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It is well known that the fraction of energy in a hadron collision going into electromagnetic particles
(electrons and photons, including those from decays) has a large impact on the number of muons produced
in air shower cascades. Recent measurements at the LHC confirm features that can be linked to a mixture of
different underlying particle production mechanisms such as a collective statistical hadronization (core)
in addition to the expected string fragmentation (corona). Since the two mechanisms have a different
electromagnetic energy fraction, we present a possible connection between statistical hadronization in
hadron collisions and muon production in air showers. Using a novel approach, we demonstrate that the
core-corona effect as observed at the LHC can have a significant impact and should be properly taken into
account before trying to find a more exotic solution for the lack of muon production in simulations of high
energy cosmic rays.
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I. INTRODUCTION

Cosmic ray particles reach Earth from galactic and
extragalactic sources with enormous energies and produce
huge particle cascades in the atmosphere. The resulting
extensive air showers are measured with the aim to unveil
the astrophysical nature and origin of high energy cosmic
rays. The Pierre Auger Observatory [1,2] and the Telescope
Array [3,3] are the largest contemporary experiments
targeting the most energetic cosmic rays with energies
beyond 1018 eV.
Of particular interest is the cosmic ray mass composition,

which may be proton to iron nuclei and is expected to carry
a unique imprint of the physics at the sources. The mass
composition as a function of the cosmic ray energy E0 is
inferred from air shower observables, of which the most
important ones are the depth of the shower maximum Xmax
and the number of muons Nμ [4]. The depth Xmax is the
integrated matter density column that a shower traversed

until the maximum number of charged particles in the
shower is reached. The number of muons is obtained by
counting muons when the shower arrives at the ground.
Experimentally the muon counting is limited to a radial
range around the shower axis as well as to a minimal energy
of muons.
To infer the cosmic ray mass composition from these

observables, accurate predictions from air shower simu-
lations are needed for cosmic rays with various primary
masses. However, the Pierre Auger Observatory [5,6] and
the Telescope Array [7] observed that the measured
number of muons in air showers drastically exceeds
expectations from model predictions at shower energies
around and above 1019 eV. A recent summary of muon
measurements [8,9] shows that a consistent muon excess
compared to simulation is seen by the majority of cosmic
ray experiments over a very wide energy range. The
discrepancy between results based on Xmax and Nμ is
currently preventing an unambiguous interpretation of air
shower data in terms of mass composition.
The amount of energy ending up in electromagnetic

particles in hadron collisions

R ¼ Eem

Ehad
; ð1Þ
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where Eem is the summed energy over all γ (mostly from π0

decay) as well as e�, and Ehad the summed energy of all
hadrons, is one of the crucial parameters driving muon
production in extensive air showers [10–12]. It is closely
related to the way an excited partonic system hadronizes. In
hadronic interaction models used to simulate air showers,
the hadronization is mainly done using a string fragmenta-
tion model that was successfully developed to describe the
hadron production in eþ-e− collisions, and low energy
proton-proton collisions. In systems with higher energy
densities, such as heavy ion collisions, a statistical hadro-
nization of a fluid is expected where the production of
heavy particles is favored, thus reducing the fraction of π0

compared to other types of particles and therefore giving a
lower value of R. Since the 1980s, collective effects in the
hadronic final state, such as flow [13–15] or strangeness
enhancement [16–20], have been observed in heavy ion
collisions (often referred to as large systems). Later on,
similar effects have been predicted [21–26] for proton-
proton collisions (also known as small systems) and were
eventually discovered at the LHC [27] (see Refs. [28,29]
for detailed reviews).
While a fluidlike behavior (referred to as collective effects

in the following) is confirmed in both large and small
systems, their origin is still unclear. In large systems the
formation of a quark-gluon-plasma (QGP) is commonly
assumed as a phase of parton matter where confinement is
no longer required [30–32] and in particular since the
Relativistic Heavy Ion Collider (RHIC) results [33–36].
This QGP will evolve according to the laws of hydro-
dynamics and eventually decay statistically. There are
various expected consequences of such a scenario, such
as long-range two-particle correlations, the so-called ridge
phenomenon [27,37], jet quenching [38,39], flow [40], or
enhanced production of strange hadrons [20]. It was initially
a surprise when such effects were also discovered in small
systems. While it was argued that also in central collisions of
small systems the energy densities may be high enough to
allow for the formation of a QGP [21] and that the formation
of small QGP droplets is plausible [41,42], other recent
studies have shown that collective effects can be achieved by
alternative mechanisms such as microscopic effects in string
fragmentation [43] or QCD interference [44]. The possibility
to have both string fragmentation hadronization and stat-
istical hadronization at the same time but in a different
area of the collision, depending on the energy or particle
densities, has been introduced in [45] to explain the peculiar
evolution of collective effects as a function of collision
centrality in heavy ion collisions. This is the so-called core-
corona separation.
In this paper, we study the impact of collective effects

