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The KM3NeT Collaboration has tackled a common challenge faced by the astroparticle physics community, 
namely adapting the experiment-specific simulation software to work with the CORSIKA air shower simulation 
output. The proposed solution is an extension of the open source code gSeaGen, which allows the transport of 
muons generated by CORSIKA to a detector of any size at an arbitrary depth. The gSeaGen code was not only 
extended in terms of functionality but also underwent a thorough redesign of the muon propagation routine, 
resulting in a more accurate and efficient simulation. This paper presents the capabilities of the new gSeaGen 
code as well as prospects for further developments.

Program summary
Program title: gSeaGen
CPC Library link to program files: https://doi.org/10.17632/ymgxvy2br4.2
Developer’s respository link: git.km3net.de/opensource/gseagen
Licensing provisions: BSD 3-Clause
Programming language: C++
Nature of problem: Integration of the state-of-the-art extensive air shower Monte Carlo event generator CORSIKA 
[1] into the atmospheric muon simulation for water Cherenkov neutrino telescopes. The primary use case 
considered is the KM3NeT experiment [2], however, the code should be able to cover other similar experiments 
as well. The challenges in this work included interfacing the CORSIKA binary output, efficient handling of already 
generated events to reduce the overall computational cost, and preserving all the additional available information, 
which can be invaluable in physics analyses.
Solution method: The readout of CORSIKA simulation was adapted from the base script provided together with 
CORSIKA and implemented as a standalone flux driver in gSeaGen. The propagation routine has been redesigned 
to support the geometry of extensive air shower simulations and to improve its efficiency in propagating particles 
to the detector. To ensure a reliable modelling of muon energy loss and scattering, PROPOSAL [3] was set as the 
default internal code for muon transport. PROPOSAL is an open-source software developed and maintained by 
the IceCube collaboration [4] and is a well-established solution used by the neutrino physics community.
Additional comments including restrictions and unusual features: The code was tested with GENIE [5] version 3.4.0 
and PROPOSAL 6.1.5. Currently, linking of gSeaGen to GENIE is mandatory, even in the case of a muon-only 
simulation using CORSIKA.
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1. Introduction

Despite several groundbreaking observations in recent years [1--8], 
current understanding of the universe at extreme energies is still lim
ited due to the scarcity of available data. The limiting factors are the 
low fluxes of high-energy particles and difficulties in tying detections to 
particular sources, due to interactions with interstellar matter and bend
ing by the magnetic fields along their way [9,10]. Neutrinos are the best 
known solution to the latter problem; electrically neutral and interact
ing through weak force, they escape unbowed, unbent, and unbroken 
even from the most dense environments [1,2,11,12]. Low interaction 
cross sections give neutrinos an advantage over other particles in terms 
of escaping their region of production, but at the same time they make 
it a challenge to detect them [13]. Thus, to measure even atmospheric 
neutrinos, let alone cosmic ones, one must first deal with the over
whelming background of atmospheric muons. The most straightforward 
solution is to move the detectors deeper, where the muons are suffi
ciently attenuated, although even at several km w.e. they still constitute 
a non-negligible signal [14--17]. To develop efficient cuts and obtain an 
atmospheric or astrophysical neutrino sample, a detailed simulation of 
the expected muon flux is required [18,19].

Since the introduction of the CORSIKA air shower simulation soft
ware [20], various underground and underwater experiments have in
vested efforts in transporting the output particles from the ground / sea 
level to their detectors. The KM3NeT Collaboration utilises a dedicated 
software, gSeaGen, to solve the problem of transporting particles pro
duced with the GENIE MC generator [21] from the interaction vertex to 

the detector. gSeaGen is an open-source software that can be accessed 
from the public GitLab repository [22] or the Zenodo record [23]. Its fea
tures are explained in more detail in [24]. This paper describes the mod
ifications made to gSeaGen to read the CORSIKA binary output files and 
track potentially interesting particles, namely high-energy atmospheric 
muons,1 from sea level to deep sea. The new functionalities are of 
high importance for the KM3NeT neutrino telescopes: KM3NeT/ARCA, 
dedicated to the detection of high-energy neutrinos from astrophysical 
sources, and KM3NeT/ORCA, dedicated to the measurement of neutrino 
mass ordering and oscillation parameters with atmospheric neutrinos 
[25]. The new features and improvements are presented in the follow
ing sections.

2. Detector positioning

The KM3NeT neutrino telescopes are arrays of optical sensors in
stalled deep under the sea surface. Their geometrical layout was opti
mised according to their main scientific goals. For simulation purposes, 
the sensitive volume of each telescope can be defined as a virtual cylin
drical region around the strings carrying the optical sensors, called the 
“can''. The concept of a ``can'' in the context of underwater neutrino 
telescopes is explained in more detail in [26,27]. The size of the can 
is defined by its height and radius. The user can adjust both parame

1 Currently, atmospheric neutrinos and other secondary particles simulated 
by CORSIKA are not transported.

https://sftp.km3net.de/data/gSeaGen/lateral_distance_vs_energy_slant_depth_h5py.h5.zip
https://sftp.km3net.de/data/gSeaGen/lateral_distance_vs_energy_slant_depth_h5py.h5.zip
https://sftp.km3net.de/data/gSeaGen/lateral_distance_vs_energy_slant_depth_h5py.h5.zip
https://doi.org/10.17632/ymgxvy2br4.2
https://git.km3net.de/opensource/gseagen
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Fig. 1. Sketch of the new geometry in gSeaGen, with an example of a multi-muon 
CORSIKA event, with two muons reaching the can and one stopping in seawater. 
The curvature of the Earth has been neglected in this drawing, however it is 
explicitly handled by the gSeaGen code, as detailed in Sec. Appendix A.2.3. 
(For interpretation of the colours in the figure(s), the reader is referred to the 
web version of this article.)

ters, which, depending on the context, may take into account the lateral 
distance of muons in a bundle or the optical properties of the deep-sea 
site. The main novelty introduced with the modified gSeaGen code is 
the possibility of reading and tracking CORSIKA muons from sea level 
to can. Moreover, the bottom of the can is no longer fixed on the seabed 
and can be placed in a different position (see Fig. 1). This feature makes 
the code more flexible and allows for a more accurate simulation of the 
detector geometry.

