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Pierre Auger Observatory  
  

 What have we learned about 
hadronic interactions so far….
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Ultra High Energy Cosmic Rays
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1 km-2 yr-1

1 km-2 sec-1

1 m-2 yr-1
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Area: 3000 km2 
Located in the Pampa Amarilla, 
Mendoza, Argentina 

Altitude: 1400 m a.s.l.

Pierre Auger Observatory
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Pierre Auger Observatory
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Data taking since 2004 
Installation completed in 2008

• ~ 1600 Surface Detectors (SD) Stations 
• SD stations spaced by 1.5 km 
• Covering an area of 3000 km2~ 60 km

• 4  Fluorescence Detectors (FD) 
• 6 x 4 Fluorescence Telescopes
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Surface detector
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WCD + Fluorescence Detector



Pierre Auger Observatory
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✧ Infill 

✧ Denser array (433 m and 750 m grid)  

✧  AMIGA 

✧  Buried scintillators (muon detectors) 

✧  7 stations 

✧  30 (60) m2 scintillator modules 

✧  2.3 m below ground

✧ HEAT 

✧  3 additional FD telescopes with a high 
elevation FoV

(Low energy extensions)
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Ultra High Energy Cosmic Rays
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Pierre Auger  
Observatory

Low energy  
Extension



Measurement of EAS at Auger
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✧ Fluorescence Detector 
✧ Quasi-calorimetric energy measurement 
✧ ~ 15% duty cycle 

✧Surface Detector 
✧ Sensitive to both e.m. and muonic 

shower components

r [m]
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Hybrid technique
✧ Calibration of SD with FD 
✧ FD provides a quasi-calorimetric energy 

measurement 

✧ Improve geometry reconstruction 
✧ For hybrid events 

✧ Better assess/control systematic 
uncertainties 

✧ Different insights of the shower 
✧ Access different shower components 
✧ Test shower consistency
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Hadronic interaction models 
✧ Phenomenological models tuned to accelerator data 

(for instance, LHC) and extrapolated towards: 
✧ Higher energies 
✧ Different kinematical regimes 

✧ Additional difficulty: 
✧ Perform Particle Physics studies without knowing the 

beam nature, i.e., UHECR primary composition
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Check the shower description consistency: 

✧ Electromagnetic component 

✧  Muonic component
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Muon

Disclaimer: to be able to maximize the presentation of Auger’s 
results on this the details on each analysis (cross-checks, 
assessment of systematic uncertainties, … ) will be minimized
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Check the shower description consistency: 

✧ Electromagnetic component 

✧  Muonic component
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proton

iron

Composition fits to Xmax
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35th ICRC, PoS (2017) 506
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Composition fits to Xmax
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35th ICRC, PoS (2017) 506
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✧ Four composition (p,He,N,Fe) fit to Xmax 
Reasonable ability to describe Xmax 
distribution data
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Shape of the electromagnetic shower profile
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Single event Average shower 
 profile

Shape parameters 
Phase space

R.C. et al, J.Phys.Conf.Ser. 632 (2015) no.1, 012087 
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Shape of the electromagnetic shower profile
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JCAP 1903 (2019) no.03, 018 
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✧ The average longitudinal 
shower profile has been 
measured combining FD 
events 

✧ The average profile is 
well fitted by a Gaisser-
Hillas parameterisation 
(at the % level) 

✧ All models are within 
systematic uncertainties
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Check the shower description consistency: 

✧ Electromagnetic component 

✧  Muonic component
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Check the shower description consistency: 

✧ Electromagnetic component 

✧  Muonic component
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Muon content in air showers
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✧ Inclined shower ! Muons

✧ Muons ! Assess Hadronic 
interaction models (HIM)

✧ Data selection 
✧ Zenith angles [62º ; 80º] 
✧ E > 4 x 1018 eV

✧ Energy given by the FD 
✧ 174 hybrid events
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Muon content in air showers
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Phys.Rev. D91 (2015) 3, 032003

✧ Combination of the Rμ (number of muons) with Xmax shows tension between data and all 
hadronic interaction models
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EAS muon content in AMIGA
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SD inclinedAMIGA

 Muon excess 
present at lower 

energies if one takes 
into account preferred 

Xmax composition

FD data
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Muon Production Depth

✧ Depth of maximum of muon production depth (X*𝜇max) 
✧ Assumes that muons are produced along axis 
✧ Assumes that muons travel in straight lines

�24

Shower geometry

Arrival time w.r.t. shower front
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Muon Production Depth

✧ Depth of maximum of muon 
production depth (X*𝜇max) in strong 
tension with FD measurements 

