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Cosmic rays, thanks to their ubiquity and high penetration capability, have been successfully used
in scientific research ever since their discovery. As soon as their knowledge improved, applications
in the civil/environmental field were also developed: muon radiography (or muography, based
on the flux attenuation) and muon tomography (based on the scattering angle) have been used to
study the inner structure of volcanoes, to seek hidden rooms in Egyptian pyramids, to search for
heavy metals in containers, and so on. And besides these imaging techniques, cosmic ray muons
are also widely used for detector testing and alignment practically in every Nuclear Physics or
Particle Physics experiment.
Since most of these applications are sensitive to the angular and momentum distribution of cosmic
muons, an accurate modelling of these distributions is a key feature for any generation tool
conceived to simulate the cosmic muon flux. This can make the generator quite time-consuming,
which is a strong limit when one needs to reach high statistics or to study large structures.
A new Monte Carlo generator for cosmic-ray muons, named Efficient COsmic MUon Generator
(EcoMug for short), especially designed to be fast (≳ 105 muons generated per second on a
standard machine) without losing accuracy, is presented here. It is written as a header-only C++11
library, ready to be integrated into whatever C++ code, in particular C++ code based on Geant4
simulation tool. By default, EcoMug relies on a simple and effective parametrisation of the
experimental data of cosmic ray differential flux at sea level, taken from the literature, but the
library is written in such a way that every user can easily replace it with his own user-defined
parametrisation.
Unlike other tools, EcoMug is able to generate muons from different kind of surfaces (plane, cylin-
der and half-sphere), while keeping the correct angular and momentum distribution of generated
tracks inside a fiducial volume. This allows to optimise the generation surface according to the
system under study, and leads to a further improvement of the overall simulation efficiency.
In this contribution we will present the main features of EcoMug, starting from its mathematical
foundation, and eventually showing some interesting applications.
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1. Introduction

Cosmic rays are high energy particles, mostly protons and helium nuclei, that create muons
(usually called secondary cosmic rays) on collisions at the top of the atmosphere. In fact, the
so-called primary cosmic rays, when approaching the Earth, interact with atomic nuclei of the air
molecules, giving birth to cascade processes and extended showers. These result in a number of
particles among which the main components, able to reach the Earth’s surface because of their
relativistic velocity and consequent time dilatation, are muons.

As a rule of thumb, at the sea level the flux is so that ∼ 1 muon /(minute·cm2) hits the ground.
This flux is roughly independent of the azimuthal angle 𝜙, but strongly depends on the zenith
angle \: it scales approximately as (cos \)2, so it is maximum at the zenith and minimum near the
horizontal direction. In first approximation, it only slightly depends either on the time of the day, or
on the season of the year. The kinetic energy distribution is continuous, and the energy distribution
actually depends on the \ angle; the average kinetic energy is typically around some GeV (see e.g.
the experimental spectra in Figure 1, taken from [1]).

Finally, an excess of positively charged muons over negative muons is observed: this is generally
considered a consequence of the primary cosmic rays being positively charged. The ratio 𝑁`+ /𝑁`−

has been measured to be around 1.28 (see e.g. [2]).

Figure 1: Experimental differential flux, as a function of the momentum and for eight zenith angle intervals
[1]. The knee at low momenta and large \ is due to the electronic component of the secondary cosmic rays.

2. Cosmic ray muon applications

Originally discovered in 1936 at Caltech by Anderson and Neddermeyer [3] (although there is
no agreement on this being the “real” discovery), the cosmic ray muons have been exploited in the
last decades to develop applications in various fields.

In particular, some of these applications are based on the muon absorption/transmission (which
in turn depends on the energy loss inside the matter), and are essentially implemented by counting the
flux upstream and downstream the structure under analysis (since the upstream flux is the reference
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cosmic ray flux, only the downstream measurement is usually performed); these applications
are generally called muon radiography, muon absorption radiography, muon imaging, or even
muography. Among them, we would like to mention the pioneering work of E.P. George, that in
1955 estimated the thickness of rock above an underground tunnel through muon flux attenuation
[4], as well as the one of Luis W. Alvarez, that in 1970 tried to investigate the interior of the Khafre’s
pyramid at Giza [5], without good results unfortunately. By the way, further improvements in this
field recently brought to the discovery of a big void in Khufu’s pyramid [6], and studies on the
pyramids with this technique are currently in full bloom, as well as in other fields (volcanoes [7],
nuclear plants [8], etc.: see [9] for a general review on this topic).

