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Inclined showers 
•  Induced by cosmic rays arriving with θ >60° 

•  Muons dominate at ground as the EM component is absorbed in the atmosphere 

•  Inclined showers generate asymmetric and elongated patterns in the SD array 
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Inclined showers at Auger 

•  Inclined showers generate asymmetric and elongated signal patterns in the SD array 

•  Asymmetry due to geometric and attenuation effects and geomagnetic deviations of 

muons. 

•  Inclined showers require specific reconstruction methods 

•  Full efficiency at E > 4 EeV 

•  Zenith-angle range: 60° < θ < 80° 
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Energy	dependence	of	mass	composi1on	of	the	highest	energy	cosmic	rays	is	fundamental	to	unveil	produc1on	and	propaga1on	mechanisms,	and	to	interpret	spectral	features	and	anisotropies.	
One	of	the	most	mass-sensi1ve	observables	is	the	muon	content		of	extensive	air	showers	at	ground.	This	observable	also	provides	informa1on	about	proper1es	of	hadronic	interac1ons	at	high	energies.	

Here,	the	average	muon	content	of	showers	with	zenith	angles	between	62°	and	80°	is	obtained	as	a	func1on	of	shower	energy	using	a	reconstruc1on	method	specifically	designed	for	inclined	showers.	

	

Induced	by	cosmic	rays	arriving	with	zenith	angles	>	60°.	
Muons	are	dominant	par>cles	at	ground	as	the	electromagne>c	
component	is	absorbed	in	the	atmosphere.	

Inclined	showers	provide	a	direct	measurement	of	the	muon	content		

INCLINED	SHOWERS	 INCLINED	EVENTS	AT	THE	PIERRE	AUGER	OBSERVATORY	

Inclined	showers	generate	asymmetric	and	elongated	signal	paQerns	in	the	SD	array	(see	leZ	figure).	
Asymmetry	due	to	geometric	and	aQenua>on	effects	and	geomagne>c	devia>on	of	muons.	
Arrival	direc>on	(θ,φ)	reconstructed	from	the	rela>ve	arrival	>mes	of	shower	front	at	triggered	sta>ons.	

An	inclined	shower	observed	with	the	Surface	Detector	(le7)	and	simultaneously	with	the	Fluorescence	Detector	(“hybrid	event”,	right)	

θ	=	(63.5±0.1)°	
	φ	=	(294.8±0.1)°	

E	=	(3.1±0.2)	x	1019	eV	

RECONSTRUCTION	OF	THE	SHOWER	PARAMETER,	N19	

Thanks to Y. Guardincerri

	N19	:	rela>ve	number	of	muons	at	ground	wrt	the	density	of	muons	of	the	reference	distribu>on:

 

	ρµ	:	model	predic>on	for	muon	density	at	ground	used	to	fit	the	signals	recorded	at	the	detectors.

 

	ρµ,19	:	reference	profile	from	parameterisa>on	of	muon	density	at	ground	of	proton	showers	of	1019	
eV	simulated	with	QGSJetII-03	interac>on	model.		

 

Example	of	ρ	µ	,19		for	proton	showers	at	θ	=	80°,	φ	=	0°	and	core	at	(x,y)	=	(0,0)	

TEST	OF	N19	AS	ESTIMATOR	OF	THE	RELATIVE		
MUON	NUMBER,	Rµ	

( )φθρρ µµ ,,,19,19 yxN=
Test	based	on	MC:						N19				vs		the	true	ra>o		RµMC=Nµ

true	/Nµ,19																																																		

High-quality	hybrid	events:	
						62°<	θ	<	80°		

					01/01/2004	-	31/12/2012			

ENERGY	DEPENDENCE	OF	Rµ	vs	MC	PREDICTIONS	

Systema>c	uncertain>es:	
							Rµ	:					5%	

						EFD	:		14%			

Ø 	Measurement	comparable	to	recent	Fe-like	predicLons	if	EFD	is	allowed	to	increase	by	14%	(sys)		

( )BEAR eV1019FD=µ

	A	=	(1.84	±	0.03	±	0.09	(sys))		
	B	=	(1.03	±	0.02	±	0.05	(sys))							

 Ø 	At	1019	eV		the	muon	number	obtained	from	data	exceeds	that	of	proton	(Fe)	shower	

simulated	with	QGSJetII-03	by	a	factor	1.8	(1.4).	

