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Main Results at a glance

• Top down scenarios (cosmological
origin) disfavoured.

• UHECR extragalactin origin
• Sources are astrophysical
– Starburst Galaxies, AGN...?

• Hard injection spectra
• Heavier composition
– (compared to expectations)

• Hadronic Physics beyond LHC 
energies
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Air Showers: the
engine

Muons trace the hadronic shower which
is the backbone of the whole cascade

л0 decays are the propellers of the EM 
cascade

Muonic component

Hadronic shower

(mainly pions)

Electromagnetic shower 
(electrons and photons)

Primary: 
Hadron

Primary:
Photon
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The bulk of radiated and 
visible energy comes from 
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Xmax : Mass interpretation
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p-Air cross 
section

L. Cazon EuNPC 2022, Santiago 8

1X

maxX
XD

1X XD maxX

Slant depth, X

Å =

dE
/d

X

Longitudinal Shower profile
#e

ve
nt

s

int1 /

int1

1 l

l
Xe

dX
dp -=

int
int l

s ><
= airm

hl LÛint



L. Cazon EuNPC 2022, Santiago 10

Proton-Air cross section Ralf Ulrich
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Figure 1: The Xmax-distributions in the two energy intervals. The result of the unbinned log-likelihood fit to
derive Λη is shown in the range of the tail fit.

is identified, and only showers with an unbiased Xmax measurement within this range are consid-
ered. This provides the best possible estimate of the shape of the whole Xmax-distribution, but with
a significant cost in terms of available event statistics. This distribution is used to determine the
Xmax-intervals containing the 20% most deeply penetrating showers.

Given this Xmax-interval, the event selection is updated by only requiring an unbiased Xmax-
measurement in the tail region of the distribution. This step increases the available statistics for the
measurement of Λη by a factor of about three. At this stage the Xmax-distributions exist containing
the unbiased tail from Xη ,start = 762.2g/cm2 to Xη ,end = 1009.7g/cm2 for the 1017.8−1018 eV range
and Xη ,start = 782.4g/cm2 to Xη ,end = 1030.1g/cm2 for the 1018−1018.5 eV range. The upper end
of the fit-range, chosen to exclude 0.1% of all available showers, also reduces the sensitivity to any
possible primary photon contribution.

Due to the nature of the analysis, where the exponential tail of a distribution is measured,
it is crucial to consider the Poissonian fluctuations of the data. This is achieved by numerically
optimizing the following unbinned log-likelihood function for the Λη parameter

logL=
Nevts

∑
i=1
log p(Xmax,i;Λη) with (4.1)

p(Xmax;Λη) =
[

Λη
(

e−Xη ,start/Λη − e−Xη ,end/Λη
)]−1

e−Xmax/Λη . (4.2)

The statistical uncertainty of the result is determined using the values of Λη where the likelihood
exceeds logLmin+0.5. For simulated showers the default choice of Xη ,end = ∞ is used, which an-
alytically yields the optimal result Λopt,MCη = ∑Nevts

i=0 (Xmax,i−Xη ,start)/Nevts, and the uncertainty can
be derived from error propagation. The fit-range as well as the result is shown in Fig. 1.

The stability of the measurement of Λη from data is tested by subdividing the data sample
according to the zenith angle and to the distance of showers. The event selection cuts are changed
within their experimental uncertainties. The observed variation of Λη are consistent with statis-
tical fluctuations. The standard deviation of these various observed deviations is considered as a
systematic uncertainty for the measurement of Λη .

5. Determination of σp−air

The value of σp−air is derived from the comparison of ΛMCη , as calculated from full Monte

5

Possible He contamination is the
main source of systematic

uncertainty. 25% He maximum
contamination assumed for sys. 
uncertainties
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Table 1: Measurement of Λη and σp−air in the two energy regions. Statistical uncertainties are quoted in the
same line, while systematic uncertainties are listed explicitly.