(more precisely: statistical hadronization) in smaller sys-
tems than heavy ions and the resulting modified hadroni-
zation scheme in high-energy interactions on air showers.
Air shower cascades are driven by collisions of hadrons and

light nuclei at ultrahigh energies. We show that the effect of
statistical hadronization in collisions of hadrons and nuclei
may have been underestimated so far in the understanding of
muon production in air showers [46–49]. Statistical hadro-
nization affects the energy fraction contained in electromag-
netic versus hadronic particles,R, which has implications for
the muon production in cosmic ray air showers.
In Sec. II, using a direct modification of hadronic proper-

ties, we first identify the most important quantity to modify
the muon production in air showers, which appears to be R.
Then, in Sec. III, the origin and behavior of the values of R
are studied in different hadronic interaction models at the
LHC. We introduce in Sec. IV a simplified version of the
core-corona model in the CONEX framework to qualitatively
predict the effect of a constrained change of R values.
Finally, in Sec. V, we present the result on the muon
production when statistical hadronization is present. Our
goal is to demonstrate that the observed discrepancy
between current air shower simulations with measurements
can be potentially resolved with collective hadronization in
agreement with existing collider data, and that further
experimental and theoretical studies in this direction are
justified [46,50]. The development of a full model able to
reproduce all data from accelerator and cosmic experiments
is a long process currently ongoing [51–53].

II. THE MUON PROBLEM AND
THE R OBSERVABLE

The dominant mechanism for the production of muons in
air showers is via the decay of light charged mesons. The
vast majority of mesons are produced at the end of the
hadron cascade after typically five to ten generations of
hadronic interactions (depending on the energy and zenith
angle of the cosmic ray). The energy carried by neutral
pions, however, is directly fed to the electromagnetic
shower component and is not available for further pro-
duction of more mesons and subsequently muons. The
energy carried by hadrons that are not neutral pions is, on
the other hand, able to produce more hadrons and ulti-
mately muons in following interactions and decays. Using
a simple Heitler-type toy model [54,55] to describe air
showers, the neutral pion fraction c ¼ Nπ0=Nmult, defined
as the number of neutral pions Nπ0 divided by the total
number of final-state particles Nmult (full phase space, all
types of stable hadrons) in a collision, was found to have a
strong impact on the muon number and in particular on the
slope of the energy dependence of the muon production.
Indeed in this model we get

Nμ ¼
�

E0

Edec

�
β

with β ¼ 1þ lnð1 − cÞ
lnNmult

; ð2Þ

where E0 is the energy of the primary cosmic ray particle
and Edec is the typical energy at which mesons decay in
the cascade. So the muon number Nμ increases with
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decreasing c, which is understandable since more hadrons
are available to produce muons. A second quantity with an
important impact on the muon number was identified to be
the hadron multiplicity Nmult.
The value of c is very important for the muon production.

Unfortunately, it is difficult to measure both Nπ0 and Nmult
experimentally (for example at the LHC) since neutral
particles cannot be easily counted individually. In general,
secondary particle identification is unavailable at large
pseudorapidities η where the energy flow is large enough
to become relevant for the air shower development. Hence,
it is useful to explicitly study the ratio of the electromag-
netic to the hadronic energy density R given by

RðηÞ ¼ hdEem=dηi
hdEhad=dηi

; ð3Þ

which is sensitive to properties of the hadronization as
shown in the next section. Here the energy densities
hdE=dηi are obtained by summing the energy of all
final-state particles except for neutrinos in bins of η and
averaging over a large number of collisions.
The neutral pion fraction c can be easily related to the

energy ratio R, since both have very similar kinematic
aspects of final state distributions. If all particles have
the same energy such as in the generalized Heitler
model, then we have simply R ¼ c=ð1 − cÞ. But R is
experimentally much easier to measure, since, using a
calorimeter, the signals deposited by electromagnetic
particles and by hadrons are characteristically different.
We compute a detailed conversion between R and c
using the standalone EPOS LHC hadronic interaction
model [56] to simulate fixed energy proton-proton colli-
sions at various center-of-mass energies, and found that,
for the relevant parameter range, a change of R by ΔR
affects c by Δc ≈ 0.8 · ΔR, where R is computed by
integrating Eq. (3) over all η. In Sec. III, we will study R
for different models as a function of η, and at fixed η as a
function of the charged particle density at central pseu-
dorapidity dNch=dηjη¼0, which is determined as the
average multiplicity within jηj < 0.5.
To distinguish the effect of R and the hadron multiplicity

Nmult on the air shower properties, we will first use them as
simple effective parameters, instead of hadronic observ-
ables, and study the correlation between the number of
muons (lnNμ) and the depth of the shower maximum
(Xmax). The influence on the main air shower observables
(like Xmax and lnNμ) of various effective parameters (like
R, c, or Nmult, named generically q in the following) in
interaction models was investigated in a previous study [10]
in which the behavior of hadronic interaction models in air
shower simulations was modified during full air shower
Monte Carlo simulations within the CONEX [57] frame-
work. These changes were implemented such that the
parameters qðElabÞ of the hadronic event generators were

modified in an energy-dependent way by a simple correc-
tion function as

qðElabÞ → qðElabÞ × ð1þ fqFðElab;Eth; EscaleÞÞ; ð4Þ

using the modification scale fq and the energy-dependent
factor

FðElab;Eth; EscaleÞ ¼
lnðElab=EthÞ
lnðEscale=EthÞ

for Elab > Eth; ð5Þ

and representing the assumption that models are well
constrained by accelerator data at lower energies than
the energy threshold Eth, where FðElabÞ ¼ 0, while they
become logarithmically unconstrained going to higher
energies. The parameter Escale is the reference energy scale.
Here, we will use Escale ¼ ECR

