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Charged Particles

Interaction with atomic 
electrons. Particle loses 
energy; atoms are 
excited or ionized.

Interaction with atomic 
nucleus. Particle undergoes 
multiple scattering.  Could 
emit a bremsstrahlung 
photon.

Charged particles way of 
interacting is divided in: 

• Electrons 
• Heavy Charged Particles 

(m > melectron)

EM Others: 
• Cherenkov 
• Strong interaction 

(nuclear 
fragmentation, …) 
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Cross-section



Includes: muons, tau, mesons, hadrons …

Heavy Charged 
Particles

m >> me
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Stopping Power

€ 

S = −
dE
dx

Pa
rti

cl
e 

D
at

a 
G

ro
up

Stopping Power of muons in copper

Bethe-Bloch Formula

€ Energy Loss = Energy lost in matter  
x density

Linear stopping power (S) is 
the differential energy loss of 
the particle in the material 
divided by the differential path 
length.  Also called the specific 
energy loss.

Energy loss through ionization and atomic excitation
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Stopping Power
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Stopping Power
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Range

The range is an average quantity.  

The thickness of material that stops a 
particle. 

Integrate the (stopping power)-1 from the 
Bethe-Bloch formula to obtain the range. 

Useful for low energy hadrons and muons 
with momenta below a few hundred GeV 
(MIP) 

Radiative Effects important at higher 
momenta. Additional effects at lower 
momenta.
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Range
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Straggling
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Straggling



Electrons
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Electron Energy Loss

Energy Loss in Lead (normalized)
E’ sempre derivato dalla relazione di 
Bethe, e sostanzialmente ha lo stesso 
andamento. Assumono più importanza 
i termini relativistici, associati alla 
contrazione delle lunghezze

Mean distance over which an 
electron loses all but 1/e of its 
energy. 

Radiation Length
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Electron Energy Loss
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Bremsstrahlung

Presence of nucleus 
required for the 

conservation of energy 
and momentum

A charged particle of mass M and charge q is deflected by a nucleus of charge 
Ze (charge partially shielded by electrons) 

The deflection accelerates the charge and therefore it radiates➔ bremsstrahlung
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Electron Critical Energy

€ 

Ec =
800MeV
Z +1.2

Electron in Copper: Ec = 20 MeV 
Muon in Copper: Ec = 400 GeV!

Energy loss through bremsstrahlung is proportional to the electron energy 

Ionization loss is proportional to the logarithm of the electron energy 

Critical energy (Ec) is the energy at which the two loss rates are equal



Detection: 
Tracking Detectors
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Based on detecting ionisation caused by passage of the particle 

Different ways of doing it 

In common: Tracking detectors has fine granularity, low 
energy deposition and are often in a magnetic field

 19

Tracking Detectors
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Bubble and Cloud Chamber

A supersaturated vapor of water 
or alcohol that form tiny drops 
around ionised molecules 
(condensation centers)

liquid heated to just below its boiling 
point, decreasing pressure it 
become metastable. Bubbles forms 
around ionisation points. 
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Gas Detectors
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Electrons liberated by ionization 
drift towards the anode wire. 

 Electrical field close to the wire 
(typical wire Ø ~few tens of µm) is 
sufficiently high for electrons 
(above 10 kV/cm) to gain enough 
energy to ionize further 

Avalanche – exponential increase of 
number of electron ion pairs.
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Gas Detectors
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ionization mode – full charge collection, but 
no charge multiplication; gain ~ 1 

proportional mode – multiplication of 
ionization starts;  

signal proportional to original ionization 
→ possible energy measurement (dE/
dx); 

secondary avalanches have to be 
quenched; gain ~ 104 – 105  

limited proportional mode (saturated, 
streamer) – strong photoemission;  

secondary avalanches merging with 
original avalanche;  

requires strong quenchers or pulsed 
HV; Large signals → simple electronics; 
gain ~ 1010  

Geiger mode – massive photoemission;  

full length of the anode wire affected; 
discharge stopped by HV cut; strong 
quenchers needed as well
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Gas Detectors
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Avalanche formation within a few wire radii and within t < 1 ns! 

Signal induction both on anode and cathode due to moving charges 
(both electrons and ions). 

Electrons collected by anode wire, i.e. dr is small (few μm). Electrons 
contribute only very little to detected signal (few %). 

Ions have to drift back to cathode

 24

Signal Formation 
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Multiwire Proportional Chamber

Typical geometry 
• between plates 

5mm 
• 1mm between 

wires,  
• radius 20 µm
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RPC – Resistive Plate Chamber

exceptional time resolution suited for the trigger applications



Matteo Franchini - University of Bologna

Measure arrival time of 
electrons at sense wire 
relative to a time t0.  

Need a trigger (bunch 
crossing or scintillator).  

