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1. Introduction

Data from multiple experiments suggest that the current interaction models used in Monte
Carlo simulations do not correctly reproduce the hadronic interactions in air showers produced
by ultra-high-energy cosmic rays (UHECR), in particular — but not limited to — the production
of muons during the showers. We have created a large library of UHECR simulations where the
interactions at the highest energies are slightly modified in various ways — but always within
the constraints of the accelerator data, without any abrupt changes with energy and without
assuming any specific mechanism or dramatically new physics at the ultra-high energies. We
will find that even when very different properties — cross section, elasticity, and multiplicity —
of the interactions are modified, the resulting changes in some air-shower observables are still
mutually correlated. Thus, not all possible combinations of changes of observables are easily
reproduced by some combination of the modifications. Most prominently, the recent results of
the Pierre Auger Observatory, which call for a change in the prediction of both the muon
content at ground and the depth of the maximum of longitudinal development of the showers,
are rather difficult to reproduce with such modifications, in particular when accounting for
other cosmic-ray data. While some of these results are related to the assumptions we place
on the modifications, the overall lessons are general and provide valuable insight into how the
UHECR data can be interpreted from the point of view of hadronic physics.
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up-to-date models suitable for air shower simulations
are Sibyll 2.3d [1], QGSJETII-04 [2] and EPOS-LHC

Ultra-high-energy cosmic (UHECR) rays arrive to
the Earth at energies up to the order of 10%° eV,
which, for primary protons interacting with single
nucleons in the air, corresponds to over 400 TeV in
the center-of-mass system, far surpassing the energies
reached at current accelerators. The resulting exten-
sive air showers are simulated using hadronic inter-
action models tuned to accelerator data — the most

Citation: Ebr J., Blazek J., Vicha J., Pierog T., Santos E.,
Travnicek P., Denner N., Ulrich R. Modified characteristics of
hadronic interactions in ultra-high-energy cosmic-ray show-
ers. Ukr. J. Phys. 69, No. 11, 786 (2024). https://doi.org/
10.15407 /ujpe69.11.786.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2024. This is an open access article under the CC BY-NC-ND li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

786

[3]. The muon puzzle [4] — the observation of more
muons arriving at ground in UHECR showers than
what is predicted by the simulations — has been a
long-standing issue in the field. Recently, an analysis
of the data of the Pierre Auger Observatory [5] has
indicated that the simulation underestimate not only
muon number at ground, but also the depth of the
maximum of the development of the air showers in
the atmosphere X ax.

Since the properties of hadronic interactions can-
not be calculated from first principles, all hadronic
interaction models are based on a principally phe-
nomenological description of the underlying physics,

1 This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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and, thus, the extrapolations of their predictions be-
yond the accelerator energies are uncertain. The three
main models are based on similar concepts — such as
Pomeron exchange, Gribbov—Regge theory, minijets,
string fragmentation etc. — but are deeply different
from each other. It is clear that three specific models,
with particular sets of tuned parameters, do not even
remotely cover the entire landscape of possibilities for
the actual properties of the hadronic interactions — if
we find one of the models fitting particular data bet-
ter, it is still difficult to make any conclusions from
that fact about any properties of the interactions.

2. Modified Hardonic Interactions in 3D

It has been realized already over a decade ago that
a very useful way to gain insight into the hadronic
interactions at ultra-high energies is to carry out
simulations using the standard interaction models,
but with ad hoc modifications of some major prop-
erties of the interaction. This has been extensively
explored in the work [6], where such modifications
were implemented for interaction cross section, elas-
ticity, multiplicity and charge ratio (the ratio of
charged to neutral pions) within the CONEX simu-
lation framework [7]. However, the 1-dimensional na-
ture of the CONEX package severely limits the poten-
tial for comparison with experimental data for ground
observables. Due to the very low flux of UHECR,
any ground observatory hoping to detect any signif-
icant number of them needs to cover a very large
area — such observatory is then naturally sparse and
the signal for most showers, the signal is typically
sampled at least hundreds of meters away from the
shower core.

We have thus implemented the same modifications
of interaction cross section, elasticity, and multiplicity
in the full 3-dimensional simulation framework COR-
SIKA [8]. The technical details of the implementation
are described in [9-11] — here, we only summarize
that we are modifying the properties of every interac-
tion simulated by Sibyll 2.3d above a given threshold
(1016 eV, 10 eV, 10'* eV for cross section, multiplic-
ity, and elasticity, respectively) and the magnitude of
the modifications grows logarithmically with the en-
ergy from 1 (no modifications) at the threshold to a
given value fig at 10'° eV, where the values of fig
are (0.8, 1, 1.2) for cross section, (0.6, 0.8, 1, 1.3,
1.7), for multiplicity, and (0.6, 0.8, 1, 1.2, 1.5) for
elasticity, thus creating 75 different combinations of
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Fig. 1. Relative change in the number of all muons at ground
and shift of Xyax for all considered modifications, color-coded
for different zenith angles

modified simulations, which are then carried out for
proton and iron primaries at 10'%7 eV for 5 zenith
angles. At 1000 showers per a specific combination of
modifications, primary particle and zenith angle, this
“MOCHI library” contains 750 thousand showers.

