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p —m L KL and muon detector (KLM):
Electro Mag netic calorimeter (ECL): ” > - Resistive Plate Counters (RPC) (outer barrel)
CsI(TI) crystals ‘7 an | Scintillator + WLSF + MPPC (endcaps, inner barrel) y

Lwaveform sampling (energy, time, pulse-shape)
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Trigger:

@ Hardware: <30 kHz
Vertex detectors (VXD): Software: <10 kHz
2 layer DEPFET pixel detectors (PXD)

4 layer double-sided silicon strip detectors (SVD)

\.

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
\Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD))

Central drift chamber (CDC):

He(50%):C>Hg (50%), small cells,
fast electronics

DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber
MPPC: multi-pixel photon counter
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Main Tracking Detector
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p: this detector early ;
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Motivation - Displaced Vertices
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Displaced vertices important signature in searches for new physics
(for example 12 and arXiv:2012.08595, arXiv:202.03452, arXiv:1911.03176)
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O BiTus Belle Il Simulation (own work)
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Efficiency decreases depending on displacement ( KO, A, Dark Sector searches)

1Search for a long-lived spin-0 mediator in b —s transitions at the Belle |l experiment (arXiv:2306.02830)

2Search for Inelastic Dark Matter produced in association with a Dark Higgs (LHC DM WG workshop 2024)
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Motivation - High Backgrounds

Beginning of 2021

End of 2022
360 background CDC hits on
average

AT
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Expected 2030
1280 background CDC hits on 3000 background CDC hits on
daverage average
Belle Il Simulation (preliminary) Belle Il Simulation (preliminary) Belle Il Simulation (preliminary)
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Backgrounds are getting higher, harder for tracking
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Motivation - CDC Wire Inefficiencies A\‘(IT

Beginning of 2021 End of 2022
50 wires off, 368 decreased efficiency 168 wires off, 809 decreased efficiency
Total of 3% of the CDC wires Total of 7% of the CDC wires
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New Machine Learning Tracking Algorithm A\‘(IT

Framing the Problem:

Have: Hits in our tracking detector
Want: Tracks

# Starting position

® Momentum (starting direction and curvature)
@ Charge

@ All hits belonging to the track

/

00000
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New Machine Learning Tracking Algorithm A\‘(IT

Framing the Problem;: Challenges

Have: Hits in our tracking detector & Unknown number of tracks

Want: Tracks @ Very high event efficiency and purity required (find all
tracks in each event)
# Starting position

® Momentum (starting direction and curvature) @ Very large dynamic range of momenta (curvature)

® Charge ®@ Overlapping objects
& All'hits belonging to the track # Large and varying number of sense wire inputs (15000
] sense wires with up to 30% occupancy)

@ Varying background conditions

@& High event rate leads to a lot of data, computing resource
and time constraint

00000
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Our Approach

Graph Neural Network based Object Condensation

@& Applicable to overlapping objects without clear spatial boundaries
@ No assumption on the object size or sorting is needed
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Kieseler, Object Condensation: one-stage grid-free
multi-object reconstruction in physics detectors,
graph and image data (arXiv:2002.03605)
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Our Approach

Graph Neural Network based Object Condensation

@ Applicable to overlapping objects without clear spatial boundaries
@ No assumption on the object size or sorting is needed
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Kieseler, Object Condensation: one-stage grid-free
multi-object reconstruction in physics detectors,
graph and image data (arXiv:2002.03605)
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Qasim, Kieseler, liyama, Pierini, Learning representations of
irregular particle-detector geometry with distance-weighted graph
networks (arXiv:1902.07987) Output

Object condensation layers

Cluster
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Our Approach

Graph Neural Network based Object Condensation
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Kieseler, Object Condensation: one-stage grid-free
multi-object reconstruction in physics detectors,

® Applicable to overlapping objects without clear spatial boundaries graph and image data (arXiv:2002.03605)

