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Vorlesung:

Teilchenphysik I (Particle Physics I)

 Particle Detectors
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„Candidate events for Higgs-boson production in pp Collisions 

Discoveries and precision Measurements are only possible with 
complex detectors, which enable the distinction of all (stable) 
particles and the precise reconstruction of physical quantities. 



1.  Interactions of particles in Matter
      
       - electromagnetic interaction of
          photons and charged particles

       - Cherenkov and transition radiation 
 
       - hadronic interactions

2. Simulation of particle interactions

3. Detectors in Particle Physics

       - Detector systems
    
       -  Track and vertex reconstruction 

       - Calorimetry



Reminder: Interactions of photons with matter

photon transfers  
all its energy  
to an  electron

photoeffect Compton effect pair production 

at high energies

also, but less relevant:
 - photo-nuclear reactions
 - myon pair production 
 - Landau-Pomeranchuk-Migdal effect 
         (= coherent interactions of low-energy photons)

→ Compton edge

(in nuclear field)

→ Photopeak

X0: „radiation length“



Reminder: interactions of charged particles
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medium
charged
 particle

1. charged particles lose energy via ionisation and excitation of atoms:

Number  N / l  of  elektron-ion pairs per unit lenght depends on
   mean energy loss per ionisation process,   Wi >  I0   (ionisation potential)   

average number of 
 ion-electron pairs is
 proportional to particle energy

2. charged particles emit 
   bremsstrahlung in the
   electrical fields of nuclei 

Time
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2. multiple scattering 
     particles passing through matter 
  



Particle Interactions in Matter
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Strong interaction has a very
  short range   → 

particle must come close to nucleus



Particle Interactions in Matter
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Neutrinos 

Only weak interaction

Detection via charged particles produced by neutrino 
  → need large detectors for direct detection 

Indirect detection via „missing energy“  
  (difficult if more than one neutrino in an event) 



Overview: Interactions in Matter

Highly recommended reading:   PDG review     Passage of particles through matter



Literatur Teilchendetektoren

https://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel
.pdf

https://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-mat
ter.pdf

https://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-particle-detectors-accel.pdf
https://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf
https://pdg.lbl.gov/2019/reviews/rpp2018-rev-passage-particles-matter.pdf


 



Mean ionization loss of charged particles

Bethe formula:

(Fast) charged particles lose energy by inelastic collisions with electrons in absorber
                          → ionization and atomic excitation 

Mean energy loss given by

C              shell correction for small energies

valid for moderately-relativistic charged heavy particles 

not for electrons (small mass, identical particles in scattering)



Mean energy loss for different materials

Note:  
   using  X =  x ρ 
   leads to similar curves
   for different materials    

1-2 MeV cm2 / g

Z/A

bg ~ 4

minimal inonizing particle



charged particles: Photon Radiation (Bremsstrahlung)

Interaction with virtual photons from  electrical field of nucleus:

Most important for electrons, 
  but also for ultra-relativistic myons

Typical for electrons:

with radiation length [g/cm2]: 
exponential !



Critical Energy 

Approximate values: 

ionization dominates

photon radiation dominates
  → showering 

definition of „critcal energy“



Energy loss: the full picture



Energy loss of electrons
27. Passage of par t i cles through matter 19
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Figur e 27.10: Fract ional energy loss per radiat ion length in lead as a
funct ion of electron or posit ron energy. Electron (posit ron) scat tering is
considered as ionizat ion when the energy loss per collision is below 0.255
MeV, and as Møller (Bhabha) scat tering when it is above. Adapted from
Fig. 3.2 from Messel and Crawford, Electron-Photon Shower Distr ibution
Function Tables for Lead, Copper, and Air Absorbers, Pergamon Press,
1970. Messel and Crawford use X 0(Pb) = 5.82 g/ cm2, but we have modif ed
the f gures to ref ect the value given in the Table of Atomic and Nuclear
Propert ies of Materials (X 0(Pb) = 6.37 g/ cm2).

At very high energies and except at the high-energy t ip of the bremsstrahlung
spectrum, the cross sect ion can be approximated in the “ complete screening case”
as [38]

dσ/ dk = (1/ k)4αr 2
e{ ( 4

3 − 4
3y + y2)[Z 2(L rad − f (Z )) + Z L rad]

+ 1
9(1 − y)(Z 2 + Z )} ,

(27.26)

where y = k/ E is the fract ion of the electron’s energy transfered to the radiated
photon. At small y (the “ infrared limit ” ) the term on the second line ranges from
1.7% (low Z) to 2.5% (high Z ) of the total. If it is ignored and the f rst line
simplif ed with the def nit ion of X 0 given in Eq. (27.22), we have

dσ
dk

=
A

X 0NA k
4
3 − 4

3y + y2 . (27.27)

This cross sect ion (t imes k) is shown by the top curve in Fig. 27.11.
This formula is accurate except in near y = 1, where screening may become

February 2, 2010 15:55

Fractional energy loss per radiation length in lead
as a function of electron or positron energy



charged particles: Fluctuations of dE/dx

Note: mean and standard deviation of Landau distribution not defined !
             → measurements of dE/dx require special attention in data analyis



dE/dx for particle identification

For small momenta, 
   measurements of ionisation loss (dE/dx) useful for particle identification 

