
Reconstruction chain

Simulation

● ttbar (PU 200, 14 TeV) event 
generated using Pythia8

● Geant4 simulation
● Measurement by hit 

smearing

Reconstruction

● Truth smeared seeding
● Track finding and fitting 

using CKF
● Vertexing using AMVF

7Connecting The Dots 2023 Andreas Stefl et al.

The         software 
A. Salzburger (CERN)

X. Ai (Zhengzhou University )  
W. Li, T. Ling, Y. Zhang (IHEP) 

… and its application to CEPC 
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TOOLBOX 

for experiments to assemble high 
quality track reconstruction

R&D PLATFORM 

for algorithmic and  
technology research

COMMUNITY


to foster inter-experiment

exchange and development 

Mission statement

Many possibilities to contribute and enhance the project

Built upon a huge stack of experience and knowledge

An [ extended version ] of this talk can be found as the introduction of the ACTS4NP Workshop, May 20225, Berkeley, US

https://indico.cern.ch/event/1501989/contributions/6355820/attachments/3065510/5422306/2025-05-12-ACTS-Project.pdf
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R&D PLATFORM 

for algorithmic and  
technology research

COMMUNITY


to foster inter-experiment

exchange and development 

Common track reconstruction code for ATLAS 
Inner Detector and Muon Spectrometer 

2 very different tracking systems with different technologies: 
ATLAS was forced to develop some common/generic code  

Generalised ATLAS Tracking code an imported into a 
standalone repository that became A(C)TS (initial commit Nov 11, 2015) 

A lot of the concepts are based on ATLAS Run 1-2-3 tracking code, however, 

significant extensions/augmentations are have happened ever since.

TOOLBOX

R&D PLATFORM

COMMUNITY
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R&D PLATFORM 

for algorithmic and  
technology research

COMMUNITY


to foster inter-experiment

exchange and development 

Common track reconstruction code for ATLAS 
Inner Detector and Muon Spectrometer 

2 very different tracking systems with different technologies: 
ATLAS was forced to develop some common/generic code  

TOOLBOX

R&D PLATFORM

COMMUNITY

Given the historic origin of the project, several algorithms have an implicit 
bias towards working better for collider-like experiments,


Wherever possible we are trying to remove this bias w/o losing the underlying 
features and power.
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TOOLBOX

What is in the toolbox?

Geometry & Material

Track Finding & Fitters

Vertexing 

Event Data Model

R&D PLATFORM

COMMUNITY
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TOOLBOX

Geometry:

R&D PLATFORM

COMMUNITY
acts / Core

Reality Full simulation Reconstruction

Relatively detailed description 
using a 3D geometry modeller 
(DD4hep, TGeo, GeoModel) 
usually interfaced to Geant4 

Geometry building in ACTS:

- representing sensitive surfaces

- simplifying material  

ACTS material mapping mechanism
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TOOLBOX

Geometry & Material

R&D PLATFORM

COMMUNITY
acts / Core

ACTS then translates this into a fully navigable geometry model

This comes together with an embedded navigation: 
core of most track finding and fitting modules

Navigation model of  
Open Data Detector (ODD)



8

TOOLBOX

Geometry & Material

R&D PLATFORM

COMMUNITY
acts / Core

ACTS material mapping allows quasi-exact material modeling
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TOOLBOX

Event Data Model:

R&D PLATFORM

COMMUNITY
acts / Core

e.g. track parameterization

In addition: measurement representation, 
tracks (multi-trajectory), vertices, …
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TOOLBOX

Algorithms:

R&D PLATFORM

COMMUNITY

ACTS deploys a series of algorithms & algorithmic chains: 

- First stage pattern recognition:  
- clustering & space point formation 

- Seeding & track following: 
- Different seeding algorithms 
- Combinatorial Kalman Filter 

- Global pattern recognition: 
- Hough transformation 

- Track fitting: 
- Kalman filter, Gaussian Sum filter, Global Chi2 Fitter 

- Vertex reconstruction: 
- Iterative finding, Annealing based finding 
- Billoir Fitter, Multi Adaptive Fitter 



Tracks

Track Candidates

Seeds

11

TOOLBOX

Summary: baseline track reconstruction chain

R&D PLATFORM

COMMUNITY
Resolved Tracks

acts / Core



Tracks

Track Candidates

Seeds
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TOOLBOX

Summary: baseline track reconstruction chain

R&D PLATFORM

COMMUNITY
Resolved Tracks

acts / Core

Baseline:


Ready-to use tools, that only require embedding into an  
experiment’s software framework & geometry.


