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We present a method to test the impact of ad hoc modifications of some of the generic parameters of
hadronic interactions—cross section, elasticity, and multiplicity—on any observable quantity using full
three-dimensional simulations of extensive air showers induced by ultrahigh-energy cosmic rays. Our
approach not only extends the existing one-dimensional tools to three dimensions, but also introduces more
flexible features to better respond to the needs of both theory and experiment. We first thoroughly validate
the Conex 3D framework for the simulation of both longitudinal and lateral features of air showers, in
particular, for a nonstandard configuration of the framework in which different energy thresholds for
modifications are applied. Moreover, we show that the implementations of the ad hoc modifications in this
configuration are consistent with the previous one-dimensional simulations. Finally, we discuss the
importance of studying the interaction modifications in three dimensions and the effects of parallel
modifications of multiple parameters.
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I. INTRODUCTION

Cosmic rays of the highest energies, when hitting target
nuclei in the uppermost layers of the atmosphere, offer a
unique window into hadronic physics otherwise unreach-
able by Earth-bound accelerators. The model description of
the physical processes responsible for the development
of the extensive air showers of the highest energies has
long been plagued by discrepancies. Several experiments
report a measured excess of muons at ground level, which
increases with energy over several orders of magnitude
[1,2]. Recently, data from the Pierre Auger Observatory
indicate that the discrepancies are not only in the predicted
number of muons at the ground, but also in the predicted
depths of the shower maxima [3]. This might suggest a
much heavier mass composition of cosmic rays than the
one deduced using unmodified models of hadronic inter-
actions, thus improving the global consistency of observed
data [4].
We have previously investigated the modifications to the

properties of hadronic interactions that are necessary to
account for these discrepancies by simulating hadronic

interactions with modified characteristics [5–8]. In this
work, we establish solid foundations for the use of such
simulations and show that the implementation of the
modifications into a fully three-dimensional framework
is key to the proper interpretation of the data. Furthermore,
we show that the parallel modification of different proper-
ties is not equivalent to a simple composition of individual
changes in the predictions for observable quantities.
In Sec. II, we define the treatment of ad hoc modifica-

tions of hadronic interactions, which is validated in Sec. III.
We demonstrate the importance of the three-dimensional
(3D) simulation approach in Sec. IV and discuss the
parallelism and commutativity of these modifications in
Sec. V. Section VI then contains the conclusion of the
results.

II. MODIFIED CHARACTERISTICS
OF HADRONIC INTERACTIONS

In [9], the effects of various modifications of the
properties of hadronic interactions on the development
of air showers were studied using the Conex [10] simulation
framework. Modifications of cross section, elasticity (i.e.,
the fraction of total energy carried by the most-energetic
particle), multiplicity (i.e., the number of particles in an
interaction), or pion charge ratio were applied to all
hadronic interactions above a laboratory threshold energy
Ethr, with the magnitude of the modifications fðEÞ increas-
ing logarithmically with energy to reach a chosen value of
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f19 at 10 EeV, according to

fðE; f19Þ ¼ 1þ ðf19 − 1Þ · FðEÞ; ð1Þ

where FðEÞ ¼ 0 below Ethr and otherwise

FðEÞ ¼ log10ðE=EthrÞ
log10ð10 EeV=EthrÞ

: ð2Þ

The main limitation of this study stems from the one-
dimensional character of Conex, which provides no infor-
mation about the three-dimensional structure of the shower.
This is particularly important for the comparison with any
sparse arrays of detectors on the ground, which typically
provide the measurement of particle numbers at some given
distance from the shower axis, the behavior of which under
the modifications may substantially differ from the behav-
ior of the total number of particles available from Conex.
To study the effects of modifications of hadronic

interactions on three-dimensional quantities, it is necessary
to implement those modifications in a three-dimensional
air-shower generator such as Corsika [11]. While the modi-
fication of the cross section is straightforward, as it is
applied before the interaction, modifications of other
parameters require resampling of secondary particles pro-
duced by the hadronic interaction model. The existing
resampling code used in [9] has been extensively tested and
is available to the community as part of the stand-alone
Conex package. The Conex code can be used for the simu-
lation of the first part of the shower development in Corsika

