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Searches for displaced vertices

Displaced vertices important signature
in searches for new physics

Example signal decay with dark photon
A′ and dark higgs h′

e+e− → A′h′,
h′ → µ+µ−,
A′ → χ1χ2,

χ2 → χ1e+e−

Problem:

Tracks with displacement larger than
40 cm are currently not triggered by
Single Track Trigger (stt)

stt reconstruction efficiency decreases
depending on displacement
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Improve Track and Develop Vertex Finding
using Graph Neural Networks (GNNs):

Find events with displaced vertices (develop vertex
finding)
Need to improve online L1 Trigger reconstruction

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 100 50 0 50 100

x (cm)

100

50

0

50

100

y 
(c

m
)

e : p=(-0.1078, 0.5543, 0.1652) GeV, E=0.5883 GeV, nlayers = 41, nwires = 66
e + : p=(1.2440, 0.9852, 2.3357) GeV, E=2.8238 GeV, nlayers = 33, nwires = 36

: p=(-0.1812, 0.8789, 0.6472) GeV, E=1.1115 GeV, nlayers = 39, nwires = 48

+ : p=(0.3133, -0.5768, -0.1672) GeV, E=0.6855 GeV, nlayers = 50, nwires = 82

true vertex
true vertex

Belle II simulation,  (BGx1.0, nominal phase 3)
 e + e A ′h ′,

 h ′ +

 A ′ 1 2 
2 1e + e

edge
true edge

+

e +

e

/group/belle2/dataprod/BGOverlay/nominal_phase3/

prerelease-05-00-00a/overlay/phase3/BGx1/

4/17 03/11/2022 Lea Reuter - lea.reuter@kit.edu: GNN-based Track and Vertex Finding Institute of Experimental Particle Physics (ETP)

Project Goal

mailto:lea.reuter@kit.edu


Improve Track and Develop Vertex Finding
using Graph Neural Networks (GNNs):

Find events with displaced vertices (develop vertex
finding)
Need to improve online L1 Trigger reconstruction

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 100 50 0 50 100

x (cm)

100

50

0

50

100

y 
(c

m
)

e : p=(-0.1078, 0.5543, 0.1652) GeV, E=0.5883 GeV, nlayers = 41, nwires = 66
e + : p=(1.2440, 0.9852, 2.3357) GeV, E=2.8238 GeV, nlayers = 33, nwires = 36

: p=(-0.1812, 0.8789, 0.6472) GeV, E=1.1115 GeV, nlayers = 39, nwires = 48

+ : p=(0.3133, -0.5768, -0.1672) GeV, E=0.6855 GeV, nlayers = 50, nwires = 82

true vertex
true vertex

Belle II simulation,  (BGx1.0, nominal phase 3)
 e + e A ′h ′,

 h ′ +

 A ′ 1 2 
2 1e + e

edge
true edge

+

e +

e

/group/belle2/dataprod/BGOverlay/nominal_phase3/

prerelease-05-00-00a/overlay/phase3/BGx1/

4/17 03/11/2022 Lea Reuter - lea.reuter@kit.edu: GNN-based Track and Vertex Finding Institute of Experimental Particle Physics (ETP)

Project Goal

mailto:lea.reuter@kit.edu


Release:
feature/BII-9379-store-cdchit-relations-to-all-particle

Globaltags: main_2022-01-27 and patch_main_release-07

Starting with BGx0 and early-phase 3 BGx1
/group/belle2/dataprod/BGOverlay/early_phase3/

release-05-01-15/overlay/phase31/BGx1/set0/

Signal samples:

Single displaced vertex samples
e+e− → A′h′,

h′ → µ+µ−,
A′ → χ1χ2,

χ2 → χ1e+e− (outside of CDC)
on-shell (two-body)
m(h) (0.5-4.0 GeV) in 0.1 GeV steps

Background samples:

e+e− → e+e−

e+e− → µ+µ−

Distribution of opening angle αh′
ll

m(h) =0.5 GeV
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Variable number of CDC hits → utilize Graphs and Graph Neural Networks

