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Questions from past lectures
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Learning goals
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Usage of the Particle Data Group (PDG) website 
 

Theoretical background of all main particle interactions 


Understanding of energy- and material-dependency of all these 
interactions


Understanding of electromagnetic and hadronic shower development
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How to use the PDG
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Brief(ish) reviews about all 
particle physics topics

All information about 
known (and unknown) 

particles

PDG can be cited:  
R. L. Workman et al. (Particle Data Group), Prof. Theor. Exp. Phys. 2022, Issue 8, (2022), 083C01 

https://doi.org/10.1093/ptep/ptac097
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How to use the PDG: “Particle Listing”
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Example: π+
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How to use the PDG: “Particle Listing”
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Name 
(sometimes multiple names) Quantum numbers

Mass and lifetime S are scale factors used in a statistical 
analysis.  

Values != 1 indicate inconsistent data

We have never observed charge 
violation, so all decays are identical for 

the opposite charge.

There are some BSM decays…

Fraction of all possible decays 
(ideally they sum to 1).

Upper limit! This decay has not 
been observed, but is smaller 

than the given value.Decay forbidden in the SM, but decay 
products are SM particles 
(here: only upper limits!)

Indented decays are a subset 
of the decay group.
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PINGO
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PINGO:  
Umfrage: Teilchenphysik 1 (WS 23/24) 

Zugangsnummer: 434521 

Link: https://pingo.coactum.de/events/434521 

https://pingo.coactum.de/events/434521
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PINGO: J/Ψ
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How likely does a  decay into a pair of charged pions?

About 0.88 of all decays


About 3.6×10-3 of all decays 


About 1.5×10-4 of all decays

J/ψ
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PINGO: J/Ψ
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How likely does a J/Ψ decay into a pair of charged pions?

About 0.88 of all decays


About 3.6×10-3 of all decays 


About 1.5×10-4 of all decays
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Your cat picture!
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Particle interactions in particle physics
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Stable Particles
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In particle physics detectors, we detect stable particles

photons 

electrons (and positrons)


muons* (and anti-muons)


charged pions* (and anti-pions)


charged kaons* (and anti-kaons)


protons (and anti-protons)


heavy nuclei or ions (e.g. deuteron, α-particles, …) 

neutrons and neutral kaons* (  ) 

neutrinos and dark matter (we actually do not detect them in collider experiments)

K0
L

* Those particle are (almost) stable in particle detectors, 
meaning that they usually interact before they decay.
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Unstable Particles
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most mesons, most baryons, Z/W/H-bosons


can decay into stable neutral particles, e.g. 


can decay into stable charged particles, e.g. , 


can decay into invisible particles, e.g. 


tau leptons


always involve neutrino(s), e.g. 


careful: unstable particles can first decay into other unstable particles


e.g. 


quarks do not exist as free particle but they hadronize and form hadrons: 
detected as jets or by detecting individual hadrons

π0 → γγ

K0
S → π+π− Λ0 → pπ−

Z0 → νν̄

τ− → μ−ν̄μντ

B+ → D̄*τ+ντ → D0π0μ+νμν̄τντ → K0
SK+K−γγμ+νμν̄τντ → π+π−K+K−γγμ+νμν̄τντ
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Photons: Photoelectric effect
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Atomic photoelectric effect that ionizes an 
atom 




 with  (reduced energy)


classical electron radius 


fine-structure constant 


Photon looses all its energy


Absorption edges due to atomic energy 
levels

σp.e. =
8π
3

r2
e Z5α4 ( 1

ϵ )
δ

δ = {3.5 for ϵ ≪ 1
1 for ϵ ≫ 1

ϵ =
Eγ

me

re = 2.7 fm

α = α(0) ≈
1

137

σp.e. ∝ Z5E−3.5



Particle Physics 1

Photons: Compton scattering
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Photon looses a part of its energy 
due to inelastic scattering with an 
electron 




Cross section for  given by 
Klein-Nishina-Equation for free 
electrons: 

E′ γ =
Eγ

1 + ϵ(1 − cos θ)
ϵ ≫ 1

σC = πr2
e

1
ϵ ( 1

2
+ ln(2ϵ) + 𝒪 ( 1

ϵ ))
σC ∝ Z

ln ϵ
ϵ
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Photons: Compton scattering
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Kinetic energy of the electron: 
 




Maximum energy transfer to electron for 
θ=180°: 
 




It is not possible to transfer the whole photon 
energy via Compton scattering


Compton edge position is a property of the 
photon and not of the material!

