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Talks / 1

Application of graph networks to a next generation wide-field
gamma-ray observatory in the southern sky

Author: Franziska Leitl’

Co-authors: Jonas Glombitza ?; Martin Schneider ?; Stefan Funk ?; Christopher van Eldik 2

! Erlangen Centre for Astroparticle Physics (ECAP), Friedrich-Alexander-Universitit Erlangen-Niirnberg
2 Erlangen Centre for Astroparticle Physics (ECAP), Friedrich-Alexander-Universitit Erlangen-Niirnberg

Corresponding Author: franziska.leitl@fau.de

Water-Cherenkov detectors have long proven their importance for the research of high energetic
gamma rays in numerous experiments in the Northern Hemisphere.

The Southern Wide-field Gamma-ray Observatory (SWGO) will be the first observatory using this
technology in the Southern Hemisphere to observe gamma-ray emission in an energy range of 100s
of GeV up to the PeV scale.

The proposed layout will enable observations of the galactic center with a wide field of view and a
very high-duty cycle, complementing the Cherenkov Telescope Array (CTA).

The challenge of precision observation lies in rejecting cosmic-ray backgrounds and accurately re-
constructing primary energy, using only the air shower footprint captured by the detector.

With new machine-learning techniques advancing in recent times, we propose a novel approach
based on graph neural networks (GNNs) to improve background rejection and energy reconstruc-
tion for a next-generation observatory.

We selected a GNN-based approach to leverage the capabilities of convolutional neural networks

while offering the flexibility needed for event reconstruction across the extensive energy range of
SWGO.

In this talk, we introduce the design of the proposed GNN, describe the details of the application to
a test configuration of SWGO, and present the obtained results for v / hadron separation and energy
reconstruction.

Comparing our results to current state-of-the-art approaches, we find that our proposed algorithm
outperforms hand-designed classification algorithms and observables in background suppression,
and improves the energy resolution compared to state-of-the-art methods.

Type of Contribution:
talk

Talks / 2

Towards improving efficiency of machine learning techniques in
neutrino telescopes

Author: Felix YuN°re

Corresponding Author: felixyu@g.harvard.edu

Neutrino telescopes detect rare interactions of particles produced from some of the most extreme
environments in the Universe. Given the rate of backgrounds, these telescopes amass an enormous
quantity of large variance, high-dimensional data. These attributes create substantial challenges
for analyzing and reconstructing neutrinos, particularly when utilizing machine learning (ML) tech-
niques. In this talk, I will present methods to efficiently manage and process these events using ML
techniques, while preserving as much information as possible. These methods include employing
autoencoder networks to generate compact representations of high-dimensional data associated to
neutrino events and utilizing sparse networks to substantially reduce memory usage and runtime.
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The ultimate aim of these efforts is to enable high-quality ML-based reconstructions during the ear-
lier stages of data processing.

Type of Contribution:
talk

Talks / 3

Optimizing a Cosmic-ray Energy Estimator with Machine learn-
ing for the HAWC observatory (Remote)

Authors: Jorge Jaimes-Teheran'; Toméas Capistrénz; Ibrahim Torres®; for the HAWC Collaboration™°"®

! Universidad Industrial de Santander
? Universita degli Studi di Torino & INFN Sezione di Torino
’ INAOE

Corresponding Author: tomas.capistranrojas@unito.it

Situated at an elevation of 4,100 meters a.s.l. in Puebla, Mexico, the High-Altitude Water Cherenkov
(HAWC) gamma-ray observatory detects TeV gamma-rays from astrophysical sources. Additionally,
it gathers substantial data on hadronic air showers, expanding HAWC'’s research capabilities to ex-
plore cosmic rays with energies from 1 TeV to 1 PeV. The initial energy estimation method optimized
for cosmic rays enabled the analysis of the anisotropy and composition of the cosmic rays. How-
ever, recent improvements in HAWC reconstruction algorithms have pointed out the need for an
improved energy estimator of hadronic EAS. To this end, it is important to explore more sophisti-
cated methods for cosmic-ray energy reconstruction. In this work, we present preliminary results of
the implementation of machine learning techniques for predicting the energy of cosmic-ray-induced
events in HAWC.

Type of Contribution:
talk

Talks / 4

Direction and energy reconstruction with uncertainty quantifica-
tion for GRAND using graph neural network (Remote)

Author: Arséne Ferriére'

Co-authors: Aurélien Benoit-Lévy 1. for the GRAND Collaboration

! CEA-List
Corresponding Authors: aurelien.benoit-levy@cea.fr, arsene.ferriere@lpnhe.in2p3.fr

For experiments such as GRAND, a distributed radio-antenna array for ultra-high-energy neutrino
detection, a precise direction and energy reconstruction is essential. Machine-learning methods and
in particular graph neural networks (GNN) appear to be an interesting solution given their ability
to use localised and variable-size inputs. In this contribution, we will present and summarize the
ongoing work within the GRAND collaboration using GNNs in reconstruction efforts, and show
that by adding physical inputs to our networks, we achieved better accuracy than existing maximum
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likelihood methods without increasing the inference time. We also implemented methods to estimate
the uncertainty of our predictions under certain conditions.

Type of Contribution:
talk

Talks /5

Mass composition study with machine learning on KASCADE archival
data (Remote)

Authors: Nikita Petrov'; Mikhail Kuznetsov°"; Vladimir Sotnikov™°"; Ivan PlokhikhN°™

! Novosibirsk State University
Corresponding Author: n.petrov@g.nsu.ru

Despite many experiments in the 1-100 PeV range, accurately measuring mass component spectra
in this energy region remains challenging. Discrepancies between experiments are attributed to fac-
tors including the choice of the hadronic interaction model used.