under the Conex 3D option [12]. In this option, the particles
are eventually handed over to standard Corsika upon crossing
configurable energy thresholds, so that the full three-
dimensional shower is recreated. With small adjustments,
we have ported the available resampling code for use
under the Conex 3D option in Corsika so that full three-
dimensional showers can be generated with modified
hadronic interactions.
The implementation in Corsika addresses two limitations

of the original resampling code: the inability to perform
resampling of different variables simultaneously and the
universality of Ethr values for all modifications. On the
other hand, we have opted not to implement modifications
of the pion charge ratio. While this was proven in [9] to be
an efficient way of increasing the muon content of air
showers, many other modifications for the same purpose
have been developed since—most are reviewed in [13]
except for the latest works such as [14]—and thus imple-
menting a single mechanism would be somewhat arbitrary.
There is now an abundance of data on the production of
specific mesons at high energies, from precise measure-
ments of neutral pions at the LHC [15] to fixed-target
measurements of kaons at NA61 [16], which actually
indicates a violation of isospin symmetry—any modifica-
tion to particle production would have to take now into

account the rather complex constraints from these mea-
surements, which is beyond the scope of our work. For all
of the other modifications, additional steering cards were
implemented using the standard Corsika format, making it
possible to specify the valuesEthr and f19 independently for
cross section, elasticity, and multiplicity when setting up a
Corsika simulation.
The Conex code for modified simulations is capable of

treating nuclear projectiles while using Sibyll [17] as the
high-energy interaction model. As Sibyll is based on the
superposition model of nuclear interactions, each nucleus-
air interaction is treated simply as a set of nucleon-air
interactions at energy E=A. For technical reasons, we have
changed the implementation of the modification of the
cross section of nuclear projectiles, where we replace the
rather complex original calculation (which is difficult to
implement under Corsika) with a parametrization that does
not produce significant differences for the longitudinal
shower development (see [6] for details). Because of the
energy E in Eq. (2) being taken per nucleon in the case of
nuclear projectiles, the effects of modifications are much
smaller for nuclear primaries (and equal to those for proton-
air collisions at E=A). Thus, we present results mostly for
proton primaries, where the effects are more sizable.

III. VALIDATION OF THE MODIFIED
SIMULATIONS

In their original work, the authors of [9] have set
Ethr ¼ 1015 eV for all modifications, above the maximum
LHC energy at that time. On the one hand, since the
modification factor only grows logarithmically with energy
and there are various uncertainties in the experimental
constraints for the modified variables, in particular, for
proton-air or even pion-air interactions, it is reasonable to
investigate the effect of at least some of the modifications
for thresholds even below the maximal accelerator energy
(at least for modest values of f19)—it can, in fact, be
beneficial to set it as low as possible so that we avoid
postulating very sharp changes in the properties of the
interactions. On the other hand, the maximum accelerator
energy has increased by almost 2 orders of magnitude in the
laboratory frame over time. The possible choices of thresh-
olds are thus different for the different variables.
This point is better illustrated by comparing the pre-

dictions of the different hadronic interaction models (Sibyll
2.3d, Qgsjet II-04 [18], EPOS-LHC[19] and Pythia 8 [20]) for
the different variables, as it is shown in Figs. 1–3, generated
using the CHROMO [21] package. While cross section
measurements are directly available, the constraints on
elasticity and multiplicity are derived indirectly from other
measurements and thus experimental data are shown only
in Fig. 1. These data [22–24] present strong constraints,
making it difficult to justify any choice of Ethr < 1016 eV;
the Auger [25] and Telescope Array [26] measurements
at higher energies come with large uncertainties. For

JIŘÍ BLAŽEK et al. PHYS. REV. D 113, 123066 (2026)

