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Abstract: The distortion of the muon component by the geomagnetic field is more complex than the deflection of
a single muon generated in the atmosphere. From a detailed Monte Carlo simulation of the propagation of muons
of positive and negative charge in EAS, it is found that the muonic dipole length is quite sensitive to the mass of
the primary particle, particularly for inclined showers. New possibilities are inferred in the case of very inclined
showers simulated with the CURVED option of CORSIKA, particularly considering high energy muons.
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1 Introduction
The perpendicular component of the geomagnetic field (GF)
causes the trajectories of secondary charged particles to
become curved,even helicoidal, with positive and negative
charged particles separating to form an electric dipole
moment [4, 2]. Exploiting this feature we have shown
from a Monte Carlo simulation study that heavy nuclei
and proton induced showers may be discriminated from
the ellipticity of lateral muon distribution and the muon
charge ratio (the ratio of positive to negative muons) at
convenient distances from the shower core [3]. In the
present work we extend the investigation and found that
the muonic dipole length is quite sensitive to the mass of
the particle initating the shower, particularly in the case
of very inclined showers. Taking the opportunity of the
CURVED option of CORSIKA, we consider finally the case
of very inclined showers and pointing out a new context
where positive and negative muons of very high energies
are completely separated. Such circumstance opens an
unexpected approach for studying both primay mass and
ultra high energy (HE) A-A collisions.

2 Simulation procedure
For generating EAS events, we employ the air shower sim-
ulation program CORSIKA (COsmic Ray SImulation for
KAscade) version 6 [5]. Unless mentioned specifically in
the text we followed the procedure as stated below. The HE
(above 80GeV/n) hadronic interaction models QGSJET 01
version 1c [6] and EPOS 1.99 [8] have been used in com-
bination with the low energy (below 80GeV/n) hadronic
interaction model UrQMD [1]. The EGS4 (Electron Gam-
ma Shower system version 4) is opted for simulation of the
electromagnetic component of shower that incorporates all
the major interactions of electrons and photons (see [7]).
We consider the US-standard atmospheric model with pla-
nar approximation which works for the zenith angle of the
primary particles being less than 70o. The EAS events have
been simulated at geographical position corresponds to the
experimental site of KASCADE. The GF with a homoge-
neous field approximation is considered. In order to iso-
late the effect of the GF, EAS events are also simulated by

switching off the Earth’s magnetic field. On the observation
level the detection kinetic energy thresholds are chosen as
3 MeV for electrons (e+ & e−) and 300 MeV for muons ir-
respective of primary species and energies. The EAS events
have been generated for Proton and Iron primaries at fixed
primary energy 1015 eV taking two zenith angles of inci-
dence, 0o and 50o and arriving from different geographical
directions: North, East, South, West. About 200 EAS have
been generated for each case.

2.1 Data analysis
Secondary particles in an EAS are generated maintaining a
cylindrical symmetry around the shower axis. In the absence
of GF lateral distribution of secondary particles should pos-
sesses such a symmetry for all radial distances from the
axis in a plane normal to the shower axis. In the observa-
tional plane, however, such cylindrical symmetry is distort-
ed for inclined EAS due to geometrical and atmospheric
attenuation effects. Since the azimuthal asymmetry due to
GF is superimposed with those caused by geometric and
attenuation effect, we transform the simulated density data
at hypothetical horizontal full coverage EAS array of area
300 m × 300 m to normal plane so that the effect of the GF
can be isolated out.

3 Results
To examine the azimuthal asymmetric characteristics of
the charged particle distribution due to GF, we estimated
density/total number of each variety of particles over a small
azimuthal angle bin.

The azimuthal variation of total (truncated) muon content
at observational plane and at normal plane are shown in
figure 1 for proton initiated EAS at z = 50o and arriving
from (geographical) North. The figure implies that the
azimuthal asymmetry in the observational plane is mainly
due to geometric effect while in normal plane the observed
small azimuthal asymmetry seems to be due to attenuation
effect which is small, at least when the z is within 50o. The
same correction has also been made for EAS induced by Fe
nuclei.

Since positive and negative particles behave in an oppo-
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Fig. 1: Correction for inclination (proton primary)

Fig. 2: Azimuthal variation of µ+ for p primary

site way under magnetic field, the geomagnetic effect(GE)
is not revealed from the azimuthal variation of the total
muon content. To examine GE we draw the angular varia-
tion of charged muons in inclined EAS which are shown
in figures 2 and 3 for proton primary arriving from north
direction. To understand the influence of GF clearly, we
also studied azimuthal variation of charged muons by turn-
ing off the GF and are also shown in figure 2-3. Azimuthal
variation of charged muons for iron primary arriving from
North and East directions are displayed in figures 4 and 5.

The azimuthal variation of electron and positron are
depicted in figure 6 for both by turning off and on the GF.
As expected it is found that electrons and positrons are
much influenced by the GF.

