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Abstract

Over the past decade, a steadily increasing number of data sets indicate a systematic discrepancy
between the muon numbers measured in ultra-high-energy extensive air showers (EAS) and those
predicted by simulations. Despite incorporating LHC data in the tuning of current hadronic in-
teraction models, predictions consistently underestimate the measurements, often referred to as
“muon puzzle”. To understand better possible scenarios of origin of this muon puzzle we have
developed Sibyll*, a set of phenomenologically modified versions of Sibyll 2.3d. In these model
variants, muon production is increased by modifying p°, baryon-antibaryon pair, or kaon produc-
tion in hadronic multiparticle production. The variants remain consistent with accelerator mea-
surements, both from LHC as well as fixed-target experiments (most importantly NA49 and NA61)
at a level similar to Sibyll 2.3d. Our results demonstrate that these modifications can increase the
muon count in EAS by up to 35%, with minimal impact on the depth of shower maximum (Xj,.x)
and other shower observables. We further evaluate the implications of these modifications for var-
ious other observables, including inclusive muon and neutrino fluxes, as well as multiplicities of
muon bundles in deep underground and water/ice Cherenkov detectors. It is our hope that at least
one of the model variants will provide a more consistent description of EAS data at the highest
energies and, thus, improve the Monte Carlo predictions available for training neural networks to
obtain more reliable data analyses and interpretations.
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1. Introduction

The phenomenon known as the “muon puzzle” in extensive air showers (EAS) — referring to a
significant discrepancy between the number of muons observed in EAS with respect to those
predicted by standard simulation models — has led to a critical reassessment of our understanding
of hadronic interactions at ultra-high energies [1, 2]. To address this issue, both conventional [3, 4,
5, 6, 7] and exotic [8, 9, 10, 11, 12, 13] modifications of multiparticle production, some including
extensions beyond the Standard Model of particle physics, have been proposed.
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While the muon puzzle is of great scientific interest for learning more about hadronic multipar-
ticle production, it also gives rise to large systematic uncertainties in the analysis and interpretation
of EAS data. This is especially critical for training machine learning algorithms [14, 15, 16, 17]
to reconstruct, for example, the depth of shower maximum X,,x and the mass composition of cos-
mic rays from the ground-level signals of EAS surface arrays. Having a better understanding of
the origin of the muon puzzle and being able to simulate air showers with a more realistic muon
number are highly desirable for reducing the systematic uncertainties and, in some cases, for the
first time, obtaining consistent measurements using different observables.

The typically highly indirect way of deriving information on muon numbers or densities with
EAS detectors that are not built for measuring muons separately on the first hand, like the Pierre
Auger Observatory [18, 19], Telescope Array [20] or IceTop [17], makes a straightforward experi-
mental test of the various proposals to address the muon puzzle very difficult. Detailed simulations
of realistic air showers incorporating these proposals, covering different primary particles and a
wide range in energy, would have to be compared with existing data sets. However, most of the
proposed modifications have either not been worked out to such a level of detail or have not been
implemented in a hadronic model capable of generating realistic air showers.

In this work, we introduce Sibyll* (in the following also abbreviated as S*), a set of phe-
nomenological modifications to the Sibyll 2.3d [21] hadronic interaction model. These modifica-
tions explore various conventional mechanisms with the objective of increasing muon production
in EAS. The modified versions of Sibyll can be directly utilized in realistic EAS simulations, en-
suring that energy, momentum, and quantum numbers are conserved on an event-by-event basis.
One important advantage of these modified versions is that, intentionally, a minimum number of
changes has been applied to keep the overall model predictions as much as possible identical to
that of Sibyll 2.3d. This will allow a direct comparison with already existing simulations and data
analyses/interpretations made with Sibyll 2.3d. Furthermore, making a direct connection between
a change of EAS predictions and the underlying modifications to the hadronic interaction model
will be possible.

