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The Cosmic Ray Landscape
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Simulations

Computer simulation: reproduction Mathematical model: description of a
of the behavior of a system using a system using mathematical concept
computer to simulate the outcomes and language.

using a model associated to the

system. l

used when is impractical to do a full
simulation.
Models are based on simplifications,

Complex problems (EAS simulations) assumptions and approximations.

broken down in smaller sub-problems. More simplifications lead to smaller

“confidence level” (more verification
needed).

e

Monte Carlo Techniques: algorithms
that rely on repeated random
sampling to obtain numerical results.
Their essential idea is using
randomness to solve problems.




| Simplified simulation pipeline in astroparticle physics

Direct Experiments Indirect Experiments

CR interactions with the detector CR interactions with the atmosphere

simulated through Geant4 (or FLUKA) (CORSIKA + FLUKA, CONEX)
Secondary products - Detector

interactions with Geant4
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CORSIKA

Cosmic Ray Simulation for KASCADE

Models:

e.m.: EGS4

low-E hadronic: FLUKA
UrQMD
GHEISHA

high-E hadronic: QGSJET
EPOS-LHC
DPMJET
SIBILL

recommended

Models tuned at collider energies then extrapolated
in the energy range considered

consistent results in different experiments.

references:
CORSIKA
physics manual
user guide

Fair agreement from 102 to 102 eV.

much better agreement at low energies where data constrains extrapolations.
At highest energies considerable extrapolation needed (high uncertainties).




S/ CORSIKA LIMITATIONS

longitudinal profile match well

Proton Sim — N\ ' Proton Sim =
. Iron Sim —— Iron Sim 4
. . Ng 20 102 3 \
Might be fixed 5 -
. 3 3
in the newest s, =
3 10t 10" |
EPOS-LHC-R @
©
model AP .
200 400 600 800 1000 1200 =
, , Depth [g/cm?] Radius [m]
Still testing :
less signals at the ground
lower number of muons produced in simulations
2 T T T T T . - -
el £
be) o
g 147 \ =] +
Z= 12 | (z)-’ 2 [ ] J
3 1 } .g e o
S i a ¢
= 08¢ Systematic Uncert. =) e o ¢
z s Qll-04p 8 15¢ .
06 | Qll-04 Mixed © =
04 + { EPOS-LHCp = (9]
’ . : EPOS-LHC Mixed O ) )
0.7 0.8 0.9 1 131 1.2 1.3 1 1.2 14 1.6 1.8 2

Eground(data)/Eground(models) secl



CORSIKAY vs CORSIKAS

e CORSIKA 8 is a complete redesign written in
C++17,

e Designed as a general-purpose particle
propagation framework

e Allows easier integration with detector simulations
and external
software.

CORSIKA 7 widely used
Written in Fortran 77

e Used in major experiments such as
KASCADE, Pierre Auger Observatory, IceCube

e Difficult to modify or extend. e Modular architecture

Native support for parallelization

e Mature codebase but limited by the aging e Actively developed (beta version available)
technology and structure.

Today’s focus on CORSIKA7
Go through the installation procedure for CORSIKAS8 together



CORSIKA7 Download

Please send an e-mail requesting access to the CORSIKA program to T. Pierog. This e-mail should also indicate, for which experiment at
which university rsp. laboratory you will perform simulations. Then we will add your e-mail address to the CORSIKA mailing list and you will
get an e-mail giving instructions how to download the files belonging to CORSIKA rsp. CONEX including the user name and password for the
access.

Download

You may take the CORSIKA77550 version including all files belonging to it using an internet browser going to the
URL: https://web.iap.kit.edu/corsika/download/ giving username: corsika and password: (which you get by e-mail) and change to the ap-
propriate subdirectory by clicking on: corsika-v780. Finally you click on: corsika-78010.tar.gz to get the most recent version corsika-78000.

Download from here:
https://drive.google.com/drive/folders/1dYYBpZjT94b5LgLYiIUR3HILVCEiMiz7y?usp=sharing



https://drive.google.com/drive/folders/1dYYBpZjT94b5LqLYiUR3HlLVCEiMiz7y?usp=sharing

Let’s setup the environment

if miniconda is not installed yet:

wget https://repo.anaconda.com/miniconda/Miniconda3-latest-Linux-x86_64.sh
bash Miniconda3-latest-Linux-x86_64.sh

then

conda create -n geant4-env
conda activate geant4-env
conda install -c conda-forge geant4 root gfortran_linux-64 make gcc_linux-64



CORSIKA7 INSTALL

Download from here:

Choose compilation mode of
the machine:

[2] if you don’t care about
compatibility

Must be the same used for
FLUKA or ROOT if used

./coconut

Welcome to COCONUT (v3.1)
-- the CORSIKA CONfiguration UTility --

create an executable of a specific CORSIKA version
Please read the documentation for a detailed description
of the options and how to use it.

