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This is a	real	picture
(There is no	photoshop)

By	Johnson	Lake	in	Banff	National	Park,	Canada
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By	Johnson	Lake	in	Banff	National	Park,	Canada

This is a	real	picture
(There is no	photoshop)

A	real	imageof a		fireball.	A	n	Extensive Air Shower
would look	like that if we could see UV)



Extensive Air Shower

From the experimental	
point of view,	EAS		have
two different parts:

• The core
distances up to	a	few m.

• The shower pancake:	
distances up 5	km.	

wrt shower axis
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• The core
• transversal	size of a	few m
• particle density ~	109 particles/m2.	

• Interation with the atmosphere creates radiation
trhough different mechanisms:

• Radio	emission at MHz	(Cherenkov &	Geosyncrotron)
• Microwaves GHz	(Molecular	Bremstrahlung)*

• Plasma	can	also be detected by RADAR
• UV-Cerenkov
• UV-fluorescence.
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• The shower pancake:
• transversal	size up to	~	5	km.	
• Density varies	from less than ~1	particle/m2,	to	
109 at the core.	

• At 1000	m	typical density of the order of 10-1000	
particles/m2.	

These	are	just	orders	of	magnitude	for	1019 eV,	they	depend	on	
other	observation	conditions



The	atmosphere:	
1000	g/cm2 to	36000	g/cm2
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Search for UHE neutrinos 
with Auger Surface 
Detector

• Protons & nuclei initiate inclined showers
high in the atmosphere => 

Shower front at ground mainly
composed of muons
(electromagnetic component absorbed in 

atmosphere).

• Neutrinos can initiate “deep” showers
close to ground =>

Shower front at ground: 
electromag. + muonic components
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Fluorescenc
e
Light

Secondary
Particles

Hybrid
detector
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Surface Detector (SD)
1600	water Cherenkov tanks
Area of 3000	km2

Fluorescence Detector
(FD)	
4	building	with	6	
telescopes	each
Telescope f.o.v.	30	x	30	
deg



Average	p-Air	interaction,	
E0=1019 eV
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On the origin of the ↵-distribution

Miguel Alexandre Jesus da Silva Martins

September 14, 2018

Abstract

We explore the physical causes of the shape of the ↵-distribution in hadronic interactions with a beam energy of
1010 GeV, focusing on the region ↵ 2 [0.3, 0.7], named here, for simplicity, the tail of the distribution, whose logaritmic
slope di↵ers according to the interation model considered (Epos-lhc [3] and QGSjet II-04 [2]). We first found that
only high multiplicity events contributed to the tail structure, discarding the contribution of di↵ractive events, and
that its shape does not depend on the nature of the emerging particle. Additionally, using a simple Monte Carlo Toy
Model that took, as input, only the pions energy spectrum given by the mentioned models, we were able to successfully
reproduce the shape of the ↵-distribution tail. Furthermore, accounting only for the pions energy spectrum given by
Epos-lhc and QGSjet II-04 in di↵erent proportions, we managed to e↵ectively vary/deform the given energy spectra
in distinct regions and demonstrate that the tail structure is only sensitive to changes in the high-energy (forward)
region of the energy spectra, i.e., E > 107 GeV.

1 A first look at the Epos-lhc model

A simulation using the Epos-lhc model produced 99828 interactions, resulting in the normalized energy distribution per
type of particle shown in Fig. 1.
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Figure 1: Energy distributed by each type of particle (note that the histogram is normalized)

In the above figure, it’s clear that most of the beam energy is carried by pions - types 7,8 and 9, respectively ⇡0, ⇡+

and ⇡�; protons and anti-protons - types 13 and 14; and also neutrons and anti-neutrons - types 15 and 25. Therefore,
it appears that most of the energy is carried, on average, by the hadronic component. In fact, Fig. 2 shows that the
mentioned component represents 78 % of the total energy of the interaction, about 3.5 times more than the eletromagnetic
one, meaning that h↵i = 0.78. Note also that ⇡0 acounts for most of the eletromagnetic energy fraction.
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<latexit sha1_base64="wTs/nWVRb75kbIFQBP5EQW76iJc=">AAAB9XicbZDLSgNBEEVrfMb4irp00yQEIkKYcaPLoBuXEcwDMjH0dGqSJj0PunuUMMTvcCOoiFv/xZ1/Y0+ShSZeaDjcqqKqrxcLrrRtf1srq2vrG5u5rfz2zu7efuHgsKmiRDJssEhEsu1RhYKH2NBcC2zHEmngCWx5o6us3rpHqXgU3upxjN2ADkLuc0a1se5c1JQ8Vuyq7ZZP8r1CydBUZBmcOZRqRff0BQDqvcKX249YEmComaBKdRw71t2USs2ZwEneTRTGlI3oADsGQxqg6qbTqyekbJw+8SNpXqjJ1P09kdJAqXHgmc6A6qFarGXmf7VOov2LbsrDONEYstkiPxFERySLgPS5RKbF2ABlkptbCRtSSZk2QWUhOItfXobmWdWxq86NSeMSZsrBMRShAg6cQw2uoQ4NYCDhCV7hzXqwnq1362PWumLNZ47gj6zPH7pMkik=</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="kRmYVcgOV7eOgVziE8BBLb2koY4=">AAAB6nicbZDNSgMxFIXv+Ftr1erWTbAU6qbMuNGl4MZlBfsDnbFk0kwbmskMyR2lDPU53LhQxAdy59uYabvQ1gOBj3MS7s0JUykMuu63s7G5tb2zW9or71cODo+qx5WOSTLNeJslMtG9kBouheJtFCh5L9WcxqHk3XByU+TdR66NSNQ9TlMexHSkRCQYRWs9+BwpeW64Tdevn5cH1Zqlucg6eEuowVKtQfXLHyYsi7lCJqkxfc9NMcipRsEkn5X9zPCUsgkd8b5FRWNugny+9YzUrTMkUaLtUUjm7u8XOY2NmcahvRlTHJvVrDD/y/oZRldBLlSaIVdsMSjKJMGEFBWQodCcoZxaoEwLuythY6opQ1tUUYK3+uV16Fw0Pbfp3blQglM4gwZ4cAnXcAstaAMDDS/wBu/Ok/PqfCzq2nCWvZ3AHzmfP26Fj0Q=</latexit><latexit sha1_base64="kRmYVcgOV7eOgVziE8BBLb2koY4=">AAAB6nicbZDNSgMxFIXv+Ftr1erWTbAU6qbMuNGl4MZlBfsDnbFk0kwbmskMyR2lDPU53LhQxAdy59uYabvQ1gOBj3MS7s0JUykMuu63s7G5tb2zW9or71cODo+qx5WOSTLNeJslMtG9kBouheJtFCh5L9WcxqHk3XByU+TdR66NSNQ9TlMexHSkRCQYRWs9+BwpeW64Tdevn5cH1Zqlucg6eEuowVKtQfXLHyYsi7lCJqkxfc9NMcipRsEkn5X9zPCUsgkd8b5FRWNugny+9YzUrTMkUaLtUUjm7u8XOY2NmcahvRlTHJvVrDD/y/oZRldBLlSaIVdsMSjKJMGEFBWQodCcoZxaoEwLuythY6opQ1tUUYK3+uV16Fw0Pbfp3blQglM4gwZ4cAnXcAstaAMDDS/wBu/Ok/PqfCzq2nCWvZ3AHzmfP26Fj0Q=</latexit><latexit sha1_base64="qAZELBoR/BmjROAYJyZGL64RpYU=">AAAB9XicbZC7SgNBFIbPxluMt6ilzWAIxCbs2mgZtLGMYC6QjWF2cjYZMnthZlYJS3wOGwtFbH0XO9/G2WQLTfxh4OM/53DO/F4suNK2/W0V1tY3NreK26Wd3b39g/LhUVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJtdZvfOAUvEovNPTGPsBHYXc54xqY927qCl5qtl1262elQbliqG5yCo4OVQgV3NQ/nKHEUsCDDUTVKmeY8e6n1KpORM4K7mJwpiyCR1hz2BIA1T9dH71jFSNMyR+JM0LNZm7vydSGig1DTzTGVA9Vsu1zPyv1ku0f9lPeRgnGkO2WOQnguiIZBGQIZfItJgaoExycythYyop0yaoLARn+cur0D6vO3bdubUrjas8jiKcwCnUwIELaMANNKEFDCQ8wyu8WY/Wi/VufSxaC1Y+cwx/ZH3+AKfNkKA=</latexit><latexit sha1_base64="qAZELBoR/BmjROAYJyZGL64RpYU=">AAAB9XicbZC7SgNBFIbPxluMt6ilzWAIxCbs2mgZtLGMYC6QjWF2cjYZMnthZlYJS3wOGwtFbH0XO9/G2WQLTfxh4OM/53DO/F4suNK2/W0V1tY3NreK26Wd3b39g/LhUVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJtdZvfOAUvEovNPTGPsBHYXc54xqY927qCl5qtl1262elQbliqG5yCo4OVQgV3NQ/nKHEUsCDDUTVKmeY8e6n1KpORM4K7mJwpiyCR1hz2BIA1T9dH71jFSNMyR+JM0LNZm7vydSGig1DTzTGVA9Vsu1zPyv1ku0f9lPeRgnGkO2WOQnguiIZBGQIZfItJgaoExycythYyop0yaoLARn+cur0D6vO3bdubUrjas8jiKcwCnUwIELaMANNKEFDCQ8wyu8WY/Wi/VufSxaC1Y+cwx/ZH3+AKfNkKA=</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="B2qf/JRf8y+QukvbNEKQFSDum1g=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm6GlUBFK4kaXRTcuK9gLNLFMppN26GQSZiZKCfUpXLhxoYhb38Vd38ZJ24W2/jDw8Z9zOGd+P+ZMadueWrm19Y3Nrfx2YWd3b/+geHjUUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/us7q7QcqFYvEnR7H1AvxQLCAEayNde9SjdFT1a7ZbuW00CuWDc2EVsFZQLlecs+ep/Vxo1f8dvsRSUIqNOFYqa5jx9pLsdSMcDopuImiMSYjPKBdgwKHVHnp7OoJqhinj4JImic0mrm/J1IcKjUOfdMZYj1Uy7XM/K/WTXRw6aVMxImmgswXBQlHOkJZBKjPJCWajw1gIpm5FZEhlphoE1QWgrP85VVondccu+bcmjSuYK48nEAJquDABdThBhrQBAISXuAN3q1H69X6sD7nrTlrMXMMf2R9/QDDtpOv</latexit><latexit sha1_base64="qAZELBoR/BmjROAYJyZGL64RpYU=">AAAB9XicbZC7SgNBFIbPxluMt6ilzWAIxCbs2mgZtLGMYC6QjWF2cjYZMnthZlYJS3wOGwtFbH0XO9/G2WQLTfxh4OM/53DO/F4suNK2/W0V1tY3NreK26Wd3b39g/LhUVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJtdZvfOAUvEovNPTGPsBHYXc54xqY927qCl5qtl1262elQbliqG5yCo4OVQgV3NQ/nKHEUsCDDUTVKmeY8e6n1KpORM4K7mJwpiyCR1hz2BIA1T9dH71jFSNMyR+JM0LNZm7vydSGig1DTzTGVA9Vsu1zPyv1ku0f9lPeRgnGkO2WOQnguiIZBGQIZfItJgaoExycythYyop0yaoLARn+cur0D6vO3bdubUrjas8jiKcwCnUwIELaMANNKEFDCQ8wyu8WY/Wi/VufSxaC1Y+cwx/ZH3+AKfNkKA=</latexit>



ISAPP	Shower	Physics	II	(L.	Cazon)



Question:

• What	fraction	of	Kaons	should	be	included	to	
contribute	to	the	“hadronic	cascade”?

• Have	a	look	to	their	decay	products.

ISAPP	Shower	Physics	II	(L.	Cazon)



K±
<latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit>

K±
<latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit><latexit sha1_base64="C8wXmcWARYtespTjAIlgq9xnS5g=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoR6LXgQvFewHtGvJptk2NMmGJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMixRnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLZOkmtAmSXiiOxE2lDNJm5ZZTjtKUywiTtvR+Gbmt5+oNiyRD3aiaCjwULKYEWyd1L57zHpKTPvlil/150CrJMhJBXI0+uWv3iAhqaDSEo6N6Qa+smGGtWWE02mplxqqMBnjIe06KrGgJszm507RmVMGKE60K2nRXP09kWFhzERErlNgOzLL3kz8z+umNr4KMyZVaqkki0VxypFN0Ox3NGCaEssnjmCimbsVkRHWmFiXUMmFECy/vEpaF9XArwb3l5X6dR5HEU7gFM4hgBrU4RYa0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz9oZ4+a</latexit>

ISAPP	Shower	Physics	II	(L.	Cazon)

K± decay
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Air	Showers:	the
engine

Muons trace	the hadronic shower which
is the backbone of	the whole cascade

л0 decays are	the propellers of	the EM	
cascade

Muonic	component

Hadronic	shower

(mainly	pions)

Electromagnetic	shower	
(electrons	and	photons)

Primary:	
Hadron

Primary:
Photon
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The	bulk	of	radiated	and	
visible	energy	comes	from	
the	EM	cascade
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The	different	components	of	the	
shower

Phys.Rev.Lett. 117 (2016) no.19, 192001



The	different	components	of	the	
shower
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Vissual differences between EM	
and hadronic showers
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Has anybody seen in	
detail a	hadron shower at
1019 eV?

Smooth vs lumpy



The hadronic shower
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Hadronic	reaction							µ ±p
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Normalized	trajectories
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Hadronic cascade

The	hadronic	cascade	
loses	energy	that	goes	
into	the	EM	cascade
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p!p data [8]. Since the multiplicity in p-nucleon col-
lisions is similar [10], we adopt a constant value
Nch = 10, a value accurate to within a factor of
two for pion kinetic energies from about 1 GeV
through 10 TeV. But we will remain cautious of
the validity of this approximation. The great
majority of interactions in a shower occur with
pion energies of order 100 GeV, much lower than
the primary energy E!. However, there are circum-
stances—study of Xmax for example—where the
properties of the first interaction have more
importance.

