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Summary
o) Primary cosmic rays  
o) Secondary cosmic rays 
o) Muons at the ground 
o) A muon Monte Carlo simulation 
o) Muon generators 

An example



The fantastic 4: N. 1  (1961)



The first  
“space” expeditions



• Even today, in the “accelerator era”, CR are still widely studied 

History of cosmic rays in one slideCR history in one slide
• Cosmic radiation (CR) is known since the beginning of the 20th century 

 - experiments by Wulf, Pacini and Hesse (1912) led to hypothesize the existence of a cosmic radiation

Pierre  
Auger  

project

Positron discover

•Since its discovery, cosmic radiation allowed several discoveries in fundamental physics: 
   - positron (1932), muon (1937), pion (1947), kaon (1947), Λ (1951), …



In 1925, as a consequence of his experiments, Millikan concluded that there was no extraterrestrial radiation… 
 …but changed his mind in 1926 (after further experimentation)



Cosmic rays to study the mysteries of the Universe

https://home.cern/science/experiments/ams
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9%

90%
protons

He other

99% of the primary 
cosmic rays  

are from outer space 
(1% Sun)  
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Charged CRs are 
deflected by magnetic 
fields and so generally 
speaking the observed 
events do not point back 
to sources. 

Between hundreds of 
MeV and at least a few 
PeV, CRs are believed 
to be of galactic origin; 
above a few EeV, the 
sources are most likely 
extra-galactic.
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TeV

PeV

EeV



Cosmic rays (being charged) are deflected from 
their path by the Earth’s magnetic field.



Air shower 	
[NASA image]

Secondary cosmic 
ray showers 



When an energetic (E ~ 1 PeV) cosmic proton or nucleus 
interacts with a nucleus of air, it generates between a few and 
hundreds of secondary particles depending on its energy. On 
average ∼30%−40% of the energy of the primary particle is 
carried by a leading baryon or nucleus. The remaining energy 
is employed in the creation of ultra-relativistic secondary 
particles, most of them charged (π±) and neutral (πo) pions, with 
a smaller number of hadrons and heavier mesons such as 
charged and neutral kaons, ρ-mesons, etc. 

When primaries of energies of the order of EeV interact with the atmosphere, extended air showers (EAS) are 

created. They are cascades of millions to billions of secondary particles initiated by a single primary particle. 

For a primary particle of 10 EeV the lateral spread can be of ∼10 km2 at ground level or more.



Muons 



Charged pions decaying into muons, π+ = µ+ + νµ and π− => µ−+ (anti)νµ, represent the main contribution to the muonic 
component of the shower (see Figure), being also responsible for the production of the bulk of the so-called atmospheric 
neutrinos. Most muons of energies above a few GeV travel through the atmosphere without decaying and reach ground

PDG 2024
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1   /  (cm2 s) 
160  /     (m2 s) 

10000 / (m2 min)

We use g/cm² because  
what matters for particle  
interactions is the amount of matter  
(mass) crossed, not the geometric distance.

1 km near the ground ≠ 1 km in the upper atmosphere
~ 8 km

Positive muons = 1.2-1.3 negative muons









Some Q&A
Are cosmic ray muons more abundant during the day  
and less abundant during the night? 

No. The differences are negligible. 

Does the cosmic ray muons flux depend on the weather?
Yes. The warmer (less dense air) the higher flux (~few %)

Are cosmic ray muons more abundant at high altitudes? 

Yes. At 2000-3000 m the flux is ~x2 of sea level 
At 10000 m the flux is ~ x 10 - x 20  
Then it decreases.

Does the cosmic ray muons flux depend on the latitude?

Yes. See Amerigo Vespucci experiment



https://doi.org/10.1038/s41598-025-24181-7



Some Q&A
Are cosmic ray muons more abundant during the day  
and less abundant during the night? 

No. The differences are negligible. 

Does the cosmic ray muons flux depend on the weather?
Yes. The warmer (less dense air) the higher flux (~few %)

Are cosmic ray muons more abundant at high altitudes? 

Yes. At 2000-3000 m the flux is ~x2 of sea level 
At 10000 m the flux is ~ x 10 - x 20  
Then it decreases.

Does the cosmic ray muons flux depend on the latitude?

Yes. See Amerigo Vespucci experiment

Cosmic rays make their  
existence visible?