 

CPU targeted, fully C++20 compliant


Design-level parallelism and contextual data  
(conditions data) support:

- alignable detectors 
- calibration and detector conditions data
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TOOLBOX

R&D PLATFORM

COMMUNITY

Enabling R&D is a key aspect

dedicated R&D lines
e.g. traccc

plug-and-play 
framework & 

extension capability

test setup 
with  

quasi-realistic  
detector



14

TOOLBOX

R&D PLATFORM

COMMUNITY

traccc is the umbrella project for our massively parallel track 
reconstruction aiming an GPGPUs 

split off into a dedicated set of repositories (currently) to allow 
and facilitate disruptive development

tracccTrack reconstruction on GPUs

TracksSeeds Track Candidates Resolved Tracks

Re-implementation of this chain, including all aspects mentioned. 

Aim is to provide offline-quality reconstruction on GPUs.
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

covfiealgebra-plugins vecmem

encapsulation of algebra 
operation backend 

stl-style containers with 
managed memory

generic vector  
field library  

detray

geometry & propagation
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

covfiealgebra-plugins vecmem

encapsulation of algebra 
operation backend 

stl-style containers with 
managed memory

generic vector  
field library  

detray

geometry & propagation

Compile-time polymorphic 
geometry and material description
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

covfiealgebra-plugins vecmem

encapsulation of algebra 
operation backend 

stl-style containers with 
managed memory

generic vector  
field library  

detray

geometry & propagation

Compile-time polymorphic 
geometry and material description

 📁 Covfie

acts / Plugins

 📁 Detray

acts-project / covfie
acts-project / detray

Conversion for Gen2 type geometries has been showcase, Gen3 type geometry 
should get native conversion support into the detray description.
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

covfiealgebra-plugins vecmem

encapsulation of algebra 
operation backend 

stl-style containers with 
managed memory

generic vector  
field library  

detray

geometry & propagation

Composable generic vector field 
library, allows to describe complex fields 
on host and device.

ATLAS magnetic field slice  
rendered on an NVIDIA GPU.
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

traccc was established as a stand-alone R&D project:

- conceptually following the ACTS track reconstruction concepts

- unavoidably the repos have diverged already


Long-term maintainability of two different repository structures is questionable

- re-integration of traccc into the ACTS core project and code separation into a 

respective CPU and GPU location is foreseen

- Level of code sharing is not yet understood

covfiealgebra-plugins vecmem

detray

geometry & propagation
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TOOLBOX

R&D PLATFORM

COMMUNITY

traccc

FP32 comparisons 
ttbar, µ~200, ODD

Navigation to sensitive surfaces 
Open Data Detector (ODD)
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TOOLBOX

R&D PLATFORM

COMMUNITY

plug-and-play 
framework

ACTS ships with a test framework, 
which is not intended for production 

acts / Examples

showcase how to assemble a track reconstruction chain 
using the tools from the toolbox

allow to easily introduce new/alternative algorithms and 
test them

serves as a test environment for quality/performance 
monitoring 

 📁 Algorithms
 📁 Detectors
 📁 Framework
 📁 Python

exemplary algorithm steering  
via python bindings 

Example framework
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TOOLBOX

R&D PLATFORM

COMMUNITY

plug-and-play 
framework

R&D Examples

Track finding with Graph Neural Network 
based on formally known as Exa.TrkX GNN setup

acts / Examples
 📁 Algorithms/TrackFindingExaTrkX

GNN chain
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TOOLBOX

R&D PLATFORM

COMMUNITY

Open Data Detector 
and example framework

plug-and-play 
framework

realistic 
test setup 

This is our main test chain showcasing a complete tracking chain:

acts / Examples
 📁 Scripts/Python/full_chain_odd.py

Basis of our performance testing 
and monitoring.
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TOOLBOX