123066-2



elasticity, due to the lack of precise forward measurements,
already the current models show large differences in
predictions across a wide range of energies; for technical
reasons, however, we do not consider values lower than
Ethr ¼ 1014 eV. For multiplicity, the current models seem

to diverge around Ethr ¼ 1015 eV. In all three figures, we
also show how modifications for the respective choices of
Ethr for each variable grow above the threshold according to
Eq. (1) for various choices of f19 considered in [5].
In Conex, particles are first treated using the Monte Carlo

method, until they reach an energy threshold ECE below
which they are no longer followed individually, but are
used as initial conditions for a set of cascade equations. The
resampling code only affects the Monte Carlo part of the
simulation and thus the threshold energy for cascade
equations ECE must always be set lower than the lowest
Ethr for the used modifications. The Conex 3D option and its
consistency with standard Corsika simulations for primary
energies E0 up to 1019 eV have been tested in [28].
However, the study was carried out under the default
configuration, where for hadrons ECE ¼ 10−3E0, which
is significantly higher than the range of Conex Monte Carlo
simulations needed to simulate ultra-high-energy cosmic
ray (UHECR) showers with Ethr for modifications on the
order of 1014 eV. Furthermore, the published tests do not
include a comparison of lateral and longitudinal muon
profiles, nor do they concern any modified simulations or
study the consistency in fluctuations of observables, as they
are carried out using small numbers of simulated showers.
We thus need to present an extensive validation of the
framework for the modified simulations before it can be
applied to any physical problems.
We divide the consistency checks into three categories.

First, compare the longitudinal profiles between the three
frameworks: Conex, Conex 3D, and Corsika. Second, we look in
detail at the shapes of the lateral profiles obtained from
Corsika and Conex 3D (stand-alone Conex does not provide
lateral profiles). Third, we compare the effects of mod-
ifications between the Conex and Conex 3D frameworks (the
modifications are not implemented in Corsika without Conex).

FIG. 1. Total cross section in a p-p interaction as a function of
CMS and laboratory collision energy predicted by various had-
ronic interaction models. The Sibyll 2.3d model is shown together
with modifications utilized in [5]. The data points are taken from
several experiments, combining statistical and systematic un-
certainty in quadrature. The lower-energy data (blue crosses)
were compiled from [22]. Black upper triangles represent the
results of TOTEM [23]. Black lower triangles represent results
from the ALFA detector [24,27]. The most-energetic points show
the results obtained by Pierre Auger Collaboration [25] and the
Telescope Array (TA) [26]. The gray line represents the energy
used for validation between the different frameworks in
this work.

FIG. 2. Evolution of elasticity for various hadronic interaction
models for a proton-proton interaction. The Sibyll 2.3d model is
shown together with modifications utilized in [5].

FIG. 3. Evolution of multiplicity of charged particles for
various hadronic interaction models for a proton-proton inter-
action. The Sibyll 2.3d model is shown together with modifica-
tions utilized in [5].
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A. Simulation setup

In all simulations, we use Corsika 7.7410 and Conex 7.60
with Sibyll 2.3d [17] and UrQMD 1.3.1 [29] hadronic inter-
action models, with the energy threshold for the transition
between the high- and low-energy models set to 80 GeV.
The primary energy is set to E0 ¼ 5 EeV, and the primary
particles are protons and iron nuclei. As our main goal is to
validate the Conex 3D simulations under conditions allowing
the most extensive feasible modifications, we set the energy
for the transition between the Conex Monte Carlo part and
the cascade equations at ECE ¼ 2 × 10−6E0 ¼ 1013 eV for
hadrons in Conex 3D. To avoid introducing unnecessary
differences into the comparison, we use the same value for
one-dimensional Conex; the threshold for electromagnetic
particles is kept at the default 10−4E0). The thresholds for
the handover of particles back to Corsika in Conex 3D simu-
lations were kept at default values (300 GeV for hadrons,
1 GeV for electromagnetic (EM) particles; muons are
always passed to Corsika upon production). For consistency,
we used the same parametrization of atmosphere for all
three simulation packages, namely, the Malargüe Global
Data Assimilation System model for May after Will and
Keilhauer (equal to 22 in the Corsika steering input), which
we parametrized for use within Conex.