Drift velocity independent 
from E.
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Drift Chambers

Resolution determined by 
diffusion, primary ionization 
statistics, path fluctuations and 
electronics
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Gas Detectors in LHC Experiments
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Between n-type and p-type semiconductor a stable region 
free of charge carries is created and is called the depletion zone
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Silicon Detectors



Matteo Franchini - University of Bologna  30

Silicon Detectors

High granularity, very sensible, low voltage, 
high price for large coverage 

Used in high track density regions



Last Lesson 
Summary
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 ∝ Z 

∝ ln(E)  

Basse energie/impulsi

 32

Ionisation VS Bremsstrahlung

Bethe-Bloch Formula

 ∝ Z2 

∝ E/m2 

Alte energie/impulsi
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Heavy Charged
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Electrons

€ 

Ec =
800MeV
Z +1.2

Critical Energy 
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ionization mode – full charge collection, but 
no charge multiplication; gain ~ 1 

proportional mode – multiplication of 
ionization starts;  

signal proportional to original ionization 
→ possible energy measurement (dE/
dx); 

secondary avalanches have to be 
quenched; gain ~ 104 – 105  

limited proportional mode (saturated, 
streamer) – strong photoemission;  

secondary avalanches merging with 
original avalanche;  

requires strong quenchers or pulsed 
HV; Large signals → simple electronics; 
gain ~ 1010  

Geiger mode – massive photoemission;  

full length of the anode wire affected; 
discharge stopped by HV cut; strong 
quenchers needed as well
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Gas Detectors
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Multiwire chamber:  

resolution ~0,5 mm 

time ~10 ns (quite fast)   

RPC:  

fast!  

No great spatial 
resolution 

Used as trigger 

Drift Chamber:  

high resolution ~40 𝜇m 

expansive! 

Good at low rate 
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Tracker Comparison



Momentum 
Measurement
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Momentum Measurement
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Momentum Measurement
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Momentum Resolution

Adding the contribution of the 
multiple scattering



Photons & 
electrons
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Interaction of photons with matter
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Mean Free path

I(x)
I0

=
1
e

x = λif
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Photon Total Cross Sections
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The photon is absorbed by the atom, 
an electron is emitted (ionization) 

Photon energy > binding energy 
(~20eV) 

If not is Auger effect 

Cross section:

 45

Photoelectric Effect

∝E7/2 

∝Z4 or Z5

Einstein win nobel for this 
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X-rays interact directly 
with the atomic electrons 

Higher energy than 
photoelectric photons 

𝛌i≊0,02 nm
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Compton
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Photon Pair Production

λ =
9
7

X0

X0 = radiation length = 
mean distance over which an 
electron loses all but 1/e of its 
energy. Eth = 2me = 1,022 keV

𝛌 = mean free path
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Longitudinal Shower Profile

After each interaction the 
particle energy halves 

Shower stops when the 
energy equals Eth
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Longitudinal Shower Profile

Longitudinal 
development scales with 

the radiation length

Electrons eventually fall beneath critical energy and then lose further energy through 
dissipation and ionization
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Transverse Shower Profile

Transverse development scales with 
the radiation length
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Electromagnetic Cascades



Photon (and Electron) Detection 

N.B.: it interacts with all other charged particles anyway

E.M. 
Calorimeters
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In high energy physics we are interested at high 

energies ( E𝛾 >> MeV) 

Photons interacts mostly by Pair Production 

We are interested in revealing showers

 53

E.M. Calorimeters
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In high energy physics we are interested at high 

energies ( E𝛾 >> MeV) 

Photons interacts mostly by Pair Production 

We are interested in revealing showers
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E.M. Calorimeters
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E.M. Calorimeters
Calorimeters look at particle 
showers 

Shower is a complex object 
formed by multiple particles 

Study the shower property to 
understand the characteristic of 

the initial particle (e or 𝛾) 

Strategy: look at the energy lost 
by electrons in the shower by 
ionisation  

Electron sensitive detector needed
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Longitudinal depth used to evaluate the particle energy 

So it must be longitudinally segmented! 

Transverse segmentation gives info on the particle position and direction 
(for charged particles trackers are better) 

The energy resolution (uncertainty) depends on the inverse of sqrt(number 
of steps t) for Poisson. But t proportional to the initial energy, so… 

N.B. : to have the total energy the shower must be fully contained in the 
calorimeter

 56

E.M. Calorimeters

σ(E)
E

=
A

E
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homogeneous: the sensitive detector is the 

same that causes the em shower. 

 based on crystal (BGO, NaI, Pb-glass), 
high density,  

excellent resolution, expensive 

sampling: alternating layers of passive and 

sensitive material 

gas, silicon (sensitive) 

Passive dense material (Fe, Pb, W, …),  

poorer resolution, compact, cheap
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E.M. Calorimeters
initiate an em shower (high Z)  

collect shower energy (light) lost by ionization
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Examples of Homogeneous Calo 

• Scintillator: PbWO 
• ~3x3x23 cm 
• 70000 crystals

CMS ECal



Matteo Franchini - University of Bologna

Corrugated stainless steel clad Pb absorber sheets,1-2 mm thick 

Immersed in liquid argon (90K) (similar principle of gas 
detectors, but liquid) 

Collect ionisation electrons with an electric field across 2.1 mm 
liquid Argon drift gap
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Examples of Sampling Calo
ATLAS LAr



Matteo Franchini - University of Bologna  60

Cluster

Averaged weight on distance and energy deposition in each 
cell 

Similar to the center of mass definition

Units in 
|E|/σnoise
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Hadron VS EM



Muon Energy Loss  
(extra)
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Muon Energy Loss

Less interacting charged particles.  

Lose few energy in the detector —> long range 

Outer detectors to identify them. Match with other 
detectors to have more precise information. 
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CMS
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ATLAS


