
Working	Group	Report	on	the	Combined	Analysis	of	
Muon	Density	Measurements	from	Eight	Air	

Shower	Experiments	

Lorenzo	Cazon,	
for	the	EAS-MSU,	IceCube,	KASCADE-Grande,	NEVOD-DECOR,	Pierre	
Auger,	SUGAR,	Telescope	Array,	and Yakutsk	EAS	Array	collaborations

L.	Cazon,	WHISP	report,	ICRC19 1

PoS(ICRC2019)214



Shower	energy	and	
muon	density	

• AUGER
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Muon	density
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muon	density	

• Kascade-Grande
• EAS-MSU
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• IceCube (IceTop)
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Observation	parameters:	
zenith	angle	range	and	muon	energy	threshold
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Universal	reference
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This	conference	(Oct	8)	and	
HD,	R.	Engel,	A.	Fedynitch,	T.	Gaisser,	F.	Riehn,	T.	Stanev,	PoS(ICRC	2017)533	

GSF:	Global	Spline	Fit	to	cosmic-ray	flux	and	composition	data	
•  Combines	direct	observations	with	indirect	observations	
•  Energy-scale	offsets	fitted	as	nuisance	parameters	

Spectrum	WG	 GSF	

Spectrum	WG:	Auger	and	TA	spectrum	matched	at	ankle	

Cross-calibrate	energy	scales	by	matching	all-particle	fluxes	
Spectrum	WG: 	Auger	0.948						Telescope	Array	1.052	
GSF	(matched): 	SUGAR	0.948				KASCADE-Grande	0.95			IceTop	1.19			NEVOD-DECOR	1.08	
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Effects	on	the	z-scale
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Fit
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the same time, energy losses in the atmophere could be also accounted. Most muons are produced116

approximately at the maximum of the muon production depth distribution, around1 ⇠ 400 g cm�2.117

Therefore Eµatm(q) = a(X sec(q)� 400 g cm�2), where X is the vertical atmospheric depth of118

the considered experiment. The minimum energy for a muon at the moment of production in the119

air shower to actually be detected is then Eµprod,min = Eµmin(q)+Eµatm(q). Table 1 shows this120

energy for the different data sets. When we scan for different Eµprod,min we are in fact looking for121

differences in the energy spectrum of muons at production[26].122

We have modified equation 2.2 and added an extra parameter to account for this possible123

effect, as Dz = a+ b log10(E/1016eV) + cEµprod.min. Results are not conclusive, c significantly124

changes when the data set at sec78� = 4.8 from NEVOD-DECOR is excluded from the fit. At these125

extreme zenith angles, the average density of the atmosphere where the hadronic cascade depelopes126

dramatically drops, and therefore the critical energy of the K/p mix of the shower will change. A127

possible missmatch with respect to models might also produce visible effects, and it is difficult to128

disentangle in the current state of this analysis. One added difficulty is the effetive distance to core129

of the muon bundles recorded by NEVOD-DECOR, which must be carefully accounted for, and130

which might also introduce further missmatch with respect to simulations.131

3. Summary and outlook132

A comprehensive collection of muon measurements in air showers with energies from PeV up133

to tens of EeV is presented. We developed the z-scale as a comparable measure of the muon density134

between different experiments and analyses. The z-scale uses air shower simulations as a reference135

to compare muon density measurements taken under different conditions. We cross-calibrated136

energy-scales of experiments when possible, using the isotropic all-particle flux of cosmic rays as137

a reference.138

A remarkably consistent picture was obtained. Muon measurements seem to be consistent with139

simulations based on the latest generation of hadronic interaction models, EPOS-LHC, QGSJet-140

II.04, and SIBYLL-2.3, up to about 1016 eV. At higher energies, a growing muon deficit in the141

simulations is observed. The slope of this increase in z per decade in energy is 0.22 to 0.35 for142