Yes, during auroras.



Van Allen





Simulations



In particle physics (and consequently also in Muography) we use simulation tools (mostly based on Geant4) to reproduce an 
experimental setup and extract important informations for the design of the experiment and for the interpretation of the results

BASIC STRUCTURE



GEOMETRY (THE WORLD) AND MATERIALS MODEL 
The model must include a full three-dimensional layout (GEOMETRICAL VOLUME) of all the “objects” of the experimental 
setup: the detector, its components, and support structures, everything is around or between them 

Material Properties 
Each volume is assigned materials with properties that affect particle interactions and energy loss (PHYSICAL VOLUME). 

Navigation and Boundaries 
Geometry defines navigation boundaries for accurate particle tracking across detector regions (volumes can overlap). 

Fields (electric and magnetic fields)

PHYSICS PROCESSES 
Physics List Definition 
The physics list defines allowed physical interactions and their modeling during particle simulations. 

Categories of Processes 
Processes include electromagnetic, hadronic interactions, particle decays, and optical phenomena like scintillation. 
For muons, electromagnetic process is generally enough. 

Model Selection Criteria 
Parameters such as energy thresholds and cutoff must be chosen according to the accuracy of the results  
(trade-off with CPU speed) [which is the lower limit after which a particle is neglected/forgotten by the simulation?].



PRIMARY EVENT GENERATOR (will discuss a little bit more later) 
Defines Initial Event Conditions 
Primary event generators specify fundamental particle properties, setting initial conditions for each simulated event. 
Which particle? Which energy? Which origin position? Which energy and geometrical sampling distributions? 

Interfaces with Advanced Software 
Advanced generators integrate with software modeling physical processes like proton collisions or atmospheric showers. 

Ensures Realistic Simulation Accuracy 
Careful configuration ensures simulations reflect real experimental conditions including spatial and timing structures.

TRACKING AND STEPPING 
Particle Propagation Steps (in the world) 
Particle motion is simulated in discrete steps (to be decidåed by user) with evaluations of interactions, energy loss, and 
scattering [1 step each MeV? 1 step each 1 cm? = customizable for each particle species]. 

Interaction and Decay Processes 
The engine decides if particles interact, decay, or continue, generating secondary particles as needed. 

Geometry Boundary Handling 
Accurate handling of boundaries and material transitions is crucial for modeling detector responses and shielding.



SENSITIVE DETECTORS AND DETECTOR RESPONSE 
Role of Sensitive Materials (==> detectors but not necessarily only that) 
Sensitive materials identify energy depositions, hit positions, and particle identities inside designated volumes. 

Monte Carlo Truth Concept 
Monte Carlo truth provides an idealized view of particle interactions without instrument imperfections.

DIGITIZATION 
Realistic Signal Simulation 
Digitization converts ideal detector hits into realistic electronic signals including noise and time resolution effects. 

Detector-Specific Effects 
Includes effects like energy resolution, electronic noise, thresholds, saturation, and dead time in the signal modeling. 

Conversion and Amplification 
Models charge collection, light fluctuations, amplification, and analog-to-digital or time-to-digital conversion processes. 

Importance in Data Analysis 
Accurate digitization ensures simulated matches experimental data for reliable analysis and performance evaluation.



EVENT RUN AND MANAGEMENT  
Event Management Workflow 
Event management organizes initialization, execution, and cleanup of single physical occurrences in simulations. 

Run Management Control 
Run management oversees global settings like random seeds, physics configurations, and output handling. 

Parallel Execution Support 
Modern frameworks enable parallel execution using multi-core and distributed computing for scalability. 

Reproducibility and Reliability 
Control of random number generation (SEED) ensures reproducible and statistically interpretable simulation results.

DATA OUTPUT AND ANALYSIS 
Simulation Data Types 
Outputs include hit collections, energy depositions, particle trajectories, and truth-level information linking signals to origins. 

Standardized Data Formats 
Data can be stored in standardized formats like ROOT files to enable efficient analysis and comparison with experiments or in  
specific user defined formats. 

Balancing Completeness and Efficiency 
Output structures must optimize between data completeness and storage efficiency to manage large simulation volumes.



All the physics about the interaction of 
muons with matter is included in a simulation 
package developed at CERN and called 
GEANT4. Indeed GEANT4 is a toolkit for 
simulating the passage of particles 
through matter. It includes a complete 
range of functionality including tracking, 
geometry, physics models and hits.  