LHC ≃ sLHC=ð2mpÞ ≈ 90 PeV,
using an LHC center-of-mass energy of

ffiffiffiffiffiffiffiffiffiffi
sLHC

p ¼ 13 TeV,
which means that the factors fq directly correspond to the
prospective impact at LHC energies. Typical threshold
values are Eth ≃ sTevatron=ð2mpÞ ≈ 1 PeV, using the center-
of-mass energy of the Tevatron accelerator that was the
experiment with the largest energy at the time of the first
study (highest energy to tune the hadronic interaction
models). However, particle production in the important
forward phase space is not well constrained by either
Tevatron nor LHC data, allowing much lower values of Eth
to be explored. It is a key point of the application of Eq. (5)
inside CONEX that a significant fraction of the air shower
cascade is consistently modified during full simulations.
The individual particles produced after each high energy
hadronic interactions are modified such that a global
parameter q is changed according to Eq. (4), conserving
the other ones and the total energy of each event. For
instance, the multiplicity (Nmult) of one event can be
increased without changing the particle ratio (c) and the
elasticity (fraction of the total energy going to the projectile
remnant), by duplicating particles of each particle type
excluding the leading particle. All the technical details can
be found in Appendix A of [10].
In the original study [10], each air shower observables

were studied individually for a change of different param-
eters q. But here, we apply Eqs. (4), (5) to explore the
impact of q ¼ R or q ¼ Nmult on Xmax and lnNμ simulta-
neously in full air shower simulations. The resulting
correlated effect is shown in Fig. 1 as demonstrated for
air showers at E0 ¼ 1019 eV using EPOS LHC in CONEX.
Lines in this figure show all possible resulting mean values
of Xmax and lnNμ for any mass composition of cosmic rays
between pure proton (bottom right end of lines) and pure
iron (top left end of lines). The resulting values of Xmax and
lnNμ are located on a straight line because the mean values
for both are linear functions of the mean-logarithmic mass
of cosmic rays [58,59] given a fixed air shower energy. The
line shape is universal, but its location and to a lesser degree
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the slope and length depend on the hadronic interaction
model. Current hadronic interaction models predict lines
that are too low compared to experimental data from air
showers, as indicated by the vertical gap between the
representative data point from the Pierre Auger
Observatory [5] and the EPOS LHC line. This discrepancy
is the expression of the muon problem outlined above.
When Nmult is modified the simulated line shifts

along itself: the multiplicity has a correlated effect on
Xmax and lnNμ that cannot close the gap to the data.
However, modifications of R mainly affect the muon
number and leave Xmax unchanged, creating vertical
shifts and tilts of the line in the plot. Thus, within the
assumptions outlined here, we find that a decrease of R
by fq ¼ −15% at the LHC energy of

ffiffiffi
s

p ¼ 13 TeV
would be sufficient to make the simulations compatible
with the air shower data at 1019 eV. These results have
been cross-checked with alternate interaction models in
the air shower simulations. There is a very good quali-
tative agreement in all cases.
Furthermore, it was established that the muon discrep-

ancy in simulations increases smoothly with energy
[8,60,61]. Thus, the slope of the energy dependence
introduced in Eq. (2) is also affected, pointing to a too
small value of β. This may be related to a too large π0

production leading to a too large value of R yet to be
explained. We will explore the possible origin of a different
R in the next section.

III. MULTIPARTICLE PRODUCTION
AND THE R OBSERVABLE

The discussion in the previous section suggests that a
change of R (or c, which is equivalent) is a potential way to
reduce the muon content discrepancy between measure-
ments and air shower simulations. Nevertheless, R is quite
well constrained by theory as well as laboratory measure-
ments and, thus, cannot be changed as suggested by the
studies of the previous Sec. II in an arbitrary way. In a naive
model like Ref. [55], where only pions are considered as
secondary particles, R ¼ 0.5. In a more realistic approach
based on string fragmentation we have R ≈ 0.4 (as seen
in Fig. 3). But as shown in Ref. [20], particle ratios
such as K=π, p=π, or Λ=π change with increasing secon-
dary particle density, saturating to the value given by a
thermal/statistical model with a freeze-out temperature of
156.5 MeV [62] yielding R ≈ 0.34. Such a behavior can be
explained in terms of a core-corona picture [45]. This
approach has been used in the framework of full hydro-
dynamical simulations [51,63] but also in simple model
calculations [64–67]. The basic idea is that some fraction
of the volume of an event (or even a fraction of events)
behaves as a QGP and decays according to statistical
hadronization (core), whereas the other part produces
particles via string fragmentation (corona). The particle
yield Ni for particle species i is then a sum of two
contributions

Ni ¼ ωcoreNcore
i þ ð1 − ωcoreÞNcorona

i ; ð6Þ

where Ncore
i represents statistical (grand canonical) particle

production, Ncorona
i is the yield from string decay, and ωcore

is the core weight. In order to explain LHC data [20] the
weight ωcore needs to increase monotonically with the
multiplicity, starting from zero for low multiplicity pp
scattering, up to 0.5 or more for very high multiplicity pp
events, reaching unity for central heavy ion collisions
(PbPb). A simplified version of the core-corona approach
will be described in Sec. IV.
For an illustration we will use EPOS LHC as the baseline

model to test sensitivity of R towards a QGP-like state. As
alternative model we use PYTHIA8 [68,69], which provides
entirely different (non-QGP-like) physics concepts for
collectivity. EPOS LHC is a general purpose event generator
widely used in high energy physics, and in particular also
for heavy ion collisions. It includes the description of a
QGP-like behavior in high energy collisions. PYTHIA8,
on the other hand, is the reference model in high energy
physics for proton-proton interactions. Both models gen-
erate a distribution of colored strings from the collision of a
projectile and a target. Despite a very different underlying
approach for the string generation [perturbative Quantum
Chromo Dynamics (pQCD) factorization for PYTHIA8 and
parton-based Gribov-Regge theory [70] for EPOS LHC], the
string distributions are not very different, because they are

