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Cosmogenic neutrinos are expected to originate in the extragalactic propagation of ultra-high-

energy cosmic rays (UHECRs), as a result of their interactions with background photons. Due to

these reactions, the visible Universe in UHECRs is more limited than in neutrinos, which instead

could reach us without interacting after traveling cosmological distances. In this contribution,

we exploit a multimessenger approach by computing the expected energy spectrum and mass

composition of UHECRs at Earth corresponding to combinations of spectral parameters and mass

composition at their sources, as well as parameters related to the UHECR source distribution,

and by determining, at the same time, the associated cosmogenic neutrino ŕuxes. By comparing

the expected UHECR observables to the energy spectrum and mass composition measured at the

Pierre Auger Observatory above 1017.8 eV and the expected neutrino ŕuxes to the most updated

neutrino limits, we show the dependence of the neutrino ŕuxes on the characteristics of the the

properties of the potential sources of UHECRs, such as their cosmological evolution and maximum

redshift. In addition, the fraction of protons compatible with the data is also investigated in terms

of expected neutrino ŕuxes.
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1. Introduction

Cosmogenic neutrinos are expected to be produced during the extragalactic propagation of ultra-

high-energy cosmic rays (UHECRs), as a consequence of their interactions with photon őelds such

as the cosmic microwave background (CMB) or the extragalactic background light (EBL), where

the produced charged mesons subsequently decay, producing neutrinos. Due to these reactions, the

visible Universe in UHECRs is much more limited than what can be seen in neutrinos, which can

reach us without interacting in their extragalactic travel. Neutrinos can therefore bring information

on parameters relevant for UHECR source classes which are connected with the cosmological

distribution, as well as with the maximum redshift of the sources contributing to UHECRs.

In [1], a pure-proton scenario for UHECRs was used to constrain the source evolution and the

maximum redshift of the UHECR source class, through the associated cosmogenic neutrinos. The

aim of the present work is to take into account the most up-to-date upper limits from the Pierre

Auger Observatory, shown in [2] and [3] with a pure-proton scenario for the UHECRs at the escape

from the sources. In addition, here we also explore scenarios where the mass fractions and the

spectral parameters at the emission from the sources are considered as free parameters, by taking

into account the entire energy range across and above the ankle for the őt of the energy spectrum

and the mass composition, as done in [4]. The outcome in cosmogenic neutrinos is thus exploited to

possibly indicate the characteristics of UHECR source classes dominating different energy ranges.

Being the UHECR propagation in the extragalactic space also subject to different computational

treatments and approximations of the interactions, the outcome in neutrinos is affected by these

details as well [5, 6], and the consequent source UHECR source parameters might reŕect the use of

different simulation codes, as discussed in the following.

The Pierre Auger Observatory [7] is currently the world largest array of detectors exploring

the energy spectrum, arrival distributions and composition of cosmic rays above about 1017 eV. It

is located in the Pampa Amarilla, in the Province of Mendoza, Argentina. The observatory is a

giant hybrid detector combining water Cherenkov tanks known as the Surface Detector (SD) and

ŕuorescence telescopes known as the Fluorescence Detector (FD). The original design consisted

of an array of 1600 tanks separated by 1.5 km spread over an area of 3000 km2, overlooked by

24 ŕuorescence telescopes in four buildings at the edge of the array. The SD samples the lateral

distribution of particles and the time of arrival of the shower front, while the FD records the

longitudinal distribution proőle of the extensive air shower (EAS). An extension deployed since

then includes a denser inőll array with 61 extra SD stations with 750 m spacing over a 27.5 km2 area

overlooked by 3 extra telescopes, designed to detect lower-energy showers down to 1017 eV. With the

SD of the Pierre Auger Observatory we can detect neutrinos with energy between 1017 eV and 1020

eV from point-like sources across the sky. The identiőcation is efficiently performed for neutrinos

of all ŕavors interacting in the atmosphere at large zenith angles, as well as for Earth-skimming

𝜏 neutrinos with nearly tangential trajectories relative to the Earth. For more details on neutrino

searches with Auger, see [1] and [3].
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2. The procedure