The media for particle propagation in gSeaGen are not limited to 
seawater and rock, which are the KM3NeT defaults. Different types of 
rock, ice and water with variable optical properties can be used, as 
indicated in [24]. This allows for the adaptation of the gSeaGen geom
etry to several existing or planned experiments, in particular: IceCube 
[28], ANTARES [29], Baikal-GVD [30], Super-Kamiokande [31], Hyper
Kamiokande [32], P-ONE [33], TRIDENT [34], HUNT [35] and NEON 
[36].

3. Processing of CORSIKA

The command to pass a CORSIKA binary file to gSeaGen is:
1 g S e a N u E v G e n -f " B I N : $ D I R / D A T $ R U N " 

This invokes a dedicated CORSIKA file driver GSeaCORSIKAFile

Flux.cxx, developed from the readcorsika.cpp script, distributed together 
with CORSIKA. The implementation was based on and was tested pri
marily with CORSIKA v7.7410. Backward compatibility is mostly bound 
to the changes in the output format of CORSIKA, however, the earliest 
tested version was v7.4005.

3.1. Track information

The properties of the particles are stored in track objects in gSeaGen. 
To preserve the mother-daughter relation between the particles in the 
gSeaGen processing, three track categories have been introduced:

1. Mother �- mother particle, which created the muon by decaying or 
interacting.

2. Grandmother �- grandmother particle, which created the mother 
particle by decaying or interacting.

3. Muaddi �- muon at the production point.

The hadronic and electromagnetic (EM) generation counters avail
able from CORSIKA are saved as follows:

• grandmother track: EM generation counter of the mother particle,

• mother track: hadronic generation counter of the mother particle,
• muaddi track: hadronic generation counter of the muon,
• muon track: extended EM generation counter of the muon.

For further details on how the counters relate to each other and how 
they are incremented, see [38].

As reported in Table 1, each track has a corresponding ID. Most of the 
particle IDs are simply converted from CORSIKA to the PDG numbering 
scheme [37]. There are several exceptions where the CORSIKA ID has 
no PDG counterpart. In such cases, a related PDG ID is used and a special 
status value is assigned to avoid ambiguity, as shown in Table 2.

The CORSIKA output at sea level (the input for gSeaGen) contains 
more particles besides muons. Those are mainly neutrinos with a small 
fraction (approximately 3% in the case of KM3NeT simulations at sea 
level) of other particles, like Σ−, Λ, 𝑝, 𝑛, 𝐾±, 𝜋±, 𝐾0

𝐿
, or 𝐾0

𝑆
. The 

gSeaGen output may preserve the particle showers produced by COR
SIKA at sea level and link them to propagated muons at the can level. 
Currently, non-muon particles can only be stored at sea level but not 
propagated. Not all muons at sea level undergo propagation. They are 
preselected, based on their energy and direction, which translates into 
the range and minimal distance they would have to travel to reach the 
can. This leads to three possible categories of muon tracks: unpropa
gated, propagated but not reaching the can, and propagated arriving at 
the can. More details may be found in Sec. 4. The amount of saved in
formation can be controlled using a combination of -write and -save
options:

1. -write 0 : no mother particle tracks are saved except for the pri
maries, which started the simulated showers (events). The muons 
that underwent propagation and reached the can or belong to a 
shower reaching the can are stored in the output. If a single muon 
in a multi-muon event reaches the can, all muons in the event are 
saved.

2. -write 1 : the same muon tracks as with option -write 0 are 
saved, along with the tracks corresponding to their mother particles 
and with information about the muon creation point (see Table 1).

3. -write 2 : all events are stored, whether they contain muons reach
ing the can or not. As noted above, there are other secondaries at 
sea level apart from muons. The types of secondary particles to be 
saved can be controlled with the -save option:
(a) -save mu : only 𝜇 secondaries at sea level are saved.
(b) -save nu : only 𝜈 secondaries at sea level are saved.
(c) -save lep : 𝜇 and 𝜈 secondaries at sea level are saved. Here, it 

must be emphasised that ``lep'' does not indicate all leptons �- 
if there are any electrons or taus at sea level, they will not be 
stored in the output.

(d) -save all : all secondary particles at sea level are saved, re
gardless of their type.

gSeaGen offers the possibility to perform format conversion of the 
CORSIKA output without propagation. To use gSeaGen in such a mode, 
one must add --corsika -only -convert true as an argument when exe
cuting the gSeaNuEvGen binary. This can be combined with the -write
and -save options, which allow reducing the amount of saved informa
tion in the same way as described above.

3.1.1. Supported CORSIKA options

gSeaGen is compatible with the standard format of the CORSIKA 
binary output files, and adding support for simulations with (multi)thin
ning (THIN and MULTITHIN options; see [38]) is foreseen. The format of 
the file is automatically inferred and a respective notification is printed. 
The only CORSIKA compilation setting that should always be turned on 
is the CURVOUT option [38], since gSeaGen has been designed with the 
curved observation level in mind (see Appendix A.2.3). The code will 
still work without it, but the results will be more incorrect, the more 
horizontal the shower direction.
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Table 1
Summary of the information stored for each of the track categories. The definition of each category is given in the text. N/A represents information which is not 
available from CORSIKA. In the table, only muon tracks are indicated on the bottom, since currently gSeaGen only propagates muons from CORSIKA. Propagation of 
other secondary particles produced by CORSIKA is not yet supported. ID is the particle identification number converted to the PDG numbering scheme [37], 𝑡 is the 
time and 𝑙 is the travelled distance. The abbreviation obslev stands for the observation level (specified in CORSIKA), which in the case of the KM3NeT experiment 
is the sea level. The status field is described in Sec. 3.1.2 and counter is the hadronic or electromagnetic interaction counter, used in CORSIKA.

Track 𝑥 𝑦 𝑧
𝑝𝑥

𝑝 
𝑝𝑦

𝑝 
𝑝𝑧

𝑝 𝐸 𝑡 ID 𝑙 𝐸loss status counter 

primary 0 0 ✓ ✓ ✓ ✓ ✓ 0 ✓ 0 N/A 200 N/A 
muaddi ✓ ✓ ✓ ✓ ✓ ✓ ✓ N/A ±13 N/A N/A -21 ✓
grandmother ✓ ✓ ✓ ✓ ✓ ✓ ✓ N/A ✓ N/A N/A ✓ ✓
mother ✓ ✓ ✓ ✓ ✓ ✓ ✓ N/A ✓ N/A N/A ✓ ✓
muon ✓ ✓ =obslev ✓ ✓ ✓ ✓ ✓ ±13 ✓ ✓ ✓ ✓

Table 2
Summary of CORSIKA-specific IDs and their assigned PDG IDs and statuses.