The toolkit is the result of a worldwide 
collaboration of physicists and software 
engineers. It has been created exploiting 
software engineering and object-oriented 
technology and implemented in the C++ 
programming language. It is being used in 
applications in particle physics, nuclear 
physics, applied physics, accelerator 
design, space engineering and medical 
physics.

It is the most complete, reliable and basically the de facto statutory toolkit for simulations of cosmic-ray applications



Germano Bonomi

GEometry ANd Tracking (and detector response)

“Beam” 
The primary particle generator: proton, electron, antiproton, … 

or muons [position, energy and direction distributions must be defined]

Geometry 
All the “world” of the simulation must be modelled: shape, dimensions, material composition of all the elements

Physics and tracking parameters, output format 
Physical (interaction) models, physical processes, tracking steps … 

Detectors 
Shape, dimensions, material composition, hit response … 

MC simulation output 
Detector hits, Primary particle information, tracking information, etc.



Muon generators



Even though many applications in muon radiography and 
tomography rely on custom-made codes for the generation of 
CR muons, several tools for this task are currently available. 
Among them, we can perform the following coarse classification: 

• cosmic-ray air shower (CRAS) generators 
simulate the full cascade of secondary particles initiated by primary cosmic rays; 

• parametric generators 
using a parametrization of the flux of CR muons, based either on experimental 
data or on the results from simulations with CRAS generators; 

• special generators 
specifically designed for underground, high altitude or underwater experiments



Transmission Muography applications are sensitive to the angular distribution of muons, and many applications of scattering 
muography are also sensitive to their momentum distribution. For these reasons, an accurate simulation of the dependency of 
the muon flux on momentum and direction is a key requirement for every generation tool targeting to such applications. 

Moreover, as the inspection of large structures requires a very large statistics, the generator has also to be (reasonably) fast.

Parametric generatorsCosmic-ray air shower (CRAS) generators  

Special generators Custom generators

CORSIKA 
CRY 

AIRES

GEMC 
CMSCGEN 

EcoMug

MuTev 
MUPAGE

…  
…



EcoMug



https://dr4kan.github.io/EcoMug/index.html

The three generations are equivalent (in terms of “physics”) 

In EcoMug, the origin points of generated muons can be sampled from a plane surface (flat sky generation), from a cylindrical surface 
or from a half-spherical surface, while keeping the correct angular and momentum distributions. 



Definitions - EcoMug 

<latexit sha1_base64="6x+FVoY4nBME1fN8A7nIL+zZFxU="></latexit>

J ⌘ J(t, p, ✓,�) =
dN

dt · dp · d⌦ · dSn

Differential flux 

Number of cosmic-ray muons  

crossing a surface dSn perpendicular to the muon direction 

in a interval of time dt 

with momentum between p and p+dp,  

within a dΩ solid angle around the direction (θ, Φ)

<latexit sha1_base64="aedhEYwbm02VYlFpH3q9WcXkfck=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuxKUBshaGNnBHOBbAizsyfJkNnZZeasEEJewMZXsbFQxNbezrdxcgE18YeBj/+cw5nzB4kUBl33y1lYXFpeWc2sZdc3Nre2czu7VROnmkOFxzLW9YAZkEJBBQVKqCcaWBRIqAW9q1G9dg/aiFjdYT+BZsQ6SrQFZ2itVu4w9G8i6DB6QX0jlI9dQObT8AeSrmjl8m7BHYvOgzeFPJmq3Mp9+mHM0wgUcsmMaXhugs0B0yi4hGHWTw0kjPdYBxoWFYvANAfja4b0yDohbcfaPoV07P6eGLDImH4U2M6IYdfM1kbmf7VGiu3z5kCoJEVQfLKonUqKMR1FQ0OhgaPsW2BcC/tXyrtMM442wKwNwZs9eR6qJwXvtFC8LeZLl9M4MmSfHJBj4pEzUiLXpEwqhJMH8kReyKvz6Dw7b877pHXBmc7skT9yPr4BZrSbKQ==</latexit>

d⌦ = sin ✓ d✓ d�being

<latexit sha1_base64="FQ1NxjCdSDFW2GoLmiHEqe3eRYU="></latexit>

J ⌘ J(t, p, ✓,�) =
dN

dt · dp · sin ✓ · d✓ · d� · dSn

we can also write 

zenith 

azimuthal 



Angular and momentum distributions - EcoMug 

The distributions of momentum and arrival direction of the muons in the simulation must be as close as possible to the “real”(*) one. 

