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a b s t r a c t

We consider a hypothetical observatory of ultra-high energy cosmic rays consisting of two surface detec-
tor arrays that measure independently electromagnetic and muon signals induced by air showers. Using
the constant intensity cut method, sets of events ordered according to each of both signal sizes are com-
pared giving the number of matched events. Based on its dependence on the zenith angle, a parameter
sensitive to the dispersion of the distribution of the logarithmic mass of cosmic rays is introduced. The
results obtained using two post-LHC models of hadronic interactions are very similar and indicate a weak
dependence on details of these interactions.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

At any cosmic ray observatory of ultra-high energy cosmic rays
(UHECR1) such as the largest ground arrays operating currently, the
Telescope Array [1] and the Pierre Auger Observatory [2], the energy
reconstruction requires a correction of the measured ground signal
to account for the zenith angle of an incoming primary particle
initiating the air shower. This correction reflects different amounts
of air masses penetrated by air showers that reach the detector with
different zenith angles. It can be obtained using the data-driven con-
stant intensity cut (CIC) method [3] or using a Monte Carlo (MC)
based estimation. These two approaches result in different energy
calibrations in the case of a mixed mass composition [4]. The MC-
based approach produces biased results for reconstructed energies
with respect to the zenith angle when averaged over masses of pri-
mary particles. On the other hand, the CIC approach does not suffer
from these shortcomings and provides correct reconstructed ener-
gies on average.

In this study we adopted the CIC method to explore its capabili-
ties to gain additional information about the primary mass
composition. The CIC method is based on measured data. It
assumes that the flux of incoming particles is isotropic above a
given energy. This implies a flat distribution of cos2ðHÞ where H

denotes the zenith angle of recorded showers. The CIC approach
selects a set of NCut events with the highest signal in each bin of
cos2ðHÞ. The number NCut corresponds to an UHECR flux above a
certain energy. The relationship between the minimal signal of
the selected events and the mean value of cos2ðHÞ in a bin defines
the attenuation curve. When fluorescence detectors are available
to calibrate the ground array, only the relative shape of the
attenuation curve, known as the CIC curve, is important in the
energy reconstruction procedure. In this study the CIC curve is nor-
malized such that it is equal to one for the zenith angle H ¼ 38�. It
is worth noting that the construction of CIC curves is stable. Even if
a very strong source is present at the highest energies, the shape of
the determined CIC curves is only a little distorted [4].

In general, the ground arrays used for the detection of UHECR
showers are sensitive to secondary muons, to the electromagnetic
component (EM) of an air shower or to their combinations. There
are several previous works, e.g. [5,6], studying the primary mass
composition and its influence on the CIC method and vice versa.
Usually, the detected muon and EM signals are utilized to separate
primary mass groups, see e.g. [7], or to determine the average mass
number of a set of air showers, see e.g. [8]. The dispersion of the dis-
tribution of the primary mass is more difficult to obtain. The precise
fluorescence measurement of the distributions of the depth of
shower maximum is used, see e.g [9,10], albeit with a low duty
cycle. The combination of measurements of the mean value and
the dispersion of the distribution of the primary mass is discussed
in [11,12]. However, these analyses suffer from a strong dependence
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on models of hadronic interactions. Recently, a new method
estimating the spread of masses in the UHECR primary beams has
been presented [13]. Unlike our analysis, this method is based on
the simultaneous measurements of the depth of shower maximum
and the muon shower size.

In this study we consider a hypothetical observatory comprising
two independent arrays of particle detectors (full duty cycles) with
different responses to shower muons and to the EM component.
The CIC approach applied simultaneously to both types of signals
is used to calculate the number of events with the highest energies
matched in both detectors. The zenith angle behavior of this num-
ber provides us with information regarding the spread of primary
masses.