The other important parameter in our model is
npc , the energy at which we assume that further par-
ticle production by p± ceases. We estimate npc as
the energy at which the decay length of a charged
pion becomes less than the distance to the next
interaction point.

Consider a single cosmic ray proton entering
the atmosphere with energy E!. After n interac-
tions (or atmospheric layers) there are Np = (Nch)

n

total charged pions. Assuming equal division of
energy during particle production, these pions car-
ry a total energy of (2/3)nE!. The remainder of the
primary energy E! has gone into electromagnetic
showers from p! decays. The energy per charged
pion in atmospheric layer n is therefore

Ep ¼
E!

3
2
N ch

! "n : ð5Þ

After a certain number nc of generations, Ep be-
comes less than npc .

For example, in a shower initiated by a 1015 eV
primary proton, individual pion energies after four
interactions are Ep ¼ 1015= 3

2
10

! "4 ¼ 20 GeV, using
Nch = 10. The decay length of a pion with this en-
ergy is ccs = 1.1 km. Assuming an exponential
atmospheric density profile with scale height
8 km, the linear distance between the altitudes of
the beginning and the end of the fourth interaction
layer is 1.8 km. This is the first layer that pions
have encountered where their probability of a de-
cay exceeds that of arriving at the next interaction
point. The critical energy in this shower is then
npc ¼ 20 GeV.

If we repeat the above exercise at other primary
energies, we find that npc ¼ 30 GeV at E! = 1014 eV
and npc ¼ 10 GeV at E! = 1017 eV. It is evident that

npc slowly decreases with increasing primary en-
ergy. Hereafter we adopt a constant value
npc ¼ 20 GeV.

The number of interactions needed to reach
Ep ¼ npc is, from Eq. (5),

nc ¼
ln½E!=n

p
c &

ln 3
2
N ch

# $ ¼ 0:85log10½E!=n
p
c &; ð6Þ

giving nc = 3,4,5,6 for E! = 1014,1015,1016,1017 eV
respectively. Eq. (6) does not depend strongly on
moderate variations of the value chosen for Nch.
For example, using Nch = 20 changes nc only
above E! = 1016 eV, reducing it by one.

As a last check of the self-consistency of our
choices for Nch and npc , we look at the properties
of the interactions in the cascade. In the above
examples, the average kinetic energy of all the
interacting pions in a shower is about 250 GeV,
nearly independently of E!. This energy corre-
sponds to

ffiffi

s
p

¼ 22 GeV for pions colliding with
stationary nucleons. The mean pp charged multi-
plicity at this energy is about 8 [5]. Allowing for
multiple interactions of a pion colliding with a tar-
get air nuclei, our selection of Nch = 10 seems quite
reasonable.

In the following sections we implement the
hadronic shower model adopting the following
(constant) values for the parameters: Nch = 10,
nec ¼ 85 MeV, npc ¼ 20 GeV, kI = 120g/cm2, kr = 37
g/cm2.

3.2. Primary energy

The primary energy is finally divided between
Np pions and Nmax electromagnetic particles in
subshowers. The number of muons is Nl = Np.
By analogy to Eq. (1), the total energy in this case
is

E! ¼ necNmax þ npcNl:

Scaling to the electron size Ne = Nmax/g as before,

E! ¼ gnec N e þ
npc
gnec

Nl

& '

( 0:85 GeV ðN e þ 24N lÞ: ð7Þ

Eq. (7) represents energy conservation. The rela-
tive magnitude of the contributions from Nl and
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⇠⇡c = Eo

( 3
2Nch)

nc
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Nµ = (Nch)
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from Ne is determined by their respective critical
energies—the energy scales at which electromag-
netic and hadronic multiplication cease. Different
primaries allocate energy differently between the
electromagnetic and hadronic components, as do
statistical fluctuations. Eq. (7) implicitly accounts
for these differences.

The importance of the result in Eq. (7) is that E!
is simply calculable if both Ne and Nl are meas-
ured. The relation is linear and insensitive both
to fluctuations and to primary particle type.

The practical use of Eq. (7) requires adjust-
ments to account for experimental details. One ef-
fect is that measurements of particles are usually
made after shower maximum. Another is that the
relative sensitivity of an experiment to photons
and electrons affects the interpretation of meas-
ured value of Ne.

Fig. 4 shows the energy reconstruction pub-
lished by the CASA-MIA group [11]. Their result
has E! = 0.8 GeV (Ne + 25Nl), where Ne and Nl

are measured shower sizes. Note that the relation
is linear and independent of the primary particle
type. In light of the caveats above, it must be con-
sidered somewhat accidental that the numerical
coefficients in their result agree so precisely with
Eq. (7).

3.3. Muon and electron sizes

The number of muons in the shower is obtained
using N l ¼ Np ¼ ðN chÞnc . The energy dependence
of the muon size is obtained by using Eq. (6) to
cast Nl in the form

lnN l ¼ lnN p ¼ nc lnN ch ¼ b ln½E!=n
p
c &;

where

b ¼ ln½N ch&
ln 3

2
N ch

! " ¼ 0:85: ð8Þ

Note that although Nch in fact changes as the
shower develops, b depends only logarithmically
on its value. If Nch were an order of magnitude lar-
ger, b = 0.92. So our assumption that Nch is con-
stant has little impact. The muon size of the
shower is then

N l ¼
E!

npc

# $ b

' 104
E!

1 PeV

# $ 0:85

: ð9Þ

Recent studies using several detailed Monte Carlo
simulations report values b = 0.85 ! 0.92 [9,10].
Our present model will match these values very
well when we include the effects of leading particles
in hadron interactions (see Section 4). In any case,
the less-than-linear growth of Nl with primary en-
ergy has important consequences for modeling
showers initiated by nuclei heavier than protons,
described later.

We estimate the electron size of the shower by
assessing how much energy has gone into electro-
magnetic channels, assume it appears as EM sub-
showers, and then use Eq. (1) to obtain N. This
approximation simply adds all the EM subshowers
from each interaction generation to determine the
total number of electrons produced.

Conservation of energy implies that the primary
energy is split into electromagnetic and hadronic
parts E! = Eem + Eh. The hadronic energy appears
in the muon component as Eh ¼ Nln

p
c , so that the

fraction into the EM component is

Eem

E!
¼ E! ( Nln

p
c

E!
¼ 1 ( E!

npc

# $ b( 1

; ð10Þ

where b is from Eq. (9). The EM fraction is 72% at
E! = 1014 eV, rising to 90% at E! = 1017 eV. Eq.
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Fig. 4. Energy reconstruction from CASA-MIA (from [11]).
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on its value. If Nch were an order of magnitude lar-
ger, b = 0.92. So our assumption that Nch is con-
stant has little impact. The muon size of the
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Recent studies using several detailed Monte Carlo
simulations report values b = 0.85 ! 0.92 [9,10].
Our present model will match these values very
well when we include the effects of leading particles
in hadron interactions (see Section 4). In any case,
the less-than-linear growth of Nl with primary en-
ergy has important consequences for modeling
showers initiated by nuclei heavier than protons,
described later.

We estimate the electron size of the shower by
assessing how much energy has gone into electro-
magnetic channels, assume it appears as EM sub-
showers, and then use Eq. (1) to obtain N. This
approximation simply adds all the EM subshowers
from each interaction generation to determine the
total number of electrons produced.

Conservation of energy implies that the primary
energy is split into electromagnetic and hadronic
parts E! = Eem + Eh. The hadronic energy appears
in the muon component as Eh ¼ Nln
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where b is from Eq. (9). The EM fraction is 72% at
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⇠⇡c ' 20 GeV
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p!p data [8]. Since the multiplicity in p-nucleon col-
lisions is similar [10], we adopt a constant value
Nch = 10, a value accurate to within a factor of
two for pion kinetic energies from about 1 GeV
through 10 TeV. But we will remain cautious of
the validity of this approximation. The great
majority of interactions in a shower occur with
pion energies of order 100 GeV, much lower than
the primary energy E!. However, there are circum-
stances—study of Xmax for example—where the
properties of the first interaction have more
importance.

The other important parameter in our model is
npc , the energy at which we assume that further par-
ticle production by p± ceases. We estimate npc as
the energy at which the decay length of a charged
pion becomes less than the distance to the next
interaction point.

Consider a single cosmic ray proton entering
the atmosphere with energy E!. After n interac-
tions (or atmospheric layers) there are Np = (Nch)

n

total charged pions. Assuming equal division of
energy during particle production, these pions car-
ry a total energy of (2/3)nE!. The remainder of the
primary energy E! has gone into electromagnetic
showers from p! decays. The energy per charged
pion in atmospheric layer n is therefore

Ep ¼
E!

3
2
N ch

! "n : ð5Þ

After a certain number nc of generations, Ep be-
comes less than npc .

For example, in a shower initiated by a 1015 eV
primary proton, individual pion energies after four
interactions are Ep ¼ 1015= 3

2
10

! "4 ¼ 20 GeV, using
Nch = 10. The decay length of a pion with this en-
ergy is ccs = 1.1 km. Assuming an exponential
atmospheric density profile with scale height
8 km, the linear distance between the altitudes of
the beginning and the end of the fourth interaction
layer is 1.8 km. This is the first layer that pions
have encountered where their probability of a de-
cay exceeds that of arriving at the next interaction
point. The critical energy in this shower is then
npc ¼ 20 GeV.

If we repeat the above exercise at other primary
energies, we find that npc ¼ 30 GeV at E! = 1014 eV
and npc ¼ 10 GeV at E! = 1017 eV. It is evident that

npc slowly decreases with increasing primary en-
ergy. Hereafter we adopt a constant value
npc ¼ 20 GeV.

The number of interactions needed to reach
Ep ¼ npc is, from Eq. (5),

nc ¼
ln½E!=n

p
c &

ln 3
2
N ch

# $ ¼ 0:85log10½E!=n
p
c &; ð6Þ

giving nc = 3,4,5,6 for E! = 1014,1015,1016,1017 eV
respectively. Eq. (6) does not depend strongly on
moderate variations of the value chosen for Nch.
For example, using Nch = 20 changes nc only
above E! = 1016 eV, reducing it by one.

As a last check of the self-consistency of our
choices for Nch and npc , we look at the properties
of the interactions in the cascade. In the above
examples, the average kinetic energy of all the
interacting pions in a shower is about 250 GeV,
nearly independently of E!. This energy corre-
sponds to

ffiffi

s
p

¼ 22 GeV for pions colliding with
stationary nucleons. The mean pp charged multi-
plicity at this energy is about 8 [5]. Allowing for
multiple interactions of a pion colliding with a tar-
get air nuclei, our selection of Nch = 10 seems quite
reasonable.

In the following sections we implement the
hadronic shower model adopting the following
(constant) values for the parameters: Nch = 10,
nec ¼ 85 MeV, npc ¼ 20 GeV, kI = 120g/cm2, kr = 37
g/cm2.

3.2. Primary energy

The primary energy is finally divided between
Np pions and Nmax electromagnetic particles in
subshowers. The number of muons is Nl = Np.
By analogy to Eq. (1), the total energy in this case
is

E! ¼ necNmax þ npcNl:

Scaling to the electron size Ne = Nmax/g as before,

E! ¼ gnec N e þ
npc
gnec

Nl

& '

( 0:85 GeV ðN e þ 24N lÞ: ð7Þ

Eq. (7) represents energy conservation. The rela-
tive magnitude of the contributions from Nl and
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Composition scaling
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The hadronic shower
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Hadronic	reaction							µ ±p



• in a hadronic collision p + B ® C + X the pt 
distribution of pions is

• < pt > =2Q ~ tenths of GeV
• p± decay into µ±. Max pt achievable: 29.8 MeV

)exp(
22

2

Q
p

dpp
dN

pd
Nd t

ttt

-µ=
p

The p± transverse momentum (pt)



The µ± transverse momentum (pt)

ISAPP	Shower	Physics	II	(L.	Cazon)

µ± come from p± decay. Max pt achievable: 29.8 MeV

Decay pt / Pions pt ~10% 

Muons inherit the
pion	pt distribution

41
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the normalized average distributions of the pt distributions at
X 0 ¼ 0 g cm"2), and do not depend on the primary (right panel
Fig. 7), except for the case of photons, which respond to a com-
pletely different muon production mechanism, as explained before.

As the shower evolves, the pt spectrum becomes softer (Fig. 8, left
panel shows the evolution as a function of X0). Besides this depen-
dence on X 0, the pt distributions also depend on the energy of the
muons. The right panel shows the medians of the pt-distribution
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Fig. 5. Normalized average energy distribution of all muons at production for proton initiated showers at 1019 eV simulated with QGSJET-II.03 for different zenith angles (left
panel), and different primaries at 60 deg zenith angle (right panel).
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• The pt slowly increases with number of
iterations
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1a

2a

3a

There is a	small increase of the distance
of muon production to	the shower axis
in	every generation

Changes in	the ptof first
interaction are	hardly
observable (regarding the
ougoing angle/spatial
distributions of muons)
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ISAPP	Shower	Physics	II	(L.	Cazon)separated by 1.5 km. Therefore, the position where the muon has
been produced can be approximated by ð0;0; zÞ, or simply z.

Every dX along the shower axis, dN muons are produced within
a given energy and transverse momentum interval dEi and dpt .
Their overall distribution at production can be described in general
with a 3-dimensional function, as:

d3N
dX dEi dcpt

¼ FðX; Ei; cptÞ: ð2Þ

These 3D-distributions were recorded during simulation with
CORSIKA v6.980 [18] at the moment of production, along with the
standard ground particle output files. These distributions define
most of the knowledge about muons contained in the air showers.

A library of CORSIKA v6.980 showers was created, with samples
of 50 proton showers at 0, 40, 60 and 70 degrees with QGSJET-II.03
[5,6] model and energy 1019 eV. The relative thinning was set to
10$ 6, the maximum weight was set to 104 and the hadronic max-
imum weight of 102. The inner radial thinning was set to 1 cm. The
kinetic energy cuts where set to 0.05 GeV for muons and hadrons
and 0.003 GeV for electrons and photons. The altitude was set to
1400 m a.s.l, with the magnetic field of Malargue, Argentina.