B. Longitudinal shower development

Longitudinal profiles allow for an efficient comparison
between the predictions of the different frameworks across
a wide range of slant depths, which effectively corresponds
to a large range of combinations of zenith angle and altitude
above sea level. However, in the case of inclined showers
(which maximize the span of slant depths), care must be
taken near the ground in Corsika (and thus also in Conex 3D) as
the longitudinal profile is affected when particles far from
the shower axis encounter the ground before the shower
axis does. To this end, we use simulations in Corsika and
Conex 3D with the ground altitude set to 0 m and the zenith
angle set to 60°, which provide longitudinal profiles
unaffected by this effect for up to 1800 g=cm2 of depth.
The energy cuts for particle tracking in these simulations
are set to the Conex defaults (1 GeV for hadrons and muons
and 1 MeV for electrons and photons) so that comparison
with Conex (where these cuts cannot be easily changed) is
possible in absolute numbers.
The mean depths of the maxima of the longitudinal

profiles of the energy deposit (hXmaxi) agree very well
across all three modes of simulation (Conex, Conex 3D, and
Corsika), for both proton and iron primaries (see Table I). We
note the available statistics: 7000 showers per primary
particle were simulated for Corsika and Conex 3D and 100 000
showers for Conex. Similarly, we observe no incompatibility
in hXmaxi for the iron primaries. When the profiles are
compared with each other, they show a difference of up to

10% in the early stages between the Corsika- and Conex-based
frameworks, see Fig. 4. The structure around 300 g=cm2

seems to be caused by the transition from the Monte Carlo
treatment to the cascade equations. A rough calculation
based on the average expected multiplicities in hadronic
showers (see [30]) and the expected interaction lengths
suggests that the slant depth of 300 g=cm2 corresponds
approximately to logðE=eVÞ ¼ 11.5 of the mean energy of
a hadronic particle present in the cascade, which, in turn,
corresponds to the point where the source terms of the
cascade equations are calculated. As it is clear already from
Table I, this feature is far from the shower maximum and
does not influence the determination of Xmax from the
simulations. The small kink around 1300 g=cm2 may be
related to the forced handover of particles to Corsika in Conex

3D at a specific minimal distance to the ground.
The standard deviations of Xmax agree very well across

the respective frameworks. The longitudinal profiles of

TABLE I. Comparison of mean and standard deviation values
of Xmax across simulation frameworks for showers at primary
energy 5 EeV simulated using Sibyll 2.3d hadronic interaction
model.

Proton Iron

hXmaxi
(g=cm2)

σðXmaxÞ
(g=cm2)

hXmaxi
(g=cm2)

σðXmaxÞ
(g=cm2)

Conex 797.8� 0.2 62.0� 0.2 695.0� 0.1 22.8� 0.1
Conex 3D 798.1� 0.8 63.7� 0.5 694.2� 0.3 23.3� 0.2
Corsika 797.7� 0.7 62.4� 0.5 694.9� 0.3 23.0� 0.2

FIG. 4. Average longitudinal profiles of energy deposit for iron
and proton primaries simulated with Conex, Corsika, and Conex 3D
and the ratio between the average profiles for Conex 3D and Corsika.
In the upper part of the plot, the dotted line (Conex) overlaps with
the dashed line (Conex 3D).
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relative fluctuations (deviations divided by the mean)
in the energy deposit (Fig. 5) show a richer structure,
primarily due to fluctuations in Corsika simulations. An
interesting trend is visible where the relative fluctuations in
Conex 3D profiles start following that of Conex, but around
300 g=cm2 abruptly turn closer to the Corsika line. The
longitudinal profiles of the number of muons (Fig. 6)
and their relative fluctuations (Fig. 7) show a consistent
but small ≈5% overestimation by Conex 3D compared to
the Corsika simulations. Since in Conex 3D the muons are
handed immediately over to Corsika upon creation, the
difference must come from the differences in the hadronic
cascades.

