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1. Introduction: cosmic rays in
the AugerPrime Era

The most energetic cosmic rays interact with the atmosphere
initiating extensive air-showers (EAS) composed of a myriad of
secondary particles. /

Their detection is done by sampling the sther components in
large ground-based detector arrays, such/as the Pierre Auger
Observatory [1] in Malargle, Argentina. /
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Discrepancies between the experime///, f//l/;,lfl‘%weasurements and air-
shower simulations, particularly /€oncerning the muonic
component, the Muon Puzzle [/;/f?:./}s/bngly motivate a more
detailed investigation of the particle content of air-showers at

MEFT

3. Results: spectral properties
Inference from detector signals

From the signal and spectral phase spaces, we constructed a
method to exploit their one-to-one mapping.
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2. Objective: measuring EAS
ground component energy

We explore the physically motivated relationship between the
surface scintillator (Sggp) and water Cherenkov (Sywcp) signals,

and total particle energy (E;,:) and EM particle multiplicity (M).
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energy spectra. spectral distribution.

Fixing the joint signal (Sssp, Swep) allows to infer the most
probable (Ei,;, M) values, estimating their distribution in the
spectral phase space.

The dissimilarity between predicted and true distributions is
quantified by the Wasserstein distance [5].
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4. Conclusions and outlook

Proof-of-concept: sighal-spectral mapping

The complementary modules of a multi-hybrid detector station
enable the inference of event-by-event spectral properties, opening
the door to unprecedented tests to hadronic interaction models.

Disentangling the muonic component &
controlling detector systematics

Taking advantage of the RPCs installed beneath the WCD - the R&D
MARTA station — the muonic component of the shower could be
separated from the remaining shower components. Additionally, a
3" detector module would allow for consistency checks on the
method, mitigating the impact of detector-related effects.

References

[1] Pierre Auger Collaboration. Nucl. Instrum. Meth. Phys. Res. A 798 (Oct. 2015). DOI: 10.1016/j.nima.2015.06.058.
[2] Pierre Auger Collaboration. Phys. Rev. Lett. 117 (Oct. 2016). DOI: 10.1103/PhysRevlLett.117.192001.
[3] P. Assis et al. J. Cosmol. Astropart. Phys. 10 (Oct. 2025). DOI: 10.1088/1475-7516/2025/10/097.

[4] D. Heck et al. Report FZKA-6019 (Feb. 1998). URL: https://www.iap.kit.edu/corsika/70.php.

[ KDE to construct the response + Bayesian inference to predict ]
[5] V. M. Panaretos et al. Annu. Rev. Stat. Appl. 6 (Mar. 2019). DOI: 10.1146/annurev-statistics-030718-104938.

MEFT %

Boosting the Future

TECNICO

UNIVERSIDADE
DE LISBOA

OBSERVATORY


https://web.tecnico.ulisboa.pt/guilherme.a.neves/
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub#cited-by
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://iopscience.iop.org/article/10.1088/1475-7516/2025/10/097
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.iap.kit.edu/corsika/70.php
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938
https://www.annualreviews.org/content/journals/10.1146/annurev-statistics-030718-104938

	Slide 4


   ​  ​ 1


    ( S SSD )


  (  S WCD )


  (  E tot )


  ( M )


   (  S SSD ,         S WCD )


   (  E tot , M )


   (  𝑺  𝐒 𝐒 𝐃 ,         𝑺  𝐖 𝐂 𝐃 )


   (  𝑬  𝐭 𝐨 𝐭 , 𝑴 )


  S  ( t ) =   ∑ species   [  ∫  d E   d Ω    d 2 x   d t ′   𝜙  ( t ′ , E , Ω , 𝐱 )   D  ( t − t ′ , E , Ω , 𝐱 ) ] + n  ( t )

