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High-energy cosmic rays are observed indirectly by detecting the extensive air showers initiated
in Earth’s atmosphere. Air showers are hadronic cascades, which eventually decay into muons
and the muon number is a key observable to infer the mass composition of cosmic rays. The
interpretation of these observations relies on accurate models of air shower physics, which is a
challenge and an opportunity to test QCD under extreme conditions. Air shower simulations with
state-of-the-art QCD models show a significant muon deficit with respect to measurements; this
is called the Muon Puzzle. The origin of this discrepancy has been traced to the composition of
secondary particles in hadronic interactions. The muon discrepancy starts at the TeV scale in the
centre-of-mass frame, which suggests that the origin should be observable at the Large Hadron
Collider. An effect that can potentially explain the puzzle has been observed at the LHC, but needs
to be confirmed with forward facing experiments, and with future data on oxygen beams.
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1. Introduction

At cosmic ray energies above about 100 TeV, the flux of cosmic rays is so low that direct
observation with satellite and balloon experiments becomes infeasible. At higher energies, cosmic
rays are observed indirectly via air showers, hadronic cascades initiated by high-energy cosmic rays
in the atmosphere. The established methods to observe air showers are the detection of charged
particles which reach the ground with arrays of detectors and the optical observation of the emitted
Cherenkov and fluorescence light in the atmosphere. Radio detection of air showers is a new
observation method that combines advantages of optical and ground measurements.

The indirect observation requires accurate air shower simulations, since properties of the cosmic
ray have to be inferred from observed features of the air shower. The cosmic ray community has
build sophisticated simulation packages that integrate state-of-the-art models of electromagnetic
and hadronic interactions. Air showers simulated with these programs describe real showers
quite successfully, but there is a long-standing discrepancy between simulated and observed muon
production in air showers.

Tensions between simulation and experiment are observed in several aspects of muon produc-
tion. The most prominent and extensively studied deviation is that of the total number of muon
#` which arrive at the ground. The muon abundance is significantly lower in simulations than in
experiments. Air shower simulation codes use a variety of models for hadronic interactions, which
all fail to reproduce the large number of muons observed in ultra-high energy air showers. This is
a major obstacle for the field, since the muon number and the depth of shower maximum -max are
the two main features to infer the mass composition of cosmic rays as function of their energy.

The energy-dependent mass composition is very sensitive to properties of the dominant sources
of cosmic rays and the propagation of cosmic rays through space, and therefore of great interest.
The mass composition inferred from -max is in the expected range between proton and iron, while
the composition inferred from #` suggests a composition heavier than iron above 10 EeV. This is
astrophysically not plausible. Furthermore, our current understanding of air shower physics suggests
that the composition obtained from -max is more likely to be accurate than the result obtained from
#`, as the underlying processes seem to be better understood. Nevertheless, the ambiguity casts a
doubt on the interpretation of air shower data and hence it is very important to resolve it.

The muon discrepancy is interesting from the point of view of elemental particle physics, too,
because it could indicate missing physics in current state-of-the-art models of hadronic interactions,
which describe the hadronic cascade that leads up to the muon production. The dominant interac-
tions in air showers have low momentum transfer and cannot be computed from first principles with
perturbative quantum chromodynamics. Effective theories are used to describe these interactions,
and it is possible that an important effect is missing in these theories.

In this light, the recently discovered multiplicity-dependent strangeness enhancement at mid-
rapidity in proton-proton and proton-lead collisions at the LHC by the ALICE collaboration [1]
is of special interest. This kind of strangeness enhancement was previously only observed in
heavy-ion collisions, where the common model to interpret these data is based on the formation
and subsequent freeze-out of a quark gluon plasma (QGP). The theory community is divided over
the question whether a QGP can also form in proton-lead or proton-proton collisions.

Even though the mechanism that causes multiplicity-dependent strangeness enhancement is
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currently unclear, the effect phenomenologically changes the hadron composition in such a way that
the muon number in air showers is increased. The phenomenology has been explored with a toy
model [2, 3] with the conclusion that this effect could be the missing piece in the muon puzzle.