In this study, we present a reanalysis of archival data from the KASCADE experiment, which recorded
extensive air showers from 1996 to 2013. This analysis uses a novel approach to measure the energy
spectra of five mass components (protons, helium, carbon, silicon, and iron), based on event-by-
event mass-type reconstruction using a convolutional neural network.

The systematic uncertainties, which were lower than in the last original KASCADE study, as well
as the corresponding uncertainties of the IceTop and TALE experiments, were also investigated.
Furthermore, the uncertainties associated with the use of different post-LHC hadronic interaction
models (QGSJet-11.04, EPOS-LHC, Sibyll 2.3c) were examined.

Our findings show a marked excess of the proton component flux compared to the latest original
KASCADE results. We demonstrate, with the highest statistical significance, a knee in the proton
(~4.4 PeV) and helium (~11 PeV) components. Additionally, we observe a hint of hardening (~4.5
PeV) in the iron spectrum, which can be interpreted as analogous to the proton hardening (~166
TeV) observed in the GRAPES-3 experiment.

Type of Contribution:
talk

Talks / 6

A graph neural network reconstruction for the IceAct telescopes

Author: Larissa Paul'

! South Dakota School of Mines & Technology
Corresponding Author: larissa.paul@icecube.wisc.edu

Situated at the geographic South Pole, the imaging air shower telescopes IceAct observe the at-
mosphere above the IceCube Neutrino Observatory. Therefore, the IceAct telescopes measure the
electromagnetic air-shower development complementary to the air shower at the surface with Ice-
Top and the high-energetic muonic component measured by the in-ice detector. Currently, three
IceAct telescopes are installed and have shown to operate in the harsh conditions at the South Pole
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successfully. The telescope camera consists of 61 silicon photomultipliers (SiPMs) with a hexago-
nal light guide glued to each SiPM. A graph neural network is used to reconstruct the air-shower
properties of the camera images. The graph gives great flexibility to do a combined analysis of sev-
eral telescopes and other detector components. The current status of the reconstruction method is
presented.

Type of Contribution:
talk

Talks / 7

Gamma/Hadron Separation using Machine Learning Methods with
the IceAct Telescopes

Author: Logan Molchany'

Co-author: Matthias Plum ?

! University of Delaware

2 South Dakota School of Mines and Technology
Corresponding Author: logan.molchany@icecube.wisc.edu

The IceCube Neutrino Observatory, located at the South Pole, is a multi-component detector array
capable of observing cosmic-rays on the TeV to EeV scale. In addition to the Inlce component, and
the surface component IceTop, three new Imaging Air Cherenkov Telescopes, called IceAct, were
installed. One of the primary goals of the IceAct telescopes is to search for high-energy photons in
the Southern Sky. To do so, Gamma/Hadron separation is done by using modern machine learning
methods alongside a hybrid Hillas analysis which uses both the Hillas parameters alongside Inlce pa-
rameters. This approach geometrically parameterizes the ellipse formed by the images on the IceAct
cameras alongside the total charge deposition at various layers in ice, as well as using reconstructed
muon bundle energy loss as model features. Various classification and regression models are used
to reconstruct the energy and type of the primary cosmic-ray, as well as a final meta-modeling ap-
proach that aggregates the predictions from all used models in a so-called “stacking method”.

This contribution will provide a preliminary look into the sensitivity of the current machine learning
model/ stacking method, used for distinguishing photons from the cosmic ray background.

Type of Contribution:
talk

Talks / 8

Machine learning-based analyses using surface detector data of
the Pierre Auger Observatory

None

Authors: Steffen Traugott Hahn'; Pierre Auger Collaboration

' KIT - IAP/ETP

Corresponding Author: steffen.hahn@kit.edu
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The Pierre Auger Observatory, the world’s largest detector for studying ultra-high-energy cosmic
rays (UHECRs), employs multiple detection techniques to observe the different components of ex-
tensive air showers. In order to accurately understand the physics of UHECRs, it is essential to
determine their mass composition. Since UHECRs can only be measured indirectly, it is necessary
to study mass-sensitive observables, such as the number of muons reaching the ground and the at-
mospheric depth of the shower maximum. One way to estimate these observables is by analyzing
spatio-temporal patterns in the shower footprint recorded by the surface detector (SD) of the Obser-
vatory. Given the complexity of this information, the Pierre Auger Collaboration utilizes machine
learning (ML) to complement the traditional analytical techniques. With the SD operating nearly
100% of the time, ML algorithms enable the analysis of events with an unprecedented precision. In
this work, we summarize the ML-driven analyses conducted at the Pierre Auger Observatory to
identify and reconstruct mass-sensitive observables and explores potential applications of ML in
other areas. Special emphasis is placed on techniques that utilize the different sub-detector systems
of the SD, including the newly installed scintillator detectors from AugerPrime, highlighting their
potential for advancing UHECR studies.