This article is organized as follows. In Sec. 2 the algorithms of making modifications to the
Monte Carlo generated final particle state of Sibyll 2.3d are introduced and the tuning of the
relevant parameters is discussed. It is shown that the predictions of the modified variants of the
interaction model are compatible with a selected set of data of accelerator experiments that have
direct sensitivity to the modifications. In many cases the agreement of the model predictions with
the data even improves. In total, four variants of the Sibyll interaction model are presented. These
model variants are then used in Secs. 3 and 4 to study the model predictions for air showers and
inclusive fluxes, respectively, and to compare them with Sibyll 2.3d as reference. It is argued that,
at the level of comparison possible without including a detector simulation, a model variant like,
for example, Sibyll* (mix) should properly reproduce the muon data of the Auger Observatory.
The impact of the modifications on the predicted inclusive muon and neutrino fluxes is discussed
with emphasis of possible observations with IceCube. Finally, a summary of the results is given
in Sec. 5.



2. Sibyll*

2.1. Ad-hoc Event Modification

We construct the custom models by modifying events generated with Sibyll 2.3d. Once the initial
event generation is complete, we let all hadronic resonances with lifetimes shorter than that of K°
decay, except for 7°. In the next step we replace particles according to the selection probabilities
described below.

To replace a particle, i.e. a7’ by a p°, one has to change the momenta of two particles that form
together a sufficiently large invariant mass to ensure energy-momentum conservation. Therefore,
we iterate through the event stack to identify appropriate pairs or triples of pions, while for each
pion considering only the five nearest neighboring pions in rapidity. If the sampling criterion for
replacing a particle with another one, or replacing both particles, is fulfilled and there is sufficient
invariant mass, we replace these pions with a pair of new particles conserving total momentum,
invariant mass, and charge. The final momenta are calculated from the invariant mass, the masses
of the new particles, and a small transverse momentum component drawn from an exponential dis-
tribution in transverse mass. While energy, momentum, and charge are conserved by construction,
the (iso)spin conservation is not explicitly maintained.

The acceptance rate for particle exchanges in our model depends on both the total center-
of-mass (c.m.) energy, /s, of the interaction and the fractional longitudinal momentum of the
considered secondary particle xp = p./p,max (With momenta p in the c.m. frame). The exchange
probability is parameterized by

Pi = Pio- |l f(Vs, Em) - )

Whether the modifications are applied mainly to forward or central particle production depends
on the chosen value for the exponent ¢; in the xg-dependence. If € = 0, all particles receive equal
weight, effectively preserving the original distribution’s shape in longitudinal phase space. In the
limit of € — 1, the forward part of the xg-spectrum undergoes significant enhancement.

The energy dependence of f(+/s, Ey,) follows a logarithmic form. It is specifically chosen to
ensure that the modification probability is precisely zero below a set threshold energy, Ey,, and
reaches its nominal value of Py at lab energies of 10" eV (1.37 x 10° GeV in the c.m. frame). The
threshold energy Ey, is set to 5 GeV.

This parameterization of energy dependence ensures a gradual change in particle production.
Atlow energies, where fixed-target experiments effectively constrain particle production across the
entire phase space, no event modification is permitted. At LHC energies, only the central region is
well-constrained by measurements, leaving room for modifications in particle production for the
forward phase space. The constraints from the LHCf experiment [22, 23, 24, 25] only apply to
forward neutral particle production, whereas FASER [26] and SND [27] or future experiments at
the FPF [28] may provide stricter constraints on forward charged particle production by observing
muons and neutrinos [29]. Finally, at the UHECR energy scale, where laboratory experiments
offer no constraints, particle production undergoes substantial modification.

As an alternative, we implement a more significant increase in the exchange rate at energies
above 13 TeV in the c.m. frame, expressed as P; — P;o + Piug - fug( Vs = 13 TeV). This mode
simulates a rapid transition to new physics beyond the c.m. energy of the LHC.
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Figure 1: Fraction of projectile energy carried by p°, anti protons and charged kaons in 7~C collisions [30, 31]. Lines
are Sibyll 2.3d, Sibyll 2.1 and different variants of Sibyll*.

We employ this algorithm for all interactions in an EAS if one can assume the enhancement
should be universal by its nature. Only in the case of p° enhancement, directly related to the
leading particle effect of pions, we restrict it solely to pion-air interactions.

2.2. Tuning Enhancement Parameters with Accelerator Measurements

Leveraging the algorithm described above, we construct distinct variants of Sibyll 2.3d with the
explicit goal of increasing muon production in EAS. Within an EAS, the bulk of muons arise from
meson decay, which in turn are predominantly generated through the interactions of other hadrons
(the hadronic cascade). The total number of muons in a shower, therefore, depends critically on the
energy retained within the hadronic cascade at each interaction step. More precisely, increasing
the fraction of energy (fn.q) carried by hadrons that reinteract in the shower (which, to a very
good approximation, encompasses all hadrons except neutral pions and 7 resonances) leads to a
corresponding increase in the total muon count within the shower.