CORSIKA ID description PDG ID status 
71 𝜂 → 2𝛾 221 24 
72 𝜂 → 3𝜋0 221 25 
73 𝜂 → 𝜋+𝜋−𝜋0 221 26 
74 𝜂 → 𝜋+𝜋−𝛾 221 27 
75 𝜇+ add. info -13 24 
76 𝜇− add. info 13 24 
85 decaying 𝜇+ at start -13 22 
86 decaying 𝜇− at start 13 22 
95 decaying 𝜇+ at end -13 23 
96 decaying 𝜇− at end 13 23 
9900 Cherenkov 𝛾 on particle output file 22 28 

Table 3
Summary of possible status values. The CORSIKA-specific ones are detailed 
in Table 2. Auxiliary tracks are the ones representing the mother particles and 
the muon creation point information (see Table 1).

status description 
-1 secondary not propagated or not reaching the can 
1 secondary successfully reaching the can 
1001 initial (sea-level) state of the particle, which reached the can 
21 auxiliary track (not propagated) 
22-28 auxiliary track with CORSIKA-specific ID (not propagated) 

3.1.2. status values
Several categories of particle tracks are defined and are characterised 

by different values of the status parameter, as compiled in Table 3.
When processing the input from CORSIKA, neutrinos are currently 

assigned status 21, since their transport in parallel with muons is not 
yet supported. If a CORSIKA muon is found to have insufficient range to 
undergo propagation, it retains the status -1, but is not transported. 
After a muon has successfully reached the can, it is assigned a status 
1, and its pre-propagation state from sea level is stored with a status 
of 1001.

3.2. Weight calculation

In gSeaGen, weights are assigned to events produced with CORSIKA. 
Some subtle differences with respect to the weight evaluation for events 
produced with GENIE are related to the different origins of the CORSIKA 
tracks. The ``intermediate weight'' 𝑤i is computed as

𝑤i =𝐴gen ⋅ 𝐼𝜃 ⋅ 𝐼𝐸 ⋅𝐸𝛾 ⋅ 𝑇gen ⋅𝜙CR, (1)

where:

• 𝐴gen [m2]: area of the ``generation surface'' (where gSeaGen starts 
propagation). Depending on the user choice, it may have a con
stant value corresponding to the area of a circle ( -rt can option) or 
be computed event-by-event and include more complicated shapes 
( -rt proj option). The latter is recommended, as it minimises the 
loss of statistics due to showers missing the can.

• 𝐼𝜃 = 2𝜋 ⋅ | cos(𝜃max) − cos(𝜃min)|: angular phase-space factor, with 
𝜃 being the zenith angle of the primary nucleus, i.e. the angle be
tween the trajectory of the primary and the vertical direction above 
the detector site. 𝜃min and 𝜃max correspond to the range in which 
CORSIKA showers are simulated (at most 0° and 90° respectively).

• 𝐸 [GeV] is the primary cosmic ray (CR) energy.

• 𝐼𝐸 ⋅ 𝐸𝛾 =

⎧⎪⎪⎨⎪⎪⎩
𝐸𝛾 ⋅ ln

(
𝐸max
𝐸min

)
if 𝛾 = 1

𝐸𝛾 ⋅
𝐸
1−𝛾
max−𝐸

1−𝛾

min
1−𝛾 if 𝛾 ≠ 1

: energy phase-space factor 

[GeV].
𝐸min and 𝐸max represent the energy range of the CORSIKA simula
tion.

• 𝛾 is the spectral index used for the energy spectrum of the CORSIKA 
events.

• 𝑇gen = 1 s: this value guarantees that the production rate is in s−1.

• 𝜙CR [
m2

s⋅sr⋅GeV ]: primary CR flux model. Currently, the only option in 
gSeaGen is the GST3 model [39]. It is possible to use an arbitrary 
CR primary flux by multiplying 𝑤i by the ratio of the chosen flux 
to the GST3 flux.

Fig. 2 and 3 show how the area of the top cap of the can is projected 
onto the sea surface if the -rt proj option is used. In Fig. 4 and 5 the 
same is shown for the side area of the can. The direction of the primary 
CR is the main reference in CORSIKA, since all muon positions at the 
sea surface are defined with respect to it. In each of the four figures, the 
points on the can surface are sampled for a fixed primary direction, with 
two red dashed lines added to see the slope easily. The primary vertex 
in the figures refers to a position at which the extended primary trajec
tory intersects a certain surface, e.g., the sea. DistaMax (see Fig. 6) is the 
maximal lateral distance of a muon from the primary axis (computed at 
sea level), described in more detail in Sec. 3.2.1. The can radius and 
height are increased by the projection of DistaMax (orthogonal to the 
primary direction) and so is the area 𝐴gen. This introduces an additional 
safety margin, which takes into account potential muon scattering. As 
one may note in Fig. 4, the curvature of the Earth plays a role in very in
clined events because for a curved sea surface the distance between the 
sea level and the can is smaller. This effect is accounted for in gSeaGen. 
This includes explicit treatment of the CORSIKA CURVOUT option [38]. 
Differences induced by assuming a flat or curved Earth result in a mea
surable effect in muon data for the KM3NeT detectors, and potentially 
for other neutrino telescopes as well.

The final event weight is:

𝑤event =
𝑤i ⋅ 𝑓corr

𝑛gen
, (2)

where 𝑛gen is the total number of showers generated with CORSIKA2 and 
𝑓corr is the correction factor needed to account for additional chances 

2 It is important that each primary is counted separately.
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Fig. 2. Sketch of the projection of the can top cap area onto the sea surface 
(after increasing it by the appropriate DistaMax projection onto the horizontal 
direction) in the side view.

Fig. 3. Sketch of the projection of the can top cap area onto the sea surface 
(after increasing it by the appropriate DistaMax projection onto the horizontal 
direction) in the top view.

given to the event to reach the can (see Sec. 3.3.1), with a default value 
of 1 (no retrying). The weight correction factor 𝑓corr can be evaluated 
using the gWeightCorsika application, provided along with gSeaGen and 
located in:

1 / s r c / t o o l s / g W e i g h t C o r s i k a / 

The program evaluates 𝑓corr as a function of energy and direction of the 
primary particle by comparing unweighted interpolated histograms of 
non-retried events with histograms containing all events. The predicted 
number of events per second is obtained by weighting the simulation 
with 𝑤event .