EPOS-LHC and QGSJet-II.04, with 8 s significance.143

We have looked for other trends in the deviations between simulations and data. We have144

calculated the approximated minimum energy of muons at production for each experiment to be145

detected, which span from ⇠ 1 GeV up to ⇠ 19 GeV. Current data does not allow to claim any146

deviation of the muon spectrum at production with respect to models.147

New generation of experimental upgrades and more refined analysis are expected to further148

reduce the uncertainities of the different experimental results. Several of the experiments including149

in this report, are updating there results in this conference [27].150

1In [24], the observed value is ⇠ 475 g cm�2 above 2⇥1019. The elongation rate for proton and iron simulations
is around 25 g cm�2/decade, which then sets an lower bound of ⇠ 300 g cm�2 at 1015 eV. It must be also accounted
that the apparent MPD depend on the particular condition of observations, contrary to the total/true MPD [25]. We
have therefore chosen the central value �400 g cm�2). Assuming an uncertainty of ⇠ 100 g cm�2, the error due to this
approximations is aroung ±0.2 GeV in Eµprod,min.
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b = 0.30± 0.03
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Table 1: Table showing the energy-scale adjustment factors obtained from cross-calibration (2nd column),
the median secq of several data sets (3rd column), and the minimum energy of the muons at production, due
to energy loss in the atmosphere and detector shielding (see text for explanation).

Experiment Edata/Eref secq Eµ prod/GeV
EAS-MSU - 1.1 11.9
IceCube Neutrino Observatory 1.19 1.0 0.7
KASCADE-Grande - 1.0 , 1.3 1.5 , 2.1
NEVOD-DECOR 1.08 2.3 , 4.8 8.4 , 18.6
Pierre Auger Observatory 0.948 1.3 , 2.4 1.8 , 4.0
AMIGA 0.948 1.2 2.4
SUGAR 0.948 1.0 1.9
Telescope Array 1.052 1.3 1.4
Yakutsk EAS Array 1.24 1.1 2.6

where Nµ
det is the muon density estimate as seen in the detector, while Nµ

det
p and Nµ

det
Fe are the

simulated muon density estimates for proton and iron showers, accounting for detector effects. The
z-scale ranges from 0 (pure proton showers) to 1 (pure iron showers), if there is no discrepancy
between real and simulated air showers, in which case one could use hlnAi = z ln56 to infer the
average logarithmic mass.

Shown in Figure 2 are the converted measurements for each hadronic interaction model. Note
that the conversion to z is only possible when Nµ

det
p and Nµ

det
Fe are available for that model under

the specific experimental conditions. The scatter is drastically reduced after the cross-calibration,
as can be seen in Figure 3. The points move horizontally by the relative amount (Edata/Eref)�1

and vertically by zref � zdata =
b ln(Edata/Eref)

ln(Nµ det
Fe )�ln(Nµ det

p )
. As expected, the cross-calibration improves the

agreement between data from different experiments. The points for KASCADE-Grande1 and EAS-
MSU were not cross-calibrated in this report and are included for comparison. We emphasize again
that the reference energy-scale after cross-calibration has a remaining uncertainty of at least 10 %.
This means that z-values in all plots can be collectively varied by about ±0.25.

Now, we consider the effect of an energy-dependent mass composition. Shown in Figure 3
is a band which contains the optical measurements of the depth Xmax of shower maximum from
several experiments after conversion into hlnAi based on air shower simulations with EPOS-LHC.
We will use this as an estimate of the mass composition. The band is independent of the muon
measurements and can be used as a reference. Also shown is the zmass = hlnAi/ ln56 value com-
puted from the GSF model [22], which is based on optical and muon measurements and averages
over experiments and model interpretations of air shower data.