At 60 degrees, we also run 50 shower samples of iron and pho-
ton primaries with QGSJET-II.03, and for iron and proton for the
models SIBYLL2.1 [19] and EPOS1.99 [20,21]. We also run proton
showers at 1018:5 eV, 1019 eV and 1019:5 eV with QGSJET-II.03.

A sub-sample of proton QGSJET-II.03 1019 eV showers was sim-
ulated with a lower maximum weight of 103 for EM particles and
10 for hadrons (and muons). This subset was used to check the ef-
fects of the thinning, which are negligible.

The projection into the X (or z) axis becomes

hðXÞ ¼
Z

FðX; Ei; cptÞdEi dcpt ð3Þ

and it is the so called total/true Muon Production Depth (Distance)
distribution, or MPD-distribution for short. It does not depend on
the observational conditions since it does not contain any propaga-
tion effects of muons through the atmosphere. Notice that this is
different from the MPD-distributions of detected muons at a given
position on ground dN

dX jðr;fÞ, which includes the effects of propagation,
as it will be explained later. This distribution is sometimes referred
to as apparent MPD-distribution.

The total number of muons produced in a shower is

N 0 ¼
Z

hðXÞdX: ð4Þ

It should be noted that this number is intrinsically different from
the surviving muons, which are affected by the fluctuations of the
depth of the first interaction, which changes the distance traveled
by muons to ground. Some of the techniques used by Auger [22]
use a fixed distance to the shower core, so they can also be affected
by the lateral spread of the parent mesons. Notice that in CORSIKA,
the function FðX; Ei; cptÞ is only known above a certain energy
threshold, Ei > Eth. Therefore the total/true MPD-distribution de-
pends on Eth, becoming hEth ðXÞ. In the same manner, the total num-
ber of produced muons corresponds to the total number of muons
above the energy threshold, N Eth . The simulations of the present
work have a total energy threshold Eth ¼ 0:155 GeV, the lowest al-
lowed by CORSIKA code. The differences in the distributions at
observation level induced by this particular threshold are negligible
because such low energy muons decay on flight before reaching
ground. Eth value must be specified when referring to N Eth or hEth

for which the low energy muons can contribute in large amounts
[23]. Changing from a concrete value of Eth into another is trivial
provided that we know FðX; Ei; cptÞ.

Eq. 2 can be factorized and expressed as the product

FðX; Ei; cptÞ ¼ hðXÞfXðEi; cptÞ ð5Þ

where the function fXðEi; cptÞ ¼
FðX;Ei ;cpt Þ

hðXÞ becomes the normalized Ei

and cpt distribution at a given production depth X.
In the approximations made on [14–16], fX did not depend on X

and it was factorized in 2 independent distributions on Ei and cpt .
This allowed analytical approximations of the distributions at
ground. In this work we have included these correlations, improv-
ing the accuracy of the energy, production depth, and time distri-
butions at ground, and allowing for a proper description of the
muon lateral distribution at ground.

The function hðXÞ tracks the longitudinal development of the
hadronic cascade and represents the production rate of muons
per g cm$ 2. Its shape and features are extensively discussed in
[23]. The depth at which hðXÞ reaches a maximum is denoted as
Xl

max. Xl
max correlates with the first interaction point X1 which

corresponds to the first interaction of the primary in the
atmosphere and the start of the cascading process [23]. The most
important source of fluctuations in air showers corresponds to
the fluctuations of X1, which causes an overall displacement of
the whole cascade at first approximation. The amount
X0 ¼ X $ Xl

max defines the amount of matter with respect to the
shower maximum. The distributions can be expressed in terms of
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Fig. 2. Left panel: average distribution of the positive y-coordinate at the production point of muons for different primaries at 1019 eV at 60 deg. Right panel: average, median
and 90% quantiles of the y distribution for different depths for a proton shower of 1019 eV at 60 deg.
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Universality	of	muon	distributions
at	production
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Approximations

• All	information	(Full	MC)

• Muon	are	produced	in	
the	shower	axis.	

• Factorization	hypothesis	
(allow	easy	analytical	
integrations)

• Fixed	pt=Q=0.2	GeV
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d6N

d~xd~p
= F (~x, ~p)
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separated by 1.5 km. Therefore, the position where the muon has
been produced can be approximated by ð0;0; zÞ, or simply z.

Every dX along the shower axis, dN muons are produced within
a given energy and transverse momentum interval dEi and dpt .
Their overall distribution at production can be described in general
with a 3-dimensional function, as:

d3N
dX dEi dcpt

¼ FðX; Ei; cptÞ: ð2Þ

These 3D-distributions were recorded during simulation with
CORSIKA v6.980 [18] at the moment of production, along with the
standard ground particle output files. These distributions define
most of the knowledge about muons contained in the air showers.

A library of CORSIKA v6.980 showers was created, with samples
of 50 proton showers at 0, 40, 60 and 70 degrees with QGSJET-II.03
[5,6] model and energy 1019 eV. The relative thinning was set to
10$ 6, the maximum weight was set to 104 and the hadronic max-
imum weight of 102. The inner radial thinning was set to 1 cm. The
kinetic energy cuts where set to 0.05 GeV for muons and hadrons
and 0.003 GeV for electrons and photons. The altitude was set to
1400 m a.s.l, with the magnetic field of Malargue, Argentina.

At 60 degrees, we also run 50 shower samples of iron and pho-
ton primaries with QGSJET-II.03, and for iron and proton for the
models SIBYLL2.1 [19] and EPOS1.99 [20,21]. We also run proton
showers at 1018:5 eV, 1019 eV and 1019:5 eV with QGSJET-II.03.

A sub-sample of proton QGSJET-II.03 1019 eV showers was sim-
ulated with a lower maximum weight of 103 for EM particles and
10 for hadrons (and muons). This subset was used to check the ef-
fects of the thinning, which are negligible.

The projection into the X (or z) axis becomes

hðXÞ ¼
Z

FðX; Ei; cptÞdEi dcpt ð3Þ

and it is the so called total/true Muon Production Depth (Distance)
distribution, or MPD-distribution for short. It does not depend on
the observational conditions since it does not contain any propaga-
tion effects of muons through the atmosphere. Notice that this is
different from the MPD-distributions of detected muons at a given
position on ground dN

dX jðr;fÞ, which includes the effects of propagation,
as it will be explained later. This distribution is sometimes referred
to as apparent MPD-distribution.

The total number of muons produced in a shower is

N 0 ¼
Z

hðXÞdX: ð4Þ

It should be noted that this number is intrinsically different from
the surviving muons, which are affected by the fluctuations of the
depth of the first interaction, which changes the distance traveled
by muons to ground. Some of the techniques used by Auger [22]
use a fixed distance to the shower core, so they can also be affected
by the lateral spread of the parent mesons. Notice that in CORSIKA,
the function FðX; Ei; cptÞ is only known above a certain energy
threshold, Ei > Eth. Therefore the total/true MPD-distribution de-
pends on Eth, becoming hEth ðXÞ. In the same manner, the total num-
ber of produced muons corresponds to the total number of muons
above the energy threshold, N Eth . The simulations of the present
work have a total energy threshold Eth ¼ 0:155 GeV, the lowest al-
lowed by CORSIKA code. The differences in the distributions at
observation level induced by this particular threshold are negligible
because such low energy muons decay on flight before reaching
ground. Eth value must be specified when referring to N Eth or hEth

for which the low energy muons can contribute in large amounts
[23]. Changing from a concrete value of Eth into another is trivial
provided that we know FðX; Ei; cptÞ.

Eq. 2 can be factorized and expressed as the product

FðX; Ei; cptÞ ¼ hðXÞfXðEi; cptÞ ð5Þ

where the function fXðEi; cptÞ ¼
FðX;Ei ;cpt Þ

hðXÞ becomes the normalized Ei

and cpt distribution at a given production depth X.
In the approximations made on [14–16], fX did not depend on X

and it was factorized in 2 independent distributions on Ei and cpt .
This allowed analytical approximations of the distributions at
ground. In this work we have included these correlations, improv-
ing the accuracy of the energy, production depth, and time distri-
butions at ground, and allowing for a proper description of the
muon lateral distribution at ground.

The function hðXÞ tracks the longitudinal development of the
hadronic cascade and represents the production rate of muons
per g cm$ 2. Its shape and features are extensively discussed in
[23]. The depth at which hðXÞ reaches a maximum is denoted as
Xl

max. Xl
max correlates with the first interaction point X1 which

corresponds to the first interaction of the primary in the
atmosphere and the start of the cascading process [23]. The most
important source of fluctuations in air showers corresponds to
the fluctuations of X1, which causes an overall displacement of
the whole cascade at first approximation. The amount
X0 ¼ X $ Xl

max defines the amount of matter with respect to the
shower maximum. The distributions can be expressed in terms of
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Fig. 2. Left panel: average distribution of the positive y-coordinate at the production point of muons for different primaries at 1019 eV at 60 deg. Right panel: average, median
and 90% quantiles of the y distribution for different depths for a proton shower of 1019 eV at 60 deg.
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d3N

dXdEidpt
= h(X)f1(Ei)f2(pt)
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the normalized average distributions of the pt distributions at
X 0 ¼ 0 g cm"2), and do not depend on the primary (right panel
Fig. 7), except for the case of photons, which respond to a com-
pletely different muon production mechanism, as explained before.

As the shower evolves, the pt spectrum becomes softer (Fig. 8, left
panel shows the evolution as a function of X0). Besides this depen-
dence on X 0, the pt distributions also depend on the energy of the
muons. The right panel shows the medians of the pt-distribution

(E/GeV)
10

 log
0 1 2 3 4 5

 d
N

/d
lo

gE
 (a

.u
)

-610

-510

-410

-310

-210

-110

1

 = 0 deg θ

 = 60 deg θ

 = 70 deg θ

(E/GeV)
10

 log
0 1 2 3 4 5

 d
N

/d
lo

gE
 (a

.u
)

-610

-510

-410

-310

-210

-110

1

proton

iron
photon

Fig. 5. Normalized average energy distribution of all muons at production for proton initiated showers at 1019 eV simulated with QGSJET-II.03 for different zenith angles (left
panel), and different primaries at 60 deg zenith angle (right panel).
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Figure 17: cpt spectrum for proton
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For the muon production profile, Rµ can be fixed, and Lµ can be measured close to the shower
maximum, so that at least a part of the variation on ∆X can be accounted for most of the measured
events. In addition, the MPD distribution starts much earlier than the energy deposit profile with
muons being produced directly from the first few interactions and with a much steeper rise.

The fraction of produced muons that will decay before reaching the ground level increases
with the zenith angle θ. Hence, the energy threshold for the muon to reach the ground depends
also on this quantity, θ. Studies of the distribution of the first muons as a function of θ can thus
give some insight about the parent pion energy distributions in the high energy interactions.
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Figure 11: Electromagnetic (red/full) and muon production (blue/dashed) longitudinal profiles of a single typical
proton induced EAS at E = 1019 eV. The shower was produced using QGSJet-II as high energy hadronic interaction
model. Both profiles were normalized to the area. The first interaction point is shown as a red star.

6. Conclusions and Prospects

The muon production longitudinal profile of air showers is a true characteristic of the shower
(independent of detection conditions), described by the same parametrization as the electromag-
netic profile. It gives new primary mass composition variables which are fairly independent of the
high energy hadronic interaction model: the Xµmax and the shape variable Lµ. These variables can
be combined to obtain the point of first interaction. The normalization of the profile gives also
access to the total number of produced muons, which is known to be an important variable, both
for primary composition and high energy hadronic interaction model studies.
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Figure 10: MPD for proton
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Figure 11: MPD for iron
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Figure 4: Energy spectrum for proton
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Figure 13: Energy spectrum for proton
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the normalized average distributions of the pt distributions at
X 0 ¼ 0 g cm"2), and do not depend on the primary (right panel
Fig. 7), except for the case of photons, which respond to a com-
pletely different muon production mechanism, as explained before.

As the shower evolves, the pt spectrum becomes softer (Fig. 8, left
panel shows the evolution as a function of X0). Besides this depen-
dence on X 0, the pt distributions also depend on the energy of the
muons. The right panel shows the medians of the pt-distribution
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Fig. 5. Normalized average energy distribution of all muons at production for proton initiated showers at 1019 eV simulated with QGSJET-II.03 for different zenith angles (left
panel), and different primaries at 60 deg zenith angle (right panel).

(E/GeV)
10

 log
0 1 2 3 4 5

 d
N

/d
lo

gE
 (a

.u
)

-610

-510

-410

-310

-210

-110

1

QGSJETII

EPOS

SIBYLL

(E/GeV)
10

 log
0 2 4

 d
N

/d
lo

gE
 (a

.u
)

-610

-510

-410

-310

-210

-110

1

 eV18.510

 eV19.010

 eV19.510

Fig. 6. Normalized average energy distribution of all muons at production for proton showers at X 0 ¼ 0 g cm"2 and 60 deg zenith angle. Left panel, 1019 eV for different
hadronic interactions models. Right panel, QGSJET-II.03 for different primary energies.

/GeV)
t

(cp
10

 log
-2 -1 0 1

 (a
.u

)
t

 d
N

/d
lo

g 
cp

-610

-510

-410

-310

-210

-110

1

 = 0 degθ

 = 60 degθ

 = 70 degθ

/GeV)
t

(cp
10

 log
-2 -1 0 1

 (a
.u

)
t

 d
N

/d
lo

g 
cp

-610

-510

-410

-310

-210

-110

1

proton

iron
photon

Fig. 7. Normalized average pt distribution of all muons at production for showers at 1019 eV at X0 ¼ 0 gcm"2 simulated with QGSJET-II.03. Left panel, different zenith angles,
with proton primaries. Right panel, different primaries at 60 deg zenith angle.