3.2.1. Evaluation of DistaMax
The value of DistaMax is a measure of the lateral spread of muons 

around the primary axis, as illustrated in Fig. 6. Its value is used to ad
ditionally increase the can size and take into account the cases where a 
shower intercepts the can, but only with a few laterally scattered muons 
(or even a single muon). The computation of DistaMax has been opti

Fig. 4. Sketch of the projection of the can side area onto the sea surface (after 
increasing it by the appropriate DistaMax projection onto the vertical direction) 
in the side view.

Fig. 5. Sketch of the projection of the can side area onto the sea surface (after 
increasing it by the appropriate DistaMax projection onto the vertical direction) 
in the top view.

mised, and it is evaluated considering only muons with a sufficient range 
(which depends on the muon energy) to reach the can (see Fig. 7). As a 
result, up to 4 times more showers from primaries with EeV energies can 
be processed (64% instead of 15% if all muons are considered). This is a 
particularly important feature when using CORSIKA simulations, since 
high-energy showers are extremely costly in terms of storage and com
putational time.

To account for the rare cases where a muon trajectory would not 
intersect the can, but the muon scatters under a large angle and ends 
up entering the can, the DistaMax value itself is enlarged by increasing 
the lateral distance of each muon by an individually computed value. 
This lateral deflection safety margin is based on a two-step fit of muon 
deflection as a function of slant depth and energy, produced using the 
PROPOSAL propagator [40] (see Appendix A.1).
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Fig. 6. Sketch illustrating the meaning of DistaMax using the example of a ver
tical shower. The value of DistaMax is always evaluated for muon positions at 
the sea surface.

Fig. 7. Top view of the geometry of shooting the shower at the can. The drawing 
assumes a perfectly vertical shower for simplicity; however, an actual histogram 
of an EeV proton shower simulated with CORSIKA (without thinning) from a 
KM3NeT CORSIKA simulation has been used, showing the muon density at the 
sea level. The yellow and orange circles are sketched to illustrate the qualitative 
effect of muon selection by range, which is effectively a cut on muon energy. 
The more energetic muons are typically closer to the shower axis since they are 
harder to deflect. This leads to the narrowing of the shower when the muons 
with insufficient range are discarded.

3.3. Additional functionalities

Several functionalities have been introduced to improve the COR
SIKA simulation statistics and facilitate the processing of CORSIKA files.

3.3.1. Repetition of shower propagation

The possibility of giving muon bundles additional chances to reach 
the can is available using the -chances option. For example, to allow 
the propagation of each shower to be retried up to 100 times (default is 
0), the argument -chances 100 is used. If a bundle arrives at the can, 
no further attempts are made. The implementation of propagation with 
retrying focuses on recovering statistics from failed events. However, 
this comes at the price of a non-uniform distortion of event distributions. 
To account for it, a correction factor 𝑓corr must be applied, as indicated 
in Equation (2).

3.3.2. Reduction of verbosity

Low-energy CORSIKA simulations may require generating millions 
of showers per run since many showers will simply not reach the can. 
Such a large number of showers could cause the gSeaGen log files to be
come huge. This issue is addressed with the --corsika -less -verbose 1

option, which prints information every 100,000th (instead of 500th) 
generated event and will completely skip information about reading the 
run and event header.

3.3.3. Muon range tolerance

To increase the low-energy simulation statistics, an option is avail
able to allow for a more gracious treatment of low-energy muons. For 
example, by adding --muon -range -tolerance 50.0 when executing the 
code, the tolerance margin for the muon range is increased by 50m, al
lowing the muons with a small probability of reaching the can to get 
there (muons with an insufficient range are not propagated at all).

4. Propagation

This section offers a qualitative description of the muon propagation 
routine of gSeaGen.

4.1. Propagation procedure

The propagation is performed following the steps listed below:

1. Reading the information from the muon tracks and initial orienta
tion of the shower:
(a) Each CORSIKA shower is read and DistaMax is evaluated, taking 

into account the safety margin for muon scattering (see Sec. 
3.2).

(b) The starting point of the shower trajectory is located above the 
centre of the can, at a vertical height corresponding to the obser
vation level (primary vertex). The muon positions are defined 
relative to the primary vertex and lie on the observation level. 
Each shower has to be reoriented such that its trajectory will 
intersect the enlarged can (see Appendix A.2.3). There are two 
possibilities:
• -rt proj : sampling showers on the can surface area projected 

onto the curved observation level surface. This is the recom
mended option for the propagation of CORSIKA muons. The 
projection works as follows:
– Projected areas of the top cap (𝐴top) and side of the can 

(𝐴side) are computed.
– Whether the shower axis will aim at the top cap or on the 

side of the can is decided randomly, with the probabilities 
proportional to 𝐴top and 𝐴side respectively.

– Depending on the result of the selection, a random point is 
picked on the surface of the top cap of the can or on the 
side of the can.

– This point is traced back to the observation level using the 
direction of the primary.

– The entire shower (including tracks which do not undergo 
propagation) is moved such that the primary vertex is lo
cated at that point (for details, see Appendix A.2.2).

• -rt ’can ’ : the starting position of the shower is randomly 
selected on a disk covering the projection of the detector can 
onto a plane perpendicular to the primary direction. A de
tailed description of this option is given in [24]. This is not 
a recommended strategy for CORSIKA events due to its inef
ficiency. The directions of showers sampled on a part of the 
area of the disk will not intersect the can, because the pro
jected area of the can (a cylinder) is not a disk (unless the 
shower is perfectly vertical).
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2. First step of propagation:
(a) The muons whose ranges are sufficiently long (see Sec. Ap

pendix A.1) are propagated from the observation level to ℎcan
(height of the top cap of the can).

(b) For each muon, a check is made to see whether it has already 
hit, missed, or has not reached the can yet.
• If there are muons in the can or pointing at it but not inside it 

yet (they point at the side of the can), propagation proceeds 
to the next stage.

• In the case when no muon reaches the can and none has 
a chance to do so in the second stage, but some muons 
just missed the can, the shower is either randomly rotated 
( -rt proj option) or horizontally shifted ( -rt ’can ’ option) 
into the can. This is counted as retrying and is only done if 
-chances is used (see Sec. 3.3.1).