It can be seen that the measured z values do not follow zmass, implying that the models do
not consistently describe the muon density. EPOS-LHC [2], QGSJet-II.04 [3], and SIBYLL-2.3
[4], and the pre-LHC model QGSJet01 give a reasonable description of data up to a few 1016 eV.
At higher shower energies, a muon deficit in simulations is observed (z > zmass) in all models.
Shown in Figure 4 is the difference Dz = z�zmass for EPOS-LHC and QGSJet-II.04, the two latest-

1Latest KASCADE-Grande results, presented in this conference [27], were not yet included in this comparison.
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• The	extra	dependency	allows	to	scan	the	muon	energy	spectrum	at	production.	
• A	value	of	c larger	(smaller)	than	0	would	indicate	a		harder	(softer)	muon	E-
spectrum

• Inconclusive	results:
c totally	changes	when	excluding	NEVOD-DECOR	at	78	deg.

WHISP report Lorenzo Cazon

the same time, energy losses in the atmophere could be also accounted. Most muons are produced116

approximately at the maximum of the muon production depth distribution, around1 ⇠ 400 g cm�2.117

Therefore Eµatm(q) = a(X sec(q)� 400 g cm�2), where X is the vertical atmospheric depth of118
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air shower to actually be detected is then Eµprod,min = Eµmin(q)+Eµatm(q). Table 1 shows this120

energy for the different data sets. When we scan for different Eµprod,min we are in fact looking for121

differences in the energy spectrum of muons at production[26].122
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changes when the data set at sec78� = 4.8 from NEVOD-DECOR is excluded from the fit. At these125

extreme zenith angles, the average density of the atmosphere where the hadronic cascade depelopes126

dramatically drops, and therefore the critical energy of the K/p mix of the shower will change. A127

possible missmatch with respect to models might also produce visible effects, and it is difficult to128

disentangle in the current state of this analysis. One added difficulty is the effetive distance to core129

of the muon bundles recorded by NEVOD-DECOR, which must be carefully accounted for, and130

which might also introduce further missmatch with respect to simulations.131

3. Summary and outlook132

A comprehensive collection of muon measurements in air showers with energies from PeV up133

to tens of EeV is presented. We developed the z-scale as a comparable measure of the muon density134

between different experiments and analyses. The z-scale uses air shower simulations as a reference135

to compare muon density measurements taken under different conditions. We cross-calibrated136

energy-scales of experiments when possible, using the isotropic all-particle flux of cosmic rays as137

a reference.138

A remarkably consistent picture was obtained. Muon measurements seem to be consistent with139

simulations based on the latest generation of hadronic interaction models, EPOS-LHC, QGSJet-140

II.04, and SIBYLL-2.3, up to about 1016 eV. At higher energies, a growing muon deficit in the141

simulations is observed. The slope of this increase in z per decade in energy is 0.22 to 0.35 for142

EPOS-LHC and QGSJet-II.04, with 8 s significance.143

We have looked for other trends in the deviations between simulations and data. We have144

calculated the approximated minimum energy of muons at production for each experiment to be145

detected, which span from ⇠ 1 GeV up to ⇠ 19 GeV. Current data does not allow to claim any146

deviation of the muon spectrum at production with respect to models.147

New generation of experimental upgrades and more refined analysis are expected to further148

reduce the uncertainities of the different experimental results. Several of the experiments including149

in this report, are updating there results in this conference [27].150

1In [24], the observed value is ⇠ 475 g cm�2 above 2⇥1019. The elongation rate for proton and iron simulations
is around 25 g cm�2/decade, which then sets an lower bound of ⇠ 300 g cm�2 at 1015 eV. It must be also accounted
that the apparent MPD depend on the particular condition of observations, contrary to the total/true MPD [25]. We
have therefore chosen the central value �400 g cm�2). Assuming an uncertainty of ⇠ 100 g cm�2, the error due to this
approximations is aroung ±0.2 GeV in Eµprod,min.
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Conclusions

• Consistent	picture	after	converting	and	cross-calibrating	data
• Post-LHC	models	describe	muons	better	than	pre-LHC	models

• Smooth	increase	of	Nµ
data/	Nµ

MC with	energy	(8	𝝈 significance)
• No	deviations	in	the	muon	E-spectrum	wrtmodels.
• Inhomogeneity	observation	conditions	in	experiments
• More	work	needed
• Studies	of	dependence	with	zenith	angle	highly	valuable.
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