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Contribution ID: 2 Type: Plenary

Global least squares alignment with Kalman Filter
fitted tracks

Wednesday, 22 April 2020 14:10 (25 minutes)

The Kalman Filter approach to fitting charged particle trajectories is widespread in modern com-
plex tracking systems. At the same time, the global fit of the detector geometry using Newton-
Raphson fitted tracks remains the baseline method to achieve efficient and reliable track-based
alignment which is free from weak-mode biases affecting physics measurements. A brief reminder
of the global least squares formalism for track-based alignment and how Kalman Filter fitted tracks
can be equivalently used for the global fit as well as potential computational benefits and use of
additional constraints will be reviewed.
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Contribution ID: 3 Type: Plenary

Fast pattern recognition for ATLAS track triggers in
HL-LHC

Wednesday, 22 April 2020 15:50 (25 minutes)

A fast hardware based track trigger is being developed in ATLAS for the High Luminosity upgrade
of the Large Hadron Collider (HL-LHC). The goal is to provide the high-level trigger with full-scan
tracking at 100 kHz and regional tracking at 1 MHz, in the high pile-up conditions of the HL-LHC.
A method for fast pattern recognition using the Hough transform is investigated. In this method,
detector hits are mapped onto a 2D parameter space with one parameter related to the transverse
momentum and one to the initial track direction. The performance of the Hough transform is
studied at different pile-up values and compared, using full event simulation of events with average
pile-up of 200, with a method based on matching detector hits to pattern banks of simulated tracks
stored in a custom made Associative Memory ASICs. As a possible way to reduce the number of hit
clusters that need to be considered by this system, and taking advantage of the new ATLAS Inner
Tracker, the use of track stub finding and extrapolation is investigated. A preliminary discussion
of the resulting hit reduction and associated speedup, and any associated performance loss, will
be presented.
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Contribution ID: 4 Type: Plenary

Kinematic Kalman Filter Track Fit
Tuesday, 21 April 2020 20:00 (25 minutes)

We will present the implementation of a kinematic Kalman filter-based track fit. The kinematic
fit uses time as the free parametric variable to describe the charged particle’s path through space,
and as an explicit fit parameter (t0). The fit coherently integrates measurements from sensors
where position is encoded as time (ie drift cells) with pure time sensors and geometric (solid-state)
position sensors, including time-domain correlations. The kinematic formulation implicitly defines
the particle mass and propagation direction, and provides a natural relativistic interface to both
particle momentum and position. We will show results from testing the fit using a toy MC, and
compare its performance to a conventional geometric Kalman filter fit when both are applied to
simulations of the straw tracker design of the Mu2e experiment.
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Contribution ID: 5 Type: Plenary

Event Reconstruction for the Deep Underground
Neutrino Experiment

The Deep Underground Neutrino Experiment (DUNE) is an
international collaboration focused on studying neutrino oscillation
over a long baseline (1300 km). DUNE will make use of a near detector
and neutrino beam originating at Fermilab in Batavia, IL, and a far
detector operating 1.5 km underground at the Sanford Underground
Research Facility in Lead, South Dakota. The near and far detectors
will use the LArTPC (Liquid Argon Time Projection Chamber) technology
to image neutrino interactions. The single-phase far-detector
prototype, ProtoDUNE-SP, which is located at CERN and contains 0.77
kilotonnes of LAr, is currently the largest single-phase LArTPC in
operation (since September 2018); ProtoDUNE-SP serves as a test and
validation of the design for the single-phase far detector. In this
talk, I give an overview of event reconstruction in the single-phase
DUNE LArTPC detectors. Detector calibration and machine-learning
approaches to event reconstruction are emphasized, and first results
of event reconstruction at ProtoDUNE-SP are presented.
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Contribution ID: 6 Type: Plenary

ACTS Vertexing and Deep Learning Vertex Finding
Wednesday, 22 April 2020 15:30 (15 minutes)

The reconstruction of particle trajectories and their associated vertices is an essential task in the
event reconstruction of most high energy physics experiments.
In order to maintain or even improve upon the current performance of tracking and vertexing al-
gorithms under the upcoming challenges of increasing energies and ever increasing luminosities
in the future, major software upgrades are required.
Based on the well-tested ATLAS tracking and vertexing software, ACTS (A Common Tracking Soft-
ware) aims to provide a modern, experiment-independent set of track- and vertex reconstruction
software, specifically designed for parallel execution.
Exploiting modern software concepts, thread-safe implementations of iterative and multi-adaptive
primary vertex finding algorithms, as well as a full Billoir vertex fitter, Z-Scan- and Gaussian track
density seed finder, are available in ACTS and being deployed in the multi-threaded version of the
ATLAS software framework AthenaMT.
In addition to these computationally optimized reimplementations of classical primary vertexing
algorithms, all of which have been validated against the original ATLAS implementations, ACTS
provides a solid code base for evaluating new approaches to primary vertex finding, such as appli-
cations of sophisticated deep learning methods.
Associating tracks to the correct vertex candidate is a crucial step in vertexing and will become
even more important in the high-pileup environments expected for HL-LHC or FCC-hh in order
not to merge close-by vertices.
Learning a track representation in an embedding space in such a way that tracks emerging from
a common vertex are close together while tracks from neighboring vertices are further separated
from one another allows for the determination of a similarity score between a pair of tracks.
Constructing undirected, edge-weighted graphs from these results allows the subsequent usage of
classical graph algorithms or graph neural networks for clustering tracks to vertex candidates.
The current status of the ACTS vertexing as well as new results on deep learning approaches to
vertex finding will be presented in this talk.
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Contribution ID: 7 Type: Poster

Tracking performance with the HL-LHC ATLAS
detector

Tuesday, 21 April 2020 13:50 (10 minutes)

During the High-Luminosity Phase 2 of LHC, scheduled to start in 2026, the ATLAS detector
is expected to collect more than 3 ab−1 of data at an instantaneous luminosity reaching up to
7.5×1034 cm−2.s−1, corresponding to about 200 inelastic proton-proton collisions per bunch
crossing. In order to cope with the large radiation doses and to maintain the physics performance
reached during Phase 1, the current ATLAS Inner Detector will be replaced with a new all-silicon
Inner Tracker (ITk) and completed with a new High-Granularity Timing Detector (HGTD) in the
forward region. In this talk, the latest results on the expected ITk tracking performance and HGTD
timing reconstruction will be presented, including their impact on physics object reconstruction.
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Contribution ID: 8 Type: Plenary

Fast tracking for the HL-LHC ATLAS detector
Tuesday, 21 April 2020 15:05 (25 minutes)

During the High-Luminosity Phase 2 of LHC, up to 200 simultaneous inelastic proton-proton colli-
sions per bunch crossing are expected. This poses a significant challenge for the track reconstruc-
tion and its associated computing requirements due to the unprecedented number of particle hits
in the tracker system. In order to tackle this issue, dedicated algorithms have been developed in
order to speed up the track reconstruction and further optimise the default algorithms. The perfor-
mance of this Fast Track Reconstruction will be presented and compared to the one of the default
Phase 2 track reconstruction.

Consider for young scientist forum (Student or postdoc speaker)

No

Second most appropriate track (if necessary)

Enhanced performance of tracking algorithms

Presenter: KLIMPEL, Fabian (Max-Planck-Institut fur Physik (DE))

Session Classification: Recording sessions

May 23, 2023 Page 7



Connecting The … / Report of Contributions Hashing and similarity learning fo …

Contribution ID: 9 Type: Plenary

Hashing and similarity learning for track
reconstruction for the HL-LHC ATLAS detector

Monday, 20 April 2020 13:00 (15 minutes)

At the High Luminosity Large Hadron Collider (HL-LHC), up to 200 proton-proton collisions
happen during a single bunch crossing. This leads on average to tens of thousands of particles
emerging from the interaction region. The CPU time of traditional approaches of constructing hit
combinations will grow exponentially as the number of simultaneous collisions increases at the
HL-LHC, posing a major challenge. A framework for similarity hashing and learning for track re-
construction will be described where multiple small regions of the detector, referred to as buckets,
are reconstructed in parallel within the ATLAS simulation framework. New developments based
on metric learning for the hashing optimisation will be introduced and new results obtained both
with the TrackML dataset [1] as well as ATLAS simulation will be presented.