• If there is no point in further propagation or shifting, the 
shower can be retried by starting over. The event is reset and 
shifted to a new position at the observation level. This will 
only be done if the -chances option is used.

• Should everything fail, the event remains unsuccessful, and 
the code moves to the next one.

• For successful events with nothing left to propagate (i.e., all 
muons either hit the top of the can or failed to hit the can), 
the weights are computed, and the event is written into the 
output file.

3. Second step of propagation from the level corresponding to the top 
of the can, ℎcan, to an interception point on the can. The propaga
tion of muons is resumed at the ``top of the can'' level and there are 
three possible cases:
(a) No muon reaches the can, but the specified allowed number 

of retries (see Sec. 3.3.1) has not been exceeded yet. In such a 
case, the event may be reconsidered for a further propagation 
attempt.

(b) No muon reaches the can and there are no attempts left �- the 
code moves to the next event.

(c) There is at least one muon in the can, meaning that the propa
gation was successful. Subsequently, the weight of the event is 
computed and the propagated event is saved in the output file. 
For options to control the amount of saved information, see Sec. 
3.1.

4.2. Customization of muon transport

Although the defaults of gSeaGen are optimised for the specific 
case of KM3NeT, the simulation may be adjusted in several ways. The 
medium in which the propagation is performed does not have to be wa
ter and does not have to start at the sea level (but does have to match the 
observation level from the CORSIKA files used). If PROPOSAL is used for 
particle transport, it is also possible to have multiple media of various 
shapes and with variable densities [40]. In the case of the basic built-in 
routine �- PropaMuon, this is not possible.

The propagation steps can also be controlled using the following two 
options:

• --approach -dist �- sets the distance from the can to which the first 
propagation step will be done (in meters),

• --propagation -step �- sets the propagation step size (in meters).

The reason for the introduction of these is that if propagation is done in 
a single step, it might happen that the muon will scatter laterally and 
enter too far into the can. This is undesirable because gSeaGen does not 
simulate the light emission, and hence having muons too far inside the 
can will cause underestimation in the light simulation at the subsequent 
simulation stage.

5. Summary

Several features have been added to the gSeaGen code to enable the 
processing of muons from air showers simulated with CORSIKA. For this 
purpose, direct readout of CORSIKA output has been implemented, as 
well as the possibility to either directly convert it to a different data 
format or to perform propagation of simulated atmospheric muons to 
a specified detector. The user of gSeaGen can control how propaga
tion is carried out and what information is deemed worth saving. The 
muon propagation routine includes many optimisations, which boost 
both the accuracy of the muon transport and the speed of the code. 
Options facilitating the reuse of generated showers have been added. 
These developments were made with simulations of the KM3NeT neu
trino telescopes primarily in mind, but other underground, -water, or 
-ice experiments may profit from them as well.

The efforts towards a more efficient and complete treatment of COR
SIKA air shower simulations continue. The improvements foreseen in the 
future include, but are not limited to:

• propagation of neutrinos together with muons,
• upgrade to a newer version of PROPOSAL [40],
• re-evaluation and further improvement of the muon lateral scatter

ing fit, including a possibility to use a custom fit (prepared for the 
specific media used in the simulation),

• adding the KM3NeT data format as one of the possible output for
mat choices,

• treatment of the THIN and MULTITHIN CORSIKA options, in par
ticular regarding their impact on the DistaMax parameter,

• investigation of the possibility to directly utilize public libraries of 
air showers simulated with CORSIKA,

• inclusion of the possibility to simulate non-standard configurations 
of incident cosmic rays, such as cosmic ray ensembles [41],

• adding jupyter notebooks with examples.

User feedback is welcome and should preferably be expressed via issues 
in the official GitLab repository.
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Appendix A. Further details of the implementation

A.1. Muon range and deflection in water

During investigation of possible improvements of the gSeaGen code, 
the lateral deflection of muons when travelling through water was stud
ied. One of the results of the study is the estimation of the lateral 
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Fig. A.8. Lateral deflection of muons 𝑅𝜇 as a function of their initial energy 𝐸𝜇

and distance 𝑑 travelled in seawater.

muon deflection as a function of its initial energy and distance travelled 
(see Fig. A.8), obtained by using a modified gSeaGen code with PRO
POSAL (v6.1.5) as muon propagator. For this study, no CORSIKA input 
was used. Instead, all muons were injected with a vertically downward 
momentum and followed through seawater until they stopped. This sce

nario simplified the evaluation of the deflection to 𝑅𝜇 =
√
Δ𝑥2 + Δ𝑦2, 

where Δ𝑥 and Δ𝑦 are the muon lateral displacements with respect to 
the initial muon position. The initial muon energies were sampled in 
the range between 1 GeV and 1 ZeV (1012 GeV), with 1000 muons gen
erated for each energy and the muon deflection recorded every 100 m. 
For the highest energies, the longest distances travelled by the muons 
exceeded 100 km. For comparison, the geometrical limit for the trav
elled distance in CORSIKA simulation for KM3NeT is 𝑑max = 60.46 km, 
which can be computed from

𝑑max =𝑅Earth cos(𝜃max) +
√

𝑅2
Earth cos

2(𝜃max) −𝐷2
max − 2𝑅Earth𝐷max,

(A.1)

where 𝑅Earth = 6371.315 km is the average radius of the Earth (the value 
used in CORSIKA), 𝐷max = 3500m is the maximum depth (depth of the 
ARCA site) [25] and 𝜃max = 87° is the maximum zenith angle consid
ered in CORSIKA simulation for KM3NeT. Larger zenith angles are not 
simulated, since the muon flux due to extremely horizontal showers is 
negligible and would require an enormous number of generated events 
to obtain some particles at the can. Notably, this will no longer apply in 
the case of neutrinos.

Various physical effects can be observed in Fig. A.8. The vertical 
left edges for different travelled distances demonstrate that there is a 
threshold energy required for a muon to be able to travel a particu
lar distance. The upper limit on the lateral deflection appears to be 
roughly 100 m and shows a weak dependence on the initial muon en
ergy above 100 GeV. In the region of 1 − 50GeV, the muon ranges are 
relatively short, that is, the muon experiences less scattering before it 
stops, which limits the maximal achievable lateral deflection. However, 
the large minimal value demonstrates that the scattering at low energies 
significantly affects the muon trajectory. Moving towards the initial 𝐸𝜇

of about 100 GeV, the muon range stops to play a role and the deflection 
reaches the global maximum. Upon further increase of the energy, tiny 
lateral deflections become more probable because muons have stronger 
Lorentz boosts and since high-momentum particles are harder to deflect. 
This is reflected in the downward slope in Fig. A.8.

