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Overview for ML usage

Actively used:

used in most analysis for event classification. Most advanced tools “Full Event 
Reconstruction” and CNN-based flavour tagger with significant contribution from ETP.


used in offline reconstruction (mostly BDTs) for background-rejection in sub-detectors and 
particle identification


“NeuroZ” neural network trigger on multi-FPGAs lead by KIT-ITIV


Active development:

Generative background generation (waveforms, pixel-patterns, …)


More complex real-time algorithms (vertexing, track-finding, cluster-splitting)


Anomaly detection for model-independent searches (much better SM understanding than ad 
pp colliders)
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(Real-time) tracking using Graph Neural Networks (GNNs)

Physics challenges: 

Very high beam backgrounds


low pt tracks


(non-pointing) displaced vertices 

Technical challenges: 
Need (very) low latency of O(μs) → FPGAs


Limited ressources on FPGA


Slow development cycles for everything non-
standard


Stereolayers

Improve Track and Develop Vertex Finding

using Graph Neural Networks (GNNs):

Find events with displaced vertices
Need to improve basf2 and online L1 Trigger
reconstruction
! starting with offline basf2, this will also improve
the HLT

Challenge:

Tracks with low pt (tracks curve)
Large occupancy due to beam-background hits
(nominal phase 3)
Beam-background tracks (look like signal tracks)
Displaced vertices that are not pointing back to the
interaction point

/group/belle2/dataprod/BGOverlay/nominal_phase3/
prerelease-05-00-00a/overlay/phase3/BGx1/

3/12 20.09.2022 Lea Reuter - lea.reuter@kit.edu: GNN-based Track and Vertex Finding Institute of Experimental Particle Physics (ETP)

Project Goal
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(Real-time) tracking using Graph Neural Networks (GNNs)

Variable number of CDC hits ! utilize Graphs and Graph Neural Networks
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5/12 20.09.2022 Lea Reuter - lea.reuter@kit.edu: GNN-based Track and Vertex Finding Institute of Experimental Particle Physics (ETP)

Approach with Graph Neural Networks
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n-dimensional clustering

Physics challenges: 

High dimensional input data on irregular grids:


“5D”: x, y, z, time, energy (e.g. CALICE)


θ, φ, time, energy, pulse-shape, crystal 
dimensions


Very high backgrounds (noise)


Objective and Motivation Model and Loss Function Results Summary and Outlook

8/11 20. 09. 2022 Florian Wemmer: ECL Clustering using GNNs Institute for Experimental Particle Physics

Resolution Energy Dependence

Objective and Motivation Model and Loss Function Results Summary and Outlook

5/11 20. 09. 2022 Florian Wemmer: ECL Clustering using GNNs Institute for Experimental Particle Physics

Belle II ECAL (full luminosity)
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One-stage multi-object reconstruction: Object condensatio

Physics challenges: 

Clustering (ECAL) and trackfinding for 
unknown(!) number of objects


Overlapping clusters and crossing tracks


Technical challenges: 

Optimization trade-off (multiple regression and 
classification targets)


Cluster Prediction by OC and basf2

Event with cluster predictions by OC and basf2

Improving ECL Clustering on Trigger Level with Object Condensation - Isabel Haide isabel.haide@kit.edu September 20, 2022 9/13

Position Resolution

Position resolution for correctly predicted photons
Similar position error of OC and basf2

� and ✓ resolution does not differ significantly

Improving ECL Clustering on Trigger Level with Object Condensation - Isabel Haide isabel.haide@kit.edu September 20, 2022 10/13

Energy Resolution

Energy resolution for correctly predicted photons
Energy resolution improves with higher energy for both basf2 and OC

Basf2 is still significantly better than OC

Improving ECL Clustering on Trigger Level with Object Condensation - Isabel Haide isabel.haide@kit.edu September 20, 2022 11/13

Effiency and purity
position resolution and splitting energy resolution and threshold
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Model-independent searches with anomaly detection

Physics challenges: 

Extended dark sector models with multiple mass 
scales, couplings, and lifetimes over potentially 
large SM backgrounds (No “out-of-distribution” 
events)


Current strategy: Autoencoders


Challenge for future application: 
Real-time trigger application (inputs with much less 
precision compared to offline)


validation with data
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Figure 1. Feynman diagrams depicting the leading search channels for inelastic DM: A′ production
in association with a single photon (left) and A′ production in association with a dark Higgs h′

(right) with subsequent decays into both visible and dark sector states.

3 Light dark Higgs and inelastic DM at Belle II

The current scenario can lead to a number of different signatures at Belle II. One signature
arises from direct production of the dark Higgs h′ in B decays, B → K(∗)h′ as discussed
in [18]. Assuming visible decays with branching ratios as expected from Higgs mixing,
Belle II can reach a sensitivity down to a mixing angle of θ ∼ 10−5, assuming a final
integrated luminosity of 50 ab−1.

Another possibility is direct production of the dark photon A′ through the kinetic
mixing with the SM photon with subsequent decay into dark matter states χ1 and χ2 as
depicted in figure 1. The production of A′ in association with a photon (left panel) has
been discussed in detail in [31]. Depending on the decay length of χ2 the signature is either
(i) a single photon with a displaced pair of charged particles and missing energy or (ii) a
single photon with missing energy. Below we will implement these searches as described
in [31].7

The process we will mainly concentrate on in this work includes a dark Higgs h′ in
the intermediate state as depicted in the right panel of figure 1, leading to a signature
with missing energy and two pairs of charged particles. Specifically we will consider χ2 →
χ1φ+φ− with φ = e, µ,π,K and h′ → φ+φ− with φ = µ,π,K, τ . The decay h′ → e+e−

is very suppressed due to the small Yukawa coupling and charged hadrons other than
π,K are typically too short-lived to contribute to the signature. Pions and kaons behave
similar to muons in the detector, so we will treat all of these particles identically in our
analysis. To reduce backgrounds we will concentrate on the case where at least one pair of
charged particles has a significant displacement. Before we enter a detailed discussion of
the signature however, let us first describe the relevant aspects of the Belle II experiment.

3.1 The Belle II experiment
The Belle II experiment at the SuperKEKB accelerator is a next generation B-factory [64]
that started physics data taking in 2019. SuperKEKB is a circular asymmetric e+e−

collider with a nominal collision energy of √
s = 10.58GeV and a design instantaneous

luminosity of 8 × 1035 cm−2 s−1.
7In the current work we improve the description of the total χ2 decay width as described in the appendix.
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