[1] Rousseau. D, et al. “The TrackML challenge.” 2018.

Consider for young scientist forum (Student or postdoc speaker)

No

Second most appropriate track (if necessary)

Presenter: KIEHN, Moritz (Universite de Geneve (CH))

Session Classification: Recording sessions

May 23, 2023 Page 8



Connecting The … / Report of Contributions Application of the Deep Sets archi …

Contribution ID: 10 Type: Plenary

Application of the Deep Sets architecture to
track-based flavour tagging with the ATLAS detector

Tuesday, 21 April 2020 19:00 (25 minutes)

Flavour Tagging is a major client for tracking in particle physics experiments at high energy collid-
ers, where it is used to identify the experimental signatures of heavy flavour production. Among
other features, charm and beauty hadron decays produce jets containing several tracks with large
impact parameter. This work introduces a new architecture for Flavour Tagging, based on Deep
Sets, which models the jet as a set of tracks. Such approach is an evolution with respect to the
Recurrent Neural Network (RNN) currently adopted in the ATLAS experiment, which treats track
collections as a sequence. The Deep Sets algorithm uses track impact parameters and kinemat-
ics within a permutation-invariant architecture, leading to a significant decrease in training and
evaluation time, thus allowing for much faster turn-around times for optimisation. We compare
the Deep Sets algorithm with current ATLAS Flavour Tagging benchmarks, provide an outlook
on novel methods to explore and interpret the information the network has actually learnt in the
training process.
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Contribution ID: 11 Type: Plenary

The Track finder algorithm for the Trigger System of
the Mu2e experiment at Fermilab

Monday, 20 April 2020 19:00 (25 minutes)

The Mu2e experiment at Fermilab searches for the charged-lepton flavor violating conversion of a
negative µ into an e− in the field of an Al nucleus. The Mu2e goal is to improve by four orders of
magnitude the current best limit on the search sensitivity. The main detector consists of a 3.2 m
long straw-tube tracker and a crystal calorimeter housed in a 1 T superconducting solenoid.

Even if the topology of the signal from the µ-conversion, which is represented by a ∼ 105 MeV/c
e−, is extremely clean and efficient reconstruction and identification of these e− tracks is difficult
due to the presence of spurious hits, low-energy delta e− and other lower momenta e− tracks
(p ∈ [40, 60] MeV/c) generated in µ Decay-In-Orbit processes, N + µ− → N + e− + νµ + ν̄e,
happening in all the parts of the apparatus where µ− get stopped.

The data acquisition (DAQ) system consists of continuous streaming of the data from the readout
controller boards to the DAQ server, where we perform the online reconstruction. The trigger
system is required to provide:

• signal efficiency larger than 90%;

• trigger rate of a few kHz - equivalent to ∼ 7 Pb/year;

• processing time of no more than 4 ms/event.

We present the “heart” of the Trigger system that is based on a multi-staged online track recon-
struction algorithm. We use two different pattern recognition algorithms, followed by a χ2-based
track fit performed through the hit positions w/o resolving the left-right ambiguity, nor applying
any energy loss correction (no Kalman filter). We perform the event selection by applying a series
of filters at each stage of the track reconstruction.

Preliminary studies show that the online track reconstruction will deliver a trigger rate of a few
hundreds of Hz with a rate of fake tracks below ∼ 10 Hz while keeping the signal efficiency
larger than 96\%. We also discuss the expected timing performance that has been measured using
a prototype of our DAQ system at the Fermi National Laboratory.
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Contribution ID: 12 Type: Plenary

Overview of online and offline reconstruction in
ALICE for LHC Run 3

Wednesday, 22 April 2020 13:00 (25 minutes)

In LHC Run 3, ALICE will increase the data taking rate significantly to 50 kHz continuous readout
of minimum bias Pb-Pb collisions.
The reconstruction strategy of the online offline computing upgrade foresees a first synchronous
online reconstruction stage during data taking enabling detector calibration, and a posterior cali-
brated asynchronous reconstruction stage.
The main challenges include processing and compression of 100 times more events per second than
in Run 2, identification of removable TPC tracks and clusters not used for physics, tracking of TPC
data in continuous readout, the TPC space charge distortion calibrations, and in general running
more reconstruction steps online compared to Run 2.
ALICE will leverage GPUs to facilitate the synchronous processing with the available resources.
For the best GPU resource utilization, we plan to offload also several steps of the asynchronous
reconstruction to the GPU.
In order to be vendor independent, we support CUDA, OpenCL, and HIP, and we maintain a com-
mon C++ source code that also runs on the CPU.
We will give an overview of the global reconstruction and tracking strategy, a comparison of the
performance on CPU and different GPU models, the scaling of the reconstruction with the input
data size, as well as estimates of the required resources in terms of memory and processing power.
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Contribution ID: 14 Type: Plenary

Track Clustering with a Quantum Annealer for
Primary Vertexing

Monday, 20 April 2020 19:30 (25 minutes)

Clustering of charged particle tracks along the beam axis is the first step in reconstructing the
positions of hadronic interactions, also known as primary vertices, at hadron collider experiments.
We demonstrate the use of a 2036 qubit D-Wave quantum annealer to perform track clustering in
a limited capacity on artificial events where the positions of primary vertices and tracks resemble
those measured by the CMS experiment at the LHC. The algorithm is not a classical-quantum hy-
brid but relies entirely on quantum annealing, thus allowing us to benchmark the performance of
state-of-the-art quantum annealers against simulated annealing on a commercial classical proces-
sor. An intriguing quantum advantage is noted for low numbers of primary vertices. Accelerating
the execution of the algorithm by modifying annealing schedules and setting inter-qubit entan-
glements by heuristic methods are discussed. We discuss extensions of this clustering algorithm
to multi-dimensional problems commonly encountered in high energy physics and other fields.
Implementations of the algorithm on the 5000+ qubit Advantage processor are anticipated.
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Contribution ID: 15 Type: Poster

A muon tracking algorithm for Level 1 trigger in the
CMS barrel muon chambers during HL-LHC

Monday, 20 April 2020 20:00 (10 minutes)

The electronics of the CMS (Compact Muon Solenoid) DT (Drift Tubes) chambers will need to be
replaced for the HL-LHC (High Luminosity Large Hadron Collider) operation due to the increase
of occupancy and trigger rates in the detector, which cannot be sustained by present system. A
system is being designed that will forward asynchronously the totality of the chambers signals
to the control room, at full resolution. A new backend system will be in charge of building the
trigger primitives of each chamber out of this asynchronous information, aiming at achieving
resolutions comparable to the ones that the offline High Level Trigger can obtain nowadays. In this
way, the new system will provide improved functionality with respect to present system, allowing
to improve the resilience to potential aging situations. An algorithm for the trigger primitive
generation that will run in this new backend system has been developed and implemented in
firmware. The performance of this algorithm has been validated through different methods: from
a software emulation approach to hardware implementation tests. The performance obtained is
very good, with optimal timing and position resolutions, close to the ultimate performance of
the DT chamber system. One important validation step has included the implementation of this
algorithm in a prototype chain of the HL-LHC electronics, which has been operated with real
DT chambers under cosmic data taking campaigns. The new trigger primitive generation has
been implemented in the so-called AB7, spare uTCA boards from present DT system which host
Xilinx Virtex 7 FPGAs. The performance of this prototyping system has been verified and will be
presented in this contribution, showing the goodness of the design for the expected functionality
during HL-LHC.
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Contribution ID: 16 Type: Plenary

40 MHz Scouting with Deep Learning in CMS
Wednesday, 22 April 2020 13:30 (15 minutes)

A 40 MHz scouting system at CMS would provide fast and virtually unlimited statistics for detector
diagnostics, alternative luminosity measurements and, in some cases, calibrations, and it has the
potential to enable the study of otherwise inaccessible signatures, either too common to fit in the
L1 accept budget, or with requirements which are orthogonal to “mainstream” physics, such as
long-lived particles.

