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Overview
• Cosmic-ray induced air showers are driven by hadronic cascades
• CORSIKA 8 should accurately predict

• First two moments of muon number Nµ and Xmax

• Atmospheric neutrino flux
• Radio/gamma ray production

• Need reference data and and good models of soft-QCD processes
• Production of long-lived hadrons and π0

• Ratio of strange hadrons to unflavored
• Charm production

• LHC/SPS experiments provide important reference data
• Challenge: Limited information on forward hadron production
• Very promising: p-O collisions planned at LHC in 2023/24
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Air shower cascade
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Haungs et al., JoP Conf. Ser. 632 (2015) 012011



Muon deficit in simulated showers
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PoS(ICRC2021)349

• Line model with slope fitted to Δz = z – zmass

• Slope is 8σ (10σ) away from zero for EPOS-LHC (QGSJet-II.04)

• Onset of deviation around 40 PeV corresponds to 𝑠 ~ 8 TeV;
in reach of LHC

<latexit sha1_base64="jw7Mw2LmH5zViEeI/770oIv6/48="></latexit>
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Air showers and QCD

Modified features
• cross-sections

inelastic cross-section of all interactions
• hadron multiplicity

total number of secondary hadrons
• elasticity = Eleading/Eall
• p0 fraction

• 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



From shower muons to QCD

Hans Dembinski - Muon Puzzle and LHC 6

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

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

CONEX, SIBYLL-2.1 p @ 1019.5 eV



From shower muons to QCD
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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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What to measure at the LHC

• Inelastic cross-section
• Production of long-lived hadrons and π0

• Hadron multiplicity
• Energy ratio R

• Hadron elasticity
• Fluctuations of Xmax and Nµ

• Forward charm production (D0)

• Need pp, pPb, and pO data to understand nuclear 
effects
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Large Hadron Collider (LHC)
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LHC collision systems
Collision systems at the LHC
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LHC collision systems
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

Pilot run with oxygen
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LHC collision systems
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)
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Inelastic cross-section
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TOTEM, EPJC (2019) 79:103 (see references therein for ALICE, ATLAS, CMS, LHCb)

• Precision of 1 to 2 % achieved
• Data up to 13 TeV
• Allows for very accurate 

extrapolation
• Tevatron ambiguity resolved
• Potential new tension 

between ATLAS and TOTEM



„Muon production weight“
how many muons would be produced in shower
by secondaries in this collision

Importance of forward acceptance
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η related to emission angle

J. Albrecht, HD, et al., Astrophys. Space. Sci. 367, 27 (2022)
PoS(ICRC2021)463 in arXiv:2112.11761



Importance of forward acceptance

Hans Dembinski - Muon Puzzle and LHC 15

Y.S. Jeong et al. + Honda et al.
from L. Anchordoqui et al. arXiv:2109.10905

Conventional flux: νµ from light flavor
Prompt flux: νµ from open charm and beauty

Pseudorapidity η
related to emission angle

M. Garzelli: "We mostly need charm data at y = 4 to 7"



ATLAS vs. LHCb
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ATLAS: Symmetric spectrometer
• Optimized for study of new heavy particles

LHCb: Forward spectrometer
• Optimized for study of charm and beauty
• Life-time of c,b quarks stretched by forward boost



LHC experiments and Muon Puzzle
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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
• (Forward Physics Facility)

pseudorapidity η

Can constrain R

R =
E⇡0

Eother hadrons
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Regions of interest for air showers



Forward charged particle spectra

18

• Data available up to |h| = 6.4 in p-p and partially in p-Pb
ALICE, Eur.Phys.J.C 77 (2017) 12 CMS & TOTEM, Eur.Phys.J.C 74 (2014) 10, 3053
LHCb, JHEP 01 (2022) 166 ...

• Models agree at mid-rapidity in p-p, but not in the forward region
• Models do not agree on extrapolation from p-p to p-O; new LHC data will fix this

Hans Dembinski | TU Dortmund

T. Pierog, ISVHECRI 2018



QCD factorisation
• Difficult to change R within standard QCD

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

Hans Dembinski - Muon Puzzle and LHC 19

T. Pierog, K. Werner, NA61-theory talk (2015); figure from R. Engel π+

π−

�̅�
𝑛
𝐾!

𝐾"

π+

...

Probabilities to generate 
quark pairs independent 
of collision details



QCD factorisation breaking effects
• Collinear framework cannot describe rich phenomenology found in pPb at LHC

• Strangeness enhancement & collective fluid-like phenomena observed in pPb and pp
• Enhanced strangeness and baryon production observed at mid-rapidity (Muon Puzzle!)