Rµ	/EFD	in	energy	bins	

	Nµ,19		:	total	number	of		muons	reaching		ground	as	predicted	by	integral	of	ρµ,19.	

 

	Nµ
true	:	true	number	of		muons	at	ground.	

 

	N19		provides	a	direct	measurement	of	the	rela>ve	muon	number	with	bias	<	5%.																																																				

	Rµ		defined	as	the	measured	N19			aaer	correc;on	for	the	average	bias.																																																			

Rµ		vs	EFD
*		

(*calorimetric	energy	measured	with	the	FD)		

Ø 	Post-LHC	models	(QGSJetII-04	&	EPOS-LHC)	predict	∼	20%	more	muons	and	become	

more	compaLble	with	data.	

Ø 	The	observed	Xmax	distribuLon	is	this	energy	range	is	not	compaLble	with	an	iron-dominated	

composiLon	[Ahn	0690]	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	the	observed	muon	number	is	not	reproduced	by	showers	

simulaLons	[see	also	Kegl	0860].	



4 

Reconstruction of the SD energy estimator 

9

SD energy estimator: inclined events

elongated and 
asymmetric

Measured signals fitted to the expected 2D muon distribution at ground:

shower-size estimator

Example μ-distribution for 10 EeV 
proton showers with θ=80º and φ=0º 
simulated with QGSJetII-03

“Inclined” energy estimator N
19 

does not depend on zenith angle

Inclined showers mainly dominated by muons at ground

Measured signals fitted to the expected 2D muon 

distribution at ground:   
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SD energy estimator: inclined events

elongated and 
asymmetric

Measured signals fitted to the expected 2D muon distribution at ground:

shower-size estimator

Example μ-distribution for 10 EeV 
proton showers with θ=80º and φ=0º 
simulated with QGSJetII-03

“Inclined” energy estimator N
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does not depend on zenith angle
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SD energy estimator: inclined events

elongated and 
asymmetric

Measured signals fitted to the expected 2D muon distribution at ground:

shower-size estimator

Example μ-distribution for 10 EeV 
proton showers with θ=80º and φ=0º 
simulated with QGSJetII-03

“Inclined” energy estimator N
19 

does not depend on zenith angle

Inclined showers mainly dominated by muons at ground

: reference profile from parameterisation of muon density at 

ground for 10 EeV p showers simulated with QGSJetII-03. 

 

Basic idea:  

•  shape of the muon distribution is approximately universal for a given shower direction 

and only its overall normalisation depends on the shower energy and  primary mass  

•  Dependeces on E and mass are factorised out into the overall normalisation N19 

(shower size) and dependence on the shower direction into the reference muon 

distribution 
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Example : 

9

SD energy estimator: inclined events

elongated and 
asymmetric

Measured signals fitted to the expected 2D muon distribution at ground:

shower-size estimator

Example μ-distribution for 10 EeV 
proton showers with θ=80º and φ=0º 
simulated with QGSJetII-03

“Inclined” energy estimator N
19 

does not depend on zenith angle

Inclined showers mainly dominated by muons at ground
More details about “inclined” reconstruction in JCAP 08 (2015) 049 

N19 uncert. associated with the unknown primary mass in data and hadronic model 
assumed for the reference distribution will be absorbed in the calibration procedure 
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SD energy calibration: hybrid approach 

3

A [EeV]   5.56 +- 0.07           5.71 +- 0.09

B              1.01 +- 0.02           1.01  +- 0.02

Pre-ICRC 2017    ICRC 2015    

~  - 3%
SD-energy scale

Calibration plot

	
	
	
	

5.45 ± 0.08 

1.03 ± 0.02 
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SD energy resolution 
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Muon content in inclined showers 
The Pierre Auger Collaboration Phys. Rev. D 91 032003 (2015)  

