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Pierre Auger Observatory
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Cosmic Ray Spectrum

Direct measurements

Cosmic rays are mostly fully ionized atomic nuclei
3 o Mostly protons, although most stable elements can also be found
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102 Z—M’?”)ﬂh Fluxes of Cosmic Rays

o About 1% are electrons

Flux (m?srs GeV)™'

o Vestigial traces of anti-matter, such as positrons and anti-protons

“Almost” featureless power law spectrum:
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© > 10 decades in energy
o > 30 orders of magnitude in flux
o 3 main spectral features
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Don’t miss T. Bister’s talk this afternoon about
the combined fit results using Auger data!

Credits: ISS-CREAM Pierre Auger Observatory
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Extensive air showers

Cosmic Ray
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Extensive air showers

@ Hadronic cascade
o Ruled by QCD processes

Multi-particle production cannot be calculated from first principles
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Extensive air showers

@ Hadronic cascade
o Ruled by QCD processes

Multi-particle production cannot be calculated from first principles Cosmic Ray

@ Electromagnetic cascade

o EM interactions well described by perturbative QED
9

Agreement between theory and experimental data within less than 10~
o After ~ 6 generations, about ~ 90% of the cosmic-ray energy

is transferred to the e.m. cascade
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Extensive air showers

@ Hadronic cascade
o Ruled by QCD processes

Multi-particle production cannot be calculated from first principles Cosmic Ray

@ Electromagnetic cascade

o EM interactions well described by perturbative QED
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is transferred to the e.m. cascade

Eva Santos esantos@fzu.cz

Probing hadronic interactions at /s > 100 TeV with the Pierre Auger Observatory

@ Muon component
o Muons and neutrinos propagate deep in the atmosphere,

and underground

o Carry about 10% of the shower energy, called the

“missing energy”

Conserve information about the hadronic cascade




Extensive air showers

@ Hadronic cascade

o Ruled by QCD processes

Multi-particle production cannot be calculated from first principles

Cosmic Ray

@ Muon component
@ Electromagnetic cascade

o Muons and neutrinos propagate deep in the atmosphere,
_ and underground

o EM interactions well described by perturbative QED
; o Carry about 10% of the shower energy, called the
= Agreement between theory and experimental data within less than 1o~

“missing energy”
o After ~ 6 generations, about ~ 90% of the cosmic-ray energy

at
is transferred to the e.m. cascade

\ o Conserve information about the hadronic cascade
\

o Decayed muons feed the electromagnetic cascade

= =5
N =
- Underground Muon Detector %, ~

-

=
= = - = =
Eva Santos esantos@fzu.cz Probing hadronic interactions at /s > 100 TeV with the Pierre Auger Observatory 2/14



Particle production phase-space in extensive air showers
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o Both populations are equally important!!!
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M. Reininghaus, PoSICRC2021)463 @ 7> 1 - forward region (beam direction); 7 < 1 - backward region
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Center-of-mass energy

Most accelerator data taken at a different phase-space region than the one relevant for cosmic-ray showers

Equivalent c.m. energy \Epp (GeV)
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collection of our finest results!

Pierre Auger COHabOI‘ atiOIl [ Don’t miss P. Ghia’s talk this afternoon for a ]
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Pierre Auger Observatory

Malargiie, Province of Mendoza, Argentina
35.2° 5,69.5° W, ~ 1400 ma.s.L.
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Auger Engineering Radio Array (AERA)

@ 153 autonomous radio antennas
17km area
Ve - I e

Probing hadronic interactions at /s > 100 TeV with the Pierre Auger Observatory

l“luorescence Detector (FD)
© 24 + 3 Schmid telescopes
® ~15% duty cyele
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Surface Detettor (SD)
e
@ 3000km? - ¢
@ 1660 water-Cherenkov detectors
@ ~ 100% d.uw cycle]
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AugerPrime

Malargiie, Province of Mendoza, Argentina
35.2° 5,69.5° W, ~ 1400 ma.s.L.
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Probing hadronic interactions at

(' Don’t miss R. Caruso’s talk on Wednesday! )

Los

V/s Z 100 TeV with the Pierre Auger Obser

Morados
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Surface Detector (SD)

@ Water-Cherenkov detectors
@ Surface Scintillator Detector
@ Radio Detector

9 Faster samf){ing 3

@ Extended dynamic range

vatory 7/14



A hybrid detector

Fluorescence Detector
& o Longitudinal shower profile

o Electromagnetic component
o Quasi-calorimetric energy estimation
o Direct X,x measurement