GNN-based 
Track- and

Vertexfinding
Pipeline

CDC Hits
(Nodes) Edges Edge-

Classification
Track  

Finding
Vertex  
Finding

Graph
Building 
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Classify True and False edges of the graph

CDC Hits
(Nodes) Edges Edge-

Classification Trackfinding VertexfindingGraph
Building 
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Interaction Network: Graph Neural Networks for Charged Particle Tracking on FPGAs
(arxiv:2112.02048)

Edge Block Aggregation
 

Node Block
 

Edge Block

Interaction Network
nodes, edges

Edge Block

edges

Edge Block Node Block
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Graph Neural Networks for Charged Particle Tracking on FPGAs
(arxiv:2112.02048)

Edge Block Aggregation
 

Node Block
 

Edge Block

Interaction Network
nodes, edges

Edge Block

edges

Edge Block Node Block

current input features:

nodes: ρ, ϕ, TDC

edges: ∆ρ, ∆ϕ

Layer.Parameter Param.Shape Param #
R1.layers.0.weight [30, 8] 240
R1.layers.0.bias [30] 30
R1.layers.2.weight [30, 30] 900
R1.layers.2.bias [30] 30
R1.layers.4.weight [2, 30] 60
R1.layers.4.bias [2] 2
O.layers.0.weight [30, 5] 150
O.layers.0.bias [30] 30
O.layers.2.weight [30, 30] 900
O.layers.2.bias [30] 30
O.layers.4.weight [3, 30] 90
O.layers.4.bias [3] 3
R2.layers.0.weight [30, 8] 240
R2.layers.0.bias [30] 30
R2.layers.2.weight [30, 30] 900
R2.layers.2.bias [30] 30
R2.layers.4.weight [1, 30] 30
R2.layers.4.bias [1] 1

Total params: 3696
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Determine binary threshold using maximal
F1 score:

purity = TP
TP+FP

efficiency = TP
TP+FN

F1 = 2 · purity·efficiency
purity+efficiency = TP

TP+(FP+FN)/2

Using both TDC and ADC results in a

Event classification efficiency of 94%
and

Event classification purity of 93%

on signal with early-phase 3
beam-background

evaluated on 1000 samples per mass
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CDC Hits
(Nodes) Edges Edge-

Classification Trackfinding VertexfindingGraph Building 

Use Object Condensation (arXiv:2002.03605)
→ Based on Isabel Haide: Improving ECL Clustering with Object Condensation
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Nodes as Input:
x, y 

Attraction 

Attraction 

Repulsion

Object
Condensation 

Repulsion

→ Use nodes as input to Object Condensation (arXiv:2002.03605)
→ Goal: predict track fitting parameters and find condensation points

11/17 03/11/2022 Lea Reuter - lea.reuter@kit.edu: GNN-based Track and Vertex Finding Institute of Experimental Particle Physics (ETP)

Object Condensation Trackfinding Approach

https://arxiv.org/abs/2002.03605
mailto:lea.reuter@kit.edu


Nodes as Input:
x, y 

Attraction 

Attraction 

Repulsion

Object
Condensation 

Beta Loss 

Noise
Suppression

→ Use nodes as input to Object Condensation (arXiv:2002.03605)
→ Goal: predict track fitting parameters and find condensation points
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Nodes as Input:
x, y 

Attraction 

Attraction 

Repulsion

Object
Condensation 

Output:

Number of Tracks
(Condensation
Points)
Track Fitting
Parameters  
(2D/3D Momentum,
Displacement...) 

Beta Loss 

Track-Fitting

Noise
Suppression

→ Use nodes as input to Object Condensation (arXiv:2002.03605)
→ Goal: predict track fitting parameters and find condensation points
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Nodes as Input:
x, y 

Attraction 

Attraction 

Repulsion

Object
Condensation 

Output:

Number of Tracks
(Condensation
Points)
Track Fitting
Parameters  
(2D/3D Momentum,
Displacement...) 

