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Abstract

This report presents an investigation into vertex seeding algorithms
under high pile-up conditions, with a focus on integrating a time para-
meter into the Gaussian Track Density (GTD) model. The aim is to
improve vertex reconstruction precision by incorporating 4D track-
ing in the high-luminosity environment of the Large Hadron Collider.
Through algorithm comparisons and parameter optimization, the pro-
ject highlights improvements in CPU efficiency without sacrificing
physics performance. Initial results suggest that the time parameter
integration provides promising advancements, with potential applica-
tions in future collider experiments.
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1 Introduction

The European Organization for Nuclear Research, or CERN, is a global leader in particle phys-
ics, pioneering significant discoveries through the Large Hadron Collider (LHC). The ATLAS
collaboration, one of CERN’s major experiments, is crucial in probing the fundamental particles
of matter. As the LHC transitions from Run 3 to Run 4, substantial upgrades will transform
it into the High-Luminosity LHC (HL-LHC), boosting luminosity to 7.5 x 103*cm~2s~! by
2027 [1]], significantly increasing proton-proton collision rates and the potential for new discov-
eries (ATLAS Collaboration, “Expected Performance”).
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Figure 1: Schematic representation of the HL-LHC timeline. Fig from High-Luminosity Large Hadron
Collider (HL-LHC): Technical Design Report V. 0.1. Nov. 2017. doi:10.23731/CYRM-2017-004.

To maintain its performance under these intense conditions, the ATLAS experiment will
undergo critical upgrades, essential for managing the increased "pileup"—where multiple colli-
sions occur quasi-simultaneously, complicating event detection (CITE). The ability of ATLAS
to accurately reconstruct particles from these complex collisions is a key focus as it prepares for
the HL-LHC environment.
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Figure 2: Caption from og paper! ATLAS HL-LHC Computing Conceptual Design Report !: Estimated
CPU, disk and tape (at the Tier-1 and Tier-0) resources needed for the years 2020 to 2034 under the
different scenarios described in the text. The solid lines indicate annual improvements of 10% and 20%
in the capacity of new hardware for a given cost, assuming a sustained level of annual investment. The
blue dots with the brown dashed lines represent the three ATLAS scenarios following the current LHC
schedule. The red open triangles indicate the Conservative R&D scenario under an assumption of the
LHC reaching hui = 200 in 2028.

Central to these upgrades is the Acts Common Tracking Software (ACTS), a high-performance
toolkit designed to provide efficient and precise tracking capabilities for ATLAS. As the LHC
advances into the High-Luminosity era, accurate particle trajectory reconstruction amidst vastly
increased collision rates becomes essential. ACTS addresses this by offering a flexible, modular
framework adaptable to the evolving needs of the ATLAS detector. ACTS is optimized to handle
the extreme pileup levels anticipated during the HL-LHC era. Its advanced algorithms are cap-
able of reconstructing tracks from the massive data generated during each collision, ensuring
that ATLAS maintains its precision in particle identification. The software’s architecture is both
detector-agnostic and future-proof, allowing adaptation to upgrades in ATLAS or different de-
tector configurations. Furthermore, ACTS integrates seamlessly with multi-threaded and distrib-
uted computing environments, which is crucial for processing the enormous datasets expected



from the HL-LHC. It also provides essential tools for event simulation, tracking geometry, and
visualization, supporting the development of new tracking strategies under high-luminosity con-
ditions. The successful implementation of ACTS is expected to significantly enhance ATLAS’s
ability to analyze complex events, making it a crucial enhancement for the future success of the
collaboration’s physics program [2] [3]].
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Figure 3: Caption from of paper ! ACTS arXiv:2106.13593v1! Example of the integration of ACTS
into an experiment’s software framework. The experiment- and detector-specific code (green) is expec-
ted to handle lowlevel data preparation and provide SourceLinks and Measurements as input to ACTS
algorithms. ACTS provides tracks and vertices as output for further experiment-specific reconstruction
and analysis.

2 Motivations

4D tracking is an exciting development in high-energy physics, adding an essential dimension
to the analysis of particle collisions by incorporating time information alongside spatial data.
This approach helps scientists better understand complex events in particle detectors. Tradi-
tional tracking systems rely mostly on spatial information, which can lead to challenges when
trying to distinguish between events that occur very close together in space, especially under
conditions of high pile-up where many particle interactions happen quasi-simultaneously.