This proceeding is based on a recent review on the muon puzzle and its connection to the
LHC [4], which summarizes the current knowledge about the muon discrepancy in air showers, the
state of air shower simulations, what we have learned about the connection of microscopic hadronic
physics and muon production in air showers and finally what we have already learned from the
LHC and what kind of measurements are still needed. In the following sections we will briefly
summarize the main arguments and refer the reader to the review for details.

2. Meta-analysis of muon measurements in air showers

There are several deviating aspects between the simulated muon component in air showers and
measurements, which are listed in Ref. [4]. The most striking and best explored is the deviation in
the mean number of GeV muons as observed by ground arrays of particle detectors. This quantity,
or proxies thereof, have been measured by multiple experiments, with initially contradicting results.
These apparent contradictions have been largely reduced by ameta-analysis from theWorking group
on Hadronic Interaction and Shower Physics (WHISP) which was formed in 2018 by members of
eight (now nine) air shower experiments [5–7].

The working group addressed two challenges. Firstly, muon measurements were not directly
comparable, since theywere carried out at different distances to the shower axis, at different altitudes,
at different zenith angles, and with different energy thresholds for muons. These aspects affect the
measured muon number. To make the results comparable, the logarithmic I-scale was introduced,

I =
ln #` − ln #`,?

ln #`,Fe − ln #`,?
, (1)

where ln #` is the logarithm of the muon number (or its proxy) as measured by the detector,
while ln #`,? and ln #`,Fe are the corresponding simulated numbers (on detector-level) from an air
shower simulation with a particular hadronic interaction model. The caveat of this approach is that
measurements can only be compared if air shower simulations with the same hadronic interaction
model exist. This makes it difficult to compare old results with the latest results. Secondly, the muon
number scales almost linearly with the shower energy, which means that known systematic offsets
in the energy scales of different experiments affects I, since the simulations are compared to the
measurement at the energy that the experiment reports. If the energy scales of two experiments have
a relative offset, then this offset translates into offsets in I. These relative offsets were corrected for
the participating experiments by exploiting that the cosmic ray flux on Earth is the same everywhere,
and by assuming that relative offsets in the apparent cosmic ray flux measured by each experiment
originate solely from offsets in their energy scales. A correction of this effect significantly reduced
the spread of I values, as expected.

The energy-scale corrected I-values from nine experiments and for eight hadronic interaction
models are shown in Fig. 1, more details on the latest update of the meta-analysis and further checks
performed on the data are given in Ref. [7]. Above 10 EeV, the I-values exceed those of pure iron
showers for all models, which is astrophysically not plausible. Furthermore, the values should be
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Figure 1: Measurements of muons produced in air showers from nine experiments after adjusting for energy-
scale offsets (points) converted to the I-scale as function of shower energy for different hadronic interaction
models. Shown for reference are expected values from global fits to air shower data (lines) and from optical
measurements of the depth of shower maximum (band). The image was taken from Ref. [7].

consistent with predictions based on optical measurements of the depth of shower maximum -max,
but they exceed these predictions above 1017 eV.

Several conclusions can be drawn from these results. An experimental mistake as the origin of
the discrepancy can be ruled out, since the effect is seen by several experiments, including those run
by the largest collaborations with carefully evaluated systematic uncertainties. Potential mistakes
in the air shower simulations codes can be ruled out, since several codes have been developed
independently, and these codes have been compared. The muon number varies at the 5% level
between codes, which is not enough to explain this effect [4]. A large mistake in the propagation of
GeV muons in air can also be ruled out, although there are ongoing efforts to improve the precision
for TeV muons propagating in dense media like water and ice [8–12], which will also benefit air
shower simulation.