Beta Loss 

Track-Fitting

Noise
Suppression

→ Use nodes as input to Object Condensation (arXiv:2002.03605)
→ Goal: predict track fitting parameters and find condensation
points

Start with very simple case:
e+e− → µ+µ−

no beam-background
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Nodes as Input:
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Object
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Output:

Number of Tracks
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Create Samples with
Particle Gun:

number of particles
[1,9]

PDG code
[-11,11,-13,13]

BGx0 and BGx1
early-phase 3

not displaced

θ = [30, 120]

p = [0.5, 5] GeV

cleanup: remove
events where primary
particles have less
than 5 CDC hits

Training including stereo
layers:

Trained on 12 000 samples

Number of particles [1,9]

Input features per node:
x , y , TDC, ADC

Predicting:
ntracks px , py , pz

This can be changed (so for
example more focus on
track finding efficiency or
predicting only pt)
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Found Tracks
All Tracks found
(no duplicate/unmatched) 83.7%
Missing Tracks
(no duplicate/unmatched) 9.0%
All Tracks and duplicate/un-
matched

3.7%

Missing Tracks and
duplicate/unmatched 3.6%

Calculate ϕ and pt from px and py
(∆ϕ)min,Event is the ϕ difference between the two
nearest tracks per event:
(∆ϕ)min,Event = min(for all i,j: ϕi − ϕj ̸=i)
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Comparison per Event on 5000 Events

only missing tracks: 450
only duplicate tracks: 95
only noise tracks: 92
missing and duplicate tracks: 125
missing, duplicate and noise tracks: 7
missing and noise tracks: 48
all tracks found: 4183
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truth pt distribution:
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Prediction:

number of particles

used px , py to calculate
pt and ϕ
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For CDC Track Finding
(and not only Displaced Vertex Finding)

What prediction would be needed on trigger
level?

Resolution of the transverse Momentum t
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→ For the current triggers:

is momentum calculated,
whats the resolution?

is there a cut on pt ?
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BGx0 all Layers Training

Found Tracks
All Tracks found
(no duplicate/unmatched) 83.7%
Missing Tracks
(no duplicate/unmatched) 9.0%
All Tracks and duplicate/un-
matched Tracks

3.7%

Missing Tracks and
duplicate/unmatched 3.6%

BGx1 early-phase3 only axial layer
Training

Found Tracks
All Tracks found
(no duplicate/unmatched) 73.8%
Missing Tracks
(no duplicate/unmatched) 16.0%
All Tracks and duplicate/un-
matched Tracks

7.4%

Missing Tracks and
duplicate/unmatched 2.8%

BGx1 early-phase 3 relative pt resolution
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Similar to resolution with BGx0
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GNN-based 
Track- and

Vertexfinding
Pipeline

CDC Hits
(Nodes) Edges Edge-

Classification
Track  

Finding
Vertex  
Finding

Graph
Building 

Current Status
Implemented Object Condensation for CDC Track
Finding and testing BGx0 samples and BGx1
early-phase3 samples

Evaluation Object Condensation Prediction

Working on Object Condensation Truth Matching for
Tracks

Outlook
Implement Graph Building and Edge Classification Network on
FPGA

Data/MC comparison for Edge Classification

Extend Object Condensation to predict Displaced Tracks

Evaluate Object Condensation on Data/MC for Displaced
Vertex Example
e+e− → Φγ,

Φ → KS0 KL0
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Sense wires are arranged
around the beamline
(z-axis) to measure charged
particles

z Information gathered from
stereo layers

Events with displacement
ρ > 16.0 cm start within the
CDC

→ Focus on track reconstruction
using the CDC information

CDC x-y view

100 50 0 50 100
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axial
stereo
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Central Drift Chamber (CDC)
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truth p distribution:
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Prediction:
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input features
x , y , TDC, ADC
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Determine binary threshold using maximal F1score: F1 = 2 · precision·recall
precision+recall =

TP
TP+(FP+FN)/2

input features:
[ρ, ϕ]
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Predicted
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TP: 14.68%

9826
FP: 3.92%

46610

PPV: 78.92%

FDR: 21.08%
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TN: 78.42%
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NPV: 96.34%
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206285
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Confusion matrix 

F1 = 0.81
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