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To make a collider experiment, one needs:



We will just concentrate on 
Particle Detectors

and a
Nobel 
prize

Physicists to operate detector/analyze data

Easy 
access 
to the 

experiment



 A look at the history of instrumentation in particle physics 

 complementary view on the history of particle physics, which is 
traditionally told from a theoretical point of view

 The importance and recognition of inventions in the field of 
instrumentation is proven by the fact that 

 several Nobel Prices in physics were awarded mainly or exclusively 
for the development of detection technologies

Nobel Prizes in instrumentation (“tracking concepts”):

 1927: C.T.R. Wilson, Cloud Chamber

 1960: Donald Glaser, Bubble Chamber

 1992: Georges Charpak, Multi-Wire Proportional Chamber

The History of Instrumentation is VERY Entertaining



Detecting particles was a
mainly a manual, tedious and
labour intensive job – unsuited

for rare particle decays

1968: George Charpak developed
the MultiWire Proportional

Chamber, which revolutionized 
particle detection and 
High Energy Physics -

which passed from the manual 
to the electronic era.

Electronic particle track 
detection is now standard 

in all particle detectors

1968: MWPC – Revolutionising the Way Particle Physics is Done

1992:



Detector & Measurements: 
How Do We Do Physics Without Seeing?



 If the particle is to pass through essentially undeviated, this interaction must be a soft 
electromagnetic one.

 Otherwise, measure energy loss or total energy for total absorption detectors  
(Particle ID from gaseous detectors, Cherenkov detectors, Transition  Radiation       
Detectors, Calorimeters, Energy measurement from Calorimetry)

 Charged particles
• Ionization
• Photon Emission: 

- Bremsstrahlung
- Čerenkov Radiation
- Transition Radiation
- Excitations (Scint.)

 Detection of γ-rays
• Photo Effect
• Compton Scattering
• Pair Creation

 Detection of neutrons
- Strong interaction

 Detection of neutrinos
 - Weak interaction
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Interactions of Particles and γ-Radiation with Matter



energy measurement 
by creation and total

absorption of showers 

muon detection with 
improved momentum 
measurement (long 

lever arm)

electromagnetic  hadronic 
showers 

undetected 
neutrinos... 

momentum measurement 
by curvature in magnetic field 

There is not one type of detector which provides all measurements we need -> 
“Onion” concept -> different systems taking care of certain measurement
Detection of collision production within the detector volume

 resulting in signals due to electro-magnetic interaction
 exceptions: strong interactions in hadronic showers (hadron calorimeters)
 weak interactions at neutrino detection (not discussed here)

Schematic View of a Particle Collider Detectors 



5 particle types detected in Collider Experiment: Muon



5 particle types detected in Collider Experiment: Electron



5 particle types detected in Collider Experiment: Charged Hadron



5 particle types detected in Collider Experiment: Neutral Hadron



5 particle types detected in Collider Experiment: Photon
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 (Multiple) elastic scattering with atoms of detector material
mostly unwanted, changes initial direction, affects momentum resolution

 Ionization
the basic mechanism in tracking detectors

 Photon radiation
- Bremsstrahlung 

initiates electromagnetic shower in calorimeters, unwanted in tracking 
detectors

- Čerenkov radiation (Contribute very little to the energy loss < 5%)

hadronic particle identification
also in some homogeneous electromagnetic calorimeters (lead glass)

- Transition radiation (Contribute very little to the energy loss < 5%)

electron identification in combination with tracking detector

 Excitation
Creation of scintillation light in calorimeters (plastic scintillators, fibers)
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Charge Particle Interactions



An incoming particle with charge 
z interacts elastically with a 
target of nuclear charge Z. 

Elastic Scattering



Multiple Scattering



Precision of track reconstruction (and also combinatorial background, ghosts etc) from 
hits in tracking layers is often limited by multiple scattering 

 Minimum of material

Smaller for high energy, 
for small material depth,

for large radiation length.  

Multiple Scattering



Momentum Measurement in a Magnetic Field



Weak dependence on number of measurements: sqrt(1/N)

Momentum Measurement in a Magnetic Field



Incident particle
z   = charge of incident particle 
β = v/c of incident particle
γ   = (1-β2)-1/2

Wmax= max. energy transfer         
in one collision 

Fundamental constants
re=classical radius of electron
me=mass of electron
Na=Avogadro’s number
c =speed of light

=0.1535 MeV cm2/g

Valid for heavy charged particles (mincident>>me), e.g. proton, k, p, m

Absorber medium
I   = mean ionization potential
Z  = atomic number of absorber
A  = atomic weight of absorber
ρ = density of absorber
δ   = density correction
C  = shell correction

Note: the classical dE/dx formula contains many features of the QM version: (z/b)2, & ln[]

Quantum mechanic
calculation of Bohr 
stopping power 

Many equivalent parameterizations in the literatureBethe-Bloch formula

(Heavy) Charge Particle Energy Loss Due to Ionization 
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Bethe-Bloch formula

(Heavy) Charge Particle Energy Loss Due to Ionization 



(Heavy) Charge Particle Energy Loss Due to Ionization 
Understanding

Bethe-Bloch formula



(Heavy) Charge Particle Energy Loss Due to Ionization 

Understanding
Bethe-Bloch 

formula



Mean energy loss rate in liquid (bubble chamber) 
hydrogen, gaseous helium, carbon, aluminium, 
iron, tin, and lead.

dE/dx Minimum is Approximately Independent of the Material

 Dependence just on β (and Z/A).