It is important to note that the modifications are
implemented for a nucleon-air interactions — in the
case of nuclear projectiles (primary iron and its sec-
ondary products), we take advantage of the fact
that Sibyll treats the individual nucelon-air inter-
actions individually and apply the modifications to
them. This also means that the primary energy is
shared between the projectile nucleons, and, thus, the
thresholds are effectively A times higher for nuclear
projectiles.

The importance of the 3-dimensional approach is
easily seen from Figs. 1-4, which show the changes in
the number of muons at ground (taken here at 1400
meters above the sea level, the altitude of the Pierre
Auger Observatory) and the depth of the shower
maximum X.x for all of the considered modifica-
tions, for proton primaries. The results are shown for
all muons in Fig. 1 and then for muons at increas-
ing distances from the shower core for the remaining
three figures. The difference between the change in
the number of muons at a significant distance from
the shower core (which can only be obtained from a
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Fig. 2. Relative change in the number of muons at ground 500
meters from the shower core and shift of X,ax for all considered
modifications, color-coded for different zenith angles
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Fig. 3. Relative change in the number of muons at ground
1000 meters from the shower core and shift of X, for all con-
sidered modifications, color-coded for different zenith angles

3-dimensional simulation) and in the total number of
muons (accessible through 1-dimensional simulations)
is large particularly for low zenith angles.

Since the Pierre Auger Observatory reports the
ground signal at 1000 meters from the shower core,
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Fig. 4. Relative change in the number of muons at ground
1500 meters from the shower core and shift of X,ax for all con-
sidered modifications, color-coded for different zenith angles

the 3-dimensional simulation is crucial for the com-
parison with its results. To compare our simulations
with the Auger analysis [5], we must first correct the
change in the number of muons at ground for the
change induced by the shift of X,ax; this correction
is conveniently accounted for by using the difference
DX between Xi,ax and the slant depth of the ground
(see [9] for details). Figure 5 shows the results for
three different relevant values of DX compared with
the range of changes of the number of muons and
Xmax indicated by Auger. Interestingly, only specific
combinations of extreme values of fi9 for all three
modifications (decreased cross section and increased
elasticity and multiplicity) reach this area.

3. Further Insights

The range of modifications considered was chosen so
that the available constraints from accelerator data
are not violated. This does not necessarily mean that
all combinations of the modifications represent an
equally realistic option for the description of the real
hadronic interactions, since further cosmic ray data
should be taken into account. However, the entire
MOCHTI library offers an interesting resource, because
it provides a set of interaction models with a much
broader range of differences than there is between just
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Fig. 5. Relative change of muon signal at 1000 m for three different distances between the ground and the shower maximum DX
for primary protons. Left top: correlation with mean Xmax shift for all considered modifications. The shaded area corresponds
to the results of the Pierre Auger Observatory at 6§ = 55 [5]. The modifications that fall within this area are highlighted in the
right panel — the legend to the visualization of the 75 different combination of modifications is shown on the bottom left part of

the plot, this pattern is repeated in the right panel three times for the three different DX values

the three major interaction models. It can thus be
used to better estimate systematic uncertainties do
to the unknown hadronic physics. Moreover, it can
be also used to study the range of validity of various
assumptions about hadronic interactions, such as the
correlations between different variables and any fea-
tures believed to hold independently of the details of
the interaction. In this section, we present two exam-
ples of such applications.

At UHECR energies, the extensive air showers de-
velop over so many generations that the majority
of the primary energy is eventually transferred to
the electromagnetic (EM) component of the shower
(electrons, positrons and photons). Interestingly, the
EM component of the showers is largely universal —
the development of the EM component depends on
the details of hadronic interaction chiefly through
the changes in the depth of its maximum Xy, and
thus the ground energy density of EM particles de-
pends mostly only on the distance DX between the
ground and the maximum, at least for those EM par-
ticles that come from high-energy neutral pion de-
cays. This idea has been formalized in the form of
the “shower universality” [12] and has been proven to
hold in simulations to a high precision, if additional
details of the EM component are taken into account —
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but only for a limited number of hadronic interaction
models.

In Fig. 6, we show the dependence of EM energy
density and muon number on DX for all of the 75
combinations of modifications. It is clear that the
universality of the EM component holds very well,
even for extreme combinations of modifications, and
that the EM component develops similarly for pro-
ton and iron. The muon number, on the other hand,
is strongly sensitive to both the primary mass and
the modification hadronic interactions — its weaker
dependence on the modifications for iron is due to
the treatment of nuclear-air interactions as a super-
position of nucleus-air interactions at A-times smaller
energy, leading to smaller modifications.