C. Particles at ground

To validate the three-dimensional structure of the Conex

3D simulations, we compare the lateral distribution of parti-
cles at the ground with those obtained from Corsika simu-
lations. Since the Conex 3D option in Corsika is not compatible
with the option for multiple observation levels, we are
forced to choose a single ground level, which we set to
1400 m above sea level, the altitude of the Pierre Auger
Observatory [31]. We use simulations at different zenith
angles to investigate the effects of different slant depths.
The simulated showers are filtered to ensure the complete-
ness of the longitudinal profiles and to avoid the occasional
incomplete showers encountered in mass production on the
computing cluster. Since the lateral comparison cannot
involve Conex, we are free to choose finer particle energy
cuts, as is more typical in simulations for UHECR experi-
ments: 300 MeV for hadrons, 10 MeV for muons, and
250 keV for electromagnetic particles.
We extract the energy density in the EM component, the

number density of all charged particles, and the number
densities for muons above different thresholds in 50-m
rings in the projected plane perpendicular to the shower
axis. Even with 6000–8000 simulations per primary par-
ticle and zenith angle, the mean lateral distribution func-
tions for muons show large fluctuations between radial
bins; as the distributions are steeply falling with radius, we
effectively smooth those out by considering cumulative
sums above each given radius r. Figures 8(a) and 8(b) show
that, while lateral distributions of EM energy (Eem) and
low-energy muons are very well reproduced in Conex 3D

across a large range of radii, there are significant discrep-
ancies for muon energies higher than 5 GeV, in particular,
far from the shower axis and for more vertical showers. For
relative fluctuations of the same variables, the agreement is
again generally good. For proton primaries [Fig. 9(a)], the

FIG. 5. Relative fluctuations of energy deposit for iron and
proton primaries simulated with Conex, Corsika, and Conex 3D and
the ratios between them for Conex 3D and Corsika.

FIG. 6. Average longitudinal profiles of the number of muons
above 1 GeV for iron and proton primaries simulated with Conex,
Corsika, and Conex 3D and the ratios between them for Conex 3D and
Corsika.

FIG. 7. Relative fluctuations of the number of muons above
1 GeV for iron and proton primaries simulated with Conex, Corsika,
and Conex 3D and the ratios between them for Conex 3D and Corsika.
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FIG. 8. Mean cumulative (summed over radii from the shower axis > r) lateral distributions of different variables for Conex 3D and
Corsika simulations and their ratios, for protons (a) and iron nuclei (b). In each panel, the left and right plots correspond to zenith
angles 60° and 0°, respectively.

JIŘÍ BLAŽEK et al. PHYS. REV. D 113, 123066 (2026)

123066-6



FIG. 9. Relative fluctuations of cumulative (summed over radii from the shower axis> r) lateral distributions of different variables for
Conex 3D and Corsika simulations and their ratios, for protons (a) and iron nuclei (b). In each panel, the left and right plots correspond to
zenith angles 60° and 0°, respectively.
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main discrepancy is in relative fluctuations for all charged
particles and EM energy density at small r and high zenith
angle, while for iron nuclei [Fig. 9(b)], there are discrep-
ancies for higher r and small zenith angle, with additional
very large relative fluctuations for high-energy muons in
this case. Clearly, the Conex 3D simulations are more faithful
in some settings and less in others, and their applicability
should be considered with the specific use case in mind.
Table II provides numerical values of ratios between Conex

3D and Corsika simulations for various quantities shown in
Figs. 8 and 9.

