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The Cherenkov Telescope Array Observatory (CTAO), a next-generation ground-based gamma-
ray observatory, will be composed of two arrays of multiple imaging atmospheric Cherenkov
telescopes (IACTs) located in both the Northern and Southern Hemispheres. Its goal is to
enhance the sensitivity of current instruments by a factor of five to ten over an energy range
from 20 GeV to over 300 TeV. IACT arrays are used to probe the very-high-energy (VHE)
gamma-ray sky, operating by simultaneously observing air showers triggered by the interaction of
VHE gamma rays and cosmic rays with the atmosphere. Cherenkov photons produced by these
showers create a stereoscopic record of the event. By reconstructing the event using machine
learning techniques, the properties of the originating VHE particle—including its type, energy,
and incoming direction—can be determined. In this contribution, we present a fully deep-learning-
driven approach to reconstruct simulated, stereoscopic IACT events using CTLearn. CTLearn is a
package designed for loading and manipulating IACT data and for running deep learning models
with pixel-wise camera data as input.
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1. Introduction

The Cherenkov Telescope Array Observatory (CTAO) [1] is the next-generation ground-based
gamma-ray observatory and will consist of two arrays of tens of imaging atmospheric Cherenkov
telescopes (IACTs) to be built in the Northern Hemisphere (La Palma, Canary Island, Spain) and
in the Southern Hemisphere (near Cerro Paranal, Chile). CTAO aims to improve the sensitivity of
current-generation instruments by a factor of five to ten and provide an energy coverage from 20
GeV to more than 300 TeV thanks to three types of IACTs: the large-sized telescope (LST), the
medium-sized telescope (MST), and the small-sized telescope (SST). Among these, the LSTs are
designed to be the most sensitive to the lowest gamma-ray energies, from approximately 20 GeV to a
few hundred GeV, thanks to their large reflective mirror area (23 meters in diameter) and fast readout
electronics optimized for detecting weak Cherenkov light flashes from low-energy showers. The
CTAO North site will host four LSTs as its core instruments for low-energy gamma-ray detection.
As of now, the first LST (LST-1) has been fully constructed and is undergoing commissioning and
scientific validation, while the second LST (LST-4) started its commissioning phase in mid-2025.
The remaining two telescopes (LST-3 and LST-2) are currently under construction and expected to
be completed in the near future.

In this work, we focus on LST1+LST4, which form the first operational pair capable of per-
forming stereoscopic observations, a key capability that significantly enhances event reconstruction
accuracy and background rejection compared to single-telescope observations. These two tele-
scopes represent a milestone for CTAO’s early science phase and enable detailed performance
studies under operating conditions. Their role is essential for validating analysis pipelines, optimiz-
ing observation strategies, and preparing for the full array deployment. The initial quartet of LSTs
represents the first phase of CTAO’s deployment and is crucial for achieving early science goals,
particularly in studies of transient and variable gamma-ray sources such as gamma-ray bursts, active
galactic nuclei, and pulsars. Their rapid slewing capability and low-energy sensitivity make them
uniquely suited for prompt observations of transient phenomena, reinforcing the CTAO’s role as a
key instrument in multi-messenger astrophysics.

IACTs collect the Cherenkov light induced by the showers of particles produced when very-
high-energy (VHE; approximately above 20 GeV) gamma-rays or charged cosmic rays, the dominant
background, enter the atmosphere and focus those Cherenkov photons onto their camera, producing
a record of the event. Together with its spatial, temporal, and calorimetric information, the IACT
images contain the longitudinal development of the air shower. The driving factors determining the
sensitivity of IACTs to astrophysical sources is how well reconstructed the properties (type, energy,
and incoming direction) of the primary particle triggering the air shower are. The morphological
differences of the gamma-ray and cosmic-ray-initiated showers, translated into their images, make
them distinguishable.