Progress has been made in recent years on the understanding of air shower physics and the
possiblemicroscopic origin of this discrepancy, which is discussed in the following. The discrepancy
has an early onset, at about 4 ·1016 eV, which corresponds to a centre-of-mass energy√BNN = 8 TeV
in the first interaction. This indicates that the origin of the discrepancy should be observable at
the LHC [2, 4, 13]. Exotic explanations for the discrepancy are at tension with the early onset and
with the first measurement of the muon number fluctuations [14] in ultra-high energy showers by
the Pierre Auger Observatory, which are sensitive to exotic theories but found to be consistent with
current hadronic interaction models.

3. Muon production in air showers

An air shower is a hadronic cascade in which the kinetic energy of the cosmic ray is successively
converted into secondary particles in inelastic interactions with the atmosphere. The Heitler-
Matthews model [15] is a simplified model of an air shower. A schema is shown in Fig. 2 on the
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Figure 2: Left: Sketch of the Heitler-Matthews model [15] of an air shower initiated by a cosmic ray, in
which only pions are produced. Image from Ref. [16]. Right: Number and average energy of different
particle species in a proton air shower at 10 EeV as a function of the traversed slant depth simulated with
MCEq [12] and SIBYLL-2.3d [17]. Image from Ref. [4].

left-hand side. Only pions are produced in this model. Charged pions have long lifetimes and
interact again to form a hadronic cascade. Neutral pions decay immediately into photons, which
form a decoupled electromagnetic cascade. There is a small feedback from the electromagnetic
into the hadronic cascade via photo-nuclear interactions, but this effect is neglected here.

The energy of the parent pion in the model is distributed equally onto its children in the model,
which means that the pion energy decreases after each interaction. After : steps of the cascade, the
energy falls below the critical energy, where decay becomes more probable than another collision.
At this point, the pions decay into muons.

The number of muons #` as a function of the energy � and nuclear mass � of the cosmic ray
can be computed in this simplified model as

#` (�, �) = �(1−V)
(
�

bℎ

)V
with V =

ln(U #mult)
ln #mult

, (2)

where U is the fraction of charged pions produced, #mult is the hadron multiplicity, and bℎ is the
critical energy for pions. This functional relationship is also found in full air shower simulations,
like those shown in Fig. 2 on the right-hand side.

The muon number #` is very sensitive to U. The relative increase in #` for a small change
ΔU is to first order

Δ#`

#`
≈ ln(�/bℎ)

ln #mult

ΔU

U
= :

ΔU

U
, (3)

where : is the number of steps of the hadronic cascade. For a EeV air shower, : ≈ 5, which implies
that a 10 % change in U introduces a 50 % change in the muon number. Accordingly, U needs to
be known rather precisely over a wide energy range to correctly calculate the muon number. In the
simplified model, U is 2/3 due to isospin symmetry, but the value differs in real air showers.
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Figure 3: Impact of modifying the inelastic cross-section, the hadron multiplicity, the elasticity (energy
fraction carried by the most energetic particle), and the fraction of neutral pions produced on the muon
number #` and its fluctuations, as well as the depth of shower maximum and its fluctuations, for a proton
shower with 1019.5 eV simulated with SIBYLL-2.1 as the baseline. The modifications are shown as a function
of the energy-dependent scale factor at the LHC energy scale of 13 TeV. Points represent the simulations
results, line are empirical fits to guide the eye. Data from Ref. [16], image from Ref. [4].

Real air showers are more complex. Kaons, protons, neutrons, and strange hadrons are
produced which have life-times large enough to participate in the cascade. The results of the
previous calculations approximately carry over if 1 − U is considered more broadly as the energy
fraction carried by neutral pions. Experimentally convenient is the closely related quantity

' =
�em
�had

, (4)

where �em is the electromagnetic energy flow from photons and electrons, while �had is the hadronic
energy flow, and the average is taken over the phase-space of the secondaries. The energy ratio '
is a function of pseudo-rapidity [ and its value at large [ is most important. The relationship to U
is ' = (1 − U)/U, if U is considered as an energy fraction.

