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Overview

• Muon puzzle in cosmic-ray included air showers
– Unresolved physics discrepancy in simulated vs. measured showers
– Bottleneck for progress in cosmic ray physics
– Introduces large uncertainties also for neutrino and gamma ray 

observatories
– Meta-analysis of muon data by WHISP group established muon 

discrepancy at 8σ

• This talk
– Review of WHISP results and studies of robustness of significance
– Connection of muon puzzle to hadronic physics
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Artist impression of an air shower
Image credit: Rebecca Pitt, Discovering Particles, CC BY-ND-NC 2.0

10 GeV proton in cloud chamber with lead
absorbers at 3027 m altitude
K.-H. Kampert and A.A. Watson,
Eur. Phys. J. H37 (2012) 359-412

Cosmic-ray induced air showers
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Air showers in a nutshell
Heitler-Matthews model of air shower
J. Matthews, Astropart. Phys. 22 (2005) 387-397

Cascade stops after 5-10 steps
(energy-dependent)
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• Muon number very sensitive to α
• Reduce neutral pion yield to increase α

ξh … pion critical energy
Nmult … hadron multiplicity
α … energy fraction of charged pions
k … number of cascade steps 
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• The number of steps k in the hadronic cascade in-
creases logarithmically with the energy E as

k =
ln(E/⇠h)

lnNmult
(4)

which gives with ⇠h ⇡ 10GeV and Nmult ⇡ 50 values
between 3 at 1PeV and 5 at 1EeV.

• The muon number scales sub-linearly with the
cosmic-ray energy,

Nµ(E,A) = A(1��)

✓
E

⇠h

◆�

with � =
ln(↵Nmult)

lnNmult
.

(5)

The fact that � ⇡ 0.9 is close to but less than 1 is the
consequence of the energy transfer from the hadronic
to the electromagnetic cascade without an equivalent
feedback.

• There is a linear relationship between the mean-
logarithmic mass hlnAi and the mean-logarithmic
muon number

hlnNµi(E,A) = hlnNµi(E, 1) + (1� �) hlnAi, (6)

where hlnNµi(E, 1) is the mean-logarithmic muon
number for proton showers. This follows from Eq. 5,
see Dembinski (2018) for a more detailed discussion.
In practice, � is taken from air shower simulations.
Iron showers have about 40% more muons than pro-
ton showers at the EeV scale.

• Likewise, there is a linear relationship between the
shower depth Xmax and hlnAi

hXmaxi(E,A) = hXmaxi(E, 1)�Dp hlnAi, (7)

where Dp = dhXmaxi(E, 1)/d lnE is the so-called
elongation rate for proton showers, which taken from
air shower simulations in practice. Proton showers
develop deeper by about 100 g cm�2 on average than
iron showers at the EeV scale. A more detailed dis-
cussion is given in Kampert and Unger (2012); Abreu
et al. (2013).

Further conclusions can be drawn about the depen-
dence of muon production in air showers and micro-
scopic features of hadronic interactions which are listed
below without derivation. They are confirmed overall
by detailed simulations as described in Section 2.8, with
minor modifications.

• Both Nµ and Xmax depend weakly on the hadron
multiplicity Nmult.

• The muon number Nµ is independent of the inelastic
cross-section �inel for pion interactions, while Xmax

is very sensitive to it.

• The muon number is very sensitive to ↵, while Xmax

is (nearly) independent of ↵. The relative increase in
Nµ from Eq. 5 for a small change �↵ is to first order

�Nµ

Nµ
⇡ ln(E/⇠h)

lnNmult

�↵

↵
= k

�↵

↵
, (8)

where k is the number of steps of the hadronic cas-
cade. For a EeV air shower, k ⇡ 5, which implies
that a 10% change in ↵ introduces a 50% change in
the muon number. This implies that we need to mea-
sure ↵ very precisely over a wide energy range and
understand its extrapolation toward higher energies.

The Heitler-Matthews model is useful to build an
intuition about air showers, but it is important to keep
the approximations and simplifications in mind to not
overinterpret the results. We summarise them here.