We select three specific modifications recognized for their efficacy in elevating hadronic energy
and enhancing muon production: p° production, baryon-antibaryon pair production, and kaon
production enhancement [3, 4, 5, 6, 12]. We denote these variants as S*(p°), S*(p), and S* (K*?).

In the p° variant, 7° are directly substituted with p°. For the baryon pair and kaon pair variants,
charge-neutral combinations of two or three pions are replaced with pp or nn pairs, and K*K~ or
K° K° pairs respectively. We adjust the parameters for each variant to ensure a sufficiently good
description of laboratory measurements. Representative examples include the energy fractions in
©°, antiprotons, and kaons measured by the NA61 experiment [31, 30] (Fig. 1), as well as the col-
lection of multiplicity measurements of pions, antiprotons, and kaons in proton-proton interactions
(Fig. 2 [32, 33, 34]).

Within the phase space extending beyond the scope of laboratory measurements, we set the
parameters to achieve an approximately equal hadronic energy fraction (f;,q) among the different
variants at primary energies around 10'” eV. We target a value of ~ 0.82, an increase of ~ 10%
over Sibyll 2.3d (see Fig. 3). p° production has a strong impact on muon production in EAS by
redirecting the energy from the electromagnetic channel into hadrons through the substitution of
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Figure 2: Multiplicities of #*, anti protons and charged kaons in pp collisions [32, 33, 34]. Lines are Sibyll 2.3d,
Sibyll 2.1 and different variants of Sibyll*.

—— Sibyll 2.3d —— Sibyll 2.1 ==== S*(p) - S*(p0) —— SKkEK*0) - - S*(mix)
Lab. energy (eV) Lab. energy (eV)
1012 1014 1016 1018 1020 1012 1014 1016 1018 1020
| | | | | | | | | |
3 1273 E ] .
o~ . b-p C T
Z 1.1 il -
:{3 . //—-“"_—'—_ . L
0 ] el C
2 1.0 o e . n
z ] F C
%0.9 T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T TTTT T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T TTTT

10! 102 103 104 10° 106 10! 102 103 104 10° 109
V5 (GeV) V5 (GeV)

Figure 3: Change in the hadronic energy fraction between Sibyll 2.3d and the enhanced variants. In the left panel pp
interactions are shown. In the panel on the right nC interactions are shown.

7Y by p° in particular for forward pi®. However, the data only support an enhancement of forward
p production for meson projectiles [35, 36, 37] and not for protons. Consequently, we apply the
modifications in the p° variant exclusively for the interaction of pion projectiles. In contrast, the
modifications introduced for baryon pair and kaon production encompass all projectile types. The
availability of proton-proton measurements at significantly higher energies (LHC energy scale)
compared to measurements with pion projectiles constrains the baryon pair and kaon variants to
much higher energies than the p° variant. This requires a more rapid increase of the modifications
in these two variants at energies beyond the LHC to attain the targeted hadronic energy fraction at
ultra high energies.

To further explore the parameter space, we construct a fourth variant that integrates both p°
and baryon pair production (S*(mix)). In this scenario, we opt for a more moderate increase in p
production while refraining from the rapid increase in baryon production at high energies. Table 1
presents a detailed overview of the parameters employed in the different variants.
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Table 1: Parameters in different variants of Sibyll*.

Label P;, forward weighte; projectiles P;yg

o° 0.9 0.3 mesons -
p 0.5 0.7 all 0.25
K0 05 0.8 all 0.3

p-mix 0.95 0.4 mesons -

p-mix 0.5 0.7 all -

3. Predictions for Extensive Air Showers

In the following, we explore the impact of the presented Sibyll variants on muon production pre-
dictions in EAS. First, we review the muon production in air showers and later discuss the im-
pact on specific observables. All predictions were calculated using CORSIKA v7.7420 [38] with
FLUKA 2021.2.9 [39] as the low-energy interaction model.