L. Cazon et al. / Astroparticle Physics 36 (2012) 211–223 215



ISAPP	Shower	Physics	II	(L.	Cazon)

X0, where the most important source of fluctuations has been elim-
inated, and only the remaining effects are present.

In Fig. 3 (left panel) hðXÞ is shown for a sample of 50 showers.
The fluctuations on the normalization and on Xl

max are clearly ob-
served. In the right panel we can see the normalized energy spec-
trum for two values of X0, namely # 300 g cm# 2 and 300 g cm# 2.
Both the energy and the transverse momentum show similar fea-
tures when referred to the same distance to the shower maximum,
X0. From now on, whenever we average distributions at production
we do it on X0, that is, matching the maxima.

In [14,16] the muon spectrum at production was approximated
by a power law, E# 2:6

i , following the high energy tails of the pion
production on the hadronic reactions. In that approach we did
not have access to all muons at production, and the energy spec-
trum was extrapolated down to low energies with the same power
law. In Fig. 4, left panel, the actual average energy spectrum of all
muons at production is displayed for proton showers at 1019 eV in
different X 0 layers. At low energies the single power law clearly
does not work. In addition, the energy spectrum evolves with X 0

by becoming softer, and stabilizing the shape after the shower
maximum. In Fig. 5, left panel, the energy spectrum is displayed
for different zenith angles at X0 ¼ 0, showing a mild dependence,
becoming harder at higher zenith angles. This might be due to

the higher critical energy of the pions at higher zenith angles, given
that the shower develops in less dense air in average. Regarding
the dependence with the primaries, Fig. 5, right panel displays
the spectrum for proton, iron and photon primaries at X 0 ¼ 0.
Whereas proton and iron curves practically overlap, photons, on
the other hand, produce a much softer energy spectrum. The mech-
anisms for production of muons in photon showers is basically
photo-pion production, so they are intimately related to the energy
spectrum of the EM cascade. Lastly, Fig. 6, left panel, displays a
comparison between different models, in the same conditions.
While QGSJET-II.03 and SIBYLL2.1 overlap, EPOS1.99 shows a
slightly different behavior, with a softer spectrum. Fig. 6, right pa-
nel, displays a comparison of different primary energies with the
same hadronic interaction model, where the curves practically
overlap.

The transverse momentum distributions are responsible for
most of the lateral displacement of muons with respect to the
shower axis. In [15], the pt distributions were approximated by a
unique function, dN=dpt ¼ pt=Q 2 expð# pt=QÞ, independent of the
energy of the muon and its production depth, primary mass and
zenith angle. In the current work, we uncover in detail all the
dependencies. The pt distributions display a quite universal shape
as a function of the zenith angle, (see left panel of Fig. 7 displaying
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Muon	distributions	at	ground

• We	simply	propagate	muons	following	straight	lines
• Energy	loss	(ionisation)
• Decay
• We	can	apply	2nd order	corrections	due	to

• MS
• B	field
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An image to	keep in	mind:

Fluorescence photons and muons are	both
emited from the shower axis,	following straigth
lines (aproximately).

Fluorescebce Photons are	emited isotropically.
Muons are	not.	(they are	boosted forward)
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442 33. Passage of particles through matter

where Wmax is the maximum energy transfer possible in a single
collision. But in matter electrons are not free. W must be finite and
depends on atomic and bulk structure. For electrons bound in atoms
Bethe [3] used “Born Theorie” to obtain the differential cross section

dσB(W ; β)

dW
=

dσR(W, β)

dW
B(W ) . (33.2)

Electronic binding is accounted for by the correction factor B(W ).
Examples of B(W ) and dσB/dW can be seen in Figs. 5 and 6 of
Ref. 1.

Bethe’s theory extends only to some energy above which atomic
effects are not important. The free-electron cross section (Eq. (33.1))
can be used to extend the cross section to Wmax. At high energies σB
is further modified by polarization of the medium, and this “density
effect,” discussed in Sec. 33.2.5, must also be included. Less important
corrections are discussed below.

The mean number of collisions with energy loss between W and
W + dW occurring in a distance δx is Neδx (dσ/dW )dW , where
dσ(W ; β)/dW contains all contributions. It is convenient to define the
moments

Mj(β) = Ne δx

∫

W j dσ(W ; β)

dW
dW , (33.3)

so that M0 is the mean number of collisions in δx, M1 is the mean
energy loss in δx, (M2 − M1)2 is the variance, etc. The number of
collisions is Poisson-distributed with mean M0. Ne is either measured
in electrons/g (Ne = NAZ/A) or electrons/cm3 (Ne = NA ρZ/A).
The former is used throughout this chapter, since quantities of interest
(dE/dx, X0, etc.) vary smoothly with composition when there is no
density dependence.
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Figure 33.1: Mass stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data below
the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher energies are from
Ref. 5. Vertical bands indicate boundaries between different approximations discussed in
the text. The short dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence
of stopping power on projectile charge at very low energies [6]. dE/dx in the radiative
region is not simply a function of β.

33.2.2. Maximum energy transfer in a single collision :

For a particle with mass M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (33.4)

In older references [2,8] the “low-energy” approximation Wmax =
2mec2 β2γ2, valid for 2γme ≪ M , is often implicit. For a pion in
copper, the error thus introduced into dE/dx is greater than 6% at
100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer
to the electron can exceed 1 GeV/c, where hadronic structure

effects significantly modify the cross sections. This problem has been
investigated by J.D. Jackson [9], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies
where radiative effects dominate. While the cross section for rare hard
collisions is modified, the average stopping power, dominated by many
softer collisions, is almost unchanged.

33.2.3. Stopping power at intermediate energies :

The mean rate of energy loss by moderately relativistic charged
heavy particles, M1/δx, is well-described by the “Bethe equation,”

〈

−
dE

dx

〉

= Kz2Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

.

(33.5)
It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000
for intermediate-Z materials with an accuracy of a few percent.

This is the mass stopping power ; with the symbol definitions and
values given in Table 33.1, the units are MeV g−1cm2. As can be seen
from Fig. 33.2, ⟨−dE/dx⟩ defined in this way is about the same for
most materials, decreasing slowly with Z. The linear stopping power,
in MeV/cm, is ⟨−dE/dx⟩ ρ, where ρ is the density in g/cm3.

Wmax is defined in Sec. 33.2.2. At the lower limit the projec-
tile velocity becomes comparable to atomic electron “velocities”
(Sec. 33.2.6), and at the upper limit radiative effects begin to
be important (Sec. 33.6). Both limits are Z dependent. A minor
dependence on M at the highest energies is introduced through Wmax,
but for all practical purposes ⟨dE/dx⟩ in a given material is a function
of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩.
The main problem is that the mean is weighted by very rare events
with large single-collision energy deposits. Even with samples of
hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most
probable energy loss, discussed in Sec. 33.2.9. The most probable
energy loss in a detector is considerably below the mean given by the
Bethe equation.

In a TPC (Sec. 34.6.5), the mean of 50%–70% of the samples with
the smallest signals is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩



Energy	loss
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r ¼ z
cos f tan hþ 1

tan a
; ð7Þ

D ¼ r cos f tan h; ð8Þ

which can be generalized for a curved earth surface. The distance
traveled by the muon from the production point to the ground is

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ ðz% DÞ2

q
: ð9 Þ

As stated in [14], we can define a plane parallel to the xy plane that
travels at the speed of light that contained the first interaction point
and hits ground at t ¼ 0. Assuming that all particles travel at speed
of light and no delay is accumulated during the hadronic cascade,
the muon is produced with no delay. The arrival time delay of the
muon respect to this plane front becomes
ctg ¼ l% ðz% DÞ; ð10Þ

which can be approximated by ctg ’1
2

r2

z%D in most practical cases. A
correction due to the path traveled by the parent meson was
applied. The trajectory would have started an amount Dzp ¼
csp

Ei
mp c2 cosa higher up in the atmosphere. Thus, we replace z

(and l) in Eq. 10 by zþ Dzp . A muon produced at z ¼ 10 km from
ground and reaching r ¼ 1000 m will be delayed tg ’ 165 ns be-
cause of geometric effects, (tg ’167 ns if we did not take the parent
meson correction).

Along this trajectory the muon will suffer a number of pro-
cesses, namely: energy loss, multiple scattering, and magnetic field
deflections. Each one of these processes will modify the momen-
tum, trajectory and time delay with respect to the plane front trav-
eling at velocity c. In addition, muons can decay on flight with a
certain probability, in which case some information is lost.

3.1. Continuous energy loss in the atmosphere

Muons lose energy as they travel through the atmosphere [25].
Only the energy loss by ionization is taken into account as:
dE
dX
¼ %a ð11Þ

and where a has been parametrized as

a ¼ 2:06þ 0:5453nþ 0:0324
ðnþ 1:0312Þ2

 !
& 10%3ðGeV=g cm%2Þ;

ð12Þ

where n ¼ log10ðE=GeVÞ. For energies E >' 50 GeV, where the radi-
ative losses start to appear, the relative error on the energy loss to
the total energy are neglected.

XðzÞ can be calculated with the detailed description of the atmo-
sphere in different layers currently used by most Monte Carlo
codes. Nevertheless, we used a compact description of the atmo-
sphere in order to calculate the energy losses of muons in a single
step. We used the exponential approximation in a single layer,
q ¼ q0e%

h
h0 . The thickness of atmosphere traversed by a muon be-

tween the production point and ground becomes

DXðlÞ ¼
Z l

0
qðlÞdl ¼ q0l0 1% e%

l
l0

" #
; ð13Þ

where l ¼ h= cos hl and l0 ¼ h0= cos hl . h is the height and hl is the
zenith angle of the trajectory of the muon. The values of q0 and
h0 were obtained by the best fit to XðzÞ up to 10 km height. Notice
that the region close to ground is the one that affects the most the
propagation of muons.

The energy of the muon evolves as

EðlÞ ¼ Ei % aq0l0 1% e%
l

l0

" #
: ð14Þ

The finite energy of the muons induces a delay with respect to a
particle traveling at the speed of light. The particles belonging to
the hadronic shower decrease their energy on a geometric progres-
sion, due to the cascading process. The delay accumulated prior to
the moment of decay into a muon is neglected. After the muon is
produced, its kinematic delay becomes:

ct! ¼
Z l

0
1% mc2

EðlÞ

$ %& '%1
2

dl0 % l: ð15Þ

This equation can be easily integrated for the case where mc2

EðlÞ ( 1
yielding:

ct! ¼
1
2

m2c4

E1
%l0

1
Ei
% 1

Ef

$ %
þ l

E1
þ

l0 log Ei
Ef

E1

2

4

3

5; ð16Þ

where

Ef ¼ Ei % aq0l0 1% e%
l

l0

" #
ð17Þ

and

E1 ¼ Ef þ q0al0: ð18Þ

Most of the delay of the particle is accumulated at the end of the
trajectory, where the energy is lower due to the continuous energy
loss. A 5 GeV (10 GeV) muon traveling 10 km with a zenith angle of
60 degrees, will reach ground with an energy Ef ¼ 3:0 GeV (7.8 GeV)
and a kinematic delay of 12 ns (2.3 ns).

3.2. Probability of decay

Muons can decay on flight with a probability that depends on
the energy. The low energy muons are reduced or totally sup-
pressed if they are below a certain energy threshold dependent
on the amount of matter they would have to traverse to ground,
which is of the order of 0.2 GeV every 100 g cm%2. The probability
of decay in a interval dl is %mc2

cs
1
E dl. By integrating, we obtain the

probability of decay as a function of the traveled distance:

pðEi; lÞ ¼
Ef

Ei

$ %mc2
cs

l0
E1

e%
mc2

cs
l

E1 : ð19 Þ

In our Monte Carlo, the weight of the muon at ground is substituted
accordingly

w ¼ wipðEi; lÞ: ð20Þ

A 5 GeV (10 GeV) muon traveling 10 km to ground with a zenith an-
gle of 60 degrees has a probability of survival p ¼ 0:67% (0.84%).

Decay plays a fundamental role on shaping the distributions of
muons at ground: the muon lateral distribution, time distribution
and the energy spectrum are suppressed in the regions dominated
by low energy muons, if we compared to the case where the decay
was not present.

