626,133)

gandalf_Qup -
gandalf_Qdn
gandalf_nHits -
QupOvernHits -
trks.E_O
trks.E_1
trks.dir.z_0 1

trks.dir.z_1

0.000

0.002 0.004 0.006 0.008 0.010
fraction NaN/inf
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ML Snakemake Pipeline - Evaluation [YJ: TPR-FPR

Feature importance Model score by true class

trks.dir.z 0 ] W true class 1
- true class 2

upOvernHits
Qup 104 +
trks.E_0 ]
trks.dir.z_1

trks.E_1

events
=
o
w

gandalf_Qup
gandalf_Qdn

10? E

gandalf_nHits

0.0 0. 0.2 0.3 0.4 0.5 0.6 0.7
gain importance

0.2 0.3 0.4 0.5 0.6 0.7 0.8
(class 2)

Since no cut in direction,

classifier learns from zenith Should implemented both
Direction related angle under track hypothesis weighted & the PDF here
feature as well
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ML Snakemake Pipeline - Evaluation [YJ: TPR-FPR

Model score by true class

Feature importance

trks.dirz 0 ] W true class 1
e true class 2
upOvernHits
Qup 104 4
trks.E_O ]
trks.dir.z_1
2
trks.E_1 § 10°7
z i
gandalf_Qup
andalf_Qdn
9 Q 107 |
gandalf_nHits 1
0.0 0.1 0.2 0.3 0.4 0:5 0.6 0.7
gain importance
0.2 0.3 0.4 0.5 0.6 0.7 0.8
ROC curve p(class 2)
threshold = 0.5 threshold = 0.570 (Youden-))

2842
(85.6%)

true positive rate

14381 196109 22542 187948
(6.8%) (93.2%) (10.7%) (89.3%)

— AUC = 0.941

0.0 0.2 0.4 0.6 0.8 1.0
false positive rate

predicted predicted



rren’r s’ro’rus
Preprocessing Module v
Preprocessing Pipeline Rules
ML Module v
ML Pipeline Rules
Documentation for both

v,
v
v/
v/
(vh.
Environment versioning (conda, pip) @ .
v
v/
X

CIl/CD & tests (cov: 71%)
Demo notebooks

........O‘\;ﬂ

Next Steps with high priority:

e Singularity container for full @ Finalized
compatibility )( Noft startfed
e Confinue pipeline testing = Active

e Feature engineering & cut selection
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Summary & Ne’rSﬂteE; N

Long term objectives:
e Baseline classifier: frack vs shower on
vu CC /ve CC
e First end-to-end run on full ORCA MC
production "o — e
e Check extension to ARCA ; oty WL ' '
e Infegrate it to existing collaboration i A
workflows » TH"“K vou
e Infegrate dedicated monitoring with

MLflow ® w&ﬁ n @F%“jgﬁ?

e First official checks with ORCA23/24 i,g:“ ¢?§“3: ﬁL 3
mass production ‘-*'3@% ot ﬁf{%
e Extensive documentation for task W) Sl @i 5

delegation and usage for members
not too familiar with Snakemake

22
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Back-Up Slides
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A / The KM3TPI Project View page source

The KM3TPI Project

Chapters: .
. km3tpi is a Python toolkit for processing KM3NEeT neutrino telescope data at scale and training

machine-learning models on top of the resulting datasets. It converts ROOT/DST files to chunked
Parquet, manages alias schemas for ROOT TTree branches, and ships an XGBoost-based ML layer
(Optuna tuning, MLflow tracking, sklearn pipeline serialisation) that consumes those Parquet

hine Learning

* Installation

* Preprocessing Layer
« ML Layer

« Examples

o APIlref

datasets directly. It is designed to run both interactively (notebooks, prototyping) and at scale on
computing clusters via a Snakemake workflow with SLURM and HTCondor support.