R&D PLATFORM

COMMUNITY
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TOOLBOX

R&D PLATFORM

COMMUNITY

Experiment landscape

tsa

Lohengrin NA60+



26

TOOLBOX

R&D PLATFORM

COMMUNITY

Developer book
Core project has : 

- 82 different contributors 
- 186 forks  
- 346 unique cloners 
- 115 stars 
- 3200 merged pull requests

Fully C++20 compliant

See discussion about 
future and structure of  
traccc.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

https://github.com/acts-project/acts
Clone:

https://github.com/<username>/acts

Make an Issue / PR:
https://github.com/acts-project/acts

Ask on mattermost:
https://mattermost.web.cern.ch/acts/channels/town-square

Discuss at the  
open develops meeting

https://indico.cern.ch/category/7968/

Tuesday 17:00, CE(S)T 

occasional Asia-friendly  
time slot 9:00 CE(S)T

https://github.com/acts-project/acts
https://github.com/acts-project/acts
https://mattermost.web.cern.ch/acts/channels/town-square
https://indico.cern.ch/category/7968/
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

Solid development program needs some conventions and rules 

Code quality & style: 
Several checks in place that run automatically on PRs

Format, style, conventions, spelling using a pre-commit check
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

Solid development program needs some conventions and rules 

Code quality & style: 
Several checks in place that run automatically on PRs

Static code analyzer using sonarcloud
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

Solid development program needs some conventions and rules 

Code quality & style: 
Several checks in place that run automatically on PRs

Performance monitoring & regression tests.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

Solid development program needs some conventions and rules 

Code quality & style: 
Several checks in place that run automatically on PRs

Dedicated ATLAS integration tests

This is a mechanism we 
would like to expand to 
other experiments.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Contributing 

Solid development program needs some conventions and rules 

Code quality & style: 
Several checks in place that run automatically on PRs

Unit and python level tests on PRs.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Community - Governance 
Give the project a lightweight structure: 

- first proposal of project organization 
in Nov 2024 (ACTS WS) 

- revised this to a white paper 
document in the meantime

tsa

Lohengrin NA60+

Stay tuned, first version for comments to be 
circulated very soon.

Coordination 
TEAM

Advisory 
BOARD

experiment liaisons
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ACTS Tracking chain for CEPC

Track finding implemented in two steps 
- Silicon track finding: VTX + ITK 

- Seeding in VTK + ITK (9 layers) ~ 80 triples/particle 
- Duplicate seed removal and successive CKF track finding 

- Full tracking: VTX + ITK + TPC + OTK 
- With filtered seeds & parameters from Silicon track finding 
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ACTS Tracking chain for CEPC

µ Tracking efficiency (“Technical efficiency”) membrane cathode spanned between  
two rings in the center of the TPC
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ACTS Tracking chain for CEPC

µ resolution at different momenta 

Good control of the errors
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ACTS Tracking chain for CEPC

Computing performance 

Tested with single thread at:
◦ Intel(R) Xeon(R) Silver CPU 4214 @ 2.20GHz

1%
6%

10%

83%
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TOOLBOX

R&D PLATFORM

COMMUNITY

Concluding remarks

ACTS has matured as a toolkit 
- sPHENIX , FASER, LUXE are running in data taking mode 
- ATLAS Phase-2 track reconstruction is fully based on it 

(Run-3 vertex reconstruction is ACTS based) 
- List of features and tools is constantly increasing  

Several R&D projects within the ACTS ecosystem 
- prominent: GPU R&D line traccc 
- GNN based tracking available 

Community is growing 
- recent, strong interest from the nuclear physics community 
- will be distilled into a governance document soon 

Join. Contribute. Collaborate.
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… a lot of backup slides ahead …
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TOOLBOX

What is in the toolbox?