Try './coconut -h' to get some help about COCONUT
Use './coconut --expert' to enable additional configuration steps.

(press 'Enter' to select an option followed by "[DEFAULTI" or "[CACHED]")

Compile in 32 or 64bit mode ?

1 - Force 32bit mode

2 - Use compiler default ('-m64' on a 64bit machine) [DEFAULT]
r - restart (reset all options to cached values)

x - exit make

(only one choice possible): .
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CORSIKA7 INSTALL 1l

LOW-E Hadronic
GHEISHA: too old (only for test)

FLUKA(recommended): can be
installed defining $SFLUPRO to
point to the fluka installation path.
Subscription to FLUKA needed.

HIGH-E Hadronic

Up to date:

EPOS-LHC, QGSJetll-04,
Syhill2.3c (DPMJETIII to come)

Reference:
QGSJet01

Others for special use.




CORSIKAY INSTALL 1

Detector geometry only change the Flat experiment
angular distribution of showers.

I x cos(f) sin(0)

sin

Vertical string detector ‘
I  (d/2)*7sin® - (cosf + 4/l /dsin 0) : ot —

Non-flat experiment
I x sin(0)




CORSIKAY INSTALL IV

no additional option will be used for the
exercises.

2 useful options will be described.

2a) THINNING: save time
computation by reducing the
number of particles; a particle
randomly selected carry a weight
related to all particles produced
at the same time to conserve
energy.

a) CONEX: use cascade
equations to reduce simulation
time.




CORSIKAY INSTALL V

Configuration is finished. How do you want to proceed ?
f - Compiling and remove temporary files [DEFAULT]
Compile and keep extracted CORSIKA source code
Just extract source code. Do not compile!

restart (reset all options to cached values)
exit make

(only one choice possible): I

source not saved by default.
using “k” source can be saved to check what is used in the code.

checking parallel computation with MPI... (cached) no
checking do not compile binaries, just extract CORSIKA compilefile... (cached) no
checking to keep the CORSIKA compilefile... (cached) no
checking that generated files are newer than configure... done
dconfigure: creating ./config.status

F.Status: cieat ;n;:_ Maket1le

ig.status: creating baack/Makefile
.status: creating bernlohr/Makefile
.status: creating conex/Makefile
.status: creating dpmjet/Makefile
.status: creating epos/Makefile

ig.status: creating pythia/Makefile

incompatible option or missing declaration reported here



CORSIKA7 SUMMARY

- Install CORSIKA from tar file.
- Produce different binaries.
* Edit a steering card.

* Run a simulation.

- Analyze the output.
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Simulating a shower




Exercise

RUNNR 1
NSHOW 50
ESLOPE -1
ERANGE 1E2 1E4
THETAP 20. 70.
OBSLEV 410000

ELMFLG F T



Read the output

git clone https://qgitlab.com/psavina_public_projects/corsika-hands on
Compile coast (go underder corsika-77800/coast and then type make ; make install)
Modify the Makefile (COAST_DIR has to point to your current corsica folder)

different examples to read the output files:

- energySpectra.cc —» energy spectrum of the generated showers

- angularDistribution.cc » angular distribution of the generated shower

- groundMomenta.cc » momentum distribution of the ground particles*

- footprint.cc » plot the footprint*

- dummySim.cc » simulation of a over-simplified detector*

- longReader.cc » plot of the longitudinal development of the shower*
Compile

type: make * only for a chosen shower


https://gitlab.com/psavina_public_projects/corsika-hands_on
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Read the output
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CORSIKA 8

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/tree/corsika8-v1.0-beta1?ref type=tags

Name

B9 .gitlab/merge_request_templates
B3 applications

Eacmake

Eacorsika

B3 documentation

3 examples

B3 externals/cnpy Cor em_Shower. cpp
B3 modules

— C» mars.cpp

Easrc
C++ mc_conex.c RR

Eatests

Batools C+ radio_em_shower.cpp

[3 .clang-format

© gitattributes Coe water.cpp



GEometryANdTracking

Simulation toolkit in C++:

- Variety of geometries — choose your own setup

- Variety of materials — choose your own materials

- Variety of particles — choose particle type energy position direction

- Variety of physics processes — available physics models, cuts

Open source: Y =

- Code
http://geantd4.web.cern.ch

- Manuals Nucl. Inst. and Methods Phys. Res. A, 506, 250

- Examples Transaction on Nuclear Science 53, 270
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The Toolkit philosophy =

- Geant4 is not an application Visusization Readout Bersivoncy Intertaces
« applications : eg powerpoint, root, etc.

