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Challenges of track reconstruction at the HL-LHC
● For the HL-LHC the expected pileup is up to < μ > ≈ 200 simultaneous collisions. A 

significant increase from the < μ > ≈ 65 of Run 3. 
● The consequent increase in occupancy of the tracking detector imposes many challenges 

in the reconstruction:
○ Harder to differentiate Hard Scatter from Pileup
○ Increase in information data to be processed in the same time frame
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Figure 1: Simulation of a Z →μμ event in the ATLAS experiment  with < μ > = 50 (left) and < μ > = 140 (right)
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ATLAS preparation for tracking in the HL-LHC
● The Inner Detector (ID) will be substituted to a more segmented detector, the Inner Tracker (ITk)

● An additional detector, called HGTD, will be installed in the endcap region to complement the 
tracking in the region where the ITk resolution is insufficient (2.4 <|𝜂|< 4.0)

○ Tracks of the ITk will be associated with hits in HGTD
○ HGTD also provides time information (not present in the ITk) that can help with pileup rejection

3Image Source: Francisca, J. & Sánchez, Muñoz. (2022)

● New track reconstruction methods that are adapted to the new detectors and meet the 
requirements imposed by the HL-LHC scenario need to be devised!

Figure 2: ITk layout (left) and HGTD position within the ATLAS experiment (right)
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Outline

1. ATLAS tracking particle process

2. Combinational Kalman Filters 
applied for track fitting and 
finding
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Existing techniques

3. ACTS simulator first steps

4. New methods proposal

5. Next steps 

Proposal for HL-LHC

Understanding the existing scenario gives us a 
baseline performance to be expected of new 
methods
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Track reconstruction processing chain
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Clustering Seeding

Track fitting and finding

Group together sensor activations that 
belong to the same deposition

Evaluate triples of deposition in the 
inner layers to filter the best candidates 
for track seeds

Image sources: ACTS documentation [4]
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Combinational Kalman Filters
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Defining a state space
● We can define the measures we observe as a function of the true position and 

measurement errors
● A simple measurement equation would be:
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● As we know the system dynamics, we can also define a system equation

● These two equations define our state space

layer (surface) index

measure vector (x,y,z)

projection matrix (x to m)

state vector                 Value to be estimated

measurement error, white gaussian noise

transport state vector from (n-1) to (n) 

*extrapolation achievable by numeric integration

system error, white gaussian noise

is independent of the measurement error
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Innovation process and estimative update
● If we have a prior estimative of the state vector (before observing the actual measurement) 

is possible to define a metric that measures the information gain that the new measurement 
offers

● The innovation is achievable with the following equations:
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● The innovation can be used to adjust the prior estimative:

● Where            is the Kalman gain, which is chosen to minimize the mean-square value of the 
estimation error  

estimative of state vector 
given prior measures
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Filtering Estimatives
● Iteration between prediction (prior) and filtered estimative 

(posteriori)
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● After all measures are available, it is also possible to smooth 
the estimates. Figure 4: Illustration of KF estimative 

iteration. Measurement represented in 
orange, (prior) estimative in blue and filtered 
(posteriori) estimative in green [4].
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Track scoring
● We can define a residual between the 

posteriori estimate and the measure
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● This value contributes to a quality factor of the 
reconstructed track

● The algorithm iterates over all possible tracks and uses the global quality 
parameter      (also depends on other track attributes*) to filter the best estimate 
tracks

Image sources: ACTS documentation [4]
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Combinational Kalman Filter Drawbacks and Limitations
● The main drawback of the CKF is the execution time that will not be 

acceptable in a scenario of high luminosity
○ Execution time is O(N2), being N the number of points to be fitted
○ As it is implemented today, the iterative adjustments are optimized for CPU processing

● As the Inner Detector (ID) has no timing information, and therefore the 
reconstruction is done in 3 dimensions

○ With the timing information provided by the HGTD the reconstruction can be made in 4 
dimensions (geometrical position + time)
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ACTS first steps
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ACTS - A Common Tracking Software
● “ACTS is an experiment-independent toolkit for (charged) particle track 

reconstruction in (high energy) physics experiments implemented in modern 
C++”[4]

● Originated from Athena (ATLAS simulation framework) as a standalone 
version of its tracking reconstruction 

● Key features:
○ A tracking geometry description, which can be constructed manually or from TGeo and DD4hep input.