Deep learning is a class of machine learning algorithms that uses multiple layers to progressively
extract higher-level features from the raw inputs. A series of studies on different aspects of LHC
data processing have demonstrated the potential of deep learning for CERN applications. The
usage of deep learning aims at improving physics performance and reducing execution time.

This talk will present a deep learning approach to muon scouting in the Level-1 Trigger of the CMS
detector. The idea is to utilize multilayered perceptrons to ‘re-fit’ the Level-1 muon tracks, using
fully reconstructed offline tracking parameters as the ground truth for neural network training.
The network produces corrected helix parameters (transverse momentum, eta and phi), with a pre-
cision that is greatly improved over the standard Level 1 reconstruction. The network is executed
on an FPGA-based PCIe board produced by Micron Technology, the SB-852. It is implemented us-
ing the Micron Deep Learning Accelerator inference engine. The methodology for developing deep
learning models will be presented, alongside the process of compiling the models for fast inference
hardware. The metrics for evaluating performance and the achieved results will be discussed.
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Contribution ID: 17 Type: Plenary

Parallelizable Track Pattern Recognition in
High-Luminosity LHC

Monday, 20 April 2020 21:05 (25 minutes)

The high instantaneous luminosity conditions in the High Luminosity Large Hadron Collider (HL-
LHC) pose major computational challenges for the collider experiments. One of the most com-
putationally challenging components is the reconstruction of charged-particle tracks. In order to
efficiently operate under these conditions, it is crucial that we explore new and faster methods or
implementations of charged-particle track reconstruction than what is being used today. Kalman-
filter-based methods of the track pattern recognition that are currently used in the LHC experi-
ments are inherently sequential and iterative and therefore cannot easily be accelerated through
parallelization or vectorization by modern processors, such as graphics processing units (GPUs)
or multicore processors. There have been attempts with great effort in vectorizing Kalman-filter-
based methods of the track pattern recognition on modern processors with success. In this work,
we instead start with a segment-linking-based algorithm that can be naturally parallelized and
vectorized and is expected to run efficiently on modern processors. We established a preliminary
segment-linking-based track pattern recognition for the CMS experiment using the Phase-II outer
tracker and our findings and implications are presented here. This work is building on experience
gained from a prototype of a similar approach studied in a different tracker layout geometry based
on ideal detector simulation previously presented at CHEP2016.
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Contribution ID: 18 Type: Poster

Neural network based primary vertex reconstruction
with FPGAs for the upgrade of the CMS level-1

trigger system

A major challenge for the high-luminosity upgrade of the CERN LHC is to determine the interac-
tion vertex of the hard scattering process from the 200 simultaneous interactions (pileup) that are
expected to occur in each bunch crossing. To meet this challenge, the upgrade of the CMS exper-
iment comprises of a complete replacement of the silicon tracker that will allow for the first time
the reconstruction of charged particle tracks and the primary interaction vertex to be performed
at the hardware-based first level of the event trigger system (L1). Knowledge of the primary inter-
action vertex is a central component for distinguishing tracks and calorimeter clusters belonging
to the hard scattering process from pileup interactions, which subsequently improves the energy
estimate and resolution of physics objects such as jets and missing transverse momentum.

This talk will focus on the reconstruction of the primary vertex from tracks at L1 within the strin-
gent latency requirement of O(100ns) and within FPGA resource usage constraints. To optimally
exploit and pass-on the available information at each stage of the vertex reconstruction, an algo-
rithm based on an neural network model has been developed that possesses simultaneous knowl-
edge of all stages and hence enables end-to-end optimization. Future plans for operating and
tuning the algorithm on real data during CMS data-taking will also be outlined.
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Contribution ID: 20 Type: Poster

Track Fitting with the Kalman Filter algorithm for
the Muon g-2 Experiment at Fermilab

The Fermilab Muon g-2 Experiment (E989) has successfully started data taking for Run-3, with
the analysis of Run-1 and Run-2 data currently ongoing. The main goal of the experiment is to
measure the muon magnetic anomaly aµ to an unprecedented precision of 140 ppb.
The straw tracking detectors contribute to reduce the experimental systematic uncertainty on aµ:
the positrons reconstructed trajectories allow to obtain accurate muon beam distributions, and to
perform track extrapolation forwards to the calorimeters.
The Kalman Filter (KF) algorithm implementation in the g-2 offline software is presented as a
track-fitting method, alternative to the current global least-squares minimization procedure. The
KF technique is proposed to obtain higher-quality residual at every hit and an optimal estimator
along the full trajectory, thus enabling better tracking refinement, alignment and calibration.
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Contribution ID: 21 Type: Plenary

A novel reconstruction framework for an imaging
calorimeter for HL-LHC

Wednesday, 22 April 2020 13:50 (15 minutes)

To sustain the harsher conditions of high luminosity LHC in 2026, the CMS experiment has de-
signed a novel endcap calorimeter that uses silicon sensors to achieve radiation tolerance, with the
additional benefit of a very high readout granularity. In regions characterised by lower radiation
levels, small scintillator tiles with individual SiPM readout are employed. A novel reconstruction
approach is being developed to fully exploit the granularity and other significant features of the
detector like precision timing, with a view to deployment in the high pileup environment of HL-
LHC. An iterative reconstruction framework (TICL) has been put in place, and is being actively
developed. The inputs to the framework are clusters of energy deposited in individual calorimeter
layers delivered by a density-based algorithm which has recently been developed and tuned. In
view of the expected pressure on the computing capacity in the HL-LHC era, the algorithms and
their data structured are being designed with GPUs in mind. Preliminary results show that sig-
nificant speed-up can be obtained running the clustering algorithm on GPUs. Moreover, machine
learning techniques are being investigated and integrated into the reconstruction framework. This
talk will describe the approaches being considered and show first results.
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Contribution ID: 22 Type: Poster

Detect New Physics with Deep Learning Trigger at
the LHC

Thursday, 23 April 2020 08:00 (20 minutes)

The Large Hadron Collider has an enormous potential of discovering physics beyond the Standard
Model, given the unprecedented collision energy and the large variety of production mechanisms
that proton-proton collisions can probe. Unfortunately, only a small fraction of the produced
events can be studied, while the majority of the events are rejected by the online filtering system.
One is then forced to decide upfront what to search and miss a new physics that might hide in
unexplored “corners” of the search region. We propose a model-independent anomaly detection
technique, based on deep autoencoders, to identify new physics events as outliers of the standard
event distribution in some latent space. We discuss how this algorithm could be designed, trained,
and operated within the tight latency of the first trigger level of a typical general-purpose LHC
experiment.
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Contribution ID: 23 Type: Plenary

An optical network for accelerating real-time
tracking with FPGAs

Wednesday, 22 April 2020 15:10 (15 minutes)

The “Artificial Retina” is a highly-parallelized tracking architecture that promises high-throughput,
low-latency, and low-power when implemented in state-of-art FPGA devices.

