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High-energy cosmic ray detection

• Direction from particle arrival times
• Energy from size of eg component
• Mass from

depth of shower maximum Xmax
size of muonic component Nμ

The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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Ground signal = electrons, photons, muons

X max

Example: event observed with Pierre Auger Observatory

Artist impression of air shower
Image credit: Rebecca Pitt, Discovering Particles, CC BY-ND-NC 2.0

Hans Dembinski - Muon Puzzle and LHC 2

Mass composition
• Strongly constrains theory space on sources 
• Important for atm. lepton flux calculation



Muon content above simulations
(state-of-the-art)

Pierre Auger Observatory
PRD 91 (2015) 032003
PRL 117 (2016) 192001
Eur. Phys. J. C (2020) 80:751
PRL 126 (2021) 152002

1019 eV

Muon Puzzle
HiRes-MIA experiment
Abu-Zayyad et al. PRL 84 (2000) 42761017 eV

Muon content above simulations
(now outdated)

PRL 126 (2021) 152002
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Muon deficit in simulated showers

• Meta-analysis of muon data from nine air shower experiments
• Re-calibrated original data and convert it to abstract z scale
• Subtract zmass, prediction from mass composition measurements

• Slope of line model is 8σ (10σ) away from zero
• Onset of deviation around 40 PeV corresponds to 𝑠 ~ 8 TeV;

in reach of LHC

<latexit sha1_base64="jw7Mw2LmH5zViEeI/770oIv6/48="></latexit>

zmass ⇡
hlnAi
ln 56
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Abstract z scale
independent of experiment,

dependent on air shower model
𝑧 =

ln 𝑁!"#$ − ln(𝑁!,𝒑'𝐬𝐢𝐦"#$ )
ln 𝑁!,𝐅𝐞'𝐬𝐢𝐦"#$ − ln(𝑁!,𝒑'𝐬𝐢𝐦"#$ )

WHISP publications
EPJ Web Conf. 210 (2019) 02004
PoS ICRC2019 (2020) 214
PoS(ICRC2021)349



Attempts to explain muon puzzle

Shower data
issues?

Muon 
Propagation?

Muon Puzzle

Exotic 
physics?

Soft-QCD?

Consistently observed by 
several experiments;
positive slope insensitive
to moderate energy-scale 
and Xmax shifts

✓
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J. Albrecht, HD, et al.
The Muon Puzzle in cosmic-ray induced air 
showers and its connection to the Large 
Hadron Collider
invited review for Astrophysics and Space 
Science (2021) arXiv:2105.06148



Attempts to explain muon puzzle

Shower data
issues?

Muon 
Propagation?

Muon Puzzle

Exotic 
physics?

Soft-QCD?

Consistently observed by 
several experiments;
positive slope insensitive
to moderate energy-scale 
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✓

✓
Difficult to change only mean muon 
number, but keep fluctuations 
of Xmax and Nμ same;
early onset of muon discrepancy

First measurement of muon 
fluctuations Pierre Auger collab.,
PRL 126 (2021) 15, 152002
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issues?
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positive slope insensitive
to moderate energy-scale 
and Xmax shifts

✓

✓
Difficult to change only mean muon 
number, but keep fluctuations 
of Xmax and Nμ same;
early onset of muon discrepancy

First measurement of muon 
fluctuations Pierre Auger collab.,
PRL 126 (2021) 15, 152002

Only small variations (5 %) between shower codes
arXiv:2105.06148
Current focus on high-precision propagation of TeV 
muons through dense materials
• PROPOSAL (available in CORSIKA 8),  JH. Koehne et al. 