3.1. Expectation from the Heitler-Matthews Model

As indicated before, muons in EAS are produced by the decay of mesons in the hadronic
cascade. The larger the hadronic cascade (the more mesons) the more muons will be produced in
a shower. The size of the hadronic cascade is determined by the energy of the primary particle and
the fraction of energy that is emitted into photons in each interaction'. The more energy is retained
in the hadronic cascade, the greater the meson abundance and subsequent muon production. For a

proton primary in a shower with energy E,, the average number of muons, (N} (Ey)), is described
by:

(NP(Eg)) = (%)ﬁ @)

Here, 8 reflects the energy loss to photons, and & represents the critical energy — the point where
mesons decay rather than interact, effectively terminating the cascade. In the Heitler-Matthews
model [40], assuming identical particle yields and only pion production in each hadronic inter-
action, S relates to the ratio of the logarithms of the multiplicity of neutral (decaying into two
photons) to all pions. This simplified case assumes the cascade ends around 130 GeV, where pion
decay becomes more likely than interaction. However, real EAS involve various hadron species
with differing critical energies, influencing both 8 and €. In simulations with only pions, S is
around 0.88, while full Monte Carlo simulations yield values closer to 0.9 [41].

For nuclear primaries, the Heitler-Matthews model utilizes the superposition principle. This
assumes an EAS initiated by a nucleus with A nucleons is equivalent to A individual proton-
initiated showers with energy E;/A. Consequently, the average number of muons for nuclear

'A small fraction of mesons and subsequently muons also arises from the electromagnetic cascade via photon-
nucleus interactions.



primaries, (N;‘(Eo)), can be derived as:
(NN(Eo)) = A-(NE(Eo/A)) = A'™F - (NE(Eo)) (3)

This dependence implies a shrinking separation between different mass primaries as 8 and the
overall muon count increase.

The various Sibyll variants aim to enhance muon production through distinct mechanisms,
primarily by increasing energy retention within the hadronic cascade (effectively raising f):

e p° production: Directly substitutes 7° with p° (decaying into charged pions), altering the
charged/neutral pion ratio but not the critical energy or overall balance of hadron species.

e Kaon enhancement: Increases production of charged and neutral kaons, leading to a higher
critical energy since kaons have a shorted lifetime than pions (¢ ~ 1 TeV). This increases 3
and muon count, but with slightly higher-energy muons.

e Baryon pair enhancement: Due to baryon number conservation, a baryon cascade termi-
nates only when the baryons become non-relativistic (around 1 GeV). Creating more baryons
within the hadronic cascade lowers the critical energy and significantly enhances the number
of low-energy muons produced in the final stage of the shower.

Analyzing the specific predictions of these enhanced models in terms of muon production and
their impacts on EAS observables will be the focus of the next sections.

3.2. Muons at Production

The zenith angle of the primary, the distance of the observer from the shower axis (core dis-
tance), the observation height, and even atmospheric conditions (temperature, season) can slightly
influence the number of muons detectable at a specific point on the surface. However, given the
energy, transverse momentum, and depth distribution of muons emerging from the hadronic cas-
cade, local muon yields can be reliably calculated [42, 43]. Therefore, analyzing the distributions
of muons at their production point is crucial for understanding the origin of the the muon puzzle.

The left panel of Fig. 4 presents the energy spectrum of muons produced around the shower
maximum. The bottom of the figure shows the ratios with respect to Sibyll 2.3d, revealing the
differences between the variants. While p° and kaon enhancements increase high-energy muons,
baryon enhancement is more effective at lower energies. All S* variants exhibit a similar change
in the profile of muon production (shown on the right in Fig. 4). The position of the production
maximum (XL“‘”‘) remains largely unaffected (less than 5 g/cm? change, not shown here).

3.3. Energy Dependence

Figure 5 illustrates the energy dependence of the muon multiplicity, following the trend indi-
cated by the hadronic energy fraction (compare with Fig. 3). The flat ratios of the energy spec-
tra in the bottom panels indicate that the relative increase of the muon number compared to the
Sibyll 2.3d reference is independent of energy thresholds (up to a few tens of GeV). However, at
higher energy thresholds, such as those encountered in underground muon studies or muon bundle
analyses, the S* variants may begin to demonstrate more significant differences.
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Figure 4: Left panel: Energy spectrum of muons produced at the shower maximum. Right panel: Distribution of
muon production as a function of depth (relative to the depth of maximum production). Both figures show the average
over 100 proton showers with a zenith angle of 67° and a primary energy of 10 EeV.

