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Abstract. The production of muons in atmospheric showers
initiated by gamma rays with energies below 10 TeV is calcu-
lated using the Monte Carlo code FLUKA. The simulations
as well as various general properties of the muons reaching
sea level and of their ancestors in the cascade are discussed.

1 Introduction

Muons observed by ground-based cosmic ray experiments,
such as MILAGRO (R. Atkins et al., 2000) or GRAND (Poirier
et al., 1999), are mainly produced in showers initiated by cos-
mic ray protons and nuclei. A small fraction, however, origi-
nates from photonuclear reactions of primary cosmic gamma
rays. Despite their relative scarcity, the latter contribution
might be distinguished from the former due to the fact that
cosmic gamma rays are not affected by magnetic fields and
therefore point directly to the location of their source. Muons
from cosmic gamma rays should thus be characterized by an
accumulation around a particular angle. Their angular dis-
tribution at ground level is determined by various physical
processes occurring during shower propagation in the atmo-
sphere, such as inelastic interactions, Coulomb scattering or
deflection by the magnetic field of the Earth. Experimental
analysis of those accumulations of muons requires informa-
tion on the angular distribution. Due to the complexity of
the physical processes this can only be provided by detailed
Monte Carlo simulations.

The present paper discusses simulations of atmospheric
showers initiated by gamma rays with energies below 10 TeV
using the Monte Carlo code FLUKA. In addition, various
general properties of the muons reaching sea level and of
their ancestors in the cascade are presented. Angular dis-
tributions of muons are discussed in a separate contribution
to this meeting (Poirier et al., 2001).
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2 The FLUKA calculations

The 2000 version of the FLUKA Monte Carlo code (Fassò
et al., 2000a,b) was used to simulate the electromagnetic and
hadronic particle cascades induced by primary gamma rays
in the atmosphere. The powerful biasing capabilities of the
code allowed a simulation of the full three-dimensional shower
in a single run from the top of the atmosphere down to ground
level.

The physical models implemented in FLUKA which are
relevant for the present study are discussed in Fassò and Poirier
(2001). It should be emphasized that all models were vali-
dated by comprehensive comparisons of FLUKA results with
experimental data obtained mostly at accelerators but also in
recent cosmic ray studies (see references in Fassò and Poirier
(2001)).

In order to study the dependence of the shower properties
on the primary photon energy, the showers were calculated
for monoenergetic photons impinging vertically on top of the
atmosphere (taken to be 80 km above sea level). In total, 9
sets of simulations were performed for the following primary
energies: 1, 3, 10, 30, 100, 300, 1000, 3000, and 10000 GeV.
The atmosphere was approximated by 50 layers with a con-
stant density in each layer and with layer densities decreasing
exponentially with increasing altitude.

The use of variance reduction (biasing) techniques was
essential to obtain results with reasonable statistical signifi-
cance. They included leading particle biasing at each electro-
magnetic interaction, biasing of the photon mean-free-path
with respect to photonuclear interactions, biasing of the de-
cay length of charged mesons, and particle splitting at the
boundaries of different air layers. Each of these biasing tech-
niques alters the statistical weight of a particle in the cascade.
A muon as produced and transported in the Monte Carlo sim-
ulation and which carries a certain statistical weight (here-
after called “MC muon”) contributes to distributions, yields,
etc., of actual, measurable muons with a probability equal to
its weight. The use of biasing techniques would not be ap-
propriate to study fluctuations within the same shower which,



1038

however, is not the aim of this study.
For each MC muon reaching sea level (detection level) the

following information was recorded in a file for later analy-
sis:

1. Information on the muon at detection level: muon charge,
lateral coordinates(x, y) with respect to shower axis
(z), direction cosines with respect to thex andy axes,
kinetic energy, statistical weight of the muon, and num-
ber of the event (i.e., primary cosmic ray photon) which
produced this muon.

2. Information on the muon at its production vertex (i.e.,
meson decay vertex): lateral coordinates(x, y) with re-
spect to shower axis, direction cosines with respect to
the x and y axes, heightz, kinetic energy, statistical
weight of the muon, and identity of the decaying me-
son.

3. Information on the grandparent at the parent production
vertex: particle identity, lateral coordinates(x, y) with
respect to shower axis, direction cosines with respect
to thex andy axes, heightz, kinetic energy, statistical
weight of the particle, and generation number.

4. Information on the photonuclear interaction vertex pre-
ceding the hadronic cascade in which the muon at de-
tection level has been created: lateral coordinates(x, y)
with respect to shower axis, direction cosines with re-
spect to thex andy axes, heightz, energy, statistical
weight of the photon, and generation number of the pho-
ton

The generation of a particle increases with each sampled dis-
crete interaction (electromagnetic or hadronic), i.e., the pri-
mary photon is generation “1,” the generation of the electron
and positron after the first pair production process would be
“2,” etc. Delta ray production and Coulomb scattering are
not considered to increase the generation number.