FIG. 1. Impact of the modification scales fq (in %) of the
hadron multiplicity Nmult (dashed lines) and the energy ratio R
(dotted lines) in collisions at the LHC energy of

ffiffiffi
s

p ¼ 13 TeV on
EPOS LHC predictions of the air shower observables Xmax and
lnNμ in 1019 eV air showers. The datum is from the Pierre Auger
Observatory [5]. The model lines represent all values that can be
obtained for any mixture of cosmic nuclei from proton (bottom
right) to iron (top left).

SEBASTIAN BAUR et al. PHYS. REV. D 107, 094031 (2023)

094031-4



strongly constrained by the data on particle multiplicities.
These strings can be hadronized directly in both generators
using the Lund string model [71] in PYTHIA8, or the area
law [70] in EPOS LHC—both cases are strongly constrained by
LEPdata.At lowenergy (≈10 to 100GeV) this is sufficient to
successfully describe proton-proton interactions with good
accuracy. Nevertheless, it turns out that at the LHC energies,
additional physics mechanisms are needed to describe
the observed particle correlations and abundances in the
final state. In PYTHIA8, a modified color reconnection
approach [72,73] or a “string shoving” mechanism [43]
have been proposed to introduce collective effects such as a
modified hadronization or particle correlations, similar to
those obtained from a QGP. In EPOS LHC, on the other
hand, the “core-corona” approach [45] is used as originally
developed for heavy ion collisions. As already explained, the
core amounts to regions with high string/energy densities,
where strings are assumed to “melt” and produce matter that
expands hydrodynamically and then decays statistically,
whereas the corona represents particles from ordinary
string fragmentation, which escape from the dense regions.
While in EPOS3 [74] the hydrodynamic expansion is fully
implemented and hadronization occurs on a freeze-out
hypersurface, in EPOS LHC this expansion is mimicked by
parametrizing the flow at hadronization. This has proven to
well describe various collective observable phenomena [56].
Simulations of EPOS LHC are readily available via the CRMC

software [75]. On generator level, we study particles with a
lifetime cτ > 1 cm, which is a widely adopted definition of
long-lived particles at the LHC [76].
In fact, in EPOS LHC final-state particles originate from

three different production mechanisms: standard string
fragmentation (corona), statistical decay of a fluid (core),
and the decay of the beam remnants (as defined in this
particular model [77]). While experimentally the origin of
the production mechanism for a particle cannot be identi-
fied, individual production mechanisms can still be studied
since they predominantly contribute to different regions of
phase space. This is demonstrated in Fig. 2 (top), which
shows the relative contribution of these mechanisms to the
total energy density hdE=dηi for minimum bias proton-
proton collisions at a center-of-mass energy of 13 TeV.
Three regions can be identified: The energy density at
central pseudorapidities, jηj < 5, is dominated by particles
originating in the dense core of the interaction; at inter-
mediate rapidities, 5 < jηj < 8, it is dominated by particles
from string fragmentation; and at large rapidities, jηj > 8,
by the fragmentation of beam remnants. Underlying
differences in particle production, therefore, lead to varying
observables as a function of pseudorapidity.
A corresponding effect is also observed as a function of the

central charged particle multiplicity dNch=dηjη¼0 (charged
hadrons with cτ > 1 cm and no pT cut). Final states with
large particle multiplicity are known to be an effective proxy
for pronounced statistical hadronization [27]. Therefore, at

fixed pseudorapidity, the influence of the core increases as a
function of particle multiplicity. This effect is expected to be
most significant at jηj ≈ 0 since the relative contribution of

FIG. 2. Fractional contribution of particles originating from
different production mechanisms to the total energy density
dE=dη as predicted by EPOS LHC. The top figure shows the
contribution as function of jηj; the middle (bottom) figure shows
the contributions at η ¼ 0 (η ¼ 6) as a function of the charged
particle density at η ¼ 0.
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the core is largest. This is illustrated in the middle panel of
Fig. 2 for η ¼ 0 and in the bottom panel for η ¼ 6. It can be
seen that the contribution of the core to the energy density at
η ¼ 0 becomes dominant for pp collisionswithmore than≈7
charged particles per unit of pseudorapidity, while at η ¼ 6
this transition is shifted to a larger value.Here themultiplicity
at midrapidity should be seen as a proxy for the “centrality”
of the collision. Thus very low multiplicity events are
peripheral events, and, in particular, diffractive ones with
particles coming only from the beam remnants. This explains
the rise of the remnant contribution at very low dNch=dηjη¼0.
In the EPOS LHC model, the core fraction will depend on the
local particle density, which could come from the production
of the secondary particles and which dominates at midra-
pidity. But this density could be modified by the density of
partons in the beam remnants which dependent on various
assumptions. In other words, the η dependence of the core
formation is very model dependent and very few data are
currently available to test the core fraction in the forward
phase space most relevant for the air shower development.
Using EPOS LHC we find that the fraction of secondary

