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From Measurements to Tracks

▶ Which hits belong together?

▶ Which candidates describe the same particle?

▶ How many possibilities can we afford to test?
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ATLAS with High Luminosity LHC

[1]

[2] ▶ Denser collisions
▶ Larger data volumes
▶ More combinations
▶ Natively single-threaded
▶ New tracker
▶ Redesign while ATLAS keeps

running
[3]

2016: ACTS starts as a
standalone tracking toolkit.

[1] ATLAS Collaboration

[2] ATLAS Collaboration
[3] ATL-PHYS-PUB-2024-017
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Alexander J. Pfleger ÖPG – FACT 22nd of September 2026 4 / 8

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


ACTS – A Common Tracking Software

Geometry EDM
Algorithms
& Models

Services

ACTS

Experiment

Experiment
p
i
p

i
n
s
t
a
l
l

p
y
a
c
t
s

P
ro
d
u
ct
io
n

R&D

https://github.com/acts-project/acts/
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Austrian contribution: Global χ2 Fitter in ACTS

▶ Open Data Detector (ODD)

▶ 105 events, |η| ≤ 3, ϕ ∈ [0, 2π)

▶ pT ∈ [1, 100] GeV/c, randomised charge (to reduce biases)
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ACTS Across Detector Contexts – What Sharing Changes

tsa

Lohengrin

▶ Fix issues once, benefit across
experiments

▶ Different detectors expose hidden
assumptions

▶ Share development and maintenance
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An R&D platform for future tracking

Towards a realistic track reconstruction algorithm based
on graph neural networks for the HL-LHC

Catherine Biscarat1, Sylvain Caillou1, Charline Rougier1, Jan Stark1, and Jad Zahreddine1

1Laboratoire des 2 Infinis - Toulouse (L2IT-IN2P3), Université de Toulouse, CNRS, UPS,
F-31062 Toulouse Cedex 9, France

Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged
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1 Prepared for submission to JINST

Implementation of ACTS for STCF track reconstruction

Xiaocong Ai,𝑎 Xingtao Huang,𝑏 Yi Liu𝑎

𝑎School of Physics and Microelectronics, Zhengzhou University, Zhengzhou, Henan, 450001, China
𝑏Key Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of Frontier and Interdisci-
plinary Science, Shandong University, Qingdao, Shandong, 266327, China

E-mail: yiliu@zzu.edu.cn

Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.

Keywords: STCF, Track reconstruction, ACTS, Drift chamber

1Corresponding author
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3 Auto-tuning capabilities of the ACTS track

reconstruction suite

Corentin Allaire1, Rocky Bala Garg2, Hadrien Benjamin Grasland1,
Elyssa Frances Hofgard2, David Rousseau1, Rama Salahat1,4, Andreas
Salzburger3, Lauren Alexandra Tompkins2

1Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
2Stanford University, Stanford, CA 94305, USA
3CERN, 1211 Geneva, Switzerland
4An-Najah National University, P400 Nablus, Palestine.

E-mail: corentin.allaire@cern.ch

Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Track reconstruction as a service for collider physics

Haoran Zhao𝑎 Yuan-Tang Chou𝑎 Yao Yao𝑏 Xiangyang Ju𝑐 Yongbin Feng𝑑 William
Patrick McCormack𝑒 Miles Cochran-Branson𝑎 Jan-Frederik Schulte𝑏 Miaoyuan Liu𝑏

Javier Duarte 𝑓 Philip Harris𝑒 Shih-Chieh Hsu𝑎 Kevin Pedro𝑔 Nhan Tran𝑔

𝑎University of Washington, Seattle
𝑏Purdue University
𝑐Lawrence Berkeley National Laboratory
𝑑Texas Tech University
𝑒Massachusetts Institute of Technology
𝑓 University of California, San Diego
𝑔Fermi National Accelerator Laboratory

E-mail: yuan-tang.chou@cern.ch

Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures
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traccc: GPU track reconstruction library for HEP experi-
ments
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Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.
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Towards a realistic track reconstruction algorithm based
on graph neural networks for the HL-LHC
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Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged

ar
X

iv
:2

10
3.

00
91

6v
1 

 [
ph

ys
ic

s.
in

s-
de

t]
  1

 M
ar

 2
02

1 Prepared for submission to JINST

Implementation of ACTS for STCF track reconstruction
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Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.