Comput.Phys.Commun. 184 (2013) 2070-2090
• MCEq A. Fedynitch, R. Engel, TK. Gaisser, T. Stanev, 

EPJ Web of Conferences 99 (2015) 08001
Only small changes expected for GeV muons in air

✓
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From shower muons to QCD
25

Fig. 10 Impact of changing basic parameters of hadronic interactions (see text for details) on the means and standard
deviations of the logarithm of the muon number Nµ (top row) and the depth Xmax of the shower maximum (bottom row) for
a 1019.5 eV proton shower simulated with Conex using Sibyll2.1 as the baseline model, as described in the text. Relative
shifts to the mean values are shown on the left-hand side. Fluctuations are shown on the right-hand side. The original
data from Ulrich et al. (2011) was refitted for this plot with monotonic cubic splines and are shown as a function of the
modification in the nucleon-nucleon system at a cms-energy

p
sNN = 13TeV, which is extrapolated logarithmically towards

higher energies as described in the text. The shaded bands highlight a ±10% and ±30% modification, respectively.

The impact on the standard deviation of the muon
number is also important, which has been measured
recently for the first time by the Pierre Auger Observa-
tory (Aab et al. 2021). Reasonable agreement between
the measurement and the post-LHC models EPOS-
LHC, QGSJetII.04, and Sibyll2.3d was found. This
puts strong constraints on changes to the elasticity,
which is the only one of the four considered parameters
with a large impact on the Nµ-fluctuations. The mea-
sured Nµ-fluctuations could be used to severely con-
strain the elasticity. A reduction of the ⇡0-fraction by
10% would only change the Nµ-fluctuations by one per-
centage point.

Since air shower simulations with post-LHC models
give a reasonable description of the depth of the shower

maximum, Xmax, it is important to also consider the
impact of changes on Xmax. Air shower simulations for
proton and iron showers bracket the measurements over
a wide range of shower energies and the mass compo-
sition inferred from Xmax is astrophysically plausible.
This suggests that the parameter values that influence
Xmax cannot deviate too much from those in current
models without destroying the consistency. The depth
of the shower maximum is most sensitive to the inelastic
cross-section which has been measured very precisely
in proton-proton collisions at the LHC. A remaining
theoretical uncertainty arises from the extrapolation of
these data to the p -air and ⇡-air cross-sections. Mod-
ifications of the multiplicity, elasticity, and ⇡0-fraction
all have a similar impact on Xmax.
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• Number of muons produced, Nμ
• Very sensitive to π0 fraction
• Sensitive to hadron multiplicity

• Depth of shower maximum, Xmax
• Very sensitive to cross-section
• Sensitive to hadron multiplicity
• Insensitive to π0 fraction

R. Ulrich, R. Engel, M. Unger, PRD 83 (2011) 054026

CONEX, SIBYLL-2.1 p @ 1019.5 eV

Changing π0 fraction most promising
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• Modify hadronic features in SIBYLL-2.1 and other 
models with energy-dependent factor f(E)

• Study effect in 1019.5 eV shower simulations
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R. Ulrich, R. Engel, M. Unger, PRD 83 (2011) 054026

CONEX, SIBYLL-2.1 p @ 1019.5 eV

S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner,
arXiv:1902.09265

• Only changes to R can solve muon puzzle
• Small changes have large effect,

R needs to be known to about 5 %

R =
E⇡0

Eother hadrons
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Attempts to explain muon puzzle

Shower data
issues?

Muon 
Propagation?

Muon Puzzle

Exotic 
physics?

Soft-QCD?

Inelastic 
cross-section

Elasticity

R =
E⇡0

Eother hadrons
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Collisions at the LHC and air showers
Collision systems at the LHC
Run 3: p-p @ 14 TeV, p-O @ 10 TeV

p-O collisions mimic air shower interactions

p-N and  p-O

Air shower collision systems

p-N and p-O

Fixed target data at sub-TeV (LHCb only)
• p+(p,...,O,N,…) @ 0.11 TeV
• Pb+(p,...,O,N,…) @ 0.07 TeV
• O+O, O+p @ 0.08 TeV (in Run 3)

planned for 2023/2024
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LHC experiments and Muon Puzzle
arXiv:2105.06148

• Most LHC experiments focus on |η| < 2 region

• Forward capabilities |η| > 2
• ALICE (counters)
• CMS-CASTOR: calorimeter
• TOTEM
• LHCb: full tracking and PID
• LHCf: neutral particles
• FPF

pseudorapidity η

Can constrain R

R =
E⇡0

Eother hadrons
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Possibilities to reduce energy ratio R
• Difficult to change R within standard QCD

• String fragmentation universal ➝ hadron ratios universal
• Iso-spin symmetry: 𝜋!: 𝜋": 𝜋# ~ 1: 1: 1

T. Pierog, K. Werner, NA61-theory talk (2015) π+

π−

𝑝̅
𝑛
𝐾-

𝐾'

π+

...