Te = Eγ − E′ γ = Eγ
ϵ(1 − cos θ)

1 + (ϵ − cos θ)

Tmax = Eγ
2ϵ

1 + 2ϵ
< Eγ
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Photons: Pair production
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Kinematic constraints

Threshold effect only possible for ε > 2


4-momentum conservation only within electric field of 
nucleus (nucleus receives recoil)


Cross section (ε≫1, Z>4): 
 




[σ] = cm2/atom


independent of γ energy for ε≫1

σpair = 4αr2
e Z2 ( 7

9
ln ( 183

Z1/3 ) −
1

54 )
σpair ∝ Z2 ln(Z−1/3)
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Photons: Summary
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21 33. Passage of Particles Through Matter
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Figure 33.15: Photon total cross sections as a function of energy in carbon and lead, showing the
contributions of di�erent processes [50]:

‡p.e. = Atomic photoelectric e�ect (electron ejection, photon absorption)
‡Rayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
‡Compton = Incoherent scattering (Compton scattering o� an electron)

Ÿnuc = Pair production, nuclear field
Ÿe = Pair production, electron field

‡g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [51]. In these
interactions, the target nucleus is usually broken up.

Original figures through the courtesy of John H. Hubbell (NIST).

“Landau-Pomeranchuk-Migdal” (LPM) e�ect may be made semi-classically based on the average
multiple scattering, or more rigorously using a quantum transport approach [44,45].

In amorphous media, bremsstrahlung is suppressed if the photon energy k is less than E2/(E +
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Charged Particles: Ionization

19

Fast charged particles lose energy by inelastic collisions with electrons 
via ionization and atomic excitation


Bethe-formula or so called “mass stopping power” (in units of MeV 
cm2 / g), valid for 0.1 ≲ βγ ≲ 1000: 

3 33. Passage of Particles Through Matter
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Figure 33.1: Mass stopping power (= È≠dE/dxÍ) for positive muons in copper as a function of
—“ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [4] assuming only — dependence, and data at higher energies are from [5]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect”, the dependence of stopping power on projectile charge
at very low energies [6]. dE/dx in the radiative region is not simply a function of —.

33.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation,”

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (33.5)

Eq. (33.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 33.1,
the units are MeV g≠1cm2. As can be seen from Fig. 33.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

At —“ ≥ 0.1 the projectile velocity is comparable to atomic electron “velocities” (Sec. 33.2.6),
and at —“ ≥ 1000 radiative e�ects begin to be important (Sec. 33.6). Both limits are Z dependent.
A minor dependence on M at high energies is introduced through Wmax, but for all practical
purposes ÈdE/dxÍ in a given material is a function of — alone.
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K:  ≈ 0.307 MeV cm2 / mol 
Z: atomic number

A: atomic mass 
β: Lorentz-boost 
Wmax: Maximum possible energy transfer to an electron in one collision in MeV 
I: mean excitation energy in eV (!) 
δ: density effect correction

4πNAr2
e mec2
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Charged Particles: Ionization

20

3 33. Passage of Particles Through Matter

Muon momentum

1

10

100

M
as

s s
to

pp
in

g 
po

w
er

 [M
eV

 c
m

2 /
g]

Li
nd

ha
rd

-
Sc

ha
rf

f

Bethe Radiative

Radiative
effects

reach 1%

Without b

Radiative
losses

`a
0.001 0.01 0.1 1 10 100

1001010.1

1000 104 105

[MeV/c]
100101

[GeV/c]
100101

[TeV/c]

Minimum
ionization

E+c

Nuclear
losses

+<
+
�on Cu

Andersen-
Ziegler

Figure 33.1: Mass stopping power (= È≠dE/dxÍ) for positive muons in copper as a function of
—“ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [4] assuming only — dependence, and data at higher energies are from [5]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect”, the dependence of stopping power on projectile charge
at very low energies [6]. dE/dx in the radiative region is not simply a function of —.