• All children receive the same energy fraction. In re-
ality, the energy depends strongly on the pseudora-
pidity of the particles. Particles produced at forward
pseudorapidity in the cms-system of a hadron-air col-
lision carry the largest energies in the lab frame, and
therefore quantities likeNmult and ↵ should be under-
stood as averages of the subset of forward produced
particles.

• Hadronic interactions produce other long-lived parti-
cles in addition to pions. Also important are kaons,
protons, and neutrons. The relative fractions of these
other hadrons could be the key for solving the Muon
Puzzle, since e↵ects which enhance strangeness and
baryon production keep more energy in the hadronic
cascade and increase ↵.

• The hadronic interaction length and the hadron mul-
tiplicity Nmult are not constant but weakly energy
dependent. The impact of this was further studied
by Kampert and Unger (2012) and Montanus (2014).

• The atmosphere does not have constant density
which has an impact on the critical energy ⇠h, which
depends on the zenith angle of the shower. Verti-
cal air showers develop in denser atmosphere and
have a lower critical energy than inclined air show-
ers. This e↵ect is best described by full simulations
with a realistic atmosphere, but it can be ignored if
only showers with a fixed zenith angle are considered.
For an isothermal atmosphere, ⇠h can be calculated
analytically, see Kampert and Unger (2012).

• Since each random process is replaced by its average
process, the model describes an average air shower.
Extensions of the basic model are needed to describe
intrinsic shower fluctuations.

Several authors have refined the Heitler-Matthews
model to make its predictions more accurate or per-
formed additional calculations based on the model.
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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

and size of muonic component

Number of muons and Mass
Iron yield = +40 % of proton yield
at same CR energy

Shower depth and Mass
Iron depth = proton depth - 100 g cm-2
at same CR energy

Nµ

Xmax

The energy spectrum from surface detector data (I)
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Vertical showers Signal = electrons + photons + muons
Inclined showers Signal = electrons + photons + muons

Signal = electro
ns + muo

ns

X max

Example: event observed with Pierre Auger Observatory

Leading experimental accuracies
Direction 0.5 – 1.5°stat

Energy 10-20 %stat 14 %sys
Xmax 15 – 25 gcm-2

stat 10 g cm-2
sys

Nµ 20 %stat 11 %sys
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Muon Puzzle
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EPJ Web of Conferences 210, 02004 (2019)

Data used in WHISP meta analysis 2018
• EAS-MSU collab., Astropart.Phys. 92 (2017) 1-6
• NEVOD-DECOR collab., Astropart. Phys. 98 (2018) 13
• J. Gonzalez for the IceCube collab., EPJ Web Conf. 208 (2019) 03003 (2018)
• KASCADE-Grande collab., Astropart. Phys. 95 (2017) 25
• Pierre Auger collab. PRL 117 (2016) 192001
• Pierre Auger collab. PRD 91 (2015) 032003
• S. Müller for the Pierre Auger collab., EPJ Web Conf. 210 (2019) 02013
• SUGAR collab., PRD 98 (2018) 023014
• Telescope Array collab., PRD 98 (2018) 022002
• Yakutsk collab., private comm.



After adjusting energy-scales
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Figure 6. Muon density measurements converted to the z-scale, as described in the text. It depends on the hadronic interaction model,
so the same data sets are repeatedly shown for di↵erent models. When corresponding simulations are missing for an experiment, no
points can be shown. Error bars show statistical and systematic uncertainties added in quadrature (systematic uncertainties are dominant
for nearly all measurements).

Figure 7. Data from Fig. 6 after applying energy-scale cross-calibration. The points for KASCADE-Grande and EAS-MSU cannot
be cross-calibrated and are only included for comparison. Shown for comparison are z-values expected for a mixed composition from
optical measurements (band), based on an update of the review by Kampert and Unger [1] by the original authors of that paper, and
from the GSF model (dashed line).

EPJ Web of Conferences 210, 02004 (2019)
Abstract muon scale
independent of experiment,
dependent on air shower model

apparent. The energy scale of NEVOD-DECOR is there-
fore taken to be the same as GSF, ENEVOD-DECOR/Eref,GSF⇥
Eref,GSF/Eref = 1 ⇥ 1.08 = 1.08.