(*) Clearly there are no “ones for all real distributions”. The momentum, arrival direction and flux may depend on many parameters: solar activity, altitude, air temperature and pressure, etc. etc. 
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L. Bonechi, M. Bongi, D. Fedele, M. Grandi, S. Ricciarini, E. Vannuccini, 

Development of the ADAMO detector: test with cosmic rays at different zenith angles, 

in: 29th International Cosmic Ray Conference Vol. 9, 2005, pp. 283. 

EcoMug generated muons with momentum up to 1000 GeV/c and zenith 
angles up to 90o. The user should keep in mind, though, that the above 
equation could not describe accurately the flux outside the range of 
experimental data, even though this can be fixed by resorting to 
reweighting techniques 

with 

and

<latexit sha1_base64="Udsb0BBDI5W6gwNYbZoQmpJvQNw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFc1USKCgUputBlBfuAJpTJdNIOnZmEmYlQQldu/BU3LhRx6ze482+ctFlo64ELh3Pu5d57gphRpR3n21pYXFpeWS2sFdc3Nre27Z3dpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8DrzWw9EKhqJez2Kic9RX9CQYqSN1LUPYngJnbJTcaBX9arQ40gPJE9vSPMEj7t2yXgTwHni5qQEctS79pfXi3DCidCYIaU6rhNrP0VSU8zIuOglisQID1GfdAwViBPlp5M3xvDIKD0YRtKU0HCi/p5IEVdqxAPTmV2pZr1M/M/rJDq88FMq4kQTgaeLwoRBHcEsE9ijkmDNRoYgLKm5FeIBkghrk1zRhODOvjxPmqdl96xcuauUald5HAWwDw7BMXDBOaiBW1AHDYDBI3gGr+DNerJerHfrY9q6YOUze+APrM8fZPCWlQ==</latexit>

p > 0.040 GeV/c

<latexit sha1_base64="EzpMpwhXD8mLH/xYed/j876qV10="></latexit>

n(p) = max


0.1, 2.856� 0.655 · ln

✓
p

p0

◆�

<latexit sha1_base64="tvLySg3MiacWOA9l6w6h+udrsgE=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVzWRooIIRRe6rGAf0IQwmU7aoTOTMDMRSihu/BU3LhRx61e482+ctF1o64ELh3Pu5d57woRRpR3n2yosLC4trxRXS2vrG5tb9vZOU8WpxKSBYxbLdogUYVSQhqaakXYiCeIhI61wcJ37rQciFY3FvR4mxOeoJ2hEMdJGCuy9JHDgJXShdwE9jnRf8uyGNI/xKLDLTsUZA84Td0rKYIp6YH953RinnAiNGVKq4zqJ9jMkNcWMjEpeqkiC8AD1SMdQgThRfjZ+YQQPjdKFUSxNCQ3H6u+JDHGlhjw0nfmVatbLxf+8Tqqjcz+jIkk1EXiyKEoZ1DHM84BdKgnWbGgIwpKaWyHuI4mwNqmVTAju7MvzpHlScU8r1btquXY1jaMI9sEBOAIuOAM1cAvqoAEweATP4BW8WU/Wi/VufUxaC9Z0Zhf8gfX5A4m8laM=</latexit>

p0 = 1 GeV/c
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<latexit sha1_base64="bzuQzSCdWLxOE2tLDv73EhArAmo="></latexit>

J =

"
1600 ·

✓
p

p0
+ 2.68

◆�3.175

·
✓

p

p0

◆0.279
#
· (cos ✓)n · 1

m2 · s · sr ·GeV/c

L. Bonechi, Misure di Raggi Cosmici a Terra con l’Esperimento ADAMO (Ph.D. thesis),  
Università degli Studi di Firenze, Dipartimento di Fisica, 2004. 

electrons

Flux: 
integral over momentum and angle for a horizontal surface: 125 u/(m2 s)  
integral over momentum and angle for a vertical surface: 60 u/(m2 s)  [both sides] 
Important to compute “real world data taking time equivalent” of simulations