3.3. Geomagnetic field

The magnetic field of the Earth affects the muons by bending
their trajectory, changing the impact point on ground and delaying
the arrival time. The effects are more visible the longer the trajec-
tories. Muons travel long paths in inclined showers, reaching up to
220 km for showers at 86) zenith angle. In [24] a model that de-
scribes this effect was developed. After neglecting the effects of
the transverse momentum, cpt ( E we obtain the radius of curva-
ture R of the trajectory of a muon of energy E:

R ¼ p
eB?
’ E

ceB?
ð21Þ
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<latexit sha1_base64="s/tQl4wKtZswR/Cf6KEVGZ3qO3o="></latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="tSmUHixBQzr+CQPSBWWGMOw/VB8=">AAACB3icbZDNSgMxFIXv1P/6V926CYqgm5rpRjeCoKLLCrYW2loy6W0bmswMSUYoQ+cV3Pgqblwo4hu4821MfxZqPRD4OCfh5p4glsJYSr+83Nz8wuLS8kp+dW19Y7OwtVY1UaI5VngkI10LmEEpQqxYYSXWYo1MBRLvgv75KL97QG1EFN7aQYxNxbqh6AjOrLNahcPaqU8pJVna0Ip0yRHh6r40zLKscYHSMnJ5WsrSK6wOW4U9WqRjkVnwp7AHU5Vbhc9GO+KJwtByyYyp+zS2zZRpK7jEYb6RGIwZ77Mu1h2GTKFppuOVhmTfOW3SibQ7oSVj9+eLlCljBipwNxWzPfM3G5n/ZfXEdk6aqQjjxGLIJ4M6iSQ2IqN+SFto5FYOHDCuhfsr4T2mGbeuxbwrwf+78ixUS0WfFv0bCsuwA7twAD4cwxlcQxkqwOERnuEV3rwn78V7n9SV86a9bcMveR/fR0yaUQ==</latexit><latexit sha1_base64="tSmUHixBQzr+CQPSBWWGMOw/VB8=">AAACB3icbZDNSgMxFIXv1P/6V926CYqgm5rpRjeCoKLLCrYW2loy6W0bmswMSUYoQ+cV3Pgqblwo4hu4821MfxZqPRD4OCfh5p4glsJYSr+83Nz8wuLS8kp+dW19Y7OwtVY1UaI5VngkI10LmEEpQqxYYSXWYo1MBRLvgv75KL97QG1EFN7aQYxNxbqh6AjOrLNahcPaqU8pJVna0Ip0yRHh6r40zLKscYHSMnJ5WsrSK6wOW4U9WqRjkVnwp7AHU5Vbhc9GO+KJwtByyYyp+zS2zZRpK7jEYb6RGIwZ77Mu1h2GTKFppuOVhmTfOW3SibQ7oSVj9+eLlCljBipwNxWzPfM3G5n/ZfXEdk6aqQjjxGLIJ4M6iSQ2IqN+SFto5FYOHDCuhfsr4T2mGbeuxbwrwf+78ixUS0WfFv0bCsuwA7twAD4cwxlcQxkqwOERnuEV3rwn78V7n9SV86a9bcMveR/fR0yaUQ==</latexit><latexit sha1_base64="OgFoysVka/AyMVpWPQsBuR/km3o=">AAACEnicbVC7SgNBFJ31GeMramkzGARt4mwabQLBB1pGMA9IYpid3CRDZnaXmVkhLNlfsPFXbCwUsbWy82+cPApNPHDhcM693HuPFwquDSHfzsLi0vLKamotvb6xubWd2dmt6CBSDMosEIGqeVSD4D6UDTcCaqECKj0BVa9/MfKrD6A0D/w7MwihKWnX5x3OqLFSK3NcK7iEEJzEDSVxF59gJu/zwyRJGpcgDMVXhXwSX0Nl2MpkSY6MgeeJOyVZNEWplflqtAMWSfANE1TruktC04ypMpwJGKYbkYaQsj7tQt1Sn0rQzXj80hAfWqWNO4Gy5Rs8Vn9PxFRqPZCe7ZTU9PSsNxL/8+qR6Zw1Y+6HkQGfTRZ1IoFNgEf54DZXwIwYWEKZ4vZWzHpUUWZsimkbgjv78jyp5HMuybm3JFs8n8aRQvvoAB0hF52iIrpBJVRGDD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QP2LJvK</latexit><latexit sha1_base64="OgFoysVka/AyMVpWPQsBuR/km3o=">AAACEnicbVC7SgNBFJ31GeMramkzGARt4mwabQLBB1pGMA9IYpid3CRDZnaXmVkhLNlfsPFXbCwUsbWy82+cPApNPHDhcM693HuPFwquDSHfzsLi0vLKamotvb6xubWd2dmt6CBSDMosEIGqeVSD4D6UDTcCaqECKj0BVa9/MfKrD6A0D/w7MwihKWnX5x3OqLFSK3NcK7iEEJzEDSVxF59gJu/zwyRJGpcgDMVXhXwSX0Nl2MpkSY6MgeeJOyVZNEWplflqtAMWSfANE1TruktC04ypMpwJGKYbkYaQsj7tQt1Sn0rQzXj80hAfWqWNO4Gy5Rs8Vn9PxFRqPZCe7ZTU9PSsNxL/8+qR6Zw1Y+6HkQGfTRZ1IoFNgEf54DZXwIwYWEKZ4vZWzHpUUWZsimkbgjv78jyp5HMuybm3JFs8n8aRQvvoAB0hF52iIrpBJVRGDD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QP2LJvK</latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="fDb11/CmWTwicMRzziKstuEyNow=">AAACEnicbVDJSgNBEO2Je9yiHr00BkERYk8uehGCC3qMYGIgE0NPp5I06Z4ZunuEMGR+wUt+xYsHRbx68ubf2FkObg8KHu9VUVXPjwTXhpBPJzMzOze/sLiUXV5ZXVvPbWxWdRgrBhUWilDVfKpB8AAqhhsBtUgBlb6AW793NvJv70FpHgY3ph9BQ9JOwNucUWOlZm6/duISQnCaeEriDj7ETN4VB2maeucgDMUXJ8U0uYTqoJnLkwIZA/8l7pTkSzvewfCz1C83cx9eK2SxhMAwQbWuuyQyjYQqw5mAQdaLNUSU9WgH6pYGVIJuJOOXBnjXKi3cDpWtwOCx+n0ioVLrvvRtp6Smq397I/E/rx6b9nEj4UEUGwjYZFE7FtiEeJQPbnEFzIi+JZQpbm/FrEsVZcammLUhuL9f/kuqxYJLCu61TeMUTbCIttEO2kMuOkIldIXKqIIYekCP6Bm9OEPnyXl13iatGWc6s4V+wHn/AhIkntk=</latexit><latexit sha1_base64="OgFoysVka/AyMVpWPQsBuR/km3o=">AAACEnicbVC7SgNBFJ31GeMramkzGARt4mwabQLBB1pGMA9IYpid3CRDZnaXmVkhLNlfsPFXbCwUsbWy82+cPApNPHDhcM693HuPFwquDSHfzsLi0vLKamotvb6xubWd2dmt6CBSDMosEIGqeVSD4D6UDTcCaqECKj0BVa9/MfKrD6A0D/w7MwihKWnX5x3OqLFSK3NcK7iEEJzEDSVxF59gJu/zwyRJGpcgDMVXhXwSX0Nl2MpkSY6MgeeJOyVZNEWplflqtAMWSfANE1TruktC04ypMpwJGKYbkYaQsj7tQt1Sn0rQzXj80hAfWqWNO4Gy5Rs8Vn9PxFRqPZCe7ZTU9PSsNxL/8+qR6Zw1Y+6HkQGfTRZ1IoFNgEf54DZXwIwYWEKZ4vZWzHpUUWZsimkbgjv78jyp5HMuybm3JFs8n8aRQvvoAB0hF52iIrpBJVRGDD2iZ/SK3pwn58V5dz4mrQvOdGYP/YHz+QP2LJvK</latexit>

X = 2000 g/cm2 �E = 4 GeV
<latexit sha1_base64="8kk5Vr5+FZZetRJF8mnl4V8WMac="></latexit><latexit sha1_base64="kECMlARKrON5z7CYMtRxRwrlcoU="></latexit><latexit sha1_base64="kECMlARKrON5z7CYMtRxRwrlcoU="></latexit><latexit sha1_base64="f7KrvKJXbEAQJUA34qxIhc+3/Mc=">AAACEnicbVDLSgNBEJz1bXytevQyGAS9xNkg6EUQH+hRwTwgiWF20olDZnaXmVkhLLu/4MVf8eJBEa+evPk3TuIe1FjQUFR1093lR4JrQ8inMzE5NT0zOzdfWFhcWl5xV9eqOowVgwoLRajqPtUgeAAVw42AeqSASl9Aze+fDP3aHSjNw+DaDCJoSdoLeJczaqzUdnfqh2VCCM6SppK4h3cxkzflNMuy5ikIQ/HZ4V6WnEM1bbtFUiIj4HHi5aSIcly23Y9mJ2SxhMAwQbVueCQyrYQqw5mAtNCMNUSU9WkPGpYGVIJuJaOXUrxllQ7uhspWYPBI/TmRUKn1QPq2U1Jzq/96Q/E/rxGb7kEr4UEUGwjY96JuLLAJ8TAf3OEKmBEDSyhT3N6K2S1VlBmbYsGG4P19eZxUyyWPlLwrUjw6zuOYQxtoE20jD+2jI3SBLlEFMXSPHtEzenEenCfn1Xn7bp1w8pl19AvO+xf66pvN</latexit>

X = 100 g/cm2 �E = 0.2 GeV
<latexit sha1_base64="U47PxmwYxXhF4eyoYXz0kRw0arA="></latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="B7z4wNWVeexwKLvKwdP9P00X++4=">AAACCHicbZDNSgMxFIXv1P/6V926CYogLmqmG90IgoouK9haaGvJpLdtaDIzJBmhDJ1ncOOruHGhiE/gzrcx/Vmo9UDg45yEm3uCWApjKf3ycnPzC4tLyyv51bX1jc3C1lrVRInmWOGRjHQtYAalCLFihZVYizUyFUi8C/rno/zuAbURUXhrBzE2FeuGoiM4s85qFQ5rpz6lJEsbWpEuOSJc3ZeGWZY1LlBaRi5PabGUpVdYHbYKe7RIxyKz4E9hD6YqtwqfjXbEE4Wh5ZIZU/dpbJsp01ZwicN8IzEYM95nXaw7DJlC00zHOw3JvnPapBNpd0JLxu7PFylTxgxU4G4qZnvmbzYy/8vqie2cNFMRxonFkE8GdRJJbERGBZG20MitHDhgXAv3V8J7TDNuXY15V4L/d+VZqJaKPi36NxSWYQd24QB8OIYzuIYyVIDDIzzDK7x5T96L9z6pK+dNe9uGX/I+vgHAh5qI</latexit><latexit sha1_base64="B7z4wNWVeexwKLvKwdP9P00X++4=">AAACCHicbZDNSgMxFIXv1P/6V926CYogLmqmG90IgoouK9haaGvJpLdtaDIzJBmhDJ1ncOOruHGhiE/gzrcx/Vmo9UDg45yEm3uCWApjKf3ycnPzC4tLyyv51bX1jc3C1lrVRInmWOGRjHQtYAalCLFihZVYizUyFUi8C/rno/zuAbURUXhrBzE2FeuGoiM4s85qFQ5rpz6lJEsbWpEuOSJc3ZeGWZY1LlBaRi5PabGUpVdYHbYKe7RIxyKz4E9hD6YqtwqfjXbEE4Wh5ZIZU/dpbJsp01ZwicN8IzEYM95nXaw7DJlC00zHOw3JvnPapBNpd0JLxu7PFylTxgxU4G4qZnvmbzYy/8vqie2cNFMRxonFkE8GdRJJbERGBZG20MitHDhgXAv3V8J7TDNuXY15V4L/d+VZqJaKPi36NxSWYQd24QB8OIYzuIYyVIDDIzzDK7x5T96L9z6pK+dNe9uGX/I+vgHAh5qI</latexit><latexit sha1_base64="aOVyguZ/9c71GCFPSvd1T40FpIw=">AAACE3icbVC7SgNBFJ31GeMramkzGASxiLNptAkEH2gZwTwgiWF2cpMMmdldZmaFsGS/wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89Xii4NoR8OwuLS8srq6m19PrG5tZ2Zme3ooNIMSizQASq5lENgvtQNtwIqIUKqPQEVL3+xcivPoDSPPDvzCCEpqRdn3c4o8ZKrcxxreASgpO4oSTu4hPM5H1+mCRJ4xKEofiqQHL5JL6GyrCVyZIcGQPPE3dKsmiKUivz1WgHLJLgGyao1nWXhKYZU2U4EzBMNyINIWV92oW6pT6VoJvx+KchPrRKG3cCZcs3eKz+noip1HogPdspqenpWW8k/ufVI9M5a8bcDyMDPpss6kQCmwCPAsJtroAZMbCEMsXtrZj1qKLM2BjTNgR39uV5UsnnXJJzb0m2eD6NI4X20QE6Qi46RUV0g0qojBh6RM/oFb05T86L8+58TFoXnOnMHvoD5/MHcbCcAg==</latexit><latexit sha1_base64="aOVyguZ/9c71GCFPSvd1T40FpIw=">AAACE3icbVC7SgNBFJ31GeMramkzGASxiLNptAkEH2gZwTwgiWF2cpMMmdldZmaFsGS/wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89Xii4NoR8OwuLS8srq6m19PrG5tZ2Zme3ooNIMSizQASq5lENgvtQNtwIqIUKqPQEVL3+xcivPoDSPPDvzCCEpqRdn3c4o8ZKrcxxreASgpO4oSTu4hPM5H1+mCRJ4xKEofiqQHL5JL6GyrCVyZIcGQPPE3dKsmiKUivz1WgHLJLgGyao1nWXhKYZU2U4EzBMNyINIWV92oW6pT6VoJvx+KchPrRKG3cCZcs3eKz+noip1HogPdspqenpWW8k/ufVI9M5a8bcDyMDPpss6kQCmwCPAsJtroAZMbCEMsXtrZj1qKLM2BjTNgR39uV5UsnnXJJzb0m2eD6NI4X20QE6Qi46RUV0g0qojBh6RM/oFb05T86L8+58TFoXnOnMHvoD5/MHcbCcAg==</latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="Rkz19yE7YxLIhKlKUSsUmEUgo+Y="></latexit><latexit sha1_base64="aOVyguZ/9c71GCFPSvd1T40FpIw=">AAACE3icbVC7SgNBFJ31GeMramkzGASxiLNptAkEH2gZwTwgiWF2cpMMmdldZmaFsGS/wcZfsbFQxNbGzr9x8ig08cCFwzn3cu89Xii4NoR8OwuLS8srq6m19PrG5tZ2Zme3ooNIMSizQASq5lENgvtQNtwIqIUKqPQEVL3+xcivPoDSPPDvzCCEpqRdn3c4o8ZKrcxxreASgpO4oSTu4hPM5H1+mCRJ4xKEofiqQHL5JL6GyrCVyZIcGQPPE3dKsmiKUivz1WgHLJLgGyao1nWXhKYZU2U4EzBMNyINIWV92oW6pT6VoJvx+KchPrRKG3cCZcs3eKz+noip1HogPdspqenpWW8k/ufVI9M5a8bcDyMDPpss6kQCmwCPAsJtroAZMbCEMsXtrZj1qKLM2BjTNgR39uV5UsnnXJJzb0m2eD6NI4X20QE6Qi46RUV0g0qojBh6RM/oFb05T86L8+58TFoXnOnMHvoD5/MHcbCcAg==</latexit>

X = 4000 g/cm2 �E = 8 GeV
<latexit sha1_base64="DtLK/CjRaOw8lkRrjmh49BwEHe8="></latexit><latexit sha1_base64="/+tQzMZSDuOMHO9jq5iUhNyRq3g="></latexit><latexit sha1_base64="/+tQzMZSDuOMHO9jq5iUhNyRq3g="></latexit><latexit sha1_base64="8M1kT9PNOTl5NtzJjt66n9ruIko=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBD0EmdFMJdA8IEeI5gYyMYwO+nEwZndZWZWCEv2F7z4K148KOLVkzf/xkmyB18FDUVVN91dfiS4NoR8OlPTM7Nz87mF/OLS8spqYW29ocNYMaizUISq6VMNggdQN9wIaEYKqPQFXPm3xyP/6g6U5mFwaQYRtCXtB7zHGTVW6hR2m5UDQghOE09J3Md7mMnr/WGapt4JCEPxaaWcJmfQGHYKRVIiY+C/xM1IEWWodQofXjdksYTAMEG1brkkMu2EKsOZgGHeizVElN3SPrQsDagE3U7GLw3xtlW6uBcqW4HBY/X7REKl1gPp205JzY3+7Y3E/7xWbHrldsKDKDYQsMmiXiywCfEoH9zlCpgRA0soU9zeitkNVZQZm2LehuD+fvkvaeyXXFJyL0ixepTFkUObaAvtIBcdoio6RzVURwzdo0f0jF6cB+fJeXXeJq1TTjazgX7Aef8CBHWb0w==</latexit>

1	m	of	water

Atm.	depth	at	0	deg

Atm.	depth	at	60	deg

Atm.	depth	at	75	deg
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fitting the time distributions at once leaving a set of shape param-
eters on hðXÞ free. A detailed discussion of this procedure will be
made elsewhere.