Geometry & Material

R&D PLATFORM

COMMUNITY
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TOOLBOX

Experiment description

R&D PLATFORM

COMMUNITY

Reality Full simulation Reconstruction

Relatively detailed description 
using a 3D geometry modeller 
(DD4hep, TGeo, GeoModel) 
usually interfaced to Geant4 

Geometry building in ACTS:

- representing sensitive surfaces

- simplifying material  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TOOLBOX

Experiment description

R&D PLATFORM

COMMUNITY

Reality Full simulation Reconstruction

Relatively detailed description 
using a 3D geometry modeller 
(DD4hep, TGeo, GeoModel) 
usually interfaced to Geant4 

Geometry building in ACTS: 

- representing sensitive surfaces 

- simplifying material  

acts / Core / include / Acts 

 📁 Definitions
 📁 Geometry
 📁 Material
 📁 Surfaces

 📁 Geant4

acts / Plugins

 📁 GeoModel
 📁 DD4hep
 📁 TGeo
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TOOLBOX

Experiment description

R&D PLATFORM

COMMUNITY

Reality Full simulation Reconstruction

Relatively detailed description 
using a 3D geometry modeller 
(DD4hep, TGeo, GeoModel) 
usually interfaced to Geant4 

Geometry building in ACTS: 

- representing sensitive surfaces 

- simplifying material  

ACTS material mapping mechanism
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TOOLBOX

Experiment description: geometry

R&D PLATFORM

COMMUNITY

acts / Core / include / Acts 

 📁 Geometry
 📁 Surfaces

Core concept of ACTS geometry is the Surface class 
- all higher level geometry objects are composed of those 

- makes them reachable and navigable 

Gen1 geometry: BoundarySurface, Layer, Volume

Gen2/3 geometry: Portal, Volume

We are in the process of changing to the Gen3 geometry description:

- omission of layers in favor of layer volumes

- composable building instructions with blueprint nodes

- customizable navigation structure

- built-in support for GPU geometry model (detray)
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TOOLBOX

Experiment description: material

R&D PLATFORM

COMMUNITY
acts / Core / include / Acts 

 📁 Material

η=0  1  0.5  1.5  

2.0  

2.5  

3.0  

z [mm]  
r
[
m
m
]
 
 

Pixels

Long Strips

Short Strips

(1) Recording the material using Geant4

High statistics tomography of detector 
(recording position and properties of material)
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TOOLBOX

Experiment description: material

R&D PLATFORM

COMMUNITY
acts / Core / include / Acts 

 📁 Material

η=0  1  0.5  1.5  

2.0  

2.5  

3.0  

z [mm]  
r
[
m
m
]
 
 

Pixels

Long Strips

Short Strips

(2) Define a set of surfaces with some binning definition

Json configuration file that defines which surfaces 

to be used for material mapping (and map granularity)
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TOOLBOX

Experiment description: material

R&D PLATFORM

COMMUNITY
acts / Core / include / Acts 

 📁 Material

η=0  1  0.5  1.5  

2.0  

2.5  

3.0  

z [mm]  
r
[
m
m
]
 
 

Pixels

Long Strips

Short Strips

(3) Run the mapping process

Geant4 material is projected onto next surface with eligible for mapping.

More work for volume based

Material needed still.
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TOOLBOX

Experiment description: material

R&D PLATFORM

COMMUNITY
acts / Core / include / Acts 

 📁 Material

(3) Validate

These outputs are available for you from ACTS directly

Ongoing work to decouple 
that from the framework.
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TOOLBOX

Experiment description: alignment

R&D PLATFORM

COMMUNITY

Reality Full simulation Reconstruction

Detectors in real life are usually misaligned, need a mechanism to 

allow for event-wise misalignment.

Built-in parallel processing enhanced alignment 

namespace Acts {  
  class Module { 

/// @param gctx the geometry context (e.g. alignment) 
/// @param input the input data 
OutputData geometricOperation(const GeometryContext& gctx,  

                                  const InputData& input) const; 

  }; 
}
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TOOLBOX

A particle through the detector

R&D PLATFORM

COMMUNITY

θ
𝜙

Ideal trajectory
real trajectory


(disturbed by material)

ACTS surfaces (embedded in geometry)

Description of  
measurements & trajectory needed
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TOOLBOX

What is in the toolbox?

Geometry & Material

Event Data Model

R&D PLATFORM

COMMUNITY
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(1) Track parameters

acts / Core / include / Acts 

 📁 EventData
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(1) Track parameters

This is not necessarily the optimal choice for telescope like detectors where 
traditionally the detection planes are often described along the global z axis.