T o
Ruz
Geant4 is a toolkit —
Fet Catego
» Which means: diaggar:ly
- Geant4 provides tools / components 3 T]‘
Many of them are defined from abstract classes of Geant4
« All are open to the users (¥ you) /v
* You build your own application selecting the Geant4 Digitec ity

components you need
Either selecting ready to use tools
* Or building your own, if needed, from the base abstract classes Treck
+ You instantiate the components in your own main program
+ That you then compile and link

* You need a minimal knowledge of the Geant4 structure 7

Intercoms

Processes
Partide
+ And of the Geant4 base classes and existing tools WJ\ Maeid
o /

- Which is all what this tutorial is about !




Geometry

Very complex geometries can be described at three levels:
 Solid: shapes and dimensions, boolean operations

 LogicalVolume: materials, sensitivity, mother and daughter
volumes, visualization etc

* PhysicalVolume: position in space and rotation

a logical volume can be placed multiple times originating different
physical volumes

- single or repeated placements (replicas,parameterizations)



Physics

- electromagnetic interactions for all particles
- inelastic interactions

- elastic scattering

- capture

- decay of unstable particles

plug&play Geant4 physics list

$G4SOURCE/ source/physics lists/lists

class MyPhysicsList: public G4VUserPhysicsList {
public:

MyPhysicsList () ;

~MyPhysicsList () ;

void ConstructParticle() ;

void ConstructProcess() ;

void SetCuts() ;

}

user can implement the methods to define particles processes and cuts (range based) on
generation of secondaries ex. delta rays from ionization, or gamma from bremsstrahlung
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Tracking

Transportation of a particle ‘step-by-step’taking into account all possible interactions
with materials and fields

The transport ends if the particle:
- is slowed down to zero kinetic energy (and it doesn't have any interaction at rest)
- disappears in some interaction
- reaches the end of the simulation volume

Geant4 allows the User to access the transportation process and retrieve the results
(USER ACTIONS)

- at the beginning and end of the transport
- at the end of each step in transportation
- if a particle reaches a sensitive detector



Compile your first example

examples can be found under:

path-to-miniconda3/envs/geant4-env/share/Geant4/examples/

to compile

mkdir build
cd build
cmake path-to-src -DCMAKE_PREFIX_PATH=$CONDA_PREFIX

Exercise repositoris:
https://github.com/psavina/ISAPP2025 G4 SimpleSim.qit
https://github.com/psavina/G4CORSIKA.qgit * needs CORSIKA 8



https://github.com/psavina/ISAPP2025_G4_SimpleSim.git
https://github.com/psavina/G4CORSIKA.git

G S

| Ex1 - Simple Scintillator

Heavily inspired on example/basic/B4/B4c

Begin of RunAction (create the file to store data)
] ActionInitialization.cc

[ calorHit.cc Begin of EventAction

(Reset variables - create new particle)
DetectorConstruction.cc

. , ; . Steps: interaction of the
() EventAction.cc RunAction EventAction particle with the detector

] PrimaryGeneratorAction.cc
End of EventAction

[ RunAction.cc (Write data)

] ScintillatorSD.cc

End of RunAction (close the file)
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auto worldS

worldSizeXY/2, worldSizeXY/2, worldSizeZ/2);

= new G4Box("World", its
auto worldLV

= new G4lLogicalVolume(

Ex1 - Geometry

wor1dSs, its solic
defaultMaterial, its material
"World"), its e

auto worldPV = new G4PVPlacement(nullptr,
G4ThreeVector(),
worldLV,
"World",

nullptr,

false,
0
J,

fCheckOverlaps);

) scintillatorS

= new G4Box("Scintillator",
sizeXY/2, sizeXY/2, thickness/2);

auto scintillatorLV

1ew G4LogicalVolume(

scintillators, // its solid
scintMaterial, its material
"ScintillatorLV"); its name

new G4PVPlacement(nullptr, no rotation
G4ThreeVector(0., 0., 0.0%cm),
scintillatorlV, its logical volume

"Scintillator", its name

worldLV,

false, poolean opera

e cCol numbe
0, Py Nt

fCheckOverlaps);



25

20

Ex1 - Read Output

Output is in root format so you can easily read it with python or root:

root B4.root
B4->Draw(“Eabs”)

Eabs

IIIIIIIIIIIIIIIIIIIIIIIIIIII

htemp

E

Mean

S

300
1.933
td Dev 0.4929

ntries

R T P

4.5 5

55
Eabs

conda install -c conda-forge uproot matplotlib

import uproot as ur

import matplotlib.pyplot as plt

f = ur.open("B4.root")
t = f['B4']
e = t['Eabs'].array()

151

plt.hist(e, bins=100)

plt.xlabel("E$_{abs}$") »-

plt.tight_layout()

plt.show() 51
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