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1. Introduction

Above 100 TeV, the flux of cosmic rays is too small to be studied adequately with balloon- or

satellite-based experiments. Instead, large detector arrays at the Earth’s surface are used to sample at

a specific atmospheric depth the air showers produced by incoming cosmic rays interacting near the

top of the atmosphere. To infer the energy and mass of the primary cosmic-ray nucleus from such

measurements, one needs to rely on air-shower simulations. Important in these simulations is an

accurate description of the high-energy hadronic interactions which govern the shower development

in the atmosphere. Several hadronic interaction models exist that have been tuned to the data from

accelerator experiments. Because these experiments are limited in the center-of-mass energy they

can reach and the forwardness of the particles they can detect, these models rely on extrapolations,

leading to uncertainties in interaction properties, such as cross-sections and multiplicities, which

eventually leads to uncertainties in the simulated air-shower properties. This is most prominent

in the muonic component of air showers, as muons are produced by decaying hadrons and thus

carry information about the hadronic physics in the shower. A discrepancy between the number of

muons in simulation and data has been established by a large number of experiments, and is known

as the "Muon Puzzle" [1]. The potential mismodeling of the hadronic interactions furthermore

complicates the determination of the mass composition in the energy range above 100 TeV, where

direct measurement of cosmic rays is not possible.

The IceCube Neutrino Observatory [2] provides a unique opportunity to study these hadronic

interaction models, as its combination of a detector buried deep in the Antarctic ice sheet and

a surface detector array allows it to measure multiple components of air showers at once: the

electromagnetic component together with both the GeV and TeV muon components. This was first

used to study hadronic interaction models by examining their consistency for different composition-

sensitive observables in Ref. [3], which is continued in this work.

Cosmic-ray air-shower simulations used in this work are performed with CORSIKA [4], using

an average April South Pole atmospheric profile, and an observation level of 2834 m a.s.l. The

high-energy hadronic interaction models considered are Sibyll 2.1 [5], QGSJet-II.04 [6], and EPOS-

LHC [7]. These last two are referred to as post-LHC models, because they are tuned to LHC data,

while Sibyll 2.1 is a pre-LHC model1. Low-energy interactions below 80 GeV are handled by

FLUKA 2011.2c [8, 9]. Before discussing the actual measurements, we highlight some differences

between the high-energy models which are relevant for the case of IceCube. Fig. 1 shows the muon

spectra in air showers as predicted by simulations using the different models under consideration.

Both post-LHC models predict a larger number of GeV muons compared to Sibyll 2.1, while air

showers simulations using QGSJet-II.04 contain more TeV muons than Sibyll 2.1, and those using

EPOS-LHC contain less. Fig. 2 shows the lateral distribution functions (LDF) of photons, (anti-

)electrons, and (anti-)muons for Sibyll 2.1, as well as the changes in the post-LHC models. In

addition to the increase of muons over the entire distance up to 1 km away from the core, we note

that the LDFs of the electromagnetic (EM) component are less steep.

1The post-LHC model Sibyll 2.3d is not included because of the absence of sufficient simulations at the time of

writing.
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Figure 1: Muon spectrum in vertical proton (left) and iron (right) showers with primary energy around

10 PeV for Sibyll 2.1, QGSJet-II.04 and EPOS-LHC.
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Figure 2: Left: Lateral distribution functions of photons, electrons/positrons, and muons/antimuons in

vertical proton (red) and iron (blue) showers around 10 PeV for Sibyll 2.1. Right: Ratio of the different LDFs

in QGSJet-II.04 and EPOS-LHC compared to Sibyll 2.1.

2. Cosmic ray measurements with IceCube

The IceCube Neutrino Observatory, shown in Fig. 3, consists of a surface air-shower array,

IceTop [10], and a deep in-ice detector, IceCube [2], located at the geographical South Pole.

IceCube instruments a volume of one cubic kilometer between depths of 1450 m and 2450 m with

5160 Digital Optical Modules (DOMs), which detect Cherenkov light generated by charged particles

in the ice. The DOMs are attached to vertical strings on a triangular grid with a horizontal spacing of

125 m and a vertical spacing of 17 m. IceTop consists of 81 stations, deployed over 1 km2, following

approximately the same grid as the IceCube strings. The stations consist of two ice-Cherenkov

tanks separated by 11 m, each containing two DOMs with different gain settings to cover a large

dynamic range. The IceTop geometry is optimized for the detection of air showers from cosmic

rays with primary energies between 1 PeV and 1 EeV, measuring mainly the electromagnetic and

low-energy muon component of the shower. The high altitude of the array of 2835 m corresponds

to an average atmospheric depth of 692 g/cm2, close to the depth of shower maximum. IceTop

signals are expressed in units of ‘vertical equivalent muons’ (VEM), the typical charge deposited

by a single muon passing vertically through a tank [10]. Because of snow accumulation on top of

the IceTop tanks, the energy at which the detector becomes fully efficient increases with time. For
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Figure 3: Left: Schematic view of an air shower observed with the IceCube Neutrino Observatory. Right:

Event display of a simulated 10 PeV proton shower, coincident between IceTop and IceCube. The colour

represents the time distribution of the signals, from red (early) to blue (late).

the data season under consideration in this work, May 2012 to May 2013, the energy threshold is

log10(�0/GeV) = 6.4. Muons with energies & 400 GeV are able to propagate through the ice and

leave a signal in IceCube. Using the two detectors in coincidence allows us to measure both the

low- and high-energy muons in the shower, as well as the EM component. The muons provide a

strong sensitivity to the primary mass, while the EM part is crucial to reconstruct the direction and

primary energy of the shower. For this study, we focus on vertical showers (cos \ > 0.95) with

quality cuts which ensure that the shower core is contained in IceTop and the high-energy muon

bundle passes through IceCube. Below we describe the reconstructions applied to the data which

yield the observables used in this work.

2.1 IceTop LDF

The standard air-shower reconstruction method is performed on the IceTop signals. This is a

maximum-likelihood technique which finds the best-fit shower direction and core position (as well

as other parameters which are discussed later in this text) based on the charge and time of the signals

which survive various noise removal algorithms [10]. As part of this reconstruction, the lateral

distribution function given by

((') = (125

(

'

125 m

)−V−0.303 log10(
'

125 m )
exp

(

−3snow

_ cos \

)

, (1)

is fitted to the signals in the tanks, where ( is the measured charge at lateral distance '. The last

term takes into account the attenuation of the signal due to the accumulation of snow with height

3snow on the tank. The snow mostly absorbs EM particles and not muons, so an effective attenuation

length _ is used which corrects the total tank signal. It is found to be (2.25 ± 0.20) m for the data

we consider. The two free parameters of the IceTop LDF are V, which defines its slope, and (125,
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Figure 4: V, 3�/3- , and d`,600, as described in the text, versus primary energy for vertical proton and iron

showers. The bottom of the plot shows the ratio of the post-LHC models with respect to Sibyll 2.1.

the signal at 125 m. Because IceTop is located close to the depth of shower maximum, the shower

size parameter (125 is determined mainly by the abundant number of EM particles in the shower

and provides an accurate estimate of the primary energy of the cosmic ray with minimal model

dependence [11, 12]. The slope parameter V is sensitive to the cosmic-ray mass, having lower values

for heavier primaries, as shown in Fig. 4. It was verified through simulation that this dependence

is a combination of two effects, relating to both the EM particles and muons measured in IceTop.

First, showers from heavier primaries develop earlier in the atmosphere so that at the observation

level the particles have spread out more than for lighter primaries (they have a higher shower age).

Secondly, these showers also contain a larger number of muons, which further decreases the value

of V, as the muon LDF is more flat than the EM LDF. The figure also shows lower values of V in

the post-LHC models, consistent with the increase of muons and flattening of the EM LDFs shown

in Fig. 2.

2.2 Muon bundle energy loss

The reconstructed air-shower direction and position from IceTop are used as a seed track for

the reconstruction of the signal deposited by the muon bundle in IceCube. Hits that are not related

to this track in time and space are removed, after which a segmented reconstruction of deposited

energy along the track is performed, as described in Ref. [13]. The resulting energy loss profile is

fitted to find the energy loss at a slant depth of 1500 m, referred to as d� /d-1500. This parameter is

strongly correlated with the number of high-energy muons in a shower [12], with heavier primaries

having larger energy loss values, as shown in Fig. 4. We also see higher values of d� /d-1500 for

QGSJet-II.04 compared to Sibyll 2.1, and lower values for EPOS-LHC, consistent with the muon

spectra of Fig. 1.

2.3 Density of GeV muons

The density of GeV muons d` in IceTop is reconstructed using the method of Refs. [14, 15],

which relies on the characteristic signal produced by a muon which passes vertically through a tank.

Far from the shower axis, this can be used to statistically separate the muon signal from hits of other

charged particles. This results in a statistical measurement of the mean density of GeV muons per

event, derived over the entire data sample, at lateral reference distances of 600 m and 800 m. As

shown in Fig. 4, the true muon density in simulation is higher for heavier than for lighter primaries

and also higher for the post-LHC models compared to Sibyll 2.1.
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Figure 5: Comparison of helium (left) and oxygen (right) simulation to proton and iron simulation using

Sibyll 2.1. The calculated I-values are given for the different observables as function of (125. The dashed

horizontal lines are drawn at ln 4/ln 56 and ln 16/ln 56.