Probabilities to generate 
quark pairs independent 
of collision details
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Possibilities to reduce energy ratio R
• Difficult to change R within standard QCD
• Option: Enhanced forward baryon and ρ0 production in π-air collisions

M. Unger for NA61/SHINE, PoS ICRC2019 (2020) 446
R. Prado for NA61/SHINE, EPJ Web Conf. 208 (2019) 05006
F. Riehn, R. Engel, A. Fedynitch, TK. Gaisser, T. Stanev, Phys.Rev.D 102 (2020) 6, 063002
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FIG. 33. Average number of muons at ground in proton and
iron showers in air for Eµ > 1GeV. It is remarkable that at
1017 eV, the expectation from Sibyll 2.3d for protons over-
takes iron in Sibyll 2.1.

FIG. 34. Ratio of the average number of muons between post-
LHC models and Sibyll 2.1. The energy dependence of the
muon number is similar between the post-LHC models.
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FIG. 35. Ratio of the average number of muons at ground
between Sibyll 2.3d and Sibyll 2.1. The modified versions
refer to Sibyll 2.3d where the enhanced ⇢0 and baryon pro-
duction have been switched o↵ (see Table IV).

tion. This cascade process leads to a power law relation
between the number of muons and the primary energy
as shown in Figure 33 and by Eq. (18). The slope cor-
responds to the exponent ↵ that depends on the frac-
tion of hadrons that e↵ectively participate in the produc-
tion of muons. The enhanced baryon-pair and leading ⇢0

production in Sibyll 2.3d result in a higher number of
charged pions and hence a higher value of ↵. Relative
to Sibyll 2.1 (see Figure 34) the new version has at
least 30% more muons at PeV energies, which increases
to ⇠ 60% at the highest energies due to a steeper slope.
The other post-LHC models include similar extensions
and therefore show the same behavior in the muon num-
ber.

The influence of baryon-pair production and ⇢ produc-
tion on the number of muons is shown in Figure 35, from
which the contribution from each enhancement can be
seen individually. A reduction of the baryon-pair produc-
tion to the level of Sibyll 2.1 results in only 10% less
muons at ground. As discussed in Sec. II C 2, the ratio
between ⇢0 and ⇡0 is more important for muon produc-
tion. This is confirmed by Figure 35 where the di↵erence
is at the level of 25%. With such large variations to the
observable number of muons induced by qualitative im-
provements to the physics of the model, in contrast to
just parameter settings, it appears likely that the muon
excess in UHECR interactions originates from the short-
comings of the current hadronic interaction models.

2. Muon energy spectrum

The energy spectra of muons for the post-LHC inter-
action models relative to Sibyll 2.1 are shown in Fig-
ure 36. The clear rise in the number of low-energy muons
predominantly originates from the increased number of
cascading hadrons due to the modified baryon-pair and ⇢
production. The enhancement of muons at high energies
originates from decays of charmed hadrons which are an
exclusive feature of Sibyll 2.3d in current air-shower
simulations. The number of these, so-called, prompt
muons is very low and hence no impact is expected for
air-shower observations since experimentally an energy
threshold around a few PeV is required. Muons with
an energy in excess of 1 TeV (100 TeV) constitute only
0.1 % (3.1 · 10�5 %) of all muons at ground for a 1019 eV
shower (see also Appendix B). For inclusive lepton fluxes
this contribution has important implications as discussed
in Ref. [25].