8 No assumption on the object size or sorting is needed
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Linear layers (LL) " GravNet block
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Adjustable Parameters resulting in a total of 797,812 trainable parameters

General Parameters GravNet Parameters
@ Dimension of Linear Layers @ Number of k-nearest neighbours in
® Number of GravNet Blocks GravNet

¥ GravNet space dimensions
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Qasim, Kieseler, liyama, Pierini, Learning representations of
irregular particle-detector geometry with distance-weighted graph
networks (arXiv:1902.07987) Output

Object condensation layers

Cluster

space 7 @
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Output Parameters

¥ Dimension of Cluster Coordinates

@ Number of output layers according to
track parameter predictions
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Training samples - Input Features

# Cartesian coordinates for the CDC hits:

AT
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8 X - position (We don't want polar coordinates due to the flip
. at 27 and because the radius diverges for high
@ Wire Signal Measurements

# Signal height 100
# Signal timing

50

# Signal time over threshold

® CDC layer information

y (cm)
o

@ Superlayer
® Layer within superlayer 0

# Total layer

—100

Bachelor thesis about the input feature optimization

Belle I Simulation (own work) /
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Training Samples - Topologies A\‘(IT

Prompt particles from the Particles from displaced
interaction point vertices
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Training Samples - Topologies A\‘(IT

Prompt particles from the Particles from displaced
interaction point vertices

Goal: general model that can be used
for every possible physics event

& The model proved to be very good in
learning physics dependencies

& To not bias the model towards any
physics events, we chose particle gun
samples where we sample '

@ random positive or negative charge

@ random momentum within detector
acceptance (no energy or
momentum conservation)

® random displacement

@ random number of particles per
event
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Training Samples - Topologies A\‘(IT

Prompt particles from the Particles from displaced
interaction point vertices

Enrich trainings samples with low
momentum particles /

18 17.12.2024 Lea Reuter - |lea.reuter@kit.edu End-to-End Track Reconstruction using GNNs ETP — Institute of Experimental Particle Physics



mailto:lea.reuter@kit.edu

AT

Tral n I n g Sa m p I es - To po I og Ies Karlsruhe Institute of Technology
Prompt particles from the A_dding the tra_nsition sample Qf_single Particles from displaced
interaction point displaced particles helped training vertices

b e 7
Tl it
=
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. Mix everything so that the model i -
Prompt particles from the Particles from displaced
. . . does not learn topology vertices
Interaction point dependency
| W
. it ut

1 million samples to train on, split 80/20 in training and validation dataset
Equal distribution between all training topologies (prompt, displaced, displaced vertex and mix)
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Training Samples - Backgrounds

Extensive background simulations, correlated over multiple detector components,

also including noise from read-out chips

Natochii et al., Beam background expectations for Belle Il at SuperKEKB (arXiv:2203.05731)
Liptak et al., Measurements of Beam Backgrounds in SuperKEKB Phase 2 (arXiv:2112.14537)

Pretrain model on simulated, low background

conditions

Belle Il Simulation (preliminary)

TV

100

50

y (cm)
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—100

\4 background
e o o signal

~100 —50 0
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y (cm)
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Retrain model on high background conditions taken
from data during end of run 1 in 2022

Belle Il Simulation (preliminary)
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Object Condensation - Training Loss A\‘(IT
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Object Condensation - Training Loss
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Object Condensation - Training Loss
Attraction loss

[ Real Space ]
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Object Condensation - Training Loss

Repulsion loss

[ Real Space ]
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Object Condensation - Training Loss

Noise suppression

[ Real Space ]
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Cluster Space 4 |loss terms for object
condensation
[Attraction ]
o §4O [Repulsmn]
/ f \
Noise
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Object Condensation - Training Loss
Parameter loss

Real Space] Cluster Space

O track parameters

GNN O

>
I— -------- \
\ OO I track parameters :
b e e e e e e oo
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4 loss terms for object
condensation