Working on not-builded events, the “Artificial Retina” needs a dedicated distribution network of
large bandwidth and low latency, delivering to every FPGA the hits required to perform track
reconstruction. This is a technologically challenging part of the system that has not yet been
tested in a life-size application.

The upgraded LHCb DAQ is an ideal environment for a first test of this methodology. In Run-3,
the Level-0 hardware trigger will be removed, therefore LHCb will readout events at the full LHC
collision rate (30 MHz), build them, and deliver them to the HLT system. The present work is
part of a wider Real Time Analysis project, that was formed with the purpose of organizing data
processing within this novel environment, and represents an R&D towards future fast technologies
for real-time tracking.

We used as benchmark the reconstruction of tracks within the new VELO-pixel detector, that is
composed of a limited number of readout units. We present the design of the fast optical network,
carrying a total b/w of ~15 Tb/s, devised for the purpose of realizing VELO tracking in real time,
and the results of our tests of an actual prototype assembled and integrated in a vertical slice of
the upgraded LHCb DAQ.
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Can AI (help to) design a HEP experiment?

The design of tracking detectors for high energy physics is an extremely complicated problem. A
variety of orthogonal inputs have to be taken into account: the available detector volume, technol-
ogy, environment, stability, budgetary constraints and - last but not least - the physics performance.
Several of these components involve careful evaluation (partly using simulation studies, partly
other estimation techniques), while at the same time would allow for different configurations and
realisations. Finding the best compromise in such a multidimensional space is challenging at least.

We present a first attempt of using reinforcement learning to design a tracking detector; reinforce-
ment learning is a type of machine learning where an agent learns to interact with an environment
and performs actions to maximise a reward function. In the presented study, the environment de-
scribes the detector setup, while the agent is first tasked to place detector modules inside layer
structures without volume overlapping. The initial reward function is designed such that a max-
imal geometrical coverage of the phase space is achieved. Subsequently, the predicted detector
configuration is evaluated for physics performance via a fast track simulation, followed by truth
track finding and track fitting (based on the ACTS toolkit). In a next step, the complexity is in-
creased by allowing the agent to modify a growing number of environment parameters, such as
the number, dimensions, type and positioning of layers, and their detection technology. Dedicated
care has been taken that any action by the agent reflects a realistic change of detector parameters,
which are designed to stay within physically constraint envelopes. Geant4 simulation has been
used to validate intermediate layout configurations during the optimisation process. Finally we
present plans to connect this pipeline to reconstruction modules and make the reconstruction al-
gorithms part of the detector design process.
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Displaced Event Classification Using Graph
Networks

Tuesday, 21 April 2020 13:30 (15 minutes)

A highly interesting, but difficult to trigger on, signature for Beyond Standard Model searches
is massive long-lived particles decaying inside the detector volume. Current detectors and de-
tection methods optimised for detecting prompt decays and rely on indirect, additional energetic
signatures for online selection of displaced events during data-taking. Improving the trigger-level
detection efficiency for displaced events would strongly increase the reach of Beyond Standard
Model searches.

In this work the problem of detecting the presence of displaced vertices in aχ+χ− → W+W−χ0χ0

process is studied both under, and without realistic pileup in an ATLAS-like detector setting. Two
implementations working on hit-level data are discussed: a baseline deep neural network is com-
pared to a Graph Network implementation based on the message-passing framework. Particular
focus is put on the latter due to its capabilities to handle variable length and relational data.

Tentative results indicate an excellent performance of the Graph Network under no-pileup condi-
tions. The abstract will be updated to reflect continuing progress.
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Using an Optical Processing Unit for tracking and
calorimetry at the LHC

Monday, 20 April 2020 14:25 (25 minutes)

The High Luminosity Large Hadron Collider is expected to have a 10 times higher readout rate
than the current state, significantly increasing the computational load required. It is then essential
to explore new hardware paradigms. In this work we consider the Optical Processing Units (OPU)
from LightOn, which compute random matrix multiplications on large datasets in an analog, fast
and economic way, fostering faster machine learning results on a dataset of reduced dimension.
We consider two case studies.

1) “Event classification”: high energy proton collision at the Large Hadron Collider have been
simulated, each collision being recorded as an image representing the energy flux in the detector.
Two classes of events have been simulated: « signal » are created by a hypothetical supersymmetric
particle, and « background » by known processes. The task is to train a classifier to separate the
signal from the background. Several techniques using the OPU will be presented, compared with
more classical particle physics approaches.

2) “Tracking”: high energy proton collisions at the LHC yield billions of records with typically
100,000 3D points corresponding to the trajectory of 10.000 particles. Using two datasets from
previous tracking challenges, we investigate the OPU potential to solve similar or related problems
in high-energy physics, in terms of dimensionality reduction, data representation, and preliminary
results.
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Track Reconstruction on Free Streaming Data at
PANDA

Monday, 20 April 2020 20:15 (25 minutes)

High event rates of up to 20 MHz and continuous detector readout makes the event filtering at
PANDA a challenging task. In addition, no hardware-based event selection will be possible due
to the similarities between signal and background. PANDA is among a new generation of experi-
ments utilizing a fully software-based event filtering. Currently, detector hits are often pre-sorted
into events by the hardware filter before being passed to the software-based event filter with track
reconstruction and event building. Track reconstruction will play a key part in the online filtering
at PANDA where it will be used together with the event building.

To ensure the quality of the track reconstruction, the existing quality assurance task has been
modified to be able to cope with free streaming data. This talk will address the candidates for online
track reconstruction algorithms for free streaming data based e.g. on the Cellular Automaton. The
quality assurance procedure and the results from the tracking at different event rates and level of
event mixing is presented.
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Applying Submanifold Sparse CNN in MicroBooNE
Wednesday, 22 April 2020 20:35 (25 minutes)

The MicroBooNE experiment employs a Liquid Argon Time Projection Chamber (LArTPC) de-
tector to measure sub-GeV neutrino interactions from the muon neutrino beam produced by the
Booster Neutrino Beamline at Fermilab. The detector consists of roughly 90 tonne of liquid argon
in which 3D trajectories of charged particles are recorded by combining timing with information
from 3 wire planes, each producing a 2 dimensional projected image. Neutrino oscillation mea-
surements, such as those performed in MicroBooNE rely on the capability to distinguish between
different flavors of neutrino interactions leading to different types of final state particles. Deep
Convolutional Neural Networks (CNNs) present high success for these tasks; however, due to the
large sparsity of the data (only < 5% pixels are non-zero), a naive approach of applying CNNs with a
standard linear algebra package becomes highly inefficient in both computation time and memory
resources.  Recently Submanifold Sparse Convolutional Networks (SSCNs) have been proposed to
address this challenge and have successfully applied to analyze large LArTPC images in Micro-
BooNE with orders of magnitude improvement in computing resource usage. In this talk, I will
present the performance of SSCNs on the task of Semantic Segmentation applied in the analysis
of simulated MicroBooNE data.
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Progress towards a 4D fast tracking pixel detector
Tuesday, 21 April 2020 14:35 (25 minutes)

We present recent results of the R&D for a novel 4D fast tracking system based on rad-hard pixel
sensors and front-end electronics capable of reconstructing four dimensional particle trajectories
in real time. Particularly relevant results are: i) timing resolution of 30 ps for 55 micron pitch
3D silicon pixel sensors measured in a recent beam test, ii) design and production of front-end
electronics prototype chip, iii) a stub-based fast tracking algorithm implemented and tested in
commercial FPGA using a pipelined architecture. Tracking performance for a 4D pixel detector
for a future upgrade of the LHCb experiment will be also discussed.
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Level-1 Track Finding at CMS for the HL-LHC
Tuesday, 21 April 2020 13:00 (25 minutes)

The success of the CMS physics program at the HL-LHC requires maintaining sufficiently low
trigger thresholds to select processes at the electroweak scale. With an average expected 200
pileup interactions, critical to achieve this goal while maintaining manageable trigger rates is in
the inclusion of tracking in the L1 trigger. A 40 MHz silicon-based track trigger on the scale of the
CMS detector has never before been built; it is a novel handle, which in addition to maintaining
trigger rates can enable entirely new physics studies.