•  Muon content is a powerful tracer of the primary mass 

 

 

•  N19 provides a direct measurement of the relative muon number with bias < 5% (tested 

with MC):    

–  Rμ defined as the measured N19 after correction for an average bias 
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We present the first hybrid measurement of the average muon number in air showers at ultrahigh
energies, initiated by cosmic rays with zenith angles between 62° and 80°. The measurement is based on
174 hybrid events recorded simultaneously with the surface detector array and the fluorescence detector of
the Pierre Auger Observatory. The muon number for each shower is derived by scaling a simulated
reference profile of the lateral muon density distribution at the ground until it fits the data. A 1019 eV
shower with a zenith angle of 67°, which arrives at the surface detector array at an altitude of 1450 m
above sea level, contains on average ð2.68" 0.04" 0.48ðsysÞÞ × 107 muons with energies larger than
0.3 GeV. The logarithmic gain d lnNμ=d lnE of muons with increasing energy between 4 × 1018 eV and
5 × 1019 eV is measured to be ð1.029" 0.024" 0.030ðsysÞÞ.

DOI: 10.1103/PhysRevD.91.032003 PACS numbers: 96.50.sd, 13.85.Tp, 98.70.Sa

I. INTRODUCTION

Understanding the mass composition of ultrahigh
energy cosmic rays at Earth is fundamental to unveil their
production and propagation mechanisms. The interpreta-
tion of observed anisotropies [1,2] and of features in the
flux relies on it, such as the break in the power law
spectrum around 4 × 1018 eV, and the flux suppression
above 4 × 1019 eV [3].
Ultrahigh energy cosmic rays can only be observed

indirectly through air showers. The mass composition of
cosmic rays can be derived from certain air shower
observables, but the inference is limited by our theoretical
understanding of the air shower development [4]. Air
shower simulations require knowledge of hadronic inter-
action properties at very high energies and in phase space
regions that are not well covered by accelerator experi-
ments. The systematic uncertainty of the inferred mass
composition can be reduced by studying different observ-
ables (see, e.g., [5]). The slant depth Xmax of the shower
maximum is a prominent mass-sensitive tracer, since it can
be measured directly with fluorescence telescopes.
The number of muons in an air shower is another

powerful tracer of the mass. Simulations show that the
produced number of muons, Nμ, rises almost linearly with
the cosmic-ray energy E, and increases with a small power
of the cosmic-ray mass A. This behavior can be understood
in terms of the generalized Heitler model of hadronic air
showers [6], which predicts

Nμ ¼ A
!
E=A
ξc

"
β
; ð1Þ

where ξc is the critical energy at which charged pions decay
into muons and β ≈ 0.9. Detailed simulations show further

dependencies on hadronic-interaction properties, like the
multiplicity, the charge ratio and the baryon antibaryon pair
production [7,8].
To use the muon number Nμ as a tracer for the mass A,

the cosmic-ray energy E has to be independently measured
event by event with a small systematic uncertainty. By
taking the logarithm of Eq. (1) and computing the deriva-
tive, we obtain the logarithmic gain of muons with
increasing energy

d lnNμ

d lnE
¼ β þ ð1 − βÞ d lnA

d lnE
; ð2Þ

which carries additional information on the changes in the
mass composition and is invariant to systematic offsets in
the energy scale. The dependency of the muon number Nμ
on the mass of cosmic rays is complementary to other
mass-sensitive observables such as the depth of the shower
maximum, Xmax. If both observables are combined, the
internal consistency of hadronic interaction models can be
tested.
We present the average number of muons in inclined

showers above 4 × 1018 eV measured with the Pierre
Auger Observatory [9], which is located in Mendoza
province, Argentina. The Pierre Auger Observatory was
completed in 2008 and covers an area of 3000 km2. It is a
hybrid instrument to detect cosmic-ray induced air show-
ers, which combines a surface detector array (SD) of 1660
water-Cherenkov stations [10] placed on a triangular grid
with 1.5 km spacing with a fluorescence detector (FD) [11].
Due to their cylindrical volume, the surface detectors are
sensitive to inclined and even horizontal particles [12,13].
On dark nights, which correspond to a duty cycle of about
13%, the longitudinal shower development and the calo-
rimetric energy of the shower are measured by the FD. It
consists of 27 telescopes with UV filters located at four
sites around the SD array, each monitoring a 30° × 28°
patch of the sky.
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‡Also at the Universidad Autonoma de Chiapas on leave of

absence from Cinvestav.
§Now at NYU Abu Dhabi.