Type of Contribution:

Talks /9

IceTop gamma-hadron separation and angular error estimation
using machine learning techniques

Author: Sebastian Vergara Carrasco™°™

Corresponding Author: svergaracarrasco@icecube.wisc.edu

The IceCube Neutrino Observatory, located at the South Pole, combines two detector systems to
study high-energy cosmic-ray events. The surface array, called IceTop, indirectly detects cosmic
rays within the 100 TeV to EeV range through ice-Cherenkov tanks, providing reconstructed observ-
ables such as primary energy and direction. The in-ice optical array detects high-energy muonic
components of air showers. Together, these detectors could enhance particle-type discrimination,
though at the cost of a narrower field of view for source searches. This work in progress aims
to differentiate between photon- and cosmic-ray-induced air showers detected by IceTop. This is
done using a Convolutional Neural Network (CNN) that processes time, charge, and lateral distance
distributions. The resulting classification results are then compared against previous methods incor-
porating data from both detectors. Furthermore, to support gamma-ray source searches, we apply
a boosted decision tree for estimating directional reconstruction errors. These tree-based models
excel in regression and classification tasks, where we use numerous reconstruction fit parameters
as inputs to obtain the angular error on an event-by-event basis.

Type of Contribution:
talk

Talks / 10

In-situ pulser depth reconstruction for RNO-G using Neural Net-
work

Authors: Sanyukta Agarwall; David Besson’

! University of Kansas

Corresponding Author: sanyukta@ku.edu
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Radio Neutrino Observatory in Greenland (RNO-G) aims to detect Askaryan emission from ultra-
high energy astrophysical and cosmogenic neutrinos above 10 PeV. Situated at Summit Station, it
is proposed to have 35 stations of which 7 stations have been installed so far. Search for neutrinos
and their direction reconstruction using interferometry requires precise control of parameters such
as antenna positions and an accurate ice model. Various known sources are available in and around
the RNO-G stations which can be used in calibration of the observatory. In-situ calibration pulsers
deployed on helper strings in each station along with pulser drops performed for some stations allow
us to constrain the uncertainty in antenna position and test the accuracy of our ice model.

In my poster I assume a simple straight line, plane wave approximation and ignore ray-bending as an
initial guess to reconstruct the depth of the stationary pulsers in 14 helper strings across 7 stations.
The station geometry allows this simple model to be a good approximation and I use the stationary
pulser data to train my neural network, allowing me to reconstruct pulser depths in cases where
ray-bending effects might be more significant (such as pulser drops). This method is preferred as it’s
much faster than analytical raytracting or simulating radio propagation.

Type of Contribution:

poster / flash talk (for work in progress)

Talks / 11

Generative Neural Networks for Simulating Radio Emission from
Air Showers (Remote)

Authors: Pranav Sampathkumarl; Tim Huege2

VAP, KIT
? Karlsruhe Institute of Technology

Corresponding Author: pranav.sampathkumar@kit.edu

The simulations of radio emission from EAS are essential for reconstructing various shower param-
eters from the measured radio signals. As bigger experiments use more and more antennas, the
computational cost of these simulations gets prohibitively large. These simulations also scale ex-
ponentially with higher primary energies and linearly with the number of antennas. Thus there
is a need to interpolate and generate radio signals across various energy ranges and antenna posi-
tions.

In this work, we present a novel neural network which can predict radio pulses for the AERA setup
using several shower parameters and antenna positions as input. The results which showcase the
pulses generated by the network compared to the CoOREAS simulations, are presented. The network’s
ability to also get the fluence pattern and the total radiation energy is shown along with its perfor-
mance benchmarks. Finally, the network is used in a simplistic Xmax reconstruction procedure to
show the viability of these generated pulses for Xmax reconstruction.

Type of Contribution:
talk

Talks / 12

Al Agents for Ground-Based Gamma Astronomy (Remote)

Authors: Dmitriy Kostunin!; Vladimir Sotnikov?; Sergo Golovachev?; Strube Alexandre®
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' DESY
% JetBrains

* Forschungszentrum Jiilich

Corresponding Author: dmitriy.kostunin@desy.de

The next generation instruments for ground-based gamma-ray astronomy are marked by a substan-
tial increase in complexity with dozens of telescopes. This leap in scale introduces significant chal-
lenges in managing system operations and offline data analysis. The methods, which depend on ad-
vanced personnel training and sophisticated software, become increasingly strained as the system’s
complexity grows, making it more challenging to effectively support users in such a multifaceted
environment.

To address these challenges, we propose the development of Al agents based on instruction-finetuned
large language models (LLMs). These agents align with specific documentation and codebases, un-
derstand the environmental context, operate with external APIs, and communicate with humans in
natural language. Leveraging the advanced capabilities of modern LLMs, which can process and
retain vast amounts of information, these Al agents offer a transformative approach to system man-
agement and data analysis by automating complex tasks and providing intelligent assistance.

We present two prototypes aimed at integrating with the Cherenkov Telescope Array Observatory
pipelines for operations and offline data analysis. The first prototype automates data model imple-
mentation and maintenance for the Configuration Database of the Array Control and Data Acquisi-
tion (ACADA). The second prototype is an open-access code generation application tailored for data
analysis based on the Gammapy framework.

Type of Contribution:
talk

Talks / 13

Convolutional Neural Network Processing of Radio Emission for
Nuclear Composition Classification of Ultra-High-Energy Cosmic
Rays (Remote)

Authors: Cosmina Mihoreanu!; Paula Gina Isar’; Tudor Alexandru Calafeteanu'; Emil Ioan Slusanschi'

! Faculty of Automatic Control and Computer Science, National University of Science and Technology Politehnica
Bucharest, 060042 Bucharest, Romania

? Institute of Space Science — INFLPR Subsidiary, 077125 Bucharest-Magurele, Romania
Corresponding Author: gina.isar@spacescience.ro

Ultra-high-energy cosmic rays (UHECRs) are the most mysterious particles in the Universe originat-
ing from extragalactic sources, which yet rise a couple of fundamental open questions, such as where
do they come from, how do they propagate, and how do they reach the energies they exhibit. Due to
the very low flux, i.e. one particle per km2 per century at about 1020 eV, UHECRSs are detected indi-
rectly from the Earth, through their developed air showers, by modern detection techniques in frame
of hybrid and large-scale experiments. Radio detectors have proven to be a competitive method for
reconstructing the properties of EASs, such as the shower’s incoming direction, its energy, and its
maximum development (Xmax).