D. Reproducibility of modifications

Using the same setup as in the case of the comparison of
longitudinal profiles in Sec. III B, we have created simu-
lations with the same individual modifications of cross
section (CS), multiplicity, and elasticity in both Conex and
Conex 3D to verify that the effects of the simulations on
longitudinal quantities remain consistent. For each of the
three interaction characteristics, we have chosen the two
extreme values of f19 used in [5] and the subsequent
publications, along with the respective choices of the
energy thresholds, as these roughly correspond to the
maximum allowable modifications given the current exper-
imental constraints. The number of simulated showers for
Conex was 105 events per modification bin, and for Conex 3D
it was 7000 events per modification bin.
The comparison can be visualized in two ways. We can

plot individual quantities as a function of f19 for the three
different modifications and both frameworks (Figs. 10
and 11), or we can compare the longitudinal profiles
between the frameworks for the individual modifications
(Figs. 12 and 13). The first type of comparison shows
relatively good agreement within the statistical uncertain-
ties dominated by the much lower statistics of Conex 3D

simulations—which, while representing a considerable
speedup compared to equivalent pure Corsika simulations,
are still more computationally demanding than Conex

simulations—with the most significant deviation for the
number of muons at the chosen level (X ¼ 1760 g =cm2)
and increased multiplicity. A quantitative interpretation of
the second type of comparison is more difficult. However,

TABLE II. Ratios between radial cumulative values for various
quantities between Conex 3D and Corsika for proton and iron
primary particles at zenith angles θ ¼ 0° and 60°. For each
quantity, the ratios for mean values and relative fluctuations are
shown both for fixed r ¼ 1000 m and for the maximum deviation
from 1.0 across the range of r ¼ to 3000 m. Deviations from 1.0
larger than 10% are highlighted in italics, larger than 20% are in
bold.

Mean value Rel. fluc.

Quantity 1000 m Max. dev. 1000 m Max. dev.

Proton θ ¼ 0°

EEM 0.97 0.96 1.02 1.06
Ncharged 0.98 0.97 1.02 1.04
Nμ 1.03 1.04 1.02 1.02
NμðE > 1 GeVÞ 1.03 1.08 1.01 1.02
NμðE > 5 GeVÞ 1.10 1.26 0.99 1.02
NμðE > 10 GeVÞ 1.20 1.41 0.99 1.14

Proton θ ¼ 60°

EEM 1.02 0.95 0.91 0.84
Ncharged 1.02 1.03 0.99 0.83
Nμ 1.03 1.04 1.04 1.05
NμðE > 1 GeVÞ 1.04 1.05 1.04 1.04
NμðE > 5 GeVÞ 1.06 1.13 1.02 1.03
NμðE > 10 GeVÞ 1.11 1.27 0.99 0.98

Iron θ ¼ 0°

EEM 0.97 0.94 1.06 1.18
Ncharged 0.99 0.97 1.08 1.10
Nμ 1.04 1.04 1.03 1.04
NμðE > 1 GeVÞ 1.04 1.08 1.01 1.03
NμðE > 5 GeVÞ 1.10 1.24 0.99 1.07
NμðE > 10 GeVÞ 1.19 1.40 0.99 1.53

Iron θ ¼ 60°

EEM 1.03 0.95 0.99 1.15
Ncharged 1.03 1.04 0.99 1.06
Nμ 1.04 1.04 1.01 1.05
NμðE > 1 GeVÞ 1.04 1.05 1.02 1.04
NμðE > 5 GeVÞ 1.06 1.12 0.98 0.97
NμðE > 10 GeVÞ 1.10 1.26 0.96 0.95 FIG. 10. Comparison of Conex and Conex 3D implementations of

the resampling algorithms for the mean Xmax for primary protons.
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the plots clearly show that the agreement between the
longitudinal profiles produced by Conex and Conex 3D is not
significantly affected by the modifications.