We assume UHECRs to be injected in the extragalactic space with a power-law energy spectrum

that depends on spectral index 𝛾 and rigidity cutoff 𝑅cut. The injection spectrum for a cosmic ray

of mass 𝐴 follows
𝑑𝑁

𝑑𝐸
∝ 𝑓𝐴

(

𝐸

1018 eV

)−𝛾

× (1 + 𝑧)𝑚 × 𝑓cut(𝐸, 𝑍𝐴𝑅cut) (1)

where 𝑓𝐴 is the CR primary mass fraction, 𝑧 is the redshift of production, 𝑚 is the evolution

parameter and 𝑓cut(𝐸, 𝑍𝐴𝑅cut) is the cutoff function of the energy spectrum at injection deőned as

𝑓cut(𝐸, 𝑍𝐴𝑅cut) =

{

1 (𝐸 < 𝑍𝐴𝑅cut)

exp
(

1 − 𝐸
𝑍𝐴𝑅cut

)

(𝐸 ≥ 𝑍𝐴𝑅cut)
(2)

where 𝑍𝐴 is the electric charge. We use SimProp [8] to simulate the propagation through the

intergalactic medium and we consider Gilmore et al. 2012 őducial (G12) [9] as EBL model. With

the same software, we get the cosmogenic neutrino ŕux associated to the corresponding cosmic-ray

ŕux. We note here that the neutrino ŕux computed with SimProp is a factor of 2 lower than what

obtained with CRPropa [10] within the same initial assumptions (as shown in [6]), as due to details

of the implementation of the photo-meson production. The total exposure 𝜀tot (reported in Fig. 1,

for the time range Jan 04 - Dec 21 with solid lines and Jan 04 - Aug 18 with dashed lines) folded

with a single-ŕavor ŕux of UHE neutrinos 𝜙(𝐸𝜈) per unit energy, area 𝐴, solid angle Ω and time,

and integrated in energy gives the expected number of events for that ŕux:

𝑁evt =

∫

𝐸𝜈

𝜀tot(𝐸𝜈)𝜙(𝐸𝜈)𝑑𝐸𝜈 . (3)

This number is then compared with the Feldman-Cousins factor [11] for a non-observation of events

in the absence of an expected background accounting for systematic uncertainties [12], to the aim

of evaluating the power of exclusion.

3. Results

In this section we report the indications for the UHECR source parameters related to the pure-

proton and mixed composition scenarios, using the energy spectrum and mass composition data of

ICRC 2019 reported in [13], and the cosmogenic neutrino limits from [3].

3.1 Pure-proton scenario with fixed parameters

In this őrst analysis, only a pure-proton scenario was considered in which the spectral index

𝛾 of the UHECR proton spectrum at the sources is őxed to 2.5, and the maximum energy is cut at

𝐸max = 6 × 1020 eV. We performed a comprehensive scanning of the parameters 𝑧max (in the range

[1.0, 5.0] with steps of 0.1) and 𝑚 (in the range [2.0, 5.0] with steps of 0.1) of the source evolution

function: for each pair, the cosmogenic neutrino ŕux was obtained and, consequently, the expected

number of neutrino events considering the Eq. 3. This is shown in Fig. 2 (top), corresponding to

the exposure shown in Fig. 1 (solid line). We observe that the parameter space above the solid line

can be excluded with a 90% conődence level (C.L.). When comparing these results to the ones
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4. Conclusions

In this contribution, we exploited a multimessenger approach by using the expected energy

spectrum and mass composition of UHECRs at Earth to determine the associated cosmogenic

neutrino ŕuxes for different scenarios. We showed that it is possible to indicate what UHECR

source parameters give origin to a cosmogenic neutrino ŕux not exceeding the most up-to-date upper

limits. Uncertainties in these indications include details of the implementation of the interactions

producing cosmogenic neutrinos in the simulation codes used, as for instance the differences with

respect to what obtained in [1] for the case of pure-proton composition. As a novelty with respect

to [1], here we also explored scenarios where the mass fractions and the spectral parameters at

the emission from the sources are considered as free parameters, by taking into account the entire

energy range across and above the ankle for the őt of the energy spectrum and the mass composition.

We put together the information coming from the quality of the őt and the outcome in terms of the

ŕux of cosmogenic neutrinos and with this procedure we were able to indicate the characteristics

of UHECR source classes. We found out that the strong evolution of HE population is disfavored

due to the quality of the őt of the spectrum and the mass composition while a strong evolution of

the LE population can be excluded with 90% C.L. thanks to the associated neutrino ŕux.