More recent applications rely also on the deflection of the muons trajectory in their path inside
the matter, due to multiple Coulomb scattering: the scattering angles have a Gaussian distribution
with variance proportional to the traversed thickness and depending on the material crossed by the
muons; these applications are referred to as muon tomography or muon scattering tomography, and
are more complicated since they need detectors at both sides of the object under study. The first
idea was proposed in Los Alamos Laboratory in 2003 [10] and a more detailed description of this
application may be found e.g. in [11] (see also [12], where the same technique was put forward to
monitor historical buildings).

Another field of application concerns the use of the cosmic ray muons to align structures
(in particular, Particle Physics tracking detectors [13]) or even to calibrate the response of Particle
Physics detectors (some of the co-authors of the present paper successfully performed the calibration
of detectors built with photomultipliers and bent scintillator slabs, in the framework of the AEgiS
collaboration at the CERN AD [14, 15]),

For a recent and comprehensive review of all these applications, see [16].

3. Available simulation tools compared with our new tool

For all these applications, it is essential to make a detailed comparison between the experimental
data and the expected results obtained via Monte Carlo simulations. In fact, muon radiography
applications are sensitive to the angular distribution of cosmic ray muons, while muon tomography
are also often sensitive to their momentum distribution. For these reasons, an accurate simulation
of the dependence of the muon flux on momentum and direction is a key requirement for every
generation tool intended for such applications.

Quite a few simulation tools are currently available for the generation of the cosmic-ray muons
as well as for their tracking. While, in most cases, the tracking toolkit is either Geant4 [17] or
FLUKA [18], for the generation of the cosmic-ray muons there is a variety of tools already at hand.

Some research groups use their own code, based on specific parametrisations and approxima-
tions of the flux of cosmic ray muons, while others rely on dedicated packages. Among them, we
can perform the following categorization:

1. cosmic-ray air shower (CRAS) generators, simulating the full cascade of secondary particles
started by primary cosmic rays; examples are CORSIKA [19], CRY [20] and MCEq [21];

2. parametric generators, using a parametrisation of the flux of muons, based either on ex-
perimental data or on the results from CRAS simulations; examples are GEMC [22],

4
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CMSCGEN [23] and the generator presented in [24], which is indeed very interesting since
it shares with our new tool the emphasis on the sampling method itself;

3. special generators, specifically designed for underground, high altitude or underwater exper-
iments; examples are muTeV [25] and MUPAGE [26].

In this context, we decided to develop and share a new simulation tool, called EcoMug, aimed at
the generation of the cosmic-ray muons, focusing on the following features:

1. efficiency, being able to generate the muons on different kind of surfaces but keeping the
same properties for the muons inside a fiducial volume, so that the user can choose the more
suitable source geometry for his own application;

2. speed, being able to generate ∼ 106 muons per second on a standard core, so that the time
spent in generating the muons is really negligible compared to the subsequent tracking;

3. flexibility, being able to generate a muon differential flux with some most general parametri-
sation (see section 4) that can be quickly and easily replaced by other customised kind of
parametrisation;

4. portability on different platform, since it is written as a header-only C++11 library.

In addition, EcoMug is easy to use, since the user has to implement just a few instructions to set
up his customised generator, smoothly interfaced with Geant4, the widely diffused tracking tool
mentioned before, and doesn’t need the installation of special libraries or other tools.