Keywords: STCF, Track reconstruction, ACTS, Drift chamber
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Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures
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traccc: GPU track reconstruction library for HEP experi-
ments
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Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.
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Towards a realistic track reconstruction algorithm based
on graph neural networks for the HL-LHC
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Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged
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Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.
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Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures
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Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.
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An R&D platform for future tracking

Towards a realistic track reconstruction algorithm based
on graph neural networks for the HL-LHC
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Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged
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Implementation of ACTS for STCF track reconstruction

Xiaocong Ai,𝑎 Xingtao Huang,𝑏 Yi Liu𝑎
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plinary Science, Shandong University, Qingdao, Shandong, 266327, China
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Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.

Keywords: STCF, Track reconstruction, ACTS, Drift chamber
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3 Auto-tuning capabilities of the ACTS track

reconstruction suite
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Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Track reconstruction as a service for collider physics
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Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures
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traccc: GPU track reconstruction library for HEP experi-
ments

Paul Gessinger1, Heather M. Gray2,3, Attila Krasznahorkay4, Charles Leggett3, Joana
Niermann1, Andreas Salzburger1, Stephen Nicholas Swatman1, and Beomki Yeo2,3,∗
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Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.
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Towards a realistic track reconstruction algorithm based
on graph neural networks for the HL-LHC
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Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged
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Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.

Keywords: STCF, Track reconstruction, ACTS, Drift chamber
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Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures
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Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.
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Abstract. The physics reach of the HL-LHC will be limited by how efficiently
the experiments can use the available computing resources, i.e. affordable soft-
ware and computing are essential. The development of novel methods for
charged particle reconstruction at the HL-LHC incorporating machine learning
techniques or based entirely on machine learning is a vibrant area of research.
In the past two years, algorithms for track pattern recognition based on graph
neural networks (GNNs) have emerged as a particularly promising approach.
Previous work mainly aimed at establishing proof of principle. In the present
document we describe new algorithms that can handle complex realistic detec-
tors. The new algorithms are implemented in ACTS, a common framework
for tracking software. This work aims at implementing a realistic GNN-based
algorithm that can be deployed in an HL-LHC experiment.

1 Introduction

The LHC collider and the associated experiments are undergoing a major upgrade that will
increase the size of the datasets of each of the general-purpose experiments ATLAS and CMS
by one order of magnitude [1] compared to the initial LHC plan. These large datasets will
enable precise measurements in the Higgs sector. The original LHC plan is to accumulate
300 fb−1 of data per experiment. This original plan is expected to be concluded in 2024, and
the installation of the high-luminosity LHC (HL-LHC [1]) is expected to be completed in
2027 [2]. During the HL-LHC phase, each experiment will accumulate at least 3000 fb−1

of data. The instantaneous luminosity during the HL-LHC phase will be about three times
larger than the highest instantaneous luminosities reached during the last years of the LHC
phase, i.e. the HL-LHC dataset will not only be larger; the events will also be more complex.
The average number of pile-up events is expected to be 200.

The general-purpose detectors ATLAS and CMS will undergo significant upgrades in
order to cope with the complexity of events at the HL-LHC, including the installation of new
tracking subdetectors with improved granularity [3–5]. Even with the upgraded detectors,
the HL-LHC leads to a steep increase in computing resources needed to process and analyse
the data [6, 7]. Assuming a flat budget, the expected improvements in computing hardware
will not be able to provide this increase. The amount of data that experiments can collect
and process will be limited by affordable software and computing, and therefore the physics
reach during HL-LHC will be limited by how efficiently these resources can be used [8].

The offline event reconstruction represents a large fraction of computing resource
needs [6, 7]. The CPU needed for event reconstruction tends to be dominated by charged
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Implementation of ACTS for STCF track reconstruction

Xiaocong Ai,𝑎 Xingtao Huang,𝑏 Yi Liu𝑎

𝑎School of Physics and Microelectronics, Zhengzhou University, Zhengzhou, Henan, 450001, China
𝑏Key Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of Frontier and Interdisci-
plinary Science, Shandong University, Qingdao, Shandong, 266327, China

E-mail: yiliu@zzu.edu.cn

Abstract: With an electron-positron collider operating at center-of-mass-energy 2-7 GeV and a
peak luminosity above 0.5 × 1035𝑐𝑚−2𝑠−1, the STCF physics program will provide an unique
platform for in-depth studies of hadron structure and non-perturbative strong interaction as well
as probing new physics beyond the Standard Model in the 𝜏-Charm sector, succeeding the present
Beĳing Electron-Positron Collider. To fulfill the physics targets and further maximize the physics
potential at STCF, the STCF tracking software should have capability to reconstruct charged particles
with high efficiency and excellent momentum resolution, especially for the charged particles with
low transverse momentum down to 50 MeV. A Common Tracking Software (ACTS) providing a set
of detector-independent tracking algorithms is adopted for reconstructing charged tracks with the
information of two sub-detectors, a 𝜇RWELL-based inner tracker and a drift chamber, at STCF. This
is the first demonstration of ACTS for a drift chamber. The implementation details and performance
of track reconstruction are presented.