These analytical results were refined with full air shower simulations [16], in which basic
features of hadronic interactions were modified ad-hoc with an energy-dependent scale factor to
study the sensitivity of air shower observables on these features. The relevant results of this study
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Figure 4: Impact of changing the hadron multiplicity and the energy ratio R = 〈�em〉/〈�had〉 on the muon
number and the depth of showermaximum for 1019 eV air showers. Lines indicate predictions from air shower
simulations with EPOS-LHC [18] for any cosmic-ray composition between pure proton (bottom right) and
iron (top left). The gray line indicates the baseline model, while the colored lines indicate predictions from
an ad-hoc modified model, with modifications is steps of 10%. The data point is from the Pierre Auger
Observatory [19]. Image from Ref. [2].

are shown in Fig. 3. To increase the muon number in simulations one has to increase the hadron
multiplicity and/or decrease the fraction of neutral pions produced. As predicted by the simplified
model, the muon number is very sensitive to the fraction of neutral pions produced. It turns out that
an increase in the hadron multiplicity changes the depth of shower maximum in such a way that
the discrepancy cannot be resolved. This is shown in Fig. 4, the modified line is shifted parallel to
itself, not closing the gap to the data point. The latter is only possible with a modification of '.

A reduction in the neutral pion fraction — or equivalent, a reduction in ' — is therefore the
most plausible scenario, possibly accommodated by a moderate change in the hadron multiplicity
#mult.

4. Related measurements at the LHC

A comprehensive overview on existing LHC measurements that are relevant for air shower
simulation is given in Ref. [4], we refer the interested reader to that paper for details and references,
in the following we will give only an overview.

The LHC is mainly a proton-proton collider, but also proton-ion and ion-ion collisions are
recorded. So far, protons, lead, and xenon ions have been accelerated. Important for air shower
physics are the approved plans to accelerate of oxygen beams to measure p -O and O-O collisions
[13, 20] in 2023. The most common interaction in an air shower is c-N for which p -O collisions
are an excellent reference. Current state-of-the-art models show considerable variance in their
predictions of hadron production in p -O collisions, despite being tuned to pp data, which reflects
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Figure 5: Left: Density of pions, neutrons, long-lived hadrons, photons and electrons as function of pseudo-
rapidity [ in pp, p -O, and Pb-Pb collisions (solid lines). Shown for comparison is the expected muon yield
from these particles if they form a shower in the atmosphere (dashed lines) and the acceptances of several
LHC experiments (bands). Right: Acceptance of the LHC experiments and their detector components in
pseudo-rapidity [. Counter refers to a detector that cannot measure the momentum of the particle, only its
direction or local density; while a Tracker reconstructs the momentum and secondary vertices. PID refers to
systems for particle identification; Muon to special muon trackers, and ECal, HCal to electromagnetic and
hadronic calorimeters, respectively. Image taken from Ref. [4].

the theoretical uncertainties in extrapolating hadron production from a pp reference system to a
proton-ion collision. Together with the essential direct measurements in p -O, the study of both
pp and p -Pb data is important to detect potential scaling laws and universal features of hadron-ion
collisions.

A general challenge for air shower physics is that hadrons emitted in the forward region
dominate the air shower development, but data are sparse in the forward region. This is shown in
Fig. 5 on the left-hand side. The forward emitted particles are less numerous but more energetic
and therefore create more secondary particles in the next interaction in the cascade. Eventually, the
bulk of particles (and muons) is produced by the most energetic particles in the interaction.

As shown in Fig. 5 on the right-hand side, the LHC experiments are well instrumented at
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mid-rapidity (|[ | < 2), while the very forward region |[ | > 5 is only covered by calorimeters. There
are technical and practical reasons for this, radiation levels are lower at mid-rapidity and particles
can be accurately tracked even when the particle density is very high. LHCb is the most forward
fully instrumented general purpose forward spectrometer, thanks to its focus on measuring decays
of charm and beauty, and therefore of particular interest. Important in the very forward region are
CMS with its CASTOR calorimeter system, the forward counters of TOTEM and ALICE, and the
LHCf zero-degree calorimeters for photons and neutrons.