4. Data Parametrisation

We started from the cosmic ray muon spectrum measured in [1], that defined a parametrisation
approximating their experimental data (see Figure 1). According to their work, the differential flux
of muons at the Earth’s surface may be written as:

𝐽 ≡ 𝐽 (𝑡, 𝑝, \, 𝜙) = 𝑑𝑁

𝑑𝑡 · 𝑑𝑝 · 𝑑Ω · 𝑑𝑆𝑛
= 𝑓 (𝑝) · (cos \)𝑛(𝑝) · 1

m2 · s · sr · GeV/c
(1)

where 𝑓 (𝑝) and 𝑛(𝑝) are functions of 𝑝 so that:

𝑓 (𝑝) =
[
1600 ·

(
𝑝

𝑝0
+ 2.68

)−3.175
·
(
𝑝

𝑝0

)0.279
]

(2)

𝑛(𝑝) = max
[
0.1, 2.856 − 0.655 · ln

(
𝑝

𝑝0

)]
with 𝑝0 = 1 GeV/c and 𝑝 > 0.040 GeV/c.

In other words, 𝑑𝑁 is the number of particles, with momentum between 𝑝 and 𝑝 + 𝑑𝑝, crossing a
surface element 𝑑𝑆𝑛 orthogonal to the motion direction (\, 𝜙), within the solid angle 𝑑Ω and in the
time 𝑑𝑡. \ and 𝜙 are respectively the zenith and azimuthal angles of the muon direction, so the solid
angle is 𝑑Ω = sin \𝑑\𝑑𝜙. Alternatively to 𝐽, also 𝐽 ′ = 𝐽 · sin \ may be defined.
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Simulated muon spectra for different values of the zenith angle \ are plotted in Figure 2. It is
worthwhile noting that for 𝑝

𝑝0
≳ 67 the value for 𝑛 is constrained by 0.1. As a consequence, at large

momenta the momentum and the azimuthal angle are uncoupled, i.e. the most energetic muons are
substantially isotropic.
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Figure 2: Differential muon flux across a surface perpendicular to the motion direction implemented in the
generator. The bluish curves correspond to muons closer to the vertical direction, while the reddish curves
indicate muons closer to the horizontal direction; for 𝑝 ≳ 67 GeV/c all the spectra collapse.

5. Generation of muons on different surfaces

Established that the differential flux (defined across a surface perpendicular to the motion
direction) is tied up to Equation 1, we have found that there are several ways to achieve this by
the generation of muons on different surfaces (see also Figure 3, upper panel): a horizontal plane
(actually, it is a square or a rectangle of finite size), a cylinder (or, to be more precise, a cylindrical
surface, since the bases are not included), and a hemisphere.

The muon generation process consists in randomly generating each muon via its origin on
the desired surface, its direction and its momentum, with appropriate joint probability distribution,
so that the all muons inside the fiducial volume have the expected properties (uniform flux and
convenient differential flux across whatever surface, i.e. correct direction/momentum distributions).

5.1 Generation over a horizontal plane

The easiest muon source to implement is obviously the horizontal plane (the so-called “flat
sky”): only a multiplicative factor cos \ is needed to pass from the differential flux 𝐽 ′ defined across
a surface perpendicular to the motion direction (Equation 1) to the differential flux defined through
a horizontal surface, let’s call it 𝐽 ′

𝐻
.
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Figure 3: Upper panel: drawing of the three different surfaces where muons are generated. Left: horizontal
plane, supposed a square, 𝐿 is half the side, ℎ the distance from the ground. Center: cylinder, 𝑅 is the base
radius and ℎ the height. Right: hemisphere, 𝑅 is the radius. Lower panel: respective muon flux measured
“on the ground”, i.e. the overall number of muons measured across a horizontal surface element centred in
points with coordinates (𝑥,0,0), highlighted in the upper figures with the black straight line. In order to have
a meaningful and universal plot, the muon flux is divided by the “expected” muon flux (i.e., the flux in case
of no losses), while 𝑥 is plotted as either 𝑥/𝐿 or 𝑥/𝑅 depending on the geometry. For the first column (planar
surface) the flux is plotted for planes with 3 different aspect ratios 𝐿/ℎ. For the second column (cylindrical
surface) the flux is plotted for cylinders with 3 different aspect ratios ℎ/𝑅.