References

[1] A. Aab et al. [Pierre Auger coll.], JCAP 10 (2019), 022, [1906.07422].

[2] M. Niechciol [Pierre Auger coll.], EPJ Web Conf. 283 (2023), 04003.

[3] M. Niechciol [for the Pierre Auger coll.], Proc. 38th Int. Cosmic Ray Conf., Nagoya, Japan (2023),

PoS(ICRC2023) 1488.

[4] A. A. Halim et al. [Pierre Auger coll.], JCAP 05 (2023), 024, [astro-ph.HE/2211.02857].

[5] R. Alves Batista, D. Boncioli, A. di Matteo, A. van Vliet and D. Walz, JCAP 10 (2015), 063,

[astro-ph.HE/1508.01824].

[6] R. Alves Batista, D. Boncioli, A. di Matteo and A. van Vliet, JCAP 05 (2019), 006,

[astro-ph.HE/1901.01244].

[7] A. Aab et al. [Pierre Auger coll.], Nucl. Instrum. Meth. A 798 (2015), 172-213, [astro-ph.IM/1502.01323].

[8] R. Aloisio, D. Boncioli, A. Di Matteo, A. F. Grillo, S. Petrera and F. Salamida, JCAP 11 (2017), 009,

[1705.03729].

[9] R. C. Gilmore, R. S. Somerville, J. R. Primack and A. Dominguez, Mon. Not. Roy. Astron. Soc. 422 (2012),

3189, [astro-ph.CO/1104.0671].

[10] R. Alves Batista, A. Dundovic, M. Erdmann, K. H. Kampert, D. Kuempel, G. Müller, G. Sigl, A. van Vliet,

D. Walz and T. Winchen, JCAP 05 (2016), 038, [1603.07142].

[11] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57 (1998), 3873-3889, [9711021].

[12] J. Conrad, O. Botner, A. Hallgren and C. Perez de los Heros, Phys. Rev. D 67 (2003), 012002, [0202013].

[13] A. Aab et al. [Pierre Auger coll.], [astro-ph.HE/1909.09073].

[14] O. Tkachenko [for the Pierre Auger coll.], Proc. 38th Int. Cosmic Ray Conf., Nagoya, Japan (2023),

PoS(ICRC2023) 438.

[15] J. L. Puget, F. W. Stecker and J. H. Bredekamp, Astrophys. J. 205 (1976), 638-654.

[16] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko and K. Werner, Phys. Rev. C 92 (2015) no.3, 034906,

[hep-ph/1306.0121].

8

https://doi.org/10.1088/1475-7516/2019/10/022
https://arxiv.org/abs/1906.07422
https://doi.org/10.1051/epjconf/202328304003
https://doi.org/10.1088/1475-7516/2023/05/024
https://arxiv.org/abs/2211.02857
https://doi.org/10.1088/1475-7516/2015/10/063
https://arxiv.org/abs/1508.01824
https://doi.org/10.1088/1475-7516/2019/05/006
https://arxiv.org/abs/1901.01244
https://doi.org/10.1016/j.nima.2015.06.058
https://arxiv.org/abs/1502.01323
https://doi.org/10.1088/1475-7516/2017/11/009
https://arxiv.org/abs/1705.03729
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://arxiv.org/abs/1104.0671
https://doi.org/10.1088/1475-7516/2016/05/038
https://arxiv.org/abs/1603.07142
https://doi.org/10.1103/PhysRevD.57.3873
https://arxiv.org/abs/physics/9711021
https://doi.org/10.1103/PhysRevD.67.012002
https://arxiv.org/abs/hep-ex/0202013
https://arxiv.org/abs/1909.09073
https://doi.org/10.1086/154321
https://doi.org/10.1103/PhysRevC.92.034906
https://arxiv.org/abs/1306.0121




P
o
S
(
I
C
R
C
2
0
2
3
)
1
5
2
0

Constraints on UHECR characteristics from cosmogenic neutrino limits Camilla Petrucci