Concurrently, data science has become indispensable in physics. By applying statistical, compu-
tational, and deep learning methods to large databases, researchers can extract insights and make
predictions efficiently and accurately, in conjunction with traditional analysis methods.

We introduce a convolutional neural network (CNN) architecture designed to classify simulated
CoREAS air shower events to process the radio emission for several types of primary cosmic rays’
nuclei. For the classification of the primary particle, we use metrics like Accuracy or MCC to in-
dicate the prediction capability for mass-composition based on data that can be gathered by the
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Radio Detector (RD) at the world’s largest cosmic ray experiment on Earth, the Pierre Auger Obser-
vatory.

Type of Contribution:
talk

Talks / 14

Machine Learning Techniques for Neutrino Reconstructions in
IceCube

Author: Philip Weigel'

! Massachusetts Institute of Technology
Corresponding Author: philip.weigel@icecube.wisc.edu

Advancements in machine learning have improved event reconstruction in the analyses of IceCube
data, providing fast and accurate estimations of neutrino properties. These methods typically use
pulse series data and the spatial information of digital optical modules as inputs to neural networks.
I'will discuss current reconstruction techniques in IceCube and their applications to physics analyses.
Increasingly more complex models like graph neural networks and transformers are being explored
as improvements over convolutional neural network-based reconstructions. I will introduce state
space models as a promising approach for efficiently reconstructing very long data sequences, re-
moving the need for compression techniques and avoiding the quadratic complexity of attention.
Additionally, efforts are ongoing to integrate these new models into the open-source reconstruction
framework GraphNeT, which could extend these techniques to other experiments.

Type of Contribution:
talk

Talks / 15

Machine Learning at Telescope Array (Remote)

Author: Ivan Kharuk'

! Institute for Nuclear Research RAS
Corresponding Author: ivan.kharuk@phystech.edu

Telescope Array is a large-scale cosmic-ray observatory studying ultra-high-energy cosmic rays. Its
Surface Detector array consists of 507 scintillation stations arranged in a rectangular grid covering
approximately 700 km?. This talk presents our deep learning approach to reconstructing cosmic ray
properties from Telescope Array Surface Detector data. We demonstrate how combining multiple
data representations with various neural architectures (convolutional, recurrent, and transformer
networks) enhances reconstruction accuracy of primary particle properties, including arrival direc-
tion and energy. Finally, we present post-processing techniques developed for searching for rare
event, such as ultra-high-energy photons.

Type of Contribution:
talk
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Talks / 16

Denoising Radio Pulses from Air Showers Using Machine Learn-
ing Methods (Remote)

Author: Zhisen Lai!

Co-authors: Aurélien Benoit-Lévy 2. Oscar Macias *; Claire Guepin ; Arsene Ferriere 4

' SFSU

? CEA-List

* San Francisco State University
* CNRS

Corresponding Author: zlai@sfsu.edu

The Giant Radio Array for Neutrino Detection (GRAND) aims to detect radio signals from extensive
air showers caused by ultra-high-energy cosmic particles. Galactic, instrumental, and anthropogenic
noise are expected to contaminate these signals.

To address this problem, we propose training an unsupervised convolutional network known as an
autoencoder. This network is used to learn a coded representation of the data and remove specific
features from it. This denoiser is trained using realistic air-shower simulations generated by CoREAS
and ZHAireS, which are specifically designed to closely resemble the signals detected by GRAND. In
this talk, we will present details about our machine-learning model and preliminary results on the
sensitivity gain obtained when our denoising algorithm is applied to realistically simulated noisy
GRAND signals of varying signal-to-noise ratios.

Type of Contribution:

poster / flash talk (for work in progress)

Talks / 17

Reconstructing the Direction of Ultra-High-Energy Cosmic Rays
Using a Simulation-Based Inference Method

Author: Zach Mason'

Co-authors: Oscar Macias %; Aurélien Benoit-Lévy 3. Matthew Ho

' SFSU
? San Francisco State University

* CEA-List
Corresponding Author: zmason2@sfsu.edu

GRAND (Giant Radio Array for Neutrino Detection) is a proposed next-generation observatory de-
signed to detect ultra-high-energy (UHE) cosmic particles. It aims to accomplish this by identifying
the radio signals generated when these particles interact with the atmosphere and Earth’s magnetic
field. We present a novel pipeline utilizing simulation-based inference (SBI) methods to reconstruct
the incoming direction of UHE cosmic rays. By training the SBI algorithm using realistic simulations
produced with CoOREAS and ZHAireS, which include electric field amplitudes, antenna positions, and
trigger times, we demonstrate how our algorithm learns the posterior probability of the Bayesian
model given the data. This approach enables us to access robust error estimates in the reconstructed
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direction. Additionally, we show that, in contrast to standard “black box” machine learning methods,
our SBI technique allows us to evaluate the statistical rigor of our results.