As discussed in the previous section, four basic aspects of hadronic interactions are relevant
for air showers: the inelastic cross-section for hadrons in air, the hadron multiplicity, the elasticity
(energy fraction carried by the most energetic particle), and finally the ratio ' electromagnetic to
hadronic energy flow — or more generally speaking, the hadron composition.

The inelastic cross-section has a high impact on the predicted value of the depth of shower
maximum -max but not on the muon number #`. It has been very accurately measured to a level
of a few percent in proton-proton collisions at the LHC, in particular by TOTEM and ATLAS,
which resolved the 1.9f ambiguity in earlier Tevatron data [21, 22]. The CMS measurement of
the p -Pb inelastic cross section [23] at 5.02 TeV is also important, since it validated the standard
Glauber model to better than about 10%. This had a noted impact on the systematic uncertainty
of -max predictions. There is still a remaining uncertainty in the extrapolation of the inelastic
cross-section from pp to p -air, which can be reduced with future data from p -O collisions, but the
inelastic cross-section is considered safe to extrapolate to higher energies and the model spread in
this variable is very small.

The hadron multiplicity is important for both -max and #`. The experimental proxy for the
hadron multiplicity is the charged particle multiplicity, which has been measured in pp, p -Pb,
Pb-Pb, and Xe-Xe collisions at the LHC. Particularly important are the forward and very forward
measurements from [ = 2.5 up to 6.4 by ALICE [25], LHCb [26], and TOTEM [27], because
they constrain the hadron multiplicity in the important region for air showers. The shape of the
hadron rapidity spectrum depends on the pomeron approach that is used in the hadronic models,
and measurements over a wide pseudorapidity range are able to discriminate between the two main
approaches in use, see Ref. [4] for details. As shown in Fig. 6 on the left-hand side, predictions
of current models for pp collisions deviate by less than 5% at |[ | < 1 because they are tuned
to data at mid-rapidity, but the deviations in the forward region are of the order of 10 to 20%.
Recent data, not shown in Fig. 6, strongly constrains in the model predictions in the forward region
in pp collisions. A model variance of 20% is also found for p -O collisions, which is expected
to be strongly reduced with the upcoming p -O data. Another experimental proxy for the hadron
multiplicity is the energy flow, which has been measured in the forward direction by multiple
experiments in pp, p -Pb, and Xe-Xe collisions, particular important for air showers are the forward
and very forward measurements by LHCb and CMS with CASTOR, respectively. The accuracy of
energy flow measurements is limited by the absolute calibration of the calorimeters, which tends to
make the absolute measurements less precise than measurements based on charged particles.

The elasticity has an impact on -max, but not on #`. It is difficult to measure, because the most
energetic particle has a small angle to the beam and usually escapes detection. It can be measured
with zero-degree calorimeters and has been constrained in pp collisions with very-forward neutrons
by LHCf [28]. Also important for the elasticity are the cross-sections for single- and double-
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Figure 6: Left: Predictions of the charged particle density in minimum-bias pp collisions at 13 TeV (top)
and in unbiased p -O collisions at 10 TeV (bottom). CMS data [24] are shown in the top plot for reference.
Image from Ref. [4]. Right: Ratios of strange hadrons to pions measured at mid-rapidity |[ | < 0.5 in pp,
p -Pb, and Pb-Pb collisions as function of the charged particle density d#ch/d[. Image taken from Ref. [1].

diffractive events, which make up about 20% of all inelastic events. In diffractive events, no
color is exchanged between the beam particles, but particles are produced in the forward region
from the fragmentation of color-neutral strings. Diffractive cross-sections have been studied in pp
collisions by ATLAS, CMS, ALICE, and TOTEM. Important are ongoing studies of the diffractive
cross-section in p -Pb collisions to understand how they change in proton-ion collisions.