In consequence, the number of particles with momentum between 𝑝 and 𝑝 + 𝑑𝑝, zenith angle
between \ and \ + 𝑑\, and azimuth angle between 𝜙 and 𝜙 + 𝑑𝜙, crossing a horizontal surface
element 𝑑𝑆𝐻 = 𝑑𝑥0𝑑𝑦0 (subscript “0” refers to the origin point) in the time 𝑑𝑡 is:

𝐽 ′𝐻 ≡ 𝑑𝑁

𝑑𝑡 · 𝑑𝑝 · 𝑑\ · 𝑑𝜙 · 𝑑𝑆𝐻
= 𝑓 (𝑝) · (cos \)𝑛(𝑝)+1 · sin \ · 1

m2 · s · sr · GeV/c

In this case, the generation must be uniform on the plane and isotropic in 𝜙 (for symmetry). So, the
position of the muon origin, i.e. (𝑥0, 𝑦0), as well the angle 𝜙, are uniformly distributed without any
coupling with either the angle \ or the momentum 𝑝, which are indeed coupled up through 𝑛(𝑝),
and that must be consequently generated together .

It is clear that in principle, if we were able to generate muons on whichever horizontal and
unlimited plane with a flux having these properties, the same flux would be conserved on whatever
plane below the generation plane. The only practical issue is that the generation plane should be
infinite size in order to generate all the muons that travel in every direction inside a fiducial volume
below it. Since the simulation plane has (necessarily) finite size, there will be some edge effects,
and muons coming from the almost-horizontal directions will be missing: see Figure 3, lower panel,
left. But this drawback can be overcome, and the simulation results will not be affected, if there are
some more constraints due to the detector geometry (like for muon telescopes, see e.g. [27]).

7
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5.2 Generation over a cylindrical surface with vertical axis

Alternatively, we can generate the muons on a cylindrical surface. In this case, the differential
flux 𝐽 ′

𝑉
across a vertical surface 𝑑𝑆𝑉 becomes:

𝐽 ′𝑉 ≡ 𝑑𝑁

𝑑𝑡 · 𝑑𝑝 · 𝑑\ · 𝑑𝜙 · 𝑑𝑆𝑉
= 𝑓 (𝑝) · (cos \)𝑛(𝑝) (sin \)2 cos 𝜙𝑅 · 1

m2 · s · sr · GeV/c

where now 𝜙𝑅 is assumed to be the azimuthal muon angle measured with respect to the local (outer)
radial direction, 𝜙𝑅 = 𝜙 − 𝜙0, being 𝜙0 the azimuthal angle of the point where the muon originates
on the cylinder (𝑧0 will be the other cylindrical coordinate and 𝑅 the radius, so that the vertical
surface element is 𝑑𝑆𝑉 = 𝑅𝑑𝜙0𝑑𝑧0). In order to improve the efficiency by a factor of 2, only muons
directed inside the cylinder are generated, so that 𝜋

2 < 𝜙𝑅 < 3𝜋
2 .

Now, again for symmetry, the density of sources on the cylindrical surface must be uniform: 𝜙0,
𝑧0 are simply uniformly distributed (and are both independent of the others variables). On the other
side, 𝜙𝑅 is not uniformly distributed but still independent, while the angle \ and the momentum 𝑝

are coupled through 𝑛(𝑝) as usual.
As for the planar surface, also for the cylindrical surface some muons are missing in the fiducial

volume (obviously taken inside the cylinder). In this case, we are missing some muons closer to the
vertical direction, which are not generated. Again, this is not a problem when, for other reasons,
these muons are not detected by the system under study or we are not interested in. For example, in
muon tomography applications, where two vertical detectors are placed around the structure to be
investigated.

If one wants to get most of the muons and to minimise the edge effect for this second method,
it is advisable to use a cylinder of larger height (see Figure 3, lower panel, center), more or less as
in the planar case a larger plane size was recommended.

