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® Ultrahigh-energy cosmic rays (UHECRs)

Introduction

Extraterrestrial charged particles with

ultra-high energies (above 10'° eV)

Acceleration mechanisms and sources ~ .., .

are unknown
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® Determination of cosmic ray (CR) mass

B Due to scarcity only indirect detection

possible

W Estimation relies on quantities statistically
encoding mass (number of muons, depth of
the shower maximum X;1y5x)
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PIERRE Karlsruhe Institute of Technology

OBSERVATORY

® Direct measurement of the longitudinal profile

— shower maximum X% *
B 27 telescopes at five sites o &
B 6 telescopes at each of four sites b
® 3 telescopes at the High Elevation Auger f
B Telescopes (HEAT) site - lower energies
it / ® Highly sensitive cameras - 15% duty cycle

Depth [g/cm?]

4 Nov 05, 2025 Berenika Cermékov4d, berenika.cermakova@kit.edu Institute for Astroparticle Physics



mailto:berenika.cermakova@kit.edu

PIERRE
AUGER_ memmrremeee

OBSERVATORY

Surface detector signal A\‘(IT
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et et Densely connected

® X 5y reconstruction from a shower footprint ,
| Convolutions o

on the SD dataset

B Vertical events 8 < 60°, 1g(E/eV) > 18.5,
analysis specific selection

B 48 824 events 11007
® Calibration with the Hybrid dataset

® Events measured by both SD and FD

B | 642 events after high-quality selection
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Investigating the mass composition

® Mass composition of UHECRSs connected to the energy evolution of (X1,5x) and o(Xmax)
® Using the SD dataset (48 824 events) compared to the full FD dataset (9 822 events)
B (X ax) and o(Xmax) of SD dataset predictions in agreement with the FD dataset
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Interpretation of the results.

® A simple linear model does not describe the
elongation rate well

® Model with 3 breaks with 4.4¢ significance

a NOn'tr1V1a1 CompOSItlon Changes 16 165 17 175 18 185 19 195 20 20.5

. log. (E/eV
B Breaks close to the features in the energy 9,0(E/eV) oPXiv2106. 0631903

log1o(£/eV)
spectrum 0 19.5 20.0
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® Excellent agreement of DNN (X4x)
reconstruction with FD measurements

® Confirming a heavier and purer composition
with increasing energy

® A 3-break model fits the elongation data better
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Back-up
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12

Mass estlmatlon w1th DNN

650—

Triangular to Cartesian grid - 13x13 stations "
Input normalization L
Training with 400 000 simulated detector %800
responses 2
CORSIKA with the EPOS-LHC hadronic
interaction model (p, He, O, Fe) "
Energy between 1 and 160 EeV, spectral index 3 :
y = — 1, zenith angles 8 < 65° S0
Testing on EPOS-LHC, QGSJetll-04, <
Sibyll2.3c hadronic interaction models ‘
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TABLE I: Basic and analysis-specific selections (separated

by a line) for the SD data set. TABLE II: Selections for hybrid data.

Cut Events € (%)
Cut . Events € (%) number of events 25,076 —
reconstructed vertical event (6 < 60°) 5,994,712 — telescope cuts 19733 787
1s 6T5 4,858,291  81.1 hardware status 16916 85.7
logy (E/eV) > 18.5 133,167 2.7 aerosols/clouds 9,822 58.1
hardware status 129,405 97.2 hybrid geometry 9,157 93.2
station start slot 128,508 99.2 fiducial FoV cut 3,497 382
275 <A/P < 3.45 126,033 98.2 ’ '
Stot > 5 \{EM in surrounding hexagon 125,828 99.8 profile cuts - LI ML
e . ’ passed SD selection 3,086 92.6
m < core distance < 1000 m 101,392 80.6 analysis-specific cuts 1,642 53.2
fiducial SD cut 48,824 48.1 : :
arXiv:2406.06319v3
arXiv:2406.06319v3

13 Nov 05, 2025 Berenika Cermakov4d, berenika.cermakova@kit.edu Institute for Astroparticle Physics



mailto:berenika.cermakova@kit.edu

Elongation rate models

1-break model  2-break model

3-break model Energy spectrum

Val & Oy &= Ogys Val &= Ogya = Ogys Val = Oy £ Oy Val &= Oy = Oy Val &= Oy &= Oy
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Parameter Const. elong.
b/gem™ 743 +5+13

Do / gem™ 2 decade ™! 24+ 144

E, /| EeV
D, / gecm2decade ™!
E, / EeV
D, / gecm™ 2 decade ™!
E; /| EeV
D5 / gem™2 decade ™!

750.5+4+13
124+6+£5
6.5+09+1
39+12+10
10+2+3
22+3+8

743 +54+13

23+2+12
35+12+16

39+14+4+12

750.5+3+13
124546

6.5+£0.6+1 4.09+0.1£+0.8
39+5+14
11241 14+1+2
16+3+6
31£5+3 47+3+6
42+9+12
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Table 1: Parameters of the best fit of Eq. (1) to the combined spectrum. The first uncertainty is statistical €N i “oes® Q
and the second one systematic. The fit has been performed with a set of transition width parameters that well E I ‘é
describe the data: wg; = wip = 0.25 and wy3 = W34 = was = 0.05 [5]. ~ |
> | - s
Jo = (8.34 + 0.04 = 3.40) x 107! km2sryr1ev~! @, 10”1 | —=— Auger combined +
Yo =3.09+0.01 +0.10 Tu - i + i
low energy ankle Ep = (2.8+0.3+£0.4) x10%°eV | y; =2.85+0.01 +£0.05 - - ]
27 knee E1p = (1.58 £0.05+0.2) x 107 eV | y, = 3.283 + 0.002 + 0.10 T
ankle Ex; =(5.0+0.1£0.8) x 1018 eV y3 =2.54 £ 0.03 + 0.05 16 165 17 175 18 185 19 195 20 20.5
instep E3=(1.4+£0.1+£02)x10%eV | 34 =3.03+0.05+0.10 log. (E/eV)
suppression Ess = (4.7+03+0.6) x10° eV ¥5 =53+03+0.1 B 10

15 Nov 05, 2025 Berenika Cermakov4d, berenika.cermakova@kit.edu Institute for Astroparticle Physics



mailto:berenika.cermakova@kit.edu