It is possible in principle to measure, or at least constrain, the
shape of the muon spectrum. At distances close to the core the geo-
metric delay is not dominant and the arrival time is mostly deter-
mined by the energy of each muon. A complete procedure to
experimentally access this distribution is out of the scope of this
paper, and will be analyzed elsewhere.

4.4. Muon lateral distribution at ground

The number of muons per surface area unit is q ðr; fÞ ¼ d2N
rdrdf.

Fig. 17 displays examples of muon lateral distributions at ground
for several zenith angles, where the contributions of different
muon energies at ground were displayed in different colors. Low
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quantities that are measured by current air shower detector arrays,
like the muon lateral distribution at ground, the arrival angle [26],
and the arrival time delay.

Fig. 12 displays a comparison between CORSIKA and the model
for the normalized energy spectra of a 0 deg and a 60 deg shower,
at different distances from the shower core. The energy of muons
decreases as ! 1=r and increases with the zenith angle [14,16],
being the details given by the pt ; z and Ei distributions. Low energy
muons dominate at large distances from the core.

4.2. Apparent production depth distribution

The production depth of the detected muons, the apparent MPD-
distribution, follow distributions whose shape changes with the
observation coordinates. Muons can be understood as light rays
coming out of the shower axis with an radiance which is not isotro-
pic, following an angular distribution in dX ¼ #d cos adf given by
the pt and Ei distributions as

d4N
dEi dXdX

’
1

2p hðXÞfXðEi; sinaEiÞEi
cos a
sin a ð25Þ

provided that the geomagnetic and multiple scattering effects are
negligible. Since the angle a subtended from the observation point
ðr; fÞ changes with the production point at the shower axis z, the
number of muons observed to come from a particular X will be dif-
ferent. Also, the production energy Ei and the traveled distance l will
be different and will induce different decay probabilities, modifying
the shape of the total/true muon production depth distribution
through pðEi; lÞ into the apparent particular distribution of detected
muons at that particular observation point.

1
r

d3N
dX dr df

’
Z

d4N
dEidXdX

z

l3 pðEi; lÞdEi: ð26Þ

We denote 1
r

d3N
dXdrdf as dN=dXjðr;fÞ for short.

Fig. 13 displays a comparison between CORSIKA and the present
model of the apparent muon production depth distributions for a
40 deg shower at different distances from the core, where the dis-
tortions introduced in the dN=dXjðr;fÞ distributions when compared
to hðXÞ can be observed. Fig. 14 displays a comparison at 60 de-
grees at different distances from the core. The distortions due to
the observation point are small at high zenith angle. Different col-
ors show the contributions from different energy of muons at
ground. It can be seen that high energy muons tend to come from

higher up in the atmosphere. At close distances to the core their
contribution is enhanced.

The dN=dXjðr;fÞ distribution is never directly observed, but
reconstructed from the arrival time or the arrival angle at ground.
The correct inference of the total/true MPD-distribution, hðXÞ, re-
quires the knowledge of the exact dependence of dN=dXjðr;fÞ with
the observation point coordinates and detection energy threshold.
dN=dXjðr;fÞ explores different kinematic regions at production when
reconstructed at different distances from the core. For instance, the
algorithm proposed in [15,11] requires the conversion of each
dN=dXjðr;fÞ observed in each station to an universal distribution in
order to sum up the contributions of all detectors in a single
shower.

4.3. Time distributions

The total time delay is the sum of the different contributions
calculated in Section 3.

t ¼ tg þ t! þ tB þ tRem; ð27Þ

where tg is the geometric delay, t! is the kinematic delay, tB is the
contribution produced by the geomagnetic field, and finally tRem ac-
counts for the delay due to multiple scattering and the inaccuracies
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2.6. ENERGY SPECTRUM AT DIFFERENT R 43
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magnetic field is given by:

x
B

= x ± α
B

√
x2 + y2 (4.27)

y
B

= y (4.28)

where coordinates with (without) the subscript B mean presence (absence)
of magnetic field.

Fixing z, E and pt defines a ring of muons in the transverse plane that is
displaced α

B
times r (see Fig. 4.8).

 -µ
 +µ

Bno B

 xδ xδ xδ

r

Figure 4.8: Composition of the deviation of muons with fixed z,E and pt seen
in the shower plane, for the case of no magnetic field (left graph) and magnetic
field (right graph). The blue (left) circle corresponds to positive (negative)
muons. In the left panel, without magnetic filed, both are superposed.

The condition δx > r or equivalently α
B

> 1 clearly sets a different
regime, when µ+ (µ−) separate into the left (right) half of the plane. It
produces a characteristic density distribution very different from those with
α

B
< 1 which displayed elliptical distortions of the otherwise circular density

pattern in the absence of magnetic effects.(See for instance Fig. 4.9.)
The value of α

B
is proportional to B⊥, which varies with the zenith and

azimuth angles since they determine the orientation of the shower plane and
therefore the projection of the magnetic field onto it. Fig. 4.10 shows the
ratio B⊥

∥B⃗∥ for the Auger site, where the magnitude of the magnetic field is

∥ B ∥= 24.7 × 10−6 T pointing in a direction that makes an elevation angle
of 35.03◦ above the horizon. The 0◦ azimuth direction is that pointing to
the local north direction. It also shows some contour levels for α

B
using as a

typical transverse momentum the average value < pt >= 2Q = 0.34 GeV/c

Magnetic	field	effects
The magnetic field bend the trajectories,	with a	radius of	curvature
that depend on the energy of	the muon.
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The	impact	point	is	shifted	perpendiculalrly	to	the	velocity	
and	the	magentic	field:
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by	the	extra	path.
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We can	determine	the aproximated zenith
angle range where time	model works.		
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1019 eV proton shower at	86o.

y ! y
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Fit the muon density in	stations

where N19	 free	parameter
And ρµ,19 (x,y) is fixed,	corresponding to	
proton QGSJetII-03	at 1019 eV

Ratio	of the total	number of muons Nµ	to	
Nµ,19		(proton QGSJetII-03	at 1019 eV)

Correspondence (<5%	bias correction)

Reconstruction of inclined events

L.	Cazon	 UHECR2018,	Paris 67

),(19,19 yxN µµ rr =

19,/ µµµ NNR =

µRN Û19

62<Θ<80	deg
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Geometrical	delay
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Muons accumulate delay
because they deviate from the
shower axis.

Pions do	not accumulate delay
respect to	the time	reference
shower plane because they
travel along the shower axis.
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Figure 3.10: Mean arrival time as a function of r for muons injected at 20
km ant its different contributions.

axis). We could define two different regions in the (r, z) plane, corresponding
to which delay source dominates. High (low) transverse distances r and low
(high) distances of production z or equivalently vertical (horizontal) showers
make the geometrical (kinematical) delay dominate.

In Figs. 3.12 and 3.13 the average and RMS values of the distribution
for times obtained with AIRES for 500 proton showers at 1019 eV and the
analytical calculations for 0◦, 60◦ and 80◦ are shown. For inclined and hor-
izontal showers and low r (the kinematical delay dominates) we again see
that the model slightly overestimates the delay. This effect could come from
the approximations made for energy spectrum and the atmospheric density.
Anyway the differences are in any case small enough for most future applica-
tions of the model because of the typical time resolution and space distance
between detectors [12]. In order to illustrate the asymmetry effect, that is
successfully accounted for by the model, Fig. 3.14 shows the variation of the
average arrival time with the polar angle ζ for different r values is compared
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quantities that are measured by current air shower detector arrays,
like the muon lateral distribution at ground, the arrival angle [26],
and the arrival time delay.

Fig. 12 displays a comparison between CORSIKA and the model
for the normalized energy spectra of a 0 deg and a 60 deg shower,
at different distances from the shower core. The energy of muons
decreases as ! 1=r and increases with the zenith angle [14,16],
being the details given by the pt ; z and Ei distributions. Low energy
muons dominate at large distances from the core.

4.2. Apparent production depth distribution

The production depth of the detected muons, the apparent MPD-
distribution, follow distributions whose shape changes with the
observation coordinates. Muons can be understood as light rays
coming out of the shower axis with an radiance which is not isotro-
pic, following an angular distribution in dX ¼ #d cos adf given by
the pt and Ei distributions as

d4N
dEi dXdX

’
1

2p hðXÞfXðEi; sinaEiÞEi
cos a
sin a ð25Þ

provided that the geomagnetic and multiple scattering effects are
negligible. Since the angle a subtended from the observation point
ðr; fÞ changes with the production point at the shower axis z, the
number of muons observed to come from a particular X will be dif-
ferent. Also, the production energy Ei and the traveled distance l will
be different and will induce different decay probabilities, modifying
the shape of the total/true muon production depth distribution
through pðEi; lÞ into the apparent particular distribution of detected
muons at that particular observation point.

1
r

d3N
dX dr df

’
Z

d4N
dEidXdX

z

l3 pðEi; lÞdEi: ð26Þ

We denote 1
r

d3N
dXdrdf as dN=dXjðr;fÞ for short.

Fig. 13 displays a comparison between CORSIKA and the present
model of the apparent muon production depth distributions for a
40 deg shower at different distances from the core, where the dis-
tortions introduced in the dN=dXjðr;fÞ distributions when compared
to hðXÞ can be observed. Fig. 14 displays a comparison at 60 de-
grees at different distances from the core. The distortions due to
the observation point are small at high zenith angle. Different col-
ors show the contributions from different energy of muons at
ground. It can be seen that high energy muons tend to come from

higher up in the atmosphere. At close distances to the core their
contribution is enhanced.

The dN=dXjðr;fÞ distribution is never directly observed, but
reconstructed from the arrival time or the arrival angle at ground.
The correct inference of the total/true MPD-distribution, hðXÞ, re-
quires the knowledge of the exact dependence of dN=dXjðr;fÞ with
the observation point coordinates and detection energy threshold.
dN=dXjðr;fÞ explores different kinematic regions at production when
reconstructed at different distances from the core. For instance, the
algorithm proposed in [15,11] requires the conversion of each
dN=dXjðr;fÞ observed in each station to an universal distribution in
order to sum up the contributions of all detectors in a single
shower.

4.3. Time distributions

The total time delay is the sum of the different contributions
calculated in Section 3.

t ¼ tg þ t! þ tB þ tRem; ð27Þ

where tg is the geometric delay, t! is the kinematic delay, tB is the
contribution produced by the geomagnetic field, and finally tRem ac-
counts for the delay due to multiple scattering and the inaccuracies
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Fig. 12. Normalized energy spectrum of muons arriving at ground for a 0 deg shower (left panel) and for a 60 deg shower (right panel) initiated by a proton at 1019 eV, at
different distances from the core as given by CORSIKA compared to the prediction of the model.
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Figure 4: The evolution with energy of hlnAi as obtained from the measured X
⇤µ
max (squares). The results

obtained for Xmax (dots) [10] are also shown. EPOS-LHC (left) and QGSJetII-04 (right) are used as reference
models. Square brackets correspond to the systematic uncertainties.