IV. IMPORTANCE OF 3D SIMULATIONS

To illustrate the importance of the three-dimensional
simulations in the modified Conex 3D, as compared to the
one-dimensional simulations in Conex, we use plots based
on those shown in [8] (Fig. 14), which show the impact of a
whole set of combinations of modifications simultaneously
on the depth of shower maximum Xmax and the number of
muons. Two sets of points show simulations at the two
extreme zenith angles of the simulation library used. The
values of f19 for each of the three kinds of modifications
run between the extremes used in Sec. III D; the configu-
ration of the simulations is identical to that of Sec. III C,
with the ground altitude corresponding to that of the Pierre
Auger Observatory and the primary particles being protons
at 5 EeV. The number of muons is either taken as the
total number of muons (which is also accessible in one-
dimensional Conex simulations) or as the number of muons
at 500, 1000, or 1500 m from the shower axis (in the
perpendicular plane). It is clear that while at high zenith
angles, the results are largely unchanged by the three-
dimensional information, for lower zenith angles, the total
number of muons almost entirely misses the strong anti-
correlation between the changes in the muon number and
Xmax. The total number of muons in a UHECR shower is a
quantity very difficult to measure experimentally, as all
existing detectors are sparse arrays and thus most showers
are statistically observed at a distance from their shower
core. Since the modifications have considerably different
effects at different distances, three-dimensional information
is crucial in the comparison with experimental data.

V. IMPACT OF PARALLEL MODIFICATIONS

One of the improvements with respect to the original
implementation of [9] is the ability to make modifications
of all three parameters—cross section, elasticity, and
multiplicity—in parallel. While such capability is indis-
pensable if individual showers or exact distributions of
observables are needed, for mean observables one could, in
principle, apply the modifications individually and then add
the changes of the observable together. Using the same
library of modified simulations as for Fig. 14, we can easily
compare the outcomes of the two approaches. For each set
of simulations where at least two parameters are modified,
we take the corresponding simulations with individual
modifications of these parameters and calculate Nindividual

μ

as the product of the individual changes in Nμ, and
Xindividual
max as the sum of the individual Xmax shifts.
Figure 15 shows the histograms of the ratios/differences

of these values with respect to those obtained with the
parallel modifications of all parameters. The widths of
the bins have been chosen so that they correspond to the
statistical uncertainty of the determination of the relevant
quantity from the available library, that is, 1000 showers for
a specific set of modifications and zenith angle for Nμ and
3000 showers for the specific set of modifications for Xmax
(as Xmax does not depend on the zenith angle). Figure 15
includes the results specifically for muons at 1000 m, but
the histograms are almost identical for all muons or other
radial distances. Even if the difference in the predicted
number of muons between parallel and individual mod-
ifications is small, it is quite significant even for a sample of
1000 showers, in particular, for iron nuclei, where the
intrinsic fluctuations are very small—the tail of large
differences comes almost exclusively from combining very
low multiplicity with very low elasticity. For Xmax, the
differences are large, in particular, for primary protons. In
general, we conclude that doing the simulations in parallel
is worthwhile if precision at the level of a few percent in Nμ

and less than 10 g=cm2 in Xmax is required.
Since we have established the importance of parallel

modifications, we need to address the fact that the resam-
pling of the secondary particles produced in each inter-
action needed to alter the multiplicity and elasticity is
carried out in two separate steps, each for each modified
quantity, and thus the result could, in principle, be affected
by the order of these steps. This is alleviated by the fact that
the leading particle is never included in the multiplicity
resampling, but the “commutativity” of the particular
implementation of the modifications still needs to be tested.
To do that, we have simulated 1000 proton-induced
showers (at 60° of zenith angle) for each of the four
combinations of the extreme elasticity and multiplicity
changes from the library used in Fig. 14, with the order of
the resampling for elasticity and multiplicity switched and
compared the changes in Nμ at 1000 m from the shower