F. Sarazin85, R. Sarmento72, R. Sato11, P. Savina91, C.M. Schäfer41, V. Scherini56,48, H. Schieler41,
M. Schimassek34, M. Schimp38, F. Schlüter41, D. Schmidt39, O. Scholten15,𝑖 , H. Schoorlemmer80,81,
P. Schovánek32, F.G. Schröder90,41, J. Schulte42, T. Schulz41, S.J. Sciutto3, M. Scornavacche7,41,
A. Segreto53,47, S. Sehgal38, S.U. Shivashankara76, G. Sigl43, G. Silli7, O. Sima73,𝑏, F. Simon40, R. Smau73,
R. Šmída89, P. Sommers𝑘 , J.F. Soriano86, R. Squartini10, M. Stadelmaier32, D. Stanca73, S. Stanič76,
J. Stasielak70, P. Stassi36, S. Strähnz39, M. Straub42, M. Suárez-Durán14, T. Suomĳärvi37, A.D. Supanitsky7,
Z. Svozilikova32, Z. Szadkowski71, A. Tapia29, C. Taricco63,52, C. Timmermans81,80, O. Tkachenko41,
P. Tobiska32, C.J. Todero Peixoto18, B. Tomé72, Z. Torrès36, A. Travaini10, P. Travnicek32, C. Trimarelli57,46,
M. Tueros3, M. Unger41, L. Vaclavek33, M. Vacula33, J.F. Valdés Galicia68, L. Valore60,50, E. Varela64,
A. Vásquez-Ramírez30, D. Veberič41, C. Ventura27, I.D. Vergara Quispe3, V. Verzi51, J. Vicha32, J. Vink83,
J. Vlastimil32, S. Vorobiov76, C. Watanabe26, A.A. Watson𝑐, A. Weindl41, L. Wiencke85, H. Wilczyński70,
D. Wittkowski38, B. Wundheiler7, B. Yue38, A. Yushkov32, O. Zapparrata14, E. Zas79, D. Zavrtanik76,77,
M. Zavrtanik77,76

•

1 Centro Atómico Bariloche and Instituto Balseiro (CNEA-UNCuyo-CONICET), San Carlos de Bariloche, Argentina
2 Departamento de Física and Departamento de Ciencias de la Atmósfera y los Océanos, FCEyN, Universidad de Buenos

Aires and CONICET, Buenos Aires, Argentina
3 IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
4 Instituto de Astronomía y Física del Espacio (IAFE, CONICET-UBA), Buenos Aires, Argentina
5 Instituto de Física de Rosario (IFIR) ś CONICET/U.N.R. and Facultad de Ciencias Bioquímicas y Farmacéuticas

U.N.R., Rosario, Argentina
6 Instituto de Tecnologías en Detección y Astropartículas (CNEA, CONICET, UNSAM), and Universidad Tecnológica

Nacional ś Facultad Regional Mendoza (CONICET/CNEA), Mendoza, Argentina
7 Instituto de Tecnologías en Detección y Astropartículas (CNEA, CONICET, UNSAM), Buenos Aires, Argentina
8 International Center of Advanced Studies and Instituto de Ciencias Físicas, ECyT-UNSAM and CONICET, Campus

Miguelete ś San Martín, Buenos Aires, Argentina
9 Laboratorio Atmósfera ś Departamento de Investigaciones en Láseres y sus Aplicaciones ś UNIDEF (CITEDEF-

CONICET), Argentina
10 Observatorio Pierre Auger, Malargüe, Argentina
11 Observatorio Pierre Auger and Comisión Nacional de Energía Atómica, Malargüe, Argentina
12 Universidad Tecnológica Nacional ś Facultad Regional Buenos Aires, Buenos Aires, Argentina
13 University of Adelaide, Adelaide, S.A., Australia
14 Université Libre de Bruxelles (ULB), Brussels, Belgium
15 Vrĳe Universiteit Brussels, Brussels, Belgium
16 Centro Federal de Educação Tecnológica Celso Suckow da Fonseca, Petropolis, Brazil
17 Instituto Federal de Educação, Ciência e Tecnologia do Rio de Janeiro (IFRJ), Brazil
18 Universidade de São Paulo, Escola de Engenharia de Lorena, Lorena, SP, Brazil
19 Universidade de São Paulo, Instituto de Física de São Carlos, São Carlos, SP, Brazil
20 Universidade de São Paulo, Instituto de Física, São Paulo, SP, Brazil
21 Universidade Estadual de Campinas, IFGW, Campinas, SP, Brazil
22 Universidade Estadual de Feira de Santana, Feira de Santana, Brazil
23 Universidade Federal de Campina Grande, Centro de Ciencias e Tecnologia, Campina Grande, Brazil
24 Universidade Federal do ABC, Santo André, SP, Brazil
25 Universidade Federal do Paraná, Setor Palotina, Palotina, Brazil
26 Universidade Federal do Rio de Janeiro, Instituto de Física, Rio de Janeiro, RJ, Brazil
27 Universidade Federal do Rio de Janeiro (UFRJ), Observatório do Valongo, Rio de Janeiro, RJ, Brazil
28 Universidade Federal Fluminense, EEIMVR, Volta Redonda, RJ, Brazil
29 Universidad de Medellín, Medellín, Colombia
30 Universidad Industrial de Santander, Bucaramanga, Colombia