No cross-calibration factor can be given for
KASCADE-Grande, since the KASCADE-Grande
flux is computed using a di↵erent energy estimator. For
EAS-MSU, no all-particle flux is available for cross-
calibration. SUGAR uses the flux from the Pierre Auger
Observatory in its computation of the data/MC ratio and
therefore has the same energy-scale adjustment factor.

We emphasize that the cross-calibration cannot elim-
inate a global o↵set of all experiments to the true energy
scale, with corresponding shifts in the data/MC ratios. The
energy scales of leading experiments have uncertainties
in the order of 10 to 20 %, we assume that the reference
energy-scale has an uncertainty of at least 10 %.

4.2 Combined measurements

Eq. 2 displays a simple relationship between the measured
muon density, hlnAi and logarithmic shower energy. To
compare all the measurements, we introduce the z-scale,
which is inspired by Eq. 2,

z =
ln(Nµdet) � ln(Nµdet

p )

ln(Nµdet
Fe ) � ln(Nµdet

p )
, (4)

where Nµdet is the muon density estimate as seen in the
detector, while Nµdet

p and Nµdet
Fe are the simulated muon

density estimates for proton and iron showers after full
detector simulation. The z-scale, while being rather ab-
stract, has advantages over other choices that were pro-
posed. The energy-dependence of Nµ is removed and the
expected range is from 0 (pure proton showers) and 1 (pure
iron showers), if there is no discrepancy between real and
simulated air showers. This is convenient. Furthermore,
biases of the form ln Nµdet = A + B ln Nµ in the measured
muon density estimate Nµdet with respect to the true muon
density Nµ cancel in z.

Shown in Fig. 6 are the converted measurements. The
z-values are computed relative to simulations and therefore
a di↵erent result is obtained for each hadronic interaction
model although the same data are used. The conversion to
z is only possible when Nµdet

p and Nµdet
Fe are available for

that model. Therefore not all data points can be shown for
all models. Overall, the data suggest an energy-dependent
trend, but with a large scatter.

The scatter is drastically reduced after the cross-
calibration, as shown in Fig. 7. The cross-calibration
causes a shift in the simulated values Nµp and NµFe, which
were computed for the energy Edata, but are needed for
Eref. Based on Eq. 2, we get ln Nµref = ln Nµdata �
� ln(Edata/Eref). The shift is the same for proton and iron
showers. It cancels in the denominator of Eq. 4, but enters
with the opposite sign in the numerator. We get

zref = zdata +
� ln(Edata/Eref)

ln(Nµdet
Fe ) � ln(Nµdet

p )
(5)

with � = 1 � (ln NµFe � ln Nµp)/ ln 56, based on Eq. 2.
The values of NµFe and Nµp are taken for each model from

CORSIKA simulations. The points also move horizontally
by the relative amount (Edata/Eref)�1, a minor e↵ect.

As expected, the cross-calibration improves the agree-
ment of data from di↵erent experiments. Before and af-
ter the cross-calibration, the z-values rise above the iron
line beyond 1019 eV. The interpretation at lower energies
changes, however. In case of IceCube, the originally neg-
ative z-values suggested that the muon density in proton
showers simulated with EPOS-LHC for shower energies
below 1016 eV was too high. After the correction, the z-
values fall between proton and iron. In case of Yakutsk,
the original data suggested very low muon densities with
partly negative z-values. After the correction, the Yakutsk
data is consistent with others within uncertainties. We em-
phasize again that the reference energy-scale after cross-
calibration has a remaining uncertainty of at least 10 %.
This means that z-values in all plots can be collectively
varied by about ±0.25.

To further refine the conclusions, we consider the ef-
fect of an energy-dependent mass composition. With
Eq. 2 and Eq. 4 the expected value zmass for a given mean-
logarithmic-mass hlnAi is computed as zmass =

hlnAi
ln 56 . As

mentioned in the introduction, the experimental value of
hlnAi is uncertain. Shown in Fig. 7 is a band, an envelope
over optical measurements of the depth Xmax of shower
maximum from several experiments, and converted to
hlnAi based on air shower simulations with EPOS-LHC.
We will use this as a rough estimate of the mass composi-
tion. The band is independent of the muon measurements
here, and therefore can be used as a reference. The zmass
value computed from the GSF model is also shown, which
is based on optical and muon measurements and averages
over experiments and model interpretations of air shower
data. The line mostly falls inside the envelope.