3.4. Inclined Showers at the Pierre Auger Observatory

Measurements of the average number of muons in inclined showers at the Pierre Auger Ob-
servatory have unveiled a deficit in the muon count predicted by air shower simulations [19, 44].
This deficit becomes particularly apparent when the depth of shower maximum ({Xj,.x)) is also
considered. Since both (Xyax) and (In N,) are proportional to (In A), the model predictions would
fall along a line in the (X,x)-(In N,) plane for any given composition scenario. The slope of this
line, as dictated by Eq. (3), is proportional to the exponent 8. The muon deficit in simulations is re-
vealed by the fact that the Auger data point is well off the predicted lines for any model. Assuming
a composition inferred from (X,.x) measurements, the deficit for Sibyll 2.3d is around 26% [45].

Figure 6 depicts a comparison between the predicted values for (Xy,ax) and (N,) from various
S* variants and the measurements obtained from the Pierre Auger Observatory. Both the p° (red
line) and mixed variants (magenta line) demonstrate a sufficient increase in muon number to align
with the Auger data. The baryon pair (blue line) and kaon enhanced variants (green line) also lead
to a substantial increase in muon count, but not to the extent required to fully describe the data.
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Figure 5: Top Panel: Energy dependence of the surface muon number as a function of cosmic ray energy. The expec-
tation for nuclei can be obtained through the superposition model in Eq. (3). The trend mirrors that of the hadronic
energy fraction (Fig. 3). Bottom Panels: Muon energy spectra at three representative primary cosmic ray energies.
Despite the distinct primary energies, the qualitative features of the muon spectra remain remarkably consistent. In the
high-energy limit E,/E, — 1, dominated by the first proton-air interaction, the different S* models produce nearly
identical results.

It is worth noting that the slope 8 increases for all the S* variants. While it is around 0.93 for
Sibyll 2.3d, it rises to a value closer to 0.95 for the S* variants.

In Figure 7 the changes in the average (top) and the fluctuations (bottom) in N, (left) and X«
(right) across S* variants are shown for proton showers at a zenith angle of 67°. The predicted
value of (X.x), shown in the right panel on the top, is almost unaltered due to the changes in
muon production. At 10EeV the differences between all S* variants and Sibyll 2.3d remain
below 7 g/cm?. In the top left panel of Fig. 7 displays the relative change in the predicted number
of muons. It is important to note that due to the change in 3 to f+06 (with 6 > 0) and the dependence
of the muon count on A'# in the superposition model (see Eq. (3)), a c-fold increase in muon count
for proton showers translates to only a ¢ A°-fold increase for a shower of mass number A. Since
the primary composition in the Auger data is not pure protons (A = 1), the necessary increase in
muon count to describe the data (denoted by the grey line in Fig. 7) is approximately 40% for pure
proton showers.
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Figure 6: Comparison of the predicted values for (Xy,x) and (N,;) from various Sibyll* variants to the measurements
obtained from the Pierre Auger Observatory. [44]

Finally, it is worth emphasizing that the shower-to-shower fluctuations in Xj,,x (shown in the
lower panel on the right) remain unaffected by the enhancements implemented in the S* variants.
Fluctuations in the number of muons (shown in the panel on the lower left) on the other hand
decrease by approximately 20% in case of S*(mix) and around 10% for S*(0°). For the pure
baryon and kaon enhanced variants the fluctuations decrease only slightly.

3.5. Vertical Showers at Sea Level: Lateral Distribution

Most cosmic ray experiments primarily detect vertical cosmic rays. Ground-based detectors
achieve mass composition sensitivity by separating the muonic and electromagnetic signal com-
ponents [46]. As mentioned previously, the relative contributions of these components reaching
the ground depend on the experiment’s location. As a generic case study, we examine the impact
of the S* variants on the muon component for vertical showers reaching a sea-level experiment in
the US standard atmosphere.