○ Simple event data model.

○ Implementations of common algorithms 

■ for track propagation and fitting.

■ basic seed finding.

■ vertexing.

● Documentation website
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Runs smoothly in the SAMPA cluster 😎 

 More details about the setup in the backup

https://acts.readthedocs.io/en/latest/index.html
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Simulating events with particle guns
● ACTS offers a series of examples of Python bindings that can be used to 

simulate basic scenarios
○ The use of these bindings in “production” is encouraged

● We are going to simulate the reconstruction done by the Combinational 
Kalman Filter

● The Setup will be
○ ODD detector structure
○ Particle gun of 100 muons distributed uniformly between 𝜼 -3 and 3
○ Using “standard” seeding algorithms
○ Using CKF to reconstruct the tracks

14
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State vector and analysis
● The simulation outputs ROOT files that can be analysed for performance 

evaluation. 
○ We will use ACTS analysis application to generate the performance plots
○ Can do our analysis in the future 

● As we know the real particle paths is possible to extract residual metrics
● The state vector is defined as: 

15Image sources: ACTS documentation [4]
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Kalman Filter performance (muons) - Residual plots
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Kalman Filter performance (muons) - Regional residual plots

More plots in the backup
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New methods proposal
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Proposal of new reconstruction techniques

Track fitting
● Substitute Kalman for RLS 

algorithms (less accurate but faster)
○ Suggested on Haykin’s book [1]
○ Combination of Adaptative Filters

Track finding
● Include HGTD hits in the cumulative 

score
○ Use additional time information in the 

decision process
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Adaptative Filter techniques

● Study the usage of Graph Neural 
Networks (GNNs) for track reconstruction

○ First proposed in the TrackML challenge
○ Study how to adapt it to 4D reconstruction

Machine Learning Techniques

Pipeline of the exa.trk algorithm proposed at the TrakML 
challenge. Red stages represent stages where the model can be 
trained [6].

Conservative expansion of the expected 
baseline performance

https://ieeexplore.ieee.org/abstract/document/9436012


Rodrigo Estevam de Paula
February 22, 2024

Next steps
Explore the ACTS track reconstruction framework (on going)
● Simulation of collision events

○ Done, but need validation
● Study the implementation of the CKF and GSF in the core library
● Get the ITk and HGTD geometry to work in the ACTS

Follow HGTD ACTS integration campaign
● Contribute with the Simulation and Performance team

Study more about Machine Learning based reconstruction
● GNNs
● Physics Informed Machine Learning

20
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Thank you for your 
attention!
Questions?

21
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Backup
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Detector layout and working principle
● The track reconstruction is realized by a highly segmented detector formed by 

semiconductor sensors
● Electromagnetic particles ionizes the sensors and the charges are guided 

through an electrode and read by a readout chain

24

Figure 3: ATLAS Inner Tracker (ITk) layout

Image source: Francisca, J. & Sánchez, Muñoz. (2022)
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Finding the Kalman gain
● Defining the following correlation matrixes

25

● We can express our error metric in function of P

● Then we just need to find the argument K that minimizes the metric
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ACTS w/ Particle Guns

26
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ACTS Setup
● Using a machine running CVMFS (CernVM File System) all dependencies can be 

easily satisfied via a LCG release. For this case, a setup file is provided.
○ As SAMPA (IFUSP cluster) runs CVMFS, we will use it