5.3 Generation over a hemisphere

The last case consists in generating the muons on a hemisphere or half-sphere (that is actually
a hemispherical surface). If 𝑑𝑆𝑆 is a generic surface element on a half-sphere, orthogonal to the
direction (𝜙0, \0), 𝑑𝑆𝑆 = 𝑅2 sin \0𝑑𝜙0𝑑\0 and the differential flux 𝐽 ′

𝑆
across this surface becomes:

𝐽 ′𝑆 ≡ 𝑑𝑁

𝑑𝑡 · 𝑑𝑝 · 𝑑\ · 𝑑𝜙 · 𝑑𝑆𝑆
=

= 𝑓 (𝑝) · (cos \)𝑛(𝑝) sin \ ·
(
sin \0 sin \ cos 𝜙𝑅 + cos \0 cos \

)
· 1

m2 · s · sr · GeV/c

As for the cylinder, 𝜙𝑅 is assumed to be the azimuthal muon angle measured with respect to the
local radial direction, i.e. 𝜙𝑅 = 𝜙 − 𝜙0. In order to maximize the efficiency, only muons going
inside the hemisphere can be generated, although the gain here is less relevant than for the cylinder.

Generating a muon in this case means again to assign the values of five parameters: now they
are (𝜙0, \0), defining the position of the source, (𝜙𝑅, \), defining the muon direction, and 𝑝, its
momentum. These variables are currently all coupled except 𝜙0 (which is uniformly distributed).
As a consequence, both the density of muon sources on the hemisphere and the inward total flux
per unit area (measured perpendicularly to the elementary surface, i.e. in the radial direction) are

8
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not uniform but vary with \0: it is maximum at the zenith (\0 = 0) and minimum near the horizon
\0 = 𝜋/2 (see Figure 4).

The main advantage of this third method is that the fiducial volume can be extended to the
whole volume inside the hemisphere, since no muon directions are lost (see Figure 3, lower panel,
right), so it can be used also when we have not an a priori knowledge about muon selection by
the detector. On the other hand, the coupling between four variables makes it computationally
more time consuming (see next paragraph), although it gains a factor around 1.72 over the flat sky
generator (for the same area and number of generated muons). This gain is because the “equivalent”
flux measured perpendicularly to the hemisphere should be measured at the zenith and it is ∼ 72%
larger than the average flux on the whole hemisphere.
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Figure 4: Total inward flux per unit area, integrated over the full range of 𝜙 and \ accessible for each value
of \0, plotted as function of \0 for the hemispherical generator.

6. Comparison of the different generators

The three different generators produce comparable results, assumed that the fiducial volume is
suitably selected (as shown in Figure 3).

To be more precise, the flat sky generator by construction loses almost-horizontal muons,
which is actually not a big issue since they are indeed a small fraction of the total. In particular, the
results are totally unaffected when the detector under study intrinsically selects muons in a limited
range of \, like for muon telescopes, built with stacked scintillators or other sensitive elements (see
e.g. [27]). In any case, choosing a large aspect ratio 𝐿/ℎ reduces the edge effects and improves the
flux. This makes it extremely efficient for studying low-rise buildings or structures covering a large
surface.

On the other hand, the cylindrical generator intrinsically loses almost-vertical muons, especially
near it axis. Although the vertical direction is the most frequent for the muons, the generator can
be successfully used when the detector disregards vertical muons and automatically selects muons
with large \. Again, to reduce the losses it is advisable to increase the aspect ratio ℎ/𝑅, and this is
ideally the case when tall and narrow structures are under analysis (see e.g. [28]).

9
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As a third option, the half-spherical generator has no muon directions lost, although it is
the slowest in terms of CPU time. Apart from this drawback, it is the most appropriate when
muons from every directions count (like in detector calibration [14]) or when the structures have
comparable size along the 3 axes.

Concerning the CPU time, i.e. the time needed to generate the muons (in terms of initial
position position, direction and momentum - excluding obviously the subsequent tracking), the
planar generator is the fastest, generating over 1 million muons per second on a standard CPU (see
Table 1). The cylindrical generator is intermediate and the half-spherical generator is the slowest.