According to the superposition model (Eq. (3)), the ratio between the total number of muons in
a shower of a primary with A nucleons and a proton shower is A' . Since enhancing muon produc-
tion via hadronic particle production requires an increase in the hadronic energy (leading to larger
B), this inevitably reduces the mass resolution. For Sibyll 2.3d with 8 around 0.93, the separation
between proton and iron in the number of muons is close to 30%. For the S* variants, it can be as
low as 17% (see legend in Fig. 8). Note that this connection between muon production and mass
resolution does not apply to modifications affecting only the first high-energy interactions since
such changes would not influence the hadronic cascade’s development (), only its initial condi-
tions. However, this scenario is constrained or even excluded by: 1) Current model predictions
matching the fluctuations in the number of muons observed at the Pierre Auger Observatory [44];
2) The muon deficit being observed across several orders of magnitude in energy [2].
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Figure 7: N, and X, for proton showers at 67° across Sibyll variants. For N, (left panel) there is a substantial
increase in the average, up to 35%, for the mixed and p variant. The grey line represents the required increase in
muon count to align with the data for a mixed composition seen by the Pierre Auger Observatory. The variation in
the average of the shower maximum (panel at the top on the right) between Sibyll 2.3d and its variants is less than
7 g/cm?. The fluctuations (lower panels) decrease by up to 20% for N, (left) but are not affected for Xy (right).

The situation may not be as dramatic for specific experiments, however. As the different vari-
ants alter the muon energy spectrum, the lateral distribution of muons reaching the ground will
change slightly. Notably, 5 or the mass separation will vary with the distance from the core. This
effect is shown in Fig. 8. At around 1000 m, the separation for Sibyll 2.3d is already around 50%,
and for the variants, it increases to around 30% (with a correspondingly lower 8). The reason for
this difference as a function of lateral distance is that different phases of the shower development
dominate at different distances [21, 42, 43, 47, 48].

3.6. Vertical Showers at the South Pole

The lowest-energy measurement of the muon deficit comes from the IceCube neutrino obser-
vatory’s surface detector IceTop, measuring muon densities from 3 PeV to 100 PeV [17, 16].

Figure 9 presents the ratio of muon counts for the S* variants relative to Sibyll 2.3d for vertical
proton showers at the South Pole. Full symbols represent muon densities at 600 m lateral distance
(surface muons), while empty symbols indicate total muon counts with energies above 0.5 TeV
(in-ice muons).

For S* variants that align with Auger data at 10 EeV (the p° and mixed variants), surface
muons at 1 PeV increase by 10-15%, while in-ice muons remain unchanged. The situation differs
at 10 PeV. Here, the p° variant exhibits a roughly 15% increase in both surface and in-ice muons,
while the mixed variant shows a 20% increase in surface muons but only a 5% increase in in-ice
muons.

The analysis by the IceCube collaboration found that Sibyll 2.1 is consistent with both surface
and in-ice muon data, assuming the mass composition from the Global Spline Fit (GSF) cosmic ray
flux model [17, 16, 49]. However, Sibyll 2.3d predicts a roughly 20% increase in surface muons for
proton primaries compared to Sibyll 2.1. While this increase is smaller for a mixed composition, it
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Figure 8: Ratio between the average number of muons in iron and proton showers (left panel) and the slope g (right
panel), both as functions of the distance from the shower axis. The inset numbers in the left panel show the total
muon ratio between iron and proton showers (first number) and the muon density ratio at 1000 m (second number in
parentheses).

is unlikely that Sibyll 2.3d describes the surface data. For in-ice muons, Sibyll 2.1 and Sibyll 2.3d
predict similar numbers. The S* variants, with a 30-40% increase in surface muons relative to
Sibyll 2.1, are even less likely to describe the surface and in-ice data consistently. Note however
that the effect of snow and ice on the muons at the South Pole is complex so our definition of in-ice
and surface muons only approximately corresponds to the quantities measured by IceCube.

4. Predictions for Inclusive Fluxes and Underground Muons

In this section, we study what implications the S* variants have for inclusive atmospheric muon
and neutrino flux calculations, as well as muon bundles observed in deep underground and Cherenkov
detectors in water or ice. Calculations were performed using the MCEq code [50, 51] with
DPMIJET-III-19.3 [52] as the low-energy interaction model, potentially leading to slight varia-
tions compared to CORSIKA calculations. The GSF is fixed as the primary flux model [49] to
emphasize differences induced by S* variants.