Type of Contribution:

poster / flash talk (for work in progress)

Talks / 18

A Simulation-Based Inference Method for Electric Field Recon-
struction (Remote)

Author: Thomas McKinley'

Co-authors: Oscar Macias *; Emily Weissling

' SFSU

% San Francisco State University
Corresponding Author: tmckinley@sfsu.edu

The primary goal of the Giant Radio Array for Neutrino Detection (GRAND) is to uncover the myste-
rious sources of ultra-high-energy cosmic rays (UHECRs). GRAND aims to achieve this by detecting
electric fields generated by UHECR interactions with Earth’s atmosphere and magnetic field. Recon-
structing the electric field from measured antenna voltages is difficult due to the need for a detailed
model of the antenna’s response and background noise.

We will present a simulation-based inference model trained to learn the likelihood ratio using real-
istic simulations from CoREAS and ZHAireS. The model incorporates a realistic antenna response
and Galactic background noise to accurately reconstruct the electric field. Additionally, we will in-
troduce various statistical tests, such as coverage tests, to demonstrate the statistical validity of our

findings.

Type of Contribution:

poster / flash talk (for work in progress)

Talks / 19

Modeling IACT Gamma-ray Background using Singular Value De-
composition

Author: Ruo-Yu Shang'

! Barnard College, Columbia University
Corresponding Author: ry.shang@gmail.com

Extended -ray sources, such as TeV halos, evolved pulsar wind nebulae, and star clusters, impose a
challenge to analyses of Imaging Atmospheric Cherenkov Telescope (IACT) data due to the difficulty
in estimating irreducible background originating from cosmic-ray-induced v-ray-like events in the
source regions. A background estimation method is necessary to address IACT analyses in the cases
when the source angular size exceeds or occupies a significant part of the field-of-view. The proposed
new method analyzes the distribution of cosmic-ray-like events in the coordinate of y-ray camera
using singular value decomposition (SVD) to derive the irreducible background estimation. This
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data-driven method significantly reduces the systematic uncertainty on the background estimation,
and the method performance is evaluated using VERITAS archival observations.

Type of Contribution:
talk

Talks / 20

Improving Gamma-ray Angular Resolution with Convolutional
Neural Network De-noiser

Author: Ruo-Yu Shang'

! Barnard College, Columbia University
Corresponding Author: r.y.shang@gmail.com

Imaging Atmospheric Cherenkov Telescopes (IACT) reconstruct the locations of gamma-ray sources
using stereo analysis of images of gamma-ray air showers. The images of gamma-ray showers suffer
from the noise fluctuation arises from night-sky brightness. Understanding the quality of an image
is crucial for estimating the uncertainty of the gamma-ray arrival direction. In this presentation,
we show how to improve the gamma-ray angular resolution by denoising the gamma-ray shower
images with a Convolutional Neural Network (CNN) and estimating the direction uncertainty of a
gamma-ray event by propagating the location uncertainties of single photoelectrons in the gamma-
ray camera frame.

Type of Contribution:
talk

Talks / 21

Fast Generation of Realistic Data-Driven Stereoscopic Shower Im-
ages using Generative Adversarial Networks (Remote)

Authors: Kameswara Bharadwaj Manthal; Deivid Ribeiro’; Lucy Fortson!; Hugh Dickinson?; Ramanakumar Sankar®;
Samuel Spencer*

! University of Minnesota
% Open University
* University of California, Berkeley

* Friedrich-Alexander-Universitdt
Corresponding Author: manth145@umn.edu

Effective identification and characterization of particle showers captured by ground-based cherenkov
telescopes is critical for very high energy gamma-ray astrophysics. A common step employed in
the field is to use synthetic gamma-ray and hadronic events generated based on computationally-
expensive simulations and use them for downstream analyses. Leveraging the power of generative
deep learning, various studies have developed fast emulators that can generate synthetic simulated
events that mimic the simulation outputs. However, they still carry the intrinsic assumption that
the emulated/simulated data is representative of the observations. In an attempt to address the
aforementioned challenges, in this work, we designed and trained on real data a fully-unsupervised
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Wasserstein Generative Adversarial Network on stereoscopic shower images (Stereo-wGAN) from
the VERITAS gamma-ray observatory. In this presentation, we highlight our model’s ability to gen-
erate realistic stereoscopic events that are self-consistent in their quantitative image-wise moments
(Hillas parameters) and overall reconstructed shower parameters. We also showcase the utility of our
model-learnt internal feature representations in exploring the diversity of shower events as a way
towards enabling future unsupervised characterization of gamma-ray and hadronic events, which is
another challenging task in the field of gamma-ray astrophysics.

Type of Contribution:
talk

Talks / 22

Graph Neural Networks for Photon Search with the Underground
Muon Detector of the Pierre Auger Observatory (Remote)

Author: Ezequiel Rodriguez'

! ITeDA-KIT
Corresponding Author: ezequiel.rodriguez.94@gmail.com

Ultra-high-energy (UHE) photons are expected as by-products of cosmic-ray acceleration, propa-
gation, or decay of super-heavy dark matter particles. Predicted diffuse photon fluxes are usually
several orders of magnitude below the UHE cosmic-ray flux. This contribution presents a method
for discriminating photon-initiated air showers in the overwhelming cosmic-ray background with
the Pierre Auger Observatory. The method leverages information from both the Surface Detector
(SD), consisting of water-Cherenkov detectors (WCDs) and the Underground Muon Detector (UMD).
We use graph neural networks, that allow the encoding of the input information acquired by the SD
and UMD. The approach is particularly suitable for handling the irregular geometries of the SD and
UMD arrays, where stations may be temporarily missing due to technical issues. Using simulations,
the performance estimates indicate that the method has a strong potential for identifying photons
at UHE.

