
Overview on UHECR 
Interactions and Air Showers

1

Ralph Engel


Karlsruhe Institute of Technology (KIT)
(F. Schmidt & J. Knapp)



Energy      (eV/particle)
1310 1410 1510 1610 1710 1810 1910 2010 2110

)
1.

5
 e

V
-1

 s
r

-1
 s

-2
 J

(E
)  

 (m
2.

5
Sc

al
ed

 fl
ux

   
E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy  
210 310 410 510 610

-p)γHERA (
RHIC (p-p)

Tevatron (p-p) 13 TeV7 TeV
LHC (p-p)

100 TeV
FCC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (SIBYLL 2.1)
KASCADE-Grande
Tibet ASg (SIBYLL 2.1)
IceTop

Telescope Array
Pierre Auger Obs.

Cosmic ray flux and interaction energies

Center-of-mass energy

Laboratory energy

π
π

π
π

p

ν
µ

p

K

p p

p

air
2



Expectation from simulations
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Longitudinal profile: 
Cherenkov light 
Fluorescence light 
(bulk of particles measured)

Lateral profiles: 
particle detectors at ground 
(very small fraction of particles sampled)

(RE, Pierog, Heck, ARNPS 2011)



Muon production at large lateral distance

Energy distribu.on of last interac+on 
that produced a detected muon

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘

µ+ νµ
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Muon observed at 1000 m from core

µ+

π+

ν

π+

(Maris et al. ICRC 2009)

Typically 8-10 
interac.ons

Ep±,dec ⇠ 30GeV
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Importance of hadronic interactions at different energiesSensitivity of Air Showers to Interactions
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Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers are sensitive to the hadronic cascade over all
energies
→ Large problem in predicting the overall muon number is small

problem on the level of individual interactions

Ralf Ulrich, ralf.ulrich@kit.edu 17

Sensitivity of Air Showers to Interactions
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Muons:  8 – 12 generations,
majority of muons produced  
in ~30 GeV interactions

Shower particles produced in 100 
interactions of highest energyElectrons

Muons

Electrons/photons: 
high-energy interactions

Muons/hadrons: 
low-energy interactionsLow-energy 

interactions

(Ulrich APS 2010) 5



Systematic study of relation to interaction properties
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PoS(ICRC2021)037

Muon Puzzle and LHC Hans Dembinski

Figure 3: Impact of modifying the inelastic cross-section, the hadron multiplicity, the elasticity (energy
fraction carried by the most energetic particle), and the fraction of neutral pions produced on the muon
number #` and its fluctuations, as well as the depth of shower maximum and its fluctuations, for a proton
shower with 1019.5 eV simulated with SIBYLL-2.1 as the baseline. The modifications are shown as a function
of the energy-dependent scale factor at the LHC energy scale of 13 TeV. Points represent the simulations
results, line are empirical fits to guide the eye. Data from Ref. [16], image from Ref. [4].

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

' =
⇢em

⇢had
, (4)

where ⇢em is the electromagnetic energy flow from photons and electrons, while ⇢had is the hadronic
energy flow, and the average is taken over the phase-space of the secondaries. The energy ratio '

is a function of pseudo-rapidity [ and its value at large [ is most important. The relationship to U

is ' = (1 � U)/U, if U is considered as an energy fraction.
These analytical results were refined with full air shower simulations [16], in which basic

features of hadronic interactions were modified ad-hoc with an energy-dependent scale factor to
study the sensitivity of air shower observables on these features. The relevant results of this study

6

(Dembinski, ICRC 2021, Albrecht et al. Astrophys. Space Science 2022)

(Ulrich et al. Phys. Rev. D 83 (2011) 054026 )

Motivation for a Measurement Around 1018 eV
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Challenge of limited phase space coverage
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Fig. 15 Simulated densities of
prompt particles (solid lines) in
high-energy p-p, p-Pb, and p-O
collisions. Dashed lines show
the estimated number of muons
produced by the secondaries if
they were propagated through
the atmosphere, assuming
Nµ ∝ E0.93

lab , where Elab is the
energy of the secondaries in the
boosted system

Because of the limited ability of most current hadronic
interaction models to describe heavy-ion collisions, the LHC
configurations with p-Pb, Pb-Pb, and Xe-Xe currently can-
not be fully used for parameter tuning and model validation.
This is a severe drawback in regard to the rich results ob-
tained with the heavy ion program of the LHC and the re-
cent discovery of QGP-like effects in light systems includ-
ing p-Pb from p-p. LHC collisions with lighter nuclei are
needed to resolve this limitation.