The hadron composition has the largest influence on #`, but negligible impact on -max.
Excellent high-precision data on the relative yields of pions, kaons, and protons in pp, p -Pb,
and Pb-Pb collisions is available at mid-rapidity |[ | < 1 from ALICE and CMS. These data are
important for model tuning and validation, but these measurements do not directly constrain the
hadron composition in the forward region, where it matters for the muon production. In the forward
region, yields of pions, kaons, and protons can only be studied by LHCb; other detectors lack the
particle identification capabilities in this region. LHCb has published data from pp collisions up
to 7 TeV. Analysis of pp collisions at 13 TeV and p -Pb collisions at 8.16 TeV are currently ongoing
and expected to have an important impact on air showers.
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In the very forward region, the hadron composition was measured with the CASTOR calorime-
ter of CMS in pp collisions, which provide a direct measurement of the ratio ' of electromagnetic to
hadronic energy flow [2, 29]. CMS found a high value of ' in pp larger than what is predicted by all
current models, but the value also has a rather large systematic uncertainty at the level of -20% (the
error is asymmetric) due to the challenging in-situ calibration of the calorimeter. The large value of
' in pp found by CMS is surprising because it favors air shower simulations with even lower muon
content than the current state-of-the-art, while the opposite is observed in air shower experiments.
A follow-up study with p -Pb collision would be very important to understand whether ' is reduced
in ion collisions compared to pp. A measurement of p -O collisions with CASTOR is unfortunately
not possible, since CASTOR has been decommissioned and will not take data in 2023. In the very
forward region, ' is constrained by LHCf with measurements of photon-production, c0 production,
and neutron production in pp and p -Pb collisions.

ALICE further studied the production cross-sections of strange hadrons at mid-rapidity |[ | < 1
and discovered an universal rise in the production ratios of strange hadrons to pions as a function
of the charged particle multiplicity in the events in pp, p -Pb, Xe-Xe, and Pb-Pb [1, 30], shown in
Fig. 6 on the right-hand side. This behavior was previously known only from heavy-ion collisions
and not expected in p -Pb and pp collisions. Remarkable is the universality of the effect, the
enhancement is the same in all systems and over the range of collision energies tested; it seems
to depend only on the hadron multiplicity. The average charged particle density rises rapidly with
the collision energy and thus the strangeness production in the average collision should rise as
well. The strangeness enhancement is accompanied by a neutral pion reduction, which reduces
'. The impact of this effect on air showers was studied phenomenologically with toy simulations.
It was found that this modification has the potential to resolve the muon puzzle in air showers
[2]. It is important to study this effect also in the forward region important for air showers, where
several hadron productionmechanisms contribute, string fragmentation and remnant fragmentation.
Studying strange decays requires a full tracking system with vertex resolution and magnetic field,
which currently only LHCb offers in the forward region. In the very forward region, CMS with
CASTOR as studied ' as a function of the charged particle multiplicity at mid-rapidity [29], but
found no significant trend. LHCf plans to study strangeness production at zero-degree angles based
on the decay  0

(
→ 2c0 → 4W with its upgraded detectors in the upcoming high-luminosity LHC

run [31].

5. Fixed-target experiments at SPS and LHC

Since hadronic interactions in an air shower span over many orders of magnitude in energy,
there are also opportunities to improve our knowledge at lower values of √BNN reached by fixed-
target experiments [34]. One advantage of fixed-target experiments is the flexibility in regard to the
target, which makes it ideal for studying nuclear effects in various systems.

