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Introduction
ATLAS GNN4ITk Future ATLAS Inner Tracker ITk


for the High Luminosity LHC

with extended coverage 


expect 105 hits per event 

(200  interaction pileup)

|η | < 4
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Graph Neural Networks GNN

 shown as promising solution


 for charged particle track reconstruction  
using GPUs


(Exa.TrkX, L2IT, within ATLAS)
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https://exatrkx.github.io/
https://www.epj-conferences.org/articles/epjconf/abs/2021/05/epjconf_chep2021_03047/epjconf_chep2021_03047.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2022-01/


Outline

• Description of the GNN4ITk tracking


• Physics performance


- Efficiency


- Track hit content


- Resolution of track parameters


 
 
(ATLAS GNN4ITk plot references: May 2022, May 2023, Oct. 2023)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2022-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2023-06/


Simulation data

• Using ATLAS simulation event sample:  
 collisions at  TeV,  process,  

200  interaction pileup


• For today’s new physics performance plots: updated ITk layout 23-00-03  
(reduced radius of innermost pixel layer, and distribution of passive material with greater detail and accuracy)


• Target particles:

- pT > 1 GeV, with at least 3 hits or space points, no electron,

- only primary particles (including B hadron decays)  

(without “secondary” Geant4 particles from material interactions)

pp s = 14 tt̄
⟨μ⟩ = pp
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(a)

(b)

Figure 1: (a) A schematic depiction of the ITk Layout 23-00-03 as presented in this document. (b) A zoomed-in
view of the pixel detector. In each case, only one quadrant and only active detector elements are shown. The active
elements of the strip detector are shown in blue, and those of the pixel detector are shown in red. The horizontal axis
is along the beam line with zero being the nominal interaction point. The vertical axis is the radius measured from
the interaction point.
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ATLAS GNN4ITk
Our graph definition
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• Graph: Set of nodes and edges

• Node: Hit or space point

• Edge: Hypothesis: The two associated nodes 

represent two successive hits of the same particle

• Hit or space point in ITk

Hits Graph



ATLAS GNN4ITk
Track Reconstruction Chain
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300k nodes fully interconnected yield 1010 edges, too many! 
Two filtering alternative methods reduced edges to 106:
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• Metric Learning

1. MLP is trained to embed nodes into a space, 

where common particle nodes are close


2. Additional filtering by another MLP

• Module Map

Module Map: Lookup table of 1M possible 
triple-module directional connections  
(table built with 90k simulation events)


1. Build edges based on the Module Map


2. Additional filtering with geometric cuts


(For today’s new physics performance plots: used Module Map)

Physical space Learned latent space

Graph creation: learning the connections
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charline.rougier@l2it.in2p3.fr | CTD 2022 | ATLAS ITk track reconstruction with a GNN-based Pipeline

Metric Learning Module Map

All possible pairs of nodes belonging to the same target 
particles are learned by a Multi-Layer Perceptron (MLP) 
to be embedded into a space where they are close.

The path of a target particle is followed inside ITk to record 
all possible connections between silicon modules.

Connections record :

The Module Map is built using 90 000 events. It comprises 
1 242 665 connections.

Euclidian space N-dimensional space
learned by the MLP

1
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3
4

5

6

1 → 2 → 3
2 → 3 → 5
3 → 5 → 6

Circle radius R

Graph creation: learning the connections
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charline.rougier@l2it.in2p3.fr | CTD 2022 | ATLAS ITk track reconstruction with a GNN-based Pipeline

Metric Learning Module Map

All possible pairs of nodes belonging to the same target 
particles are learned by a Multi-Layer Perceptron (MLP) 
to be embedded into a space where they are close.

The path of a target particle is followed inside ITk to record 
all possible connections between silicon modules.

Connections record :

The Module Map is built using 90 000 events. It comprises 
1 242 665 connections.