Basic features of hadronic interactions which are impor-
tant for air shower simulation are shown in Fig. 16, compare

with Sect. 2.8. The inelastic cross-section has a high im-
pact on the predicted value of the depth of shower maximum
Xmax but not on the muon number Nµ. LHC measurements
have constrained the inelastic p-p cross-section to very high
precision and resolved the 1.9σ ambiguity in earlier Teva-
tron data (Abe et al. 1994; Amos et al. 1992). The measure-
ment of the p-Pb inelastic cross section (Khachatryan et al.
2016) at 5.02 TeV is also important, since it validated the
standard Glauber model to better than ≈ 10%. This had a
noted impact on the systematic uncertainty of Xmax predic-
tions. There is still a remaining uncertainty in the extrapo-
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Fig. 17 Acceptances of the LHC experiments ALICE, ATLAS, CMS,
LHCb, TOTEM, and LHCf, see Abelev et al. (2014d), Aad et al. (2008,
2009), Bayatian et al. (2006), Surányi et al. (2021), Alves et al. (2008),
Aaij et al. (2015a), Khachatryan et al. (2021), Adriani et al. (2008),
Anelli et al. (2008) for details. In the legend, a tracker follows indi-
vidual particles in a magnetic field, while a counter measures particle
densities in η-intervals. Muon refers to a special muon tracker, PID
refers to the ability to identify individual particles, ECal and HCal refer
to electromagnetic and hadronic calorimeters, respectively. The inner
part |η| < 1 of the CMS tracker is partially marked red to indicate its
PID capabilities for particles with pT ! 2 GeV c−1. Similarly, the ac-
ceptance |η| > 8.4 of the LHCf experiment around ATLAS is partially
marked brown to indicate its capability to measure neutrons

have more than 10000 tracks at |η| < 0.5. The electro-
magnetic calorimeter (ECal) partially covers the same re-
gion as the PID system, it captures photons and provides
electron identification. ALICE has no hadronic calorime-
ter (HCal), since it would not provide significant addi-
tional information. A small single-arm muon system in
the backward region capture muons from decays of charm
and beauty. A system of charged-particle counters with-
out tracking capabilities extends the acceptance of AL-
ICE into the forward and backward region. A sophisti-
cated system of zero-degree calorimeters (ZDCs) detects
protons, neutrons, and photons emitted at small beam an-
gles.

ALICE has provided a wealth of high-precision data
of identified hadron spectra at mid-rapidity, differential
production cross-sections as a function of η, pT, and
multiplicity, which have been one of the main sources
for parameter tuning and validation of hadronic interac-
tion models. The models are tightly constrained at mid-
rapidity by these measurements; they fix the multiplici-
ties of various light hadrons, the average charged parti-
cle multiplicity, the multiplicity spectrum. Various QGP-
like effects at mid-rapidity have also been discovered,
the strangeness enhancement is most important for air
showers which may have a profound impact on the mod-
els beyond tuning. The backward muon system has been
used to measure the differential production cross-sections
of D and B mesons, which are inputs to constrain the
heavy-quark parton density functions of the free proton
and the bound nucleon. These in turn are used to predict
the prompt atmospheric lepton flux which forms the prin-
cipal background for high-energy neutrino observatories.

• ATLAS is a general purpose symmetric spectrometer with
wide acceptance (Aad et al. 2008, 2009). The systems or-
dered by increasing pseudorapidity are: the central tracker
with |η| < 2.5, the muon system with |η| < 2.7, the ECal
with |η| < 3.2, and the HCal with |η| < 4.9. Notable is
the ALFA Roman Pot system to precisely measure the to-
tal and elastic cross-section via the optical theorem. AT-
LAS profits from combined measurements with the LHCf
experiment, which is described further below.

Relevant strengths of ATLAS are its wide acceptance,
the precisely measured luminosity, and its ability to com-
bine measurements with LHCf. The collaboration has
measured charged particle spectra in the central region as
a function of pT with high precision at the level of 1%
at mid-rapidity and the forward energy flow, which con-
strain the hadron multiplicity in models. The wide accep-
tance was used to measure the cross-section for diffrac-
tive events, interactions in which the beam particles ex-
change no colour. The inelasticity of a hadronic interac-
tion is sensitive to these interactions, which produce very
few but high-energy particles far forward. Thanks to its
ALFA detectors, ATLAS provided the most precise mea-
surements of the inelastic p-p cross-section so far, a direct
input for hadronic models which extrapolate this to p-air
and higher energies.

