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Monte Carlo simulations are an important tool in modern physics experiments. With improving
detector sensitivities, higher accuracies are also required from simulations, for example in recon-
struction tasks. This includes both correctness from a physical as well as an algorithmic point of
view. PROPOSAL is a Monte Carlo simulation framework that provides three-dimensional simu-
lations of high-energy photons, electrons, muons, and taus. It is written in C++, but can also be
used within Python via a wrapper. The structure of the software allows for simple customization of
the propagation environment, physics descriptions, or precision settings for a variety of use cases.
Examples are the application in neutrino observatories, underground experiments, or air shower
simulations. This contribution focuses on the recent physics updates of the framework, describing
the methodology and implication of these improvements. In particular, this involves effects at
the higher and lower end of the energy scale covered by PROPOSAL. For high-energy photons,
photon-nucleon interactions, muon pairproduction, and the Landau-Pomeranchuk-Migdal effect
in electron-positron pairproduction are now included. As lower-energy effects, the deflection
of muons in stochastic interactions as well as an approximate description of the photoeffect for
photons have been implemented.
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1. Introduction

Modern experiments in physics rely on methods of statistical data analysis to interpret their
measurements. To train these methods, a statistically sufficient dataset where the true properties are
known is required. Especially in astroparticle physics, this can only be achieved using simulations
which model the reality. One of these simulation tools is the framework PROPOSAL [1], which
provides a three-dimensional Monte Carlo simulation of high-energy particles propagating through
large volumes1. Originally, PROPOSAL has been written for the simulation of muon and tau leptons
in the context of underground observatories, such as the IceCube Neutrino Observatory [2], or for
radio neutrino detectors [3]. To be able to use PROPOSAL for the simulation of electromagnetic
cascades, a recent update introduced pair production and Compton scattering as photon interactions,
annihilation as a new positron interaction, and new dedicated parametrizations to describe ionization
and bremsstrahlung losses of electrons and positrons [4]. With these updates, PROPOSAL could
be used to simulate the electromagnetic component of extensive air showers, as it is done in the air
shower simulation framework CORSIKA 8 [5].

In this contribution, the implementation of additional photon interaction processes is presented.
This includes photoelectric absorption, photonuclear interactions, muon pair production, and a
description of the Landau-Pomeranchuk-Migdal suppression in electron-positron pair production.
These processes are important to describe photons as low energies (𝐸 ⪅ 0.1 MeV in air) and
very-high energies (𝐸 ⪆ 1018 eV in air), as well as due to their distinct event signatures.

2. Physics improvements for photon interactions

2.1 Photoelectric absorption

Photoelectric absorption describes the ejection of an atomic electron due to its interaction with
an in-going photon. In this process, the photon energy is used to free the electron from its atomic
binding, while the remaining photon energy serves as the kinetic energy of the now free electron.
For photons in air, photoelectric absorption becomes the dominant interaction process for energies
below ≈ 30 keV. In the context of electromagnetic cascades, photoelectric absorption as a process
starts to become important for energies where its cross section represents a significant correction to
the total mean free path length.

The detailed description of photoelectric absorption is non-trivial and dependent on the prop-
erties interaction target and its atomic structure. Since the energy where photoelectric absorption
becomes dominant is small, and the process is not important for the electromagnetic shower devel-
opment, PROPOSAL only provides an approximate description based on the cross section given in
[6, 7]. The total cross section is defined as
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1PROPOSAL is available as an open-source C++/Python software under https://github.com/

tudo-astroparticlephysics/PROPOSAL. It can be installed with pip install proposal or via CMake.
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Figure 1: Total cross section of photons in air inside PROPOSAL.

with the photon energy 𝐸 and the definitions
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is used as a correction factor for the non-relativistic energy regime [7], while the term

𝐹2 = 1 + 0.01481 ln2 𝑍 − 0.000788 ln3 𝑍 (4)

is an empirical correction describing the ratio between the K-shell and total photoelectric absorption
cross section [8].