FIG. 11. Comparison of Conex and Conex 3D implementations
of the resampling algorithms for the number of muons at
X ¼ 1760 g= cm2 for primary protons with respect to base-
line (f19 ¼ 1).
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FIG. 12. Longitudinal profiles of dE=dX. The first row corresponds to a modified cross section, the second to a modified elasticity, and
the third to a modified multiplicity.
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FIG. 13. Longitudinal profiles of the number of muons above 1 GeV. The first row corresponds to a modified cross section, the second
to a modified elasticity, and the third to a modified multiplicity.
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FIG. 14. The impact of various modifications on Xmax (Xmax → Xmax þ δXmax) and the number of muons at the ground with respect to
unmodified value (ref), represented by either the total number of muons (top left) or by the number of muons at a given distance (500,
1000, 1500 m) from the shower axis (rest of the panels) at the two extreme zenith angles. Linear trends have been fitted to the plots to
highlight the changes in the slopes with radial distance. Based on [8].
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axis and Xmax with respect to the original order (Table III).
The effect of the order of operations is small and compat-
ible with the statistical uncertainties when comparing two
sets of 1000 simulated showers (a 1.3σ difference is
expected for almost 60% of sets of four events).

VI. CONCLUSIONS

We have shown that Conex 3D simulations are consistent
with Conex and Corsika simulations, even when the lower-
energy threshold of Conex Monte Carlo simulations is set to
the very low values needed for maximum flexibility when
implementing modified hadronic interactions. The agree-
ment is very good for the mean longitudinal shower profiles
and lateral ground distributions of various quantities and
generally satisfactory (within 10% or less), except for the
fluctuations of high-energy muons (>5 GeV) far from the
shower core and EM energy closer to the shower core. We
have further shown that the effects of modifications of cross
section, elasticity, and multiplicity that we have imple-
mented in Conex 3D are consistent with simulations using
Conex for quantities where such comparisons are applicable.
We have presented an example using the changes in the
number of muons at different distances from the shower
axis, which shows that one-dimensional simulations do not
provide the full picture when it comes to the effect of
modifications on observable quantities. Finally, we have
shown that parallel modifications of multiple parameters

FIG. 15. Comparison between the results of parallel modifications and of a linear combination of individual modifications of cross
section, elasticity, and multiplicity—the ratio of numbers of muons at 1000 m from the shower axis (first row) and the difference in the
depths of shower maxima (second row), for primary proton (left) and iron nucleus (right). The widths of the bins correspond to the
uncertainty of the determination of the given quantity from the library of 1000 showers per bin for Nμ and 3000 showers for Xmax.

TABLE III. Test of commutativity of changes in multiplicity
and elasticity: ratio of Nμ at 1000 m from the shower cores (Rμ)
and difference in the changes in Xmax [ΔðδXmaxÞ] between the
two options for the order of the changes, for the most extreme
modifications for primary protons at 60° of zenith angle. The
fourth and sixth columns express the values in units of the
statistical uncertainty for the ratio/difference between two sets of
1000 simulated showers.

Elasticity Multiplicity Rμ

Rμ − 1

[σ]
ΔðδXmaxÞ
(g=cm2)

ΔðδXmaxÞ
(σ)

0.6 0.6 1.004 0.4 1.4 0.6
0.6 1.7 1.002 0.2 1.1 0.4
1.5 0.6 1.011 1.3 −4.0 −1.3
1.5 1.7 1.006 0.7 2.7 0.9
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are important as they lead to different predictions than
simple linear combinations of individual effects, albeit only
when a high precision in the predictions is required.
The results of this paper show that the implementation of

the ad hoc modifications of hadronic interactions in Conex

3D is consistent and can be used for the study of the impact
of these modifications, if the relevant limitations are
respected. These limitations lie mainly in the description
of the behavior of muons with energies above 5 GeV at
ground and their relative fluctuations, but for specific
primary/zenith angle combinations, the EM energy and
total charge particle fluctuations can deviate by up to 15%.
If high precision is required, it is important to note that the
muon number at ground is systematically overestimated in
Conex 3D by 3%–4% across radial distances, primary types,
and zenith angles. We are currently preparing a publication
where the physics implications of modified properties of

interactions of ultrahigh-energy cosmic-ray showers will be
studied in detail and compared with experimental data and
other hadronic interaction models.
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