 For p and π  strong interactions with 
matter should also be considered. 
They become non-negligible at higher 
energy, and explain shower formation. 

 For  µ radiation losses occur starting 
from  E(µ) = 100 GeV. 

 For protons they start at even higher 
energy ! 
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cmp βγ0= Simultaneous measurement of p and dE/dx 
defines mass m0, hence the particle identity

Average energy loss for e, µ, π, K, p in 80/20 
Ar/CH4 (NTP) (J.N. Marx, Physics today, Oct.78)

π/K separation (2σ) requires a dE/dx
resolution of  < 5% (not so easy to achieve)

e

dE/dx is very similar for minimum 
ionizing particles
 Energy loss fluctuates and shows   

Landau tails.
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Particle ID from dE/dx for Charged Particles: Idea



For a realistic thin silicon 
detector nδ ≲ 1-10, 
fluctuations do not 
follow the Landau 

distribution

• The Bethe-Bloch equation describes the mean energy loss
• When a charged particle passes the layer of material with thickness x , the 

energy distribution of the δ-electrons and the fluctuations of their number 
(nδ) cause fluctuations of the energy losses ΔE

The energy loss ∆E in a
layer of material is 
distributed according to 
the Landau function:

energy
Dependence on Absorber Thickness



Integrating dE/dX from Rutherford 
scattering and ignoring the slowly 
changing ln(term).
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Range is approximately proportional to the 
kinetic energy square at low energy and 
approximately proportional to the kinetic 
energy at high energy where the dE/dX is 
about constant.

More often use empirical formula 

Mean Particle Range
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Kaon

Pion

Pion

PionDiscovery of muon and pion

Cosmis rays: dE/dx α Z2

Large energy loss
 Slow particle

Small energy loss
 Fast particle

Small energy loss
 Fast Particle

Energy Loss at Small Momenta



 energy loss increases at small βγ 
 particles deposit most of their 

energy at the end of their track
 Bragg peak

Not used in HEP but is basic for
medical application, hadron therapy

 Important effect for tumor therapy

Possibility to precisely deposit dose
at well-defined depth by Ebeam variation

Energy Loss at Small Momenta



Electrons (and positrons) are different as they are light
 Bethe-Bloch formula needs modification
Incident and target electron have same mass 
 Scattering of identical, undistinguishable particles

Energy loss for electrons/positrons involve mainly two different physics 
mechanisms: 

 Excitation/ionization
But collision between identical particles + electron is now deflected

 Bremsstrahlung : emission of photon by scattering with the nucleus 
electrical field

At high energies radiative processes dominate

energy loss proportional to 1/m2 ➙ main relevance for 
electrons (or ultra-relativistic muons)

Energy Loss dE/dx: Electrons (Positrons)



Bethe-Bloch for heavy particles
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Electron (positron) 
interaction with matter

Critical energy Ec
Ionization = Bremsstrahlung

Ec



Fractional energy loss per Xo in lead as a function of electron/positron energy

Define Radiation Length  Xo  as the Radiative Mean Path :
i.e. the distance over which the energy of electron/positron is reduced by a factor e  by 
Bremsstrahlung. Measured in units of [ g/cm2 ]

Neglected for 
majority of 

applications

Critical energy Ec
Ionization = Bremsstrahlung

Total Energy Loss for Electrons



Energy loss for photons  
three major physics mechanisms : 

 Photo electric effect : absorption of a photon by an atom ejecting an electron

Strong dependence with Z, dominant at low photon energy 

 Compton scattering 
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 Pair creation (similar to bremsstrahlung) : dominant for E >> mec2
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Probability of pair creation in 1 X0 is e-7/9, mean free path of a photon before 
creating a e+e- pair is Λpair = 9/7 X0

Energy Loss for Photons



Particle Interactions: Photons
Photo effect

used at various photo detectors to create
electrons on photo cathodes in vacuum 
and gas or at semi conductors (surface)
- Photo Multiplier Tubes (PMT)
- Photo diodes

Compton scattering (e-γ scattering)
not used for particle detection
- was/is used for polarization measurement of

beams at e+e- machines and could be used to 
create high energy photons in a gg - collider

Pair production (γ →  e+e-)
initiates electromagnetic 
shower in calorimeters, 
unwanted in tracking detectors

γ + e-  e+ e- + e- + γ



Photo effect dominating at low 
γ energies (< some 100 keV)

Compton scattering regime
~ some 100 keV up to ~10 MeV

exact energy domain depends on Z
- low Z: wide energy range of Compton scat.
- large Z: small energy range of Compton 

scat.