In the left panel of Figure 36 the energy and incident
angle of the primary CR resemble the typical experimen-
tal conditions of IceTop and IceCube [135, 136], whereas
the right panel resembles typical conditions at the Pierre
Auger Observatory [18]. It is remarkable that the model-
specific features of the spectrum are present across very
di↵erent primary energies.

Another observation is that the current models predict
di↵erent shapes of the muon spectrum. With a combina-

• More baryons and ρ0 ➝ less p0

➝ more muons in air showers

• Large increase of muon number in 
SIBYLL model, but not enough to 
solve muon puzzle
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Possibilities to reduce energy ratio R
• Difficult to change R within standard QCD
• Option: Enhanced forward baryon and ρ0 production in π-air collisions
• Option: Enhanced strangeness production

• ALICE discovered universal enhancement of 
strangeness production in pp, pPb, PbPb
ALICE, Nature Phys. 13 (2017) 535

• More strangeness ➝ less p0 

➝ more muons in air showers
𝑅 ≈ 0.41 − 0.45 (low density)
𝑅 ≈ 0.34 (high density) (≈ -20 %!)

• Enhancement seems to depend only on density 
of charged particles ➝ predictive power!

• Open question: Does it extend forward to η ≫ 1?

saturated trend is observed in central Pb–Pb collisions for all
particle ratios. Since there is no significant dependence on the
center-of-mass energy, the origin of strangeness enhancement
in hadronic collisions seems to be driven by the final state
rather than by the collision system or energy. We observe that
none of the models describes the production of strange par-
ticles across multiplicity satisfactorily. Figure 5 shows the
multiplicity dependence of the K0

S, Λ,Ξand Ω yield ratios to
pions divided by the values measured in pp events with at
least one charged particle in the interval |η|<1 (INEL>0)
in pp collisions at �s=7 TeV and p–Pb collisions at

sNN =5.02 TeV [6]. The observed multiplicity dependent
enhancement follows a hierarchy determined by the strange-
ness content of the hadron.

3.3. p–Pb and Xe–Xe collisions

ALICE has measured strangeness in p–Pb collisions at
sNN =8.16 TeV from the 2016 LHC run and preliminary

results confirm that no significant collision energy dependence
is observed. To compare the relative increase of strange par-
ticles across different colliding systems and energies, the yield
ratios are presented as a function of the mean charged-particle
multiplicity density. Figure 6 shows the multiplicity depend-
ence of the yield ratios of p, K0

S, Λ, f,Ξand Ω to the pion
yield in pp collisions at �s=7 TeV and 13 TeV, p–Pb col-
lisions at sNN =5.02 and 8.16 TeV, Pb–Pb collisions at

sNN = 5.02 TeV and Xe-Xe collisions at sNN =5.44 TeV.
There is a smooth evolution with multiplicity across different
systems, from low-multiplicity pp to high-multiplicity central
Pb–Pb collisions. Preliminary Xe-Xe results are consistent with
Pb–Pb ones and hint at the fact that hadrochemistry is inde-
pendent of the nucleus species employed for the collision. The

strangeness enhancement is found to be more pronounced for
particles with a larger strangeness content. The zero net-
strangeness (S=0) f-meson exhibits an intermediate behavior
between K0

S (S=1) andΞ(S=2). It is observed that the
production of strange particles is collision-energy independent
at a given multiplicity.

4. Conclusions

ALICE has measured strangeness production in pp, p–Pb,
Xe–Xe and Pb–Pb collisions. In Pb–Pb collisions a hardening
of strange hadron transverse momentum spectra is observed,
with increasing centrality (radial flow). A similar effect is also
present in pp collisions at �s=7 TeV and 13 TeV with
increasing multiplicity. Strangeness enhancement is observed
in high multiplicity pp collisions. Strange particle-to-pion
ratios evolve smoothly with charged-particle multiplicity,
regardless of the collision system and energy.
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Strangeness and shower muons
S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner, arXiv:1902.09265 PoS(ICRC2021)469