The NA61/SHINE experiment at the SPS, the preaccelerator of the LHC, has measured hadron
production in pp, c-C, and p -C collisions, where carbon is used as a proxy for air. Among the
many measurements, we highlight measurements of the forward d0 and anti-proton production
in Fig. 7. In those figures, the differential cross-section was integrated over the energy of the
secondary particles to obtain the energy fraction carried by by d0s and anti-protons [35, 36]. The
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Figure 7: Energy fraction transferred to anti-protons (left) and d0-mesons (right) in c-C collisions as
measured by NA61/SHINE (data points) and as predicted by hadronic interaction models over the whole
range of beam energies relevant for air showers (images from Refs. [32, 33]).

d0 production is important since it is an alternative to producing a c0 meson in the charge-exchange
reaction c− + ? → c0 + = + - . An enhancement of the d0/c0 ratio decreases ' and increases the
muon number in air showers. Anti-protons are a measure of baryogenesis in the air shower, which
reduces '. Although the energy flow towards these particle species is small in each interaction, the
compounding effect over many interactions leads to an increase at the level of 60% in the muon
number produced in air showers run with the recent version of SIBYLL-2.3d, which has these
effects included, compared to SIBYLL-2.1, which has not [17]. These enhancements have not
solved the muon puzzle, but it demonstrates the impact of studying the hadron composition also at
lower energies.

At the LHC, fixed-target experiments are performed by LHCb with the SMOG device [37]
that injects small amounts of gas into the detector. The original system was primarily designed
to study the beam profile, but has been exploited to place limits on the intrinsic charm inside the
proton [38] and to measure the anti-proton production cross-section in p -He collisions [39], which
is needed to model cosmic ray interactions in space. The original device has been replaced as part
of the LHCb upgrade for Run 3 with an open storage cell that allows for higher gas densities and
more target gasses, including nitrogen and oxygen [40]. With LHCb in fixed-target mode, it will be
possible to study hadron production at √BNN = 115 GeV2−1 at mid-rapidity −2.5 < [cms < 0.5 in
the nucleon-nucleon centre-of-mass frame.

6. Summary and outlook

The cosmic ray community has found a discrepancy in the muon production in air showers
initiated by ultra-high energy cosmic rays. More muons are found than expected from air shower
simulations. Air shower simulation codes model the hadronic cascade that gives rise to the GeV
muons that are observable by surface arrays. The muons are produced at the end of this cascade
in decays of pions and kaons, which means that hadron production needs to be modelled precisely
over a wide energy range and in particular in the forward region by the hadronic interaction model
used in the simulation. Studies of air shower simulations with modified hadronic interactions show
that the most plausible way to increase the muon number is a modest reduction of the neutral pion
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fraction in the hadron composition over a wide range of collision energies. The onset of this effect
should be observable already at the LHC. Also important are accurate measurements of the hadron
multiplicity in the forward region.

To better understand hadron production in hadron-air collisions, measurements of proton-
proton collisions need to be complemented with proton-ion collisions to study nuclear effects.
Important for air showers is the upcoming pilot runwith proton-oxygen and oxygen-oxygen collisions
at the LHC. LHC experiments with forward acceptance, ALICE, CMS, LHCb, LHCf and TOTEM,
provide the most direct experimental constrains for air showers. LHCb is the only fully instrumented
general purpose spectrometer with hadron identification capabilities in the forward region, while
the other experiments provide calorimetric and particle counting information the in the very forward
region.

Hadron production in proton-proton and proton-lead collisions is well explored at mid-rapidity.
The charged particle density, an accurate proxy for the hadron multiplicity, has been measured over
a wide range in pseudo-rapidity and now strongly constrains hadronic interaction models. In the
forward region, more data from proton-lead collisions is needed to study nuclear effects and data
from proton-oxygen collisions, which is underway. The discovery of a universal multiplicity-
dependent strangeness enhancement in proton-proton and proton-lead collisions at the LHC could
be a potential solution to the muon puzzle. The effect was phenomenologically studied with toy
simulations of air showers and found to potentially match the observed increase in muon production.
The exact mechanism behind this effect is currently unclear, however. Further measurements of
strangeness production with LHCb and LHCf are planned in the forward region, which is driving the
hadron production in air showers. Further opportunities for air showers will be offered by running
LHCb in fixed-target mode to the study collisions of the LHC beams with nitrogen and oxygen.
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