10



P
o
S
(
I
C
R
C
2
0
2
3
)
1
5
2
0

Constraints on UHECR characteristics from cosmogenic neutrino limits Camilla Petrucci

31 Charles University, Faculty of Mathematics and Physics, Institute of Particle and Nuclear Physics, Prague, Czech

Republic
32 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
33 Palacky University, Olomouc, Czech Republic
34 CNRS/IN2P3, ĲCLab, Université Paris-Saclay, Orsay, France
35 Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Sorbonne Université, Université de Paris, CNRS-

IN2P3, Paris, France
36 Univ. Grenoble Alpes, CNRS, Grenoble Institute of Engineering Univ. Grenoble Alpes, LPSC-IN2P3, 38000 Grenoble,

France
37 Université Paris-Saclay, CNRS/IN2P3, ĲCLab, Orsay, France
38 Bergische Universität Wuppertal, Department of Physics, Wuppertal, Germany
39 Karlsruhe Institute of Technology (KIT), Institute for Experimental Particle Physics, Karlsruhe, Germany
40 Karlsruhe Institute of Technology (KIT), Institut für Prozessdatenverarbeitung und Elektronik, Karlsruhe, Germany
41 Karlsruhe Institute of Technology (KIT), Institute for Astroparticle Physics, Karlsruhe, Germany
42 RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
43 Universität Hamburg, II. Institut für Theoretische Physik, Hamburg, Germany
44 Universität Siegen, Department Physik ś Experimentelle Teilchenphysik, Siegen, Germany
45 Gran Sasso Science Institute, L’Aquila, Italy
46 INFN Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila), Italy
47 INFN, Sezione di Catania, Catania, Italy
48 INFN, Sezione di Lecce, Lecce, Italy
49 INFN, Sezione di Milano, Milano, Italy
50 INFN, Sezione di Napoli, Napoli, Italy
51 INFN, Sezione di Roma łTor Vergata”, Roma, Italy
52 INFN, Sezione di Torino, Torino, Italy
53 Istituto di Astroősica Spaziale e Fisica Cosmica di Palermo (INAF), Palermo, Italy
54 Osservatorio Astroősico di Torino (INAF), Torino, Italy
55 Politecnico di Milano, Dipartimento di Scienze e Tecnologie Aerospaziali , Milano, Italy
56 Università del Salento, Dipartimento di Matematica e Fisica łE. De Giorgi”, Lecce, Italy
57 Università dell’Aquila, Dipartimento di Scienze Fisiche e Chimiche, L’Aquila, Italy
58 Università di Catania, Dipartimento di Fisica e Astronomia łEttore Majoranał, Catania, Italy
59 Università di Milano, Dipartimento di Fisica, Milano, Italy
60 Università di Napoli łFederico II”, Dipartimento di Fisica łEttore Pancini”, Napoli, Italy
61 Università di Palermo, Dipartimento di Fisica e Chimica ”E. Segrè”, Palermo, Italy
62 Università di Roma łTor Vergata”, Dipartimento di Fisica, Roma, Italy
63 Università Torino, Dipartimento di Fisica, Torino, Italy
64 Benemérita Universidad Autónoma de Puebla, Puebla, México
65 Unidad Profesional Interdisciplinaria en Ingeniería y Tecnologías Avanzadas del Instituto Politécnico Nacional