Sibyll 2.3d is extensively used for the modeling of high-energy atmospheric neutrino fluxes
in IceCube [53]. Except for an inconsistency in the seasonal variations of the neutrino flux [54],
no significant deviations have been observed. Since inclusive flux predictions depend equally on
the cosmic ray flux model, interpreting deviations from measured spectra cannot be unequivo-
cally attributed to the hadronic model alone. Stronger model discrimination might be achieved by
combining multiple observables, including muon and neutrino spectra, angular distributions, deep
underground muon rates, muon bundle multiplicities, and seasonal variations, potentially shedding
light on the origin of the muon excess.

4.1. Inclusive Fluxes
The inclusive muon and neutrino spectra (Fig. 10) demonstrate no significant difference com-
pared to Sibyll 2.3d, apart from the S*(K*°) model. Enhanced strangeness production in this
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Figure 9: Ratio of muon counts for vertical proton showers at the South Pole for different S* variants relative to
Sibyll 2.3d. Full symbols are muon densities at 600 m lateral distance (surface muons). Empty symbols are total
muon counts with energies above 0.5 TeV (in-ice muons). The left panel corresponds to 1 PeV primary protons, and
the right panel to 10 PeV primary protons.

model leads to more kaon parents decaying into neutrinos, but with little effect on muon fluxes,
which are about 30% lower than the data-driven daemonflux model [55]. A preliminary KM3NeT
Collaboration study observes a similar 30% deviation between the underwater reconstructed muon
rate and Sibyll 2.3d [58]. However, daemonflux only incorporates surface muon data up to a few
TeV and predictions in the hundreds TeV range are affected by large extrapolation errors. Nonethe-
less, for both neutrino flavors, all Sibyll variants and the daemonflux model agree well within
errors. A similar observation holds for the zenith distribution of predicted neutrino events in Ice-
Cube (Fig. 11). No significant deviation from the zenith distribution predicted by Sibyll 2.3d is
observed, except for a 15-20% higher neutrino rate in the S*(K*?) case. Some of the IceCube v,,-
focused analyses [59, 60] have hinted at a higher atmospheric neutrino flux normalization, however
no specific measurement has been performed. The main difference from the daemonflux model is
observed at the horizon, where the muon production distance is far enough from the surface for
decay into neutrinos even at TeV energies to occur, so the higher muon flux estimate propagates
into neutrinos.

4.2. Underground Muons

Muons observed in laboratories deep underground, in water, or in ice exhibit significant energy
loss. The overburden acts as a high-pass filter, selectively absorbing muons with lower energies
(< 1TeV). This makes them valuable probes for the high-energy portion of the surface spectrum,
potentially distinguishing between different mechanisms that enhance muon numbers in S* vari-
ants. Figure 12 presents calculated vertical equivalent muon fluxes in water, obtained using the
MUTE code, which combines MCEq and PROPOSAL [62] codes for underground muon flux
calculations [61]. The vertical equivalent intensity refers to the rate of single muons above a low
energy threshold. Due to median muon energies being in the hundreds of GeV range, the threshold
has minimal impact. While S* models exhibit more variation here than at the surface, the changes
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Figure 10: Inclusive muon and neutrino fluxes calculated for a vertical zenith angle. These are conventional fluxes
predominantly originating from decays of charged pions and kaons. Notably, S* modifications have a negligible
impact, except for the S*(K*°) model’s enhancement of neutrino fluxes due to increased kaon decays. Calcula-
tions at inclined zenith angles yield qualitatively similar results with minor differences. The data-driven daemonflux
model [55], derived from accelerator, cosmic-ray, and surface muon data, is included for comparison, with error esti-
mates extrapolated to higher energies.

are still too subtle to be discerned given uncertainties in interaction and cosmic ray flux models.
As expected from surface flux comparisons (Fig. 10), the data-driven daemonflux model predicts a
20-30% higher flux, aligning with recent preliminary results from KM3NeT’s ORCA and ARCA
detectors [58].

Figure 13 shows distributions of average muon bundle multiplicities, representing the muonic
cores of air showers that reach specific depths underwater or in rock. Muon bundle multiplicity
distributions strongly depend on the primary cosmic ray spectrum and mass composition, particu-
larly around the energy range of the CR knee [63]. However, with better composition constraints
from other measurements, ratios between low and high-multiplicity events at fixed zenith angles
(or slant depths) could serve as a proxy to discriminate between S* models, complementing sur-
face muon multiplicities. At large depths and/or inclined zenith angles the differences between S*
and the default Sibyll 2.3d reach up to 50% or more at near-horizontal incidence angles.