Surface Detector array Hb T
o Lateral particle distribution . }ébls‘:: rv:;’g;lis i detecore
. O or:

Signal [VEM]

o Electrons, muons,

high-energy photons * " " o Higher shower reconstruction accuracy

"o “Golden hybrid” events provide the
energy calibration of the SD array

o High statistics
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Inelastic proton-proton cross-section at /s > 40 TeV

Simultaneous fit to the X;.x distributions and cross-section

Vs 1 GeV
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Scale of Xax is included as a free parameter
@ Allows to address uncertainties in:
o detector response
o hadronic interaction models
O. Tkachenko, PoS(ICRC2025)416
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Data set:
@ Hybrid events

o E/ev = [1078,10%]
@ Full Phase I data

10f composition fit, Sibyll 2.3d composition fit, QGSJET-IILO1
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Probing hadronic interactions at /s > 100 TeV with the Pierre Auger Observatory

Don’t miss F. Ellwanger’s talk this afternoon about
our searches for photon and neutrinos!
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https://arxiv.org/abs/2507.19326

Data-driven consistency tests to hadronic model predictions

Data set:

Simultaneous fit of the Xax distributions and the ground signal o “Golden hybrid? hybrid events
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o Auger data best described if models predict deeper Xmax (~ 20 g cm~2) values
o Leading to a smaller muon deficit in simulations (and heavier mass composition)
o Predicted Xpmax shift is compatible with the cross-section analysis in the same energy range

lg(Epp / V)

Currently, EPOS LHC-R predictions match Auger Xpax measurements, but QGSJETIII.ox, and Sibyll 2.3e are still off Phys. Rev. D 109, 102001 (2024)
o For EPOS LHC-R, Rp,g, is zenith-angle dependent: the predicted muon spectra are too hard J. Vicha, PoS(ICRC2025)431
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 https://doi.org/10.1103/PhysRevD.109.102001
https://arxiv.org/abs/2507.13209

Horizontal Air Showers

Indirect muon measurements using the SD array

6 =0° 6 = 60° 6 = 80°

X ~900g/cm? X ~ 1800g/cm? X ~ 5180g/cm?
SN 8

8,

o Interaction lengths rapidly increase for horizontal air showers
o electromagnetic component heavily suppressed by the amount of atmospheric density traversed
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Muon measurements from Horizontal Air Showers

Indirect muon measurements

Data set:

@ “Golden hybrid” hybrid events

@ E>4x108ev
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Phys. Rev. D o1 (2015) 059901

Phys. Rev. Lett. 126 (2021) 152002

J

@ Muon content in data from SD measurements marginally compatible with model predictions for iron primaries, but fluctuations agree

with FD 0 (Xmax) measurements
Two possible explanations:

1. Increase in the muon content may be due to small modifications in hadronic interactions accumulating over many generations

2. Very particular modification of the first interaction changing (R, ) without affecting o'/ (R,,)

Eva Santos esantos@fzu.cz

Phys. Lett. B 784, (2018), 68
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https://doi.org/10.1103/PhysRevD.91.059901
https://doi.org/10.1103/PhysRevLett.126.152002
https://doi.org/10.1016/j.physletb.2018.07.026

Muon measurements from Horizontal Air Showers

Indirect muon measurements

Data set:
@ “Golden hybrid” hybrid events
° E>4x108ev

Data set:

@ Radio + SD hybrid events

@ E>4x108ev

SD @ 62° < 0 < 80° AERA 0 65° < 0 < 80°
{ N
Proton-proton equivalent c.m. energy /s / TeV I’roof-of-concept
24 80 90 100 200 300 400
! T
22 _ _ _ — EPOS-LHC ¢ data wa QGSJETII-04
20 -~ 0.25 == QGSJetl-04 4-mass- X ya-fit+models Sibyll 2.3d
=18 SIBYLL-2.3d S 12 + A EPOS-LHC
0 0.20 3
Z 16 o <
S oI = 210
> T ek =015 v
L4 Fe = R
<, 0.10 =08
® Augerdata iy
10 -~ ErostHC 0.05 0.6
: QGSJET 11-04 174 events ‘ 281 events P 4o cvents
o0 17 e T T T 07 10 14 20
E/eV E/eV VSrad/GeV

Phys. Rev. D o1 (2015) 059901

Phys. Rev. Lett. 126 (2021) 152002
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| M. Gottowik, PoSICRCz025)275; Submitted to Phys. Rev. D