It is possible to fit the maximal deflections (here approximated with 
the average deflection increased by 10 standard deviations: 𝑅avg +
10⋅𝑅std) linearly in log-log scale as a function of 𝐸𝜇 . Examples of such 
fits are shown in Fig. A.9. Moreover, also the distance dependence has 

Fig. A.9. Maximal lateral muon deflections fitted as a function of 𝐸𝜇 . The fitting 
function is 𝑅(𝐸𝜇) = 10𝑎𝑑 ⋅log10(𝐸𝜇 )+𝑏𝑑 .

Fig. A.10. Dependence of the energy-dependent fit parameter of the maximal 
lateral muon deflection 𝑎𝑑 on the distance travelled. The fitting function is 𝑎𝑑 =
𝑎1 ⋅ log10(

𝑑max
m ) + 𝑎2 and 𝑅2 is the coefficient of determination.

been successfully parameterised, as it turned out that the linear fit pa
rameters from the 𝐸𝜇 -dependent fit (𝑎𝑑 and 𝑏𝑑 , as defined in the caption 
of Fig. A.9) vary linearly (in appropriate scales) with the distance 𝑑, as 
shown in Fig. A.10 and A.11. All this allowed for a fast computation of 
the maximal expected deflection for each muon:

𝑅max = 10
[
𝑎1⋅log10

(
𝑑max
m 

)
+𝑎2

]
⋅log10(

𝐸𝜇
GeV )+𝑏1⋅

𝑑max
m +𝑏2 [m], (A.2)

where 𝑑max =
site depth
cos𝜃 , 𝑎1 = 0.75 ± 0.02, 𝑎2 = −3.54 ± 0.08, 𝑏1 = (−7.7 ±

0.5) ⋅ 10−5, and 𝑏2 = 5.21 ± 0.11. Eq. (A.2) has been implemented in the 
gSeaGen muon propagation routine (Sec. 4). In the future releases it is 
planned to make the fit of the maximal muon deflection customisable, 
i.e. let the users provide their own, depending on the medium in which 
they want to propagate the muons. This would come with a step-by-step 
code example, illustrating how to produce it.

A.2. Reorientation of CORSIKA showers

The gSeaGen code ensures that an event will hit the detector by 
moving it around, causing its trajectory (inferred from the direction be
fore propagation) to intersect the can. A vital part of this work was a 
fundamental rework of the CORSIKA shower reorientation in gSeaGen. 
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Fig. A.11. Dependence of the energy-dependent fit parameter of the maximal 
lateral muon deflection 𝑏𝑑 on the distance travelled. The fitting function is 𝑏𝑑 =
𝑏1 ⋅

𝑑max
m + 𝑏2 and 𝑅2 is the coefficient of determination.

Previously, the showers were only horizontally shifted (in the 𝑥-𝑦 plane) 
assuming a flat geometry. Here, a more accurate approach was intro
duced taking into account the curvature of the Earth. This plays a sig
nificant role for horizontal showers, where the differences between the 
flat and curved scenarios could reach hundreds of metres.

The geometry of the problem was assumed to be symmetric around 
the centre of the Earth (see Fig. A.12). The shape of the Earth was 
approximated as a perfect sphere with radius 𝑅Earth = 6371.315 km, 
matching the CORSIKA simulation [38]. This allowed rotating showers 
around the Earth without changing the altitude. The only requirement 
for the rotation was that the shower trajectory, evaluated on the basis 
of the initial position and direction of the primary, should intersect the 
can. When processing a CORSIKA output file, the initial shower position 
is always at sea level at ∙ (0,0,𝐷) (violet point in Fig. A.12), where 𝐷
is the depth at which the detector is located. The origin of the coordi
nate system is placed at the centre of the base of the can. The shower in 
its original orientation will not intersect the can unless it happens to be 
vertical, hence it has to be rotated. In addition, including such a random 
rotation is necessary to avoid a directional bias in the simulation.

A.2.1. Computation of the required rotation

To evaluate the rotation matrix 𝑀 , required for a shower trajectory 
to intersect a given point ∙

(
𝑥can, 𝑦can, 𝑧can

)
, one must follow the steps:

1. The point ∙
(
𝑥p, 𝑦p, 𝑧p

)
, where the initial primary trajectory inter

sects with the sphere of radius 𝑟 =𝑅Earth + 𝑧can, approximating the 
Earth (see Fig. A.12) must be found. It is sufficient to find the dis

tance to that point since the direction 
(
𝑐
p
𝑥,, 𝑐

p
𝑦 , 𝑐

p
𝑧

)
=
(
𝑐sea𝑥, , 𝑐sea𝑦 , 𝑐sea𝑧

)
is already known. Here, a shorthand notation for directional cosines 
is used: cos𝜃𝑖 = 𝑐𝑖, where 𝑖 ∈ (𝑥, 𝑦, 𝑧). The sought distance 𝑑intersect
is the solution to the quadratic equation

𝑎 ⋅ 𝑑2
intersect + 𝑏 ⋅ 𝑑intersect + 𝑐 = 0, (A.3)

with the coefficients:

𝑎 = 1, (A.4)

𝑏 = 2 ⋅
(
𝑐
p
𝑥𝑥1 + 𝑐

p
𝑦𝑦1 + 𝑐

p
𝑧𝑧1

)
, (A.5)

𝑐 = 𝑥21 + 𝑦21 + 𝑧21 − 𝑟2, (A.6)

where 
(
𝑥1, 𝑦1, 𝑧1

)
can be conveniently set to ∙

(
𝑥sea, 𝑦sea, 𝑧sea

)
, i.e. 

the original shower position at sea. There are in general two solu
tions for 𝑑intersect given by

𝑑intersect =
−𝑏±

√
𝑏2 − 4𝑎𝑐
2𝑎 

, (A.7)

however, only the smaller of the two solutions is of interest, as the 
larger one is the distance to the intersection point on the other side 
of the sphere approximating the Earth. Thus, the value of 𝑑intersect
can be obtained by inserting Eq. (A.4), (A.5), (A.6), and 𝑟 =𝑅Earth +
𝑧can into Eq. (A.7), and used to compute the intersection point:

⎛⎜⎜⎝
𝑥p
𝑦p
𝑧p

⎞⎟⎟⎠ =
⎛⎜⎜⎝
𝑥sea + 𝑐

p
𝑥 ⋅ 𝑑intersect

𝑦sea + 𝑐
p
𝑦 ⋅ 𝑑intersect

𝑧sea + 𝑐
p
𝑧 ⋅ 𝑑intersect

⎞⎟⎟⎠ . (A.8)

2. After finding ∙
(
𝑥p, 𝑦p, 𝑧p

)
, the next step is to determine a rotation, 

which must be applied to move it to ∙
(
𝑥can, 𝑦can, 𝑧can

)
.

