
Invisible Energy in  

Cosmic Ray Showers 
RESEARCH PROJECT 

 

 

Author: Bc. ŠiŵoŶ Novák 

Supervisor: RNDr. Petr TrávŶíček, Ph.D. 



Outline 

1) Cosmic ray shower 

2) Fluorescence detector 
     of the Pierre Auger Observatory 

3) Shower missing energy 

4) Cmiss and muon number  
     reconstruction method 

5) Summary 

 

27.09.2017 2 



Cosmic ray shower 
• secondary cosmic ray particles = result of primary  

particle interaction with atmosphere molecules 

• hadronic component: n, p, nucleus fragments, 
                                        pions, kaons 

• electromagnetic component: π0 -> γ + γ  
                    γ  -> e- + e+   
-> electromagnetic cascades               

•muon component: π+ -> ʅ+  +  ʆʅ  
          π-  -> ʅ-  +  ν ʅ  

• neutrino component: ʅ+ -> e+ +  ʆe + ν ʅ  
               ʅ-  -> e-  + ν e + ʆʅ 

Right: A scheme of cosmic ray shower components [1] 
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• particles multiplicate exponentially through hadronic and EM cascades 

• up to 1010 new particles at the depth of shower maximum Xmax 

• shower energy deposition by excitation of atmospheric molecules 

Number of shower particles (left) and shower energy deposition (right) as functions of atmospheric depth X. 

Simulated proton induced shower of energy E = 1019 eV. 
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Fluorescence telescope at the PAO 
• measures UV light from atmospheric molecules deexcitacion 

• light is concentrated by mirrors onto 
440 pixel camera of PMTs 

• reconstruction of shower axis 

• measurement of calorimetric energy Ecal  

• 24 telescopes in total overwatch the site 
in 4 stations 

 

 

A scheme of a fluorescence telescope at the PAO [2]. 
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Shower missing energy 

• a part of total shower energy not measured by fluorescence telescopes 

• almost all energy deposited in the atmosphere is from EM component 

• some shower energy is carried away mainly by muon and neutrino 
component 

• missing part must be estimated from shower MC simulations  

• 5600 showers were simulated by program CONEX using interaction 
models EPOS LHC and QGSJET-II-04  

• primary particle proton or iron nucleus 

• primary particle energies [log(E0/eV)] - 17, 17.5, 18, 18.5, 19, 19.5, 20 
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Emiss calculation 
• shower energetic profile fitted by integrated Gaisser-Hillas function (4) 

(1) 

(2) 

(4) 

(3) 
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27.09.2017 8 Behavior of missing energy fraction as a function of shower total energy. 



Cmiss reconstruction method 

• parametrization Cmiss(Ecal) estimated from simulated data 

 

 

 

• shower total energy can be reconstructed as 
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(6) 
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Tables of calculated parameters a, b and c from eq. (5) are listed below. First two tables are calculated only for protons 

or iron nuclei induced showers. Third table shows calculated parameters as even mixtures of proton and iron showers 

and both interaction models. Results of this work are in bold, others are taken from [3,4] for comparison. 
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Parametrization function Cmiss(Ecal) for different parameters a, b, c listed in previous tables. 



Muon number reconstruction method 

• direct link between the shower missing energy and the number of 
shower muons reaching ground is expressed by equation 

 

 

 

 

 

• parameters a and b are calculated by fitting the plot of calculated Emiss 

for every simulated shower versus its respective number of muons Nʅ 
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A linear fit of the plot of Emiss as a function of Nʅ for all 5600 simulated showers. 
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Comparison of both reconstruction methods using histograms of errors in reconstructed 

primary energy for all simulated showers. 



Summary 

• The Cmiss reconstruction method parameters a,b,c were calculated 
using newer hadronic interaction models EPOS LHC and QGSJET-II-04 

• The muon reconstruction method was established using simulated 
data and compared to the Cmiss method 

• Muon reconstruction method was showed more precise, however 
accurate muon  measurement is currently not possible at the PAO  

• AugerPrime upgrade -> muon singal distinguishion from EM signal in 
the surface detectors by adding scintillators at the top of each SD 
station 

• Muon reconstruction method can decrease the systematic error of 
the shower energy reconstruction at the PAO 
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