The photoelectric cross section and a validation of the total photon cross section at low energies
is shown in Figure 2, where the total photon cross section in air is compared to the calculations
from the NIST Standard Reference Database [9]. Since the cross section used to describe the
photoelectric effect is only valid for energies large compared to absorption edges, the deviations of
up to 10 % in the low-energy regime are expected. This also explains why the K absorption line of
argon at 𝐸 ≈ 3.2 × 10−3 MeV is not well described.

2.2 Photonuclear interactions

High-energy photons can perform hadronic interactions, in which the photon is absorbed by
an atomic nucleus. Although this process provides only a small contribution to the total mean free
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Figure 2: Photon cross sections in air for small energies, compared to the total cross section according to
the NIST Standard Reference Database [9].

path length of photons for most energies, they are a source of hadronic particles, and consequently
also muons from electromagnetic cascades.

In the context of nuclear muon interactions, parametrizations to describe photonuclear interac-
tions of photons have already been implemented in PROPOSAL, but were only available internally.
These parametrization, which have been described in detail in [1], are now available to describe
photonuclear interaction of real photons.

In addition, the parametrization from [10], which is also used in the simulation program
CORSIKA 7, has also been implemented. The continuous contribution of this cross section is given
as

𝜎𝛾,𝑁 =

{(
73.3𝑠0.073 + 191.7𝑠−0.602) √︁1 − 𝑠0/𝑠µb, for

√
𝑠 ≤ 19.39 GeV,(

59.3𝑠0.093 + 120.2𝑠−0.358) µb, for
√
𝑠 > 19.39 GeV,

(5)

with 𝑠 = 𝑚2
𝑛 + 2𝑚𝑛𝐸/GeV and the pion production threshold √

𝑠0 = 1.0761 GeV. In addition,
the resonances for Δ(1232), 𝑁 (1520), and 𝑁 (1680) are superimposed on the continuous cross
section, where the definition and parameters from [11] are used. Figure 3 shows the different
parametrizations for the photonuclear interactions implemented in PROPOSAL. Note that both
differences in the resonance region as well as in the extrapolation to high energies are visible.
Figure 1 shows the cross section of photonuclear interactions compared to other processes. For
energies where the LPM suppression of pair production becomes effective, the photonuclear process
starts to become a significant contribution to the total photon cross section.
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Figure 3: Photonuclear interaction cross sections implemented in PROPOSAL. For the Heck parametrization,
the solid line indicates the shadowing parametrization according to [1], while for the dashed line, the
shadowing parametrization 𝜎𝛾,𝐴 = 𝐴0.91𝜎𝛾,𝑁 from [10] has been used.

2.3 Muon pair production

Muon pair production describes the conversion of a photon to a muon pair in the field of an
atomic nucleus. While the contribution of this process to the mean free path length of photons
is negligible compared to the dominant electron-positron pair production, it provides a source of
muons from the electromagnetic shower component and therefore a potentially interesting event
signature in extensive air showers.

Based on the muon bremsstrahlung cross section given in [12], the muon pair production cross
section is given by

d𝜎
d𝑥

= 4𝑍2𝛼

(
𝑟𝑒
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𝑒 +

√
𝑒
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(6)
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√
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︸                         ︷︷                         ︸
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(
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√
𝑒 − 2)/𝑚𝜇

)
︸                             ︷︷                             ︸

Δn

, (7)

with the radiation logarithm constant 𝐵, the inelastic radiation logarithm 𝐵′, and the definitions

𝑥 =
𝐸𝜇−

𝐸
, 𝛿 =

𝑚2
𝜇

2𝐸𝑥(1 − 𝑥) , 𝐷𝑛 = 1.54𝐴0.27. (8)
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For 𝑍 > 1, the effect of the inelastic nuclear form factor is included with the substitution

Δn →
(
1 − 1

𝑍

)
Δn. (9)

The total cross section of muon pair production is shown in Figure 1.