The original IACT data analysis classified the triggered events from their camera images by
extracting handcrafted features, like the commonly used Hillas parameters [2], and performed
parameter-wise selection over the multidimensional space of those parameters. Nowadays, more
sophisticated procedures where supervised learning algorithms like Random Forest (RF) [3] or
Boosted Decision Trees (BDTs) [4–6] are trained on those features to infer the full-event recon-
struction have been incorporated in the analysis workflow, as a result of the improvement in available
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computational resources and algorithms over the past few decades. Deep convolutional neural net-
works (CNNs), a particular class of deep learning (DL) algorithms, can be utilized to carry out this
task by accessing the information contained in the shower images since these types of algorithms
are capable of learning the feature extraction by themselves (representation learning) [7].

2. Data analysis pipeline

The analysis is carried out with the CTAO-North simulated dataset designed for stereoscopic
observations. The dataset was obtained with CORSIKA [8] and sim_telarray [9] following the
standard procedure of CTAO. The simulations were further reduced from raw to calibrated and
cleaned image data using ctapipe [10], a prototype low-level data processing pipeline for CTAO.
The reduced dataset follows the ctapipe reference implementation of the CTAO data format. We
restricted ourselves to simulated data with a Zenith angle of 20◦ and an Azimuth angle of 180◦ (South
pointing). For the DL training process, simulated diffuse gamma-ray and proton-initiated events
are considered, generated within cones of 6◦ and 10◦ radius, respectively. The regression models
(energy or arrival direction reconstruction) are trained only with the training set of diffuse gamma
rays. The performances of the different are evaluated on simulated protons (∼ 108 events; energy
range 10 GeV− 100 TeV; viewcone 10◦) and electrons (∼ 108 events; energy range 5 GeV− 5 TeV;
viewcone 6◦), as well as pointlike gamma rays (∼ 107 events; energy range 5 GeV − 50 TeV)
assuming a gamma-ray point source in the center of the field of view.
CTLearn1 [11, 12] was employed for DL-based particle classification and event reconstruction,

such as the regression for the energy and the arrival direction. The predictions of CTLearn are
written in ctapipe-compatible format, following the CTAO reference data structure, which ensures
consistency and interoperability with other components of the Data Processing and Preservation
System (DPPS) of CTAO. Following the reconstruction, energy-dependent cut optimization and
the construction of Instrument Response Functions (IRFs) were performed using ctapipe, which
integrates the pyirf [13] package to carry out these key post-reconstruction tasks. This seam-
less workflow highlights the readiness of the DL-based CTLearn pipeline for integration into the
broader CTAO data processing ecosystem. To ensure reproducible results with minimal manual
management, we used the CTLearn-Manager package, which streamlines the training, evaluation,
and data handling processes through an automated and configurable interface.

3. Methodology

We adopt the same methodological framework as presented in [14, 15], which utilized data
from the two MAGIC telescopes. In the presented analysis, we apply the method to simulated data
from the LST1+LST4, the first pair of LSTs of the CTAO. Two key aspects define this approach.
First, to fully leverage the stereoscopic information provided by the dual-telescope system, we stack
the respective images (integrated pixel charges and signal arrival times) from each LST, along
the channel dimension before inputting them into a convolutional neural network (CNN). Second,
the images are subjected to standard image cleaning procedures, as used in conventional IACT
analyses. This cleaning step retains pixels containing significant Cherenkov signal while removing

1https://github.com/ctlearn-project/ctlearn
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noise pixels that are likely dominated by photons from the night sky background, thus enhancing
robustness and ensuring the method remains applicable to real observational data.