A. AAB et al. PHYSICAL REVIEW D 91, 032003 (2015)

032003-4

92University of New Mexico, Albuquerque, NM 87131, USA
93University of Wisconsin, Milwaukee, WI 53201, USA

(Received 13 August 2014; published 6 February 2015; corrected 24 February 2015)

We present the first hybrid measurement of the average muon number in air showers at ultrahigh
energies, initiated by cosmic rays with zenith angles between 62° and 80°. The measurement is based on
174 hybrid events recorded simultaneously with the surface detector array and the fluorescence detector of
the Pierre Auger Observatory. The muon number for each shower is derived by scaling a simulated
reference profile of the lateral muon density distribution at the ground until it fits the data. A 1019 eV
shower with a zenith angle of 67°, which arrives at the surface detector array at an altitude of 1450 m
above sea level, contains on average ð2.68" 0.04" 0.48ðsysÞÞ × 107 muons with energies larger than
0.3 GeV. The logarithmic gain d lnNμ=d lnE of muons with increasing energy between 4 × 1018 eV and
5 × 1019 eV is measured to be ð1.029" 0.024" 0.030ðsysÞÞ.

DOI: 10.1103/PhysRevD.91.032003 PACS numbers: 96.50.sd, 13.85.Tp, 98.70.Sa

I. INTRODUCTION

Understanding the mass composition of ultrahigh
energy cosmic rays at Earth is fundamental to unveil their
production and propagation mechanisms. The interpreta-
tion of observed anisotropies [1,2] and of features in the
flux relies on it, such as the break in the power law
spectrum around 4 × 1018 eV, and the flux suppression
above 4 × 1019 eV [3].
Ultrahigh energy cosmic rays can only be observed

indirectly through air showers. The mass composition of
cosmic rays can be derived from certain air shower
observables, but the inference is limited by our theoretical
understanding of the air shower development [4]. Air
shower simulations require knowledge of hadronic inter-
action properties at very high energies and in phase space
regions that are not well covered by accelerator experi-
ments. The systematic uncertainty of the inferred mass
composition can be reduced by studying different observ-
ables (see, e.g., [5]). The slant depth Xmax of the shower
maximum is a prominent mass-sensitive tracer, since it can
be measured directly with fluorescence telescopes.
The number of muons in an air shower is another

powerful tracer of the mass. Simulations show that the
produced number of muons, Nμ, rises almost linearly with
the cosmic-ray energy E, and increases with a small power
of the cosmic-ray mass A. This behavior can be understood
in terms of the generalized Heitler model of hadronic air
showers [6], which predicts

Nμ ¼ A
!
E=A
ξc

"
β
; ð1Þ

where ξc is the critical energy at which charged pions decay
into muons and β ≈ 0.9. Detailed simulations show further

dependencies on hadronic-interaction properties, like the
multiplicity, the charge ratio and the baryon antibaryon pair
production [7,8].
To use the muon number Nμ as a tracer for the mass A,

the cosmic-ray energy E has to be independently measured
event by event with a small systematic uncertainty. By
taking the logarithm of Eq. (1) and computing the deriva-
tive, we obtain the logarithmic gain of muons with
increasing energy

d lnNμ

d lnE
¼ β þ ð1 − βÞ d lnA

d lnE
; ð2Þ

which carries additional information on the changes in the
mass composition and is invariant to systematic offsets in
the energy scale. The dependency of the muon number Nμ
on the mass of cosmic rays is complementary to other
mass-sensitive observables such as the depth of the shower
maximum, Xmax. If both observables are combined, the
internal consistency of hadronic interaction models can be
tested.
We present the average number of muons in inclined