2.4 Landau-Pomeranchuk-Migdal effect in electron-positron pair production

The Landau-Pomeranchuk-Migdal effect is a suppression of bremsstrahlung and pair production
processes occuring when the formation length reaches interatomic distances, which comes in effect
for high energies and dense media. The suppression is effective for small energy losses in case
of bremsstrahlung, and for symmetric pair production events in case of electron-positron pair
production.

Based on the parametrization of the LPM effect in [13], the suppression of the pair production
cross section is given by

d𝜎LPM
d𝑥

=
d𝜎
d𝑥

·
𝜉 (𝑠)/3

(
𝐺 (𝑠) + 2

(
𝑥2 + (1 − 𝑥)2) 𝜙(𝑠))

1 − 4/3𝑥(1 − 𝑥) , (10)

with 𝑥 = 𝐸𝑒−/𝐸 , where 𝐸 is the photon energy. The functions 𝜉 (𝑠), 𝐺 (𝑠), 𝜙(𝑠), are given by
[14, 15]

𝜉 (𝑠) ≈ 𝜉 (𝑠′) =


2 if 𝑠′ < 𝑠1,

1 + ℎ − 0.08(1−ℎ) (1−(1−ℎ)2 )
ln (𝑠1 ) if 𝑠1 ≤ 𝑠′ < 1,

1 if 𝑠′ ≥ 1,

(11)

𝐺 (𝑠) =


3𝜓(𝑠) − 2𝜙(𝑠) if 𝑠 < 0.710 390,
36𝑠2/

(
36𝑠2 + 1

)
if 0.710 390 ≤ 𝑠 < 0.904 912,

1 − 0.022𝑠−4 if 𝑠 ≥ 0.904 912,

(12)

𝜓(𝑠) = 1 − exp
{
−4𝑠 − 8𝑠2

1 + 3.936𝑠 + 4.97𝑠2 − 0.05𝑠3 + 7.5𝑠4

}
, (13)

𝜙(𝑠) =


1 − exp
{
−6𝑠 (1 + (3 − 𝜋)𝑠) + 𝑠3

0.623+0.796𝑠+0.658𝑠2

}
if 𝑠 < 1.549 54,

1 − 0.012𝑠−4 if 𝑠 ≥ 1.549 54,
(14)

with the variable definitions

𝑠 =
𝑠′√︁
𝜉 (𝑠′)

, 𝑠′ =
1
8

√︄
𝐸LPM

𝐸𝑥(1 − 𝑥) , 𝑠1 =

√
2𝑍 2/3

𝐵2 , (15)

𝐸LPM =
2𝛼(𝑚𝑒𝑐

2)2𝑋0
𝜋ℏ𝑐

, ℎ =
ln (𝑠′)
ln (𝑠1)

, 𝐷𝑛 = 1.54𝐴0.27, (16)
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Figure 4: Differential cross section for electron-
positron pair production in air at sea level, with ni-
trogen as an interaction target. The effect of the
LPM effect at different energies is shown. Note that
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where 𝑋0 is the radiation length and 𝐵 the radiation logarithm constant.

Figure 4 shows the effect of the LPM suppression on the differential pair production cross
section at different energies. As expected, for 𝑥 = 0.5, the suppression becomes maximal, while for
𝑥 → 0 and 𝑥 → 1, the suppression is zero. Since the LPM effect depends on the material density,
its suppression also depends on the height in the Earth’s atmosphere. In Figure 5, the suppression
of the pair production cross section at different atmospheric heights is shown.

3. Summary and outlook

In this contribution, the implementation of the photoelectric effect, photonuclear interactions,
muon pair production, and the LPM effect for pair production as well as the effect of these processes
on the total photon cross section have been presented. For photon energies below ≈ 20 MeV,
the implementation has been verified by comparison with independent calculations. With these
updates, PROPOSAL is now able to provide a complete description of electron, positron, and photon
processes in the energy range important for the simulation of electromagnetic cascades. The current
main application for these improvements is the air shower simulation framework CORSIKA 8, where
the current status is presented in [5]. Other applications are possible as well, due to the modular
structure of PROPOSAL. In the future, the simulation of neutrino interactions with PROPOSAL
using only-stochastic propagation is planned to be implemented.
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