Measurements of ionization in the Time Projection Chamber 
  (TPC, a large gas detector) of the ALICE experiment
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charged particles: δ electrons



electrons & positrons: interaction with matter



charged particles: range in matter 

Fig. 1. Comparison of the depth-dose distribution of photons
(conventionally used) and carbon ions. With photons the dose
decreasesexponentially with increasing depth, i.e. thedosein the
target volume of deep-seated tumors is smaller than the dose
delivered to thehealthy tissuearound. Carbon ionsdisposeof an
inverse dose pro" le, i.e. the dose increases with increasing pen-
etration depth. This pro" le can be shifted by energy variation
over the target volume, leading to a much higher dose depos-
ition inside the tumor than outside in the healthy tissue.

cancer incidents every year in Germany can be
cured in the long run. These patients predomi-
nantly have a single solid tumor in the beginning
that could beremoved through surgery or sterilized
through high radiation doses. However, also in this
group of patients almost 20% cannot be cured
permanently with conventional therapy because the
tumor can neither be removed completely nor be
radiated with a su$ ciently high dose. In principle, it
ispossibleto sterilizeany tissuein thebody if a su$ -
cient radiation dose can be applied. In the radi-
ological practice the maximum dose is always
limited by thetoleranceof thehealthy tissuearound.

Therefore, it has always been the goal through-
out the 100 years of radiation therapy to increase
theprecision of the irradiation in order theconcen-
trate the dose in the target volume and to reduce
the dose in the healthy tissue or distribute this
inevitable dose over a larger tissue area. Using
variable collimators like multi-leaf collimators and
intensity-modulated Bremsstrahlung from linear
electron accelerators, radiation therapy in the last
years has reached a signi" cantly better dose distri-
bution and in consequence improved clinical
results.However, a further increasein precision and
biological action is only possible with the use of
particle beams as was postulated by Wilson [ 1] in
1946. Yet, ion beam therapy got started rather
slowly at Berkeley where the " rst patients were
treated with protons in 1954, with helium in 1957
and with heavy ions } mostly neon } in 1975. From
there, ion beam treatment spread all over theworld
and until today more than 20000 patients have
been treated successfully } mostly with protons[ 2] .
Four hundred and thirty patientshavebeen treated
with neon ions at Berkeley and another 400 with
carbon, almost all of them at NIRS; Chiba, Japan.
Harvard University played a pioneering role in the
development of proton therapy, treating nearly
one-third of all patients, whileLoma Linda later on
installed the " rst dedicated medical therapy center
where today 1000 patients a year can be treated.

2. The physical basis

At high energies, heavy-charged particles like
carbon ions interact very weakly with the pen-

etrated tissue. Thus, in the beginning the energy
loss is small and the dose is low. At the end of the
particle range the interactions becomes stronger
and the energy loss increases steeply. This en-
hanced interaction has two signi" cant conse-
quences for particle therapy: First, a better dose
pro" le and second the increased relative biological
e$ ciency inside the target volume [ 3] .

Compared to photons, particle beams show an
inverse dose pro" le: with increasing penetration
depth the dose increases up to a sharp maximum.
Beyond this so-called Bragg maximum the dose
decreases within a few millimeters to a small value
which consists of nuclear fragments of the carbon
beam. Through energy variation the dose max-
imum can be shifted over the depth of the target
volume. Today, in most of the particle therapies
} predominantly proton therapies } the necessary

2 G. Kraft / Nuclear Instruments and Methods in Physics Research A 454 (2000) 1} 10

Large peak („Bragg peak“) in 
 energy depostion at end of range ...

... used in medical tumor therapy



charged particles: multiple (Coulomb) scattering



charged particles: Cherenkov Radiation



charged particles: Transition Radiation



 



Interactions of photons with Matter

If photon transfers all its energy to electron(s) 
and does no longer exist after interaction

      → 

 - 1/µ ist mean free path
 - µ is proportional to cross section of 
    photon interaction in matter 

Reduction of intensity I of a photon beam
 beam along distance x due to  absorption
 in matter: Beer-Lambert law



Photoeffect



Photons: Compton Effect



Photons: Pair Production



 Radiation length X0

Reminder: radiation length in bremsstrahlung processes:

 Comparison to absorption coefficient in pair production: 

Mean free path of a photon is 9/7 of X0

→ after traversing one radiation length of material, the
      intensity of a photon beam is reduced to  exp(-7/9) ≈ 46%



 



Electromagnetic showers

n=1

n=2

n=0

n=3

An avalanche of successive
                    bremsstrahlung and pair-production processes

(simple) Heitler Model

etc.



Electromagnetic showering process

electronphoton

Compton/ photo effect

pair production bremsstrahlung

yes

no

yes

no

ionizationno more
particle production



Longitudinal shower shape



etc.

n=1

n=2

n=0

n=3

very simple model , Mathews et al.
[Astropart.Phys. 22 (2005) 387]

~1/3 of energy goes to π0 → gg

in nuclear reactions,  nuclear excitation 
 and nuclear fission etc. become important

Hadronic showers are complex !

Strong interactions of hadrons in matter 
                          in addition to ionization, photon radiation etc. 

Hadronic showers

electromagnetic
  component



Hadronic showers
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hadron showers: Neutral hadrons and nuclear fragments

 neutral, long-lived hadrons carry energy away from shower centre

→ hadronic showers have „satellites“

 losses of detectable energy
    - weak decays of (slow) hadrons in showers produce undetectable neutrinos
    - slow neutrons escape from detector volume
   - nuclear fragments absorbed in inactive media

 fission energy adds to detectable energy 
   - exploited in uranium calorimeters

Absorption of hadrons in matter characterized by 

          hadronic interaction length  λ   
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