Type of Contribution:
talk

Talks / 23

Stereograph: stereoscopic event reconstruction using graph neu-
ral networks applied to CTAO (Remote)

Authors: Thomas Vuillaume'; Hana Ali Messaoud!; Tom Francois®

U LAPP, Univ. Savoie Mont-Blanc, CNRS
Corresponding Author: hana.alimessaoud@lapp.in2p3.fr
The CTAO (Cherenkov Telescope Array Observatory) is an international observatory currently un-

der construction. With more than sixty telescopes, it will eventually be the largest and most sensitive
ground-based gamma-ray observatory.
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CTAO studies the high-energy universe by observing gamma rays emitted by violent phenomena
(supernovae, black hole environments, etc.). These gamma rays produce an atmospheric shower
upon entering the atmosphere, which emits faint blue light, observed by CTAQO’s highly sensitive
cameras. The event reconstruction consists of analyzing the images produced by the telescopes to
retrieve the physical properties of the incident particle (mainly direction, energy, and type).

A standard method for performing this reconstruction consists of combining traditional image pa-
rameter calculations with machine learning algorithms, such as random forests, to estimate the
particle’s energy and class for each telescope. A second step, called stereoscopy, combines these
monoscopic reconstructions into a global one using engineered weighted averages.

In this work, we explore the possibility of using Graph Neural Networks (GNNs) as a suitable so-
lution for combining information from each telescope. The “graph” approach aims to link observa-
tions from different telescopes, allowing analysis of the shower from multiple angles and produc-
ing a stereoscopic reconstruction of the events. We apply GNNs to CTAO-simulated data from the
Northern hemisphere and show that they are a very promising approach to improving event recon-
struction, providing a more performant stereoscopic reconstruction. In particular, we observe better
energy and angular resolutions and enhanced separation between gamma photons and protons com-
pared to the Random Forest method.

Type of Contribution:
talk

Talks / 24

Deep Learning applied to CTAO LST-1 and the difficulty to go
from simulated to real data (Remote)

Authors: Thomas Vuillaume!; Michaél Dell’aiera’; Alexandre Benoit?

! LAPP, Univ. Savoie Mont-Blanc, CNRS
2 LISTIC, Univ. Savoie Mont-Blanc

Corresponding Author: thomas.vuillaume@lapp.in2p3.fr

GammalLearn is a project developing deep learning solutions for the Cherenkov Telescope Array
Observatory (CTAO) data analysis. Its first application is event reconstruction based on images ac-
quired by the Large-Sized Telescope (LST-1), currently under commissioning at La Palma.

In this talk, we present a review of the project: the architecture y-PhysNet we have developed to
tackle this multi-task problem, the results obtained on simulated and real data, as well as solutions de-
veloped to compensate for some of the issues arising from data vs simulation discrepancies.

Type of Contribution:
talk

Talks / 25
A Hybrid Approach to Event Reconstruction for Atmospheric Cherenkov

Telescopes Combining Machine Learning and Likelihood Fitting
(Remote)

Authors: Georg Schwefer!; Robert Parsons?; Jim Hinton'
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! Max-Planck-Institut fiir Kernphysik

* Institut fiir Physik, Humboldt-Universitdt zu Berlin
Corresponding Author: georg.schwefer@mpi-hd.mpg.de

The imaging atmospheric Cherenkov technique currently provides the highest angular resolution
achievable in astronomy at very high energies. High resolution measurements provide the key to
progress on many of the key questions in high energy astrophysics. The huge potential of the next
generation Cherenkov Telescope Array Observatory (CTAO) in this regard can be realised with the
help of improved algorithms for the reconstruction of the air-shower direction and energy. Hybrid
methods combining maximum-likelihood fitting techniques with neural networks represent a par-
ticularly promising approach.

Here, we present the FreePACT algorithm, a hybrid machine-learning likelihood reconstruction
method for IACTs. In this, the analytical likelihood used in traditional image-likelihood fitting tech-
niques is replaced by a neural network that approximates the charge probability density function
for each pixel in the camera. The performance of this improved algorithm is demonstrated using
simulations of the planned CTAO Southern array.

Type of Contribution:
talk

Talks / 26

Interpretable Deep Learning for Event Reconstruction in IceCube

Author: Mirco Huennefeld'

' Universitit Dortmund
Corresponding Author: mirco.huennefeld@icecube.wisc.edu

Event reconstruction is a critical step in the analysis of data at the IceCube Neutrino Observa-
tory. Traditional maximum-likelihood methods, while provably optimal under certain conditions,
can be computationally expensive and infeasible in practice. A reconstruction method is presented
that combines the statistical rigor of maximum-likelihood estimation with the powerful representa-
tion learning capabilities of deep neural networks. By leveraging domain knowledge and exploit-
ing inherent symmetries in the problem, a highly interpretable deep learning model is developed
that improves event reconstruction accuracy and computational efficiency. The model not only
achieves state-of-the-art performance but also provides robust generalization along built-in symme-
tries.