• CMS is the second general purpose symmetric spectrom-
eter at LHC (Bayatian et al. 2006). The systems ordered
by increasing pseudorapidity are: the central tracker and
the muon system with |η| < 2.4, the ECal with |η| < 3,
and the HCal with |η| < 5. A system of zero-degree
calorimeters (Surányi et al. 2021) detects neutral particles
emitted at extremely small beam angles. Notable is also
the single-arm very forward calorimeter system CAS-
TOR (Khachatryan et al. 2021), which covers −6.6 < η <

(Albrecht et al. Astrophys. Space Science 2022)



Challenge of limited phase space coverage

(Ulrich, DPG 2014)
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(data from all LHC experiments, CMS shown as example)
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Relevance of Collider Experiments

central

forward

Central (|⌘| < 1)

Endcap (1 < |⌘| < 3.5)

Forward (3 < |⌘| < 5), HF

CASTOR+T2 (5 < |⌘| < 6.6)

FSC (6.6 < |⌘| < 8)

ZDC (|⌘| > 8), LHCf

How relevant are specific
detectors at LHC for air
showers?

! Simulate parts of shower
individually.

ralf.ulrich@kit.edu UHECR and their interactions 17



Electromagnetic energy and energy transfer
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At high energy:  model dependence of correction to obtain total energy small

(RE, Pierog, Heck, ARNPS 2011)
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Universality features of high-energy shower profiles
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Transverse distance of µ± production / p± decay
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<latexit sha1_base64="ovb/R47c8d3EXChUkvujt03ZKGg=">AAAB7XicbZC7SgNBFIbPeo3rLWppsxgEq7Bro40YtLGMYC6QLOHsZDYZMzuzzMwKYQn4CDYWitj6KPZ2vo2TS6GJPwx8/P85zDknSjnTxve/naXlldW19cKGu7m1vbNb3Nuva5kpQmtEcqmaEWrKmaA1wwynzVRRTCJOG9Hgepw3HqjSTIo7M0xpmGBPsJgRNNaqt5GnfewUS37Zn8hbhGAGpctP9+IRAKqd4le7K0mWUGEIR61bgZ+aMEdlGOF05LYzTVMkA+zRlkWBCdVhPpl25B1bp+vFUtknjDdxf3fkmGg9TCJbmaDp6/lsbP6XtTITn4c5E2lmqCDTj+KMe0Z649W9LlOUGD60gEQxO6tH+qiQGHsg1x4hmF95Eeqn5cAvB7d+qXIFUxXgEI7gBAI4gwrcQBVqQOAenuAFXh3pPDtvzvu0dMmZ9RzAHzkfP/l5kOE=</latexit><latexit sha1_base64="lDPCY4WRCoJi/VxTSfHbOhlVsK4=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZN7oRi25cVrAXaEs5k2ba2EwSkoxQhr6DGxeKuHHho7h3I76N6WWhrT8EPv7/HHLOiRRnxgbBt5dbWl5ZXcuv+xubW9s7hd29mpGpJrRKJJe6EYGhnAlatcxy2lCaQhJxWo8GV+O8fk+1YVLc2qGi7QR6gsWMgHVWrQVc9aFTKAalYCK8COEMihcf/rl6+/IrncJnqytJmlBhCQdjmmGgbDsDbRnhdOS3UkMVkAH0aNOhgISadjaZdoSPnNPFsdTuCYsn7u+ODBJjhknkKhOwfTOfjc3/smZq47N2xoRKLRVk+lGccmwlHq+Ou0xTYvnQARDN3KyY9EEDse5AvjtCOL/yItROSmFQCm+CYvkSTZVHB+gQHaMQnaIyukYVVEUE3aEH9ISePek9ei/e67Q058169tEfee8/6wiSVQ==</latexit><latexit sha1_base64="lDPCY4WRCoJi/VxTSfHbOhlVsK4=">AAAB7XicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZN7oRi25cVrAXaEs5k2ba2EwSkoxQhr6DGxeKuHHho7h3I76N6WWhrT8EPv7/HHLOiRRnxgbBt5dbWl5ZXcuv+xubW9s7hd29mpGpJrRKJJe6EYGhnAlatcxy2lCaQhJxWo8GV+O8fk+1YVLc2qGi7QR6gsWMgHVWrQVc9aFTKAalYCK8COEMihcf/rl6+/IrncJnqytJmlBhCQdjmmGgbDsDbRnhdOS3UkMVkAH0aNOhgISadjaZdoSPnNPFsdTuCYsn7u+ODBJjhknkKhOwfTOfjc3/smZq47N2xoRKLRVk+lGccmwlHq+Ou0xTYvnQARDN3KyY9EEDse5AvjtCOL/yItROSmFQCm+CYvkSTZVHB+gQHaMQnaIyukYVVEUE3aEH9ISePek9ei/e67Q058169tEfee8/6wiSVQ==</latexit><latexit sha1_base64="lcOwBPb7yhcY0EtAe2eq5ODmMiE=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2NlkEbywjmA5IjzG32kjV7u8funhCO/AcbC0Vs/T92/hs3yRWa+GDg8d4MM/OiVHBjff/bW1vf2NzaLu2Ud/f2Dw4rR8ctozJNWZMqoXQnQsMEl6xpuRWsk2qGSSRYOxrfzvz2E9OGK/lgJykLExxKHnOK1kmtHop0hP1K1a/5c5BVEhSkCgUa/cpXb6BoljBpqUBjuoGf2jBHbTkVbFruZYalSMc4ZF1HJSbMhPn82ik5d8qAxEq7kpbM1d8TOSbGTJLIdSZoR2bZm4n/ed3MxtdhzmWaWSbpYlGcCWIVmb1OBlwzasXEEaSau1sJHaFGal1AZRdCsPzyKmld1gK/Ftz71fpNEUcJTuEMLiCAK6jDHTSgCRQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AGKQY8U</latexit>