For this study, we choose the CTLearn-stackTRN model, developed within the CTLearn frame-
work, which is a shallow residual neural network (ResNet) [16] with 33 layers inspired by the
Thin-ResNet (TRN) [17]. The first initialization layer of the original TRN [17] is skipped in order
to adjust for the specific image input shape of the LST. The residual connections, meaning that the
original input is added to the output at each stage, allow exploring much deeper model architecture
than plain networks. A dual squeeze-and-excitation attention mechanism [18] is deployed in each
residual block, which helps the network to focus on the most relevant features of the image rep-
resentation. The images were pre-processed to a Cartesian lattice using the bilinear interpolation
routine from the ImageMapper of the DL1-Data-Handler2 [19], a package designed for the data
management of machine learning image analysis techniques for IACT data, to apply conventional
convolutional layers [20].

We selected the TRN architecture for our work based on [14, 15] demonstrating its strong
balance between performance and efficiency. The TRN is widely adopted due to its feasibility in
training, offering robust results while keeping computational demands moderate. While deeper
and more complex models can potentially outperform the TRN in terms of accuracy, they typically
require significantly more processing time and computational resources. In our case, training the
TRN took less than three hours using two state-of-the-art NVIDIA GH200 GPUs in parallel, and
inference required less than 15 minutes on a single GPU of the same kind. We deployed and ran the
entire CTLearn-based analysis at the Swiss National Supercomputing Centre (CSCS), which serves
as one of the off-site Information and Communications Technology (ICT) facilities for the CTAO.

4. Results

This section presents the performance evaluation of the stereoscopic analysis using the CTLearn-
stackTRN model, applied to simulated data from the first two Large-Sized Telescopes LST1+LST4.
The goal is to assess the capability of the DL model to reconstruct and classify events using com-
bined image information from both telescopes. We restrict the analysis to stereo events in which
both images contain more than 50 photoelectrons (p.e.) after the cleaning procedure, ensuring suf-
ficient signal quality for accurate reconstruction. We begin with a reconstruction validation, where
the reconstructed quantities are directly compared to their true simulated values. This is followed
by an energy-dependent cut optimization procedure, which is needed to assess the performance of
the reconstruction. We then evaluate the angular and energy resolution as a function of the energy,
and finally, we estimate the sensitivity of the system using standard performance metrics. These
results serve as a first step toward validating the applicability of CTLearn-based DL methods for
stereoscopic LST observations.

Reconstruction performance is validated using simulated test data without applying any cuts on
gammaness or direction. The classification model shows clear separation based on the gammaness
distribution (see left panel of Fig. 1). Direction reconstruction accuracy is evaluated by comparing
predicted arrival directions to the true source position at the center of the field of view (see middle

2https://github.com/cta-observatory/dl1-data-handler
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panel of Fig. 1). Energy reconstruction is assessed through energy migration matrices, showing
good agreement between true and reconstructed energies for pointlike gamma rays (see right panel
of Fig. 1).

Preliminary

Preliminary Preliminary

Figure 1: (Left): Distribution of the classifier output (gammaness) for different particle types: electrons,
protons, and point-like gamma rays. Higher gammaness values indicate a higher likelihood of being a
gamma-ray event, allowing for effective background suppression. (Middle): Reconstructed arrival directions
(altitude and azimuth) for point-like gamma-ray events. The true source position corresponds to the center
of the field of view, i.e., the array pointing direction. The distribution demonstrates the model’s ability to
localize gamma-ray events around the true source location. (Right): Energy migration matrices showing the
relationship between true and reconstructed energy for pointlike gamma rays. The color log scale represents
the event density in each bin. The red diagonal line indicates perfect energy reconstruction, where the
reconstructed energy matches the true energy. Deviations from the line highlight the resolution and possible
biases in the energy estimation.

A global selection requiring an image intensity after cleaning greater than 50 p.e. is applied.
This is followed by an energy-dependent cut on gammaness, where a minimum threshold is set
in each reconstructed energy bin to retain a fixed fraction of simulated gamma-ray events. In this
study, we used three different retention levels: 40%, 70%, and 90%, to explore the trade-off between
background suppression and gamma-ray efficiency. For the computation of the energy resolution
(see right panel of Fig. 3), an additional energy-dependent angular (𝜃) cut is applied (see right panel
of Fig. 2). This cut selects the 70% of gamma-ray events, which survived the gammaness cut, with
the most accurate direction reconstruction within each reconstructed energy bin, considering only
those events that are well-oriented with respect to the array pointing direction.