This “superposition model” approach has another
important consequence, illustrated in Fig. 7. The
“muon puzzle” in UHECR data requires that addi-
tional muons are added in simulations. A given com-
bination of modifications will, due to the lower effect
on nuclei, always add more muons to proton-induced
showers, than to iron-induced ones. However, since
heavier nuclei already produced more muons, any
modifications that increase the number of muons will
naturally decrease the ratio between the number of
muons predicted for iron and proton primaries. Such
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(expressed as ground signal in arbitrary units) on the distance between the ground and the shower maximum DX for primary
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Fig. 7. Ratio of muon number between iron and proton showers for all considered modifications and different zenith angles
(color coded) as a function of the change in the mueon number for protons — for muons at 1000 meters from the shower core in

the left panel and, for all muons, in the right panel

a trend is observed already for the total number of
muons, but the 3D simulations allow us to quantify
it for any distance from the core.

This observation is significant for any UHECR ob-
servatory that aims to distinguish the primary par-
ticles based on the muon content of the showers, be-
cause the sensitivity is typically assessed using sim-
ulations with the current hadronic interaction mod-
els. If these models do indeed underestimate the num-

790

ber of muons in the showers, they may overestimate
the separation power of the experiment. In our im-
plementation, this effect is a direct consequence of
our choice to treat the modifications for nuclei as
a superposition of modifications for individual nu-
cleons. While in the real interactions, this approxi-
mation may not be exactly valid, the superposition
model of hadronic interactions has been largely suc-
cessful in explaining many phenomena at ultra-high
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energies, and it is expected to hold at least to some ex-
tent, unless radically new physics is present (in which
case the entire approach presented here is not directly
applicable).
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MOJIMNPIKOBAHI XAPAKTEPUCTUKI

TAJTIPOHHIX B3AEMO/IIN V 3JTUBAX KOCMIYHOT O
I[TPOMIHHA HAJIBUCOKUNX EHEPI'I

Jlani 6araTbox €KCIIEPUMEHTIB CBi{9aTh PO Te, 1110 MOJIeJIi B3a~
eMozil, sIKi BUKOPHCTOBYIOTHCSI HUHI ¥ KOMII'IOTEPHUX CHMYJIsI-
nisix MetonoM MonTte-Kapio, HenpaBuibHO BiATBOPIOIOTH ra-
ApOHHI B3aeMozil y 3/IMBaX YaCTUHOK B aTMOC(eEpi, CTBOpIOBa-
HUX KOCMigHMMHU npomensMu Haasucokux enepriit (UHECR),
30KpeMa i TO/Ii, KOJIM JIOCJIIXKYEThCS HAPOPKEHHSI MIOOHIB ITiJ]
gac 37uB. Mu CTBOpPUIN BeUKYy 6i6/1ioTeKy KOMII'IOTEPHUX CH-
mynaniit UHECR, B axux B3aeMozil mpu HARBHINUX €HEPTi-
AX Jemo MoaudIKoBaHI PI3HHMHU CIOCODaMH — ajie 3aBXKIU B
IOILyCTUMHUX MEKaX, SIKi y3rOIKYIOThCS 13 JaHUMU IIPUCKOPIO-
BaJa, 0e3 Oy/Ab-siKUX PI3KUX 3MiH eHepril Ta 6e3 NpUIyIEeHHs
Oyab-sikoro crenudivHoro MexaHisaMy abo KapAWHAIBLHO HOBOL
disuku B 06J1acTi HAABUCOKUX €Hepriii. Mu BusiBu/IM, 110 Ha-
BiTh KOJIM 3MIHIOIOTBCS JIy>Ke Pi3HI BJIACTHBOCTI B3a€MOMIl —
MOIIEPEeYHU ITepepi3, MHOXKUHHICTD — Pe3yJIbTyIOdi 3MiHU B Jie-
SIKUX CIIOCTEPEXKYBAHUX y 3JIMBaX JaCTHHOK B aTMocdepi Bce
e B3a€MHO CKOpeJsiboBaHi. HaiiBakymBimmm € Te, 110 Hemo-
naBHi pesysabraTrn obcepsaropil IT'epa Oxxe, siki BUMararoThb
3MIiHE OPOrHO3Y fIK BMICTy MIOOHIB 6i/st mOBepxHI 3emi, Tak i
MIMOMHYA MAKCUMYyMy ITO3J0B’KHBOI'O PO3BUTKY 3JIUB YACTUHOK,
JOCUTH BasKKO BIITBOPUTH 3raTaHIMU MOAUMIKAIISIME B3aEMO-
i, ocobiuBO 3 ypaxyBaHHSAM IHIIUX TAHUX, AKi CTOCYIOTHCS
KOCMIYHUX MpOMeHiB. Xo4a JIesIKi 3 [UX pe3yJIbTaTiB OB’ A3aHi
3 HIPUILYIIEHHSIMU, SKi MA POOUMO IIOA0 MOXKJIMBUX MOvpiKa-
i B3a€MO/il, BUCHOBKHU € 3araJIbHUMH Ta JAIOTh IiHHE PO3Y-
minHs Toro, sk gaHi UHECR MoxHa TiiymMaduTy 3 TOYKHA 30pY
raJipoHHO1 (Pi3uKH.

Katwoei ca06a: KOCMIiUHI IPOMEHI yJIBTPABHCOKHX €HEP-
riit, raJpOHHI B3a€MO/Iil, MIOOHH.
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