1017.8−1018 eV 1018−1018.5 eV
Number of high-quality hybrid events 18090 21270

Determination of the 20% tail range
Range of 99.8% central Xmax-values (g/cm2) 556.6−1009.7 573.3−1030.1
Fiducial selection of 99.8% central range, events 1818 2807
Start of 20% tail range, Xη ,start (g/cm2) 762.2 782.4
Fiducial selection of 20% tail range, number of events 4847 6906

Λη determination
Number of events in tail range 1196 1384
Power-law slope of energy distribution −0.65±0.31 1.85±0.28
Average energy (eV) 1017.90 1018.22

Corresponding√spp (TeV) 38.7 55.5
Energy scale uncertainty on√spp (TeV) 2.5 3.6
Λη (g/cm2) 60.7±2.1 57.4±1.8
Λη , systematic uncertainties (g/cm2) 1.6 1.6

σp−air determination
EPOS-LHC (mb) 466.1 494.1
QGSJetII.04 (mb) 458.7 487.9
SIBYLL 2.1 (mb) 447.8 475.3
Central value, all models (mb) 457.5±17.8 485.8±15.8

σp−air uncertainties
Λη , systematic uncertainties (mb) 13.5 14.1
Hadronic interaction models (mb) 10 10
Energy scale uncertainty, ΔE/E = 14% (mb) 2.1 1.3
Conversion of Λη to σp−air (mb) 7 7
Photons (mb) 4.7 4.2
Helium, 25% (mb) -17.2 -15.8
Total systematic uncertainty on σp−air (mb) +19/-25 +19/-25

energy deposit, Xmax, can be reconstructed with a resolution of 25.0± 1.1 g/cm2 at 1017.8 eV and
18.6±1.1 g/cm2 at 1018.5 eV. This includes uncertainties e.g. from the atmospheric density profile.

The available data sample is divided into two energy intervals, one ranging from 1017.8 to
1018 eV and the other from 1018 to 1018.5 eV with 18090 and 21270 events, respectively. All steps
and results of the analysis are summarized in Tab. 1.

4. Measurement of Λη

In both energy ranges selected for the measurement the Xmax-range is determined indepen-
dently in a two step procedure. First, the Xmax-interval containing the 99.8% most central events
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Figure 2: Conversion of Λη to σp−air. The simulations includes all detector resolution effects, while the data
is corrected for acceptance effects. The solid and dashed lines show the Λη measurement and its projection
to σp−air as derived using the average of all models.

earlier studies it was shown that primary particles heavier than Helium have only negligible impact
on the analysis. The consequence of helium on the result is studied with simulations by produc-
ing samples of mixed proton-helium composition and testing the response of the analysis. There
are indications that the helium content in the used data is not larger than on the order of 25% [3],
which is also the number used in the past for this purpose. The impact of 25% helium on the cross
section result is thus considered as systematic uncertainty towards smaller values of σp−air. The
contamination with primary photons is excluded to be larger than 0.5% in the energy range under
investigation [14] and the impact on the cross section is added as systematic uncertainty towards
larger values of σp−air.

6. Results and summary

An updated measurement of the proton-air cross section with hybrid data of the Pierre Auger
Observatory is presented. The result is shown in Fig. 3 and compared to previous measurements and
model predictions. With respect to the previous measurement, the number of events is increased
by about a factor of four. The measured value of Λη = 57.4± 1.8g/cm2 in the energy range
1018− 1018.5 eV is within 0.5 standard-deviations from the previous measurement. The statistical
uncertainty of the measurement is consistent with a scaling by 1/

√
N.

New hadronic interaction models, EPOS-LHC and QGSJetII.04, which are tuned to LHC data,
are used for the conversion of Λη to σprodp−air. It is interesting to note, that the difference between
these two models has changed by almost a factor of two with respect to the models prior to tuning
to LHC data (EPOS-1.99 and QGSJetII.03). However, currently we keep also the SIBYLL 2.1
model as part of the analysis in order to get a more diverse estimation of the underlying modeling
uncertainties. Since SIBYLL has not changed with respect to the previous analysis and both EPOS-
LHC as well as QGSJetII.04 consitently predict larger values of σp−air, the use of SIBYLL 2.1 leads
to a slightly smaller central value of the final measurement and, even more relevant, a larger model-
dependence. This will be revisited as soon as the next version of SIBYLL, also tuned to the LHC
data, will be released for air shower simulations. It is a very interesting question, whether the trend
observed with EPOS and QGSJetII continues and the overal model-dependence is further reduced.
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Inelastic proton-proton cross section