Euclidian space N-dimensional space
learned by the MLP

1
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1 → 2 → 3
2 → 3 → 5
3 → 5 → 6

Circle radius RCircle of radius r



Graph construction

• Performance
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Edge labeling with GNN

• Train Graph Neural Network to identify true edges 
based on geometric node and/or edge features


• It reduces number of edges: 106 → 104

GNN4ITk Metric 
Learning

Module
Map

or

Graph Neural
Network

Connected
Components

Connected
Components

+ Walkthrough

or
𝑣0𝑘+1 = 𝜙(𝑒0𝑗𝑘 , 𝑣𝑗𝑘, 𝑣0𝑘)

𝑣1𝑘 𝑣2𝑘

𝑣3𝑘 𝑣4𝑘

𝑒01𝑘 𝑒02𝑘

𝑒03𝑘 𝑒04𝑘

Graph
Construction

Edge
Labeling

Graph
Segmentation

Hits Graph Edge Scores Track Candidates

1 2 3

9

Metric 
Learning

Module
Map

or

Graph Neural
Network

Connected
Components

Connected
Components

+ Walkthrough

or
𝑣0𝑘+1 = 𝜙(𝑒0𝑗𝑘 , 𝑣𝑗𝑘, 𝑣0𝑘)

𝑣1𝑘 𝑣2𝑘

𝑣3𝑘 𝑣4𝑘

𝑒01𝑘 𝑒02𝑘

𝑒03𝑘 𝑒04𝑘

Graph
Construction

Edge
Labeling

Graph
Segmentation

Hits Graph Edge Scores Track Candidates

1 2 3



Edge labeling with GNN

GNN config: 

- 2 layers per MLP 

- 128D latent space

- 8 message-passing


- Non-recurrent  
interaction network


- Doing batch norm

- Heterogeneous data

GNN4ITk Metric 
Learning

Module
Map

or

Graph Neural
Network

Connected
Components

Connected
Components

+ Walkthrough

or
𝑣0𝑘+1 = 𝜙(𝑒0𝑗𝑘 , 𝑣𝑗𝑘, 𝑣0𝑘)

𝑣1𝑘 𝑣2𝑘

𝑣3𝑘 𝑣4𝑘

𝑒01𝑘 𝑒02𝑘

𝑒03𝑘 𝑒04𝑘

Graph
Construction

Edge
Labeling

Graph
Segmentation

Hits Graph Edge Scores Track Candidates

1 2 3

10

Graph Neural Network model

12charline.rougier@l2it.in2p3.fr | CTD 2022 | ATLAS ITk track reconstruction with a GNN-based Pipeline
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a D−dimensional space parameters
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Network
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MLP

MLP MLP MLP

Learn geometric pattern of tracks 
(from DeepMind)

MLP

Edge
Decoder

…

…

Charline Rougier at CTD 2022

New w.r.t. CTD 2022:

https://indico.cern.ch/event/1103637/contributions/4821831/attachments/2453859/4205351/CTD_2022_CR_v2.pdf
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• Performance: Significant improvement compared to CTD22 
(low spacial-resolution strip hits was affecting the GNN performance)
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Edge labeling with GNN
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• Strip hits


 

• Problem addressed by passing info of the two individual strip clusters to the GNN; node features: 

- Strip barrel: 	 , …, , …, , … 

- Pixel: 		 , …, , …, , …


• Other alternatives under study: hand-engineered edge features based on hit pair info, & heterogeneous GNN model

rhit rcl1 rcl2
rhit rhit rhit

GNN4ITk
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Edge labeling with GNN

Default assumption 
(Athena)

Double strip sensor planes in barrel module 
Two strips fired by a particle in brown

Where did the particle hit the inner plane?