✧ X*𝜇max measurement is highly 
dependent on details of hadronic 
interactions
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J. Espadanal, L. Cazon, R.C., Astropart.Phys. 86 (2017) 32-40 
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Many other interesting results…
✧ p-Air cross-section 
✧ All good at 1018 eV (where proton is expected to dominate) 
✧ Phys. Rev. Lett. 109, 062002 (2012); ICRC2015  

✧ Golden hybrid analysis 
✧ No need for rescaling of e.m. energy scale only hadronic signal need to be scaled 
✧ Phys. Rev. Lett. 117, 192001 (2016)  

✧ Delta method 
✧ Exploration of SD time structure (shower curvature) 
✧ Heavier composition w.r.t. Xmax but essentially same trend 
✧ Phys.Rev. D96 (2017) no.12, 122003  

✧ …
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What do we know about the hadronic interactions 
that rules the shower development?

✧ Check the shower description consistency: 

✧ Electromagnetic component 

✧  Muonic component
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What is wrong with the hadronic interactions 
within the shower?

✧ Check the shower description consistency: 
✧  Muonic component 

✧ Wrong extrapolation towards the highest energies? 

✧ Fine tuning of low-energy interactions?  

✧ Measurement of the fluctuations of the number of muons at 
the ground is the answer! 
✧ R.C. talk on Wednesday morning 
✧ First measurement of this quantity by Auger to be presented 

at the ICRC 2019

�28
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Do we understand the e.m. shower component 
at the ground?

✧ Check the shower description consistency: 

✧ Electromagnetic component

�29Ground

?

Mean distance to the closest WCD (~750 m)

Molière radius (~100 m)
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Pierre Auger Observatory 

Future Plans
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AugerPrime
✧“Primary cosmic 

Ray Identification through 
Muons and Electrons” 

✧Two complementary detectors: 
✧ Scintillator on top of the tank: signal 

dominated by e.m. component 
✧  WCD sensitive to e.m. + muon 

✧The goal: 
✧ Enhance primary identification  
✧ Improve shower description 
✧ Reduce systematic uncertainties 

✧Engineering array taking data
 31
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The Infill region
✧  Several detectors (projects) exploring 

showers with E ~ 1017 eV (LHC p-p 
equivalent energy) 
✧INFILL/AMIGA (buried scintillators) 
✧SSD (spntilators on top of the tank 
✧MARTA ( RPCs below the tank) 
✧AERA (radio) 
✧HEAT (Fluorescence Detector) 

✧Inter-calibration possibilities 
✧Powerful scrutiny over the shower 

physical mechanisms
 32
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 Summary
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✧ The Pierre Auger Observatory allowed to demonstrate that 
the post-LHC hadronic interaction models cannot fully 
describe UHECRs showers 

✧ In the next years a new set of measurements will be available 
to further constrain hadronic interactions properties in EAS
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Backup slides
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Proton-air cross-section

�36

✧ p-Air cross-section can be 
extracted from the Xmax 
distribution tail 
✧ If there is a large fraction of 

protons

34th ICRC, PoS (2015) 401
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L. Cazon, M. Roth, UHECR2018
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Muon number in inclined events
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AMIGA and HAS results

�39



Ruben Conceição �40
L. Cazon, M. Roth, UHECR2018



Ruben Conceição

Testing exotic scenarios
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Phys.Rev. D94 (2016) no.8, 082002 

✧Put the strongest limit on 
the existence of ultra-
relativistic magnetic 
monopoles (MM) 
✧Test on fundamental particle 

physics exotic scenarios 
✧ Relics of phase transitions in 

the early universe 
✧MM produce air showers 

with a distinct signature 
from standard ones 
✧   
✧  
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Explore hybrid events
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✧Combined fit of energy scale (RE) 
and hadronic component rescaling 
(Rhad)  

✧Findings: 
✧No need for an energy rescaling 
✧Hadronic signal in data is significantly 

larger with respect to simulations
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Muon Production Depth
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Delta method
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L,R vs energy
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Combined spectrum + comp fits
JCAP 1704 (2017) no.04, 038
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UHECRs dipole

 47



Ruben Conceição

Search for intermediate scale anisotropy
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UHECRs energy spectrum
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Xmax moments
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The future: AugerPrime

✧Observatory is running 
smoothly and will operate until 
2030 

✧Many interesting R&D projects: 
Radio, GigaHz, SiPM, RPCs, … 

✧Upgrade to measure 
separately the e.m. and 
muonic shower component at 
the ground

Fraction of Cherenkov tanks in operation
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AugerPrime TDR, arXiv:1604.03637
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Pierre Auger Collaboration
16 countries, ≈ 90 institutions, ≈ 500 authors


