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At high energies, the cosmic ray composition is mainly determined from the depth of 
shower maximum (Xmax)

Measurement of Xmax at The Pierre 
Auger Observatory
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The Xmax distribution (at a given energy) is correlated with the 
cosmic ray composition
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Pierre Auger measures Xmax Distributions 

J. Bellido for the Pierre Auger Collaboration, PoS(ICRC2017)506.
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Predictions from hadronic models are used to estimate the composition 
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Predictions from hadronic models are used to estimate the composition
(but, different models have different Xmax predictions and the interpretation changes significantly) 
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Therefore, the estimated composition is model dependent and the systematics from the 
models are not possible to estimate

The small p-values indicate that 
none of the models are able to 
find a composition mix that is 
able to reproduce the observed 
Xmax distributions. 

J. Bellido for the Pierre Auger Collaboration, PoS(ICRC2017)506.
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But, is there anything that we can say about the composition that is independent of the models?
Yes, there is!

● The composition is not constant above 1017.2 eV
● It is the lightest at 1018.3 eV and gets heavier above and below 1018.3 eV

A. Yushkov for the Pierre Auger Collaboration,



First attempt to fit simultaneously, cosmic ray composition and 
some model characteristics 

a) <Xmax> normalization is a fit parameter. 
However, p/Fe separation is kept constant 
(according to the corresponding model).

b)  𝜎(Xmax) normalization is a fit parameter. 
However, the ratio between p/Fe  𝜎(Xmax) is 
kept constant (according to the 
corresponding model).

A. Yushkov for the Pierre Auger Collaboration, ICRC19
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S. Blaess, PhD thesis
The University of Adelaide

 arXiv:1803.02520 

http://arxiv.org/abs/arXiv:1803.02520


10
S. Blaess, PhD thesis (“Estimating composition and model properties using Xmax measurements”)
The University of Adelaide

Parametrization of Xmax distribution predictions
(parameterizations are used to reduce computing time)

 arXiv:1803.02520 

http://arxiv.org/abs/arXiv:1803.02520


Parametrization of Xmax distributions

useful relations
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http://arxiv.org/abs/arXiv:1803.02520


Evaluating the performance using mock data
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 arXiv:1803.02520 

http://arxiv.org/abs/arXiv:1803.02520


Evaluating the performance using Auger-like mock data
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 arXiv:1803.02520 

http://arxiv.org/abs/arXiv:1803.02520


Fits to published Auger Xmax distributions for composition and 
normalization of <Xmax> and 𝜎(Xmax)
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http://arxiv.org/abs/arXiv:1803.02520


Fits to Auger Xmax distributions for composition and 
normalization of <Xmax> and 𝜎(Xmax)
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 arXiv:1803.02520 

http://arxiv.org/abs/arXiv:1803.02520


Fits to Auger Xmax distributions for composition and 
normalization of <Xmax> and 𝜎(Xmax)

Auger original results
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Following steps ...

● Include other shower observables, such as number of muons, electromagnetic signal, or ratio 
of muonic/electromagnetic signals.

● Include measurements from different experiments (i.e. LHAASO, IceCube, Auger) covering a 
wider energy range (from TeV up to around 1020 eV) and sampling the air shower at different 
atmospheric depths.  

● Bootstrap models and composition. Instead of using parametrizations for model predictions 
(to be compared with the data), models would be modified (tuned) and their new predictions (for 
different cosmic ray compositions) would be compared with observations from different 
experiments. We hope to find a new set of model properties (and composition as a function of 
energy) that make possible a coherent description of all observables from at all experiments. 
This process requires high computing power!

17



Measurements

AugerPrimeLHAASOAuger-FD IceCube/IceTop

Longitudinal Profiles Muon/Electromagnetic 
relative abundances

Energy range
1012 eV 1020 eV

CORSIKA Air shower Simulations
Tuning hadronic 

interaction models

Detector Simulations 
(Auger-FD, LHAASO, IceCube/IceTop, AugerPrime)

Tuning cosmic ray 
composition

Conceptual 
framework

Comparing  
measurements 
with simulations
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https://gambit.hepforge.org/

GAMBIT is a global fitting code for 
generic Beyond the Standard Model 
theories, designed to allow fast and 
easy definition of new models, 
observables, likelihoods, scanners 
and backend physics codes.

Co-spokesperson and is also based at the 
University of Adelaide
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Summary

● Significant efforts are required to understand the physics of high energy 
showers. Which is critical for interpret air shower observations in terms of the 
cosmic ray mass composition.

● It is necessary to combine observations from different experiments such as 
LHAASO, IceCube and Auger to constraint high energy hadronic models. 
These observations will constraint different aspects of the models over a wider 
energy range, and at different stages of the shower development (i.e. the 
ground arrays are at different altitudes).

20



21



The difference between model predictions persists despite recent measurements at the LHC

pre-LHC post-LHC
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T. Pierog. ICRC 2017.


