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Why do we need simulation for detectors?

• Goal: Prove theories through experiments. -> Need to build apparatus. 

• Problems

1) Limited money and resource.

2) Not sure if the detector will run according to our needs. 

3) Not sure if the data from the detector is accurate and precise. 

• Solution: USE SIMULATION! 

1) Optimize the design of the detector.

2) Simulate the detector and predict events.



Why do we need simulation for detectors?

3)   Test that our simulations are accurate using real data. Correct our simulations if 
necessary. Once our simulation is an accurate model of our detector, we can use it 
to correct the data for detector response. 



Monte Carlo Simulation

• For LHC experiments, the simulation is made of two steps:

1) Simulation of the p-p collision 

2) Simulation of the passage of the produced particle through the 
experimental apparatus 

➢ Monter Carlo radiation transportation, or simply detector simulation



Monte Carlo Simulation

• How do we do detector simulation? Geant4 software (C++) toolkit 

➢ Propagates particles through geometrical structures of materials, 
including magnetic field

➢ Simulates processes the particles undergo (creates secondary 
particles and decays particles) 

➢ Calculates the deposited energy alone the trajectories and allows to 
store the information for further hits

➢ General codes exist for simulating any detector simulation

“Monte Carlo Radiation Transportation Codes”

➢ ATLAS, CMS



Basic Ingredients - (1) Radiation Sources

• Particle beam • Radioactive isotopes • Particle-Particle Collision



Basic Ingredients - (2) Geometry

• Different kind of solids and material can be described in Geant4 by classes.

• Detectors require three main classes:

G4Vsolid – shape, size

G4LogicalVolume – material, sensitivity, user limits, etc. 

G4VPhysicalVolume – position, rotation

Ex) Constructive solid geometry (CSG)

➢ Technique used in solid modeling.

➢ Geometric primitives: simplest solid objects used for the representation.

ex) spheres, cones, pyramids, cylinders, etc.

➢ An object is constructed from primitives using Boolean operations

• A material should also be assigned to each volume



Basic Ingredients - (2) Geometry



Basic Ingredients - (3) Radiation-Matter Interactions

And more!



Basic Ingredients - (4) Random Sampling

• We are interested in modeling the radiation transport and the effects 
of the interactions of radiation with matter. 

• Basic quantity to describe radiation is particle density which is 
number of particles of a species 𝑖 per unit volume, unit energy, unit 
solid angle, at a given time. 

𝑛𝑖 𝑟, 𝐸, Ω, 𝑡

𝑟: position, 𝐸: energy, Ω: direction, 𝑡: time



Basic Ingredients - (4) Random Sampling

• Transport equation: determines time evolution of particle density 
𝑛𝑖 𝑟, 𝐸, Ω, 𝑡 in a small volume V

Variation in time of the particle density 
integrated over a small volume 

All the possible effects that can lead to this variation
= incoming particles and outgoing particles



Basic Ingredients - (4) Random Sampling

• Transport equation 

➢ Integro-differential equation 

➢ Analytical/closed solutions only for simplified scenarios

ex) infinite medium, one/few interaction mechanisms, one/few particle 
species, etc. 

• Approach with Monte Carlo!!! It is powerful enough to solve the 
radiation transport problem for arbitrary radiation sources, complex 
material geometries and many particle interactions and mechanisms.



Basic Ingredients - (4) Random Sampling

• Computers cannot generate true random number sequences. 

• Pseudo-random number generator (PRNG)

➢ algorithm that, given the previous state in the sequence, the next 
number can be calculated

➢ values from 0 to 1

➢ we use PRNG values to sample from partial distribution functions 



Basic Ingredients - (4) Random Sampling

• Where do we get the partial distribution functions?



Basic Ingredients - (4) Random Sampling

• Consider a medium with 𝒩 atoms per unit volume

➢ mean free path 𝜆=
1

𝒩𝜎
is a quantity with units of length that gives the 

average distance to the next interaction

➢ PDF of the mean free path length is given by



Basic Ingredients - (4) Random Sampling

• Inverse-Transform Method

➢ CDF of the PDF: 

➢ 𝐴 = 𝒫(𝑥) defines a random variable distributed uniformly in the 
interval (0,1)

➢ We can calculate 𝑥 = 𝒫−1(𝐴) as an inverse function by generating 
random numbers 𝐴

➢ Therefore, we can obtain the mean free path of a particle to the next 
interaction!!





Accuracy vs Speed

• The simulation time is dominated by the detector simulation. 

➢ More accurate physics models are slower and, more importantly 
create more secondaries and/or steps.

➢ Smaller geometrical details slow down the simulation.

ex) screws, bolts, cables, etc. 


