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Imprint of Geomagnetic field on charged particle distribution in EAS
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Abstract: The standard perception is that the muons and othercharged particles in cosmic ray extensive air shower
(EAS) are distributed symmetrically about the shower axis. However, from an analysis of Monte Carlo simulation data it
is revealed that an asymmetry may develop in both positive and negative muon numbers about the shower axis depending
on the geomagnetic field at the location of the observation. Such an asymmetry is particularly pronounced at certain zenith
and azimuth angle range. The electron component of EAS also carries such an impression but with a smaller magnitude.
Such an effect of geomagnetic field is found to enhance with the mass of the shower initiating particles.
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1 Muon component and geomagnetic field

An advantageous feature of CORSIKA [1] is that parti-
cles and anti-particles can be followed separately and in-
dividually. Hence in a Monte Carlo simulation study us-
ing CORSIKA one can follow positive and negative muons
during propagation in the atmosphere, as well as on arrival
at ground level: muons are collected after charged pion
double body decay and also after two-body and three-body
kaon decays with the different branching ratios. The deflec-
tion of muons during their propagation in the atmosphere is
caused predominantly by the multiple Coulomb scattering
and the curvature of the trajectories, as for all the charged
particles of the simulation, in the Earth’s magnetic field.
Our first attempt concerning positive and negative muons
separately was carried out at high energy for the AUGER
Observatory (PAO) and also at relatively lower energies
[2, 3]. In the coordinate system of CORSIKA, the mag-
netic field at PAO is characterized by the two geomagnetic
components Bx = 20.5μT and Bz = −14.5μT . In or-
der to point out some typical signature of the nature of pri-
mary particle, not on the traditional muon-electron abun-
dance, but on the contrast behavior of positive and negative
particles in EAS, we calculated the barycenters of positive
and negative muons, δμ+μ− and the orientation, φμ+μ− for
each shower event at certain azimuthal angles.
For the soft component the radiation lengths are too short
and too many scattering deviations occur and as a result
the lateral spread is mainly due to the multiple coulomb s-
cattering. Consequently the possibility of sorting out the
signature of the geomagnetic field on the soft component is

not much. Nethertheless, we shall explore herealso, taking
all the advantages of the EGS option, the possible differ-
ences between proton and heavy nuclei induced showers
revealing in the electron and positron component.
In the case of EAS muons, especially for heavy nuclei ini-
tiated showers where the muons start at higher altitude at
comparatively lower energies than for proton primaries, a
barycenter separation of about 200 m was obtained at UHE
for vertical showers (iron primaries) using a thinning fac-
tor 10−6. It appears that this separation, which is clearer
in the case of nuclei, is also connected with the statistical
reduction of the fluctuations of showers initiated by nuclei.
To eliminate any possible bias generated by the thinning
technique and to understand more rapidly the benefit of this
geomagnetic effect, a sample of few hundred showers with-
out thinning for muons with detection threshold energies
exceeding 300 MeV, was simulated and some systematic
features have emerged out from the simulated data. For in-
stance, for primary iron induced near vertical showers at
106 GeV, the orientation of the dipole towards East-West
direction and a net barycenter separation of about 100 m
have been noticed irrespective of the azimuthal angle of in-
cidence.
A tremendously large separation of about 500 m (figure1)
has been found in the case of very inclined showers (Θ =
55◦) at a depth of 860g/cm2.
The difference between heavy and light nuclei at UHE can
be studied in both directions:

- ratio of μ+,μ− at convenient distances

- ellipticity of the muon component
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Muons - E = 1.e6 GeV, theta = 55 deg
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Figure 1: dependences of positive-negative muon dipole
orientation φμ+μ− (upper part), barycenter separation
δμ+μ− (lower part) versus azimuthal incidence φi with
showers zenithal incidence at 55◦ .
- left side : iron initiated showers
- right side : proton initiated showers

Alternatively, in the absence of detectors for muon charge
identification, we introduced the ellipticity factor ε(r) =
ρμ//(r)/ρμ⊥(r), the ratio of total muon densities at the
same distance from the shower axis, one on the axis ori-
ented along the muonic dipole and the other on the axis
perpendicular to it.

2 Asymmetries in electron and muon distri-
butions

Following the stated preliminary approach, in the present
calculations we have considered a sample of simulated
EAS events with fixed primary energy 106 GeV and try
to extract the nature of primaries from the distribution of
charged particles (muons and electrons) in different quad-
rants centered about the shower core and taking the X and
Y axes as North and West direction respectively following
the convention used in CORSIKA.
We consider both vertical as well as large inclined show-
ers (zenith angle Θ = 50◦) to clearly identify the effect of
gromagnetic field which should be pronounced along the
longer path. In the later case we compare showers initiated
with azimutal angles φ = 0◦ (figure 2-left) and φ = 90◦

-45 to 45◦ 45 to 135◦ 135 to 225◦ 225 to 315◦

e+ 346 245 503 235
e− 514 338 775 374
μ+ 916 724 1043 422
μ− 877 404 1010 708

Table 1: Kascade level: number of electrons and muons in
quadrants for p primary Θ = 50◦, φ = 0◦

-45 to 45◦ 45 to 135◦ 135 to 225◦ 225 to 315◦

e+ 246 184 270 147
e− 353 233 393 231
μ+ 1225 1117 1387 523
μ− 1211 502 1363 1095

Table 2: Kascade level: number of electrons and muons in
quadrants for Fe primary Θ = 50◦, φ = 0◦