(a) The axis of rotation described by a vector 𝑎 must be identified. 
If the vectors pointing from the origin of the coordinate system 
(centre of the Earth) to ∙

(
𝑥p, 𝑦p, 𝑧p

)
and ∙

(
𝑥can, 𝑦can, 𝑧can

)
are 

denoted as 𝑝 and 𝑞 respectively, then 𝑎 will be a vector orthog
onal to both of them (see Fig. A.13), which can be found from 
the cross-product:

𝑎 = 𝑝 × 𝑞 =
⎡⎢⎢⎣
𝑦p𝑧can − 𝑧p𝑦can
𝑧p𝑥can − 𝑥p𝑧can
𝑥p𝑦can − 𝑦p𝑥can

⎤⎥⎥⎦ . (A.9)

For the rotation, the components of the versor (unit vector) 𝑎̂
must be computed:

𝑎̂ = 𝑎‖‖𝑎‖‖ =
⎡⎢⎢⎣
𝑎𝑥

𝑎𝑦

𝑎𝑧

⎤⎥⎥⎦ . (A.10)

(b) Next, the rotation angle 𝛼 must be determined. It is efficient 
to directly evaluate its sine and cosine by making use of the 
following properties of vectors:

sin𝛼 =
‖‖𝑝 × 𝑞‖‖‖‖𝑝‖‖ ⋅ ‖‖𝑞‖‖ =

‖‖𝑎‖‖‖‖𝑝‖‖ ⋅ ‖‖𝑞‖‖ (A.11)

and

cos𝛼 =
‖‖𝑝 ⋅ 𝑞‖‖‖‖𝑝‖‖ ⋅ ‖‖𝑞‖‖ . (A.12)

(c) Finally, the rotation matrix 𝑀 can be computed, as all the ele
ments are known:

𝑀 = 

[
cos𝛼 + 𝑎2

𝑥
(1 − cos𝛼) 𝑎𝑥𝑎𝑦(1 − cos𝛼) − 𝑎𝑧 sin𝛼 𝑎𝑥𝑎𝑧(1 − cos𝛼) + 𝑎𝑦 sin𝛼

𝑎𝑦𝑎𝑥(1 − cos𝛼) + 𝑎𝑧 sin𝛼 cos𝛼 + 𝑎2
𝑦
(1 − cos𝛼) 𝑎𝑦𝑎𝑧(1 − cos𝛼) − 𝑎𝑥 sin𝛼

𝑎𝑧𝑎𝑥(1 − cos𝛼) − 𝑎𝑦 sin𝛼 𝑎𝑧𝑎𝑦(1 − cos𝛼) + 𝑎𝑥 sin𝛼 cos𝛼 + 𝑎2
𝑧
(1 − cos𝛼)

]
.

(A.13)

A derivation of Eq. (A.13) may be found in Sec. 9.2 of [42]. The 
matrix 𝑀 is applied both to position and direction vectors:

⎡⎢⎢⎣
𝑥

𝑦

𝑧

⎤⎥⎥⎦rotated =𝑀

⎡⎢⎢⎣
𝑥

𝑦

𝑧

⎤⎥⎥⎦ , (A.14)

⎡⎢⎢⎣
𝑐𝑥
𝑐𝑦
𝑐𝑧

⎤⎥⎥⎦rotated =𝑀

⎡⎢⎢⎣
𝑐𝑥
𝑐𝑦
𝑐𝑧

⎤⎥⎥⎦ . (A.15)

A.2.2. Rotation of showers around the Earth

The procedure of reorienting the CORSIKA showers is multi-staged:



Computer Physics Communications 314 (2025) 109660

13

S. Aiello, A. Albert, A.R. Alhebsi et al. 

Fig. A.12. Sketch of the geometry of shower reorientation, shown from the side. 

Fig. A.13. Sketch of the vector 𝑝 rotated onto the vector 𝑞 by an angle 𝛼 around 
the axis of rotation defined by the orthogonal vector 𝑎.

1. The primary direction is rotated such that the trajectory intersects 
the middle of the can 

(
0,0, ℎcan

2 
)

and is computed by

⎡⎢⎢⎣
𝑐mid
𝑥,

𝑐mid
𝑦

𝑐mid
𝑥

⎤⎥⎥⎦ =𝑀mid ⋅
⎡⎢⎢⎣
𝑐sea𝑥,

𝑐sea𝑦

𝑐sea𝑥

⎤⎥⎥⎦ , (A.16)

where ℎcan is the height of the can and 𝑀mid is computed according 
to Appendix A.2.1.

2. The surface of the can is increased by DistaMax (as described in Sec. 
3.2) to account for the lateral spread of the muons due to scattering.

3. A point on the enlarged surface of the can is picked randomly. The 
code selects whether the point will be on the top cap or the side of 
the can. The probability of landing on either of the two is weighted 
by the top and side areas of the can (extended by DistaMax) 𝐴top and 

𝐴side, projected onto the plane perpendicular to 
[
𝑐mid
𝑥, , 𝑐mid

𝑦 , 𝑐mid
𝑧

]
.

(a) If the top area is selected: a random point is drawn from the 
circle of radius 𝑟can + DistaMax ⋅ 𝑐mid

𝑥 .
(b) If the side area is selected: a random point is drawn from half 

the cylinder side of radius 𝑟can +DistaMax ⋅𝑐mid
𝑥 and height equal 

to ℎcan + DistaMax ⋅
√

1 −
(
𝑐mid
𝑥

)2
. Only half of the side is used 

because the shower does not ``see'' the whole side of the can. 
This half is subsequently rotated to face the incoming primary.