If the measured z values follow zmass, the model de-
scribes the muon density at the ground consistently. This
is overall not the case. The pre-LHC generation of
hadronic interaction models, SIBYLL-2.1, QGSJet-II.03,
and QGSJet01 [41], show larger muon deficits than the
models tuned to LHC data, EPOS-LHC, QGSJet-II.04,
and SIBYLL-2.3. EPOS-LHC, QGSJet-II.04, SIBYLL-
2.3, and QGSJet01 give a reasonable description of data
up to a few 1016 eV. At higher shower energies, a muon
deficit in simulations is observed (z > zmass) in all mod-
els. Shown in Fig. 8 are zoomed plots for EPOS-LHC and
QGSJet-II.04, the two latest-generation models with most
data points. Shown in Fig. 9 is the di↵erence �z = z�zmass.
Subtracting zmass is expected to remove the e↵ect of the
changing mass composition. An energy-dependent trend
in �z remains.

4.3 Energy-dependent trend

To quantify the observed trend in �z as a function of en-
ergy, a line-model is fitted to the data shown in Fig. 9,

�z = a + b (log10(E/eV) � 16), (6)

with free parameters a and b. The slope b is the increase in
�z per decade in energy. The z-values from KASCADE-
Grande and EAS-MSU are not included in the fit, since
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and starting in central collisions at much lower center-of-
mass energies may play a decisive role.

Furthermore, from eq. (2) also a di↵erent energy evolu-
tion of the muon production follows. To study the e↵ect
of our core-corona model on the muon production as a
function of the energy, we can compare the di↵erent sce-
narios with the compilation of data presented in Ref. [8]
using the renormalized factor

z =
hln Nµi � hln Nµip

hln NµiFe � hln Nµip

, (8)

with Nµ being any muon related experimental observable
and hln Nµip and hln NµiFe being the average of the loga-
rithm of the same observable simulated with proton and
iron primaries respectively for a given reference hadronic
interaction model. This allows a direct comparison be-
tween di↵erent 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
hln Ai varies with energy. However, as expected from
the Heitler model formula, and even more importantly,
verified via explicit simulations, z and hln Ai are re-
lated as z = a + bhln Ai, and from z(pure Fe) = 1 and
z(pure p) = 0 we simply get a = 0 and b = 1/ln56. This
is very useful, since it means that the A-dependence of z
(called zmass) is given as

zmass =
hln Ai

ln 56
, (9)

and the expectation of �z = z � zmass is zero for the
case of full consistency between all experimental observ-
ables and the simulations based on a valid reference
model. This means, plotting �z for experimental data,
we should get zero if the reference model were perfect,
whereas �z > 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 de-
tails and references are given in Ref. [8].

As pointed out in Ref. [8], for all models the data
have a positive �z showing a significant logarithmic in-
crease with the primary energy, indicating an increasing
muon deficit in the simulations. In Fig. 4 the e↵ect of
the di↵erent energy evolution of !core for epos lhc and
QGSJetII.04 on �z are shown. Here the new simula-
tions are treated like data and the z factor is calculated
using the original (quoted) models as a reference such
that the new �z can be compared to the data points
directly. The positive �z of the lines indicate a larger
muon production when !core increases and the positive
slopes mean that the slope of the muon production as
a function of the primary energy is larger when !core

increases. By including a consistent core-like hadroniza-
tion, we thus reproduce the energy evolution as found in
the data. This is even possible for values !core < 1.

The possibility to see the e↵ect of a core hadronization
(QGP or similar more exotic phenomena) on air shower

physics have already been studied in the literature [51–
54]. 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, it was shown that the production of a core
only in very central, high-density, collisions is not suf-
ficient to significantly change the muon numbers in air
shower simulations [55].