pions (both charged and neutrals) in the dense core is
reduced because many other more massive hadrons and
resonances are produced. This leads to a lower ratio of the
electromagnetic to hadronic energy density in particles
produced from the core. Accordingly, this effect can be
seen in the pseudorapidity-dependent ratio of the average
electromagnetic to hadronic energy density R shown in the
top panel of Fig. 3. At jηj ≈ 0, hadron production is
dominated by the core and therefore the value of R for
EPOS LHC is as low as 0.34. As the contribution of the core
to the total energy decreases with increasing pseudorapid-
ity, also R increases and reaches a value of 0.4 at jηj ≈ 7
before it decreases rapidly due to the very low electro-
magnetic contribution in the beam remnants. In compari-
son, a flat ratio below jηj ≈ 7 is obtained when statistical
hadronization is disabled in EPOS LHC (corona only). The
data point shown in this figure at η ≈ 6 is derived from
Ref. [78], where we have corrected the original values from
detector level to generator level using the Rivet routines
provided by the CMS collaboration [79,80]. The shaded
region corresponds to the systematic uncertainties of the
measurement. These data are consistent with all models
within the experimental uncertainty; there is a slight tension
with the PYTHIA8 simulations using the modified color
reconnection approach [81]. Such data with smaller uncer-
tainties, and measured over a wide range of η, have the
potential to differentiate between some of the models. In
particular, any slope observed in the region 0 < jηj≲ 6
would be a clear hint for a transition of several distinct
hadronization mechanisms (i.e., the core-corona effect).
The ratio of the electromagnetic to hadronic energy

density R at η ¼ 0 is shown as a function of the central
multiplicity dNch=dηjη¼0 in the middle panel of Fig. 3. It
can be observed that R drops down to values of 0.3 when

statistical hadronization is enabled in EPOS LHC while it
reaches a constant plateau of 0.4 in the case of disabled
statistical hadronization, which is similar to the PYTHIA8

FIG. 3. Ratio of the average electromagnetic to hadronic energy
densities R simulated for proton-proton collisions at 13 TeV with
EPOS LHC (solid lines) with and without hydrodynamical treat-
ment of the dense core, as well as PYTHIA8 (dashed lines) in the
default configuration, with string shoving and with modified
color reconnection (CR). The top figure shows RðηÞ as a function
of jηj, the middle and bottom figure show R evaluated at η ¼ 0
and η ¼ 6 as a function of the central charged particle multi-
plicity. The asymmetric uncertainties of the CMS data are a
feature of this measurement.
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predictions. The peak at very low multiplicity is due to low
mass diffractive events where the π0 production is favored
because of the lack of energy to produce heavier particles.
At η ¼ 6, it can be seen in the bottom panel of Fig. 3 how
the different model predictions compare to the available
CMS data (also from Ref. [78]). A slightly better descrip-
tion of the multiplicity dependence is achieved when
collective effects are taken into account (both in EPOS

LHC and PYTHIA8), but in the context of this paper, it is
obvious that a more precise measurement at η ≈ 6 and more
is of paramount importance for the muon problem in air
shower physics. In particular using a light ion beam like
oxygen to be as close as possible to the air target.
From this study, it is clear that the core fraction can have

a complex behavior that depends on both multiplicity (on
an event-by-event basis) and pseudorapidity and relies on
various model assumptions. For instance, EPOS LHC was
released after the first LHC data became available. At that
time, only average values and the evolution of the mean
transverse momentum as a function of the particle multi-
plicity were known precisely. The increase of multistrange
baryon production with particle multiplicity was a predic-
tion of the model, but—as shown in Ref. [20]—was only
qualitatively correct. Effectively, the core is formed in
EPOS LHC only at larger multiplicities compared to what is
necessary to reproduce the data. Thus, it is expected that the
density needed to produce the core is currently overesti-
mated changing both η and multiplicity dependence [more
core at lower multiplicity (and then energy) and larger
rapidities].
Precise data on R versus multiplicity is needed to support

(or reject) this hypothesis, but studies at the LHC in proton-
proton and proton-nucleus collisions support such a sce-
nario [20,27] at energy densities as reached by cosmic
rays interacting with the atmosphere [47–49]. Studying
LHC data at midrapidity, it is found that for events with

hdNch=dηijηj<0.5 ∼ 10 (corresponding to typical proton-air
interactions as shown in Fig. 4 right-hand side) ωcore is
already ≈30% or more at higher energy. In fixed target
experiments, where the full phase space is available for
measurements, the ωcore is below 5% which is less than the
precision of the models. At RHIC (200–500 GeV), in the
light of what is observed at the LHC, collective effects like
flow or multiplicity-dependent strangeness enhancement
are in fact observed in proton-proton [82] and proton-gold
data [83–86].
In the next section, we will study the possible impact of

the core production on the muon production in air showers.

IV. SIMPLIFIED CORE-CORONA APPROACH
AS MOTIVATED BY LHC DATA

In order to investigate whether a constrained value of R
could be low enough to increase the number of muons in air
shower simulations, as it is required to describe observa-
tions, a simplified core-corona approach is used to estimate
the potential consistency with LHC data under the follow-
ing assumptions:
(1) The fraction of core ωcore effectively increases

logarithmically with energy. The standard core-
corona approach is fundamentally a function of
the multiplicity and not primarily of the collision
energy [20], but since the average multiplicity
increase with the energy, the average core fraction
ωcore will also increase with energy. In Fig. 4, we
show how the particle density at midrapidity can be
converted into a evolution of ωcore with energy. As
the most sensitive example, the description of the
Ω=π ratio by a core-corona approach in EPOS3 [63]
corresponds to a correlation between dN=dηη¼0 and
ωcore: the common y axis denotes central multiplic-
ity; the left plot shows how ωcore smoothly changes

FIG. 4. Energy evolution of particle density at mid-rapidity for proton (solid lines) and pion (dashed lines) interaction with air for
different hadronic interaction models (right-hand side) compared to ωcore as extracted from the Ω=π from [63] (left-hand side). Data
points are from ALICE [20] recorded at pseudorapidity jηj < 0.5. See text for details.
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over various center-of-mass energies and colliding
systems; the right plot illustrates π/p-air collisions as
a function of lab energy.