To quantify the influence of GF as well as to identify
some typical signatures of the primary particle we have
calculated in each shower the coordinates of positive and
negative particles barycenters and thereby estimated the
muon dipole length, which is the separation of centre of
gravity of negative and positive charged muons. For this
purpose we introduce a procedure of scanning of charged
particle density with the butterfly treatment: the butterfly
consists of two opposite wings around the shower core
limited by a pair of symmetric arcs. The variation of muon
dipole length with azimuthal angle for proton and iron
initiated EAS of zenith angle of incidence 50o and arriving
from (geographical) North and East directions are shown in
figure 7 both by turning on and off the GF.

In figure 8 we compare the azimuthal variation of muon
dipole length for proton and iron primaries.

It is found from the figures (7)-(8) that the length of the
muon dipole increases due to GF. Also the muon dipole

Fig. 3: Azimuthal variation of µ− for p primary

Fig. 4: Azimuthal variation of charged muons for Fe prima-
ry arriving from North direction

length is found sensitive to primary mass; it is larger for
iron primary in compare to that for proton primary. So the
parameter can be used, at least in principle for extracting
the nature of primary particles.

4 Positive and negative muon separation in
very inclined shower

Using the curved option of CORSIKA we have simulated
the muon and electron propagation in very inclined EAS up
to z = 89o. In the most inclined cascades the trajectories of
the muons can exceed 100, sometimes even 1000km. This
gives the opportunity to point out a very clear and complete
separation of charged muons of high energies by the GF
that increases with zenith angle. In order to compensate the
important deviations due to the longer path along part of
helicoidal trajectories, detection at high altitudes (thereby
reducing the path distance) is prefered. This situation along
with the choice of very energetic muons help to observe a
complete charge separation
Therefore the observation level is taken here at an altitude of
4300m. The target diagram of muons is shown on figure 9.
The elliptic footprint is distributed along Ox axis, positive
muons lying above Ox and negative muons under Ox. The
separation is shown in figure 10 where there is practically
no overlap of charged positive and negative muons along Oy
axis for both x and y coordinates of individual muons. The
consequences of p primaries arriving with A = 90o from
the East direction are presented in figure 11. We note that
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Fig. 5: Azimuthal variation of charged muons for Fe prima-
ry arriving from East direction

Fig. 6: Azimuthal variation of charged electrons for p pri-
mary arriving from North direction

when comparing to figure 9 a rotation by 90o to the left has
to be applied.

Conversely to the previous situation, the elliptic footprint
lies approximately along Oy axis and positive muons to the
left are separated from negative muons to the right by axis
Oy.

The case of primary Fe nuclei coming from North di-
rection is shown on figure 12. The separation is conserved
and the horizontal line of separation is shifted by 20m to
the West. We notice that for heavy primaries the muons
are more concentrated and also having larger muon content
than for p primaries. Some parameters characterizing very
inclined EAS and the distorsion of the muon component by
the GF are displayed in Table 1.

Comparing showers at z = 75o it appears that HE muon
abundance and dipole length (as well as azimuth of this
dipole) increase when going from light to heavy primaries.
The dipole length increases also considerably in the case of
propagation to the West direction. The present investigation
is in progress to identify the most favourable condition
for detection of a clear separation of charged muons with
reasonable muons densities which essentially demands
the best compromise between muon energy threshold and
altitude of detection.

5 Conclusion and perspective
The present analysis identifies new primary mass sensitive
parameters based on internal azimuthal asymmetries of

Fig. 7: Azimuthal variation of muon dipole length for p
primary arriving from North and East directions.

Fig. 8: Comparison of azimuthal variation of muon dipole
length for p primary and Fe primaries arriving from North
and East directions.

EAS generated by the GF. The visible effects of GF are
emphasized in the case of very inclined showers and HE
muons. They are also relevant for primaries with higher
energies than considered in this work. The HE muons in
larger number for primary energies close to the upper limit
of the LHC should be excellent messengers from the first
few interactions with air nuclei, bearing informations on
Pt and charged pseudo-rapidity distribution. They might
conserve asymmetries connected with the observation of the
LHC in p-A collisions, with the advantage of observation
in Laboratory system at very low x.
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Primary Z A Nµ Nµ above1TeV l(m) φ

p 75◦ 0◦ 3160 12.5 54.6 65.8◦

p 75◦ 90◦ 3000 12.2 168.0 247◦

p 85◦ 0◦ 12760 17.8 405.6 86.4◦

Fe 65◦ 0◦ 7137 11.4 11.1 195.24◦

Fe 75◦ 0◦ 5030 19.1 81.3 84.8◦

Table 1: Muon component distortion for very inclined EAS, l is the muon dipole length, φ is the azimutal direction of this
dipole in the horizontal plane

Fig. 9: distribution of muons for 10 cascades initiated by
p primaries propagating in North direction. Muons with
energy larger than 1 TeV are selected in this diagram

Fig. 10: distribution of muon coordinates for 10 cascades
initiated by p primaries propagating in North direction.
(solid line all muons , dotted and dashed lines for positive
and negative muon in upper graph)

Fig. 11: target diagram for 10 cascades initiated by p pri-
maries arriving from East direction. Muons with energy
larger than 1 TeV are selected upward and downward re-
spectively for positive and negative charges.

Fig. 12: target diagram for 10 cascades initiated by Fe
primaries arriving from North direction. Muons with energy
larger than 1 TeV are selected respectively upward and
downward for positive an negative charges
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