These times look strongly related to the number of attempts needed to find one “acceptable” set
of parameters out of the generator section based on the acceptance-rejection method. The application
we have made of the acceptance-rejection method will be described in the next paragraph.

generator plane cylinder hemisphere
surface

calculation time per 106 muons 0.7 s 2.0 s 3.2 s
on a 2,2 GHz Intel Core i7 (2015)

number of attempts (±5% ) 21 47 65
for the acceptance-rejection module

Table 1

6.1 Acceptance-rejection method

As we have already remarked, the generation of a single muon consists in the generation of 5
random variables (𝑥0,𝑦0, \, 𝜙, 𝑝 for the flat sky; 𝜙0, 𝑧0, \, 𝜙, 𝑝 for the cylinder; \0,𝜙0, \, 𝜙, 𝑝 for the
hemisphere) with a convenient joint probability distribution. Since some of the concerned variables
are uncoupled (namely independent), it is quite easy to apply the inverse transform sampling
method to them. Some of them are even uniformly distributed, and this is the easiest and fastest
case. But unfortunately this method cannot be applied to all the variables, and some of them must be
generated with the acceptance-rejection method, that is to say starting from a uniform distribution
on a multidimensional rectangular area (see e.g. [29]).

This is essentially the reason why the CPU time increases moving from the planar case (with
2 not-independent variables, we have to sample in a 2D space and reject outside of the acceptance
region) to the hemispherical case (with 4 not-independent variables, we have to sample in a 4D
space and reject consistently).

The acceptance-rejection method may become very time-consuming indeed, but in our case
the number of attempts to get one simulated muon is kept to an acceptable level with the following
approach.

Let’s start with the momentum marginal distribution (2): it can be shown that 𝑝 is the most
critical variable to be handled with the acceptance-rejection method since 𝑓 (𝑝) spans over several
order of magnitudes and has small average, so a lot of attempts would be needed to find one good
event; moreover, 𝑝 conditions 𝑛(𝑝) and then other variables’ marginal distribution, like \.

10



P
o
S
(
C
o
m
p
T
o
o
l
s
2
0
2
1
)
0
1
9

A new Monte Carlo muon generator for cosmic-ray muon applications Nicola Zurlo

Although we cannot apply the inverse transform sampling method to 𝑓 (𝑝) as a whole, since
we cannot invert its primitive, it is possible to split 𝑓 (𝑝) as the product of 2 functions:

𝑓 (𝑝) = 𝑓1(𝑝) · 𝑓2(𝑝)

with 𝑓1(𝑝) = 1600 ·
(
𝑝

𝑝0
+ 2.68

)−3.175
and 𝑓2(𝑝) =

(
𝑝

𝑝0

)0.279

Since the most steep function is 𝑓1(𝑝), while 𝑓2(𝑝) is nearly constant, we generate a first version of
𝑝 by applying the inverse transform sampling method to 𝑓1(𝑝), which is feasible. Then, we apply
the acceptance-rejection method in order to take into account 𝑓2(𝑝) and the other not-independent
variables.

7. C++11 implementation

The code is available at https://github.com/dr4kan/EcoMug under the GPL-3.0 license, and it
is possible to find an exhaustive and more detailed description in [30].

EcoMug has been designed as a header-only C++11 library: in other words, the full definitions
of classes and functions are contained in a single header file. The full code is less than 1000 lines.
The integration of EcoMug is thus extremely easy in any C++11 project. You just need to include
the header file into the source code and point the compiler to the location of the EcoMug.h file.