Inner plane Outer plane
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Some possible options:

Inner plane

Outer plane
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Default hits: 
Poor  ~ 1-3 cm  

(was limiting GNN performance)
σz

(Heterogeneous data format)

https://acode-browser2.usatlas.bnl.gov/lxr/source/r21/athena/InnerDetector/InDetRecTools/SiSpacePointTool/src/SiSpacePointMakerTool.cxx


Legend:

Edge below threshold

Edge above threshold


Same color nodes = same particle nodes
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Building track candidates

17charline.rougier@l2it.in2p3.fr | CTD 2022 | ATLAS ITk track reconstruction with a GNN-based Pipeline
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Building track candidates
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18charline.rougier@l2it.in2p3.fr | CTD 2022 | ATLAS ITk track reconstruction with a GNN-based Pipeline
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Connected component algorithm, 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Building track candidates
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of a graph
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Nodes same color = Nodes same particles

Charline Rougier at CTD 2022

The better GNN performance

the more tracks are ready at this stage

and the faster the reconstruction is

(Current graph segmentation mainly developed to complete the chain. 
Not yet optimized, e.g. could be combined with a Kalman Filter.)

https://indico.cern.ch/event/1103637/contributions/4821831/attachments/2453859/4205351/CTD_2022_CR_v2.pdf


• Full chain performance: “Technical” tracking efficiency 
(defined based on our current target particles)

Technical check
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Matching to truth particles without track fit:

Standard matching CTD22
Strict matching CTD22

Standard matching HeteroData

Strict matching HeteroData
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Standard matching:

- Track has 50% hit purity

Strict matching:

- Track includes 100% of the particle hits

- Track has 100% hit purity

O(10-3) fake tracks:

Track candidates not matched to any particle 



Technical check
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First time test for GNN4ITk


For the moment: 

Test done with Metric Learning graphs, 

with GNN model trained on  events artificially altered 
 to contain only hits from particles with pT > 1 GeV

tt̄

No pileup

• Easy task: Single particle tracking

New



Physics Performance of the 
ATLAS GNN4ITk
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• Extra step into the chain


• Applying standard ATLAS selection

Physics Performance of the ATLAS GNN4ITk and 
apples-to-apples comparison against ATLAS Combinatorial Kalman Filter

17

 fit 
accounting for expected  

multiple scattering effects

χ2 ATLAS track candidates

with track parameter 

(pT, , , d0, z0)θ ϕ

Athena


Standard  
ATLAS software

4
3.4 Track reconstruction and selection

The reconstruction chain starts with forming clusters from the individual channels for the strip and pixel
subdetectors. For the pixel detector the ToT information of each channel is available and is converted into
a representative charge measurement. The analogue clustering calibration exploits the charge distribution
in the cluster to allow for a more accurate evaluation of the position of the clusters and its resolution [15].
The calibration procedure also makes use of an estimate of the track local incident angle as a function of
pseudorapidity to improve the cluster errors.

Pixel and strip clusters are converted to 3D space-points. The pattern recognition starts building seeds,
i.e. combinations of three pixel or strip space-points. The Silicon Track Finding uses seeds to define a
search road and implements a combinatorial Kalman filter to find track candidates compatible with the
initial seed. A pion hypothesis is first assumed to model the energy loss from interactions of the particle
with the detector material. In case a track seed cannot be extended to a full track but is compatible with an
electromagnetic cluster reconstructed in the calorimeter, the Silicon Track Finding is then run under an
electron hypothesis, which can account for up to 30% energy loss through bremsstrahlung at each crossing
of a detector material layer. An Ambiguity Solving algorithm is run during the final stage of the track
reconstruction to determine the final assignment of clusters to competing tracks. At this stage tracks are
fitted with a global �2-minimization technique using precise information on material model and magnetic
field. Holes, i.e. missing measurements on a track where one would expect to have hit an active sensor,
are evaluated from the obtained track trajectory and including information on the detector geometry and
its status. Tracks are ranked accordingly to their hit content and track fit quality: ambiguities between
multiple track candidates are solved comparing the corresponding scores and keeping the track with the
highest one [16, 17]. The final tracks have to fulfil ⌘-dependent requirements listed in Table 3.