Some experiments, like LDMX have thus rotated the reconstruction frame 
towards positioning along x.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(2) Measurements

acts / Core / include / Acts 

 📁 EventData

Parameter l0 l1 φ θ q/p t
Bound track parameters

Pixel measurement
Pixel measurement with time 

Strip measurement (along local x)
Strip measurement (along local y)

Drift time/circle measurement
Track segment (straight line)

…
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(2) Measurements

acts / Core / include / Acts 

 📁 EventData

250 µm

50 µm

charged 
particle

θL

α

E

B

E.g. planar measurements

Pergiee

q = (d0, z0,�, ✓, q/p) (7)

C =

0

BBBB@

�2
(d0) cov(d0, z0) cov(d0,�) cov(d0, ✓) cov(d0, q/p)
. �2

(z0) cov(z0,�) cov(z0, ✓) cov(z0, q/p)
. . �2

(�) cov(�, ✓) cov(�, q/p)
. . . �2

(✓) cov(✓, q/p)
. . . . �2

(q/p)

1

CCCCA
(8)

Cluster position

m =
1

N

X

i=1,N

li (9)

2

the binary approach: i-th pixel position
measurement

Pergiee

q = (d0, z0,�, ✓, q/p) (7)

C =

0

BBBB@

�2
(d0) cov(d0, z0) cov(d0,�) cov(d0, ✓) cov(d0, q/p)
. �2

(z0) cov(z0,�) cov(z0, ✓) cov(z0, q/p)
. . �2

(�) cov(�, ✓) cov(�, q/p)
. . . �2

(✓) cov(✓, q/p)
. . . . �2

(q/p)

1

CCCCA
(8)

Cluster position (binary)

m =
1

N

X

i=1,N

li (9)

Cluster position (charge weighted)

m =
1P

i=1,N qi

X

i=1,N

qili (10)

2

the charge-weighted approach :

charge collected in cell i
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(2) Measurements

acts / Core / include / Acts 

 📁 Clusterization

Creation from single cells using connected component labelling

4- and 8-cell connectivity supported
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(2) Measurements

acts / Core / include / Acts 

 📁 Clusterization

Creation from single cells using connected component labelling

4- and 8-cell connectivity supported

Clustering with timed channels is not (yet) supported.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Data description

(2) Measurements

acts / Core / include / Acts 

 📁 Clusterization

Creation from single cells using connected component labelling

4- and 8-cell connectivity supported

Connected component labelling is a deterministic problem and has one 

exact answer. 
 
Different implementations, however, differ a lot in speed and parallel  
execution capabilities.
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TOOLBOX

What is in the toolbox?

Geometry & Material

Track Finding & Fitters

Event Data Model

R&D PLATFORM

COMMUNITY
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TOOLBOX

Space points

R&D PLATFORM

COMMUNITY

Next step: expression of those measurements as 3D points
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TOOLBOX

Space points

R&D PLATFORM

COMMUNITY

Next step: expression of those measurements as 3D points

acts / Core / include / Acts 

 📁 SpacePointFormation

2D clusters: local to global
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TOOLBOX

Space points

R&D PLATFORM

COMMUNITY

Next step: expression of those measurements as 3D points

acts / Core / include / Acts 

 📁 SpacePointFormation

1D strips, may need some pre-clustering
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TOOLBOX

Seeding

R&D PLATFORM

COMMUNITY

z

acts / Core / include / Acts 

 📁 Seeding
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TOOLBOX

Seeding

R&D PLATFORM

COMMUNITY

A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

Track Reconstruction steps #classical$

! first (global) pattern recognition, 

finding hits associated to one track

! track fit (estimation of track 

parameters and errors): {x,C}

! more difficult with noise and hits from

secondary particles

! possibility of fake reconstruction

! in modern track reconstruction, this 

classical picture does not work 

anymore

A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

Track Reconstruction steps #classical$

! first (global) pattern recognition, 

finding hits associated to one track

! track fit (estimation of track 

parameters and errors): {x,C}

! more difficult with noise and hits from

secondary particles

! possibility of fake reconstruction

! in modern track reconstruction, this 

classical picture does not work 

anymore

z

r

loose requirement 
on interaction region

acts / Core / include / Acts 

 📁 Seeding

Find doublets and successively trips of hits compatible with 
crude track candidate.
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TOOLBOX

