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1. Introduction

The legacy CORSIKA air shower simulation program[1] has been the de facto common
reference frame for a vast class of measurements and studies in astroparticle physics for almost
30 years [2], making it possible to perform accurate comparative, incremental and progressive
research in the field.

The CORSIKA 8 project[3] is basically the follow-up on this approach and aims to port and
to implement it into a modern computing fashion. The effort is fundamentally community-driven
and bundles modern concepts for computing with the goal for the most comprehensive and flexible
physics description for the simulation of particle cascades. It will bring novel modularity to enable
optimal and fine-tuned modeling as well as future developments. Among other planned features,
it will be possible to better relate the importance of model parameter uncertainties on observables
of interest and to incorporate improvements in physics related algorithms, where it is applicable.
Concomitantly, a significant effort is being devoted to deploy concepts and techniques connected
with modern high-performance computing through robust and user-friendly interfaces. For example,
the need to balance high performance goals, with portability and modularity lead to the adoption
of C++ as the basic language of the framework.

In these proceedings, the key features of CORSIKA 8, as well as some very basic comparison
of simulation results, are discussed.

2. Scientific context and open problems

The understanding of the formation of secondary particle cascades due to the interaction of
high energy particles with the matter is a central problem in astroparticle physics. Indeed, these
phenomena occur in many astrophysically relevant contexts, producing gamma-ray and neutrino
emissions. When happening in Earth’s atmosphere, the penetration of high energy cosmic-rays
produces extensive air shower cascades (EAS), which are then observed by experiments.

The precise interpretation of the corresponding experimental data in terms of fundamental
properties of the matter and the primary cosmic ray particles is crucial for understanding many
aspects of the nature of the physics phenomena in the surround universe. As the involved energies
increase, the more relevant are the opportunities for a more precise measurement of the primary
composition of cosmic rays and also for understanding how such particles interact.

The precise description of EAS is a very challenging endeavor. Hadron collisions must
be described with good quality from hundreds of TeV down to GeV, at center-of-mass energy.
This, most importantly, includes the relatively poorly known forward phase space, which requires
dedicated input from experiments at accelerators. Cascades develop in air, which is a mixture of light
elements, making the modelling of nuclear effects very important. Electromagnetic interactions
must consider the density-dependent high-energy Landau-Pomeranchuk-Migdal (LPM) effect [4—6]
which suppresses cross-sections at high energies as well as density-corrections at low energies.

Astroparticle physics observatories depend on the modelling of EAS for their design, operation
and also for their data analyses. This is most obvious for indirect cosmic ray experiments, regardless
if they measure particles at ground, fluorescence light, Cherenkov light, radio emission, or something
else (e.g. [7]). But also neutrino observatories require a very precise understanding of their



Status of the novel CORSIKA 8 air shower simulation framework A. Augusto Alves Jr

Figure 1: Example of a simulated proton shower at Ey = 10’GeV with CORSIKA 8 representing the
propagation and interaction of hadrons and muons in earth magnetic field. Only particles above 50 GeV are
represented. Red are muons, yellow are hadrons.

atmospheric backgrounds, which are immense and extremely difficult to simulate. Finally, also the
PeV gamma ray observatories need simulations for signal and background studies, sometimes even
in a time-dependent and per-source setting[8].

Thus, basically all emission produced in EAS are used by experiments. CORSIKA 8 is the
tool linking microscopic models to the final experimental observables. One of the big challenges is
the better understanding of how uncertainties in input models affect observables.

In fig. 1 the 3D output of one EAS simulation performed with CORSIKA 8 is shown.

3. Design overview and infrastructure

As framework, CORSIKA 8 is designed to provide most, if not all, the infrastructure necessary
to write concrete physics applications. The central loop involves a stack used for temporary storage
of particles, a geometric transport routines and a list of processes that can lead to secondary-particle
production or absorption. In terms of interpretation, the main goals driving the development
summarized below.

* Modularity: Itis a fundamental requirement that all algorithms and physics models are inter-
faced in a transparent, simple and modular way. Each physics process is provided as a module,
with clear scope and having all necessary assumptions and parameters configurable. Among
others conveniences, this design eases the implementation of new models, to extend or replace
the delivered functionality. The different types of modules describing the physics of cascades
are represented by C++ class templates: ContinuousProcess, InteractionProcess,
DecayProcess, SecondariesProcess, StackProcess, BoundaryCrossingProcess[9].
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¢ Completeness: In order to perform accurate studies on systematic effects and generate
comprehensive comparisons, CORSIKA 8 aims to provide interfaces for the most, if not all,
approaches available in the literature to deal with a given problem.

* Robustness: In order to enable CORSIKA 8 to run over decades, a set of design choices has
been made to ensure long-term stability. For example, the usage of plain old data (POD) C++
types is avoided in favor of statically typed constructs, e.g. "ContinuousProcessIndex"
instead of just "int", particle codes are enumerated like in "Code code=Electron;". Stat-
ically typed units are used to express physics properties, like in "HEPEnergyType EO =
10_GeV;" [10]. Such choices allow the compiler to perform extensive checks on the cor-
rectness of expressions, avoiding the most common mistakes.

» Performance: Specific attention is devoted to provide efficient implementations for core al-
gorithms and modules. In particular, extensive support for modern multithread architectures,
like multicore CPUs and GPUs is planned.

The CORSIKA 8 framework deploy a set of innovative and stat-of-the-art computing techniques
and programming patterns to deal with pseudorandom number generation, track the history of
secondary cascades, output and storage data. These and other implementation details are discussed
in [11-13].