The main challenges of reconstructing tracks in the L1 trigger are the large data throughput at
40 MHz and the need for a trigger decision within 12.5 µs. To address these challenges, the CMS
outer tracker for HL-LHC uses modules with closely-spaced silicon sensors to read out only hits
compatible with charged particles above 2-3 GeV (”stubs”). These are used in the back-end L1
track finding system, implemented based on commercially available FPGA technology. The ever-
increasing capability of modern FPGAs combined with their programming flexibility is ideal for
a fast track finding algorithm. The proposed algorithm forms track seeds (”tracklets”) from pairs
of stubs in adjacent layers of the outer tracker. These seeds provide roads where consistent stubs
are included to form track candidates. Track candidates sharing multiple stubs are combined prior
to being fitted. A Kalman Filter track fitting algorithm is employed to identify the final track
candidates and determine the track parameters. The system is divided into nine sectors in the
r-phi plane, where the processing for each sector is performed by a dedicated track finding board.

This presentation will discuss the CMS L1 track finding algorithm and its implementation, present
simulation studies of the estimated performance, and discuss the developments of hardware demon-
strators.
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AI assisted Track Reconstruction for CLAS12
Detector

Tracking in nuclear physics experiments is the most computationally extensive
procedure. In CLAS12 detector data reconstruction tracking takes 94% of
computational time. Due to high particle multiplicity a lot of time is spend
on combinatorial search through track candidates.
In this work we present our use of Neural Networks to identify best track
candidates based on segments information from 6 super-layers of drift chambers.
The developed Neural Network achieves 96% accuracy of track identification
and improves the reconstruction speed by factor of 3-6.
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Minimum Pt Track Reconstruction in ATLAS
Monday, 20 April 2020 20:45 (15 minutes)

In the most recent year of data-taking with the ATLAS detector at the Large Hadron Collider
(LHC), the minimum pT of reconstructed tracks was 500 MeV. This bound was set to reduce the
amount of combinatorial problem solving required and to save disk space, which is a challenge
in high pileup environments. However, most proton-proton collisions at the LHC will result in a
large number of soft particles. While ATLAS does have two frameworks in place for performing
low-pT tracking in low pileup runs, for some analyses, the reconstruction of these soft particles
in high pileup can provide important information. This talk will explain a method of tracking in
high pileup where low-pt tracks are reconstructed in a second tracking pass after default tracking
and will elaborate on problems such as seed optimization, hit selection, and offline track selection
requirements. Additionally, in order to prevent a large increase in the per-event reconstruction
time, tracks are only reconstructed within a “region of interest”, which is defined event-by-event.
This method of tracking has been developed and tested by a team searching for photon-induced
WW production at the LHC. Other analyses should be able to use this tracking method too; for
example, charm tagging can be improved by reconstructing low-pt particles.
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A Quantum Graph Network Approach to Particle
Track Reconstruction

Monday, 20 April 2020 14:55 (15 minutes)

The unprecedented increase of complexity and scale of data is expected in the necessary computa-
tion for tracking detectors of the High Luminosity Large Hadron Collider (HL-LHC) experiments.
While currently used Kalman filter based algorithms are reaching their limits in terms of ambigu-
ities from increasing number of simultaneous collisions, occupancy, and scalability (worse than
quadratic), a variety of machine learning approaches to particle track reconstruction are explored.
It has been demonstrated previously by HEP.TrkX using TrackML datasets, that graph neural net-
works, processing events as a graph connecting track measurements, are a promising solution and
can reduce the combinatorial background to a manageable amount and are scaling to a computa-
tionally reasonable size. In previous work, we have shown a first attempt of Quantum Computing
to Graph Neural Networks for track reconstruction of particles. We aim to leverage the capabil-
ity of quantum computing to evaluate a very large number of states simultaneously and thus to
effectively search in a large parameter space. As the next step in this paper, we present an im-
proved model with an iterative approach to overcome the low accuracy convergence of the initial
oversimplified Tree Tensor Network (TTN) model.
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Fast parallel Primary Vertex reconstruction for the
LHCb Upgrade

Monday, 20 April 2020 13:35 (15 minutes)

The physics program of the LHCb experiment depends on an efficient and
precise reconstruction of the primary vertices produced by proton-proton collisions.
The LHCb Upgrade detector, starting to take data in 2021 with a fully software-
based trigger, requires an online reconstruction at a rate of 30 MHz, necessitating
fast vertex finding algorithms. We present a new approach to vertex
reconstruction and its parallelized implementation on x86 and GPU architectures.
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Exploring (Quantum) Track Reconstruction
Algorithms for non-HEP applications

Tuesday, 21 April 2020 15:35 (20 minutes)

The expected increase in simultaneous collisions creates a challenge for accurate particle track re-
construction in High Luminosity LHC experiments. Similar challenges can be seen in non-HEP
trajectory reconstruction use-cases, where tracking and track evaluation algorithms are used. High
occupancy, track density, complexity and fast growth therefore exponentially increase the demand
of algorithms in terms of time, memory and computing resources.
While traditionally Kalman filter (or even simpler algorithms) are used, they are expected to scale
worse than quadratically and thus strongly increasing the total processing time. Graph Neural
Networks (GNN) are currently explored for HEP, but also non HEP trajectory reconstruction ap-
plications. Quantum Computers with their feature of evaluating a very large number of states
simultaneously are therefore good candidates for such complex searches in large parameter and
graph spaces.
In this paper we present our work on implementing a quantum-based graph tracking machine
learning algorithm to evaluate Traffic collision avoidance system (TCAS) probabilities of commer-
cial flights.
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Parallelizing the unpacking and clustering of
detector data for reconstruction of charged particle
tracks on multi-core CPUs and many-core GPUs

Wednesday, 22 April 2020 21:25 (10 minutes)

Charged particle tracking is the most computationally intensive step of event reconstruction at the
LHC. Due to the computational cost, the current CMS online High Level Trigger only performs
track reconstruction in detector regions of interest identified by the hardware trigger or other
detector elements. We have made significant progress towards developing a parallelized and vec-
torized implementation of the combinatoric Kalman filter algorithm for track building that would
allow efficient global reconstruction of the entire event within the projected online CPU budget.
Global reconstruction necessarily entails the unpacking and clustering of the hit information from
all the silicon strip tracker modules; however, currently only modules selected by the regional
reconstruction are processed. Therefore, we have recently begun to investigate improving the
efficiency of the unpacking and clustering steps.

In this talk, we report recent progress in the integration of the Kalman filter track builder mkFit
with the CMS data processing framework, and improvements in its track building physics perfor-
mance. We present results from parallelizing the unpacking and clustering steps of the raw data
from the silicon strip modules so that all the required hit information for global reconstruction can
be produced efficiently. We include performance evaluations of the new unpacking and cluster-
ing algorithms on Intel Xeon and NVIDIA GPU architectures, along with updated track building
performance results on Intel Xeon.
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Rescuing VBF Higgs Invisible Events with Novel
Vertex Selection

Tuesday, 21 April 2020 21:35 (10 minutes)

ATLAS event reconstruction requires the identification and selection of a hard-scatter (HS) primary
vertex among the multiple interaction vertices reconstructed in each event. In Run 3, the HS vertex
candidate is selected based on the largest sum of squared transverse momenta over the associated
tracks. While this method works very well in events containing hard physics objects within the
tracker acceptance, it suffers from low efficiency in final states containing forward and/or low pT
jets, such as in the case of VBF Higgs to invisible (VBF H→ZZ(*)→4ν), where the correct primary
vertex is chosen correctly only 80% of the time.