Definitions - EcoMug Monte Carlo generations 

It is more functional to consider the following:

zenith 

azimuthal 

(A different definition of) differential flux (J‘)  

Number of cosmic-ray muons  
crossing a surface dSn perpendicular to the muon direction  

in a interval of time dt 

with momentum between p and p+dp 

with zenith angle between θ and θ + dθ  

with azimuthal angle between Φ and Φ + dΦ, 

<latexit sha1_base64="zjPVh1iQIMGZIzZQG1znH7fivw0=">AAACLHicbZDLSgMxFIYz9VbrrerSTbCIrsqMiLoRit2IC6lobaFTSiaTaYOZzJCcEcowD+TGVxHEhUXc+hymN9HqD4Ev/zmH5PxeLLgG2x5Yubn5hcWl/HJhZXVtfaO4uXWno0RRVqeRiFTTI5oJLlkdOAjWjBUjoSdYw7uvDuuNB6Y0j+Qt9GPWDklX8oBTAsbqFKuX+/gMu4EiNPWvstQH7FI/AuzHU3Chx4B83+Ien/JNJ5VZhjvFkl22R8J/wZlACU1U6xRfXD+iScgkUEG0bjl2DO2UKOBUsKzgJprFhN6TLmsZlCRkup2Ols3wnnF8HETKHAl45P6cSEmodT/0TGdIoKdna0Pzv1orgeC0nXIZJ8AkHT8UJAJDhIfJYZ8rRkH0DRCquPkrpj1iggOTb8GE4Myu/BfuDsvOcfno+qhUOZ/EkUc7aBcdIAedoAq6QDVURxQ9omf0hgbWk/VqvVsf49acNZnZRr9kfX4BQOanEQ==</latexit>

J 0 =
dN

dt · dp · d✓ · d� · dSn

<latexit sha1_base64="KAgTV98jCbzY1d2K3v8D0xwWhew="></latexit>

J 0 =
dN

dt · dp · d✓ · d� · dSn
= J(t, p, ✓,�) · sin✓

<latexit sha1_base64="6x+FVoY4nBME1fN8A7nIL+zZFxU="></latexit>

J ⌘ J(t, p, ✓,�) =
dN

dt · dp · d⌦ · dSn

<latexit sha1_base64="aedhEYwbm02VYlFpH3q9WcXkfck=">AAACDXicbZC7SgNBFIZnvcZ4i1raDEbBKuxKUBshaGNnBHOBbAizsyfJkNnZZeasEEJewMZXsbFQxNbezrdxcgE18YeBj/+cw5nzB4kUBl33y1lYXFpeWc2sZdc3Nre2czu7VROnmkOFxzLW9YAZkEJBBQVKqCcaWBRIqAW9q1G9dg/aiFjdYT+BZsQ6SrQFZ2itVu4w9G8i6DB6QX0jlI9dQObT8AeSrmjl8m7BHYvOgzeFPJmq3Mp9+mHM0wgUcsmMaXhugs0B0yi4hGHWTw0kjPdYBxoWFYvANAfja4b0yDohbcfaPoV07P6eGLDImH4U2M6IYdfM1kbmf7VGiu3z5kCoJEVQfLKonUqKMR1FQ0OhgaPsW2BcC/tXyrtMM442wKwNwZs9eR6qJwXvtFC8LeZLl9M4MmSfHJBj4pEzUiLXpEwqhJMH8kReyKvz6Dw7b877pHXBmc7skT9yPr4BZrSbKQ==</latexit>