4. Conclusion

The arrival times of particles from EAS collected by the SD of the Pierre Auger Observatory
have been exploited to measure the MPD for all events recorded in 13 years of data taking.
In this work, the first two moments of the X

⇤µ
max distribution have been measured on extended inter-

vals of zenith angle, energies and distances from the shower core.
As a result, a large discrepancy between the EPOS-LHC hadronic interaction model and the MPD
data has been found. Taking into account the mass estimated from FD measurements, the QGSJetII-
04 model do not reproduce the data in a consistent way either. It is therefore difficult to make mass
composition estimation directly from X

µ
max. However, the measurements presented here will help

to understand hadronic interactions to reduce the model systematics relevant for mass composition
studies, see e.g. [14].
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Figure 3: hX⇤µ
maxi (left) and the corresponding fluctuations (right) as a function of the primary energy. Data

(black points) are shown with statistical (black line) and systematic uncertainties (Gray band) and compared
to simulations (see text for the details).

sen for energies log10(E/eV) between 19.2 and 19.8. Not having enough statistics to keep the same
binning, data are integrated in one bin for log10(E/eV) in the range [19.8-20]. For each energy bin,
the first two moments of the X

⇤µ
max distribution are evaluated on data and are compared directly to

the expectations obtained from Monte Carlo simulations after the reconstruction procedure (Sec.
2). Note that data and Monte Carlo are both equally biased by the reconstruction, so the relative
distance to the reference lines does not vary in X

⇤µ
max (see below conversion to the mean logarithmic

mass hlnAi) and no systematics are associated to these effects. On the contrary, the physical X
µ
max

would display the mass and model spread as systematics, as discussed previously.
The overall systematic error on the first two moments of the X

⇤µ
max distribution turns out to be around

4 g/cm2 and 3 g/cm2 respectively, and due to two sources: the small dependence of the selection
efficiency of the quality cuts on the primary mass (' 1 g/cm2) and the time variability of data. An
additional systematic error of ' 7.5 g/cm2 can be associated with the event selection and procedure
to fit the MPD profiles and needs to be taken into account in the determination of hlnAi (see below).
The results on hX⇤µ

maxi are shown in Fig. 3 (left) by black points, with their statistical (black line)
and systematic uncertainties (gray band). For each energy bin, the number of events is indicated.
From the comparison with the predictions, the inconsistency among models and data is evident. In
the case of EPOS-LHC, data are at odds with predictions for all reasonable masses, in the whole
energy range. Considering instead QGSJetII-04, data are quite compatible with the iron predic-
tions within the systematic uncertainty. A mild incompatibility arises at the highest energies. We
have also checked that when converting X

⇤µ
max to X

µ
max by using the reconstruction bias evaluated in

Sec. 2 (Fig. 2 left), we obtain a good agreement with the results shown in Fig. 3 and with results
presented in [5].
The inconsistencies outlined here make it thus difficult to draw firm conclusions on composition
with our measurement of hX⇤µ

maxi: we see that the predictions of hX⇤µ
maxi from the two hadronic mod-

els are significantly different in absolute value (⇡ 35 g/cm2). However, the muonic elongation rate,
i.e. the rate of change of X

⇤µ
max with primary energy, is predicted to be about ⇠ 25 g/cm2/decade,

independently of the primary mass and hadronic model, while on data we found �16.9 ± 7.2
g/cm2/decade. We can thus interpret the elongation rate inferred from data at face value and con-

6
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Energy at production 5.0 GeV 10.0 GeV
Energy at ground 3.0 GeV 7.8 GeV
Probability of survival 0.67 0.84
Geometric delay 165 ns 165 ns
Kinematic delay 12 ns 2.3 ns
Geomagnetic delay 0.04 ns 0.01 ns
MS time delay 1.5 ns 0.8 ns
Geomagnetic lateral deviation 83 m 17 m
MS lateral smearing ⇠ 60 m ⇠ 35 m

Table 1: Summary of the di↵erent e↵ects after propa-
gation for a muon produced at z=10 km and arriving
at r=1000 m at 60 deg zenith angle, and geomagnetic
field strengh perpendicular to the shower axis B? =
10 µT (MS stands for Multiple Scattering).

the muon energy is not directly measured by cosmic
ray detectors since it would require carpeting exten-
sive areas with particle detectors like those used in
accelerator experiments. Nevertheless, the spectrum
of muons has an impact on other quantities that are
measured by current air shower detector arrays, like
the muon lateral distribution at ground, the arrival
angle, and the arrival time delay.

Fig. 4 displays the normalized energy spectra of a
60 deg shower, at di↵erent distances from the shower
core. The energy of muons decreases as ⇠ 1/r and
increases with the zenith angle [8, 12, 13], being the
details determined by the pt, z and Ei distributions.
Low energy muons dominate at large distances from
the core.

4.2 Apparent production depth distri-
bution

The shape of the production depth distribution of
the detected muons, the apparent MPD-distribution,
changes with the observation position. The angu-
lar position of the observation point respect to the
production point z, selects particular (Ei, pt) regions
which can be more or less populated. In addition,
the propagation e↵ects, specially the decay, modu-
late the apparent MPD-distribution depending on the
energy spectrum of muons and also the path trav-
eled from production to ground, l. Fig. 5 displays
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Figure 4: Normalized energy spectrum of muons ar-
riving at ground for a 60 deg shower at di↵erent dis-
tances from the core as given by CORSIKA compared
to the prediction of the model.

the apparent MPD-distributions for a 40 deg shower
at di↵erent distances from the core, where the dis-
tortions introduced in the dN/dX|(r,⇣) distributions
when compared to h(X) can be clearly observed.

The dN/dX|(r,⇣) distribution is never directly ob-
served, but reconstructed from the arrival time or
the arrival angle at ground. The correct inference of
the total/true MPD-distribution, h(X), requires the
knowledge of the exact dependence of dN/dX|(r,⇣)
with the observation point coordinates and detec-
tion energy threshold. dN/dX|(r,⇣) explores di↵erent
kinematic regions at production when reconstructed
at di↵erent distances from the core. For instance, the
algorithm proposed in [12] and [15] requires the con-
version of each dN/dX|(r,⇣) observed in each station
to an universal distribution in order to sum up the
contributions of all detectors in a single shower.

4.3 Time distributions

The total time delay is the sum of four di↵erent con-
tributions t = tg + t✏ + tB + tMS where tg is the

7
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Nµ

' 0.15
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Undersdanding the	fluctuations

• If	Poisson	statistics

• What	is	the	n.d.f. to	produce	a	~15%	fluctuation?
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Fluctuations	are	dominated	by	the	first	interactions	
as		the	number	of	participants	increase	with	
generation	number	and	the	average	stabilizes.
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Figure A.8: Distribution of the relative number of muons for proton showers at
1019 eV and an inclination of 67 � in 1-D simulations with Conex . The number
of muons at ground Nµ is defined all muons with E > 1 GeV arriving at the ob-
servation level at 1400 m (atmospheric depth of 2240 g/cm2). Nprod.

µ is defined
as all muons with E > 1 GeV that were produced up to the observation level.

Table B.2: Values of muon production parameters for di↵erent hadronic inter-
action models. Except � all parameters are for proton showers at E = 1019 eV
and zenith angle of 67�. The EM contribution to muon production � is defined
by fitting Nµ = ! (↵1+�). Here � and ! are free parameters. Interaction models
are Epos-lhc (Epo), Sibyll 2.3c (Sib) and QGSjet II-04 (QGS). Model average
(x̄) and spread (�(x)) are shown in the last column.

Epo Sib QGS x̄ (�(x))

hln Nµi 16.63 16.63 16.60 16.62 (0.01)

�(Nµ)/hNµi 0.155 0.166 0.138 0.153 (0.012)

h↵1i 0.950 0.953 0.969 0.957 (0.008)

�(↵1) 0.146 0.152 0.122 0.14 (0.01)

� 0.927 0.928 0.925 0.931 (0.002)

� 0.163 0.157 0.161 0.160 (0.003)

Appendix B. Shower-to-shower fluctuations in the muon
content: hadronic interaction models

In general we find that the results for proton showers are very
similar between the interaction models. In Tab. B.2 the first two
moments of ↵1 and Nµ are compared between air shower sim-
ulations for proton primaries with the di↵erent post-LHC inter-
action models. The slope of the average number of muons �
and the contribution to muon production from the EM cascade,
�, are shown as well. In Fig. B.9 the correlation between Nµ
and ↵1 in proton showers is shown for the interaction models
Sibyll 2.3c and QGSjet II-04 (Epos-lhc is shown in Fig. 2).

Table C.3: Correlation coe�cients ⇢X,Y for di↵erent variables of the first in-
teractions with the number of muons at ground and at production in proton
induced air showers.

Nµ (Nprod
µ )

Epos-lhc Sibyll 2.3c QGSjet II-04

↵1 0.79 (0.82) 0.76 (0.78) 0.75 (0.78)

Ehad/E 0.67 (0.66) 0.67 (0.66) 0.53 (0.52)

m1 0.15 (0.21) 0.17 (0.22) 0.22 (0.27)

inel �0.15 (�0.08) �0.11 (�0.07) �0.04 (0.00)

m1/mtot 0.16 (0.18) 0.12 (0.13) 0.19 (0.18)

X0 0.23 (0.12) 0.21 (0.12) 0.28 (0.19)

✏⇤ �0.01 (�0.08) �0.12 (�0.17) �0.09 (�0.14)

Appendix C. Shower-to-shower fluctuations in the muon
content: variables of hadronic interactions

Defining the correlation coe�cient ⇢X,Y =
cov(X,Y)/(�X�Y ), Tab. C.3 shows the correlation of dif-
ferent variables of the first interactions with the number of
muons at ground and at production. The statistical uncertainty
of the correlation coe�cient is given by

p
(1 � ⇢2)/(N � 2) and

is in the range of 0.02 � 0.04 accross variables and interaction
models. The sample size was 103 and the simulations were
done with Corsika .

The variables presented are: the hadronic multiplicity in the
first interaction m1, the total multiplicity mtot and the fraction
of energy carried by all hadrons Ehad/E. A variable mixing in-
formation from multiplicity and the hadronic energy fraction is
realized by ↵1. It is defined as ↵1 =

Pm1
i=1 x�i , where � is the slope

of the energy dependence of the average number of muons (see
Tab. B.2) and xi is the fraction of energy Ei/E carried by hadron
i. The fraction of energy carried by the leading hadron relative
to the total energy in the hadronic cascade Ehad is denoted by
✏⇤. The inelasticity, i.e. the fraction of the primary energy that
is carried by all other hadrons except the leading one is inel.
The depth of the first interaction is X0.

Appendix D. Shower-to-shower fluctuations in the muon
content: comparison of ↵1 and Ehad/E

The modified energy fraction ↵1 contains more information
on particle production and therefore exhibits a stronger corre-
lation with muon production than the pure energy fraction of
hadrons Ehad/E =

Pm
i xi. On the other hand Ehad/E is strictly

constrained to the interval between 0 and 1 by energy conserva-
tion, while ↵1 is only constrained by the multiplicity. Given
a maximal multiplicity mmax and assuming energy is shared
equally (xi = 1/mmax), the maximum of ↵1 is

↵max =

mmaxX

i

x�i =
mmaxX

i

 
1

mmax

! �
= m1��

max . (D.1)
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5

Energy and multiplicity

HM, MC, 
measurement, 
CE

(cite muon bundles)

� ! 1 ↵ = Ehad/E0
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� ! 0 ↵ = mhad
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So far, fluctuations of the shower were explained by fluctu-
ations of the particle multiplicity. Nevertheless, an additional
source of fluctuations comes from the fact that in each interac-
tion, energy is shared among the emerging particle in a uneven
and stochastic way. Taking into account only those fluctuations
arising from the first interaction, one can write the total num-
ber of muons as the sum of the average number of muons that
are produced in the m1 subshowers that come out of the first
interaction, i.e.

Nµ,1(E) =
m1X

j=1

hNµ(E j)i =
m1X

j=1

C E�j , (3)

where the subscript 1 in Nµ,1 denotes that only the fluctuations
in the first interaction have been accounted for, and E j denotes
the energy carried by the jth particle. We have used the fact that
nucleon and pion initiated showers produce similar number of
muons, as shown in Fig. 1. We define x j = E j/E as the fraction
of the primary energy carried by particle j. Each sub-shower is
thus weighted by x�j in the final number of muons. Defining

↵1 ⌘
m1X

j=1

x�j , (4)

we find that the number of muons in a shower is related to the
average number of muons Nµ,1(E) = ↵1 hNµ(E)i . For � = 1,
the variable ↵1 represents the fraction of energy that is passed
on to the hadronic cascade. Its distribution is given by the
hadronic energy spectrum [12]. In the opposite case (� = 0),
↵1 becomes m1, so � shifts the weight between energy and mul-
tiplicity. In contrast to the HM model, both the multiplicity and
energy fluctuations are included.

We can also introduce the fluctuations induced by the sec-
ond generation, writing Nµ,2(E) =

Pm1
j=1
Pm2 j

k=1 C E�jk where
E jk = x jx jkE is the energy carried by second generation par-
ticles, where j and k run through the di↵erent combinations
of 1st and 2nd generation particles respectively. This proce-
dure can be generalized to account for any number of gener-
ations. Given ↵1 we can define ↵i recursively for any gener-
ation as ↵i ⌘ Nµ,i/Nµ,i�1 and translate the sum of sums into
a product. Including fluctuations up to generation g the num-
ber of muons is given by Nµ = hNµ(E)i Qg

i=1 ↵i. As before,
the number of particles in the hadronic cascade increases with
generation so the fluctuations in ↵i decrease. By grouping fluc-
tuations of all the generations but the first in a single parameter
! = hNµ(E)i Qg

i=2 ↵i, the total number of muons can finally be
written as

Nµ = ↵1 · ! . (5)

3. EAS Monte Carlo test

In order to verify our hypothesis, we have run 103 full 3D-
simulations of proton showers with Corsika (v7.6400) [13] at a
primary energy of 1019 eV and zenith angle of 67�. The energy
threshold for the thinning algorithm was set to ✏thin = 10�6 and
weights were limited to wmax = ✏thin · (E0/1 GeV). We have also

Figure 2: Distribution of the modified hadronic energy fraction of the first
interaction, ↵1, and the number of muons, Nµ, for Conex (heat-map) and Cor-
sika (red points) simulations. Primaries are protons with an energy of 1019 eV
and a zenith angle of 67�. Hadronic interactions were simulated with Epos-lhc
and Fluka . Note: the accumulation of events along the line where ↵1 = 1
corresponds to quasi-elastic/di↵ractive events. The corresponding distributions
for Sibyll 2.3c and QGSjet II-04 are shown in Appendix B.

run 105 1D-simulations of air showers with Conex (v5.40) [14,
15] for di↵erent primaries, energies 1016,1017 ,1018 and 1019 eV
and zenith angles of 38� and 67�. High-energy interactions
were simulated with the post-LHC models Epos-lhc [16],
QGSjet II-04 [17] and Sibyll 2.3c [18, 19], low-energies with
Fluka v2011.2c [20]. The information about the first interac-
tions was recorded [21]. Hadronic particles, i.e. particles that
form the hadronic cascade and that determine ↵1, were defined
as all hadrons other than ⇡0 and ⌘. We refer to the number of
muons at ground by Nµ.