• Alternative hadronization models
• Become important when density of produced partons is high:

heavy-ion collisions, high-energy collisions ➝ collisions in air showers!
• Not constrained by data from ee colliders
• LHCb data provides evidence for alternatives models in forward region

• Core-Corona model (e.g. EPOS)
• Statistical hadronization from Quark Gluon Plasma (QGP) at midrapidity (core)
• String and remnant fragmentation in the forward region (corona)

• String-string interactions (e.g. DIPSY)
• Strings overlapping in space-time interact with each other

• Quark coalescence model
• Hadrons directly formed from pairs of quarks produced in collision

Hans Dembinski 20



QCD factorisation breaking effects
• Enhanced forward baryon and ρ0 production in π-air collisions

Hans Dembinski - Muon Puzzle and LHC 21

T. Pierog, K. Werner, PRL 101 (2008) 171101
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

• Effect also included by EPOS
(core-corona model)

Observed at NA61/SHINE



Strangeness enhancement
• Enhanced strangeness production observed at mid-rapidity 

• 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!

• Does it extend forward to η ≫ 1?
• Data from CMS inconclusive

CMS, Eur.Phys.J.C 79 (2019) 11, 893
• Many studies started in LHCb;

first results next slide
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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,Ξand 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,Ξand 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) andΞ(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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Figure 5. Particle yield ratios to pions normalized to the values
measured in the inclusive INEL>0 pp event class as a function of
multiplicity.

Figure 6. Particle yield ratios to pions as a function of multiplicity
for different collision systems and energies.
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Forward strangeness enhancement
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LHCb-PAPER-2022-001, arXiv:2204.13042

• Bs
0/B0 ratio proxy for 

probability ratio to form 
hadron with d or s quark
(b quark irrelevant)

• 3.4σ evidence
for multiplicity-dependent 
strangeness enhancement

• No trend if ratio plotted vs. 
backward-going tracks

• Effect local in rapidity?



Direct very forward measurement of R
CMS, Eur.Phys.J. C79 (2019) no.11, 893
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Rreco • Ideal measurement for muon puzzle

• Strangeness enhancement should show 
decline in R with dNch/dη

• Surprise: Measured Rreco value higher than 
predicted by models in p-p and "flat"! But:
• Important is p-O and not p-p
• Systematic uncertainty large...

Rreco > R here, because of detector effects

∝ dNch/dη

p-p @ 13 TeV



Forward identified hadron spectra
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LHCb JHEP 01 (2022) 166
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: �̅� 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 PRL 128 (2022) 14, 142004
p-p, p-Pb @ 5 TeV

Prompt charged particlesHadron ratios



Forward charged particle production
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LHCb PRL 128 (2022) 14, 142004 p-p, p-Pb @ 5 TeV

• Nuclear modification
• Suppression at small pT in forward region
• Enhancement in backward region

• Collinear model not consistent with backward region

Forward

Backward



Forward π0 production
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LHCb-PAPER-2021-053, arXiv:2204.10608 pPb 8.16 TeV

Special π0 reconstruction
• Photon 1 detected in ECal
• Photon 2 detected as converted ee pair
• Better momentum resolution
• No bias from overlapping ECal hits

• Total uncertainty < 6 % in most bins
• Forward suppression similar to that 

of charged particles



Forward D and B production
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• LHCb designed to study forward heavy-flavor production
• Detailed data on forward D and B meson production

• Forward open charm production in p-p, p-Pb
• LHCb: Nucl.Phys.B 871 (2013) 1-20;

JHEP 10 (2017) 090; ...
• Forward open beauty production in p-p, p-Pb

• LHCb: JHEP 08 (2013) 117, PRL 118 (2017) 5, 052002;
PRD 99 (2019) 5, 052011; ...

• Constraints on gluon PDF in nucleon up to x = 10-6

LHCb, PRD 99 (2019) 5, 052011

PROSA, EPJ C 75 (2015) 8, 396



Fixed-target experiments with LHCb
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• SMOG device at LHCb
• Injects noble gas into vertex detector
• Former precision luminosity record 

LHCb, JINST 9 (2014) P12005
• Physics potential: Study nuclear effects at 

𝑠 = 0.1 TeV with different targets

• Anti-proton production in p-He
• LHCb, PRL 121 (2018) 222001
• LHCB-PAPER-2022-006-002
• Used to predict background for 

DM searches in cosmic �̅�/p ratio

• First look at charm production in p-He, p-Ar
• LHCb, PRL 122 (2019) 13, 132002
• Study potential intrinsic charm in proton

• SMOG2 Upgrade for Run 3 CERN-LHCC-2019-005
• Window-less storage cell
• Well-controlled gas density, 100x higher
• Non-noble gases possible: oxygen, nitrogen!