33.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
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Eq. (33.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 33.1,
the units are MeV g≠1cm2. As can be seen from Fig. 33.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

At —“ ≥ 0.1 the projectile velocity is comparable to atomic electron “velocities” (Sec. 33.2.6),
and at —“ ≥ 1000 radiative e�ects begin to be important (Sec. 33.6). Both limits are Z dependent.
A minor dependence on M at high energies is introduced through Wmax, but for all practical
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“minimum ionization” 
for βγ≈3-4, a few 
hundert MeV for μ

energy loss:  
1-2 MeV cm2/g
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Charged Particles: Bremsstrahlung for electrons
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Energy loss via photon emission in the 
Coulomb field of a nucleus 
 

  

 
with radiation length  

 , unit: 


For other particles, Bremsstrahlung is much 
smaller

−
dE
dX

= 4αr2
e Z2 NA

A
E ln(

183
Z1/3

) ≡
E
X0

X0 =
A

4αNAZ2r2
e ln( 183

Z1/3 )
[X0] = g/cm2



Particle Physics 1

Critical energy
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Critical energy is defined as energy where ionization energy loss and 
Bremsstrahlung energy loss are identical: 
 




E<EC: ionization dominates, E>EC: bremsstrahlung dominates


Approximate values for electrons:





( dE
dX

(EC))
brems

= ( dE
dX

(EC))
ionisation

Egas
C =

710MeV
Z + 0.92

Esolid or liquid
C =

610MeV
Z + 1.24
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Radiation length
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Reduction of electron energy to a factor  after the 
particle travelled 


Compare with pair production for photons: 


reduction of photon intensity (the photons are destroyed in the process) to 


after , 54% of all photons have turned into a pair of electron and positron

e−1 ≈ 63 %
1X0

σpair ≈
7
9

NA

A
1
X0

e−7/9 ≈ 46 %

1X0
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Charged Particles: Range in matter
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Range is given by integrating all 
energy loss processes (“continous 
slowing down approximation”, 
CSDA)


If the (heavy) particle has lost most 
of it’s energy, the energy loss 
becomes very large: Bragg-peak
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Properties of materials
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https://pdg.lbl.gov/2022/AtomicNuclearProperties/index.html 

Iron

CsI

https://pdg.lbl.gov/2022/AtomicNuclearProperties/index.html
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Charged Particles: Multiple scattering
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Charged particles in a medium dont 
only loose energy… they are 
deflected by many small Coulomb-
scatters: multiple scattering


Central-limit theorem: After many 
random scatters, the net scattering 
angle is approximately Gaussian


Standard deviation after distance x: 
 

⟨θ2
plane⟩ = θ0 ≈ 13.6 MeV

q
pβ

x
X0
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Charged Particles: Energy loss fluctuations
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Bethe-formulate describe the 
mean energy loss


There are sizeable fluctuations 
in energy loss


strongly asymmetric distribution around 
most probable value described by 
Landau-Vavilov-distribution


too make things worse: mean of the 
Landau distribution is not defined (see 
CgDA lecture)

11 33. Passage of Particles Through Matter

[30].‡ While dE/dx is independent of thickness, ∆p/x scales as a ln x + b. The density correction
”(—“) was not included in Landau’s or Vavilov’s work, but it was later included by Bichsel [30].
The high-energy behavior of ”(—“) (Eq. (33.6)) is such that

∆p ≠æ
—“&100

›

C

ln 2mc2›

(~Êp)2 + j

D

. (33.13)

Thus the Landau-Vavilov most probable energy loss, like the restricted energy loss, reaches a Fermi
plateau. The Bethe dE/dx and Landau-Vavilov-Bichsel ∆p/x in silicon are shown as a function
of muon energy in Fig. 33.6. The energy deposit in the 1600 µm case is roughly the same as in a
3 mm thick plastic scintillator.

f(
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Figure 33.7: Electronic energy deposit distribution for a 10 GeV muon traversing 1.7 mm of silicon,
the stopping power equivalent of about 0.3 cm of PVT-based scintillator [1, 11, 32]. The Landau-
Vavilov function (dot-dashed) uses a Rutherford cross section without atomic binding corrections
but with a kinetic energy transfer limit of Wmax. The solid curve was calculated using Bethe-Fano
theory. M0(∆) and M1(∆) are the cumulative 0th moment (mean number of collisions) and 1st
moment (mean energy loss) in crossing the silicon. (See Sec. 33.2.1). The fwhm of the Landau-
Vavilov function is about 4› for detectors of moderate thickness. ∆p is the most probable energy
loss, and È∆Í divided by the thickness is the Bethe ÈdE/dxÍ.