Seeding

R&D PLATFORM

COMMUNITY

A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

Track Reconstruction steps #classical$

! first (global) pattern recognition, 

finding hits associated to one track

! track fit (estimation of track 

parameters and errors): {x,C}

! more difficult with noise and hits from

secondary particles

! possibility of fake reconstruction

! in modern track reconstruction, this 

classical picture does not work 

anymore

A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

Track Reconstruction steps #classical$

! first (global) pattern recognition, 

finding hits associated to one track

! track fit (estimation of track 

parameters and errors): {x,C}

! more difficult with noise and hits from

secondary particles

! possibility of fake reconstruction

! in modern track reconstruction, this 

classical picture does not work 

anymore

z

r

Find doublets and successively trips of hits compatible with 
crude track candidate.

This simple example has already 12 correct seeds for 3 particles; seeding is the 
firs part of combinatorial explosion of the track finding problem.

Layers that are permitted for seeding can be configured in ACTS with a seeding struct, 
and associated json file API. 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TOOLBOX

Alternative seeders

R&D PLATFORM

COMMUNITY

acts / Core / include / Acts 

 📁 Seeding

[ link to talk ]

Graph based seeders are becoming 
more & more popular as they tend  
to produce longer seeds (and thus 
suppress the combinators): 

- GBTS (Graph Based Track Seeder) 
- GNN (Graph Neural Network), 

see later

ACTS also deployed additional  
seeders: 

- Orthogonal Seeder 
- Telescope Seeder

https://indico.global/event/5646/contributions/122171/attachments/57939/111320/IOP.pdf


A Salzburger / Artemis School on Calibration and performance of ATLAS detectors / ID reconstruction - part I /  16-09-2008  

Track Reconstruction steps #classical$

! first (global) pattern recognition, 

finding hits associated to one track

! track fit (estimation of track 

parameters and errors): {x,C}

! more difficult with noise and hits from

secondary particles

! possibility of fake reconstruction

! in modern track reconstruction, this 

classical picture does not work 

anymore
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TOOLBOX

Track following

R&D PLATFORM

COMMUNITY

z

r

we need a filter to decide which one is a better candidate

acts / Core / include / Acts 

 📁 Fitting
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TOOLBOX

(Combinatorial) Kalman Filter

R&D PLATFORM

COMMUNITY

forward filt
er

backw
ard filt

er (s
moother)

q0

acts / Core / include / Acts 

 📁 Fitting

Default track finding strategy: 
Using a Kalman Filter that is allowed to test different  
path hypothesis. 
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TOOLBOX

(Combinatorial) Kalman Filter

R&D PLATFORM

COMMUNITY

Default track finding strategy: 
Using a Kalman Filter that is allowed to test different  
path hypothesis. 

 
material

Introduction
Track finding
Track fitting

Vertex reconstruction
Conclusions and Outlook

Traditional approach
Adaptive approach

Track fitting: Traditional approach

Prediction and filter step

z

x

z = zk−1 z = zk

surface k − 1 surface k

filtered state
xk−1|k−1

scattering matter

predicted state xk|k−1

filtered state xk|k

measurement mk

ACAT 2010 R. Frühwirth Track and vertex reconstruction 37

The correct fitting results relies on a good initial parameter estimate (usually 
from the seed) and a correct handling of the intrinsic error and material effects.



71

TOOLBOX

Combinatorial Kalman Filter

R&D PLATFORM

COMMUNITY

q0

acts / Core / include / Acts 

 📁 EventData

Default track finding strategy: 
Using a Kalman Filter that is allowed to test different  
path hypothesis. 

 

Branching numer: 
How many branches per surface 
are allowed can be configured.

Track tips: 
Concept of different possible end points of 

a trajectory are implemented in 
the ACTS MultiTrajectory track 
class.

 📁 Fitting



72

TOOLBOX

Pure track fitters: Global χ2 Fitter

R&D PLATFORM

COMMUNITY

dk including transport of q to measurement layer k 
     and measurement mapping function

one has to resort to numerical schemes such as the
Runge-Kutta integration of the equation of motion.