l
<latexit sha1_base64="6ZlmmrUiGHW03UPckYFBgBLVdkQ=">AAAB6HicbZC7SwNBEMbn4ivGV9TSZjEIVuHORhsxaGOZgHlAcoS9zVyyZm/v2N0TwhGwt7FQxNZ/xt7O/8bNo9DEDxZ+fN8MOzNBIrg2rvvt5FZW19Y38puFre2d3b3i/kFDx6liWGexiFUroBoFl1g33AhsJQppFAhsBsObSd58QKV5LO/MKEE/on3JQ86osVZNdIslt+xORZbBm0Pp6rNw+QgA1W7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9ti5JGqP1sOuiYnFinR8JY2ScNmbq/OzIaaT2KAlsZUTPQi9nE/C9rpya88DMuk9SgZLOPwlQQE5PJ1qTHFTIjRhYoU9zOStiAKsqMvU3BHsFbXHkZGmdlzy17NbdUuYaZ8nAEx3AKHpxDBW6hCnVggPAEL/Dq3DvPzpvzPivNOfOeQ/gj5+MHQhCOuQ==</latexit><latexit sha1_base64="dHUYJK9eryCDPOq+ww2BWSJXE6k=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVEZ18wSt6E5FF8GdQuPxwL5L3L7fcyX+2ujFLI5SGCap10/cS086oMpwJHLmtVGNC2YD2sGlR0gh1O5sMOiLH1umSMFb2SUMm7u+OjEZaD6PAVkbU9PV8Njb/y5qpCc/bGZdJalCy6UdhKoiJyXhr0uUKmRFDC5QpbmclrE8VZcbexrVH8OdXXoTaadH3in7FK5SuYKocHMIRnIAPZ1CCGyhDFRggPMATPDt3zqPz4rxOS5ecWc8B/JHz9gMzn5At</latexit><latexit sha1_base64="dHUYJK9eryCDPOq+ww2BWSJXE6k=">AAAB6HicbZC7SgNBFIbPeo3rLWppMxgEq7Bro40YtLFMwFwgCWF2cjYZMzu7zMwKYckT2FgoYqsPY28jvo2TS6GJPwx8/P85zDknSATXxvO+naXlldW19dyGu7m1vbOb39uv6ThVDKssFrFqBFSj4BKrhhuBjUQhjQKB9WBwPc7r96g0j+WtGSbYjmhP8pAzaqxVEZ18wSt6E5FF8GdQuPxwL5L3L7fcyX+2ujFLI5SGCap10/cS086oMpwJHLmtVGNC2YD2sGlR0gh1O5sMOiLH1umSMFb2SUMm7u+OjEZaD6PAVkbU9PV8Njb/y5qpCc/bGZdJalCy6UdhKoiJyXhr0uUKmRFDC5QpbmclrE8VZcbexrVH8OdXXoTaadH3in7FK5SuYKocHMIRnIAPZ1CCGyhDFRggPMATPDt3zqPz4rxOS5ecWc8B/JHz9gMzn5At</latexit><latexit sha1_base64="uqw8aWD0vsMutD3NXxXNfc+GkKs=">AAAB6HicbVBNT8JAEJ3iF+IX6tHLRmLiibRe9Ej04hESCyTQkO0yhZXtttndmpCGX+DFg8Z49Sd589+4QA8KvmSSl/dmMjMvTAXXxnW/ndLG5tb2Tnm3srd/cHhUPT5p6yRTDH2WiER1Q6pRcIm+4UZgN1VI41BgJ5zczf3OEyrNE/lgpikGMR1JHnFGjZVaYlCtuXV3AbJOvILUoEBzUP3qDxOWxSgNE1TrnuemJsipMpwJnFX6mcaUsgkdYc9SSWPUQb44dEYurDIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzqdgQvNWX10n7qu65da/l1hq3RRxlOINzuAQPrqEB99AEHxggPMMrvDmPzovz7nwsW0tOMXMKf+B8/gDSyYzs</latexit>