(UPIITA-IPN), México, D.F., México
66 Universidad Autónoma de Chiapas, Tuxtla Gutiérrez, Chiapas, México
67 Universidad Michoacana de San Nicolás de Hidalgo, Morelia, Michoacán, México
68 Universidad Nacional Autónoma de México, México, D.F., México
69 Universidad Nacional de San Agustin de Arequipa, Facultad de Ciencias Naturales y Formales, Arequipa, Peru
70 Institute of Nuclear Physics PAN, Krakow, Poland
71 University of Łódź, Faculty of High-Energy Astrophysics,Łódź, Poland
72 Laboratório de Instrumentação e Física Experimental de Partículas ś LIP and Instituto Superior Técnico ś IST,

Universidade de Lisboa ś UL, Lisboa, Portugal
73 łHoria Hulubei” National Institute for Physics and Nuclear Engineering, Bucharest-Magurele, Romania
74 Institute of Space Science, Bucharest-Magurele, Romania
75 University Politehnica of Bucharest, Bucharest, Romania
76 Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica, Slovenia
77 Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia

11



P
o
S
(
I
C
R
C
2
0
2
3
)
1
5
2
0

Constraints on UHECR characteristics from cosmogenic neutrino limits Camilla Petrucci

78 Universidad de Granada and C.A.F.P.E., Granada, Spain
79 Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela, Santiago de Com-

postela, Spain
80 IMAPP, Radboud University Nĳmegen, Nĳmegen, The Netherlands
81 Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), Science Park, Amsterdam, The Netherlands
82 Stichting Astronomisch Onderzoek in Nederland (ASTRON), Dwingeloo, The Netherlands
83 Universiteit van Amsterdam, Faculty of Science, Amsterdam, The Netherlands
84 Case Western Reserve University, Cleveland, OH, USA
85 Colorado School of Mines, Golden, CO, USA
86 Department of Physics and Astronomy, Lehman College, City University of New York, Bronx, NY, USA
87 Michigan Technological University, Houghton, MI, USA
88 New York University, New York, NY, USA
89 University of Chicago, Enrico Fermi Institute, Chicago, IL, USA
90 University of Delaware, Department of Physics and Astronomy, Bartol Research Institute, Newark, DE, USA
91 University of Wisconsin-Madison, Department of Physics and WIPAC, Madison, WI, USA

Ðś
𝑎 Louisiana State University, Baton Rouge, LA, USA
𝑏 also at University of Bucharest, Physics Department, Bucharest, Romania
𝑐 School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom
𝑑 now at Agenzia Spaziale Italiana (ASI). Via del Politecnico 00133, Roma, Italy
𝑒 Fermi National Accelerator Laboratory, Fermilab, Batavia, IL, USA
𝑓 now at Graduate School of Science, Osaka Metropolitan University, Osaka, Japan
𝑔 now at ECAP, Erlangen, Germany
ℎ Max-Planck-Institut für Radioastronomie, Bonn, Germany
𝑖 also at Kapteyn Institute, University of Groningen, Groningen, The Netherlands
𝑗 Colorado State University, Fort Collins, CO, USA
𝑘 Pennsylvania State University, University Park, PA, USA

Acknowledgments

The successful installation, commissioning, and operation of the Pierre Auger Observatory would not have been

possible without the strong commitment and effort from the technical and administrative staff in Malargüe. We are very

grateful to the following agencies and organizations for őnancial support:

Argentina ś Comisión Nacional de Energía Atómica; Agencia Nacional de Promoción Cientíőca y Tecnológica

(ANPCyT); Consejo Nacional de Investigaciones Cientíőcas y Técnicas (CONICET); Gobierno de la Provincia de

Mendoza; Municipalidad de Malargüe; NDM Holdings and Valle Las Leñas; in gratitude for their continuing coop-

eration over land access; Australia ś the Australian Research Council; Belgium ś Fonds de la Recherche Scientiőque

(FNRS); Research Foundation Flanders (FWO); Brazil ś Conselho Nacional de Desenvolvimento Cientíőco e Tecnológico

(CNPq); Financiadora de Estudos e Projetos (FINEP); Fundação de Amparo à Pesquisa do Estado de Rio de Janeiro

(FAPERJ); São Paulo Research Foundation (FAPESP) Grants No. 2019/10151-2, No. 2010/07359-6 and No. 1999/05404-