In Fig. 2, the Nµ and ↵1 joint distribution, f↵1,Nµ (↵1,Nµ) de-
rived with Conex is shown with events from Corsika superim-
posed. The correlation coe�cient is approximately 0.8 2. For
comparison, the correlation with the fraction of hadronic en-
ergy and with the multiplicity of the first interaction is about
0.6 and 0.2 respectively. A detailed comparison of the correla-
tions between variables of the first interaction and the number
of muons is given in Appendix C. The correlation between Nµ
and the fraction of hadronic energy is discussed in Appendix
D. Looking at the joint distribution shown in Fig. 2 one can see
that the bulk of events follows a linear relation of the form:

Nµ = (↵1 + �) · ! . (6)

While approximately 1/3 of pions that are produced in a pp
interaction are neutral, due to the preservation of the quantum
numbers of the proton (leading particle e↵ect) the fraction of
events where most of the energy is carried by a neutral pion is
much smaller. In these rare cases, ↵1 ! 0, and muon produc-
tion is dominated by photo-pion production in the EM cascade.
The additional term � in Eq. (6) accounts for this (compare to
Eq. (5)). Its value was found to be roughly 0.16 across di↵erent
models (Appendix B). The distribution of the number of muons
produced in a photon-initiated shower is shown in Fig. 1. The

2⇢X,Y = cov(X,Y)/(�X�Y )

3
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• Missmatch on	<Nmu>	from	models	comes	from	
low	energy

• A	5%	constant	deficit	along	6	generations	can	
produce

• due	to	accumulation	in	sucesive generations

ISAPP	Shower	Physics	II	(L.	Cazon)

Nµ = ↵1↵2↵3...↵n
E0

⇠⇡c
= ↵1 · !
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• Nmu shape	determined	by	1st interaction
• First	interaction	only	differs	in	the	low-Nmu tail

• Experimentally	accessible
• Even	for	mixed	composition	scenarios	
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Scenario of a measurement

Sensitive to model difference
10%

1:1 p-He ratio: ~1000 events

1:2 p-He ratio: ~5k  events
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• low	Nmu tail	relates	
with	the	high	xL of	pi0	
production

• Multiparticle
production	
measurement	on	the	
1st interaction	(p-Air)

ISAPP	Shower	Physics	II	(L.	Cazon)
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What can we learn about
 hadronic interactions ?

What determines had. Energy? (tail) Inclusive production cross section

Modify!

Slope of muon distribution  == Shape of inclusive production cross section at high-x !



p-Air cross	
section

L.	Cazon	 UHECR2018,	Paris 89
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Method
• Continuous reparameterization
of cross	section in	MC

L.	Cazon	 UHECR2018,	Paris 90

• Simulation of Xmax distribution
• different rescalings
• different models

L.	Cazon	

• Λη↔ σp-Air conversion
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Figure 1: The Xmax-distributions in the two energy intervals. The result of the unbinned log-likelihood fit to
derive Λη is shown in the range of the tail fit.

is identified, and only showers with an unbiased Xmax measurement within this range are consid-
ered. This provides the best possible estimate of the shape of the whole Xmax-distribution, but with
a significant cost in terms of available event statistics. This distribution is used to determine the
Xmax-intervals containing the 20% most deeply penetrating showers.

Given this Xmax-interval, the event selection is updated by only requiring an unbiased Xmax-
measurement in the tail region of the distribution. This step increases the available statistics for the
measurement of Λη by a factor of about three. At this stage the Xmax-distributions exist containing
the unbiased tail from Xη ,start = 762.2g/cm2 to Xη ,end = 1009.7g/cm2 for the 1017.8−1018 eV range
and Xη ,start = 782.4g/cm2 to Xη ,end = 1030.1g/cm2 for the 1018−1018.5 eV range. The upper end
of the fit-range, chosen to exclude 0.1% of all available showers, also reduces the sensitivity to any
possible primary photon contribution.

Due to the nature of the analysis, where the exponential tail of a distribution is measured,
it is crucial to consider the Poissonian fluctuations of the data. This is achieved by numerically
optimizing the following unbinned log-likelihood function for the Λη parameter

logL=
Nevts

∑
i=1
log p(Xmax,i;Λη) with (4.1)

p(Xmax;Λη) =
[

Λη
(

e−Xη ,start/Λη − e−Xη ,end/Λη
)]−1

e−Xmax/Λη . (4.2)

The statistical uncertainty of the result is determined using the values of Λη where the likelihood
exceeds logLmin+0.5. For simulated showers the default choice of Xη ,end = ∞ is used, which an-
alytically yields the optimal result Λopt,MCη = ∑Nevts

i=0 (Xmax,i−Xη ,start)/Nevts, and the uncertainty can
be derived from error propagation. The fit-range as well as the result is shown in Fig. 1.

The stability of the measurement of Λη from data is tested by subdividing the data sample
according to the zenith angle and to the distance of showers. The event selection cuts are changed
within their experimental uncertainties. The observed variation of Λη are consistent with statis-
tical fluctuations. The standard deviation of these various observed deviations is considered as a
systematic uncertainty for the measurement of Λη .

5. Determination of σp−air

The value of σp−air is derived from the comparison of ΛMCη , as calculated from full Monte

5

Possible He contamination is the
main source of systematic
uncertainty.	25%	He maximum
contamination assumed for	sys.	
uncertainties

Proton-Air cross section Ralf Ulrich

Table 1: Measurement of Λη and σp−air in the two energy regions. Statistical uncertainties are quoted in the
same line, while systematic uncertainties are listed explicitly.

1017.8−1018 eV 1018−1018.5 eV
Number of high-quality hybrid events 18090 21270

Determination of the 20% tail range
Range of 99.8% central Xmax-values (g/cm2) 556.6−1009.7 573.3−1030.1
Fiducial selection of 99.8% central range, events 1818 2807
Start of 20% tail range, Xη ,start (g/cm2) 762.2 782.4
Fiducial selection of 20% tail range, number of events 4847 6906

Λη determination
Number of events in tail range 1196 1384
Power-law slope of energy distribution −0.65±0.31 1.85±0.28
Average energy (eV) 1017.90 1018.22

Corresponding√spp (TeV) 38.7 55.5
Energy scale uncertainty on√spp (TeV) 2.5 3.6
Λη (g/cm2) 60.7±2.1 57.4±1.8
Λη , systematic uncertainties (g/cm2) 1.6 1.6

σp−air determination
EPOS-LHC (mb) 466.1 494.1
QGSJetII.04 (mb) 458.7 487.9
SIBYLL 2.1 (mb) 447.8 475.3
Central value, all models (mb) 457.5±17.8 485.8±15.8

σp−air uncertainties
Λη , systematic uncertainties (mb) 13.5 14.1
Hadronic interaction models (mb) 10 10
Energy scale uncertainty, ΔE/E = 14% (mb) 2.1 1.3
Conversion of Λη to σp−air (mb) 7 7
Photons (mb) 4.7 4.2
Helium, 25% (mb) -17.2 -15.8
Total systematic uncertainty on σp−air (mb) +19/-25 +19/-25

energy deposit, Xmax, can be reconstructed with a resolution of 25.0± 1.1 g/cm2 at 1017.8 eV and
18.6±1.1 g/cm2 at 1018.5 eV. This includes uncertainties e.g. from the atmospheric density profile.

The available data sample is divided into two energy intervals, one ranging from 1017.8 to
1018 eV and the other from 1018 to 1018.5 eV with 18090 and 21270 events, respectively. All steps
and results of the analysis are summarized in Tab. 1.

4. Measurement of Λη

In both energy ranges selected for the measurement the Xmax-range is determined indepen-
dently in a two step procedure. First, the Xmax-interval containing the 99.8% most central events
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Figure 2: Conversion of Λη to σp−air. The simulations includes all detector resolution effects, while the data
is corrected for acceptance effects. The solid and dashed lines show the Λη measurement and its projection
to σp−air as derived using the average of all models.

earlier studies it was shown that primary particles heavier than Helium have only negligible impact
on the analysis. The consequence of helium on the result is studied with simulations by produc-
ing samples of mixed proton-helium composition and testing the response of the analysis. There
are indications that the helium content in the used data is not larger than on the order of 25% [3],
which is also the number used in the past for this purpose. The impact of 25% helium on the cross
section result is thus considered as systematic uncertainty towards smaller values of σp−air. The
contamination with primary photons is excluded to be larger than 0.5% in the energy range under
investigation [14] and the impact on the cross section is added as systematic uncertainty towards
larger values of σp−air.

6. Results and summary

An updated measurement of the proton-air cross section with hybrid data of the Pierre Auger
Observatory is presented. The result is shown in Fig. 3 and compared to previous measurements and
model predictions. With respect to the previous measurement, the number of events is increased
by about a factor of four. The measured value of Λη = 57.4± 1.8g/cm2 in the energy range
1018− 1018.5 eV is within 0.5 standard-deviations from the previous measurement. The statistical
uncertainty of the measurement is consistent with a scaling by 1/

√
N.

New hadronic interaction models, EPOS-LHC and QGSJetII.04, which are tuned to LHC data,
are used for the conversion of Λη to σprodp−air. It is interesting to note, that the difference between
these two models has changed by almost a factor of two with respect to the models prior to tuning
to LHC data (EPOS-1.99 and QGSJetII.03). However, currently we keep also the SIBYLL 2.1
model as part of the analysis in order to get a more diverse estimation of the underlying modeling
uncertainties. Since SIBYLL has not changed with respect to the previous analysis and both EPOS-
LHC as well as QGSJetII.04 consitently predict larger values of σp−air, the use of SIBYLL 2.1 leads
to a slightly smaller central value of the final measurement and, even more relevant, a larger model-
dependence. This will be revisited as soon as the next version of SIBYLL, also tuned to the LHC
data, will be released for air shower simulations. It is a very interesting question, whether the trend
observed with EPOS and QGSJetII continues and the overal model-dependence is further reduced.

7
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Inelastic proton-proton cross section

Extended Glauber conversion with inelastic screening + propagation of modeling uncertainties
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Figure 2.3: Approximated pt distribution of muons taken from AIRES [30]
for 500 proton showers at 60◦ and 1018, 1019 and 1020 eV. The overlap is
almost perfect. (All areas normalized to 1).

Particle mc2 (MeV) cτ (m)
µ± 105.658357± 0.000005 658.654 ± 0.012
π± 139.57018± 0.00035 7.8045 ± 0.0015
K± 493.677 ± 0.016 3.713 ± 0.011

Table 2.2: Table of rest masses and decay constants of charged pions, kaons,
and muons.

Aires simulations. It can be seen that the number of pions decreases by more
than 4 orders of magnitude when r exceeds 100 m.

This can be understood in terms of a simple argument: A pion of energy
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What can we learn about
 hadronic interactions ?

What determines had. Energy? (tail) Inclusive production cross section

Modify!

Slope of muon distribution  == Shape of inclusive production cross section at high-x !



Signal	ratio
and	LDF
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82 CHAPTER 4. LDF, EM HALO AND MAGNETIC FIELD EFFECTS

magnetic field is given by:

x
B

= x ± α
B

√
x2 + y2 (4.27)

y
B

= y (4.28)

where coordinates with (without) the subscript B mean presence (absence)
of magnetic field.

Fixing z, E and pt defines a ring of muons in the transverse plane that is
displaced α

B
times r (see Fig. 4.8).

 -µ
 +µ

Bno B

 xδ xδ xδ

r

Figure 4.8: Composition of the deviation of muons with fixed z,E and pt seen
in the shower plane, for the case of no magnetic field (left graph) and magnetic
field (right graph). The blue (left) circle corresponds to positive (negative)
muons. In the left panel, without magnetic filed, both are superposed.

The condition δx > r or equivalently α
B

> 1 clearly sets a different
regime, when µ+ (µ−) separate into the left (right) half of the plane. It
produces a characteristic density distribution very different from those with
α

B
< 1 which displayed elliptical distortions of the otherwise circular density

pattern in the absence of magnetic effects.(See for instance Fig. 4.9.)
The value of α

B
is proportional to B⊥, which varies with the zenith and

azimuth angles since they determine the orientation of the shower plane and
therefore the projection of the magnetic field onto it. Fig. 4.10 shows the
ratio B⊥

∥B⃗∥ for the Auger site, where the magnitude of the magnetic field is

∥ B ∥= 24.7 × 10−6 T pointing in a direction that makes an elevation angle
of 35.03◦ above the horizon. The 0◦ azimuth direction is that pointing to
the local north direction. It also shows some contour levels for α

B
using as a

typical transverse momentum the average value < pt >= 2Q = 0.34 GeV/c
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In the last equation we have used the approximation E =
√

(pc)2 + (mc2)2 ≃
pc , and also we have taken the energy as a constant, by neglecting muon
energy loss.

R

 xδ

z

 B⊗

Figure 4.7: Deviation from the expected trajectory of a positive particle
travelling downwards because of the magnetic field. (Entering the paper).

Let us define now a set of coordinates (x, y) in the perpendicular plane
in such a way that y increases in the direction of B⃗⊥. As a muon travels it
will be shifted a quantity δx in the direction perpendicular to B⃗⊥. Let us
approximate now δx by considering that in very inclined showers all muons
run parallel to the shower axis, and travel a distance ∼ z (see Fig. 4.7):

δx = R

⎡

⎣1 −
√

1 ∓
(

z

R

)2
⎤

⎦ ≃ ±1

2

z2

R
= ±1

2
z2 ceB⊥

E
(4.25)

where the brackets were expanded to first order in z/R. The ± sign corre-
sponds to the sign of the involved muon charge. This means that muons are
shifted a quantity that depends both on the traveled distance z but also in
the energy of the muon. Using the relation r ≃ ptc

E z we obtain [35]

δx ≃ ±1

2

z eB⊥

pt
r = ±α

B
r (4.26)

where α
B

= 0.15zB⊥/pt provided that B⊥ is given in Tesla, pt in GeV/c and
z in m. The change of position of each muon respect to the absence of the
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d2N

dXdEi
= h(X)f1(Ei)
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