
High Energy Physics experiments? 

1.  Collide Particles 

2.  Detect Final State 

3.  Understand 
Connection of 1 + 2 

Accelerators & Beams 
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  Layers of Detector Systems around Collision Point 

Generic Detector 



Generic Detector 

  Different Particles detected by different techniques. 
  Tracks of Ionization – Tracking Detectors 
  Showers of Secondary particles – Calorimeters 



Generic Detector 

  Different Particles detected by different techniques. 
  Tracks of Ionization – Tracking Detectors 
  Showers of Secondary particles – Calorimeters 



ATLAS Detector 



ATLAS Detector 

  Different Particles detected by different techniques. 
  Tracks of Ionization – Tracking Detectors 
  Showers of Secondary particles – Calorimeters 



Interaction of Charged Particles with Matter 
•  All particle detectors ultimately use 

interaction of electric charge with matter 
–  Track Chambers 
–  Calorimeters 
–  Even Neutral particle detectors  

•  Ionization 
–  Average energy loss 
–  Landau tail 

•  Multiple Scattering 
•  Cerenkov 
•  Transition Radiation 

–  Electron’s small mass - radiation 

0nγ π ν



Energy Loss to Ionization 

•  Heavy charged particle interacting with atomic electrons 
•  All electrons with shell at impact parameter b 
•  Energy loss                   - symmetry Tp pΔ = Δ
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Physical limits of integration 
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Physical limits of integration 

• Time for EM interaction               
bt
vγ

Δ :

• Electrons bound in atoms 
• Time of interaction must be small, compared to 
orbital period, else energy transfer averages to 
zero               

• Orbital period 

• Collision time 
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• Put in integration limits               
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Ionization Loss 
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• This works for heavy particles like α 
• Breaks down for  PROTONM M≤

• Correct QED treatment gives Bethe – Bloch equation 

2 22
2 2 2

2 2 222 ln 2e MAX
A e e

m TdE Z zN r m c
dx A I

C
Z

γ β δπ ρ β
β

⎡ ⎤⎛ ⎞
− = −⎢ ⎥⎜ ⎟

⎝ ⎠⎣
−

⎦
−

Maximum energy transfer in single collision 

Mean excitation potential of material Density correction 

Shell correction 



Bethe – Bloch Equation 
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•  Mean excitation potential 
    This is main parameter in B –B 
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Relativistic rise & Density Correction 
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•  Electric field polarizes material along path 
•  Far off electrons shielded from field and contribute less  

•  Polarization greater in condensed materials, hence density correction 
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Particle Identification 

      depends on velocity 
 
Usually measure 
 
        determines mass 
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Particle Identification 
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Mass Stopping Power Mixtures of Materials 

expressed as  (mass)x(thickness) is 
relatively constant over a wide 
range of materials 
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Electron Energy Loss 

• More complicated than heavy particles discussed so far 

• Small mass          radiation (bremsstrahlung) dominates 

• Above critical energy, radiation dominates 

• Below critical energy,  ionization dominates 

 

TOTAL IONIZATION RADIATION
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•  What constitutes a heavy particle, depends on energy scale 



Bethe Bloch for electrons 

• Projectile deflected 

• Projectile and atomic electrons have equal masses 

• Also identical particles – statistics 

•  Equal masses  
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Bremsstrahlung 

• Below ~100 GeV/c only important for electrons 

• > 100 GeV/c becomes important for muons 

•                                 in the GeV range 
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Radiation Length 
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Electron Energy Loss 

electrons in Cu 

approx valid for any material 



CRITICAL ENERGY FOR VARIOUS MATERIALS

Ec (MeV)
Pb 9.51
Cu 24.8
Fe 27.4
Al 52

Water 92
Air 102

RAD ION
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good approximation (3%) except for He 



High Energy Muons 
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Muons in Cu 



Energy Loss Distribution 

•  So far have discussed 

•  In general energy loss for a given particle  

•  For a mono-energetic beam  
•  distribution of energy losses 

•  Thick Absorber – Gaussian Energy Loss 

•  Thin Absorber – Possibility of low probability, 
high fractional energy transfers 

MEAN

dE
dx

⎛ ⎞
⎜ ⎟⎝ ⎠

( )MEANE EΔ ≠ Δ





Typical Energy Loss in Thin Absorber 
•  Scintillator 
•  Wire Chamber Cell 
•  Si tracker wafer 

long tail 

•  Various Calculations 
•  Landau – most commonly used 
•  Vavilov -  “improved” Landau  

•  Practical Implications 
•  Use of dE/dx for particle ident  
-  Landau tails cause  limitation in separation 

•   Position in tracking chamber 
-  Landau tails smear resolution 

•   Separation of 1 from 2 particles in an 
ionization/scintillator counter 

-  Landau tails smear ionization 
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Cerenkov Radiation 

2 eV	
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Multiple Coulomb Scattering 

•  Can be a very important limitation on detector angle/momentum 
resolution 

•  For Charged particles traversing a material (ignore radiation) 

–  Inelastic collisions with electrons - ionization 

–  elastic scattering from atomic nuclei 

Rutherford scattering 
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vast majority of scatters – small angle 

•  θ  is polar angle 

•  number of scatters > 20 

•  negligible energy loss 

•  Gaussian statistical treatment is 
usually ok 



Gaussian Multiple Scattering 

15.7 MeV electrons 
Gaussian cf. experiment 

more material ( )
2

2 2

2 expP dθ θθ θ
θ θ

⎛ ⎞
⎜ ⎟≈ −
⎜ ⎟⎝ ⎠

probability of scattering through θ 
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Gaussian Multiple Scattering 

For detectors usually interested in RMS scattering angle – projected on a plane 

most detectors measure in a plane 
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Energy Loss of Photons in Matter 
Important for Electromagnetic Showers 

•  Photoelectric Effect 

•  Compton Scattering 

•  Pair Production – completely dominant above a few MeV 

•  For a beam of γ or survival probability of a single γ  

( ) 0
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absorption coefficient 



Photoelectric Effect 

Pb 

K absorption edge – inner, most tightly bound electrons 

•  Atomic electron absorbs photon and is ejected 

•  Cross section for absorption increases with 
decreasing energy until 

•  Then drops because not enough energy to 
eject K-shell electrons 

•  Dependence on material   
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Compton Scattering 

Compton Edge – Detector Calibration 
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Pair Production 

•  Central to electromagnetic showers 
•  Can only occur in field of nucleus 

•  Rises with energy cf. Compton and PE 
•  Same Feynman diagram as Brems 

Mean Free Path 
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Photon Absorption as Function of Energy 

Pb 

MeV 