Zero-degree measurements

• LHCf: zero degree calorimeters (η > 8) around ATLAS to detect neutral particles
• RHICf: Similar detector at RHIC to study p-p at 0.51 TeV PoS(ICRC2021)301

Hans Dembinski | TU Dortmund 30

T. Sako et al. EPJ Web of Conferences 145, 09002 (2017) 



Zero-degree measurements with LHCf
• LHCf constraints R by photon, π0, neutron production cross-sections in p-p, p-Pb

• LHCf, PRD 94 (2016) 3, 032007, LHCf, JHEP 07 (2020) 016, ...
• Plans to study strangeness production via K0

S ⟶ 4γ in Run 3 PoS(ICRC2021)301
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LHCf, PRD 94 (2016) 3, 032007
π0 production in p-p @ 7 TeV

LHCf, JHEP 07 (2020) 016
neutron production in p-p @ 13 TeV 11

FIG. 5. (color online). LHCf pT distributions (filled circles) in p + p collisions at
p
s = 7TeV. Error bars indicate the total

statistical and systematic uncertainties. The predictions of hadronic interaction models are shown for comparison: dpmjet
(solid red line), qgsjet (dashed blue line), sibyll (dotted green line), epos (dashed-dotted magenta line), and pythia (dashed-
double-dotted brown line).

models are also shown in Fig. 7. Figure 8 presents the
ratios of pz distributions predicted by the hadronic in-
teraction models to the LHCf pz distributions. Shaded
areas have been taken from the statistical and systematic
uncertainties. The same conclusions for the comparisons
are obtained as those found for Fig. 5 and 6. There is
again an overall agreement between LHCf data and the
qgsjet prediction, especially for 0.0 < pT < 0.2GeV.
The epos prediction is compatible with LHCf data for
pT < 2TeV, while showing a hard slope for pT > 2TeV
in all pT regions. The predictions by dpmjet and pythia
agree with LHCf data for pT < 0.2GeV and pz < 1.6TeV,
while showing a harder distribution for the higher pz re-
gions. sibyll predicts a smaller production of ⇡0s for
pT < 0.2GeV and becomes similar with dpmjet and
pythia with increasing pT.

B. Results in p+ p collisions at
p
s = 2.76TeV

The inclusive production rates of ⇡0s as a function of
pT and pz are given by Eq. (1). Using the inelastic cross
section �inel = (62.5± 5.0)mb [21] and the integrated
luminosities reported in Sec. III C, Ninel is calculated as
(1.60± 0.13)⇥ 108. The uncertainty on �inel is estimated
by comparing the �inel value with the present experimen-
tal result [60]. Note that only the LHCf Arm2 detector
was operated in p+p collisions at

p
s = 2.76TeV and that

only Type-I events are used for the analysis since Type-II
event kinematics are outside the calorimeter acceptance
for

p
s = 2.76TeV.

LHCf pT distributions are shown in Fig. 9. The pT dis-
tributions predictions for the hadronic interaction mod-
els are also shown in Fig. 9 for comparison. Figure 10
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Figure 2: Inclusive differential neutron production cross section for p-p collisions at
√
s =

13 TeV, measured using the LHCf Arm2 detector. Black markers represent the experimental

data with statistical errors, whereas gray bands represent the quadratic sum of statistical

and systematic uncertainties. Colored histograms refer to model predictions at the generator

level. For each region, the top plot shows the energy distributions expressed as dσn/dE

and the bottom plot the ratios of these distributions to the experimental results.

differential production cross section dσn/dE for six pseudorapidity intervals. In each inter-

val, the distribution is corrected to take into account the limited coverage of the detector in

terms of the azimuthal angle. The data are then compared with the generator predictions,

using for each model its own inelastic cross section.