Keywords: STCF, Track reconstruction, ACTS, Drift chamber

1Corresponding author

ar
X

iv
:2

30
1.

04
30

6v
4 

 [
he

p-
ex

] 
 3

 J
ul

 2
02

3 Auto-tuning capabilities of the ACTS track

reconstruction suite

Corentin Allaire1, Rocky Bala Garg2, Hadrien Benjamin Grasland1,
Elyssa Frances Hofgard2, David Rousseau1, Rama Salahat1,4, Andreas
Salzburger3, Lauren Alexandra Tompkins2

1Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
2Stanford University, Stanford, CA 94305, USA
3CERN, 1211 Geneva, Switzerland
4An-Najah National University, P400 Nablus, Palestine.

E-mail: corentin.allaire@cern.ch

Abstract. The reconstruction of charged particle trajectories is a crucial challenge of particle
physics experiments as it directly impacts particle reconstruction and physics performances. To
reconstruct these trajectories, different reconstruction algorithms are used sequentially. Each
of these algorithms uses many configuration parameters that must be fine-tuned to properly
account for the detector/experimental setup, the available CPU budget and the desired physics
performance. Examples of such parameters are cut values limiting the algorithm’s search space,
approximations accounting for complex phenomenons, or parameters controlling algorithm
performance. Until now, these parameters had to be optimised by human experts, which is
inefficient and raises issues for the long-term maintainability of such algorithms. Previous
experience using machine learning for particle reconstruction (such as the TrackML challenge)
has shown that they can be easily adapted to different experiments by learning directly from
the data. We propose to bring the same approach to the classic track reconstruction algorithms
by connecting them to an agent-driven optimiser, allowing us to find the best input parameters
using an iterative tuning approach. We have so far demonstrated this method on different track
reconstruction algorithms within A Common Tracking Software (ACTS) framework using the
Open Data Detector (ODD). These algorithms include the trajectory seed reconstruction and
selection, the particle vertex reconstruction and the generation of simplified material maps used
for trajectory reconstruction.

1. Introduction
Charged particles trajectories reconstruction is essential to most high-energy physics
experiments. A precise measurement of those trajectories allows us to properly reconstruct the
primary interaction vertex, identify the particles and evaluate their momentum. Trajectory
reconstruction is also one of the most computationally intensive components of event
reconstruction, as it scales quadratically with the number of particles in the detector. In this
context, great efforts are being deployed to optimise such algorithms’ performances in terms
of physics object reconstruction and computing efficiency. One option for such optimisation is
tuning the different parameters of the algorithms. Those parameters range from preselection of
the particles’ properties to simplification of the detector effects or limits to the search space. Due
to the large number of parameters for each algorithm, searching for the optimal combination can
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Track reconstruction as a service for collider physics

Haoran Zhao𝑎 Yuan-Tang Chou𝑎 Yao Yao𝑏 Xiangyang Ju𝑐 Yongbin Feng𝑑 William
Patrick McCormack𝑒 Miles Cochran-Branson𝑎 Jan-Frederik Schulte𝑏 Miaoyuan Liu𝑏

Javier Duarte 𝑓 Philip Harris𝑒 Shih-Chieh Hsu𝑎 Kevin Pedro𝑔 Nhan Tran𝑔

𝑎University of Washington, Seattle
𝑏Purdue University
𝑐Lawrence Berkeley National Laboratory
𝑑Texas Tech University
𝑒Massachusetts Institute of Technology
𝑓 University of California, San Diego
𝑔Fermi National Accelerator Laboratory

E-mail: yuan-tang.chou@cern.ch

Abstract: Optimizing charged-particle track reconstruction algorithms is crucial for efficient event
reconstruction in Large Hadron Collider (LHC) experiments due to their significant computational
demands. Existing track reconstruction algorithms have been adapted to run on massively parallel
coprocessors, such as graphics processing units (GPUs), to reduce processing time. Nevertheless,
challenges remain in fully harnessing the computational capacity of coprocessors in a scalable and
non-disruptive manner. This paper proposes an inference-as-a-service approach for particle tracking
in high energy physics experiments. To evaluate the efficacy of this approach, two distinct tracking
algorithms are tested: Patatrack, a rule-based algorithm, and Exa.TrkX, a machine learning-based
algorithm. The as-a-service implementations show enhanced GPU utilization and can process
requests from multiple CPU cores concurrently without increasing per-request latency. The impact
of data transfer is minimal and insignificant compared to running on local coprocessors. This
approach greatly improves the computational efficiency of charged particle tracking, providing a
solution to the computing challenges anticipated in the High-Luminosity LHC era.