If you want to use the planar generator, you have to include in the main code something like
the following lines:

EcoMug gen ; / / i n i t i a l i z a t i o n o f t h e c l a s s
gen . SetUseSky ( ) ; / / f l a t s k y g e n e r a t i o n
gen . Se tSkyS i z e ( { { 1 0 . , 1 0 . } } ) ; / / x and y s i z e o f t h e p lane
/ / ( x , y , z ) p o s i t i o n o f t h e c e n t e r o f t h e p lane
gen . S e t S k y C e n t e r P o s i t i o n ( { { 0 . , 0 . , 2 0 . } } ) ;

In order to use the cylindrical generator, the main code shall contain:

EcoMug gen ; / / i n i t i a l i z a t i o n o f t h e c l a s s
gen . S e tUs eCy l i nd e r ( ) ; / / c y l i n d r i c a l s u r f a c e g e n e r a t i o n
gen . S e t C y l i n d e r R a d i u s ( 1 0 . ) ; / / c y l i n d e r r a d i u s
gen . S e t C y l i n d e r H e i g h t ( 3 0 . ) ; / / c y l i n d e r h e i g h t
/ / ( x , y , z ) p o s i t i o n o f t h e c e n t e r o f t h e c y l i n d e r
gen . S e t C y l i n d e r C e n t e r P o s i t i o n ( { { 0 . , 0 . , 1 5 . } } ) ;

Finally, the use of the hemispherical generator needs in the main code these settings:

EcoMug gen ; / / i n i t i a l i z a t i o n o f t h e c l a s s
gen . SetUseHSphere ( ) ; / / h a l f − s p h e r i c a l s u r f a c e g e n e r a t i o n
gen . Se tHSphereRad ius ( 3 0 . ) ; / / h a l f −sphe r e r a d i u s
/ / ( x , y , z ) p o s i t i o n o f t h e c e n t e r o f t h e h a l f −sphe r e
gen . S e t H S p h e r e C e n t e r P o s i t i o n ( { { 0 . , 0 . , 0 . } } ) ;

Once the setup of the instance of the EcoMug class is done, the generation of a cosmic-ray muon
can be implemented as shown here:
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/ / S e t up o f t h e i n s t a n c e o f t h e EcoMug c l a s s e . g as i n t h e f l a t s k y case :
. . . .
/ / The a r ray s t o r i n g muon g e n e r a t i o n p o s i t i o n
s t d : : a r r a y <double , 3> muon_pos i t i on ;
/ / Loop t o g e n e r a t e 1000 cosmic −ray muons
f o r ( auto ev en t = 0 ; e v en t < 1000 ; ++ even t ) {

gen . Gene r a t e ( ) ; / / g e n e r a t e a cosmic −ray muons
muon_pos i t i on = gen . G e t G e n e r a t i o n P o s i t i o n ( ) ;
double muon_p = gen . GetGenerationMomentum ( ) ;
double muon_the ta = gen . Ge tGene r a t i o nThe t a ( ) ;
double muon_phi = gen . Ge tGene r a t i o nPh i ( ) ;
double muon_charge = gen . GetCharge ( ) ;
. . .

}

EcoMug internally uses a class called EMRandom, which is based on the xoroshiro128+
algorithm [31], the fastest PRNG at the present time.

A more detailed description on how to integrate EcoMug in a Geant4 application is presented
in appendix A of [30] as well as in [32]. Moreover, EcoMug provides the possibility to use a custom
function for 𝐽, in case the users consider that the default parametrisation (1) does not provide an
accurate description of the cosmic-ray muons differential flux in the conditions of their experiments.
How to do so is explained in detail in the mentioned reference as well.

8. Conclusions

We have developed and presented a new, fast and efficient Monte Carlo generator of secondary
cosmic-ray muons, called EcoMug.

EcoMug gives the possibility of originating the cosmic-ray muons from different surfaces
(plane, cylinder and half-sphere) keeping the correct angular and momentum distribution of the
generated tracks inside the fiducial volume. The generation is based on a real data parametrisation
of the ADAMO detector data [1], that can be also easily overwritten by any user that needs a
custom-defined parametrisation. If necessary, it is also possible to restrict the angular variables and
the muon momentum at the generation level.

EcoMug is a header-only C++11 library, consisting in a single EcoMug.h file containing
the whole optimised code, suitable for applications that require huge statistics, as transmission
muography and tomography.

EcoMug is available at https://github.com/dr4kan/EcoMug under the GPL-3.0 license. The
current version (April 2022) is EcoMug 1.3.
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