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Probing the high-energy spectrum of neutral 
pions in ultra-high-energy proton-air interaction 
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The shape of the muon number distribution gives access to the 
properties of the FIRST hadronic interaction
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Origin of the fluctuations of the muon number distribution
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How to explain the higher moments  
of the Nμ distribution?
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EPOS-LHC QGSJet-II.04

Sibyll 2.3cHeitler-Matthews model

New model
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 β is a parameter related with the first 
Interaction multiplicity

�(↵) ! 70%�(Nµ)
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Origin of the fluctuations of the muon number distribution
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The number of muons strongly correlates with the fraction of hadronic energy of the first interaction
- Independently of interaction model,  primary energy,  primary zenith angle



Ruben Conceição

Understanding the N𝛍 distribution

7

First interaction

R 
e 

s 
t  

 o
 f 

  t
 h

 e
   

s 
h 

o 
w

 e
 r

First interaction

Rest of the shower

Understanding the N𝛍 distribution
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Convolution

𝜶 is the main parameter that controls the shape of N𝝁 dist 

𝜹 is a small contribution from photopion production, ~10%

First interaction

Rest of the shower

  Model  

ln(Nµ) = ln(↵1 + �) + ln(!)
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Model



Ruben Conceição

Understanding the N𝛍 distribution

8

First interaction

Rest of the shower

Convolution

Model

Controls N𝛍 fluctuations 
event-by-event

Controls overall 
number of muons

ln(Nµ) = ln(↵1 + �) + ln(!)
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  Model  



What is the proton low N𝛍 tail?
To which property of the first interaction is it related to?
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On the origin of the proton Nμ distribution tail
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Nμ distribution tail has a very high correlation with the hadronic energy of the first interaction 

Can it be measured?
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Phys.Rev.Lett. 109 (2012) 062002 
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 to minimize contributions 

from other primaries
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Relate the measured slope with the  
slope of the hadronic energy fraction 

distribution of the UHECR first interaction 
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Access the pion energy spectrum of the first interaction
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p+Air ! ⇡0 +X
<latexit sha1_base64="/Rh1TqdhCfOOysQvy1dTev1yWa4=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCIJREBF1W3bisYC/QxDKZTtqhk2SYOVFL6Au48VXcuFDErXt3vo3TNgttPTDw8f/ncOb8gRRcg+N8W3PzC4tLy4WV4ura+samvbVd10mqKKvRRCSqGRDNBI9ZDTgI1pSKkSgQrBH0L0d+444pzZP4BgaS+RHpxjzklICR2va+xEfYA/YA2TlXQ+wp3u0BUSq5x57kt46xm2275JSdceFZcHMoobyqbfvL6yQ0jVgMVBCtW64jwc+IAk4FGxa9VDNJaJ90WctgTCKm/Wx8zRAfGKWDw0SZFwMeq78nMhJpPYgC0xkR6OlpbyT+57VSCM/8jMcyBRbTyaIwFRgSPIoGd7hiFMTAAKGKm79i2iOKUDABFk0I7vTJs1A/LruGr09KlYs8jgLaRXvoELnoFFXQFaqiGqLoET2jV/RmPVkv1rv1MWmds/KZHfSnrM8fhzeajg==</latexit><latexit sha1_base64="/Rh1TqdhCfOOysQvy1dTev1yWa4=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCIJREBF1W3bisYC/QxDKZTtqhk2SYOVFL6Au48VXcuFDErXt3vo3TNgttPTDw8f/ncOb8gRRcg+N8W3PzC4tLy4WV4ura+samvbVd10mqKKvRRCSqGRDNBI9ZDTgI1pSKkSgQrBH0L0d+444pzZP4BgaS+RHpxjzklICR2va+xEfYA/YA2TlXQ+wp3u0BUSq5x57kt46xm2275JSdceFZcHMoobyqbfvL6yQ0jVgMVBCtW64jwc+IAk4FGxa9VDNJaJ90WctgTCKm/Wx8zRAfGKWDw0SZFwMeq78nMhJpPYgC0xkR6OlpbyT+57VSCM/8jMcyBRbTyaIwFRgSPIoGd7hiFMTAAKGKm79i2iOKUDABFk0I7vTJs1A/LruGr09KlYs8jgLaRXvoELnoFFXQFaqiGqLoET2jV/RmPVkv1rv1MWmds/KZHfSnrM8fhzeajg==</latexit><latexit sha1_base64="/Rh1TqdhCfOOysQvy1dTev1yWa4=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCIJREBF1W3bisYC/QxDKZTtqhk2SYOVFL6Au48VXcuFDErXt3vo3TNgttPTDw8f/ncOb8gRRcg+N8W3PzC4tLy4WV4ura+samvbVd10mqKKvRRCSqGRDNBI9ZDTgI1pSKkSgQrBH0L0d+444pzZP4BgaS+RHpxjzklICR2va+xEfYA/YA2TlXQ+wp3u0BUSq5x57kt46xm2275JSdceFZcHMoobyqbfvL6yQ0jVgMVBCtW64jwc+IAk4FGxa9VDNJaJ90WctgTCKm/Wx8zRAfGKWDw0SZFwMeq78nMhJpPYgC0xkR6OlpbyT+57VSCM/8jMcyBRbTyaIwFRgSPIoGd7hiFMTAAKGKm79i2iOKUDABFk0I7vTJs1A/LruGr09KlYs8jgLaRXvoELnoFFXQFaqiGqLoET2jV/RmPVkv1rv1MWmds/KZHfSnrM8fhzeajg==</latexit><latexit sha1_base64="/Rh1TqdhCfOOysQvy1dTev1yWa4=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCIJREBF1W3bisYC/QxDKZTtqhk2SYOVFL6Au48VXcuFDErXt3vo3TNgttPTDw8f/ncOb8gRRcg+N8W3PzC4tLy4WV4ura+samvbVd10mqKKvRRCSqGRDNBI9ZDTgI1pSKkSgQrBH0L0d+444pzZP4BgaS+RHpxjzklICR2va+xEfYA/YA2TlXQ+wp3u0BUSq5x57kt46xm2275JSdceFZcHMoobyqbfvL6yQ0jVgMVBCtW64jwc+IAk4FGxa9VDNJaJ90WctgTCKm/Wx8zRAfGKWDw0SZFwMeq78nMhJpPYgC0xkR6OlpbyT+57VSCM/8jMcyBRbTyaIwFRgSPIoGd7hiFMTAAKGKm79i2iOKUDABFk0I7vTJs1A/LruGr09KlYs8jgLaRXvoELnoFFXQFaqiGqLoET2jV/RmPVkv1rv1MWmds/KZHfSnrM8fhzeajg==</latexit>

✧ Change the high-energy tail of the 
inclusive production cross-section 

✧ Check impact in the slope of muon 
distribution low-tail

Slope of muon distribution ⇔ Shape of inclusive production cross-section at high-x
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<latexit sha1_base64="aBF//rT6FiA4AxzlMReAsLfJ7v0="></latexit>
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Summary

✧ Fluctuations of the N𝝻 distribution are sensitive to the first 
interaction properties 
✧ PLB 784 (2018) 68-76 

✧ The slope of the low-tail of the proton N𝝻 distribution is sensitive 
to the pion energy spectrum of the first interaction 
✧ Paper to be published soon
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�26



Ruben Conceição

Different mass composition scenarios
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Fitting the pion energy spectra tail
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