3. Error propagation

During the track parameter estimation procedure,
propagation of the track parameter covariance matrix
along with the track parameters themselves is often re-
quested. The standard procedure for this so-called linear
error propagation is a similarity transformation between
layers i and k,

Ck = Fk!iCiFk!i
T , "4#

where C is the covariance matrix and Fk!i is the Jacobian
matrix of the propagation from layer i to k,

Fk!i =
!qk

!qi
. "5#

For analytical track models the Jacobian is also analyti-
cal "Strandlie and Wittek, 2006#. In inhomogeneous
magnetic fields, the derivatives can be calculated by
purely numerical schemes or by semianalytical propaga-
tion of the derivatives in parallel to the Runge-Kutta
propagation of the track parameters "Bugge and
Myrheim, 1981#.

4. Material effects

The most important effects on the trajectory of
charged particles caused by material present in the de-
tector volume are ionization energy loss and multiple
Coulomb scattering "Amsler et al., 2008#. For light par-
ticles such as electrons, radiation energy loss by brems-
strahlung also plays an important role. The fluctuations
of ionization energy loss are usually quite small, and
such energy loss is therefore normally treated
during track fitting as a deterministic correction to the
state vector "Frühwirth et al., 2000#. Bremsstrahlung en-
ergy loss, on the other hand, suffers from large fluctua-
tions "Bethe and Heitler, 1934# and affects therefore
both the state vector and its covariance matrix. Multiple
Coulomb scattering is an elastic process, which in a thin
scatterer disturbs only the direction of a passing charged
particle; in a sufficiently thick scatterer, the position in a
plane transversal to the incident direction is also
changed "Amsler et al., 2008#. Since the mean value of
the scattering angle and an eventual offset is zero, only
the covariance matrix is updated in order to incorporate
the effects of multiple scattering into the track fitting
procedure.

5. Measurement model

The measurement model hk describes the functional
dependence of the measured quantities in layer k, mk,
on the state vector at the same layer,

mk = hk"qk# . "6#

The vector of measurements mk usually consists of the
measured positions but can also contain other quanti-
ties, e.g., measurements of direction or even momentum.

During the estimation procedure the Jacobian Hk of this
transformation is often needed,

Hk =
!mk

!qk
. "7#

In many cases the Jacobian contains only rotations and
projections and can thus be computed analytically.

a. Least-squares methods for track fitting

The overwhelming majority of experimental imple-
mentations use some kind of linear least-squares ap-
proach for the task of track fitting. The linear global
least-squares method is optimal if the track model is lin-
ear, i.e., if the track propagator fk!i from detector layer i
to detector layer k is a linear function of the state vector
qi and if all probability densities encountered during the
estimation procedure are Gaussian. If the track propa-
gator is nonlinear, the linear least-squares method is still
the optimal linear estimator. However, although least-
squares estimators are easy to compute, they lack ro-
bustness "Rousseeuw and Leroy, 1987#.

The starting point for deriving the global least-squares
method is the functional relationship between the initial
state q0 of the particle at the reference surface and the
vector of measurements mk at detector layer k,

mk = dk"q0# + !k, "8#

where dk is a composition of the measurement model
function mk=hk"qk# and the track propagator functions

dk = hk ! fk!k−1 ! ¯ ! f2!1 ! f1!0. "9#

The term !k is stochastic and contains all multiple Cou-
lomb scattering up to layer k as well as the measurement
error of mk. A linear estimator requires a linearized
track model, and for this the Jacobian Dk of dk is
needed,

Dk = HkFk!k−1 ¯ F2!1F1!0, "10#

where H is the Jacobian of h and F is the Jacobian of f.
The observations mk, the functions dk, the Jacobians

Dk, and the noise !k can each be arranged in a single
vector or matrix,

m = $m1

]
mn

%, d = $d1

]
dn
%, D = $D1

]
Dn

%, ! = $!1

]
!n
% ,

"11#

where n is the total number of measurement layers. The
model now becomes

m = d"q0# + ! , "12#

and the linearized version is

m = Dq0 + c + ! , "13#

where c is a constant vector. The global least-squares
estimate of q0 is given by
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linearise the problem, starting from an initial state q0
dk p0 +δp( ) ≅ dk p0( )+Dk ⋅δpq qq0 q0

q0

with Jacobian

acts / Core / include / Acts 

 📁 Fitting

Kalman filter is a linear progressive filter and 
can be locally unstable. 