In contrast to the new results presented here, in those
previous studies the core-like production does not cover
su�cient phase space to change the muon production in
air showers significantly. We demonstrate that core-like
e↵ects potentially starting at much smaller colliding sys-
tems, and at much lower center-of-mass energies as stud-
ied here, have an important impact on muon production
in air showers. There are various indications at the LHC
in pp and pA collisions that such a scenario is compatible
with current data [22, 31], or even suggested by it, at en-
ergy densities as reached by cosmic rays interacting with
the atmosphere [35]. Studying LHC data at mid-rapdity
it is found that for events with hdNch/d⌘i|⌘|<0.5 ⇠ 10
(corresponding to typical proton-air interactions) !core

is already ⇡ 50–75%. Since our study is based on the
simple assumption that the full phase space has a modi-
fied ⇡0 ratio, it remains crucial for cosmic ray physics to
conduct further dedicated measurements at the LHC to
better understand ⇡0 production relative to other parti-
cles. The phase space for the formation of core-like e↵ects
is potentially significantly larger than previously studied,
and in particular may extend towards larger rapidities.

IV. TESTING CORE CONTRIBUTIONS VIA
MEASUREMENTS OF R AT THE LHC

As previously outlined an enhanced contribution of
core-like hadronization can help to explain the data of
the Pierre Auger Observatory. In the following we dis-
cuss how this can be probed with accelerator data.

We mainly use epos lhc as the baseline model to
test sensitivity towards a QGP-like state. As alterna-
tive model we use pythia8 [56, 57], which provides en-
tirely di↵erent (non-QGP-like) physics concepts for col-
lectivity. epos lhc is a general purpose event genera-
tor widely used in high energy physics, and in particu-
lar also for heavy ion collisions. It includes the descrip-
tion 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 generate a distribution of colored strings from
the collision of a projectile and a target. Despite a
very di↵erent underlying approach for the string genera-
tion (pQCD factorization for pythia8 and parton-based
Gribov-Regge theory [58] for epos lhc), the string distri-
butions are not very di↵erent, because they are strongly
constrained by the data on particle multiplicities. These
strings can be hadronized directly in both generators us-
ing the Lund string model [59] in pythia8, or the area

(equality is approximate,
approximation error negligible)

apparent. The energy scale of NEVOD-DECOR is there-
fore taken to be the same as GSF, ENEVOD-DECOR/Eref,GSF⇥
Eref,GSF/Eref = 1 ⇥ 1.08 = 1.08.

No cross-calibration factor can be given for
KASCADE-Grande, since the KASCADE-Grande
flux is computed using a di↵erent energy estimator. For
EAS-MSU, no all-particle flux is available for cross-
calibration. SUGAR uses the flux from the Pierre Auger
Observatory in its computation of the data/MC ratio and
therefore has the same energy-scale adjustment factor.

We emphasize that the cross-calibration cannot elim-
inate a global o↵set of all experiments to the true energy
scale, with corresponding shifts in the data/MC ratios. The
energy scales of leading experiments have uncertainties
in the order of 10 to 20 %, we assume that the reference
energy-scale has an uncertainty of at least 10 %.

4.2 Combined measurements

Eq. 2 displays a simple relationship between the measured
muon density, hlnAi and logarithmic shower energy. To
compare all the measurements, we introduce the z-scale,
which is inspired by Eq. 2,

z =
ln(Nµdet) � ln(Nµdet

p )

ln(Nµdet
Fe ) � ln(Nµdet

p )
, (4)

where Nµdet is the muon density estimate as seen in the
detector, while Nµdet

p and Nµdet
Fe are the simulated muon

density estimates for proton and iron showers after full
detector simulation. The z-scale, while being rather ab-
stract, has advantages over other choices that were pro-
posed. The energy-dependence of Nµ is removed and the
expected range is from 0 (pure proton showers) and 1 (pure
iron showers), if there is no discrepancy between real and
simulated air showers. This is convenient. Furthermore,
biases of the form ln Nµdet = A + B ln Nµ in the measured
muon density estimate Nµdet with respect to the true muon
density Nµ cancel in z.