(2) Only the change of hadronization is taken into
account. Collective effects in the core in principle
include particle correlations and flow, but since
particles with a large ratio of longitudinal to trans-
verse momentum dominate most of the air shower
development, these effects are expected to be neg-
ligible.

(3) Nuclear effect are not considered. The multiplicity
increases with the mass of the projectile, so the core
fraction should also increase with the mass of the
cosmic ray. For technical reasons this cannot be
taken into account in our simulations—but since
nuclear effects further enhance the proposed impact
(mostly for the first interaction), our approach will
yield conservative statements.

(4) The core-corona effect is applied equally to the full
phase space, while core hadronization has been
experimentally established at midrapidity mainly.
As discussed in the previous section, this is not
currently excluded but ultimately needs more ex-
perimental data. Therefore, we simply assume that
the modification equally affects particles emitted at
all pseudorapidities (except for the leading particle).

(5) Similarly, the implementation of the core-corona
effect is performed on all types of hadronic projec-
tile (nucleons, pions, and kaons). This can be
justified by the simple argument that the increase
of the multiplicity and thus of the energy density is
mostly due to the increase of sea quarks and gluons
interactions from the projectile (and target) particle,
which are independent of the valence quarks. The
latter change only the nature of the leading particles,
which are unchanged in our simulations.

In the following, we are going to define a “simplified
core-corona approach,” based on Eq. (6):

Ni ¼ ωcoreNcore
i þ ð1 − ωcoreÞNcorona

i ;

using CONEX air shower simulations, applied on different
hadronic interaction models. The particle yield from the
chosen model is by definition considered to represent the
corona-type yield Ncorona

i , whereas we use the standard
statistical hadronization [also referred to as “resonance gas”
or “grand canonical ensemble” (GCE)] for the core part.
For the latter, in this study, one uses a model [62] that
reproduces very well the particle ratios of central PbPb
collisions at the LHC with the following parameters:
T ¼ 156.5 MeV, μB ¼ 0.7 MeV, and V ¼ 5280 fm3. By
definition, this is the extreme case that we consider as the
known observed limit for the core values and correspond-
ing particle ratios. As a consequence, we impose as a
constraint that the GCE parameters are fixed and only ωcore

changes with energy. So ωcore ¼ 0 would be the “normal”
simulation with the chosen hadronic interaction model.
Choosing ωcore > 0 amounts to mixing the yields from the
given model with the one from the GCE according to the
core-corona superposition shown in Eq. (6). EPOS LHC is a
particular case because it has already a core-corona model
implemented, but with a quantitatively wrong value of ωcore
as shown in [20]. Hence the core production was switched
of, to produced new spectra for CONEX that are based on
string fragmentation (corona) only. SIBYLL 2.3d and
QGSJETII.04 have by default corona component only.
The implementation of this simplified core-corona

approach was performed by mean of CONEX taking advan-
tage of its numerical air shower simulations based on
cascade equations. This allow us to directly modify indi-
vidual ratios of secondary particle species of the energy
spectra dNi=dEj, for particle species i and energy bins dEj,
of hadronic interactions with air nuclei without modifying
the hadronic model themselves (only the tabulated averaged
spectra are modified). These energy spectra of secondary
particles were calculated once for each full MC hadronic
interaction model, for later use them as an input by CONEX

for numerical air shower simulations. Knowing the initial
ratios π0=π�; p=π�; K�=π�; p=n;K0=K� of the particles
used in CONEX from each corona-type model (i.e., current
hadronic models) and the value of the corresponding
ratios from the core model [62], we compute new spectra
in which the particle yields include both core and corona
according to ωcore.
These ratios take into account the decay products of all

other type of particles like strange baryons or mesons with a
lifetime too short to propagate in the atmosphere. For
leptonic decay product from η particle for instance, we
approximate that it can be counted as π0, since in the
cascade equation it will directly contribute to the electro-
magnetic cascade and the possible change of particle
spectra is not considered in this simplified approach (only
the particle ratios). Neutrinos are not counted since they
have no impact on the muon production in air showers.
Since the hadronization mechanism can affect only

newly produced particles the properties of the leading
particle must be preserved. To achieve that, the new particle
yields are computed for all secondaries by applying a
scaling procedure, but excluding the one corresponding to
the respective projectile type, i.e., protons in proton-air and
kaons in kaon-air interactions, and so on. The yield of the
projectile-type particles is determined subsequently by
exploiting energy conservation in all energy bins dEj
summed over all secondary particle species i: the sumP

i EjdNi=dEj must be conserved. Since at high xF ¼
Ej=Elab only the projectile-type particles will have
dNi=dEj significantly different from zero (also known as
a leading-particle effect), the resulting modified leading-
particle-type spectra at high xF follow the original distri-
bution and are only affected by the scaling procedure at
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lower values of xF. Together, this assures us that energy
conservation as well as the total multiplicity are not
affected, while the species ratios are changed [87].
We assume the core weight ωcore to increase with energy