4. Physics modules

In terms of physics related features, CORSIKA 8 is not yet complete. Currently, available
event generators for hadron collisions are SIBYLL2.3d [14], QGSJetll.04 [15], PYTHIA 8 [16]
and UrQMD [17]. The latter is used at "low" energies (typically below around 100 GeV), while
the former two can go up to the highest energies. The electromagnetic interactions and continu-
ous/radiative energy losses of leptons are simulated with PROPOSAL [18-20]. Decays are currently
delegated to PYTHIA 8 or SIBYLL. Charged particles moving in magnetic fields are tracked using
a leap-frog algorithm. The region of interest, containing an environment potentially filled with
different media is described using a custom geometry set of functionality, allowing the definition
of different materials on large scales, to model situations like showers in the atmosphere which
penetrate and get detected inside an ice shield at the South Pole. Thanks to the clear and simple
interfaces, further physics modules can be easily added as it become available.

5. Examples and preliminary results,

The functionality implemented in CORSIKA 8, albeit incomplete, allows the usage of the
framework to perform a range of useful calculations, such as validation studies. It also provides
insights for new types of research that maybe were not feasible before.

More specifically, the available physics modules for the hadronic and muonic shower compo-
nents [13, 21] can be used for performing cross-validation with other air shower simulation codes,
including legacy CORSIKA versions. For example, the fig. 2a shows the comparison of the energy
spectra of secondary particles reaching the ground as obtained from simulations with CORSIKA 8,



Status of the novel CORSIKA 8 air shower simulation framework

A. Augusto Alves Jr

~ b 108 ev 10" - 10" Gev
( N CORSIKA § “ I6(]SJe:t-lI 04 1010 — 1020 GZV
107° e NG = = CORSIKA 7.74 7t : g
S «+ CONEX » A . 020 - 10°° GeV
s 30 _ 10t
NN Z<Ng“'“>=7'35 - 10 - 1040 GeV
L1107 \\\\. Kg I - 10%0 - 100 Gev
> SN - 10%° - 10 Gev
[} N\,
E NS n [. 10°0 — 1070 Gev
S 10-12 NN 1070 - 10° GeV
= N 1040 - 10% Gev
Z N, K - e
S /7. antiparticles
N
107 = , 471
e~
X
bpvicas I8 «; Jl
10-18 UrQMD 1.3SIBYLL 2.3d 1] L
< THET
=] l‘ l'} ¥ ¥
° =AWl ; 0 1 2 3 4
£ 1.0 AT I
i s (Ngen)
10° 10 o 102 10® 10 10
E/ev

(a) Energy spectra of u*, nt and p (b) Average number of muon ancestor

Figure 2: On the left, the energy spectra of u*, 7* and p of 1 x 10'7 eV vertical proton shower, averaged
over 400 events. On the right, the average number of muon ancestor projectile generations by particle species
and energy.

CORSIKA 7.74 and CONEX [22] using the same parameters and interaction models in all three
codes (vertical proton primary of 10! eV, SIBYLL 2.3d and UrQMD 1.3 for hadronic interactions
above and below 63.1 GeV, respectively). A good agreement is observed in the high energy regime.
The low energy region exhibits some significant differences in the spectra of nucleons, which are
attribute to differences in the interfaces to the event generator. The impact on the muon spectra,
however, is small. First detailed results of such comparisons have been published elsewhere [23]
and further studies are ongoing.

The fig. 2b represents a first application using the cascade history tracking, recently imple-
mented and lengthily described in [12, 13], the ancestry of projectiles that finally lead to a muon
on ground[12]. At energies between the primary energy (10'®eV) and down to about a decade
less, nucleon interactions dominate, with only a small fraction being antinucleons. Especially the
impact of the primary proton is visible as it is the unique particle in the "zeroth generation" of all
shower particles and therefore contributes 1 to (Ngen) in the highest energy bin. At lower energies
(< 10'7 V), pion interaction are the main driver of the hadronic cascade and each decade in energy
contributes roughly equally to the number of generations until around several 10 GeV they decay
into muons and almost no pion interacts again below 10 GeV.

Concomitantly, dedicated modules deploying efficient computing techniques, like GPU based
acceleration and vectorization, are under development for calculation of Cherenkov and radio
emissions[24-27]. The fig. 3b shows an example of Cherekov light emission simulation in GPU,
calculated at ground level for a shower produced by a 1TeV gamma ray. The fig. 3a represents the
pulse produced by radio using both algorithms CoREAS and ZHS running at CORSIKA 8, by a
vertical electron shower of 100 TeV, on a layered atmosphere with a uniform refractive index of
1.000327 and a geomagnetic field SOuT in the x-direction. The antenna is placed at 200m from the
shower core.
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Figure 3: On the left, a pulse produced by radio using both algorithms CoREAS and ZHS, by a vertical
electron shower of 100 TeV. On the right, the Cherenkov light at ground level simulated in CORSIKA 8 using
GPU.

6. Summary and roadmap

CORSIKA 8 framework, a novel high-performance computing platform for simulations of
secondary particle cascades in astroparticle physics has been described. The framework is written
in C++17 and planned for supporting modern hardware architectures like multicore CPU and
accelerators like GPUs and FPGAss, for running suited sub-problems with increased performance.

A first pre-release version is available for tests, validation and development [28]. This includes
physics models, geometry, environment/media, output and configuration. Such a version should be
used by the community for extensive tests, in order to provide the feedback needed for refinements
and corrections, leading to a first full physics production release. It is foreseen that the setup as
an open-source community project will support the goal for continued development over a very
extended period of time.
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