Type of Contribution:

Talks / 27

IceTop-CNN: Cosmic-Ray Reconstruction in IceTop using a Con-
volutional Neural Network with Low-Level Inputs (Remote)

Authors: Ethan Dorr™*™; Frank McNally"

! Mercer University
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Corresponding Author: edorr@icecube.wisc.edu

We present on the development of an application for training and evaluating convolutional neural
networks for use with high-statistics, minimally-cut cosmic-ray anisotropy studies. This application
has been built to utilize computing resources from the IceCube Observatory using the HTCondor
workload management system. Our goal is to streamline the creation of lightweight models that
can successfully reconstruct well-captured and uncontained events over a large zenith range using
only low-level charge and time information as inputs. By doing this, we aim to minimize system-
atic uncertainty in our models while maintaining the accuracy of models trained on higher-level
parameters. Our current baseline model is capable of estimating the energies of 68% of unfiltered
simulations in our dataset within 15% of their true values. The application is intended to be ac-
cessible to novices in machine learning and data science with guides for installation and creating
and assessing models available. We hope to see improvement in both the reconstructions of addi-
tional event characteristics and accessibility of our application to beginners in programming and
research.

Type of Contribution:
talk

Talks / 28

Evaluation of energy reconstruction performance of the Telescope
Array surface detector using a deep neural network and hybrid
data (Remote)

Author: Anton Prosekin’

Co-authors: Kozo Fujisue %; Anatoli Fedynitch %; Hiroyuki Sagawa *

! Institute of Physics, Academia Sinica
? Institute of Physics, Academia Sinica

* Institute for Cosmic Ray Research, the University of Tokyo
Corresponding Author: antonpr@gate.sinica.edu.tw

Accurate reconstruction of Ultra-High-Energy Cosmic Ray (UHECR) properties is crucial for study-
ing their origins and composition. In this work, we introduce a Deep Neural Network (DNN) model
based on the AixNet architecture to reconstruct UHECR parameters using data from the Telescope
Array surface detector (SD). The DNN predicts key parameters, such as energy, arrival direction,
core position, Xmax, and primary mass, by analyzing both time traces and spatial correlations in
the data. Monte Carlo simulations for four mass groups (proton, helium, CNO, and iron) indicate
that the DNN enhances the resolution of energy, direction, and core position compared to standard
methods. This improvement is expected to hold even with relaxed data quality criteria, potentially
increasing the number of usable events. We present resolution estimates, systematic studies based
on simulations, and validate the DNN’s performance with hybrid data.

Type of Contribution:
talk

Talks / 29

Deep Learning in Astroparticle Physics
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Author: Jonas Glombitza'

' RWTH AACHEN UNIVERSITY

Corresponding Author: jonas.glombitza@rwth-aachen.de

Deep Learning in Astroparticle Physics

Algorithms based on machine learning have been extraordinarily successful across many domains,
including computer vision, machine translation, engineering, and science.

Moreover, in the field of physics, the importance of machine learning is growing quickly, driven by
the need for precise and efficient algorithms that can effectively handle vast amounts of complex
and high-dimensional data.

Recently, with the help of these novel algorithms, providing improved reconstructions, new insights
into astroparticle physics could be gained.

Could it even become a new paradigm for data-driven knowledge discovery?

In this review, we explore the current state of machine learning in astroparticle physics after intro-
ducing its fundamental concepts.

We outline the immense potential of this emerging technology, illustrate the wide variety of possible
applications in the context of astroparticle physics, and debate the latest breakthroughs.

Finally, we present novel approaches and techniques and discuss future applications and challenges
in the field.

Type of Contribution:

Talks / 30

Detection of Radio Signals from Cosmic Rays Using Convolutional
Neural Networks with Data from SKALA antennas at IceTop

Author: Paula Galvez Molina™°"

Co-authors: Abdul Rehman !; Frank Schroeder 2

! University of Delaware

2 University of Delaware / Karlsruhe Institute of Technology
Corresponding Author: paulagm@udel.edu

Cosmic rays colliding with atmospheric particles produce cascades of secondary particles known
as extensive air showers. These showers emit electromagnetic radiation whose radio component is
detectable by radio antennas. At the surface of the IceCube Neutrino Observatory in Antarctica,
a prototype station equipped with three antennas has been collecting background and air-shower
data since 2020. Traditionally, we have employed Signal-to-Noise Ratio (SNR) cuts to select candidate
radio events, which discarded valuable measurements of air showers at lower SNR levels. However,
Convolutional Neural Networks (CNNs) can outperform traditional methods in classification and
denoising radio pulses from air showers. Such CNNs have been trained on the waveforms resulting
from combining South Pole background data with simulated cosmic-ray signals generated by the
CoREAS software.The CNNs can identify additional air-shower events that do not pass traditional
SNR cuts, while also improving the accuracy of pulse power and timing measurements. Recently,
we have also started to explored the impact of upsampled waveforms on the accuracy of CNN-based
classifiers and denoisers. These networks will contribute to achieving the science goals envisioned
for radio arrays for air-shower detection, such as the IceCube-Gen2 Surface Array.

Type of Contribution:
talk
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Talks / 31

UHE Cosmic Ray Candidate Identification in RNO-G Deep Anten-
nas Using Machine Learning

Author: Bryan Hendricks'

! Pennsylvania State University
Corresponding Author: blh5615@psu.edu

Ultra-high-energy cosmic rays (UHECRs) are believed to originate from the universe’s most cata-
clysmic events, yet their sources remain unidentified. Composed primarily of protons and nuclei
ranging from light elements to iron, these charged particle emissions are deflected en route to Earth
by magnetic fields, obscuring their true source directions. The Radio Neutrino Observatory in Green-
land (RNO-G) addresses this issue by targeting UHE neutrinos, as many of the mechanisms hypoth-
esized to produce UHECRs are also expected to unleash UHE neutrinos. Neutrinos, due to their
neutrality, near-zero mass, and weak interactions, can traverse the cosmos unhindered and unde-
flected. While these characteristics make neutrinos invaluable for tracing their origins, they also
make them incredibly difficult to detect.