Additional 3 loss terms

according to parameter
predictions
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Inference - Translation from real space to cluster

space
[ Real space ] Cluster space
A B value
O
GNN O
OQ >
O
O Q
O
00O OO
O
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Inference - Condensation point candidate selection based
on [ threshold A\‘(IT
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Inference - Condensation point selection based on
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Inference - Parameter extraction from condensation *‘(IT
points oo it o Tt
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Inference - Clusterisation based on condensation
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3 additional hyperparameters to tune

-

17.12.2024 Lea Reuter - |lea.reuter@kit.edu End-to-End Track Reconstruction using GNNs ETP — Institute of Experimental Particle Physics



mailto:lea.reuter@kit.edu

Inference - Hit ordering in real space

[ Real space J
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Model Learning

Belle Il Simulation (own work)
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Model Learning

4

Belle Il Simulation (owh work)
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Model Learning A\‘(IT
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Model Learning A\‘(IT
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Model Learning
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Model Prediction

Belle Il Simulation (own work)
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Implementation in our analysis software for a
comparison to Baseline Tracking

[CAT Finder]

Ve

Belle Il Analysis
Framework
basf2

~

N4

Analysis Object

Additional
Track

Fitting

Fair comparison for track finding
algorithms on analysis level
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Extensive studies and validation
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Important Metrics A\‘(IT

true tracks
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all particles

Belle 11 Simulation (own work)
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Important Metrics k\‘(".

true tracks true tracks
Efficiency = Purity =
all particles all tracks
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Performance on displaced particles

Track Efficiency

44

1.29 Belle I Simulation (own work)
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Performance on prompt particles A\‘(IT
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Track parameter resolution
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Implemented the CAT Finder in the
Full Reconstruction algorithm Q(IT

K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)

| Scintillator + WLSF + MPPC (endcaps, inner barreI)J Extrapolation tO

. J— -t
Electromagnetic calorimeter (ECL): ———— =1

CsI(Tl) crystals

\waveform sampling (energy, time, pulse-shape)
outer detectors
\ Magnet: } (KLM, TOP) is
1.5 T superconducting .
o> = workin
eCtronS o g
| . Trigger:
4 vrN Hardware: <30 kHz
Vertex detectors (VXD): » / s Sy Software: <10 kHz
2 layer DEPFET pixel detectors (PXD) _ | 'OOSiL‘ro,,S )
\4 layer double-sided silicon strip detectors (SVD) | €
" N

Particle Identification (PID):
Time-Of-Propagation counter (TOP) (barrel)
¥Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)J

Central drift chamber (CDC):
He(50%):CoHg (50%), small cells,

DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber

Extrapolation to inner |

detectors is working
(SVD, PXD)
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Implemented the CAT Finder in the
Full Reconstruction algorithm - Validation &(IT
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Summary

& Implemented end-to-end multi-object track reconstruction
algorithm using GNNs in official Belle Il software

& Applicable to wide kinematic range and overlapping objects,
efficiency largely independent from starting position

& Suppress the varying backgrounds and achieve higher
purity than baseline algorithm

& Efficiency outperforms baseline algorithm for displaced
tracks and has similar performance on tracks coming from
the collision point

@ Preprint on arXiv: 2411.13596
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Summary

® Implemented end-to-end multi-object track reconstruction
algorithm using GNNs in official Belle Il software

@ Applicable to wide kinematic range and overlapping objects,
efficiency largely independent from starting position

@ Suppress the varying backgrounds and achieve higher
purity than baseline algorithm

®@ Efficiency outperforms baseline algorithm for displaced >0
tracks and has similar performance on tracks coming from
the collision point

@ Preprint on arXiv: 2411.13596
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Belle il Exp. 26 run 1968 event 24380

100+

y (cm)

-50

Outlook

@ Implementation of CAT Finder as C++ module (Currently
targeting SOFIE from ROOT)

a Tracking comparison on data (KS peak in high-multiplicity ° detect?r“/“ |
—-100 —-50 0 50 100
events) x (cm)

—-100

® Checking performance on analysis B — KS
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