Shown in Fig. 6 are the converted measurements. The
z-values are computed relative to simulations and therefore
a di↵erent result is obtained for each hadronic interaction
model although the same data are used. The conversion to
z is only possible when Nµdet

p and Nµdet
Fe are available for

that model. Therefore not all data points can be shown for
all models. Overall, the data suggest an energy-dependent
trend, but with a large scatter.

The scatter is drastically reduced after the cross-
calibration, as shown in Fig. 7. The cross-calibration
causes a shift in the simulated values Nµp and NµFe, which
were computed for the energy Edata, but are needed for
Eref. Based on Eq. 2, we get ln Nµref = ln Nµdata �
� ln(Edata/Eref). The shift is the same for proton and iron
showers. It cancels in the denominator of Eq. 4, but enters
with the opposite sign in the numerator. We get

zref = zdata +
� ln(Edata/Eref)

ln(Nµdet
Fe ) � ln(Nµdet

p )
(5)

with � = 1 � (ln NµFe � ln Nµp)/ ln 56, based on Eq. 2.
The values of NµFe and Nµp are taken for each model from

CORSIKA simulations. The points also move horizontally
by the relative amount (Edata/Eref)�1, a minor e↵ect.

As expected, the cross-calibration improves the agree-
ment of data from di↵erent experiments. Before and af-
ter the cross-calibration, the z-values rise above the iron
line beyond 1019 eV. The interpretation at lower energies
changes, however. In case of IceCube, the originally neg-
ative z-values suggested that the muon density in proton
showers simulated with EPOS-LHC for shower energies
below 1016 eV was too high. After the correction, the z-
values fall between proton and iron. In case of Yakutsk,
the original data suggested very low muon densities with
partly negative z-values. After the correction, the Yakutsk
data is consistent with others within uncertainties. We em-
phasize again that the reference energy-scale after cross-
calibration has a remaining uncertainty of at least 10 %.
This means that z-values in all plots can be collectively
varied by about ±0.25.

To further refine the conclusions, we consider the ef-
fect of an energy-dependent mass composition. With
Eq. 2 and Eq. 4 the expected value zmass for a given mean-
logarithmic-mass hlnAi is computed as zmass =

hlnAi
ln 56 . As

mentioned in the introduction, the experimental value of
hlnAi is uncertain. Shown in Fig. 7 is a band, an envelope
over optical measurements of the depth Xmax of shower
maximum from several experiments, and converted to
hlnAi based on air shower simulations with EPOS-LHC.
We will use this as a rough estimate of the mass composi-
tion. The band is independent of the muon measurements
here, and therefore can be used as a reference. The zmass
value computed from the GSF model is also shown, which
is based on optical and muon measurements and averages
over experiments and model interpretations of air shower
data. The line mostly falls inside the envelope.

If the measured z values follow zmass, the model de-
scribes the muon density at the ground consistently. This
is overall not the case. The pre-LHC generation of
hadronic interaction models, SIBYLL-2.1, QGSJet-II.03,
and QGSJet01 [41], show larger muon deficits than the
models tuned to LHC data, EPOS-LHC, QGSJet-II.04,
and SIBYLL-2.3. EPOS-LHC, QGSJet-II.04, SIBYLL-
2.3, and QGSJet01 give a reasonable description of data
up to a few 1016 eV. At higher shower energies, a muon
deficit in simulations is observed (z > zmass) in all mod-
els. Shown in Fig. 8 are zoomed plots for EPOS-LHC and
QGSJet-II.04, the two latest-generation models with most
data points. Shown in Fig. 9 is the di↵erence �z = z�zmass.
Subtracting zmass is expected to remove the e↵ect of the
changing mass composition. An energy-dependent trend
in �z remains.