3; Ministério da Ciência, Tecnologia, Inovações e Comunicações (MCTIC); Czech Republic ś Grant No. MSMT CR

LTT18004, LM2015038, LM2018102, CZ.02.1.01/0.0/0.0/16_013/0001402, CZ.02.1.01/0.0/0.0/18_046/0016010 and

CZ.02.1.01/0.0/0.0/17_049/0008422; France ś Centre de Calcul IN2P3/CNRS; Centre National de la Recherche Scien-

tiőque (CNRS); Conseil Régional Ile-de-France; Département Physique Nucléaire et Corpusculaire (PNC-IN2P3/CNRS);

Département Sciences de l’Univers (SDU-INSU/CNRS); Institut Lagrange de Paris (ILP) Grant No. LABEX ANR-10-

LABX-63 within the Investissements d’Avenir Programme Grant No. ANR-11-IDEX-0004-02; Germany ś Bundesmin-

isterium für Bildung und Forschung (BMBF); Deutsche Forschungsgemeinschaft (DFG); Finanzministerium Baden-

Württemberg; Helmholtz Alliance for Astroparticle Physics (HAP); Helmholtz-Gemeinschaft Deutscher Forschungszen-

tren (HGF); Ministerium für Kultur und Wissenschaft des Landes Nordrhein-Westfalen; Ministerium für Wissenschaft,

Forschung und Kunst des Landes Baden-Württemberg; Italy ś Istituto Nazionale di Fisica Nucleare (INFN); Istituto

Nazionale di Astroősica (INAF); Ministero dell’Universitá e della Ricerca (MUR); CETEMPS Center of Excellence;

Ministero degli Affari Esteri (MAE), ICSC Centro Nazionale di Ricerca in High Performance Computing, Big Data

12



P
o
S
(
I
C
R
C
2
0
2
3
)
1
5
2
0

Constraints on UHECR characteristics from cosmogenic neutrino limits Camilla Petrucci

and Quantum Computing, funded by European Union NextGenerationEU, reference code CN_00000013; México ś

Consejo Nacional de Ciencia y Tecnología (CONACYT) No. 167733; Universidad Nacional Autónoma de México

(UNAM); PAPIIT DGAPA-UNAM; The Netherlands ś Ministry of Education, Culture and Science; Netherlands Or-

ganisation for Scientiőc Research (NWO); Dutch national e-infrastructure with the support of SURF Cooperative;

Poland ś Ministry of Education and Science, grants No. DIR/WK/2018/11 and 2022/WK/12; National Science Centre,

grants No. 2016/22/M/ST9/00198, 2016/23/B/ST9/01635, 2020/39/B/ST9/01398, and 2022/45/B/ST9/02163; Portugal

ś Portuguese national funds and FEDER funds within Programa Operacional Factores de Competitividade through

Fundação para a Ciência e a Tecnologia (COMPETE); Romania ś Ministry of Research, Innovation and Digitiza-

tion, CNCS-UEFISCDI, contract no. 30N/2023 under Romanian National Core Program LAPLAS VII, grant no. PN

23 21 01 02 and project number PN-III-P1-1.1-TE-2021-0924/TE57/2022, within PNCDI III; Slovenia ś Slovenian Re-

search Agency, grants P1-0031, P1-0385, I0-0033, N1-0111; Spain ś Ministerio de Economía, Industria y Competi-

tividad (FPA2017-85114-P and PID2019-104676GB-C32), Xunta de Galicia (ED431C 2017/07), Junta de Andalucía

(SOMM17/6104/UGR, P18-FR-4314) Feder Funds, RENATA Red Nacional Temática de Astropartículas (FPA2015-

68783-REDT) and María de Maeztu Unit of Excellence (MDM-2016-0692); USA ś Department of Energy, Contracts

No. DE-AC02-07CH11359, No. DE-FR02-04ER41300, No. DE-FG02-99ER41107 and No. DE-SC0011689; National

Science Foundation, Grant No. 0450696; The Grainger Foundation; Marie Curie-IRSES/EPLANET; European Particle

Physics Latin American Network; and UNESCO.

13


	Introduction
	The procedure
	Results
	Pure-proton scenario with fixed parameters
	Pure-proton scenario with fitted parameters
	Scaling of the proton component
	Mixed composition scenario

	Conclusions

