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Motivation

I Energy reconstruction for tracks depends on
knowledge of energy losses

I Calculation of energy losses by simulations
(PROPOSAL, GEANT4)

I Reduce systematic uncertainties in
simulations

I Calculate muon cross sections with higher
accuracy

−dE
dx = a+ b(E)E
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Energy losses
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Pair production: Diagrams
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Pair production: PROPOSAL

Parametrization by Kelner-Kokoulin-Petrukhin (1971)

I Relativistic approximation (m
2

E2 � 1)
I Form factor:

I Nuclear: Fermi charge-density distribution
I Atomic: Thomas-Fermi model for screening effects

I Atomic electrons (1998)
I Muon production (2000)
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Possible improvements

Uncertainties arise from:
I Relativistic approximation
I Target atom interaction

Perturbative expansions
I Radiative corrections: radiation fieldO(α)

I Coulomb corrections: nuclear fieldO(Zα)
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Pertubative expansions: Approach

I Parametrization by Bugaev without
kinematic approximation
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Pertubative expansions: Radiative corrections

Next-to-Leading Order (NLO)

I One loop corrections
I Vacuum polarization (a)
I Self energy (b)
I Vertex correction (c)
I Box graph (d)

I Emission of additional
bremsstrahlung photon

(a)
(b)

(c) (d)
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Pertubative expansions: Bremsstrahlung (preliminary)
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Pertubative expansions: Coulomb corrections

I Zα is not small for heavy nuclei⇒ non-perturbative QED
I Ivanov (1998)

I Recurrence relations to sum Feynman diagrams
I Coulomb field→ Effect of form factors?
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Conclusion

Summary
I Consider all uncertainties and processes
I Bremsstrahlung: first results indicate a
percent effect in NLO corrections

Outlook
I Pair production NLO processes
I Coulomb correction with form factors
I Interpolation and Implementation in
PROPOSAL
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Stochastic energy lossesJ.-H. Koehne et al. / Computer Physics Communications 184 (2013) 2070–2090 2085
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Ionization

Photonuclear Interaction

Fig. 36. Energy distribution of secondaries dependent on the energy of the primary particles with Ecut = 0.5MeV and vcut = 10�4. The number of the secondaries produced
in the four possible interactions are plotted in the same scaling and thus can be directly compared.
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Fig. 37. Comparison of energy losses inwater. The lower curve for the photonuclear
loss shows theMMC implementationwith ⌫ integration limits as prescribed in [23].

decreases according to E�1
cut for cutting energies lower than 10MeV.

For higher values of Ecut , only a decrease of the CPU-time according
to E�1/5

cut can be observed.

7. Comparison of MMC with other propagation codes

Several propagation codes have been compared with MMC.
When it was possible, MMC settings were changed to match those
of the other codes. Fig. 37 compares energy losses calculated with
MMC and MUM [23], and Fig. 38 compares the results of muon
propagation through 800 m of ice with MMC and MUM (vcut =
10�3, ZEUS parametrization of the photonuclear cross section,
Andreev–Bezrukov–Bugaev parametrization of bremsstrahlung).
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Fig. 38. Comparison of muon propagation through 800 m of ice with MMC and
MUM.

Survival probabilities calculated with MMC are compared with
results from [23] in Table 2. Survival probabilities are strongly
correlated with the distribution of the highest-energy muons in
an originally monoenergetic beam. This, in turn, is very sensitive
to the algorithm errors and the cross section implementation used
for the calculation.

A detailed comparison between spectra of secondaries pro-
duced with MMC, MUM, LOH [10] and LIP [11,60] is given in [13].
A definite improvement of MMC over the other codes can be seen
in the precision of the description of spectra of secondaries and the
range of energies over which the programworks. Compared to the
other propagation codes – MUM, LOH and LIP – MMC fits the spec-
tra of secondaries best over the whole energy range. There are not
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Interaction with target atoms

Simple assumption
I Pointlike nucleus
I Pure Coulombfield

Form factor
I Atomic: screening
I Nuclear: charge-density
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Numerical integration

I One-dimensional: QUADPACK
possible to handle integrable singularities

I Multidimensional: DCUHRE
deterministic integration
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LPM Effect

Higher energies→ greater coherence length→multi-scattering

5.6. Landau-Pomeranchuk-Migdal und Ter-Mikaelian E↵ekte 45
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Abbildung 5.16.: Dargestellt ist der Einfluss des LPM-E↵ekts auf die Energieverluste
von Myonen durch Bremsstrahlung und Paarproduktion beim Durchgang
durch Wasser.
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Abbildung 5.17.: Dargestellt ist der Einfluss des LPM-E↵ekts auf die Energieverluste von
Elektronen durch Bremsstrahlung und Paarproduktion beim Durchgang
durch Wasser.
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