RNO-G overcomes this challenge by leveraging the Askaryan effect: when UHE neutrinos inter-
act within a dense, dielectric medium, they produce showers that emit broadband electromagnetic
radiation which coherently sums in the radio regime. This phenomenon allows for a massive effec-
tive detection volume due to the long attenuation lengths of radio waves in ice. However, UHECR
showers can produce impulsive emissions that closely mimic neutrino-induced showers, making
them a critical background to account for in neutrino searches. This work presents methodology
and preliminary results from a linear discriminant analysis, along with plans for other classification
methods, applied to a subset of RNO-G data to identify cosmic ray candidate events in its deep in-ice
antennas.

Type of Contribution:
talk

Talks / 32

Reconstruction of energy and arrival directions of UHECRSs regis-
tered by fluorescence telescopes with a neural network (Remote)

Author: Mikhail Zotov'

! Lomonosov Moscow State University
Corresponding Author: mikhail.zotov.1e20@gmail.com

Fluorescence telescopes are important instruments widely used in modern experiments for register-
ing ultraviolet radiation from extensive air showers (EASs) generated by cosmic rays of ultra-high
energies. We present a proof-of-concept convolutional neural network aimed at reconstruction of
energy and arrival directions of primary particles using model data for two telescopes developed
by the international JEM-EUSO collaboration. We also demonstrate how a simple convolutional
encoder-decoder can be used for EAS track recognition. The approach is generic and can be adopted
for other fluorescence telescopes.

Type of Contribution:
talk
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Machine learning using NuDot

Authors: Masooma Sarfraz¥°"; Spencer Axani!

! University of Delaware
Corresponding Author: masoomas@udel.edu

NuDot is a ton-scale liquid scintillator research and development testbed. It aims to develop tech-
niques to reduce one of the dominant backgrounds in large modern and future liquid scintillator
neutrinoless double beta decay (0vpp) searches: the solar neutrino background. With the help of
machine learning and high-speed electronics, NuDot will demonstrate the ability to extract direc-
tional information by separating the prompt Cherenkov radiation within the isotropic scintillation
emission. This separation is done using low time-transit-spread photomultiplier tubes. We are using
U-Net architecture, a convolutional neural network originally developed to perform image segmen-
tation that aims to find the hit time of the photon and extract the charge. In addition, efforts are
underway to integrate these machine learning models into the front-end data acquisition systems,
such as RFSoC platforms, to enable real-time processing and decision-making.

Type of Contribution:

poster / flash talk (for work in progress)

Talks / 34

The Radar Echo Telescope for Cosmic rays

Authors: Krishna Nivedita Gopinath'; Katie Mulrey”

' Radboud University

2 University of Delaware
Corresponding Author: krishna.gopinath@ru.nl

The Radar Echo Telescope for Cosmic Rays (RET-CR) was deployed this year at the high-altitude
Summit Station in Greenland. Its primary goal is to detect in-ice continuations of high-energy
cosmic-ray-induced air showers using the radar echo method. Successfully detecting in-ice cosmic-
ray signals through this technique would provide significant insights and serve as a foundation for
the establishment of the Radar Echo Telescope for Neutrinos (RET-N).

This talk will focus on the radar echo technique, analysis of RET-CR surface station data for recon-
struction of key parameters, including primary energy, arrival direction, and core positions. It would
also involve studying the combined askaryan and radar signals.

Type of Contribution:

poster / flash talk (for work in progress)

Opening Session / 35
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Machine Learning Educational Talk

Type of Contribution:

Opening Session / 36

Welcome

Corresponding Author: fgs@udel.edu

Talks / 37
Searching for Rare Astrophysical Events with Rare Al

Rare event searches are fundamental to our understanding of crucial astrophysical phenomena, in-
cluding neutrinoless double beta decay, dark matter detection, and binary black hole mergers. While
artificial intelligence has revolutionized many scientific fields, its application to rare event searches
presents unique challenges due to the inherent scarcity of training data. This talk presents two in-
novative Al solutions specifically developed for rare event searches in physics and astronomy. First,
we introduce a Rare Event Surrogate Model, initially designed for optimizing neutrinoless double-
beta decay detectors, with planned extensions to binary black hole merger simulations. Second, we
discuss our Al-ready data release from a cutting-edge axion dark matter detector, demonstrating
significant improvements in dark matter search sensitivity through Al-driven analysis. These devel-
opments showcase how carefully tailored Al approaches can overcome the challenges of limited data
availability while enhancing our capability to detect and analyze rare astrophysical events.

Type of Contribution:

Opening Session / 39

Teaching Al and ML to phsyics students

Author: Federica Bianco’

! University of Delaware
Corresponding Author: fbianco@udel.edu

Artificial Intelligence (Al) is pervading all aspects of our society, and can be leveraged to support and
facilitate scientific discovery. However, teaching Al in the rapidly evolving Al landscape is difficult.
I will cover the essential tools and concepts that physics students should familiarize with in their
course work to be on track to master Al applications in physics and astronomy, and methods for
teaching them, including leveraging Al when writing code.

Type of Contribution:
talk
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