Overview
The pipeline operates in two layers:

Preprocessing ( km3tpi.prep ) — five-stage Snakemake DAG:

[

. prepare — resolve ROOT file globs, split into chunks, write manifest files.
discover — scan a sample of files to identify non-zero branches and write alias JSON schemas.
convert — read each chunk via the alias schema, apply feature engineering, label events, write

wnN

Parquet.
. validate — check that all chunks for a sample share a consistent schema.
. ml_manifest / metadata — build lightweight manifests pointing to chunk directories for ML

(LI

To be continually updated with the
latest tagged version pipeline job

training.

Machine learning ( kn3tpi.ml ) — XGBoost training, Optuna tuning, MLflow tracking, sklearn
n produced by

da’

Pipeline serialisation. Reads the Parquet chunks via the m1/{

the preprocessing stage — no ROOT re-reads.

Data is never duplicated: results. t is the single canonical copy;

/{sample}

Developer note

If the doc link is not working, check it via the
project because it might have been
transferred.

ML datasets reference these directories via a small man

24



https://mchadolias.pages.km3net.de/km3tpi/

4 VEGA

Conflgurahon Preprocessmg

l how to export workse N
define folder path & classes
which frees to map & how?e
do | want to add new
featurese J

25
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Preprocessing benchmarks on whole ORCA13

Parsing samples from: config/pipeline.yaml

Scanning directory: /run/media/mchadolias/SteamML/Datasets/KM3NeT/ml_training/KM3NeT_00000117

Found 553 file(s) matching pattern '*'.

km3tipi - file count per sample
config : confi il
dir /Tun/me

pattern: *

SAMPLE IDENTIFIERS

data 12.20 GE 89.90 MB | data

nu_mc 282.36 ME B | neutrinos,gsg_neutrinos
mu_mc 13.52 GE 99.65 ME mupage , mupage_default
noise_mc 2 oM 3 MB | pure_noise

unclassified 0 ) (no matching identifier)

TOTAL 26.25 GB 48.61 MB

Iun summary
distinct runs : 139
full runs (all 4 samples) : 136 (97.8%)

per-sample run coverage

Successful execution the
pipeline in work laptop in
less than 5 minutes!

km3tipi monitor 2026-05-03 22
config config/pipeline.yaml
results: results/KM3NeT_00000117

pipeline (done/total — = all done - * running - X has failed - . pending)
prepar discov conver valida ml_man metada

data 7/8

nu_mc

mu_mc

noise_mc

nu_vs_mu

data : 139 covered,
~ nu_mc 1 137 covered,
mu_mc : 139 covered,
~ noise_mc : 138 covered,

0 missing
2 missing
@ missing
1 missing

signal_vs_background

scheduler (none, user=mchadolias)

no scheduler ailable - pipeline vie

w only
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akemc: ke

e Workflow management system Jarei

m est = T (MANIFEST_DIR / "{sample}" / "discovery.txt"),
output:

alias_json = str(ALIAS_DIR / "{sample}" / "{tree}_aliases.json"),
params:
H H . n_preview = config["discover) view_files"],
® SnO kemG ke IS deS|gned SUCh ThOT' sampling = config["discover ampling_strategy", "spread")

seed = con flg

o Reproducibility is easily implemented S
config[" >amples
o Scalable from laptop to HPC cluster X

log:

da wc: " ".jc

£

i

[idis

] [wc. sample skip_fields", ["hits"])

O Good prOC‘I‘iceS Wi‘l‘h ”‘I"I'le effor‘l‘ )Hmm;mit?GiDIR / "discover" / "{sample}_{tree}.log"),
(Iogging, benchmorks) ICtl,l‘;é(‘I—Bir\JCHP-ﬂARK;DIR / "discover" / "{sample}_{tree}.tsv")

shell:

mkdir -p $(dirname {output.alias_json}) $(dirname {log})

e Quick installation with conda/mamba
e Check more here for documentation &
tutorials [1,2,3] . e

--n-preview {pamms n_preview}

e Mostimportant file in a Snakemake

--seed {pa 2ed} \

workflow is the Snakefile L G

e Arule describes how fo get one or more
output files from input files

28


https://snakemake.readthedocs.io/en/stable/
https://submit.mit.edu/submit-users-guide/tutorials/tutorial_7.html
https://nbisweden.github.io/workshop-reproducible-research/pages/snakemake.html