Keywords: Online farms and online filtering; Computing (architecture, farms, GRID for recording,
storage, archiving, and distribution of data); Data processing methods; Software architectures

ArXiv ePrint: 2501.05520
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traccc: GPU track reconstruction library for HEP experi-
ments

Paul Gessinger1, Heather M. Gray2,3, Attila Krasznahorkay4, Charles Leggett3, Joana
Niermann1, Andreas Salzburger1, Stephen Nicholas Swatman1, and Beomki Yeo2,3,∗

1European Organization for Nuclear Research, Meyrin, 1211, Switzerland
2Department of Physics, University of California, Berkeley, CA 94720, USA
3Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4Department of Physics, University of Massachusetts at Amherst, Amherst, MA 01003, USA

Abstract. We present the current development status and progress of traccc,
a GPU track reconstruction library developed in the context of the A Common
Tracking Software (ACTS) project. traccc implements tracking algorithms used
in high energy physics (HEP) experiments, including the Kalman filter–based
track finding and fitting. We benchmark the software with data simulated by
Geant4 to measure the physics and computing performance. We show that the
physics performance for GPU and CPU are very close. We also show that the
GPUs can achieve higher computational performance than the CPU for suffi-
ciently large events.

1 Introduction

In collider experiments, charged particles created in particle collisions propagate through a
detector with trajectories curved by a magnetic field. Their interactions with sensors allow
their positions with respect to the location of the sensors to be measured. Track reconstruc-
tion refers to the process of computing the continuous trajectories of these particles from
discrete measurements. Indeed, the track reconstruction is crucial in achieving high experi-
mental sensitivity, which usually makes it the most computationally intensive stage of event
reconstruction.

Among microprocessors, the central processing unit (CPU) has long been the workhorse
in the offline data analysis of most HEP experiments. The number of particles created per
collision will be unprecedentedly high in future experiments such as those on the High Lu-
minosity LHC (HL-LHC), and models of computation employing only CPUs are unlikely to
meet the demands of such experiments [1]. Following the decline of Dennard scaling [2] at
the beginning of the twenty-first century, strategies for increasing the performance of micro-
processors have shifted drastically from increasing clock frequencies—now impossible due
to increased leakage currents—to increasing the number of cores, leading to the advent of
parallel and massively parallel microprocessor architectures.

General purpose graphics processing units (GPUs) exemplify the shift towards parallel
architectures, with many such devices featuring more than 10 000 cores1. The massive paral-
∗e-mail: beomki.yeo@berkeley.edu
1GPU cores are not directly comparable to CPU cores in terms of performance, with a single CPU core delivering

significantly more performance than a single GPU core.

Status of ACTS Tracking for
FCC detectors
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▶ Can machine learning reduce
candidate combinations?

▶ Can reconstruction run
efficiently on GPUs?

▶ Can we use it in the future?
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Take-Home Message

▶ ACTS is ATLAS run-4 standard and deployed

▶ International community – Austria contributes too
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Alexander J. Pfleger ÖPG – FACT 22nd of September 2026 8 / 8



Take-Home Message

▶ ACTS is ATLAS run-4 standard and deployed

▶ International community – Austria contributes too

▶ R&D: machine learning, GPU tracking, future detectors, . . .
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CMS Tracking with ACTS

Lorenzo Damenti
ACTS Workshop, 20-24 April 2026, NIKHEF

Enhancing CMS Passive Material Modeling 
in Track Reconstruction Using ACTS

ACTS Workshop 2026

CMS Tracking Geometry in ACTS
• All sensitive surfaces from a TrackerGeometry in CMSSW are selected and converted into ACTS DetectorElements (DetEls)

• Note: "#$%&!"##$ ↔ "#$%&%!&#
• DetEls are organized in tracking layers; Note: not always tracking layers correspond to physical layers

21/04/26 4

Traker Inner Barrel (TIB) Layer 1Tracking Volumes 

• Layers are arranged into volumes following a hierarchical structure

• Full CMS blueprint:

• Open Points: 

I. Is the number of material layers too high?
II. Is the layers placement correct?
III. Is the binning appropriate?

Geometry Optimization

21/04/26 ACTS Workshop 2026 7

Proof of Concept
• First test: Perform track refits on simulated muons ((' = 100,#-)