One of the major limitations of current tracking systems is the difficulty in accurately as-
signing particle tracks to the correct collision event when multiple events overlap. This can lead
to errors in the reconstruction of physics objects, such as b-jets, and in identifying rare processes,
particularly those involving long-lived particles that decay at some distance from the interaction
point. 4D tracking addresses this by adding precise timing information to each particle track,
allowing scientists to more clearly differentiate between events that are close in space but separ-
ated in time.
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Additionally, 4D tracking can improve the performance of seeding algorithms, which are
used to initiate the track reconstruction process. By incorporating time information, these al-
gorithms can more effectively filter out noise and irrelevant data, reducing the computational
load and improving the accuracy of the tracks that are reconstructed. This enhancement is par-
ticularly important as we move into the era of the High-Luminosity LHC, where the number of
simultaneous interactions per collision is expected to increase significantly.

3 Summer Specific Work

This summer has been a deep dive into the world of algorithm performance, both from a com-
putational and a physics standpoint. After spending some time installing ACTS and all its de-
pendencies using CMake and various scripts, it was time to look into the performance of the
seeder algorithms. To do so, we would run the algorithm with specific grid parameters, get the
CPU and physics results, and compare between different parameters and pile-up. This process
has revealed a lot about the potential of these algorithms in real-world scenarios. The ability
to evaluate both the computational efficiency and the accuracy in the physics domain has been
enlightening, offering valuable insights into where improvements can be made.

In addition to exploring algorithmic performance, I expanded my skills across several pro-
gramming languages and tools. This project demanded a solid understanding of C++, Python,
and the use of the Terminal, along with an introduction to Root, which was new to me. It was a
rewarding challenge to integrate these technologies, and I can confidently say my proficiency in
each has grown significantly over the course of the summer.



3.1 Algorithm Comparisons

This summer’s project was focused on evaluating the performance of algorithms from both com-
putational and physics perspectives. Initially, simulations were run on a local machine, with a
Python script operating in the background to collect data. However, the script required user in-
put at various stages, which created the need for continuous monitoring and limited the ability to
multitask or run additional processes efficiently. On top of this, the seeder algorithms consumed
a large amount of memory, significantly slowing down the machine and making it difficult to
work effectively. At one point, the system became so sluggish that daily restarts were necessary
just to maintain functionality.

To overcome these limitations, the simulations were moved to an LXPLUS machine,
which provided a significant boost in performance. The ability to run multiple programs sim-
ultaneously allowed for much more data to be processed in a shorter time. Data outputs were
stored in ROOT files, enabling a more structured approach to data management and analysis.

By automating data collection through Python and leveraging the enhanced computational
power of LXPLUS, the project achieved far greater efficiency. This approach not only resulted in
a more robust dataset but also allowed for deeper insights into the performance of the algorithms
under different conditions. It demonstrated the crucial role that proper resource management
and high-performance computing play in large-scale research and development projects.

Let’s take a closer look at the results and their significance. Figure 5 is one of the final
plots that we produced for this project. It represents a lot of information both on the physics and
computer side, with the main objective being to show that the implementation of time is indeed
beneficial.
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Figure 5: From left to right: First column represents the Gauss Seeder algorithm’s results, the second
column is the Adaptative Multi Vertex Finder (AMVF) algorithm without time implementation and its
performance and the third column is the AMVF algorithm with time implemented and its results. Each
color corresponds to a different grid configuration and/or type of events. The main result observed with
this plot is that the implementation of time does provide a better CPU time (first line) while also keeping
the physics performance quite the same.

One of the first parts of the project was about discovering the ACTS implementations and
their performance, this included looking into the grid implementation (AMVF) and investigating
its parameters. The grid has two main parameters; time and space. We can look at how those
parameters affect the performance of the algorithm by changing them and running the whole



process. From Figure 5, we can compare the default parameters (orange) to some new paramet-
ers (green) for TTbar events. With the newly chosen parameters we can observe a significant
difference, especially in the performance of the algorithm with time implemented. The new
parameters provide a better CPU while still maintaining the physics performance compared to
the default parameters. It was not investigated *why’ those parameters were better but could be
a interesting study.

3.2 Gaussian Time Implementation

The objective of this part of the project was to incorporate a time parameter into the existing
Gaussian Track Density (GTD) model used for vertex reconstruction. The time parameter allows
for a more precise estimation of vertex positions by considering temporal uncertainties alongside
spatial ones, which is specifically important in high-luminosity environments.

3.2.1 Extending the Covariance Matrix

The original implementation of the GTD model used a 2x2 covariance matrix to represent un-
certainties in the transverse (dg) and longitudinal (zg) impact parameters. To include time, the
covariance matrix was extended to a 3x3 matrix. This new matrix incorporates not only the
variances for dy, 2o, and time, but also the covariances between them: o4,, o4, and 0,;. By ex-
tending the matrix, the model can now account for correlations between the spatial and temporal
measurements, which is crucial for precise track density calculations.