showers above 4 × 1018 eV measured with the Pierre
Auger Observatory [9], which is located in Mendoza
province, Argentina. The Pierre Auger Observatory was
completed in 2008 and covers an area of 3000 km2. It is a
hybrid instrument to detect cosmic-ray induced air show-
ers, which combines a surface detector array (SD) of 1660
water-Cherenkov stations [10] placed on a triangular grid
with 1.5 km spacing with a fluorescence detector (FD) [11].
Due to their cylindrical volume, the surface detectors are
sensitive to inclined and even horizontal particles [12,13].
On dark nights, which correspond to a duty cycle of about
13%, the longitudinal shower development and the calo-
rimetric energy of the shower are measured by the FD. It
consists of 27 telescopes with UV filters located at four
sites around the SD array, each monitoring a 30° × 28°
patch of the sky.

*Deceased.
†Now at Konan University.
‡Also at the Universidad Autonoma de Chiapas on leave of

absence from Cinvestav.
§Now at NYU Abu Dhabi.

A. AAB et al. PHYSICAL REVIEW D 91, 032003 (2015)

032003-4

IV. DATA ANALYSIS

The muon content Rμ of individual showers with the
same energy E and arrival direction varies. This is caused
by statistical fluctuations in the development of the
hadronic cascade, and, in addition, by random sampling
from a possibly mixed mass composition. We will refer to
these fluctuations combined as intrinsic fluctuations. In the
following, we will make statements about the average
shower, meaning that the average is taken over these
intrinsic fluctuations. Detector sampling adds Gaussian
fluctuations to the observed value of Rμ on top of that. The
statistical uncertainties of Rμ and E caused by the sampling
are estimated by the reconstruction algorithms event by
event. We will refer to them as detection uncertainties.
From Eq. (1) we expect that the average number of

produced muons, which is proportional to hRμi, and the
cosmic-ray energy E have a relationship that is not far from
a power law. Therefore we fit the parametrization

hRμi ¼ aðE=1019 eVÞb ð4Þ

to the selected data set, using a detailed maximum-
likelihood method that takes the mentioned fluctuations
into account. Intrinsic fluctuations of Rμ are modeled with a
normal distribution that has a constant relative standard
deviation σ½Rμ%=Rμ. This model is found to be in good
agreement with shower simulations. The a parameter of
the fitted curve represents the average muon content
hRμið1019 eVÞ at 1019 eV and the b parameter the loga-
rithmic gain dhlnRμi=d lnE≃ d lnNμ=d lnE of muons
with growing energy. The maximum-likelihood method
was validated with a fast realistic simulation of hybrid
events and shown to yield unbiased values for a and b. The
technical aspects will be presented in a separate paper.
The data and results of the fit are shown in Fig. 3. We

obtain

a ¼ hRμið1019 eVÞ ¼ ð1.841& 0.029& 0.324ðsysÞÞ; ð5Þ

b ¼ dhlnRμi=d lnE ¼ ð1.029& 0.024& 0.030ðsysÞÞ; ð6Þ

σ½Rμ%=Rμ ¼ ð0.136& 0.015& 0.033ðsysÞÞ: ð7Þ

At a zenith angle of 67°, this corresponds to ð2.68& 0.04&
0.48ðsysÞÞ × 107 muons with energies larger than 0.3 GeV
that reach 1425 m altitude in an average 1019 eV shower.
The fitted model agrees well with data. To obtain a

goodness-of-fit estimator, we compute the histogram
of the residuals ðRμ − hRμiÞ=hRμi and compare it with
its expectation gððRμ−hRμiÞ=hRμiÞ¼

R
fððRμ−hRμiðEÞÞ=

hRμiðEÞ;EÞdE computed from the fitted two-dimensional
probability density function fðRμ; EÞ. Histogram and
expectation are shown in the inset of Fig. 3. The
comparison yields a reduced chi-square value χ2=ndof ¼
4.9=10 for the fitted model.