Extended Glauber conversion with inelastic screening + propagation of modeling uncertainties
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Lower energy point
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Higher energy point
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(Model uncertainties may be underestimated, since there are other theoretical models available for the conversion)
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Proton-air cross section

log Energy [E/eV]
   

 [m
b]

p-
ai

r
σ

200

300

400

500

600

700

800

EPOS-LHC

QGSJETII-04

SIBYLL-2.1

 Nam et al. 1975
Siohan et al. 1978
Baltrusaitis et al.1984
H. Mielke et al.1994
Honda et al.1999
Knurenko et al.1999
Belov et al.2007
I. Aielli et al.2009
Aglietta et al.2009
Telescope Array 2015
Auger PRL2012
This Work 2015

Energy    [eV]
1310 1410 1510 1610 1710 1810 1910 2010

    [TeV]ppsEquivalent c.m. energy 
-110 1 10 210

Results, σp−air in mb

Lower energy point
457.5±17.8(stat)+19/-25(syst)

Higher energy point
485.8±15.8(stat)+19/-25(syst)

Ralf Ulrich for the Pierre Auger Collaboration 12



Muon Production Depth : < X
µ

max
>

700 750 800 850
]2 > [g/cmmax< X

450

500

550

600

]2
 >

 [g
/c

m
m

ax
µ

 <
 X

 eV19.455-65 deg, E=10
Auger PRD14
QGSJetII-04
EPOS-LHC

Fe

p

Auger PRD 90 (2014)012012
L. Cazon EuNPC 2022, Santiago 13

Muon Production Depth profile can be estimated from the muon arrival times distributions

Muons are produced in the shower axis

Muons travel following straight lines



Fit the muon density in stations

where N19 free parameter
And ρµ,19 (x,y) is fixed, corresponding to 
proton QGSJetII-03 at 1019 eV

Ratio of the total number of muons Nµ to 
Nµ,19  (proton QGSJetII-03 at 1019 eV)

Correspondence (<5% bias correction)

Number of muons in 
Inclined Showers
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),(19,19 yxN µµ rr =

19,/ µµµ NNR =

µRN Û19

62<Θ<80 deg
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Muon deficit in sims, and also deficit on energy derivative (muon gain)



• Find simulations which match FD profile, 
for each event

• Compare SD signals for simulations and
data

• Rescale muon content until simulated SD 
best match data
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Paper Layout 

• Introduction 
• EAS components 

• Measurement of the muon 
content in vertical and 
inclined events 

• Determination of a hadronic 
and energy scaling factor 
 

• Muon Production Depth 
 

• Conclusions 
L Cazon. HadInt Meeting 22 April 2014 

Number of Muons and Energy Scale 
from Vertical Showers



• No energy rescaling is needed

•The observed muon signal is a factor 
1.3 to 1.6 larger than predicted by 
models
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Underground Muon Detector
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Working Group on Hadronic 
Interactions and Shower Physics

8 sigma significance
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Auger Collab. PRL 126 (2021) 15, 152002

Muon Fluctuations

Fluctuations are sensitive to the first
interation.
Muon average number missmatch
cannot be explained solely due to a 
missmath in the 1st interaction. 
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Preliminary: 
Models predict 

too deep < Xmax >



Conclusions
• σp-Air for particle production

• Muon Production Depth  missmath provides further constraints in hadronic 
models

• Measurements of muon production

– Muon rescaling factor 1.3-1.6
• Also models present less muon number derivative wrt energy

• WHISP confirms high significance. Missmath starts around 1E16 eV

• Intense Theoretical/phenomenological activity
– Quark Gluon Plasma – Core Corona effect

– Strange fireball

– ...
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