Pair production dominating at high 
energies (> ~10 MeV)

Carbon (Z=6)

Lead (Z=82)

photo
effect

Compton pair
production

Rayleigh
scattering
“blue sky”

For photons, it is not the energy, which is attenuated, 
but the intensity : photons are absorbed or deviated

Photon Interactions: Overview



Main energy loss of high energy photons/electrons in matter

pair production (γ) and bremsstrahlung (e±)

Can characterize any material by its radiation length X0

2 definitions (for electrons and for photons)
X0 = length after an electron looses all but 1/e of its energy by Bremsstrahlung
X0 = 7/9 of mean free path length for pair prodution by the photon

Very convienient quantity

Rather than using thickness, density, material type etc. detector
often expressed as % of X0

tracking detectors should have X0 as low as possible (<< 1 X0)
ATLAS and CMS trackers: 30% - 130% X0

not really “transparent”, high probability to initiate electromagnetic showers in 
tracker far before electrons/photons reach calorimeters

“pre-shower” detectors in front of calorimeter should detect and correct 
measured ECAL 
energy for such early showers

calorimeters should have X0 as high as possible (typically 20...30 X0)

Radiation Length (X0)





Starting from 
the first 

electron/photon 
electromagnetic 

shower 
(cascade) 

develops in thick 
materials:

xB

Electron shower
in lead. 

7500 gauss
in cloud chamber. 

Electromagnetic Cascades (I)



Shower profile for 
electrons of energy:
10, 100, 200, 300… GeV

X0

Longitudinal profile Transverse profile

 Multiple scattering for electrons

 Photons with energies in the region 
of minimal absorption travel away 
from shower axis

 Molière radius sets transverse 
shower size, it gives the average 
lateral deflection of critical energy 
electrons after traversing 1X0

Transverse shower containment: 
75% E0 within 1RM, 95% within 2RM, 99% within 3.5RM
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 Calorimeter granularity !

Electromagnetic Cascades (II)





Nuclear Interaction Length (λI)



Radiation (X0) and Nuclear Interaction Length (λI)



Instead of ionizing an atom or exciting the matter, under certain conditions the photon 
can also escape from the medium.  
 Emission of Cherenkov and Transition radiation. This emission of real photons 
contributes also to the energy loss.

Energy Loss by Photon Emission



Energy Loss by Photon Emission
Ionization is one way of energy loss
emission of photons is another...

Optical behavior of medium is 
characterized by the (complex)
dielectric constant ε

Re √ε = n Refractive index

Im ε = k Absorption parameter

Both (Cherenkov & Transition) effects are not really 
contributing to the energy loss of the particles! 



Typically O(1-2 keV / cm) 
or O(200-1000) visible photons / cm 

Visible photons:
E = 1 - 5 eV; 
λ = 300 - 600 nm

Cherenkov Radiation



Transition Radiation



• Typical emission angle: Θ = 1/γ
• Energy of radiated photons:  ∼ γ
• Number of radiated photons: az2

• Effective threshold: γ > 1000

 Use stacked assemblies of low Z material with many transitions 
+   a detector with high Z gas

Note: Only X-ray 
(E>20keV)  

photons can 
traverse the many 
radiators without 
being absorbed

Slow 
signal

Fast 
signal 

Transition Radiation Detectors



Example: ATLAS Transition Radiation 
Tracker (TRT)

• straw tubes with xenon-based gas 
mixture

• 4 mm in diameter, equipped with a 30 
µm diameter gold-plated W-Re wire

Transition Radiation Detectors



Neutron has no charge, can be detected only through charged particle produced in 
(weak or) strong interaction => short range => very penetrating

 Conversion and elastic  scattering for E < 1 GeV. For instance 
 n + 6Li  α +3H, n+3Hep+3H  E <  20 MeV 
 n + p  n + p                           E < 1    GeV 

 Hadronic cascade for E > 1 GeV 

 Neutrons can travel sometimes for more than 1 μs in detectors 
 outside electronics readout window …

 A lot of low energy neutrons 
produced  in LHC experiments 
Interactions in the whole cavern 
(e.g. ATLAS experiment)…

Neutron Interactions with Matter



 Only weak interaction 

 ν + n  l- + p or anti ν + p  l+ + n     detect the charged lepton and the 
nucleon recoil

 Detection efficiency in ~1 m iron about 6.10-17… 
 Whatever technological improvement, neutrinos detector can only be huge 

detector

 In collider experiment, indirect detection : 
 “Fully” hermetic detector (!)
 Sum all visible energy/momentum 
 Use beam energy constraint  neutrino(s) are taking the missing 

energy/momentum

Neutrino Interactions with Matter



Erika Garutti - The art of calorimetry I 51
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Increasing
Z

Material Dependence
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In high Z materials 
particle multiplication 

at lower energies
Increasing Z

Summary of Interactions of ELECTRONS with Matter



53

Increasing Z

Summary of Interactions of PHOTONS with Matter



Bethe-Bloch for heavy charged 
particles

2 MeV / cm for a MIP

Interaction of hadrons : many different particles produced, 
interaction length λI

Summary of Interactions of Particles with Matter
Radiation length X0
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