In order to overcome this challenge and improve the signal acceptance for VBF Higgs invisible
events, we introduce two novel ideas. First, we propose a new vertex selection algorithm that
combines tracking with calorimeter jet information to overcome the challenge of events with low
pT jets. This new algorithm improves the vertex selection efficiency by 9%. Second, to address the
case of events containing forward jets outside the tracking acceptance, we introduce the concept
of vertex confidence. We classify events as high/low confidence based on the amount of track pT
associated to hard jets. Events in which the majority of the total jet pT is outside the η acceptance of
the tracker are classified as low vertex confidence events and no vertex is chosen for this category.
For VBF Higgs invisible events, we find that 80% of the events are classified as high confidence,
and the new algorithm selects the correct primary vertex 97% of the time for these events. The
remaining 20% of the events are classified as low confidence VBF events events, for which no
attempt is made to assign a HS vertex even though there is still a VBF jet signature.

In LHC Run-4, where the upgraded ATLAS Inner Tracker (ITk) provides an extended acceptance
of |η| < 4, the new vertex selection algorithm improves upon the current selection technique by
9% by addressing the challenges of vertex selection under HL-LHC conditions.
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The Belle II silicon stand-alone track finder VXDTF2:
experiences from the first Physics run and future

prospects.

The VXDTF2 (VerteX Detector Track Finder 2nd) is the first implementation of a sector-map based
track finder to be used on high energy Physics data, namely on the data collected by the Belle II
experiment that is now recording the e+ e- collisions produced at the second generation B-factory
SuperKEKB in KEK (Tsukuba). The main concepts of the algorithm and the design choices of the
VXDTF2 implementation in C++ will be presented.
The main feature of the sector-map based track finders is the ability to learn the detector geome-
try and the detector material distribution from a Monte Carlo training sample. Different training
strategies of the VXDTF2 will be compared in terms of track finding efficiency, fake rate, memory
footprint and speed on data.
The machine background rate foreseen at nominal luminosity requires to exploit the hit time in-
formation provided by the silicon detector in the VXDTF2
in order to reduce the memory footprint, the fake rate and the CPU time.
The performances of the VXDTF2 at the expected machine background at nominal luminosity
with realistic hit timing performances of the detector will be finally presented.
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Performance of Belle II tracking on collision data.
Tuesday, 21 April 2020 14:05 (25 minutes)

The tracking system of Belle II consists of a silicon vertex detector (VXD) and a cylindrical drift
chamber (CDC), both operating in a magnetic field created by the main solenoid of 1.5 T and
final focusing magnets. The tracking algorithms employed at Belle II are based on a standalone
reconstruction in SVD and CDC as well as on a combination of the two approaches, they employ
a number of machine learning methods for optimal performance. The tracking reconstruction is
tested on the collision data collected in 2018 and 2019. The first experience with data introduced
additional challenges which are mitigated with the introduction of new algorithms such as track
finding seeded by calorimeter clusters and CDC cross-talk filtering.
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Tracking in Dense Environments with the ATLAS
Detector

High energy hadronic interactions at the LHC provide ATLAS with a wide variety of physics sig-
natures. Due to the high centre-of-mass energy tracks in signatures such as hadronic jets and tau
lepton decays can become highly collimated.
The separation between these tracks can become smaller than the ATLAS Inner Detector sensitive
elements resulting in a loss of reconstruction efficiency.
In order to alleviate this effect a neural network has been incorporated into the ATLAS reconstruc-
tion since 2011. This talk will cover that latest studies of reconstruction efficiency in these dense
environments as well as the plans for improving the strategy in LHC Run-3 data taking based on
results of simulation studies using truth-level tracking.
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Data Reconstruction Using Deep Neural Networks
for Particle Imaging Neutrino Detectors

Wednesday, 22 April 2020 19:20 (25 minutes)

A Liquid Argon Time Projection Chamber (LArTPC) is type of particle imaging detectors that
can record an image of charged particle trajectories with high (~mm/pixel) spatial resolution and
calorimetric information. In the intensity frontier of high energy physics, LArTPC is a detector
technology of choice for number of experiments including Short Baseline Neutrino program and
Deep Underground Neutrino Experiment for high precision neutrino oscillation measurements
to answer fundamental questions of the universe. However, the analysis of detailed particle im-
ages can be difficult, and high quality data reconstruction chain for a large scale (over 100 tonne)
LArTPC detector remains challenging. The research team at SLAC leads the R&D of Machine
Learning (ML) based full data reconstruction chain for LArTPC detectors. Our chain is a multi-
task network cascade that performs pixel feature extraction (semantic segmentation using Sparse
U-Net with ResNet modules), particle start/end point prediction (Point Proposal Network), pixel
clustering for particle instance identification (custom convolution and instance attention layers),
and particle flow analysis using Graph Neural Networks (GNNs). The result of the chain is fully
reconstructed event information that can be used by physicists to infer the neutrino oscillation
physics. This R&D takes a significant step forward from the current state of the art in the experi-
mental neutrino physics. In this talk, we present our reconstruction chain development using open
data set. Our software is made publicly available to improve reproducibility and transparency of
our research work.
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Graph Neural Networks for Reconstruction in Liquid
Argon Time Projection Chambers

Wednesday, 22 April 2020 19:00 (15 minutes)

This talk will discuss work carried out by the Exa.TrkX collaboration to explore the application of
Graph Neural Network (GNN)-based techniques for reconstructing particle interactions in wire-
based Liquid Argon Time Projection Chambers (LArTPCs). LArTPC detector technology is utilised
by many neutrino experiments, including future flagship US neutrino experiment DUNE, and tech-
niques for fully automated event reconstruction are still in active development. Using reference to
previous applications of such GNN approaches in HEP, this talk will discuss the unique challenges
posed when reconstructing in LArTPC detectors and how those challenges might be overcome. It
will describe the application of different GNN-based techniques for reconstruction tasks such as
formation of 3D spacepoints from 2D hits, determination of spacepoint directionality and cluster-
ing of spacepoints.
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Graph Neural Networks for Track Finding
Tuesday, 21 April 2020 19:30 (25 minutes)

To address the unprecedented scale of HL-LHC data, the Exa.TrkX (previously HEP.TrkX) project
has been investigating a variety of machine learning approaches to particle track reconstruction.
The most promising of these solutions, graph neural networks (GNN), process the event as a graph
that connects track measurements (detector hits corresponding to nodes) with candidate line seg-
ments between the hits (corresponding to edges). Detector information can be associated with
nodes and edges, enabling a GNN to propagate the embedded parameters around the graph and
predict node-, edge- and graph-level observables.

Previously, message-passing GNNs have shown success in predicting doublet likelihood, and we
here report updates on the state-of-the-art architectures for this task. In addition, the Exa.TrkX
project has investigated innovations in both graph construction, and embedded representations,
in an effort to achieve fully learned end-to-end track finding.