Requirements Pseudorapidity interval
|⌘| < 2.0 2.0 < |⌘| < 2.6 2.6 < |⌘| < 4.0

pixel + strip hits � 9 � 8 � 7
pixel hits � 1 � 1 � 1

holes  2  2  2
pT [MeV] > 900 > 400 > 400
|d0| [mm]  2.0  2.0  10.0
|z0| [cm]  20.0  20.0  20.0

Table 3: Set of requirements applied during the track reconstruction in di↵erent pseudorapidity intervals. A hole is
an intersection of the predicted particle’s trajectory with an active sensor element from which no measurement is
assigned to the track (inactive sensors are not taken into account). The hole counting doesn’t consider layers before
the first and after the last hit. z0 and d0 refer to the longitudinal and transverse impact parameters, respectively, and
are defined with respect to the mean position of the beam spot.

4 Expected Tracking Performance

4.1 E�ciencies and number of tracks

The tracking e�ciency obtained with the latest ITk layout is presented in Figure 8 for 2, 10 and 100
GeV muons without pileup and is very compatible with the one obtained with the Run 2 detector for
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> 1000

For GNN4ITk 3 cuts are looser: 
pixel + strip hits ≥ 8,


20 mm 
25 cm

|d0 | <
|z0 | <

https://cds.cern.ch/record/2776651/
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• Competitive “physics” efficiency 
(excluding electrons)

Tracking efficiency
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[O(10-3) fake tracks:

Track candidates not matched to any particle]
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• Competitive “physics” efficiency even in dense environment 
(excluding electrons)
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Pixel hits

• Compatible with the detector, 
and with the CKF

Track hit content

(a)

(b)

Figure 1: (a) A schematic depiction of the ITk Layout 23-00-03 as presented in this document. (b) A zoomed-in
view of the pixel detector. In each case, only one quadrant and only active detector elements are shown. The active
elements of the strip detector are shown in blue, and those of the pixel detector are shown in red. The horizontal axis
is along the beam line with zero being the nominal interaction point. The vertical axis is the radius measured from
the interaction point.
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Important for 

track impact parameters, 

and for jet b-tagging
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• Given the good pixel hit content, good impact parameter resolution

Impact parameter resolution
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and pT resolution

• Strip-hit content as expected 
GNN4ITk considers only “full” strip hits / space points,  
consisting of two strip clusters 
CKF considers also individual strip clusters


• Competitive pT resolution,  
even with  
lower strip cluster counts

Track strip-hit content

(a)

(b)

Figure 1: (a) A schematic depiction of the ITk Layout 23-00-03 as presented in this document. (b) A zoomed-in
view of the pixel detector. In each case, only one quadrant and only active detector elements are shown. The active
elements of the strip detector are shown in blue, and those of the pixel detector are shown in red. The horizontal axis
is along the beam line with zero being the nominal interaction point. The vertical axis is the radius measured from
the interaction point.
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Prospects

• Further optimization and acceleration of the full GNN4ITk chain


- Acceleration of graph construction with GPU


- Machine Leaning model and heterogeneous GNN architectures


- Study of corrections to strip-spacepoint positions


- Investigate impact of missing strip-cluster singlets


• Continue physics performance studies  
(B-hadron decays tracks, electron tracks, etc.)


• Study robustness against detector effects  
(dead modules, mis-alignment, beam-spot variations)


• Integration of the GNN4ITk software into ACTS and the ATLAS Athena


• Already proven promising GNN inference speed with GPUs on TrackML dataset (Exa.TrkX)
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https://arxiv.org/abs/2202.06929


Conclusion

First look at the physics performance of the GNN4ITk tracking chain 
(apples-to-apples comparison against the Combinatorial Kalman Filter).


✓ The GNN4ITk provides competitive tracking efficiency,


✓ even in challenging dense environment,


✓ and high quality track parameter resolution.
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