4. When the point on the increased can surface 
(
𝑥can, 𝑦can, 𝑧can

)
is se

lected, the rotation matrix 𝑀 is computed for that point, following 
Appendix A.2.1.

5. The rotation represented by 𝑀 is applied to the positions and direc
tions of all tracks in an event, regardless of whether they are going 
to be propagated or not. The final effect is a coherent rotation of 
the entire shower around the Earth.

A.2.3. Caveats of shower rotation

Note that although the rotation described in this section preserves 
the original shower zenith angle and altitude (and thus the slant depth), 
it does alter the latitude and/or longitude. This implies a different at
mospheric density profile and geomagnetic field strength, both of which 
are inputs for CORSIKA simulation. The effect is most prominent for in
clined showers, as those need to be moved the most to hit the can. It 
must be stressed that CORSIKA does not allow a variable magnetic field 
or atmospheric density. This means that one is forced to either accept the 
inherent larger uncertainty in the case of inclined showers or generate 
separate simulations for different primary particle zenith and azimuth 
bins, which in many scenarios will simply be impractical. The impact 
on the horizontal events will also depend greatly on the geographic lo
cation of the detector and the associated variability of the conditions. 
The impact on the results was tested by running small CORSIKA test 
simulations for the two locations:

• KM3NeT/ARCA (36.27◦ N, 16.10◦ E): 𝐵𝑥 = 27.86 μT, 𝐵𝑧 = 35.39 μT,
• KM3NeT/ORCA (42.80◦ N, 6.03◦ E): 𝐵𝑥 = 24.25 μT, 𝐵𝑧 = 39.82 μT,

where the magnetic field strength was taken from the IGRF model [43] 
and a fixed averaged atmospheric density profile was used. The ARCA 
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and ORCA sites are separated by roughly 800 km and the magnetic field 
components differ by 15% and 12%, respectively, leading to a variation 
of event rates at sea level of the order of 1− 10%, depending on the pri
mary energy. A variability of 3 − 16% was also observed by performing 
the simulation for the two sites with a fixed magnetic field but using two 
different atmospheric density profiles (obtained with GDAS [44]). The 
values provided here are only meant to guide the basic intuition on the 
expected magnitude of such effects; the duty of the users is to perform 
a dedicated study for their own experimental site.

Appendix B. Information stored in the header

As demonstrated in Listing 1, the header of the gSeaGen output files 
contains all the basic information about the simulation. This includes 
the low- and high-energy hadronic interaction models used by COR
SIKA, the code used internally for transport of muons through matter 
(in this case PROPOSAL), CORSIKA and gSeaGen versions, energy cuts, 
the spectral index used in the CORSIKA simulation, can position and di
mensions (coordinates of the can centre, its height, and radius), depth, 
site coordinates, cosmic ray flux model, primary particle and the gener
ation spectrum. An example is shown below:

1 s t a r t _ r u n : 1 
2 d r a w i n g : s u r f a c e 
3 p h y s i c s : C O R S I K A U r Q M D S I B Y L L -2 . 3 d 
4 p h y s i c s : g S e a G e n P R O P O S A L 6 . 1 . 5 
5 s i m u l : C O R S I K A 7 . 7 4 1 0 2 3 0 6 2 7 0 0 0 0 
6 s i m u l : g S e a G e n v 7 . 4 . 0 2 3 0 9 3 0 2 0 1 9 
7 c u t _ p r i m a r y : 1 0 0 0 1 e + 0 6 -0 . 8 6 6 -0 . 8 6 6 
8 c u t _ s e a m u o n : 9 9 9 0 0 0 
9 c u t _ n u : 9 9 9 0 0 0 

10 s p e c t r u m : 1 
11 f i x e d c a n : 0 0 0 9 5 7 8 1 8 . 4 
12 g e n v o l : 0 0 0 0 1 0 0 0 
13 d e p t h : 3 4 5 0 
14 p r i m a r y : 2 2 1 2 
15 f l u x : 2 2 1 2 G S T 3 / s o m e / d i r e c t o r y / D A T 0 0 0 0 0 1 

Listing 1: Header example for a CORSIKA file processed with gSeaGen.

Appendix C. Code testing and validation

To ensure good code quality and stability, gSeaGen has a continuous 
integration and continuous deployment (CI/CD) pipeline set up in both 
its private and public repository. The pipeline is automatically executed 
at each commit and is divided into several stages. The first is devoted to 
the generation and deployment of documentation in the form of inter
nal notes generated from LaTeX and the Doxygen code documentation. 
The next focuses on verifying adherence to the fixed code style (LLVM) 
using clang-format and code quality with cppcheck and flawfinder. Sub
sequently, the code compilation is tested, and then a set of benchmark 
jobs is run to verify whether gSeaGen works properly, testing differ
ent modes of neutrino generation with GENIE (v3.4.0) and processing 
of muons from CORSIKA (v7.7410) using PROPOSAL (v6.1.5). Finally, 
if the code was tagged, it is put in the docker container, converted to 
the singularity container, and uploaded to the SFTP server from where 
it can be retrieved. The source code and the singularity image are also 
automatically uploaded to the gSeaGen Zenodo record. CI/CD has been 
recently upgraded as a result of the internal code review, carried out 
within the KM3NeT Collaboration.

With regard to the specific developments presented in this publica
tion, the critical parts of the code were reimplemented in parallel in 
Python. The main motivation was to verify whether the results can be 
reproduced and to make visualisation easier. The attempt was successful 
and most of the presented plots were produced using the Python code, 
which will be included in the gSeaGen repository in the form of jupyter 
notebooks.

The new gSeaGen functionality was used to produce several smaller 
CORSIKA test simulations and a big one with more than 1.44 ⋅1010 show
ers generated with primary energies between 1 TeV and 8 EeV (more 
details can be found in [45]). The results obtained with gSeaGen were 
cross-checked against MUPAGE [27], a standard KM3NeT code that gen
erates muons directly on the surface of the can, and a good level of 
agreement was found. Furthermore, both simulation codes were com
pared to the experimental data [46,45,14]. In the case of the CORSIKA 
simulation, a clear deficit of muon events was found at high energies, 
which is consistent with observations of other experiments and is com
monly referred to as the Muon Puzzle [47].

Data availability

I have shared the link to my code at the Attach File step.

Muon lateral deflection data obtained with PROPOSAL v6.1.5 (Orig
inal data) (KM3NeT sftp server).
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