Hence, we present a suite of extensions to the original model, with encouraging results for both
graph construction, classification and track parameter regression. We explore increased perfor-
mance from trainable graph construction, and the inclusion of detector-level data. These feed into
a high-accuracy N-plet classifier, a track parameter regression GNN, or can be used as an end-to-
end track classifier by clustering in an embedded space. A set of post-processing methods improve
performance with knowledge of the detector physics. Finally, we present a platform for efficient
exploration of the plethora of GNN architectures, many of which were applied to this problem.
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Learned Representations from Lower-Order
Interactions for Efficient Clustering

Tuesday, 21 April 2020 20:30 (15 minutes)

Efficient agglomerative clustering is reliant on the ability to exploit useful lower-order informa-
tion contained within data, yet many real-world datasets do not consist of features which are
naturally amenable to metric functions as required by these algorithms. In this work, we present a
framework for learning representations which contain such metric structure, allowing for efficient
clustering and neighborhood queries of data points. We demonstrate how this framework fits in
with both traditional clustering pipelines, and more advanced approaches such as graph neural net-
works. Finally, we present numerical results on the TrackML particle tracking challenge dataset,
where our framework shows favorable results in both physics-based tracking methods, and new
end-to-end deep learning approaches with graph neural networks developed in the context of the
Exa.TrkX project.
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Particle Clustering and Flow Reconstruction for
Particle Imaging Neutrino Detectors Using Graph

Neural Networks
Wednesday, 22 April 2020 20:20 (10 minutes)

Machine learning (ML) techniques, in particular deep neural networks (DNNs) developed in the
field of Computer Vision, have shown promising results to address the challenge of analyzing
data from a big, high resolution particle imaging detector such as Liquid Argon Time Projection
Chambers (LArTPCs), employed in accelerator-based neutrino experiments including Short Base-
line Neutrino (SBN) program and Deep Underground Neutrino Experiment (DUNE). Convolutional
neural networks (CNNs) have been the de-facto choice for image feature extraction tasks, and
they are particularly powerful for identifying locally dense features. On the other hand, Graph
Neural Networks (GNNs) have been studied actively for analyzing correlation features between
distant objects. Example applications for LArTPC detectors include signal correlations between
two independent detectors (optical detectors and TPCs), reconstruction of particle hierarchy (e.g.
a primary particle vs. secondary radiation), and clustering of particles per primary interaction in
a busy “neutrino pile-up” environment, expected at the DUNE near detector under high neutrino
beam intensity. In this talk, we present our work on utilizing GNNs in the ML-based full data
reconstruction chain for LArTPC detectors.
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Accelerated pixel detector tracklet finding with
Graph Neural Networks on FPGAs

Track finding is a critical and computationally expensive step of object reconstruction in LHC
detectors. The current method of track reconstruction is a physics-inspired Kalman Filter guided
combinatorial search. This procedure is highly accurate but is sequential and thus scales poorly
with increased luminosity like that planned for the HL-LHC. It is therefore necessary to consider
new methods for representing and reconstructing tracks.

This work makes use of Graph Neural Networks (GNNs) to explore possible improvements to track
finding efficiency in HL-LHC environment. A graph is constructed from each event by mapping
hits in the pixel detector to graph nodes and constructing connecting edges using a physics-driven
pre-processing. We then use an edge-classification GNN to assign physics-based probabilities to
the connections. Finally, a simple, post-processing algorithm is applied to iterate through the GNN
labeled edges to form final track candidates.

This work builds upon initial exploration of GNNs for particle tracking by the HEP.TrkX project
and targets a specific HL-LHC use case: tracklet finding in the innermost pixel detector using
the expected Phase 2 geometry. Both ATLAS and CMS utilize inside-out track reconstruction
algorithms that are seeded from the pixel detector making this a critical computing problem for
HL-LHC development. This study will provide insight into the impact these novel algorithms can
have on compute-intensive and physics-critical reconstruction.

The GNN-based tracking can be further accelerated by implementing the inference network di-
rectly on FPGAs. This would improve the computational throughput of a critical reconstruction
step and could allow the GNN algorithm to be used in the High-Level Trigger system.

This talk will describe the construction of the pixel detector graphs and reconstruction perfor-
mance for a range of GNN architectures and attention mechanisms.
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Allen: A high level trigger on GPUs for LHCb
Monday, 20 April 2020 15:30 (25 minutes)

The upgraded LHCb detector will begin taking data in 2021 with a triggerless readout system. As
a result the full 30 MHz inelastic collision rate will be processed using a software-only High Level
Trigger (HLT). This will allow for dramatic improvements in LHCb’s ability to study beauty and
charm hadron decays, but also presents an extraordinary technical challenge and has prompted the
study of alternative hardware technologies. In this talk I will discuss the Allen project, a framework
for implementing LHCb’s first stage HLT (HLT1) on GPUs. I will focus on the development and
performance of the full HLT1 reconstruction sequence executed on GPUs, including reconstruction
algorithms developed and optimized specifically for many-core architectures.
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Status of the Phase-2 Tracker Upgrade of the CMS
experiment at the HL-LHC

The High Luminosity Large Hadron Collider (HL-LHC) will begin operations in 2027 delivering pp
collisions at a centre-of-mass energy of 14 TeV at the unprecedented peak instantaneous luminosity
of about 5-7.5x10^34 cm^-2s^-1, eventually reaching an integrated luminosity of 3000-4500 fb^-1.

To fully exploit the delivered luminosity and to cope with the challenging operating conditions
the entire silicon Tracker of the CMS experiment will be replaced with a new low mass and high
granularity detector, featuring increased radiation hardness, providing robust tracking in high
track-density environment (up to 200 pileup events at the highest luminosity) as well as input for
the Level-1 trigger.

In this contribution, we present the main design choices for the upgraded Tracker together with
highlights from R&D and prototyping activities.
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An updated hybrid deep learning algorithm for
identifying and locating primary vertices

Monday, 20 April 2020 15:15 (10 minutes)

In the transition to Run 3 in 2021, LHCb will undergo a major luminosity upgrade, going from
1.1 to 5.6 expected visible Primary Vertices (PVs) per event, and it will adopt a purely software
trigger. We present an improved hybrid algorithm for vertexing in the upgrade conditions. We
use a custom kernel to transform the sparse 3D space of hits and tracks into a dense 1D dataset, and
then apply Deep Learning techniques to find PV locations using proxy distributions to encode the
truth in training data. Last year we reported that training networks on our kernels using several
Convolutional Neural Network layers yielded better than 90% efficiency with no more than 0.2
False Positives (FPs) per event. Modifying several elements of the algorithm, we now achieve better
than 94% efficiency with a significantly lower FP rate. Where our studies to date have been made
using toy Monte Carlo (MC), we are just now beginning to study KDEs produced from complete
LHCb Run 3 MC data, including full tracking in the vertex locator rather than proto-tracking. We
anticipate showing results from these studies as well.
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Performance of the Z Trigger under Luminosity
Conditions: First Experience

Tuesday, 21 April 2020 20:50 (10 minutes)

Since April 2019, the data taking phase of the completed Belle II detector at
SuperKEKB has started. The high beam currents and the nanobeam scheme
of SuperKEKB demand an efficient first level trigger system to reject the dominant background
from outside of the interaction region before being filtered further by
accurate, but more time-consuming software algorithms. The Neural z vertex trigger, implemented
in hardware, uses a three layer MLP neural network to estimate the z vertices of the tracks in an
event within the latency of the first trigger level. It is the first of its kind and allow relaxing
the track trigger conditions for interesting physics events with low track multiplicity. After the
concept was
sucessfully tested in software simulations, it was deployed in the
trigger system of the detector before the winter shutdown in 2019.
We will give an insight into extensive efficiency studies of our trigger subsystem and our efforts
of optimizing the performance resulting in an increased trigger
efficiency of low multiplicity events.
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Tracking performance with ACTS
Wednesday, 22 April 2020 21:40 (25 minutes)

The reconstruction of charged particles’ trajectories is one of the most complex and CPU consum-
ing parts of event processing in high energy experiments, in particular at future hadron colliders
such as the High-Luminosity Large Hadron Collider (HL-LHC). Highly-performant tracking soft-
ware exploiting both innovative tracking algorithms and modern computing architectures with
many cores and accelerators are necessary to maintain and improve the tracking performance.