d⌦ = sin ✓ d✓ d�

<latexit sha1_base64="PEu4c7qCgbrmOmgI7avhckAuBWY="></latexit>

J 0 =

"
1600 ·

✓
p

p0
+ 2.68

◆�3.175

·
✓

p

p0

◆0.279
#
· (cos ✓)n · sin✓ · 1

m2 · s · sr ·GeV/c



θ

θdSz

dSn

<latexit sha1_base64="zMJwu16EJsJnyj8N5SLX8d0uQmE=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZKepGKLpxWdFeoC0lk0nb0EwyJGeEOnTrxldx40IRt76BO9/GtJ2Fth5I+Pj/c0jOH8SCG/C8bye3tLyyupZfL2xsbm3vuLt7daMSTVmNKqF0MyCGCS5ZDTgI1ow1I1EgWCMYXk38xj3Thit5B6OYdSLSl7zHKQErdV0c3nZTOcYXU3gY4zYNFdhbmTYMGJCuW/RK3rTwIvgZFFFW1a771Q4VTSImgQpiTMv3YuikRAOngo0L7cSwmNAh6bOWRUkiZjrpdJMxPrJKiHtK2yMBT9XfEymJjBlFge2MCAzMvDcR//NaCfTOOymXcQJM0tlDvURgUHgSCw65ZhTEyAKhmtu/YjogmlCw4RVsCP78yotQPyn5p6XyTblYucziyKMDdIiOkY/OUAVdoyqqIYoe0TN6RW/Ok/PivDsfs9ack83soz/lfP4A0mOZzg==</latexit>

dSn = dSz · cos ✓
2D simplification 

muon a) flux with respect to an horizontal surface
<latexit sha1_base64="HqgMpkl4+D86RWXkuILjXoZTyo8="></latexit>

J 0
z ⌘ dN

dt · dp · d✓ · d� · dSz
=

"
1600 ·

✓
p

p0
+ 2.68

◆�3.175

·
✓

p

p0

◆0.279
#
· (cos ✓)n+1 · sin ✓ · 1

m2 · s · sr ·GeV/c

<latexit sha1_base64="4Z2Gz9H0Jx5HeoeF/jHk52iemv4="></latexit>

dSn = dSt t̂ · n̂ = dSt [sin ✓0 sin ✓ cos�+ cos ✓0 cos ✓]

θ
θ0

assuming Φ0 = 0 (symmetry)

2D simplification 

Half-spherical surface dSt

normal to direction t (θ0, Φ0) 

dSt

muon

dSn<latexit sha1_base64="wEI8JztgPf6N92x6CusVkC/0LZg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AI5vjyE=</latexit>↵
<latexit sha1_base64="61FrV03FNSMTVYlj89HdYqaxnQQ=">AAACA3icbZDJSgNBEIZ7XGPcot700hgEL4YZCepFCHrxGMEskBlCTacnadKz0F0jhCHgxVfx4kERr76EN9/GziJo4g8NH39VUV2/n0ih0ba/rIXFpeWV1dxafn1jc2u7sLNb13GqGK+xWMaq6YPmUkS8hgIlbyaKQ+hL3vD716N6454rLeLoDgcJ90LoRiIQDNBY7cK+CzLpAb2kLvY4QtumJz9YKNoleyw6D84UimSqarvw6XZiloY8QiZB65ZjJ+hloFAwyYd5N9U8AdaHLm8ZjCDk2svGNwzpkXE6NIiVeRHSsft7IoNQ60Hom84QsKdnayPzv1orxeDCy0SUpMgjNlkUpJJiTEeB0I5QnKEcGACmhPkrZT1QwNDEljchOLMnz0P9tOSclcq35WLlahpHjhyQQ3JMHHJOKuSGVEmNMPJAnsgLebUerWfrzXqftC5Y05k98kfWxzf5IZZ3</latexit>
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c) flux with respect to a “infinitesimal” hemispherical surface
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Cylinder lateral surface => also Φ plays a role

muon

b) flux with respect to a vertical surface
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Generation surface - EcoMug 
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Generation over a flat sky (horizontal surface)
To generate all the useful cosmic-ray muons, one would need an “infinite” flat sky => cumbersome in terms of computing



Generation surface - EcoMug 

D
et

ec
to

r 1

D
et

ec
to

r 2

 — useless
 — useful

Generation over a cylindrical (lateral) surface
For muon tomography of large and tall structures, generation over a cylinder becomes much more efficient

EcoMug can generate over a: 

- horizontal surface  
[flat sky generation] 

- cylinder lateral surface  
[cylindrical generation] 

- hemispherical surface  
[half-spherical generation]

… the generation of a muon in 
EcoMug involves the use of the 
acceptance–rejection method in a 2D 
space, for a flat sky and cylindrical 
surface, and in a 4D space, for the 
half-spherical surface, to sample 
according to the distr ibutions 
described in the following … 