The updated covariance matrix was implemented as follows:

Eigen::Matrix3d covMatrix;

covMatrix << covDD, covDZ, covDT,
covDZ, covZZ, covZT,
covDT, covZT, covTT;

This ensures that the time component is fully integrated into the model’s uncertainty rep-
resentation.

3.2.2 Updating Track Density Calculations

With the covariance matrix updated, the track density calculations needed to account for time-
based terms. The constant term, which reflects the base value of the Gaussian function, was
modified to include contributions from the time parameter. Similarly, the linear term, which
describes how the density changes with respect to z, was updated to factor in the time compon-
ent. The quadratic term, responsible for the spread of the density function, remained largely
unchanged, as it primarily deals with spatial uncertainty.



For example, the constant term was updated as follows:

1
c=-3 (d%azz + zgadd + 2oy + 2dozo0 gy + 2doto g + 220tazt) / det (%) (1)

These changes should ensure that the Gaussian track density function now incorporates
the time parameter when calculating density, making the vertex reconstruction more robust.
However, this may be one of the reasons this new implementation does not produce results. This
part could be investigated further.

3.2.3 Handling Time in the InputTrack Structure

Initially, the InputTrack structure did not contain a member for time, which led to complic-
ations when trying to extract temporal information. To address this, we either modified the
InputTrack structure to include time directly or updated the Extractor function to handle time
appropriately. Once time was included, it was extracted and passed through the same dens-
ity calculations as the spatial parameters, ensuring consistent integration throughout the GTD
process.

const double time = boundParams.parameters() [BoundIndices::eBoundTime]; // Extract time

By ensuring that time was available and properly extracted, the model was able to handle
temporal data in addition to spatial information.

3.2.4 Integrating Time into GaussianTrackDensityStore

This would be the next step to the implementation. After handling time in the InputTrack struc-
ture as well as implementing it over different functions the integration would be complete. How-
ever, because of time restrictions, this part of the project is still underway and may even be the
biggest.

By extending the covariance matrix, updating the track density calculations, and integ-
rating time into the InputTrack and GaussianTrackDensityStore structures, we could po-
tentially successfully incorporate the time parameter into the Gaussian Track Density model.
This enhancement would allow for a more accurate reconstruction of vertices by considering
both spatial and temporal uncertainties, leading to improved performance in high-luminosity
environments such as those encountered at the LHC.

3.3 First Results and Conclusion

The introduction of 4D tracking, with the integration of time as an additional parameter in the
Gaussian Track Density model, represents a significant step forward in the precision of vertex
reconstruction. The updated covariance matrix and the revised density calculations are key in



incorporating this temporal dimension, offering a more comprehensive understanding of particle
interactions in high-luminosity environments.

Initial results demonstrate that this enhancement would provide improvements in CPU
efficiency while maintaining the accuracy of physics performance, as observed in the algorithm
comparisons (refer to Figure 5). With the transition to the LXPLUS machine and automation of
data collection, it was possible to handle larger datasets and process more simulations efficiently,
leading to better insights into the computational and physics performance of the algorithms.

Looking forward to Run 4, the implementation of ACTS with time parameters is expected
to enhance the scalability and accuracy of vertex reconstruction. The combination of spatial and
temporal uncertainties will be essential in future high-energy physics experiments. Although
there are still areas for further investigation—such as optimizing parameters and completing the
full integration of time into the GaussianTrackDensityStore—these early results provide a prom-
ising foundation for the ongoing development and application of 4D tracking technology.

4 Outlook

Throughout this journey, I've learned so much—not just from a physics perspective but also in
terms of life lessons. Coming into this, I wasn’t entirely sure about my future or whether I would
find my place in research, but CERN and the team have been incredibly welcoming, making me
feel like I belong. Although I’m sad to be leaving, this experience has given me the motivation
to return after further study. The project itself has been incredibly fulfilling, even though it’s
outside my usual area of expertise. Despite the challenges, I enjoyed every part of it and look
forward to seeing its continuation in future years. I hope to one day hear about its successes
in the news—granted, in scientific news, but still! It’s such a cool project, and I believe more
people should know about it. The combination of learning on the job, engaging in lectures,
and being constantly involved with new tasks has been immensely rewarding. Presenting my
research at the poster session was particularly valuable, as it helped me articulate my findings
and understand them more deeply, allowing me to push the work further. This experience has
only strengthened my desire to continue in this field, and I can’t wait to see where the project
goes next.
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