The main purpose of the article is to present a method how to
obtain information about the spread of primary masses from the
data collected simultaneously by different types of surface detec-
tors. We use average features of CORSIKA [14] showers simulated
at an energy of 1019 eV as inputs to a fast and simplified simulation
of signals in both detectors caused by showers over a wide range of
primary energies. The application to the measured data would
require a precise knowledge of the detection process. In our analy-
sis the detailed detector responses are not included. Instead, detec-
tor imperfections are represented by a simple Gaussian smearing
of signals.

The article is organized as follows. In Section 2, we deal with a
simulation of the detection of air showers with two arrays of detec-
tors sensitive to muon and EM components. Reference signals
inferred from CORSIKA showers at an energy of 1019 eV are
described in Section 2.1. Simplified simulations of shower signals
over a wide range of energies are presented in Section 2.2. In
Section 2.3, a parameter sensitive to the dispersion of the dis-
tribution of primary mass is introduced. Our results are presented
and discussed in Section 3, and summarized in the section follow-
ing that.

2. Simulation of UHECR detection

To address the details of the CIC method a large simulated data
sample is necessary, ideally � 106 simulated showers, that is
comparable with the achievable statistics of the largest UHECR
experiment ever built. To avoid excessive computational require-
ments, we generated a set of showers induced by proton (p),
helium (He), nitrogen (N) and iron (Fe) primaries with an energy
of 1019 eV. These showers were produced by CORSIKA ver. 7.37

(Section 2.1). From signals that they produce in both arrays we
derived their fluctuations and correlations. Finally, we constructed
attenuation curves for both types of signals. These curves were uti-
lized in the simplified simulation of the muon and EM signals
induced by showers over a wide range of energies (Section 2.2).

A hypothetical observatory with independent muon and EM
detectors was placed at ground level, 1400 m a.s.l. (880 g/cm2 of
vertical depth). The signal of the muon detector was assumed to
be proportional to the ground density of muons with a threshold
energy ETh ¼ 500 MeV. The signal of the EM detector was modeled
to be proportional to the ground density of EM particles with
ETh = 1 MeV. These detector responses were motivated by
responses of thin scintillators shielded by 250 g/cm2 of mass over-
burden (muon detector) and thin unshielded scintillators (EM
detector).

2.1. Reference shower signals

In our study the reference CORSIKA showers were simulated at
a fixed energy of 1019 eV. Although the signal fluctuations and the
shapes of the attenuation curve depend slightly on the shower
energy, our final results are not affected by such variations. To
describe low energy interactions, the FLUKA model [15] was used.
The high energy interactions were simulated using the two most
up-to-date models tuned to the LHC data: QGSJet II-04 [16] and
EPOS-LHC [17,18]. About 60 showers were produced for each pri-
mary, each model of high energy interactions and for each of seven
zenith angles between 0� and 45� maintaining equal steps in
cos2ðHÞ.

The reference muon and EM signals, S19
l and S19

EM, were deter-
mined as the densities of corresponding particles averaged over
these 60 showers at a distance of 1000 m from the shower core.
Both these reference signals were fitted by quadratic functions of
cos2ðHÞ (attenuation curves) with precisions at the level of a few
percent. The muon and EM attenuation curves are depicted in
Fig. 1. They depend on the type of the primary particles. The EM
signal obeys a stronger dependence on the zenith angle than the
muon signal.

In Fig. 2, the ratios of ground signals induced by primary He, N
and Fe nuclei to the proton induced signal are depicted for the
muon (left panel) and EM detector (right panel). Whereas the ratio
for S19

l is greater than one for all zenith angles and increases with

the mass number of the primary particle, the ratio for S19
EM decreases

more steeply with zenith angle than in the case of S19
l , and is even
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Fig. 1. Attenuation curves. Reference signals of CORSIKA showers of energy 1019 eV are fitted with quadratic functions of cos2ðHÞ for the muon detector (left panel) and the
EM detector (right panel) in the range H 2 h0�;45�i. Two models of hadronic interactions and four primary species are distinguished by types of lines and colors, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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