Since the statistics are large in these Monte 
Carlo simulations, a very fast and reliable 
pseudo-random number generator (PRNG) is 
useful. EcoMug internally uses a class called 
E M Ra n d o m , w h i c h i s b a s e d o n t h e 
xoroshiro128+ algorithm, the fastest PRNG 
algorithm.  
The time required to generate 1M muons, 
using a compiled code with the -O3 flag on a 
2.6 GHz Intel Core i7 6 core, was on average: 

• 1.3 s for the flat sky generator;                                 
• 2.6 s for the cylindrical generator 
• 4.9 s for the half-sphere generator



Modes comparison - EcoMug
Example 1: “vertical” detectors
- we generate over a cylindrical and a half-spherical surface 
- we require the muon to cross both vertical detectors 
- we compare the distributions of p, θ and Φ (filtered by the two detectors)

detectors area 
1,25 x 2,50 m2



Modes comparison - EcoMug
Example 2:  a muon telescope
- we generate over a flat sky and a half-spherical surface 
- we require the muon to cross all the three horizontal detectors 
- we compare the distributions of p, θ and Φ (filtered by three detectors)

detectors area 
1,00 x 1,00 m2



Modes comparison - EcoMug
Example 3:  a vertex detector
- we generate over a flat sky, a cylindrical and a half-spherical surface 
- we require the muon to cross two elements of an octagonal detector 
- we compare the distributions of p, θ and Φ (filtered by two elements)

h = 3 m

w = 3 m



Modes comparison - EcoMug
Limitations

h = 3 m

w = 3 m

Flux parameters from a single measurement  
o) Not automatically tunable for different conditions (no altitude, pressure and temperature, latitude, underground, underwater handles).  
     On the other hand, it can be tuned manually knowing the desired differential flux behavior.  

o) Experimental data measured the differential flux of the charged component in cosmic rays: at lower momenta and large values of 𝜃 

the contribution due to electrons is relevant (they are not taken into account). Because of this, measured flux starts to increase 
quickly as the momentum decreases. Chosen parametrization, however, does not include this effect, as only the muon component is 
relevant to EcoMug, resulting in a discrepancy for low momenta and large zenith angles. 

o) For many applications in muon radiography and tomography, high energy and nearly horizontal cosmic- ray muons are of utmost 
importance. By default EcoMug generates them with momentum up to 1000 GeV/c and zenith angles up to 90o. The user should 
keep in mind, though, that EcoMug could not describe accurately the flux outside the range of experimental data (up to 
approximately 100 GeV/c and up to 80o)

Limited to surface parameterizations 
o) EcoMug generates muons from parameterizations of experimental surface fluxes, so it does not simulate the full atmospheric 
cascade → No direct modeling of primary cosmic rays or shower development 



EXTRAS - EcoMug



EXTRAS - EcoMug



ECOMUG - Germano Bonomi

EXTRAS - EcoMug



An example of VMC

+
https://vmc-project.github.io/

=

https://vmc-project.github.io/


uReactor project





Backup



CORSIKA (D. Heck, T. Pierog, J. Knapp, CORSIKA: An air shower simulation program, Astrophys. Source Code Libr. (2012) ascl–1202)

The most popular CRAS generator, specifically tailored to the simulation of air showers initiated by primary cosmic rays, is CORSIKA 

CORSIKA (COsmic Ray SImulation for KAscade) is a Monte Carlo toolkit to simulate the evolution of EAS in the atmo- 
sphere initiated by photons, protons, nuclei or any other particle. All particles are tracked through the atmosphere until they either 
interact, decay or are absorbed. 

CRY (http://dx.doi.org/10.1109/nssmic.2007.4437209)

FLUKA

CRY generates all produced particles (not only muons), which is why it has been included in the CRAS generators category, but at a 
fraction of the time required by CORSIKA. The user can choose to generate particle shower distributions at three different elevations 
(sea level, 2100 m and 11300 m) and has control over the geomagnetic cutoff and solar cycle effects. The gain in performance over 
CORSIKA comes at a cost: only protons are used for cosmic primaries, the energy range is limited, and the atmospheric modeling is 
simplified

FLUKA is a general-purpose Monte Carlo transport and interaction code used for fundamental physics and a wide range of 
applications, including cosmic ray physics (muons, neutrinos, EAS, underground physics). It covers the simulation of the formation 
and propagation of electromagnetic and hadronic showers in the Earth's atmosphere.