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<latexit sha1_base64="8iVDoAKsbPlcubAdkddxxIYPy2s=">AAACFnicbVC7TsMwFL3hWcqrwMhiUSGxtEpYYKOChQm1En1Ibakcx2mtOollO0hVFIl/YOFXWBhAiBXYmPgVnLYDtBzJ0vE598o+xxWcKW3bX9bC4tLyympuLb++sbm1XdjZbagoloTWScQj2XKxopyFtK6Z5rQlJMWBy2nTHV5kfvOWSsWi8FqPBO0GuB8ynxGsjdQrlDq+xCTxrtLEQ6KnU9QRMhI6yi6I3kzsUuYktbRXKNpleww0T5wpKVbOvj/uAKDaK3x2vIjEAQ014ViptmML3U2w1IxwmuY7saICkyHu07ahIQ6o6ibjWCk6NIqH/EiaE2o0Vn9vJDhQahS4ZjLAeqBmvUz8z2vH2j/tJiwUsaYhmTzkxxyZ1FlHyGOSEs1HhmAimfkrIgNsitCmybwpwZmNPE8ax2XHLjs108Y5TJCDfTiAI3DgBCpwCVWoA4F7eIRneLEerCfr1XqbjC5Y0509+APr/QeWQKKI</latexit><latexit sha1_base64="kiSi3zvfWYpcvRVQlk/XjTxuMDo=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWulHBABNqJfqQmhI5jtNadRLLdhBVlF/Bwl9hYQAhVmBj4q/gtB2g5SRL57vvk33ncUalsqwvY2FxaXlltbBWXN/Y3No2d3ZbMk4EJk0cs1h0PCQJoxFpKqoY6XBBUOgx0vaG57nfviVC0ji6ViNOeiHqRzSgGCktuWbZCQTCqX+VpT7krsqgw0XMVZxfILmZ2OXcSRuZa5asijUGnCf2lJRqp98fd+XqRd01Px0/xklIIoUZkrJrW1z1UiQUxYxkRSeRhCM8RH3S1TRCIZG9dBwrg4da8WEQC30iBcfq740UhVKOQk9PhkgN5KyXi/953UQF1V5KI54oEuHJQ0HCoE6ddwR9KghWbKQJwoLqv0I8QLoIpZss6hLs2cjzpHVcsa2K3dBtnIEJCmAfHIAjYIMTUAOXoA6aAIN78AiewYvxYDwZr8bbZHTBmO7sgT8w3n8AcT2jLA==</latexit><latexit sha1_base64="kiSi3zvfWYpcvRVQlk/XjTxuMDo=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWulHBABNqJfqQmhI5jtNadRLLdhBVlF/Bwl9hYQAhVmBj4q/gtB2g5SRL57vvk33ncUalsqwvY2FxaXlltbBWXN/Y3No2d3ZbMk4EJk0cs1h0PCQJoxFpKqoY6XBBUOgx0vaG57nfviVC0ji6ViNOeiHqRzSgGCktuWbZCQTCqX+VpT7krsqgw0XMVZxfILmZ2OXcSRuZa5asijUGnCf2lJRqp98fd+XqRd01Px0/xklIIoUZkrJrW1z1UiQUxYxkRSeRhCM8RH3S1TRCIZG9dBwrg4da8WEQC30iBcfq740UhVKOQk9PhkgN5KyXi/953UQF1V5KI54oEuHJQ0HCoE6ddwR9KghWbKQJwoLqv0I8QLoIpZss6hLs2cjzpHVcsa2K3dBtnIEJCmAfHIAjYIMTUAOXoA6aAIN78AiewYvxYDwZr8bbZHTBmO7sgT8w3n8AcT2jLA==</latexit><latexit sha1_base64="IfDeecFmw0xHvpF2NAXdKWX5YGs=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWGCtYmFAr0YfUhshxnNaqE1u2g1RF+RUs/BUWBhBiRWz8G5w2A7ScZOl8932y7wLBqNKO822trK6tb2xWtqrbO7t7+/bBYVfxVGLSwZxx2Q+QIowmpKOpZqQvJEFxwEgvmFwXfu+BSEV5cqengngxGiU0ohhpI/l2fRhJhLPwNs9CKHydw6GQXGheXCC5n9v1wsnauW/XnIYzA1wmbklqoETLt7+GIcdpTBKNGVJq4DpCexmSmmJG8uowVUQgPEEjMjA0QTFRXjaLlcNTo4Qw4tKcRMOZ+nsjQ7FS0zgwkzHSY7XoFeJ/3iDV0aWX0USkmiR4/lCUMmhSFx3BkEqCNZsagrCk5q8Qj5EpQpsmq6YEdzHyMumeN1yn4badWvOqrKMCjsEJOAMuuABNcANaoAMweATP4BW8WU/Wi/VufcxHV6xy5wj8gfX5A/aQn9k=</latexit>