Based on the tracking experience at LHC, the ACTS project encapsulates the current ATLAS soft-
ware into an experiment-independent and framework-independent software designed for modern
computing architectures. It provides a set of high-level track reconstruction tools which are ag-
nostic to the details of the detection technologies and magnetic field configuration and tested
for strict thread-safety to support multi-threaded event processing. It supports contextual detec-
tor conditions, which can include having multiple detector alignments or calibrations in memory
with a minimal memory footprint. Tracking infrastructures such as tracking geometry, Event
Data Model, and propagator are well developed and validated in ACTS. The prototype of track-
ing algorithms for tracking fitting, track seeding and vertex reconstruction are available with the
performance currently underin validation.

In this talk, I will introduce the available tracking features in ACTS software and focus on the
implemented track fitting using a full-resolution Kalman Fitter and track finding which is based
on the sequential Kalman filtering. The tracking performance will be highlighted with prototype
detectors. An early study of using ACTS for the Belle experiment will be shown as well. I’ll also
talk about the thoughts about achieving possible speed-up of those algorithms by implementing
them on accelerators.
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Manifold reconstruction using linear approximations
Wednesday, 22 April 2020 22:10 (10 minutes)

We study a method to reconstruct a nonlinear manifold embedded in Euclidean space from point
cloud data using only linear approximations. Such an approximation is possible by warping the
submanifold via an embedding to a higher dimensional Euclidean space. The subsequent reduc-
tion in the curvature can be justified using techniques from geometry. The immediate use of this
formalism is in denoising submanifolds (with bounded and zero-mean noise); and we will use the
linear version of the manifold moving least squares method after choosing an appropriate map.
We would show preliminary results from three different noisy datasets: reconstruction of noisy
spectra of a very high dimensional matrix, track reconstruction and parameter estimation from
the tracker hit datasets used for top quark identification; and finally in order to illustrate the ad-
vantage of the linear approximation we would consider an overfitting problem often encountered
when a complex model is used for the shape of the parton distribution function fitting, using one
of the NNPDF3.1 datasets.
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A Machine Learning based 3D Track Trigger for
Belle II

Wednesday, 22 April 2020 14:40 (25 minutes)

The Belle II experiment at the B-Factory SuperKEKB in Tsukuba, Japan performs precision tests of
the standard model and searches for new physics. Due to the high luminosity and beam currents,
Belle II faces severe rates of background tracks displaced from the collision region, which have
to be rejected within the tight timing constraints of the first level trigger. To this end, a novel
neural network z vertex trigger has been implemented on parallel FPGA hardware and integrated
into the track trigger pipeline. Presently the results of a 2D Hough finder, which uses only the
axial wire hits from the central drift chamber, are combined with stereo wire hits and drift-times
to form the input for the robust neural network 3D track reconstruction. In this contribution a
machine learning based 3D track finder is proposed, which improves the track finding efficiency
by using the additional stereo wire hits in the preprocessing step for the neural network input.
An experimentally optimized configuration of its parameters is presented and the benefits and
impact on the neural network performance are evaluated on early Belle II data and simulated low
multiplicity events.

Consider for young scientist forum (Student or postdoc speaker)

Yes

Second most appropriate track (if necessary)

Novel approaches and algorithms, and theoretical analysis

Primary authors: SKAMBRAKS, Sebastian (Max-Planck-Institut für Physik); KIESLING, Christian
(Werner-Heisenberg-Institut); MEGGENDORFER, Felix (Max-Planck-Institute for Physics); BAEHR,
Steffen (Karlsruhe Institute of Technology); UNGER, Kai Lukas (Karlsruhe Institute of Technology
(KIT))

Presenter: SKAMBRAKS, Sebastian (Max-Planck-Institut für Physik)

Session Classification: Recording sessions

May 23, 2023 Page 51



Connecting The … / Report of Contributions A 30 MHz software trigger and rec …

Contribution ID: 57 Type: Plenary

A 30 MHz software trigger and reconstruction for the
LHCb upgrade

Monday, 20 April 2020 13:55 (25 minutes)

The first LHCb upgrade will take data at an instantaneous luminosity of 2E33cm^{-2}s^{-1} starting
in 2021. Due to the high rate of beauty and charm signals LHCb has chosen as its baseline to
read out the entire detector into a software trigger running on commodity x86 hardware at the
LHC collision frequency of 30MHz, where a full offline-quality reconstruction will be performed.
In this talk we present the challenges of triggering in the MHz signal era. We pay particular
attention to the need for flexibility in the selection and reconstruction of events without sacrificing
performance.
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The Hybrid Seeding at LHCb
Monday, 20 April 2020 13:20 (10 minutes)

Scintillating-fibre detectors are high-efficiency, fast readout tracking devices employed through
high-energy particle physics, for instance the SciFi tracker in the LHCb upgrade. The hybrid seed-
ing is a stand-alone track reconstruction algorithm for the SciFi. This algorithm is designed in
an iterative way, where tracks with a higher momentum, which are easier, are treated in priority.
With the addition of topological information and knowledge of an effective track model, this al-
gorithm is able to deal with hit inefficiency and the tight computing constraints of the upgrade,
while delivering consistently high reconstruction efficiencies across a large spectrum of tracks cor-
responding to the diverse physics programme of the experiment. This programme can be extended
in intriguing ways by the study of very-displaced decay vertices, corresponding to dark-matter
candidates or weakly decaying particles, and which can only be studied using such stand-alone
algorithm.

Consider for young scientist forum (Student or postdoc speaker)

Yes

Second most appropriate track (if necessary)

Novel approaches and algorithms, and theoretical analysis

Primary author: HENRY, Louis (Instituto de Física Corpuscular (IFIC))

Presenter: HENRY, Louis (Instituto de Física Corpuscular (IFIC))

Session Classification: Recording sessions

May 23, 2023 Page 53



Connecting The … / Report of Contributions Workshop introduction

Contribution ID: 59 Type: not specified

Workshop introduction
Monday, 20 April 2020 18:59 (1 minute)
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Graph neural networks for FPGAs
Wednesday, 22 April 2020 19:50 (25 minutes)

Graph neural networks have been shown to achieve excellent performance for several crucial tasks
in particle physics, such as charged particle tracking, jet tagging, and clustering. An important
domain for the application of these networks is the Level-1, FGPA-based trigger, which has strict
latency and resource constraints. We discuss how to design distance-weighted graph networks
that can be executed with less than 1 µs latency on an FPGA. To do so, we consider representative
tasks associated with particle reconstruction and identification in a next-generation calorimeter
operating at a particle collider. We use graph architectures developed for these purposes and
simplified in order to match the computing constraints of real-time event processing at the CERN
Large Hadron Collider. The trained models are compressed using pruning and quantization. Using
the hls4ml library, we convert the compressed models into firmware to be implemented on an
FPGA. We show results both in terms of model accuracy and computing performance.
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Requirements, Status and plans for track
reconstruction of the sPHENIX experiment

Tuesday, 21 April 2020 21:05 (25 minutes)

sPHENIX is a new experiment being constructed at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory. The primary physics goals of sPHENIX are to measure jets, their
substructure, and the upsilon resonances in both p+p and Au+Au collisions. To realize these goals,
a tracking system composed of a time projection chamber and several silicon detectors will be used
to identify tracks corresponding to jets and upsilon decays. However, the sPHENIX experiment
will collect approximately 200 PB of data utilizing a finite size computing center, and thus, due
to the large occupancy of heavy-ion collisions, track reconstruction in a timely manner remains a
challenge. This talk will discuss the sPHENIX experiment, its track reconstruction, and the need for
the implementation of faster track fitting algorithms, such as that provided by the ACTS package,
into the sPHENIX software stack.
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Q/A from April 20 presentations
Tuesday, 28 April 2020 16:00 (2 hours)
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Q/A from April 21 presentations
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