A summary of the simulated particles cascades for each
primary gamma ray energy is given in Table 1. In the fol-
lowing, all results refer to the sum of positive and negative
muons. The number of histories (number of primary gamma

Table 1. Summary of the simulated particle cascades.

Eγ (GeV) Nγ Nµ Nµ/Nγ

1 4542000 0.00378 (8.32± 0.46)× 10−10

3 26000000 117.7 (4.53± 0.23)× 10−6

10 2250000 1191 (5.29± 0.03)× 10−4

30 1260000 3843 (3.05± 0.01)× 10−3

100 800000 11351 (1.42± 0.01)× 10−2

300 324445 17259 (5.32± 0.02)× 10−2

1000 143131 31709 (2.22± 0.01)× 10−1

3000 27040 21954 (8.12± 0.05)× 10−1

10000 18000 58874 3.27± 0.03

rays),Nγ , calculated for each primary energy decreases with
increasing energy in order to obtain uniform statistical signif-
icance on the muons which reach ground level for the differ-
ent primary energies. At the lowest energy (1 GeV) the muon
flux per gamma at sea level is very small so that even with
a significant amount of biasing in the simulations it is diffi-
cult to reach adequate statistics. Less emphasis was therefore
put on the simulation at 1 GeV. The columnNµ gives the
total number of muons (i.e., the sum of the weights) reach-
ing detection level for the given number of primary photons
Nγ . The predictions for the muon multiplicity at sea level
per incident primary gamma rayNµ/Nγ are listed in the last
column of Table 1.

3 Properties of muon production in gamma ray showers

3.1 The ancestors of the muons

Table 2 shows which parent contributes through its decay
to the detected muons for the different primary gamma ray
energies. At the lowest energy (1 GeV) about 89% of the

Table 2. Fractional contributions to the parents of the muons which
reach sea level.

Eγ (GeV) π+ π− K+ K− neutral kaons

1 0.106 0.894 0.0 0.0 0.0
3 0.495 0.485 0.020 0.0 1.7× 10−4

10 0.492 0.489 0.011 0.007 9.8× 10−4

30 0.482 0.482 0.019 0.014 3.1× 10−3

100 0.478 0.477 0.022 0.018 4.4× 10−3

300 0.477 0.476 0.023 0.019 4.7× 10−3

1000 0.475 0.476 0.024 0.019 5.2× 10−3

3000 0.476 0.475 0.025 0.020 5.1× 10−3

10000 0.474 0.477 0.024 0.020 5.2× 10−3

muons are produced in decays of negative pions and 11% in
decays of positive pions. This asymmetry can be explained
by the different interaction cross sections at low energy of
pions of either charge and by the fact that these pions are
mainly produced in secondary interactions of neutrons (see
below). Correspondingly, the probability for positive pions
to interact instead of decay is larger than for negative pions.
Above 3 GeV this asymmetry disappears and decaying kaons
begin to contribute to the sea level muon flux. The latter con-
tribution increases with energy and amounts to about 5% at
10 TeV.

It is interesting to note that at all energies FLUKA pre-
dicts the relative contribution of a positive kaon parent to
be always larger than that of a negative kaon by about 20%.
This effect is due to the properties of the Dual Parton Model
describing inelastic hadronic interactions within FLUKA. In
particular, it is a feature of the Reggeon contribution which
describes particle production by one quark-diquark string
stretched between a valence quark of the fluctuating photon
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Fig. 1. Distribution in the number of generations in the shower
carried by the particles creating the parent meson.

(Vector Meson Dominance model) and a diquark of a target
nucleon. In this picture, kaon production involves the cre-
ation of ass̄ quark-antiquark pair and, in case of negative
kaons, also the creation of anuū pair. On the other hand,
positive kaons can be readily formed also by au-quark of the
fluctuating photon leading to the observed asymmetry.

The fractional contribution to the muon’s grandparent is
given in Table 3. The calculations for 1 GeV show distinctly
different features. About 97% of the muons at sea level origi-
nate from mesons produced in interactions of neutrons in the
close vicinity of the detector. At all other energies photopro-
duction dominates the picture with a contribution decreasing
with energy from 99% at 3 GeV to 60% at the highest energy;
the remaining fraction is mainly from pions.

Table 3. Fractional contributions to the grandparent of the detected
muon at sea level.