cQ ' 0.2GeV
<latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit>
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Physics of muon production and number fluctuations
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FIG. 7. Search for detector ageing e↵ects. Shown are results of the unfolding method applied to subsets of the data, which are
split according to area-over-peak (AoP), average tank age (Tage), event time in years since 2004, and by fluorescence detector
building (LL = Los Leones, CO = Coihueco, LM = Los Morados, LA = Loma Amarilla). The original data (open squares)
shows hints of a drift, most visibible in average tank age. We fit the drift (red line with error band) and correct by it, and
apply the unfolding again to the corrected subsets (black circles). The correction also removes hints of drifts in AoP and age
of the experiment, and introduce a slight displacement for events recorded by Los Leones. The P-values indicate the chance
probability to find such deviations if the truth is a constant (dotted line) in the corrected data set.

FIG. 8. Result of the unfolding method applied to disjunct subsets of the data, split by zenith angle ✓ and azimuth angle �.
The results are displayed in the same style as Fig. 7. Only the corrected data set is shown since the correction has no significant
e↵ect on these splits.
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As the energy fraction at generation i is the result of
averaging the energy fraction of preceding m1 · m2 ·

... · mi�1 reactions within the shower, the fluctuations510

exponentially decrease with the generation number as
�(↵i) / 1/

p
m1 · m2 · ... · mi�1, and thus Nµ fluctuations

are dominated by the fluctuations in the 1st interaction
[30] (for instance, in p-Air interactions ⇠ 70% of the vari-
ance is due to the first interaction) . This picture can be515

easily generalized for the case of nuclear primaries: bycarries 70% of the fluctuations for protons!!! 
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The PMT analogy

28

• An exotic model that saturates 
• for instance no π0 decay, or no π0 production

• Would result in
• muon fluctuations will be suppressed and dominated by 2nd 3rd interactions (~ 4% 5%)28
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rp < 22m

p± µ±

Lateral distance 
59% of all muons

70% of fluctuations from first interaction

Lorenzo Cazon et al. 
Astropart. Phys. 36 (2012) 211 
Phys. Lett. B784 (2018) 68 
Phys. Rev. D103 (2021) 022001
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Universality Muon Distributions
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(Cazon, Epiphany Conference 2022, Cazon et al. JCAP 2023)



Muon production in hadronic showers
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Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions:  

• cascade stops at 

• each hadron produces one muon 

Epart = Edec

(Matthews, Astropart.Phys. 22, 2005)

E0/(ntot)
n

E0/(ntot)
2

E0/ntot

E0
ntot = np0 +nch

(nch)
2

(nch)
n

nch

o 
o 
o 
o

Pion decay energy ~30 GeV, 
Typically 8-12 generations

Nµ =

✓
E0

Edec

◆b

b =
lnnch

lnntot
⇡ 0.82 . . .0.95



Muon production depends on hadronic energy fraction

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-An+baryon pair produc+on   (Pierog, Werner 2008) 
• Baryon number conserva.on 
• Low-energy par.cles: large angle to shower axis 
• Transverse momentum of baryons higher 
• Enhancement of mainly low-energy muons

Baryon 
sub-shower

Meson 
sub-shower

Decay of 
leading par.cle 
stops hadronic 
sub-cascade

(Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

3 Leading par+cle effect for pions    (Drescher 2007, Ostapchenko 2016) 
• Leading par.cle for a π could be ρ0 and not π0 
• Decay of ρ0 to 100% into two charged pions

4 New hadronic physics at high energy   (Farrar, Allen 2012, Salamida 2009) 
• Inhibi.on of π0 decay (Lorentz invariance viola.on etc.) 
• Chiral symmetry restaura.on

30% chance to have
π0 as leading particle

15Several of these effects: Core-Corona model (Pierog et al.)

p�

2 Enhanced kaon/strangeness produc+on (Anchordoqui et al. arXiv:2202.03095) 
• Similar effects as baryon pairs 
• Decay at higher energy than pions (~600 GeV)

p0 ! gg

r0 ! p+p�



06/28/16 Felix Riehn - Auger Analysis Meeting 2016 6

Leading vector mesons

Pion - Proton Pion - CarbonCrossing not described

Rho production in π-p interactions (Sibyll 2.1 ➞ Sibyll 2.3)