4.3 Energy-dependent trend

To quantify the observed trend in �z as a function of en-
ergy, a line-model is fitted to the data shown in Fig. 9,

�z = a + b (log10(E/eV) � 16), (6)

with free parameters a and b. The slope b is the increase in
�z per decade in energy. The z-values from KASCADE-
Grande and EAS-MSU are not included in the fit, since



Line fit and slope significance
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• Subtract zmass using <lnA> from GSF model
• Composition based mainly on Xmax measurements

• Fit of line model a + b ln(E) to data
• Evidence for Muon Puzzle quantified by significance of positive slope b > 8σ
• Correlated systematic uncertainties dominate, unknown positive correlation coefficient
• Scan over assumed correlation coefficient showed that result is robust against choice



Further studies of WHISP data
• Q: Which experiments are driving 

significance?
A: N-1 study: re-do line fit while taking one experiment out at 
a time

• Q: What if correlation coefficient is varied 
independently for each data set?
A: Global optimization (Bayesian optimization) to find 
minimum and maximum significance for variation over 6D 
coefficient space

H. Dembinski - WHISP update 10



N-1 Study
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IceCube NEVOD-DECOR SUGAR

Auger UMD+SD Yakutsk Auger FD+SD



N-1 Study: summary

• Results stable against removal of individual experiments
– IceCube very important as anchor at low end (lever arm)
– NEVOD-DECOR also important
– Sys. correlation < 0.5 is probably not realistic
– Reduction of significance smaller for QGSJet-II.04

• Removal of SUGAR increases significance, effect of χ2/ndof scaling

H. Dembinski - WHISP update 12



Variation of correlation coefficients
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• Search over 6D space with global optimization technique called Bayesian optimization
• Minimum significance found by scan at 4σ for EPOS-LHC and 5σ QGSJet-II.04, still significant
• Values below 0.5 probably not realistic; minimum > 5σ if scan restricted to [0.5, 0.9] 



Potential solution to Muon Puzzle
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S. Baur, HD, M. Perlin, T. Pierog, R. Ulrich, K. Werner, arxiv:1902.09265v2

• Need to reduce forward production yield of p0

• Natural solution: strangeness enhancement from statistical hadronization 
("core")

• Already observed at mid-rapidity: ALICE, Nature Phys. 13 (2017) 535-539
• Need more data on forward strangeness production at LHC, 

can be obtained with LHCb



LHCb measurements
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Tanguy Pierog, HD

Tanguy Pierog, HD

Tanguy Pierog, HD

• First double-differential forward charged particle 
spectrum at 13 TeV

• High-precision measurement up to 2.3 %
• > factor 10 more accurate than current model spread
• High precision needed to control model extrapolation

• Outlook: Extend to p-Pb and identified hadron spectra

LHCb-PAPER-2021-010-001 in preparation, 
preliminary results presented at Moriond QCD 2021 and Meson 2021



Prospect for proton-oxygen run
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Z. Citron et al., CERN Yellow Rep. Monogr. 7 (2019) 1159-1410

• 200 µb-1 is enough statistics to push statistical error below 5 % in LHCb
• 2 nb-1 (10 x minimum) was requested, also allows to measure charm
• Mid-term budget plan allocated no resources to do oxygen-week in Run 3

– Delay bad for cosmic ray community, critical for LHCf which cannot measure after Run 3
– Strong response by cosmic ray community in open letter from LHCf to LHCC

• Large interest also from heavy-ion community expressed in OppOrtunities workshop 2021 
workshop summary arxiv:2103.01939

https://arxiv.org/abs/2103.01939


Summary & Outlook
• Muon Puzzle in cosmic-ray induced air showers

– Not enough GeV muons produced by all air shower simulations above a few PeV
– Significance of results of meta-analysis robust against

• Removal of individual data sets
• Exhaustive search in space of systematic correlations

– Results with updated z-values to be shown by D. Soldin at the ICRC 2021,
including AGASA points

• Solution to Muon Puzzle requires changes to hadronization in soft-QCD 
interactions
– Natural candidate: universal strangeness enhancement seen by ALICE in pp, p-Pb
– Nuclear effects uncertain: need p-O data with forward acceptance from colliders
– Review of muon puzzle and connection to LHC

J. Albrecht et al., arxiv:2105.06148
submitted to Astrophysics and Space Science (2021)

• Coming soon: double differential cross-section of charged particle production 
in p-p at 13 TeV with LHCb (LHCb-PAPER-2021-010-001)

H. Dembinski - WHISP update 17

https://arxiv.org/abs/2105.06148