The systematic uncertainty of the absolute scale
hRμið1019 eVÞ of 18% combines the intrinsic uncertainty
of the Rμ-measurement (11%) and the uncertainty of the
Auger energy scale (14%) [38]. The systematic uncertainty
of the logarithmic gain dhlnRμi=d lnE of 3% is derived
from variations of the FD selection cuts (2%), variations of
the bias correction of Rμ within its systematic uncertainty
(1%), variations of the distribution assumptions on the
intrinsic Rμ-fluctuations (1%) and by assuming a residual
zenith-angle dependence of the ratio Rμ=E that cannot be
detected within the current statistics (0.5%). The third
parameter σ½Rμ%=Rμ, the relative size of the intrinsic
fluctuations, is effectively obtained by subtraction of the
detection uncertainties from the total spread. Its systematic
uncertainty of &0.033 is estimated from the variations
just described [&0.014ðsysÞ in total], and by varying
the detection uncertainties within a plausible range
[&0.030ðsysÞ].
At θ ¼ 67°, the average zenith angle of the data set,

Rμ ¼ 1 corresponds to Nμ ¼ 1.455 × 107 muons at the
ground with energies above 0.3 GeV. For model compar-
isons, it is sufficient to simulate showers at this zenith angle
down to an altitude of 1425 m and count muons at the
ground with energies above 0.3 GeV. Their number should
then be divided by Nμ ¼ 1.455 × 107 to obtain RMC

μ , which
can be directly compared to our measurement.
Our fit yields the average muon content hRμi. For model

comparisons the average logarithmic muon content,
hlnRμi, is also of interest, as we will see in the next
section. The relationship between the two depends on
shape and size of the intrinsic fluctuations. We compute

FIG. 3. The selected hybrid events above 4 × 1018 eV and a fit
of the power law hRμi ¼ ahE=1019 eVib. The error bars indicate
statistical detection uncertainties only. The inset shows a histo-
gram of the residuals around the fitted curve (black dots) and for
comparison the expected residual distribution computed from the
fitted probability model that describes the fluctuations.
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then be divided by Nμ ¼ 1.455 × 107 to obtain RMC

μ , which
can be directly compared to our measurement.
Our fit yields the average muon content hRμi. For model

comparisons the average logarithmic muon content,
hlnRμi, is also of interest, as we will see in the next
section. The relationship between the two depends on
shape and size of the intrinsic fluctuations. We compute

FIG. 3. The selected hybrid events above 4 × 1018 eV and a fit
of the power law hRμi ¼ ahE=1019 eVib. The error bars indicate
statistical detection uncertainties only. The inset shows a histo-
gram of the residuals around the fitted curve (black dots) and for
comparison the expected residual distribution computed from the
fitted probability model that describes the fluctuations.
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hlnRμi numerically based on our fitted model of the
intrinsic fluctuations:

hlnRμið1019 eVÞ ¼
Z

∞

0
lnRμN ðRμÞdRμ

¼ 0.601$ 0.016þ0.167
−0.201ðsysÞ; ð8Þ

where N ðRμÞ is a Gaussian with mean hRμi and spread
σ½Rμ' as obtained from the fit. The deviation of hlnRμi from
lnhRμi is only 2% so that the conversion does not lead to a
noticeable increase in the systematic uncertainty.
Several consistency checks were performed on the data

set. We found no indications for a seasonal variation, or for
a dependence on the zenith angle or the distance of the
shower axis to the fluorescence telescopes.

