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Interactions of particles 
with matter (I)
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Introduction

• The Large Hadron Collider experiments are 
the next step in our exploration of matter 
and the forces that act on it

• 5th century B.C., Democritus suggested all 
matter was made of infinitesimally small 
particles called atoms

• Through 18th and 20th centuries developed 
an understanding of sub-atomic structure 
e.g. Rutherford : 



Video of the lecturer

New Technologies for New Physics       Interactions of particles with matter – Track 2, Lecture  I 4

Exchange forces

• Interactions between particles proceed 
through the exchange of a force-carrier
• Carry discrete amounts of energy from one 

particle to another
• Energy transfer due to this exchange like the 

passing of a basketball between two players

• The force carriers are called “bosons” 
• integer intrinsic angular momentum (spin)

• cf. quarks and leptons which are “fermions” 
• half integer spin
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The fundamental forces (I)

• Electromagnetism
• Force between particles with electric charge
• Attractive or repulsive
• Long range
• Holds atoms together
• Force-carrier: the photon (basketball)

• Weak force
• Responsible for radioactive decay and nuclear 

reactions in centre of stars
• Force carriers : the W and Z bosons
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The fundamental forces (II)

• Strong Force 
• Nucleus of an atom contains lots of protons 

that repel each other
• Strong force binds them
• Force-carrier : gluon

• Gravity
• Attractive force, Long range
• Holds planets, solar systems and galaxies 

together
• Too weak to have any impact on particle 

physics experiments
• Hypothetical force-carrier : graviton
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The interactions of fundamental particles
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The principles of particle detection

• To advance our understanding we need 
to be able to do experiments

• To detect a particle:
• it must interact sufficiently with the material of the detector
• It must transfer energy in some recognisable fashion, i.e. detection 

of particles happens via their energy loss in the material traversed

• Energy loss processes 
• charged particles ionisation, bremsstrahlung, Cherenkov 
• Hadrons nuclear interactions
• Photons photoelectric, Compton, pair production
• neutrinos weak interactions
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Energy loss of heavy particles (M>> me)
Multiple scattering 
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Energy loss of heavy particles (M>> me)
Multiple scattering 
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Energy loss of heavy particles (M>> me)
Multiple scattering 
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Quiz 
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Quiz 
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Ionization (Bethe-Bloch formula) 

• Main way moderately relativistic charged particles 
(other than electrons) lose energy in matter is 
through Coulomb interaction with the atomic 
electrons, i.e. ionisation

• Derive classical behaviour, then look at rel. effects
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 



Video of the lecturer

22

Ionization (Bethe-Bloch formula) 

New Technologies for New Physics       Interactions of particles with matter – Track 2, Lecture  I



Video of the lecturer

New Technologies for New Physics       Interactions of particles with matter – Track 2, Lecture  I 23

Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 



Video of the lecturer

New Technologies for New Physics       Interactions of particles with matter – Track 2, Lecture  I 34

Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Ionization (Bethe-Bloch formula) 
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Quiz 
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Radiative losses – Bremsstrahlung
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Radiative losses – Bremsstrahlung
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Radiative losses – radiation length
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Cherenkov Radiation

• Light emitted by medium excited by 
charged particle 

• Particle moving faster than light in 
medium 

• Responsible for the “eerie” radioactive 
glow 

• Depends on velocity of particle 
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Cherenkov Radiation
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Cherenkov Radiation

• Coherent radiation emitted when charged particle exceeds 
the speed of light in a medium 

• Photons emitted at an angle cos (θ) = 1/ nβ 
• Threshold for emission β = 1/ n 
• Threshold Cherenkov detectors measure only presence of 

light 
• Angle can be measured by Ring Imaging CHerenkov (RICH) 

detectors 
• Or by Detector of Internally Reflection Cherenkov (DIRC)
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Transition radiation 

• Radiation emitted when particle moves between medium 
with refractive indices n1 and n2

• Intensity ~ γ ;     θemission = 1 / γ

• Mostly x-rays and emission probability low 
• Need many layers 
• Need high γ ∼ 1000

• For e− p > 500 MeV
• For pi+ p > 150 GeV
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Energy loss of e- , e+ and photons
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Energy loss of e- , e+ and photons

• Low energy - Photo-electric effect 

• Medium energy - Thomson/Rayleigh scattering 
elastic (coherent) scattering against (free) e-

- Compton scattering (mid-energy)
inelastic (incoherent) scattering against e-

• High energy - Pair production, annihilation 

• Can separate photon interactions into 
low, medium and high energy regimes: 
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Photoelectric effect

• Photon energy is completely absorbed, 
transferred to ejected atomic electron 

• Ee- = Eg- EB(nl), where EB is the binding                                                
energy or work function

• Cross-section ~ Z5 / Eg

• Photomultipliers - extremely light-sensitive vacuum tubes 
with a photocathode inside - materials with low work 
function, so emit e- when illuminated 
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Compton effect

• E is the energy of the incident photon; E' is the energy of the 
outgoing photon

• Maximum energy transferred when q approaches 180o

• Amount of energy exchanged varies    
with angle

• Impossible for the g to transfer any 
more energy, hence there is a sharp 
cutoff at this energy, giving rise to the 
name Compton edge
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Pair production

• Photon energy must be larger than       
2 × 𝑚e𝑐2 ~ 1.022 MeV 

• Cross-section is quasi energy 
independent

• Mean free path can be related to 
radiation length X0
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Quiz 