<+ VEGA
shakemake

nakemake Guid

* The User requeSTS SnOkemOke TO prOduce >m,;1nlfest = str(MANIFEST_DIR / "{sample}" / "discovery.txt")
f”es ViO The CommOnd “ne Outp:;asijsom = str(ALIAS_DIR / "{sample}" / "{tree}ialgases.json”),

b The Wildcords “SCImple” & “-I-ree” hOS TO paral!::i)leview config["discovery"]["n_preview_files"],

sampling = config["discovery "sampling_strategy", "spread")

be ﬁ”ed WlTh O COﬂcreTe VO'Ue (In ThiS seed config["discove "seed", 42),

skip_fields = lambda wc: " ".join

eXOmple O dOTO & T) config["samples"] [wc.sample] .get("skip_fields", ["hits"])

r(LOG_DIR / "discover" / "{sample}_{tree}.log"),

443

BENCHMARK_DIR / "discover" / "{sample}_{tree}.tsv")
2

mkdir -p $(dirname {output.alias_json}) $(dirname {log})

python scripts/discover.py \
--manifest {input.manifest}
--tree {wildcards.tree}
--sample {wildcards.sample}

« A second request to produce the file is ot Gt atis oo

n-preview {params

not executed since: e n e

-skip-fields {params.skip_fields}

> {log} 2>&1

29



Run Preprocess Notebook

1. Setup
Paths, MLflow URI, output dir

Check the ]

2. Load MLConfig

demo_processing.ipynb From YAML ot bud by pand
!

3. Inspect manifest
0 T Sample dirs, common columns
DAT t orchestrates 4-9 T
get_files_by_identifier v

A s AliasStore

: T;:zeRcadcz dask-awkward 4. Build MLDataset
Manifest -> train/val/test

e_type 1 nd write Parq \L

Dsw;céégsm ' 10. End-to-end 5. Inspect splits
2 MLProcessor Shapes, class balance, cuts log —  Manual walkthrough
l = Orchestrated path

6. Construct Trainer
Wraps dataset and model config

If you want to use a subset of the | !
provided DSTs 7. Tune (optional)

Optuna search, MLflow trials

y

8. Fit -> ModelBundle
Final pipeline, best iteration

\

9. Evaluate, save, diagnose
Metrics + plots from test split

30




s(dataset_cfg.to_dict(), indent

orches

1. Setup
Paths, MLflow URI, output dir

l

2. Load MLConfig
From YAML or build by hand

l

3. Inspect manifest
Sample dirs, common columns

trates4=9 T

10. End-to-end
MLProcessor

v

P

4. Build MLDataset
Manifest - train/val/test

l

5. Inspect splits
Shapes, class balance, cuts log

If you want to use a subset of the
files that you produced in the
previous, define the ML_MANIFEST

!

Manual walkthrough
Orchestrated path

6. Construct Trainer
Wraps dataset and model config

l

7. Tune (optional)
Optuna search, MLflow trials

) l
8. Fit » ModelBundle
Final pipeline, best iteration
A
P
9. Evaluate, save, diagnose
Metrics + plots from test split
A"
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train/val/test datasets
16k events per set
Class balance: 1:1

5 "*features’:
“frks.lik_0O"
"trks.E_O"
"trks.dir.z_0O"
"n_hits"
"n_trig_hits"

O O O O O
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Diagnostics

confusion_matrix
feature_importance

Feature importance

threshold = 0.5 threshold = 0.166 (Youden-J)

n_hits
o
n_trig_hits
H trks.dir.z_0
trks.E_0
1
trks.lik_0
0.0 0.1 0.2 0.3 0.4 0.5 0.6
= X gain importance
predicted predicted
roc_curve
ROC curve
1.0 4
score_histogram
Model score by true class
4
0.8 10 true class 0
true class 1
@ 10°
C o6
v
2 n
£~ € 10°
g 0.4
= 10!
0.2 100
Model Metadata
plclass 1)
0.0 A — AUC = 1.000
0.0 0.2 0.4 0.6 0.8 1.0

false positive rate