V. MODEL COMPARISON AND DISCUSSION

A simple comparison of our data with air showers
simulated at the mean zenith angle θ ¼ 67° with the
hadronic interaction models QGSJETII-04 and EPOS
LHC is shown in Fig. 4. The ratio hRμi=ðE=1019 eVÞ
cancels most of the energy scaling, and emphasizes the
effect of the cosmic-ray mass A on the muon number. We
compute the ratio from Eq. (4) (line), and alternatively by a
binwise averaging of the original data (data points). The

two ways of computing the ratio are visually in good
agreement, despite minor bin-to-bin migration effects that
bias the binwise method. The fitting approach we used for
the data analysis avoids the migration bias by design.
Proton and iron showers are well separated, which

illustrates the power of hRμi as a composition estimator.
A caveat is the large systematic uncertainty on the absolute
scale of the measurement, which is mainly inherited from
the energy scale [38]. This limits its power as a mass
composition estimator, but we will see that our measure-
ment contributes valuable insights into the consistency of
hadronic interaction models around and above energies of
1019 eV, where other sensitive data are sparse.
A hint of a discrepancy between the models and the data

is the high abundance of muons in the data. The measured
muon number is higher than in pure iron showers, sug-
gesting contributions of even heavier elements. This
interpretation is not in agreement with studies based on
the depth of shower maximum [40], which show an average
logarithmic mass hlnAi between proton and iron in this
energy range. We note that our data points can be moved
between the proton and iron predictions by shifting them
within the systematic uncertainties, but wewill demonstrate
that this does not completely resolve the discrepancy. The
logarithmic gain dhlnRμi=d lnE of the data is also large
compared to proton or iron showers. This suggests a
transition from lighter to heavier elements that is also seen
in the evolution of the average depth of shower maximum.
We will now quantify the disagreement between model

predictions and our data with the help of the mass
composition inferred from the average depth hXmaxi of
the shower maximum. A valid hadronic interaction model
has to describe all air shower observables consistently. We
have recently published the mean logarithmic mass hlnAi
derived from the measured average depth of the shower
maximum hXmaxi [40]. We can therefore make predictions
for the mean logarithmic muon content hlnRμi based on
these hlnAi data, and compare them directly to our
measurement.
We consider QGSJET01, QGSJETII-03, QGSJETII-04,

and EPOS LHC for this comparison. The relation of hXmaxi
and hlnAi at a given energy E for these models is in good
agreement with the prediction from the generalized Heitler
model of hadronic air showers,

hXmaxi ¼ hXmaxip þ fEhlnAi; ð9Þ

where hXmaxip is the average depth of the shower maxi-
mum for proton showers at the given energy and fE an
energy-dependent parameter [4,41]. The parameters
hXmaxip and fE were computed from air shower simula-
tions for each model.
We derive a similar expression from Eq. (1) by

substituting Nμ;p ¼ ðE=ξcÞβ and computing the average
logarithm of the muon number

FIG. 4 (color online). Average muon content hRμi per shower
energy E as a function of the shower energy E in double
logarithmic scale. Our data is shown bin by bin (circles) together
with the fit discussed in the previous section (line). Square
brackets indicate the systematic uncertainty of the measurement;
the diagonal offsets represent the correlated effect of systematic
shifts in the energy scale. The grey band indicates the statistical
uncertainty of the fitted line. Shown for comparison are theo-
retical curves for proton and iron showers simulated at θ ¼ 67°
(dotted and dashed lines). Black triangles at the bottom show the
energy bin edges. The binning was adjusted by an algorithm to
obtain equal numbers of events per bin.
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Testing hadronic models with Rμ 

hlnNμi ¼ hlnNμip þ ð1 − βÞhlnAi ð10Þ

β ¼ 1 −
hlnNμiFe − hlnNμip

ln 56
: ð11Þ

Since Nμ ∝ Rμ, we can replace lnNμ by lnRμ. The same
can be done in Eq. (2), which also holds for averages due to
the linearity of differentiation.
We estimate the systematic uncertainty of the approxi-

mate Heitler model by computing β from Eq. (11), and
alternatively from dhlnRμip=d lnE and dhlnRμiFe=d lnE.
The three values would be identical if the Heitler model was
accurate. Based on the small deviations, we estimate
σsys½β& ¼ 0.02. By propagating the systematic uncertainty
of β, we arrive at a small systematic uncertainty for the
predicted logarithmic muon content of σsys½hlnRμi& < 0.02.
With Eqs. (9)–(10), we convert the measured mean depth