@ Muon content in data from SD measurements marginally compatible with model predictions for iron primaries, but fluctuations agree

with FD 0 (Xmax) measurements
Two possible explanations:

1. Increase in the muon content may be due to small modifications in hadronic interactions accumulating over many generations

2. Very particular modification of the first interaction changing (R, ) without affecting o'/ (R,,)

@ Muon content in data from radio measurements is compatible with model predictions for iron-induced air showers

Eva Santos esantos@fzu.cz

Phys. Lett. B 784, (2018), 68

Probing hadronic interactions at /s > 100 TeV with the Pierre Auger Observatory
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https://arxiv.org/abs/2507.08510
https://doi.org/10.1016/j.physletb.2018.07.026

Characterizing the neutron shower content with AugerPrime
Neutrons generate subliminal pulses in scintillator detectors

Sub-luminal pulses from cosmic-ray air showers

X 5059-1% A-_J/-\F\_
John Linsley 507217
Deparument of Physics and Asted ¢,
Mexico 87131, USA A_/-J\/_\’__
5216-5
§216-13 A N
Received 30 May 1984 52806 A—

1 MHz Ak A A A At A Ak b

Abstract. Some signals produced by air showers of energy greater than 10" eV in
scintillators at impact parameters greater than | km possess a distinctive feature, a ‘sub-
luminal pulse’ (sL?) following the normal one with a time delay of approximately 1.57/c. The
average amplitude of the SLP corresponds to an energy deposit of about 50 MeV, three times
as much as is deposited by a vertical minimum ionising muon. The sLp account for
approximately 5% of the energy deposited in the atmosphere by such air showers at these
distances.
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Characterizing the neutron shower content with AugerPrime
Neutrons generate subliminal pulses in scintillator detectors

Sub-luminal pulses from cosmic-ray air showers _Bvent: 57136996, Siation 612
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Abstract. Some signals produced by air showers of energy greater than 10'* eV in \—’
scintillators at impact parameters greater than 1 km possess a distincti ture, a ‘sub- .
luminal pulse’ (sL?) following the normal one with a time del pproximately 1.5r/c. The
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as much as is deposited by a vertical minimum ior muon. The SLP account for 10
approximately 5% of the energy deposited in the atmosphere by such air showers at these
distances. 0
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o AugerPrime SSDs have sensitivity to the shape of the neutron spectra
T. Schulz, PoS(ICRCz025)388 o Neutron component will be included in the simulations
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Summary and Conclusions

o Cosmic rays are a challenging, yet unique channel to probe hadronic interactions at the /s > 100 TeV scale:
o Hadronic interaction models still cannot consistently describe the extensive air shower development
- Nuclear mass composition estimations inferred from SD and FD observables are in tension
- Data-driven studies using hybrid events show that the modeling of both the muon and electromagnetic components must be improved

o Proton-proton cross-section measurements indicate a slightly lower cross-section rescaling factor accompanied by a slight shift in
Xmax towards heavier mass composition

o With the advent of AugerPrime:

o Multi-hybrid events will provide enhanced mass composition estimation with reduced systematic uncertainties stemming from
hadronic interaction models

- The Surface Scintillator and Radio detectors will allow for a better separation of the electromagnetic and muonic shower components
- The Underground Muon Detector will allow for a direct measurement of the muon content at the nominal energy at the LHC

o The Surface Scintillator Detector is also sensitive to the neutron spectra 10¢ i

10°
. . . . . . 4 Water Cherenkov Detector
- Work to incorporate neutrons in future simulations is ongoing - T 10 ¥ Scintillator Surface Detector
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Stay tuned! :
Plot: David Schmidt Shower Plane Distance [meter|
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Direct measurement of the muon content
Auger Muons and Infill for the Ground Array - Engineering Array (EA)

Within LHC /s energy!! Data set:
349 sea 430 233 119 46 11 o 1742 AMIGA EA events
3.0
26 0 2x 107 -2 x1018eV
2 227 o October 2015 - October 2016
= 1.8 45°
g o 0 <45
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£ 104 9
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“+or QGSJetll-04 |
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0.6-— . : © i
2.10'7 101 2:10% AMIGA
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o Muon deficit in simulations of 8% (14%) for EPOS-LHC (QGSJetII-o4)
assuming pure iron composition

Eur. Phys. J. C 80 (2020) 751
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