16(Riehn et al., ICRC 2015)

xF = pk/pmax

Elab = 250GeV

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

06/28/16 Felix Riehn - Auger Analysis Meeting 2016 8

Leading vector mesonsLeading particle production



ρ0 and p̄ Production in π−-C at 158 GeV/c
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• forward ρ0 can replace π0 → γγ

• p̄ is proxy for baryon production (p, p̄, n, n̄)

16/20

NA61 experiment at CERN SPS

17

p�C ! p̄ X
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Fig. 3 An example of a π− + C interaction at 158 GeV/c measured in the NA61/SHINE detector (top view). The measured points (green dots)
are used to fit tracks (red lines) to the interaction point. The black dots show the noise clusters and the red dots show matched Time of Flight hits
(not used in this analysis)

Detector parameters were optimised using a data-based
calibration procedure which also took into account their time
dependences. Minor adjustments were determined in consec-
utive steps for:

(i) detector geometry and TPC drift velocities and
(ii) magnetic field map.

Each step involved reconstruction of the data required to
optimise a given set of calibration constants and time depen-
dent corrections followed by verification procedures. Details
of the procedure and quality assessment are presented in
Ref. [39].

The main steps of the data reconstruction procedure are:

(i) finding of clusters in the TPC raw data, calculation of
the cluster centre-of-gravity and total charge,

(ii) reconstruction of local track segments in each TPC sep-
arately,

(iii) matching of track segments into global tracks,
(iv) fitting of the track through the magnetic field and deter-

mination of track parameters at the first measured TPC
cluster,

(v) determination of the interaction vertex using the beam
trajectory fitted in the BPDs and the trajectories of
tracks reconstructed in the TPCs (the final data anal-
ysis uses the middle of the target as the z-position,
z = −580 cm) and

(vi) refitting of the particle trajectory using the interaction
vertex as an additional point and determining the par-
ticle momentum at the interaction vertex.

An example of a reconstructed π− + C interaction at
158 GeV/c is shown in Fig. 3. Amongst the many tracks
visible are five long tracks of three negatively charged and
two positively charged particles, with momentum ranging
5−50 GeV/c.

A simulation of the NA61/SHINE detector response is
used to correct the measured raw yields of resonances. For the
purposes of this analysis, the Epos 1.99 model was used for
the simulation and calculation of correction factors. DPM-
Jet 3.06 [40] was used as a comparison for estimation of
systematic uncertainties. The choice of Epos was made due
to both the number of resonances included in the model, as
well as the ability to include the intrinsic width of these res-
onances in the simulation. Epos 1.99 rather than Epos LHC
was used as it is better tuned to the measurements at SPS
energies [41].

The simulation consists of the following steps:

(i) generation of inelastic π− + C interactions using the
Epos 1.99 model,

(ii) propagation of outgoing particles through the detec-
tor material using the Geant 3.21 package [42] which
takes into account the magnetic field as well as rel-
evant physics processes, such as particle interactions
and decays,
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Fig. 12 Scaled xF-spectra of ρ0 mesons, xF dn/dxF, in π− + C pro-
duction interactions at 158 (left) and 350 GeV/c (right). The error bars
show the statistical, the bands indicate systematic uncertainties. The

lines depict predictions of hadronic interaction models: dashed red –
Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
green – QGSJet II- 04, red – EposLHC, black – Sibyll 2.3
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Fig. 13 Scaled xF-spectra of ω (left) and K∗0 (right) mesons,
xF dn/dxF, in π− + C production interactions at 158 GeV/c. The error
bars show the statistical, the bands indicate systematic uncertainties.

The lines depict predictions of hadronic interaction models: dashed red
– Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
red – EposLHC, black – Sibyll 2.3

ment with the measurement only at xF ! 0.6. Sibyll 2.3 and
Sibyll 2.1 predict a too low number of K∗0 mesons at all xF
values.

The ratio between combinations of the three meson mea-
surements are shown in Fig. 21 in Appendix E, where it can
be seen that no model can consistently describe the results.

The comparison between results from this analysis to mea-
surements of other experiments are presented in Fig. 14 for
ρ0 and ω mesons. The two other experiments shown are
NA22 [17] and LEBC-EHS (NA27) [57], both of which used
a hydrogen target. NA22 had a π+ beam at 250 GeV/c while
LEBC-EHS had a π− beam at 360 GeV/c. The results from
NA22 and LEBC-EHS are scaled by their measured inelastic
cross sections: 20.94 ± 0.12 mb for NA22 [61] and 21.6 mb
for LEBC-EHS [57]. There is good agreement between the
previous measurements with proton targets and the results

from this analysis for xF < 0.6. At larger xF the ρ0 yields
measured in this analysis show a decrease that is not present
in the π+p data and could thus be an effect of the nuclear
target used for the measurement presented here. The com-
parison of the measurements of the ω multiplicities shows
no significant differences between the other experiments and
results from this analysis.