hXmaxi into a prediction of the mean logarithmic muon
content hlnRμi at θ ¼ 67° for each hadronic interaction
model. The relationship between hXmaxi and hlnRμi can be
represented by a line, which is illustrated in Fig. 5. The
Auger measurements at 1019 eV are also shown. The
discrepancy between data and model predictions is shown
by a lack of overlap of the data point with any of the
model lines.
The model predictions of hlnRμi and dhlnRμi=d lnE

are summarized and compared to our measurement in
Figs. 6–7, respectively. For QGSJETII-03, QGSJETII-04,
and EPOS LHC, we use estimated hlnAi data from
Ref. [40]. Since QGSJET01 has not been included in that
reference, we compute hlnAi using Eq. (9) [4] from the

latest hXmaxi data [40]. The systematic uncertainty of
the hlnRμi predictions is derived by propagating the sys-
tematic uncertainty of hlnAi ['0.03ðsysÞ], combined with
the systematic uncertainty of the Heitler model ['0.02ðsysÞ].
The predicted logarithmic gain dhlnRμi=d lnE is calculated
through Eq. (2), while d lnA=d lnE is obtained from
a straight line fit to hlnAi data points between 4 × 1018

and 5 × 1019 eV. The systematic uncertainty of the
dhlnRμi=d lnE predictions is derived by varying the fitted
line within the systematic uncertainty of the hlnAi data
['0.02ðsysÞ], and by varying β within its systematic
uncertainty in Eq. (2) ['0.005ðsysÞ].
The four hadronic interaction models fall short in

matching our measurement of the mean logarithmic muon
content hlnRμi. QGSJETII-04 and EPOS LHC have been
updated after the first LHC data. The discrepancy is smaller
for these models, and EPOS LHC performs slightly better
than QGSJETII-04. Yet none of the models is covered by
the total uncertainty interval. The minimum deviation is
1.4σ. To reproduce the higher signal intensity in data, the
mean muon number around 1019 eV in simulations would
have to be increased by 30 to 80%½þ17

−20ðsysÞ%&. If on the
other hand the predictions of the latest models were close
to the truth, the Auger energy scale would have to be
increased by a similar factor to reach agreement. Without a
self-consistent description of air shower observables, con-
clusions about the mass composition from the measured
absolute muon content remain tentative.

FIG. 5 (color online). Average logarithmic muon content
hlnRμi (this study) as a function of the average shower depth
hXmaxi (obtained by interpolating binned data from Ref. [40]) at
1019 eV. Model predictions are obtained from showers simulated
at θ ¼ 67°. The predictions for proton and iron showers are
directly taken from simulations. Values for intermediate masses
are computed with the Heitler model described in the text.

FIG. 6 (color online). Comparison of the mean logarithmic
muon content hlnRμi at 1019 eV obtained from Auger data with
model predictions for proton and iron showers simulated at
θ ¼ 67°, and for such mixed showers with a mean logarithmic
mass that matches the mean shower depth hXmaxi measured by
the FD. Brackets indicate systematic uncertainties. Dotted lines
show the interval obtained by adding systematic and statistical
uncertainties in quadrature. The statistical uncertainties for proton
and iron showers are negligible and suppressed for clarity.
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Muon deficit in simulations of 30 to 80% at 1019 eV, depending on the model 
 
Hypothesis of a constant proton composition disfavored at the level of 2.2σ 
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Inclined spectrum for our declination studies: 
all are advantages! 

•  To enlarge the common band in δ from (-15.7°, 24.8°)  to (-15.7°, 44.8°) :  ~ +50 % 

•  The statistics of Auger data sample is increased by a ~ 30% 

•  Directional exposure has a similar shape  to the TA one. 
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Inclined spectrum in and out common region with TA 
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PROPOSAL TO THE WG:    

to use the inclined spectrum for our future studies 



Number of HAS events in the δ-range [24.8°,44.8°] 

14 

 log10E    # events 

19.25 100 

19.35 54 

19.45 33 

19.55 27 

19.65 18 

19.75 5 

19.85 2 