The distribution function for the energy deposit by a 10 GeV muon going through a detector of
about this thickness is shown in Fig. 33.7. In this case the most probable energy loss is 62% of the
mean (M1(È∆Í)/M1(Œ)). Folding in experimental resolution displaces the peak of the distribution,
usually toward a higher value. 90% of the collisions (M1(È∆Í)/M1(Œ)) contribute to energy deposits
below the mean. It is the very rare high-energy-transfer collisions, extending to Wmax at several
GeV, that drives the mean into the tail of the distribution. The large weight of these rare events
makes the mean of an experimental distribution consisting of a few hundred events subject to
large fluctuations and sensitive to cuts. The mean of the energy loss given by the Bethe equation,

‡Rossi [2], Talman [31], and others give somewhat di�erent values for j. The most probable loss is not sensitive
to its value.
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Particle Physics 1

Charged Particles: δ-rays

28

Close to maximal energy 
transfer to a single electron (tail 
of Landau distribution)


called δ-electrons or “knock-on”- 
electrons that have enough energy to 
ionize material on their own…
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Particle Physics 1

Charged Particles: energy loss for electrons

29

At low energies in addition to 
Bremsstrahlung and ionization:


electrons: Møller scattering


positrons: Bhabha scattering, pair annihilation

17 33. Passage of Particles Through Matter

Table 33.2: Tsai’s Lrad and LÕ
rad, for use in calculating the radiation

length in an element using Eq. (33.25).

Element Z Lrad LÕ
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z≠1/3) ln(1194 Z≠2/3)

where a = –Z [43].
The radiation length in a mixture or compound may be approximated by

1/X0 =
ÿ

wj/Xj , (33.27)

where wj and Xj are the fraction by weight and the radiation length for the jth element.

Figure 33.11: Fractional energy loss per radiation length in lead as a function of electron or positron
energy. Electron (positron) scattering is considered as ionization when the energy loss per collision
is below 0.255 MeV, and as Møller (Bhabha) scattering when it is above. Adapted from Fig. 3.2
from Messel and Crawford, Electron-Photon Shower Distribution Function Tables for Lead, Copper,

and Air Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2, but we
have modified the figures to reflect the value given in the Table of Atomic and Nuclear Properties
of Materials (X0(Pb) = 6.37 g/cm2).
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Radiation emitted by charged particles 
when passing a homogenous 
dielectric medium at a speed β greater 
than the phase velocity of light in that 
medium (β > 1/n).


caused by polarization of material and 
subsequent photon emission


if particle is slow, destructive interference 
destroys macroscopic light emission


visible if medium is transparent to ~blue light


Cerenkov angle θC depends on 
material and particle speed:  
cosθC = 1/(nβ).
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Radiation emitted when a charged 
particle passes through the boundary 
between two homogenous media with 
different permittivity ε.


Classical explanation: Radiation of a 
time-dependent dipole between the 
charge and its mirror charge


Intensity: 

 of the 

medium with larger 

I = αq2γ
ωp

3
with ω2

p =
nee2

ϵrϵome
ω

I ∝ γ
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Your cat picture!
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Strong interactions between hadrons 
and nuclei


production of secondary hadrons (mostly pions), 
about 1/3 of those will be neutral pions decaying to 
two photons*


delayed nuclear evaporation and spallation


production of “invisible” neutrinos in hadron decays


production of long lived hadrons carry energy away 
(“split-offs” or “satellites”)


Huge fluctuations, “missing” energy 
(from neutrinos) and “extra” energy (e.g. 
from nuclear fission and evaporation)