in a logarithmic way. Thus, we use

ωcoreðElabÞ ¼ fωFðElab;Eth; EscaleÞ ð7Þ

tomodel this [in analogy to Eq. (4)], starting already at fixed-
target energies, Eth ¼ 100 GeV. Different energy depend-
encies are explored by changing Escale from 100 GeV
(corresponding to a step function), to 106 GeV and
1010 GeV. The fω scale is varied from 0.25, 0.5, 0.75, to
1.0; in addition we limit the maximum of FðElab;Eth; EscaleÞ
to 1. This yields the ωcore energy dependencies as depicted
in Fig. 5. The comparison with the expected behavior
estimated from central (η ∼ 0) data is overlaid as the shaded
area (fromFig. 4) indicates that the logarithmic evolution is a
reasonable simplified starting assumption, in particular at
high energies where the effect is the strongest. Since the
pseudorapidity dependency of ωcore is, in fact, unknown and
model dependent, it remains highly relevant to study various
simplified scenarios beyond what is indicated by the data
from central (jηj < 0.5) particle production. All these sce-
narios have been simulated with CONEX, using cascade
equations from the first interaction to the ground, for proton
and iron primary particles at E0 ¼ 1019 eV. No explicit
Monte Carlo method is used in order to obtain just the
average response. Since only cascade equations are used, the
superposition model is used to get the iron results as sum of
56 simultaneous proton showers, each with the energy
reduced by a factor of 56.
To summarize this chapter: we introduced a “simplified

core-corona approach,” where an event is composed of two

components, a core part and a corona part, with respective
weights ωcore and 1 − ωcore. The core part corresponds to
“normal” particle production, as given by the underlying
interaction model, whereas the core part corresponds to
“statistical” or “thermal” particle production. The core
weight is assumed to be energy dependent.

V. IMPACT OF A SIMPLIFIED CORE-CORONA
APPROACH ON AIR SHOWERS

In Fig. 6 the results are shown in the Xmax- lnNμ

plane for three models EPOS LHC (top left), QGSJETII.04
[88,89] (top right), and SIBYLL 2.3d [90] (bottom left).
These examples illustrate that it is possible to describe the
data of the Pierre Auger Observatory with modified
hadronization in air shower cascades, if a larger corelike
contribution is considered compared to what is currently
provided by the models. For this to work, however, QGP-
like effects need to appear already in light colliding systems
and start at comparably low center-of-mass energies. In the
bottom-right panel, the three models are compared using
the core fraction corresponding to the shaded area of Fig. 5.
In the case of SIBYLL 2.3d, this scenario puts the dashed-
blue line within one sigma (systematic) of the data point
from the Pierre Auger Collaboration. In other words, the
combination of a deeper Xmax for this model and an
increase by about 15% of the muon number thanks to
the core-corona approach is enough to make the simula-
tions compatible with the data point. For EPOS LHCand
QGSJETII.04 a larger ωcore is needed or an additional
change in Xmax to get a heavier composition. On the other
hand, we can see that with the core-corona approach it is
not possible to reach the nominal value of the data without
extreme scenarios, which are very unlikely even with the
large uncertainty on the core fraction in forward particle
production.
Furthermore, from Eq. (2) also a different energy

evolution of the muon production follows. To study the
effect of our core-corona model on the muon production as
a function of the energy, we can compare the different
scenarios with the compilation of data presented in Ref. [8]
using the renormalized factor

z ¼ lnNμ − lnNp
μ

lnNFe
μ − lnNp

μ
; ð8Þ

with Nμ being any muon related experimental observable
and lnNp

μ and lnNFe
μ being the logarithm of the same

observable simulated with proton and iron primaries,
respectively, for a given reference hadronic interaction
model. This allows a direct comparison between different
experiments for various types of muon observables.
Considering the energy dependence of z, there is an

implicit dependence on the cosmic-ray mass A, since hlnAi
varies with energy. However, as expected from the Heitler
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FIG. 5. Different energy evolutions probed for ωcore. The solid
lines represent changing the scale fω of the effect, while the
dashed lines also indicate the effect of changing Escale. The
shaded area is based on Fig. 4 motivate by ALICE data and
current predictions on particle densities of the EPOS3 model.
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model formula, and even more importantly, verified via
explicit simulations, z and hlnAi are related as z ¼
aþ bhlnAi, and from zðpure FeÞ ¼ 1 and zðpure pÞ ¼ 0
we simply get a ¼ 0 and b ¼ 1=ln 56. This is very useful,
since it means that the A dependence of z (called zmass) is
given as

zmass ¼
hlnAi
ln 56

; ð9Þ

and the expectation of Δz ¼ z − zmass is zero for the case of
full consistency between all experimental observables and
the simulations based on a valid reference model. This
means that, plotting Δz for experimental data, we should
get zero if the reference model were perfect, whereas
Δz > 0 implies a muon deficit in the simulations. In this
way we can visualize the energy dependence of the muon
excess, corrected for mass dependencies. More details and
references are given in Ref. [8].