(figure 2-right). The relative muon to electron ratio ρ(Φ1)
is calculated from the muon /electron size in each quadran-
t normalized to the total muon/electron content for all the
quadrants (Φ1 is the angle of the central axis of a given
quadrant with the X axis) and the differences appearing in
the tabulations for p, Fe in each sector have been revealed.
This behaviour emerges from the simulation results such
as presented in the table 1 at Kascade [4] location for p ini-
tiated showers and also for iron induced EAS as given in
the table 2. The calculations have been performed at Kas-
cade and Ice Top levels [5] with components of magnetic
field, respectively Bx = 20.52μT , Bz = 43.57μT and
Bx = 16.62μT , Bz = −52.55μT . Note that Ice Top is
situated within few meters of the geographic south pole but
very far away from the geomagnetic South pole.
The same study has been made by dividing the components
of the geomagnetic field by a factor of one thousand to i-
dentify the role of the other factors especially the annihi-
lation of the positron and the capture of negative muons
of low energy on asymmetries in charged partcle distribu-
tion in inclined showers. The results are shown here for
muons with energies larger than 230 MeV, whereas the en-
ergy threshold for electrons is 5 MeV. We underline that
Tables 1 and 2 are just a small sample illustrating general
assymmetries in the different quadrant after adding in each
sector all muons(positive and negative) as well as all elec-
trons and positrons. Those large anisotropies in inclined
EAS can be measured without expensive detectors needing
charge separation but with normal detectors sufficient to
collect important information in terms of relation between
muons and geomagnetic field as well as hints of primary
composition.

3 Topological analysis by the BF treatment

A basic assumption of all known hitherto codes used to
analyse the data obtained with the CORSIKA and other
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Figure 2: Relative muon electron ratio ρ in different quadrants left: EAS φ = 0◦ discs (proton primaries), triangles (iron
primaries); right: EAS φ = 90◦ discs (proton primaries), triangles (iron primaries)

EAS Monte Carlo simulations is the cylindrical symmetry
of charged particles in EAS and such a symmetry is nor-
mally noticed on average. In contrast the present analysis
revealed an anisotropy in charged particle distribution due
to geomagnetic field, particularly at higher zenith angle as
stated above. To conserve the asymmetric characteristics of
the charged particle distribution due to geomagnetic field,
we introduce a procedure of scanning of charged particle
density with the butterfly (BF) treatment in order to point
out typical signatures relevant to the nature of primaries:
the BF consists of two opposite wings around the shower
core limited by a pair of symmetric arcs at distances which
may be enlarged above 200m for very large EAS.
The internal angle of the wing is taken as 90◦(quadrant)
which can be reduced to emphasize some particular effect-
s. The density of muons inside a wing is compared with
that in different wings and the centre of gravity of charged
particles (positive and negative separately) are computed
from the simulation data. A large separation correspond-
s to a flatter distribution of the lateral distribution. It is
possible to rotate the BF around the axis to identify the ar-
eas containing larger differences. The rotation of the BF is
measured by the same angle Φ1 (between the central axis
of the BFs and the X axis) to the case of the quadrants. One
may notice the contrast between p and iron primaries char-
acterized by a steep decrease of Φ1 = 0.◦ to Φ1 = 180.◦

followed by a fast increase (p primary) against a more mod-
est variation for iron primary as shown in figure 2 . The
lateral muon distributions are also calculated separately for
positive and negative muons inside the different sectors and
compared at both levels of Kascade and Ice Top(figure3),
respectively for φ = 0.◦ and φ = 90.◦

Adopting the BF technique we have also explored the vari-
ation of the separating distances of the barycenters of pos-
itive and negative muons at both levels of Kascade and Ice
Top (figure4), respectively for φ = 0.◦ and φ = 90.◦

4 Discussion

Our analysis concerning the effects of the geomagnetic
field on positive and negative muon and electron compo-
nents of inclined EAS reveals differences in various fea-
tures such as asymmetries in sectorial distributions, secto-
rial muon-electron relative abundances, amplitude of fluc-
tuations between proton and iron induced showers. Such
effects are found to persist and are of comparable magni-
tude if we replace the Gheisha code in the simulation by
the Fluka code in the treatment of low energy hadron colli-
sions.
New estimators can be derived from the asymmetries in the
profile of muons lateral distributions in different wings of
the BF, especially when contrast view in different wings is
considered and when the X axis of the BF is superimposed
on the axis of the muon dipole ; the behavior of the muon
electron ratio in different sectors also carries signature dis-
criminating light and heavy primaries. The present calcu-
lations will be extended in near future for different primary
energies in order to present the results at both fixed electron
or muon size.
Furthermore, our method can be implemented experimen-
tally to identify the nature of primary particle with the em-
ployment of large muon detectors able to distinguish posi-
tive and negative particles at distances of 10 − 50m in an
EAS array.
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Figure 3: Lateral muon distributions in different sectors.Left: for θ = 50◦ and φ = 0◦. Upper curves for Ice Top array,
lower curves for Kascade level. Right : the same for φ = 90◦.
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Fig4c : Variation of the muonic dipole length with the angle of the median of the N 
sector of the BF with OX axis of the CORSIKA coordinate at Kascade & Ice Top sites.
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Fig4e : Variation of the muonic dipole length with the angle of the median of the N 
sector of the BF with OX axis of the CORSIKA coordinate at Kascade & Ice Top sites.
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Figure 4: Distance between positive Mu+ and negative Mu- barycenters in different sectors. Left: for θ = 50◦ and φ = 0◦.
Upper curves for Ice Top array, lower curves for Kas cade level. Right : the same for φ = 90◦.
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