While muon bundles can be studied in ice [64], water-based detectors like KM3NeT [65] and
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Figure 11: Calculated zenith distributions of tracks (mostly muon neutrino charged-current events) and electron
neutrino events contained within the instrumented volume of IceCube, using effective areas from public data re-
leases [56, 57] scaled to 10 years of livetime. No specific zenith dependence is observed between S* versions, while
daemonflux predicts more events from the horizon due to increased neutrinos from muon decay. As expected from
Fig. 10, the S* (K*) model predicts 15-20% higher neutrino rates.

Baikal-GVD [66] might offer superior multiplicity separation due to a larger fraction of direct
Cherenkov light. Upcoming, technologically advanced, large-volume neutrino telescopes, such
as P-ONE [67] and TRIDENT [68], are anticipated to significantly enhance bundle multiplicity
measurements. Furthermore, large scale radio arrays in the future may provide the opportunity to
directly constrain the flux of atmospheric muons at PeV energies [69].

5. Summary

The new Sibyll* models are a set of phenomenological modifications to the well-known
Sibyll 2.3d hadronic interaction model. They aim to increase the number of muons in exten-
sive air showers (EAS) to address the “muon puzzle.” These modifications increase the fraction
of energy retained in the hadronic cascade, leading to more meson production and, consequently,
more muons.

The models are exploring different mechanisms for increasing muon production: enhanced p°
production, increased baryon-antibaryon pair production, increased kaon production, and a mixed
variant is integrating both p° and baryon pair production enhancements. These variants have been
adjusted to describe the data on particle production that is available from accelerator experiments,
while also achieving a desired increase in the hadronic energy fraction at ultra-high energies.

We observe that the S* variants can increase the number of muons in EAS by up to 35%,
depending on the variant and shower configuration. This occurs with a very small impact on the
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Figure 12: Vertical equivalent muon fluxes in water, obtained using the MUTE code, which combines MCEq and
PROPOSAL codes for underground muon flux calculations [61].

average depth of shower maximum (X, ), typically less than 7 g/cm?. The p° and mixed variants
can provide a sufficient increase in muon number to align with measurements from the Pierre
Auger Observatory, but are unlikely to improve compatibility with IceCube muon data.

Notably, modifications that address the muon deficit imply a change in the slope parameter S
that describes the energy dependence of the muon number. This is understood within the Heitler-
Matthews model and confirmed by our numerical studies. A direct consequence is a reduced
sensitivity of the muon number of showers as mass sensitive observable. However, a good mass
separation capability can be recovered at larger lateral distances from the shower core.

Regarding inclusive muon and neutrino fluxes, the impact of the modifications is minimal. The
S* modifications have little effect on inclusive muon and neutrino energy spectra compared to
Sibyll 2.3d, except for the S* (K*?) variant, which increases neutrino fluxes due to enhanced kaon
production and subsequent decays. The predicted zenith distributions of tracks and cascades in
IceCube show no specific dependence on S* versions. Therefore, given that the IceCube observed
data are consistent with the Sibyll 2.3d prediction, all S* variant predictions will similarly be
consistent.

While surface flux changes are subtle, S* variants exhibit larger variations in underground
muon fluxes, especially at high depths and inclined zenith angles. S* models predict different dis-
tributions of muon bundle multiplicities in water or ice, offering a potential discriminator between
them. The next generation large-volume neutrino telescopes like P-ONE and TRIDENT could
significantly improve measurements of these multiplicities. Overall, the Sibyll* model provides a
promising framework for addressing the muon puzzle in EAS.
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Figure 13: Muon bundle multiplicity distribution in water for different slant depths. The zenith angle at the surface
has been accordingly adjusted as 6 = arccos(1km.w.e./X). The distribution of muon bundle multiplicities (left panel)
strongly depends on the primary cosmic ray flux model. When scaled to a reference model (here Sibyll 2.3d, see right
panels), differences between the S* emerge, which become more pronounced in the rate of very high multiplicity
bundles with ~ 100 muons.
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