Alternatively, a global minimalisation 
fitter is also available. 

Usually more stable in ambiguous 
measurement regimes, e.g. 
signed drift circles. 
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TOOLBOX

Dedicate track fitter: Gaussian Sum Filter

R&D PLATFORM

COMMUNITY

acts / Core / include / Acts 

 📁 Fitting

Multi-variant extension of the  
Kalman filter to model highly 
non-gaussian process noise 
from Bremsstrahlung. 
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TOOLBOX

Dedicate track fitter: Gaussian Sum Filter

R&D PLATFORM

COMMUNITY

acts / Core / include / Acts 

 📁 Fitting

114 CHAPTER 5. ELECTRON FITTING IN ACTS

estimate with the GSF.

Figure 5.33: Fit of the invariante Z0 mass using GSF and KF. We see, that the
distribution of the invariant mass computed with the GSF-fits matches the shape
of the Breit-Wigner curve relatively well, whereas the KF-based distribution has
a very different shape. Consequently, it cannot be fitted very well to the Breit-
Wigner curve.

Does improve momentum estimates for electrons 
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TOOLBOX

R&D PLATFORM

COMMUNITY

Requirement for fitters: propagation

acts / Core / include / Acts 

 📁 Navigation
 📁 Propagation

Track (and vertex) fitters rely on a  
correct transport of the track through 
the detector: 

- precise integration of  
equation of motion 

- adequate handling of  
detector material 

- predictive navigation 
to find/identify sensitive 
detector elements 
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TOOLBOX

R&D PLATFORM

COMMUNITY

Propagation

acts / Core / include / Acts 

 📁 Navigation
 📁 Propagation

 📁 EventData

 📁 Material

Navigator: 
Talks to tracking geometry to provide 
Surfaces, Portals, Material Stepper: 

Field integration for parameter  
and covariance transport:

- StaightLineStepper 
- AtlasStepper (RKN)

- EigenSteppen (RKN)

- SympyStepper (RKN)

Propagator: 
Transport from one point to another,

extendable functionality with Actors

Magnetic field access needed

 📁 MagneticField
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TOOLBOX

R&D PLATFORM

COMMUNITY

Ambiguity Solving

Historic name (from ATLAS) mainly trying to reduce 
duplication in the output candidate track collection: 

- eliminate duplicates (keep better one) 
- eliminate/suppress fake tracks 
- re-assign hits (requires re-fit) 

 

acts / Core / include / Acts 

 📁 AmbiguityResolution

Hit re-assignment as in ATLAS’ original ambiguity solver, is not yet supported.

Greedy Score based ML based
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TOOLBOX

R&D PLATFORM

COMMUNITY

Vertex reconstruction

Full primary vertex reconstruction suite including time fitting 

 Iterative Finding Multi Adaptive Finding

acts / Core / include / Acts 

 📁 Vertexing

vertices are found one by from seeds 

- unique track to vetrex 

- Ideal for low vertex multiplicity/

density

vertices are found simulatously from 
seeds:

- tracks can be multiply assigned to 

vertices with different weights

- More performant for high vertex 

multiplicity/density 
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TOOLBOX

R&D PLATFORM

COMMUNITY

Vertex reconstruction

ACTS has already many tools that could be reused for secondary vertex  
reconstruction.


Pointing, mass constrains and decay chain fitting is however not (yet) 
implemented.

First ACTS module in ATLAS (for Run-3 already) 
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TOOLBOX

R&D PLATFORM

COMMUNITY

plug-and-play 
framework

R&D Examples

ML assisted track finding modules

acts / Examples
 📁 Algorithms/TrackFindingML

ML based ambiguity solving 

The framework should allow you to integrate your R&D algorithm in a 
relatively painless manner into an existing track reconstruction chain.
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TOOLBOX

R&D PLATFORM

COMMUNITY

Developers meeting: PR recap

Walk through merged PR since the last meeting, discuss if 
necessary 

The dedicated acts-parallelisation meeting follows the same structure 
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TOOLBOX

R&D PLATFORM

COMMUNITY

Developers meeting: Open PR/issues

Highlight developments, discuss, assign reviewers 

The dedicated acts-parallelisation meeting follows the same structure (for traccc & friends) 