This is a mess!
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Abb. 15.7 Entwicklung einer hadronischen Kaskade in einem dichten Medium: Das einlaufen-
de Hadron macht eine inelastische Wechselwirkung an einem einzelnen Nukleon eines Kernes,
bei der hochenergetische Teilchen bevorzugt in Vorwärtsrichtung erzeugt werden. Diese Teil-
chen, soweit sie nicht spontan in Photonen zerfallen, wie neutrale Pionen, machen wiederum
inelastische Wechselwirkungen an Kernen und bilden so eine hadronische Kaskade aus. Die Pho-
tonen aus π0- und η-Zerfällen starten elektromagnetische Kaskaden, die sich unabhängig von
dem hadronischen Schauer entwickeln. Der zurückgebliebene Kern ist hoch angeregt und gibt
zunächst seine Energie in einem Spallationsprozess durch spontane Aussendung von Nukleonen
und Kernfragmenten mit Energien um 100 MeV ab. Wenn die verbliebenen Anregungsenergien in
den Bereich der Bindungsenergien im Kern kommen, wird die restliche Energie durch Abdamp-
fen, Evaporation genannt, von Nukleonen, vornehmlich Neutronen, und leichten Kernfragmenten
dissipiert. Statt des Abdampfens kann auch, besonders bei schweren Kernen wie Uran und Blei,
eine Kernspaltung stattfinden, mit anschließender Abstrahlung von Neutronen und Gammas.

schen Schauern sehr viel schwieriger. Inbesondere stellen die Fluktuationen der Beiträge
verschiedener Reaktionen mit zum Teil sehr unterschiedlichen Signaleffizienzen ein großes
Problem für die Erreichung guter Energieauflösungen dar.

Wir stellen in diesem Abschnitt die wesentlichen Eigenschaften hadronischer Schauer
dar, insbesondere auch die Fluktuationen der Schauerentwicklung, und werden im Ab-
schnitt 15.6 diskutieren, wie mit Hadronkalorimetern die Energie mit möglichst guter
Auflösung gemessen werden kann.
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chen, soweit sie nicht spontan in Photonen zerfallen, wie neutrale Pionen, machen wiederum
inelastische Wechselwirkungen an Kernen und bilden so eine hadronische Kaskade aus. Die Pho-
tonen aus π0- und η-Zerfällen starten elektromagnetische Kaskaden, die sich unabhängig von
dem hadronischen Schauer entwickeln. Der zurückgebliebene Kern ist hoch angeregt und gibt
zunächst seine Energie in einem Spallationsprozess durch spontane Aussendung von Nukleonen
und Kernfragmenten mit Energien um 100 MeV ab. Wenn die verbliebenen Anregungsenergien in
den Bereich der Bindungsenergien im Kern kommen, wird die restliche Energie durch Abdamp-
fen, Evaporation genannt, von Nukleonen, vornehmlich Neutronen, und leichten Kernfragmenten
dissipiert. Statt des Abdampfens kann auch, besonders bei schweren Kernen wie Uran und Blei,
eine Kernspaltung stattfinden, mit anschließender Abstrahlung von Neutronen und Gammas.

schen Schauern sehr viel schwieriger. Inbesondere stellen die Fluktuationen der Beiträge
verschiedener Reaktionen mit zum Teil sehr unterschiedlichen Signaleffizienzen ein großes
Problem für die Erreichung guter Energieauflösungen dar.

Wir stellen in diesem Abschnitt die wesentlichen Eigenschaften hadronischer Schauer
dar, insbesondere auch die Fluktuationen der Schauerentwicklung, und werden im Ab-
schnitt 15.6 diskutieren, wie mit Hadronkalorimetern die Energie mit möglichst guter
Auflösung gemessen werden kann.

* This is a good chance to practice how to use 
the Particle Data Group website
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Absorption of hadrons in matter is 
parametrized by hadronic interaction 
length : 
 




 is material dependent and typically 
20-30× larger than the radiation 
length 


 is tabulated for most used 
materials

λ

I(x) = I0 exp ( x
λ ) with λ = (σinel.

NA

A
ρ)

−1

λ

X0

λ
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Interactions of charged low energy (~GeV) Kaons show a strong charge 
asymmetry:


The detector medium typically only contains protons (and neutrons) but not anti-protons


Strangeness is a conserved quantum number


Flavour hypercharge Y = B + S must be conserved


e.g.  allows hyperon*  
 
production, but  does not!