As pointed out in Ref. [8], for all models the data have a
positiveΔz showing a significant logarithmic increase with
the primary energy, indicating an increasing muon deficit
in the simulations. In Fig. 7 the effect of the different
energy evolution of ωcore for EPOS LHC and QGSJETII.04
on Δz are shown. Here the new simulations are treated like
data and the z factor is calculated using the original
(quoted) models as a reference such that the new Δz
can be compared to the data points directly. The positive
Δz of the lines indicate a larger muon production when
ωcore increases and the positive slopes mean that the slope
of the muon production as a function of the primary energy
is larger when ωcore increases. By including a consistent
corelike hadronization, we thus reproduce the energy
evolution as found in the data. This is even possible for
values of ωcore remaining well below 1. The ALICE-
motivated [20] results corresponding to the shaded area in
Fig. 5 are indicated by the red lines. As already seen in
Fig. 6, for EPOS LHC and QGSJETII.04 the effect would

FIG. 6. The impact of different core-corona mixing scenarios on air shower simulations at 1019 eV in the Xmax- lnNμ plane using EPOS

LHC (top left), QGSJETII.04 (top right), SIBYLL 2.3d (bottom left), and the ALICE-motivated model corresponding to the shaded area in
Fig. 5. The solid lines represent changing the scale fω, while the dashed lines also indicate the effect of changing Escale. The default
model corresponds to the corona-only simulations. The datum is from the Pierre Auger Observatory [5]. Each model line represents all
values that can be obtained for any mixture of cosmic nuclei from proton (bottom right) to iron (top left). In the bottom-right panel, the
full lines are the default model and the dashed line the ALICE-motivated core-corona mixing.
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not be large enough for the current mass composition of
the models.
The possibility to see the effect of a core hadronization

(QGP or similar more exotic phenomena) on air shower
physics have alreadybeen studied in the literature [100–103].
Changes in the muon production because of a change of R
under either extreme or exotic assumptions (which were not
yet observed at the LHC) are usually assumed. Furthermore,
itwas shown that the production of a core only invery central,
high-density, collisions is not sufficient to significantly
change the muon numbers in air shower simulations [104].
In contrast to the new results presented here, in those

previous studies the corelike production does not cover
sufficient energy range in air showers to change the muon
production significantly. We demonstrate that corelike
effects potentially applied to small colliding systems,
and for relatively low center-of-mass energies as studied
here, have an important impact on muon production in air
showers. Since our study is based on the simple assumption
that the full phase space has a modified π0 ratio, it remains
crucial for cosmic ray physics to conduct further dedicated
measurements at the LHC to better understand π0 produc-
tion relative to other particles. The phase space for the

formation of corelike effects is potentially significantly
larger than previously studied, and in particular may extend
towards larger rapidities.

VI. SUMMARY

In the light of recent LHC data on soft QCD [20], it is
clear that the current hadronic models used for air shower
simulations are not up to date in terms of hadronization.
We have shown that the muon production in air showers
significantly depends on the ratio R ¼ Eem=Ehad, where
Eem is the sum of energy in secondary γ (from π0) and e�,
while Ehad is the sum of energy in hadrons in individual
hadron collisions. We also showed that R itself depends on
the hadronization mechanism. Thus, a change or transition
in these mechanisms can help to explain the discrepancy
between the observed number of muons in air showers by
the Pierre Auger Observatory and the predictions based on
current hadronic models. Since at the LHC, even in proton-
proton interactions, one observes a transition from a string-
type to a statistical-type hadronization at midrapidity, we
used the particle ratios of the statistical model at all
pseudorapidities (as an extreme case) to show that such

FIG. 7. Evolution of the mass corrected z factor, Δz ¼ z − zmass, as a function of the primary energy. The data are taken from Ref. [9],
where the muon content measured by AGASA [91], IceCube [92], KASCADE-Grande [93], NEVOD-DECOR [94,95], Pierre Auger
[96,97], SUGAR [98], and Yakutsk [99] are compared. Overlaid are predictions obtained from changing the scale fω (solid lines) and
Escale (dashed and dotted lines) obtained with EPOS LHC (top) and QGSJETII.04 (bottom) air shower simulations.
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a hadronization scheme would in principle be sufficient to
resolve the observed difference between air shower sim-
ulations and cosmic ray data. Experimental measurements
at the LHC are currently compatible with this possibility
if the mass composition predicted by the model is large
enough (like in the SIBYLL 2.3d case). On the other hand,
extreme scenarios where full statistical hadronization is
reached at low energies [Elab ∼Oð100 GeVÞ] are already
excluded by the slope of the energy dependence of air
shower muon data. Furthermore, in future huge-aperture air
shower experiments, the tail of the lnNμ distribution could
be used to indirectly measure the slope of the energy
distribution of neutral pions far beyond the reach of the
LHC [11,12].
Dedicated measurements at the LHC have now another

complementary opportunity to study hadronization in had-
ronic collisions using the proposed R observable. This will
provide new constraints on the extension of the phase space
in which statistical hadronization contributes to final state
particle distributions. In particular, since R can be measured

relatively easily over wide ranges of pseudorapidity—
including the forward direction that is most important for
air shower physics. Such measurements would complement
the very important forwardmeasurements done by the LHCf
experiment on the neutral particles [105–107]. The core-
corona effect might not be the full solution to the muon
puzzle, but it should be considered thoroughly in the models
before claiming the need for more exotic explanations.
MeasuringR at the LHC potentially has a significant impact
on resolving the current mystery of muon production in
cosmic ray induced extensive air showers. Thus, at last, one
aspect to resolve the cosmic ray muon mystery is a better
understanding of statistical hadronization in small collision
systems at accelerators.
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