27

● To use Python bindings, it is also necessary to setup a Python env
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Geometry visualization
● ACTS is independent of detector geometry, so the user can choose what geometry to use
● Open Data Detector (ODD) that provides a generic tracking detector is used as base in the 

ACTS if no geometry is provided
○ Geometry file can be generated with the script <source>/Examples/Scripts/Python/geometry.py
○ And printed with the script <source>/Examples/Scripts/MaterialMapping/GeometryVisualisationAndMaterialHandling.py

● Next steps: get ITk + HGTD geometry files
○ They’re not fully implemented but some examples already use this geometry

28



Rodrigo Estevam de Paula
February 22, 2024

Particle gun setting
● The sequencer defines the processing 

chain, so we plug steps into it. The first 
step being the particle gun

29

particle_id 4503599644147712
particle_type 13
process 0
vx 0
vy 0
vz 0
vt 0
px 375.925.779
py 560.662.365
pz 299.960.766
m 105.658.367
q -1

Example of particle gun output
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FATRAS Propagation

● Produce the hits on our detector
● FATRAS uses parametrized equations that 

describe the interaction of particles with 
matter (detector layers)

○ Bethe-Bloch and Bethe-Heitler
○ Description in the documentation

● Using Geant4 is also possible

30

https://acts.readthedocs.io/en/latest/fatras/fatras.html
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Digitization
● Simulate the measure by the 

pixels of the detector layers
● Clustering already included (?)

○ Assuming this as we have var_local0 
and var_local1

31
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Seeding

● Implement the Seeding step
● Highly customizable
● Return the tracks to be evaluated 

by the fitter and the finder

32

Could not turn on debug options to see the generated data :(
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Fitting and Finding
● In this example the reconstruction is 

done in two steps but can be 
merged if the function 
addCKFTracks() is used

● Results in the next slides
○ Output ROOT files that compare truth 

tracks with reconstructed ones
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Kalman Filter performance (muons) - Residual plots
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Kalman Filter performance (muons) - Pull plots
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Kalman Filter Performance (muons) - Regional pull plots
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CKF Performance (electrons) - Residual plots
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Using particle gun with the same setup shown in the main presentation

note wider distributions if 
compared to muon 
reconstruction (slide 19)
and the higher energy 
residual compared to 
GSF (slide 22)
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CKF Performance (electrons) - Pull Plots
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Bremsstrahlung and the Gaussian Sum Filter
● Charged particles can lose energy by radiating electromagnetic 

quanta, predominantly in the Coulomb field of the nucleus.

● “The characteristic E/m2 dependence is the reason that for 
energies below some 100 GeV energy loss through 
bremsstrahlung is only significant for electrons and 
positrons.”[5]

● To handle the non-Gaussian errors introduced by this effect, the 
Gaussian Sum Filter is used

● GSF is an extension of the Kalman Filter where the track state 
is modelled by a Gaussian mixture

39[4][5]
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Gaussian Sum Filter performance (electrons) - Residual plots
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GSF Performance (electrons) - Pull Plots
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Simulating collision events

42
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Simulating collision events
● Using Pythia8 we can generate Monte Carlo collision 

events with customizable conditions
○ Pythia documentation 
○ List of hard process that can be generated

● For now simulating Top: qq’->tt’
● Are there any better events to simulate?

43

https://pythia.org/
https://pythia.org/latest-manual/ProcessSelection.html#section8
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Sequencer Setup - Simulation
● Same as before just preselecting 

which particles to propagate

44
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Sequencer Setup - Reconstruction
● Now in the seeding we also select the 

range of truth seeding in order to make 
a fair performance evaluation

● CKFTracks() is both the fitter and the 
finder, here we also define some criteria 
to the selector

45



Rodrigo Estevam de Paula
February 22, 2024

Performance in collision event - Residual plots 
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Performance in collision event - Pull plots 
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Performance in collision event - Regional pull plots 
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