• Purpose: Validate geometry built  and identify major showstoppers

• Note: Test performed using all algorithms from ACTS (i.e. propagation and refit)

• Results show a good agreement between ACTS and CMSSW

• Next Step: decrease the ('  to probe passive material effects? Yes, but…  

Problem: Potential improvements in passive material treatment could be hidden by non-optimized ACTS algorithms for CMS
Solution: Import only the ACTS passive material treatment into a new CMSSW propagator
Advantages:
   I.  Facilitates extending ACTS to other reconstruction stages
   II. Simplifies ACTS adoption within the CMS community

ACTS Workshop 2026

Summary and Next Steps

21/04/26 13

• Description of passive material effects in CMSSW is suboptimal → verify if it can be improved by importing the passive material treatment 
approach adopted by ACTS defining a new ACTS propagator within the CMS Data Analysis Framework

• Build (and validate) the CMS Geometry within ACTS ✅

• Validate material maps used to decorate material layers ✅

• Write a new CMSSW propagator using ACTS ✅

• Validate the new propagator:

 I.  Compare refit performance (pulls and residuals distributions) ?@ABC@A

 II. Compare Track Efficiency (Using ACTS propagator in all track reco steps)

• Reconstruction of D#5 → E9E: decays and comparison between ACTS and CMSSW
 

https://indico.cern.ch/event/1577742/contributions/7005748/
Alexander J. Pfleger ÖPG – FACT 22nd of September 2026 10 / 8
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Global χ2 Fitter in ACTS

▶ Full algorithm
▶ Already explored by experiments
▶ Austrian Doctoral Student Programme
▶ PhD at Uni Graz at CERN

https://indico.cern.ch/event/1499357/contributions/6628643/

LATEX TikZposter

Connecting the Dots
10–14 Nov 2025, Tokyo

alexander.julian.pfleger@cern.ch

github.com/AJPfleger/acts

Symmetries&UnambiguousAmbiguities
TrackFittingwiththeGlobalχ2Fitter inACTS

Alexander J. Pfleger†‡, Paul Gessinger-Befurt‡, Gundolf Haase†

† Uni Graz, Austria ‡ CERN

How to fit a track with the Global χ2 Fitter (Gχ2F)

Minimise ∂(χ2)
∂α⃗

!=0Describe theSystem AddMaterialEffects
χ2 =

N∑

i=1

r 2
i

σ2
i

•6 Parameters: α⃗ =
(

l0, l1, ϕ, θ, q
p, t

)T

•Residuals: ri = mi − f m
i (α⃗)

•Propagation function: f⃗ (α⃗)
•Covariance of measuremnt i : σ2

i

l0

l1
p

local position
momentum

ϕ

θ

x

y

z

[https://acts.readthedocs.io/en/v44.1.0/tracking.html]

Find zero with Newton method

Iteratively update initial parameters α⃗

Converge

x

y

σ2
1 σ2

2 σ2
3 σ2

4

y0
ϕ0

y0
ϕ0

r1

r2 r3

r4

χ2 =
N∑

i=1

r 2
i

σ2
i
+

S∑

s

(
θ2

s
σ2

s
+ sin2 (θloc)ϕ2

s
σ2

s

)

•6 + 2s Parameters: α⃗ = (... , θS1, ϕS1, ...)T

•Highland formula for σ2
s

x

y

σ2

θ

Aren’t so many
parameters scary?

Open Data Detector (The ODD is symmetric)

Let’s compare the performance of the Gχ2F and the
Kalman Filter Fitter (KF) on the ODD.
We start with 105 µ−.
To make it more realistic vary the energy between
1 − 100 GeV and include material effects.

Results:
•Drop unreachable measurements
•Unstable tracks improve
•Fit quality independent of direction and momentum
•Slower: Propagation is done multiple times
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The Gχ2F can just
ignore faulty mea-
surements.

KF
Gχ2F

Drift Tubes (Drift tube measurements are ambiguous)

DTs provide very precise spatial information,
but each drift measurement has an inherent
left/right ambiguity.

We only know how far the particle passed from
the wire, not on which side.
The z-position (along the wire) is determined
by additional strip detectors mounted
above and below the tubes.

But how does the
Gχ2F know which
side to choose?

•Prediction: Ignore which side we are passing
•Calculate residuals with absolute values
•Additional strip / pixel detectors restrict the possible trajectory
•The Gχ2F naturally selects the correct configuration, and the ambiguity

disappears
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