PARAMETRIC

AIRES (10.48550/arXiv.astro-ph/9911331) 
AIRES is a Monte Carlo simulation program designed to model 
the development of extensive air showers (EAS) produced by high‑energy cosmic rays interacting with the Earth’s atmosphere.



MuTEV (http://dx.doi.org/10.1016/j.nima.2010.05.019)

MUPAGE (http://dx.doi.org/10.1016/j.cpc.2008.07.014)

muTeV is a FLUKA-based generator for TeV muons, mainly dedicated to the physics of high energy muons in underground or 
underwater experiments. The code, together with FLUKA, takes care of the interaction of primary cosmic ray in the atmosphere, 
modeled as a set concentric spherical shells, the air shower development, the transportation through the overburden (rock or sea), 
and the muon detection simulation. 3D profiles of the Gran Sasso mountain, as well as of the sea above two locations of underwater 
experiments, are already encoded in the software and new ones can be defined by the user. 

MUPAGE has been developed to generate single and multiple atmospheric muon events, mainly for underwater/ice neutrino 
telescopes. MUPAGE relies on parametric formulas describing flux, angular distribution and energy of muon bundles, for water 
equivalent (w.e.) depths between 1.5 km to 5 km and zenith angles between 0 and 85◦. The parametrization was obtained by means 
of MC simulations of primary cosmic ray interactions and shower propagation in the atmosphere, using the HEMAS code [34]. The 
choice of HEMAS (instead of the much more popular CORSIKA) was due to the fact that it was previously cross-checked with data 
from the underground MACRO experiment, operating from 1994 to 2000 at the Gran Sasso laboratories, at a w.e. depth 
comparable to that of neutrino telescopes

SPECIAL GENERATORS



Flat sky generation - EcoMug
Differential flux 

Number of cosmic-ray muons in a interval of time dt,  

with momentum between p and p+dp,  

with zenith angle between θ and θ + dθ,  

with azimuthal angle between Φ and Φ + dΦ,  

crossing a surface dSn perpendicular to the muon direction
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… crossing a horizontal surface dSz
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θdSz

dSn
<latexit sha1_base64="zMJwu16EJsJnyj8N5SLX8d0uQmE=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZKepGKLpxWdFeoC0lk0nb0EwyJGeEOnTrxldx40IRt76BO9/GtJ2Fth5I+Pj/c0jOH8SCG/C8bye3tLyyupZfL2xsbm3vuLt7daMSTVmNKqF0MyCGCS5ZDTgI1ow1I1EgWCMYXk38xj3Thit5B6OYdSLSl7zHKQErdV0c3nZTOcYXU3gY4zYNFdhbmTYMGJCuW/RK3rTwIvgZFFFW1a771Q4VTSImgQpiTMv3YuikRAOngo0L7cSwmNAh6bOWRUkiZjrpdJMxPrJKiHtK2yMBT9XfEymJjBlFge2MCAzMvDcR//NaCfTOOymXcQJM0tlDvURgUHgSCw65ZhTEyAKhmtu/YjogmlCw4RVsCP78yotQPyn5p6XyTblYucziyKMDdIiOkY/OUAVdoyqqIYoe0TN6RW/Ok/PivDsfs9ack83soz/lfP4A0mOZzg==</latexit>

dSn = dSz · cos ✓

2D simplification 
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Cylindrical generation - EcoMug
Differential flux 

Number of cosmic-ray muons in a interval of time dt,  

with momentum between p and p+dp,  

with zenith angle between θ and θ + dθ,  

with azimuthal angle between Φ and Φ + dΦ,  

crossing a surface dSn perpendicular to the muon direction
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dSn = dSx x̂ · n̂ = dSx sin ✓ cos�

Cylindrical symmetry => vertical surface dSx

Cylinder lateral surface => also Φ plays a role
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θ θ0
assuming Φ0 = 0 (symmetry)

… crossing a surface dSt (θ0, Φ0)

2D simplification 

Half-spherical surface dSt

normal to direction t (θ0, Φ0) 
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Half-spherical generation - EcoMug
Differential flux 

Number of cosmic-ray muons in a interval of time dt,  

with momentum between p and p+dp,  

with zenith angle between θ and θ + dθ,  

with azimuthal angle between Φ and Φ + dΦ,  

crossing a surface dSn perpendicular to the muon direction
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