Eγ (GeV) γ p andp̄ n andn̄ π+ π−

1 0.0017 0.023 0.97 0.00078 0.0049
3 0.99 0.00039 0.005 0.0023 0.0021
10 0.99 0.00082 0.0019 0.0026 0.0027
30 0.97 0.0041 0.0053 0.0093 0.0092
100 0.91 0.014 0.015 0.026 0.027
300 0.83 0.025 0.026 0.056 0.056
1000 0.73 0.037 0.041 0.091 0.090
3000 0.65 0.049 0.049 0.12 0.12
10000 0.60 0.054 0.057 0.13 0.14

3.2 Distributions of the number of generations

The distributions of the generation number of the grandpar-
ent of the sea level muon is shown in Fig. 1. The lower
the energy of the primary gamma ray the smaller is the at-
mospheric shower resulting in a relatively narrow distribu-
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Fig. 2. Distribution of the muon production heights. Results are
normalized per primary photon. The top of the atmosphere is at
80 km in the calculations.

tion. This distribution is peaked at generation one for ener-
gies below a few hundred GeV where the parent is mainly
produced in a photoproduction process of the primary pho-
ton (see also Table 3). At higher energies secondary hadron
interactions contribute significantly to the production of the
parent. These secondary hadrons are mainly of third or fourth
generation and cause a shift of the peak of the total distribu-
tion at TeV energies. The large tail at these energies which
extends up to more than 100 generations reflects photopro-
duction processes of secondary photons in the large electro-
magnetic shower.

3.3 The muon production heights

The distributions of heights above sea level at which the de-
tected muons were produced are shown for four primary en-
ergies in Fig. 2. As expected, at high energy there is a de-
crease in height with increasing energy of the primary gamma
ray because of the logarithmic increase of the shower length.
However, as the energy of the primary gamma ray decreases
below 10 GeV, the energy of the muon parent is close to
the minimum energy required for the muon to penetrate the
blanket of air between its production and sea level. Hence,
the most probable height of muon production begins to de-
crease with energies decreasing below 10 GeV. The blip-up
near zero height, most pronounced in the 3 and 10 GeV dis-
tributions, represents the excess contribution from very low
energy muons.

3.4 Radial distributions

The radial distributions of the muons at their production ver-
tices and at sea level are shown in Fig. 3 for five different
gamma ray energies. The radial distance,R, is defined with
respect to the shower axis (z axis). The quantitydN/dA
denotes the number of muons per unit area and per primary
gamma ray. The radial distributions of the production ver-
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Fig. 3. Radial distribution of the muon production vertices (i.e. me-
son decay vertices, dotted histograms) and of the muons at sea level
(solid histograms). Results are given for primary photon energies of
3, 10, 100, 103, and104 GeV, respectively (from the bottom curve
to the top). Values have been normalized per primary photon.

tices are labeled “production.”
All distributions extend to more than 10 km. Whereas

the sea level distributions have a relatively flat shape below
R = 2 km, the production vertex distributions are increas-
ing toward the shower axis and exhibit a change in slope or
discontinuity at about 500 m which is most pronounced at
low primary energy. This discontinuity is due to the super-
position of mesons produced in photoproduction processes
which dominate at small radii and of mesons produced by
interactions of nucleons or other hadrons constituting the tail
at largeR.

3.5 Energy distribution of the muons

The kinetic energy distributions of muons at sea level and at
the production vertex of these muons are shown in Fig. 4.
Note that the distributions are multiplied by the muon en-
ergyEµ in order to better show possible spectral structures
at the higher energies. Whereas the sea level spectra are a
smooth function of energy, the distributions of the muon en-
ergies at their birth exhibit a two-component structure. This
two-component structure is again due to the superposition of
muons from mesons generated in photoproduction processes
and those generated by interacting hadrons.

4 Summary

General properties of muon production in atmospheric gamma
ray showers were studied in detailed Monte Carlo simula-
tions using FLUKA. Sophisticated biasing techniques avail-
able in FLUKA made it possible to obtain results with good
statistical accuracy for a wide range of primary energies.

As expected, most of the muons which reach sea level are
decay products of charged pions; the contribution from kaons
increases as the primary energy increases. Below 100 GeV
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Fig. 4. Kinetic energy spectra of muons at their production vertices
(dotted histograms) and at sea level (solid histograms). Values are
normalized per primary photon.

primary energy, the decaying mesons are produced mainly in
photoproduction processes (except at very low energies, i.e.
below about 1 GeV). At higher energies, hadronic interac-
tions of nucleons and pions begin to contribute significantly.
The distribution of the number of generations becomes wider
with increasing primary energy and extends up to more than
100 generations, reflecting the complexity of the problem.
The distribution of the heights where the observed muons
are produced shows a maximum between 10 and 20 km. The
position of the maximum depends on the primary gamma ray
energy and decreases with increasing energy above a primary
energy of about 10 GeV.
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