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Monte Carlo methods
Numerical techniques based on random sampling.

e Generate a representative ensemble of possible configurations
(histories) in order to estimate quantities of interest without
solving the full problema analytically or enumerating all
possible outcomes
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e The MC methods use random sampling to explore complex problems by generating many possible
histories — estimate the quantities of interest from statistical averages.
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Monte Carlo for particle transport in matter

e Particle-matter interaction: intrinsically probabilistic and stochastic

problem.

o Particle physics theory provides interaction probabilities and

final states

o Thetransport process is a stochastic sequence of interactions,
energy losses, secondary production, and detector responses as
radiation propagates through matter.

The radiation transport problem

© Photons

e Leptons (e, p*, T, V)
e Hadrons (n, p, T, Z,...)
e lons (Z,A)

* Radioactive sources
e Cosmic rays

¢ Colliding particle beams
e Synchrotron radiation

* “Monoenergetic” / Spectral

e Energies:

- keV-PeV

o Arbitrary geometry

o Various shapes
materials, compounds

¢ Radiation-matter interaction

e Secondary particles
Particle shower

¢ Material activation

- down to thermal energies for neutrons

o Magnetic and electric fields...

Measure / estimate / score:

¢ Energy-angle particle spectra
* Deposited energy
* Material damage
© Biological effects

© Radioactive inventories...
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Monte Carlo for particle transport in matter

e Particle-matter interaction: intrinsically probabilistic and stochastic

problem.
o Particle physics theory provides interaction probabilities and
final states

o Thetransport process is a stochastic sequence of interactions,
energy losses, secondary production, and detector responses as
radiation propagates through matter.

The radiation transport problem
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Monte Carlo for particle transport in matter

Solution strategies to the radiation transport problem
e Analytical / spectral methods: accurate, but limited to simplified cases.
e Numerical integration: general, but inefficient in high dimensions.
e Monte Carlo method: general, efficient, and flexible: can treat arbitrary
radiation fields and geometries.

Propagation in matter Detection: estimator

Simulate an ensemble of particle Track them in B
histories governed by known arbitrary geometries. El
interaction cross sections. E2
3
| :
— E; Estimator: the equivalent to a measurement in a real
— /' experiment
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Monte Carlo for particle transport in matter

Start event

Next particle?

No

e N

Find next step
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For event contributions z; : .
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Observable x

A

(physics process or boundary)

A

Continuous effects EnergyiAepotition
(energy l9ss, multiple —> / field effects
scattering, fields)
Discrete interaction L Secondary particle
(post-step) production
. No Yes
End of particle | Particle still alive?

1) Statistical uncertainties

.

Finite number of simulated events

Decrease as 1/v/N

Reduced by simulating more events = - - —~ —
10* 10* ‘10 40* 10°
N (events)

2

) Systematic uncertainties

Nominal Alter‘native
Physics models / cross sections estimate (shifted)
estimate
Geometry and material description L] L
—>

Source and detector-response modelling :
Reconstruction / calibration assumptions

|
'
'
!

Observable O

o/' More simulated events reduce statistical errors,
but not systematic modelling uncertainties.
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Monte Carlo methods in particle physics experiments

e Used throughout the full experimental lifecycle

Optimal
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Performance
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Geant4

e Toolkit for the simulation of passage of particles through matter @ , G EANT

A SIMULATION TOOLKIT

« High Energy Physics

LHC experiments ( ALICE, ATLAS, CMS, LHCb )

future experiments ( CLIC, ILC, FCC)

and many others ( Fermilab experiments, HARP, SLAC, BaBar, ... )
« Space and Radiation Science

European Space Agency ( Geant4 Space Users, SPENVIS, GRAS, MULASSIS )
Medium Energy Gamma-ray Astronomy library ( MEGAlib )
» Medical Physics

Geant4-DNA - Geant4-DNA project

GAMED (in Japanese) - Geant4 Medical Physics in Japan

G4NAMU - Geant4 North American Medical User Organization

GAMOS - Geant4-based Architecture for Medicine-Oriented Simulations
GATE - Geant4 Application for Tomographic Emission

GHOST - Human Oncology Simulation Tool

TOPAS - Geant4 Monte Carlo Platform for Medical Applications

p——
- =

',4'//4/ « Accelerator Physics
b BDSIM
G4Beamline
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Geant4 components

e

-
Geometry & Materials

* Detector geometry

« Volumes hierarchy

* Materials definition

* World setup

* Interaction models

* Particle decays

o Final states.

« Cross sections 4_’—'

Sensitive Detectors & Scoring

« Convert transport
into observables

« Energy deposition
« Hits, counts, timing

« User-defined quantities

Geant4
Kernel

Simulation engine and
workflow manager

Run / event / tracking
management

Calls physics processes

Propagates particles

Invokes user actions
at defined stages

prestep

[‘incident particie
| primary position

posistep

“Step”

P

Interaction Point |

GUI & Visualization

* Interactive control
* Event display

* Geometry inspection
* Analysis output

User Actions

Hooks into the simuation workflow

(R Joecpy Dottt
« Phyicsit (mand)
m e ¢fy * Actioniitaization (mand.)
« PrimaryGeneratorAction (mand.)
-Tnck <> * RunAction
(=) + Evethcton

« TrackingAction

[ Passing point of structure boundary surface

T
\ | secondary pumc\e\
\ | production point

] \
/ \
/ \

Object

v

Parficle stop point |

| © @ :step edge (prestep/poststep) |

Object

\

The kinetic energy of the
particle is not remaining
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A Geant4 simulation: workflow of the exercise

Physical Motivation

Physics case study
it o g i =i

Interpretation
of model limitations

and possible improvements Post-processing

Simulation
] —  [==]
-
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IF(A

A Geant4 simulation: workflow of the exercise

Physical case . Simulation model ——3p  Observable
e Scanned laser e Geant4 application e Collected chargein
measurement of a o with simplified electrode collectorsaa
silicon microstrip detector response function of scan
detector (P7) position

Charge sharing scan

' pitch .0 pm —e— Stri
Lo 100+ _— ~e— Strip 1
-E 4 X —e— Stri]
3 ¢ | [}
g sor | | | \ binary
< | \
e 6o [ [ \
‘ \
stripwidth "~ -
- Chan 68 2
Chan69 |
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Laser p(g*

Collected charge [

Silicon bulk

mplified detector geometry and scan configuration us
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Code Architecture

Geant4 Apphcatlo:/ |(puml contralled from macro) |

Wmlhcﬂon PrimaryGeneratorAction leﬂmt Actions Physics List
(geometry + materials (source definition) (loop over events, I/O) (processes & particles)
Simplified detector-r nse, and analysis layer
1mp. espo Yy y __I =
(convert pasition to strip charge)
Output file
| (muvemﬁh) (cav format)
Plots & estimate observables)
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Practicum procedure

A. Understand the application

Inspect repository,
classes, geometry and
visualization macro

B. Run nominal simulation

Produce strip-charge
output for the default
scan

C. Modify the model

Change effective
source size; optionally
pitch or strip width

D. Interpret output

Extract pitch, effective
strip width and binary
resolution

duarte@ifca.es Jordi Duarte-Campderros (IFCA)

13



TIDPAN-2026

Workshop on Instrumentation and
Detectors for Nuclear, Particle and
Astroparticle Physics

duarte@ifca.es Jordi Duarte-Campderros (IFCA) 14