• Core/corona model needed to describe ALICE data and can potentially solve Muon Puzzle
• Constrained by CMS-CASTOR measurements of R, and by ongoing LHCb analyses
• Can be tested further with future data on forward strangeness production, e.g. K/π ratio
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Strangeness and shower muons
• Sergio Sciutto: Study of impact on modified hadron composition in air shower 

simulations on air shower features
• Assumption: strangeness enhancement is solution to Muon Puzzle
• Toy model: Swap out fraction fs of π with K in air shower simulation

(either all or only forward produced)

•

• Can fix Muon Puzzle without violating good agreement of other shower parameters
• Testable: Predictions for FPF show sizeable changes in neutrino flux contribution from K
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LHCb: Forward identified hadron spectra
LHCb-PAPER-2021-010,

arXiv:2107.10090
p-p @ 13 TeV

LHCb, EPJC (2012) 72:2168
p-p @ 0.9, 7 TeV

• Just published: precise measurements of charged particle density at 1-2 % level
• R constrained by π, K, p ratios measured in p-p at 0.9 and 7 TeV; analysis of 13 TeV data in progress
• Potential of fixed target studies: 𝑝̅ production in p-He at 0.11 TeV LHCb, PRL 121 (2018) 22, 222001

Eur. Phys. J. C (2012) 72:2168 Page 11 of 19

Fig. 8 Results for the (K+ + K−)/(π+ + π−) ratio at 0.9 TeV (a) and 7 TeV (b)

Fig. 9 Results for the (p + p̄)/(K+ + K−) ratio at 0.9 TeV (a) and 7 TeV (b)

LHCb-PAPER-2021-015,
arXiv:2107.10090
p-p, p-Pb @ 5 TeV

Prompt charged particlesHadron ratios
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Very forward LHCf measurements
• LHCf: zero degree calorimeters (η > 8) around ATLAS to detect neutral particles

• R constrained by photon, π0, neutron production cross-sections in p-p, p-Pb from 0.9 to 13 TeV
• π0 production also important for forward neutrino fluxes: most neutrinos from π, K decays
• Plans to study strangeness production via K0

S ⟶ 4γ (requires large samples) PoS(ICRC2021)301

• Max Fieg: Tuning Pythia for the FPF
• Tuned PYTHIA to LHCf data on π0, neutron
• PYTHIA not optimised for forward; poor predictions
• But with tuning can describe data
• Attempts to estimate uncertainty of tune
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PYTHIA: Before tuning After tuning



Prompt atmospheric leptons

• Contributions: Tim Ruhe and Atri Bhattacharya
• Prompt atmospheric component linked primarily to forward charm production
• pp interactions at 107-108 GeV lab ➝ sqrt(s) = 4-14 TeV (LHC)
• Studying prompt production requires measurements at LHC  with y > 4.5, i.e. LHCb or higher
• Challenges/uncertainties: charm hadronization, charm mass, theory scales

Hans Dembinski - Muon Puzzle and LHC 20
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Further contributions
• BSM theories in which detectable long-lived particles (LLP) are produced

• Tanmay Poddar: Freeze-in sterile neutrino dark matter in a class of U(1)' 
models with inverse seesaw

• Maxim Laletin: Dark matter freeze-in from semi-production

• Krzysztof Jodlowski: Searching for rich dark sectors in the FPF through 
secondary production and in indirect dark matter searches
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Summary & outlook
• Muon Puzzle in air showers

• Εxcess in mean muon number observed with 8σ over simulation

• Origin of muon discrepancy
• Most likely an issue in forward soft QCD
• Very sensitive to em/had energy ratio R in forward region η ≫ 2

• Key to Muon Puzzle: strangeness/baryon production?
• Precise forward measurements needed

• FPF very sensitive to K/π ratio & forward prompt charm

• LHC pilot run with p-O collisions planned for 2023/24

• More precise muon data from future air shower experiments
AugerPrime PoS(ICRC2021)270 NEVOD-DECOR extension
IceCube surface extension and Gen2 PoS(ICRC2021)314 GRAND PoS(ICRC2021)1181
TAx4 PoS(ICRC2021)203 GCOS PoS(ICRC2021)027

R =
E⇡0

Eother hadrons
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