K−(ūs) + p(uud) → π0(uū) + Λ(uds)

K+(us̄) + p(uud) → Δ++(uuu) + K0(ds̄)

* Hyperons are baryons that contain strange quarks
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High energetic photons and electrons 
(and positrons) can be described by 
the (very) simplified Heitler model


using only two processes: pair production 
(photons) and bremsstrahlung (electrons), until the 
energy of the particle is below the critical energy 

 (after which ionization dominates)


assume that one of these processes happens 
after one radiation length 

EC

X0

582 15 Kalorimeter
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Abb. 15.3 Vereinfachtes Modell der Schauerent-
wicklung, bei dem sich nach jedem Schritt der Länge
X0 die Anzahl der Teilchen verdoppelt und die Energie
jedes Teilchens halbiert.

Die maximale Zahl der Teilchen und die maximale Reichweite des Schauers ergibt sich
für

E = Ek = E0
2tmax

, (15.13)

und man erhält:

Nmax = E0
Ek

, (15.14)

tmax = lnE0/Ek

ln 2 . (15.15)

Die wichtigen Ergebnisse sind, dass Nmax linear von der Energie E0 abhängt und somit
als Messgröße für die Energie genutzt werden kann und dass tmax nur logarithmisch
mit der Energie wächst (was natürlich besonders bei höheren Energien die Kalorimetrie
attraktiv macht):

Nmax ∝ E, tmax ∝ lnE + const . (15.16)

Dieses stark vereinfachte Modell gibt bereits die wesentlichen Züge der Entwicklung
eines elektromagnetischen Schauers wieder. Für ein genaueres Verständnis braucht man
Messungen und Simulationen.

Simulation von elektromagnetischen Schauern Wie bereits angesprochen, ist die Ent-
wicklung elektromagnetischer Schauer theoretisch gut bekannt und kann deshalb auch
sehr genau simuliert werden. Ein verbreitetes Simulationsprogramm für elektromagneti-
sche Schauer ist der EGS-Code (EGS = electron-gamma shower) [491], der auf Elektron-
Photon-Transport spezialisiert ist. Daneben gibt es entsprechende Programmteile zum
Beispiel in dem Geant4-Programmpaket (siehe Abschnitt 3.7).

15.2.2 Charakteristische Größe elektromagnetischer Schauer

Die Ausdehnung von Schauern bestimmt wesentlich die Konstruktion von Kalorimetern.
Im Folgenden geben wir empirische Formeln zur Berechnung von Schauergrößen an, deren
Parameter durch Daten oder Simulationen bestimmt werden.
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wicklung, bei dem sich nach jedem Schritt der Länge
X0 die Anzahl der Teilchen verdoppelt und die Energie
jedes Teilchens halbiert.
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für

E = Ek = E0
2tmax

, (15.13)

und man erhält:

Nmax = E0
Ek

, (15.14)

tmax = lnE0/Ek

ln 2 . (15.15)

Die wichtigen Ergebnisse sind, dass Nmax linear von der Energie E0 abhängt und somit
als Messgröße für die Energie genutzt werden kann und dass tmax nur logarithmisch
mit der Energie wächst (was natürlich besonders bei höheren Energien die Kalorimetrie
attraktiv macht):

Nmax ∝ E, tmax ∝ lnE + const . (15.16)

Dieses stark vereinfachte Modell gibt bereits die wesentlichen Züge der Entwicklung
eines elektromagnetischen Schauers wieder. Für ein genaueres Verständnis braucht man
Messungen und Simulationen.

Simulation von elektromagnetischen Schauern Wie bereits angesprochen, ist die Ent-
wicklung elektromagnetischer Schauer theoretisch gut bekannt und kann deshalb auch
sehr genau simuliert werden. Ein verbreitetes Simulationsprogramm für elektromagneti-
sche Schauer ist der EGS-Code (EGS = electron-gamma shower) [491], der auf Elektron-
Photon-Transport spezialisiert ist. Daneben gibt es entsprechende Programmteile zum
Beispiel in dem Geant4-Programmpaket (siehe Abschnitt 3.7).

15.2.2 Charakteristische Größe elektromagnetischer Schauer

Die Ausdehnung von Schauern bestimmt wesentlich die Konstruktion von Kalorimetern.
Im Folgenden geben wir empirische Formeln zur Berechnung von Schauergrößen an, deren
Parameter durch Daten oder Simulationen bestimmt werden.