3. Internal consistency of models

We test the internal consistency of air-shower simulations based on different hadronic interac-

tion models by comparing the composition-sensitive observables described in Section 2 between

experimental data and simulation. The distributions are given as a function of log10((125/VEM),

using a bin width of 0.2, with a lower limit of 0.4 and an upper limit of 3 for Sibyll 2.1 and an

upper limit of 2 for QGSJet-II.04 and EPOS-LHC, limited by the simulation available at the time

of writing. The lower limit roughly corresponds to a primary energy of log10(�0/GeV) = 6.4, the

threshold for full efficiency, while the upper values correspond to a log10(�0/GeV) of about 8.8

and 7.9 respectively, though the precise conversion is composition dependent. Per bin, we calculate

the so-called ‘I-value’[1, 3]

I =
Gdata − Gp

GFe − Gp

, (2)

for each variable G ∈ {V, ln(d�/d-1500), ln(d`,600), ln(d`,800)}, where Gp and GFe are derived from

proton and iron simulations based on a given hadronic model. The I-value would be 0 and 1 for a

pure proton and iron composition respectively and somewhere in between for a mixed composition,

while values outside this range indicate a discrepancy between data and simulation. The muon

densities d` are determined over the entire sample, while for the event-by-event variables V and

d� /d-1500 we take the mean value in each bin. The reason to use these variables and take the

logarithm for some of them, is that for variables G ∝ ln �, Eq. (2) reduces to

I =
ln �data

ln 56
. (3)

From the Heitler-Matthews model [16], this relation is expected for the number of muons in a

shower. By calculating the reconstructed I-values from helium and oxygen simulations, we see that

this relation approximately holds for all variables under consideration here, as illustrated in Fig. 5.

If the simulations describe the distributions of these different variables in data correctly, the

corresponding I-values are expected to overlap because they all follow the the same underlying

mass composition. The resulting I-values, determined using 10% of the experimental data between

May 2012 to May 2013 and simulations based on different hadronic models, are shown in Fig. 6.
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Figure 6: Distribution of the different composition-sensitive observables as function of the primary energy

estimator (125 in proton-iron space as represented by the I-values. The error bars show the statistical uncer-

tainty, while the bands represent the systematic uncertainties. Due to a limited availability of simulations,

the results for QGSJet-II.04 and EPOS-LHC are limited to log10 (125/VEM = 2.

The systematic uncertainties on V result from a 0.2 m uncertainty on the snow attenuation length

_ and a ±3% uncertainty on the calibration of the charges. For d� /d-1500, this is accompanied by

uncertainties on the scattering and absorption in the bulk ice, on the scattering in the refrozen ice

surrounding the strings and on the efficiency of the DOMs, which combines into a total light yield

uncertainty of −12.5% and +9.6% [12]. The systematic uncertainties for d` are dominated by the

fits to signal distributions in the analysis method, as discussed in Ref. [14].

We observe that for all models the curves corresponding to the different variables increase with

(125, consistent with a composition that becomes increasingly heavy. Although the general trend

is similar, there are striking inconsistencies between the variables. For Sibyll 2.1, we see that the

LDF slope V indicates a composition that is much heavier than for the low- and high-energy muon

measurements, even going beyond iron, which may indicate that the predicted slope of the EM LDF

is too steep. The muon measurements on the other hand overlap with eachother and give a consistent

composition interpretation. For the post-LHC models, the muon density looks more proton-like in

data because of the increase in muons in the simulations. For QGSJet-II.04, we notice little overlap

between all considered variables, which cover a large fraction of the area between proton and

iron. For EPOS-LHC, the values of d� /d-1500 shifts up compared to Sibyll 2.1 and QGSJet-II.04,

consistent with its lower number of high-energy muons. While there is acceptable agreement with

V, there is a large inconsistency between the low- and high-energy muons.
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4. Conclusion and Outlook

The IceCube Neutrino Observatory is able to perform unique studies of hadronic interactions in

high-energy cosmic-ray physics with its capability to measure simultaneously the electromagnetic,

GeV muon and TeV muon components of air showers. In this work, we presented tests of Sibyll 2.1,

QGSJet-II.04, and EPOS-LHC, comparing data to proton and iron simulations for three different

composition-sensitive observables. If the models give a realistic description of experimental data,

the composition interpretation of all observables should be consistent. However, we observe

inconsistencies between different components in the models considered, notably between the LDF

slope and the low-energy muons in all models, and the low- and high-energy muons in the post-LHC

models. These inconsistencies furthermore make it challenging to unambiguously determine the

mass composition of cosmic rays through indirect measurements.

Inclusion of more data, increased availability of simulations, and a better understanding of sys-

tematics will advance the precision of the tests we presented. Future work improving measurements

of low- and high-energy muons will provide additional input relevant for the understanding of air

shower physics. The extension of the Observatory with a larger in-ice detector and new surface

detectors [17–19] will further allow to expand this work with more complementary measurements.
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