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Ultrahigh-energy cosmic rays (UHECRs) 
Extraterrestrial charged particles with 
ultra-high energies (above )
Acceleration mechanisms and sources 
are unknown

1018 eV

2

Introduction

Determination of cosmic ray (CR) mass
Due to scarcity only indirect detection 
possible
Estimation relies on quantities statistically 
encoding mass (number of muons, depth of 
the shower maximum )Xmax

Xmax

PoS(UHECR2024)041
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Mass composition of ultra-high-energy cosmic rays at the Pierre Auger Observatory Thomas Fitoussi
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Figure 2: Mean →Xmax↑ and ω
(
Xmax

)
of the Xmax distributions versus energy with the →Xmax↑ broken

line fit. As comparison predictions for proton and iron nuclei from hadronic models QGJSJet II-04 [17],
EPOS-LHC [18] and Sybill2.3d [11] are also displayed. (x-bin centers slightly shifted for better visibility)

where →Xmax↑p is the mean Xmax for protons, ω2
sh represents the average shower-to-shower fluctu-

ations, and fE is an energy-dependent parameter. All three factors are parameterized for di!erent
hadronic models. The results for the hadronic models QGJSJet II-04 [17], EPOS-LHC [18], and
Sibyll 2.3d [11] are shown in Fig. 3. It can be noted that the interpretation with QGJSJet II-04
results in negative values for ω2 (

ln A
)
, which is not physically plausible. For the other two models,

we corroborate our previous findings of a ω2 (
ln A

)
close to zero, indicating that a less mixed

cosmic-ray composition arrives at Earth above 1019 eV.

Figure 3: Mean and variance of the logarithm of the mass number ln A inferred from the data using hadronic
models QGJSJet II-04 [17], EPOS-LHC [18] and Sybill2.3d [11].

The Xmax distributions are also utilized to fit the composition fractions of protons, helium,
nitrogen, and iron. The fitting was performed using the Markov Chain Monte Carlo (MCMC)
method [20], which o!ers several advantages over frequentist inference (see [21]). In Fig. 4, the
mass composition fit is presented for a combination of four particle species: proton (H), helium
(He), nitrogen (N), and iron (Fe), representing four elemental groups that are approximately equally
spaced in lnA. The total uncertainty in the composition fractions includes the statistical uncertainty
from the MCMC posterior distributions and the impact of systematic uncertainty on the Xmax scale,
evaluated by fitting the data with a consistently varied shift of Xmax within the scale uncertainty.
The trends observed in the evolution of cosmic ray composition with energy are consistent with
our previous results presented in [15, 22]. Minor di!erences from the previous results in the
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Malargüe, Argentina
 

 
Surface Detector:

 stations with a spacing  
of 
Multiple sub-detectors
Main detector: water-Cherenkov 
detectors in a triangular grid

3000 km2

1600
1.5 km

3

Pierre Auger Observatory

Fluorescence Detector

Water-Cherenkov
Detector

Fluorescence Detector:
Overlooking the SD
Direct  
measurement

Xmax
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Direct measurement of the longitudinal profile  
 shower maximum 

27 telescopes at five sites
6 telescopes at each of four sites
3 telescopes at the High Elevation Auger 
Telescopes (HEAT) site - lower energies

Highly sensitive cameras - 15% duty cycle

→ Xmax

Fluorescence detector
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Arrival times  
 shower geometry→

Signal traces from 3 PMTs in each WCD
Total recorded signal depends on the 
energy of the primary CR and the 
distance from the shower core 
(reconstructed shower axis)
Shape depends on the different shower 
components (muonic, electromagnetic)

Electromagnetic
Muonic

Surface detector signal
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 reconstruction from a shower footprint 
on the SD dataset

Vertical events , , 
analysis specific selection

 events
Calibration with the Hybrid dataset

Events measured by both SD and FD
 events after high-quality selection

Xmax

θ < 60∘ lg(E/eV) > 18.5

48 824

1 642
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Mass estimation with DNN Trace characterization

Densely connected 
convolutions

Residual convolutions Xmax

Traces (13, 13, 120)

Station states

Arrival times

SD FDHybrid
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Mass composition of UHECRs connected to the energy evolution of  and 
Using the SD dataset (  events) compared to the full FD dataset (  events)

 and  of SD dataset predictions in agreement with the FD dataset
Change of  per decade 
of energy described by the elongation rate 

 

Average elongation rate of the SD data  
agrees with the FD measurements

⟨Xmax⟩ σ(Xmax)
48 824 9 822

⟨Xmax⟩ σ(Xmax)
⟨Xmax⟩

D10 =
d⟨Xmax⟩

d lg E
= DMC

10 (1 −
d⟨ln A⟩
d ln E )

⇒
d⟨ln A⟩
d ln E

= 1 −
D10

DMC
10
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Investigating the mass composition
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A simple linear model does not describe the 
elongation rate well
Model with 3 breaks with  significance 

Non-trivial composition changes
Breaks close to the features in the energy 
spectrum 
 

4.4σ
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Interpretation of the results
arXiv:2501.01736v1
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Converting  to : 

  

Light to heavier composition with energy

Xmax ln A

⟨ln A⟩ =
⟨Xmax⟩ − ⟨Xmax⟩p

fE
, V[ln A] =

σ2(Xmax) − σ2
sh (ln A)

bσ2p − f 2
E

,

fE = (⟨Xmax⟩Fe − ⟨Xmax⟩p)/ln 56
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Interpretation of the results

0

1

2

3

4

〉
A

ln〈

1810 1910 2010
E [eV]

p

Auger ICRC25 - Preliminary

He

Auger ICRC25 - Preliminary

N

Auger ICRC25 - Preliminary

Fe

Auger ICRC25 - Preliminary

II.04-QGSJet
HEAT
FD Hybrid
SD DNN

LHC-EPOS
HEAT
FD Hybrid
SD DNN

2.3dSibyll
HEAT
FD Hybrid
SD DNN

/[eV])Elg(

2−

0

2

 )
A 

(ln 
V

1810 1910 2010
E [eV]

pure composition

for
bid

de
n r

eg
ion

Auger ICRC25 - Preliminary

lg(E/[eV])

]
[

]
[

Re
la

tiv
e 

Fr
ac

tio
n

2.3Sibyll 2.3Sibyll

sysσ± sysσ±
LHC-EPOS LHC-EPOS

Auger ICRC 2025 - Preliminary

19 201817

1

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

10-1

10-2

10-3

10-4
p 

Va
lu

e

iron

CNO

helium

protonFDHEAT 2017 Preliminary

arXiv-2507.10292v1

arXiv-2507.10292v1

mailto:berenika.cermakova@kit.edu


Berenika Čermáková, berenika.cermakova@kit.edu Institute for Astroparticle PhysicsNov 05, 2025

Excellent agreement of DNN  
reconstruction with FD measurements
Confirming a heavier and purer composition 
with increasing energy
A 3-break model fits the elongation data better

⟨Xmax⟩

10

Summary
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Back-up
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Triangular to Cartesian grid - 13x13 stations
Input normalization
Training with  simulated detector 
responses 
CORSIKA with the EPOS-LHC hadronic 
interaction model (p, He, O, Fe)
Energy between 1 and 160 EeV, spectral index 

, zenith angles 
Testing on EPOS-LHC, QGSJetII-04, 
Sibyll2.3c hadronic interaction models

400 000
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Mass estimation with DNN
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Data selection
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Elongation rate models
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Spectrum

PoS(ICRC2021)324
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