Total number of particles: 











Maximum number of steps  
 

n =
E0

EC
∝ E0

Sum of all distances by all particles: s =
E0

EC
X0

Particles after t steps: n(t) = 2t

Maximum number of steps for E = EC =
E0

2tmax

tmax =
ln(E0/EC)

ln 2
∝ ln E0
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Longitudinal shower profile 
parametrization: 
 




Maximum: 


Containment: 


Example for a 5 GeV photon in CsI: 
 

dE
dt

= E0
ba

Γ(a)
ta−1 exp(−bt)

tmax = ln ( E0

EC ) + {−0.5  (electrons)
0.5  (photons)

t98% ≈ tmax + 13.6 ± 2.0

t98% ≈ (ln(5000/11.17) − 0.5 + 13.6) X0 ≈ 19.2 X0 ≈ 36 cm
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Abb. 15.4 Longitudinale Profile von
simulierten Elektronenschauern in
PbWO4-Kristallen (Tab. 3.4) mit ver-
schiedenen Primärenergien [571]. An
die Simulationen wurden Kurven ent-
sprechend der Longo-Formel (15.17)
angepasst. Die Anpassung gibt das
wesentliche Verhalten richtig wieder,
auch wenn sie nicht ganz perfekt ist.
Die Schauermaxima, die sich aus den
angepassten Parametern a und b nach
(15.18) berechnen lassen, stimmen
innerhalb von weniger als 7% mit
Abschätzungen nach (15.19) überein.

Laterales Schauerprofil

Die beiden dominierenden Schauerprozesse streuen die Teilchen bei hohen Energien un-
ter einem sehr kleinen Winkel, der proportional zu 1/γ ist (siehe (15.4)). Die laterale
Schauerausdehnung wird deshalb durch die Vielfachstreuung der nieder-energetischen
geladenen Teilchen und Compton-Streuung der Photonen bestimmt. Das Maß für die
laterale Schauerausdehnung ist der 'Molière-Radius'

RM = Es

Ek
X0 . (15.21)

Wegen des Zusammenhangs mit der Vielfachstreuung (Abschnitt 3.4) ist die Energie
Es = 21.2MeV in dieser Gleichung die gleiche, die bei der Berechnung des Streuwin-
kelparameters in (3.99) auftritt. Innerhalb eines Zylinders mit dem Radius RM um die
Schauerachse werden etwa 90% der Energie deponiert (Tab. 15.2). Um den Ort eines
Schauers bestimmen zu können, braucht man also eine Granularität des Schauerdetek-
tors auf der Skala eines Molière-Radius oder feiner.

Da die longitudinale Ausdehnung mit der Strahlungslänge X0 skaliert, wird die Form
eines Schauers durch das Verhältnis

RM

X0
∝ 1

Ek
∝ Z (15.22)

bestimmt. Das Anwachsen dieses Verhältnisses mit Z bedeutet zum Beispiel, dass ein
Schauer in Aluminium schlanker als in Blei ist (letzte Spalte in Tab. 15.1). Allerdings

R/RM 1 2 3.5
∆E/E0 [%] 90 95 99

Tab. 15.2 Bruchteile des Schauers in ei-
nem Zylinder mit einem Radius, der in Ein-
heitendes Molière-Radius angegeben ist.
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Many different processes contribute to the energy loss depending on 
energy range, material, and particle


Photons: Photoelectric effect, Compton-scatterung, pair production


Charged particles: Ionization and to much less extend Cerenkov and transition radiation


special case electrons: Bremsstrahlung dominates over ionization at high energies


special case positrons: Bhabha scattering, pair annihilation


Hadrons: Nuclear reaction resulting in complicated hadron showers


Parametrization:


Photons and electrons: Radiation length 


Hadrons: Nuclear interaction length 

X0

λ
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Neutrinos can interact only via the 
weak force


Cross section are very small (but 
they increase with energy)


Typical absorption length for a a 
MeV neutrino in lead is  
~1 lightyear


For all collider experiments, the 
probability to see a neutrino 
interaction, is zero*
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* We will have lectures in TP1 on neutrino physics later.
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Dark matter are hypothetical particles, 
we do not know the cross section


From cosmological evidence, we know 
that the cross section with normal 
matter must be very small


We have determined upper limits for 
cross sections, i.e. maximal values, 
that are even smaller than for neutrinos


For all collider experiments, the 
probability to see a dark matter 
interaction, can safely be assumed to 
be zero*
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* We will have lectures in TP1 on dark matter physics later.
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What questions do you have?