The dσn/dE unfolded distributions are shown in figure 2. The measurements are lim-

ited to energies above 500 GeV because, as described in section 5.1, the hardware trigger

was optimized to have a good detection efficiency above this value. The total uncertainty

is given by the quadratic sum of all statistical and systematic sources: the systematic un-
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Figure 2: Inclusive differential neutron production cross section for p-p collisions at
√
s =

13 TeV, measured using the LHCf Arm2 detector. Black markers represent the experimental

data with statistical errors, whereas gray bands represent the quadratic sum of statistical

and systematic uncertainties. Colored histograms refer to model predictions at the generator

level. For each region, the top plot shows the energy distributions expressed as dσn/dE

and the bottom plot the ratios of these distributions to the experimental results.

differential production cross section dσn/dE for six pseudorapidity intervals. In each inter-

val, the distribution is corrected to take into account the limited coverage of the detector in

terms of the azimuthal angle. The data are then compared with the generator predictions,

using for each model its own inelastic cross section.

The dσn/dE unfolded distributions are shown in figure 2. The measurements are lim-

ited to energies above 500 GeV because, as described in section 5.1, the hardware trigger

was optimized to have a good detection efficiency above this value. The total uncertainty

is given by the quadratic sum of all statistical and systematic sources: the systematic un-
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Summary & outlook
• Cosmic-ray induced air showers are driven by hadronic cascades
• Primarily need reference data at y = 4 to 10 for air showers 
• LHC/SPS experiments provide important reference data

• Extremely precise pp cross-section
• NA61/SHINE results on ρ0 and anti-p production in π-C
• ALICE and LHCb results on strangeness enhancement
• LHCb precision results on forward prodution of long-lived hadrons and π0

• LHCf results on π0 and neutron production, neutron-elasticity
• LHC data show QCD factorization breaking effects important for air showers
• Collaborative Research Center 1491 (Dortmund, Bochum, Wuppertal) funded

• Fully exploit LHCb data
• Tune generators used in astroparticle simulations with collider and air shower data

• LHC outlook
• Measurements with p-O collisions in 2023/24
• Forward strangeness production with LHCf
• Forward physics facility (FPF)
• FoCal, forward calorimeter for ALICE
• Forward calorimeter for LHCb?

Hans Dembinski - Muon Puzzle and LHC 32

J. Albrecht, HD, et al.,
Astrophys. Space. Sci. 367, 27 (2022)



Predictive power of universality

Hans Dembinski 33

• Multiplicity increases with number of nucleons and with sqrt(s)
• Average p-air collision at sqrt(s) = 100 TeV dNch/dη ≈ 80
• Peripheral Pb-Pb collisions at the LHC sqrt(s) = 2.76 TeV dNch/dη ≈ 80
• If universality holds for forward production:

Predict collisions of lighter nuclei at energies beyond the LHC 
using data from heavier nuclei at LHC energies

dNch/dη ≈ 80
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Fig. 1. Tracklet candidate !η (left) and !φ (right) distributions from data (histogram) and reweighted MC (shaded region) for Pb + Pb collisions at
√

sNN = 2.76 TeV. The top
panels correspond to |η| < 1 and the bottom panels correspond to 1 < |η| < 2. Data and MC distributions are normalized to the same area.

Fig. 2. Left: Top: uncorrected track/tracklet dNraw/dη distribution from tracklet Method 1 (points), tracklet Method 2 (squares) and pixel tracking (blue triangles) for 0–10%
centrality events. Middle: corrected tracklet and track dNch/dη distributions. Bottom: ratio of dNch/dη from the tracklet Method 2 (squares) and pixel tracking (triangles) to
tracklet Method 1. Right: dNch/dη distributions from tracklet Method 1 for eight 10% centrality intervals. The statistical errors are shown as bars and the systematic errors
are shown as shaded bands. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

imum difference between data and MC is less than 5%. It should
be noted that the ση(η) and σφ(η) mentioned above are evaluated
using the unreweighted MC, but they are applied consistently to
data and reweighted MC when calculating all η-dependent correc-
tions.

Uncorrected pixel track and two-point tracklet pseudorapidity
distributions for 0–10% centrality collisions are shown in the top
left panel of Fig. 2. The corrections described above are applied to
obtain corrected, per-event primary charged particle pseudorapid-
ity distributions, averaged over the events in each centrality bin

(c), according to

dNch

dη

∣∣∣∣
c
= 1

Nevt

∑

events,c

!Nraw

!η
C(O,η), (7)

where !Nraw indicates either the number of reconstructed pixel
tracklets or two-point tracklets and C(O,η) indicates the η-
dependent correction factors corresponding to the occupancy bin
for each event. The corrected dNch/dη distributions for the 0–10%
centrality interval are shown in the middle left panel of Fig. 2. The

Simulation

Data
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