The angular resolution is defined as the angle containing 68% of the reconstructed gamma-
ray events relative to the simulated point source gamma-ray direction. This is calculated in each
logarithmic energy bin based on the simulated true energy. The energy resolution in each true
energy bin is calculated with 68% of containment of (𝐸reco − 𝐸true)/𝐸true.

The differential sensitivity calculation per reconstructed energy bin requires a minimal signif-
icance of more than 5 𝜎, at least ten detected gamma rays, and a minimal excess over background
ratio of 0.05 for observation of 50 hours. The differential sensitivity calculation per energy bin
requires a minimal significance of more than 5 𝜎, at least ten detected gamma rays, and a minimal
excess over background ratio of 0.05 for observation of 50 hours. The significance of detection is
calculated in the IACT community following “Li&Ma” (Eq. 17 in [22]).
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PreliminaryPreliminary

Figure 2: Energy-dependent gammaness cut (left) and angular ( 𝜃 ) cut (right) values used for IRF computation
values corresponding to three different gamma-ray efficiency levels: 40%, 70%, and 90%. Both energy-
dependent cuts are derived as functions of reconstructed energy to optimize performance across the full
energy range.

Preliminary Preliminary

Figure 3: Angular (left) and energy (right) resolution as a function of true energy. Both metrics are shown
for three different gamma-ray efficiency levels: 40%, 70%, and 90%, illustrating the trade-off between event
selection tightness and reconstruction performance. The dashed black line indicates the energy and angular
resolution of the LST subarray (4LSTs) from the CTAO prod5 reference [21]. It is worth noticing that the
shown resolution curves have been obtained exclusively from MC simulation restricted to one particular
telescope pointing in the sky.

5. Discussions and conclusions

This study demonstrates the effectiveness of the DL-based CTLearn model for the reconstruc-
tion and classification of stereoscopic events recorded by two Large-Sized Telescopes (LST1+LST4)
in the CTAO-North array. By leveraging a lightweight TRN architecture and a full DL pipeline for
energy, direction, and particle type inference, we achieve competitive reconstruction performance
with relatively low computational cost. The stereoscopic configuration enables the model to ex-
ploit combined image information, improving the accuracy of event reconstruction and background
suppression. The results obtained exclusively from MC simulation validate the capability of the

6
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Preliminary

Figure 4: Differential sensitivity as a function of reconstructed energy, calculated for three gamma-ray
efficiency levels: 40%, 70%, and 90%. The curves illustrate how the choice of event selection efficiency
impacts the minimum detectable flux, with tighter cuts improving background rejection at the cost of gamma-
ray statistics. The dashed black line indicates the differential sensitivity of the LST subarray (4LSTs) from
the CTAO prod5 reference [21]. It is worth noticing that the shown sensitivity curves have been obtained
exclusively from MC simulation restricted to one particular telescope pointing in the sky.

CTLearn framework to produce IRFs and sensitivity estimation for LST1+LST4matching the refer-
ence CTAO prod5 performance for the LST subarray (4LSTs) below 1 TeV. For the energies below
1 TeV, the CTLearn-stackTRN model for LST1+LST4 achieves a better angular resolution than the
reference CTAO prod5 performance of 4LSTs.

This work is especially timely as the construction of the full array of four LSTs at the CTAO-
North site is nearing completion. LST1+LST4 are entering the stereoscopic commissioning phase,
marking a crucial step toward scientific operations. The presented CTLearn-based analysis chain
is ready for application to real observational data from these commissioning telescopes. It provides
a solid foundation for integrating DL into the early data processing and scientific analysis work-
flow of CTAO, supporting both performance evaluation and rapid data interpretation during the
commissioning and early science phases.
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