5 Summary

This article presents experimental results on ρ0, ω and K∗0

xF-spectra in π− + C production interactions at 158 GeV/c
and theρ0 spectra at 350 GeV/c from the NA61/SHINE spec-
trometer at the CERN SPS. These results are the first π− + C
measurements taken in this energy range and are important

123

Dedicated cosmic ray runs 
(π-C at 158 and 350 GeV)

p�C ! r0 X ! p+p� X
<latexit sha1_base64="W/HG6858on4+eKQk48JxIO1yBwE="></latexit><latexit sha1_base64="W/HG6858on4+eKQk48JxIO1yBwE="></latexit><latexit sha1_base64="W/HG6858on4+eKQk48JxIO1yBwE="></latexit><latexit sha1_base64="W/HG6858on4+eKQk48JxIO1yBwE="></latexit>

(NA61, Unger, Herve, Prado, et al. EPJ 77, 2017 & PRD 107, 2023)
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Figure 15: Comparison of the ?T-integrated particle production spectra of ⇡±, K± and p(p̄) at 158GeV/2 with pre-
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Simple and pragmatic approach – Sibyll*
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anti-baryon pair-production, and kaon production enhancement [8, 9, 10, 11, 17]. These variants
are denoted as SF(⇢0), SF(p̄), and SF(K±,0).
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Figure 1: Fraction of projectile energy carried by ⇢0, anti protons and charged kaons in ⇡�C collisions [21, 22]. Lines
are Sibyll 2.3d, Sibyll 2.1 and di↵erent variants of SibyllF.
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Figure 2: Multiplicities of ⇡+, anti protons and charged kaons in pp collisions [23, 24, 25]. Lines are Sibyll 2.3d,
Sibyll 2.1 and di↵erent variants of SibyllF.

In the ⇢0 variant, ⇡0 are directly substituted with ⇢0. For the baryon pair and kaon pair variant,
charge-neutral combinations of two or three pions are replaced with pp̄ or nn̄ pairs, and K+K� or
K0 K̄0 pairs respectively. We adjust the parameters for each variant such that measurements by
lab. experiments are described well. One such measurement are the energy fractions in ⇢0, anti
protons and kaons that were measured by the NA61 experiment [22, 21] and that are shown in
Fig.1. Another example is the collection of multiplicity measurements of pions, anti protons and
kaons in proton proton interactions that is shown in Fig. 2 [23, 24, 25].

In the phase space beyond the lab. measurements we set the parameters such that the energy
fraction in hadrons fhad at primary energies of around 1019 eV is approximately the same between
the di↵erent variants (⇡ 0.82 corresponding to an increase over Sibyll 2.3d of ⇡ 10% (see Fig. 3)).
Producing ⇢0 significantly impacts muon production in EAS because ⇢ mesons can form directly

3

Modification of Sibyll 2.3d to study different versions of muon enhancement 
- Rho meson in pion interactions (leading particle effect only)

- Baryon pair production (all interactions)

- Kaon production (all interactions)



Implications of the muon discrepancy
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Superposition model

Ei = E0/A

Target

Energy dependence 
of muon production

Nµ =

✓
E0

Edec

◆b

NA
µ = A

✓
E0

AEdec

◆b
= A1�bNµ

b ⇠ 0.9

To increase predicted muon number: 
increase hadronic fraction wrt π0

0.90 1.49

0.92 1.37

0.94 1.27

0.96 1.17

NA
µ /Nµb



Model predictions for muon ratio of iron to proton

20

3

Nmu ratio: iron / proton vs core distance

4

Nmu ratio: Iron / proton, 1000m vs all

E = 1018 eV

power law (E/Ec)! for energies above "1014 eV.
This can be understood on the basis of Heitler’s model

#58$ %see also the discussion in #59$& by assuming that each
hadronic interaction produces in average 'n tot( secondaries
of approximately the same energy. The multiplication of the
number of charged pions in a shower continues until the
pions reach a critical energy, Ec , at which they are assumed
to decay. After N generations %i.e. subsequent interactions&
the energy of the pions reaches the critical energy Ec
!E/'n tot(N. The number of muons from decaying charged
pions is thus N)!'n*"(N. Eliminating N gives

N)!! EEc
" !

,!!
ln'n*"(
ln'n tot(

, %21&

which is the well-known power-law found in data. The index
! can be calculated by using 'n*"(+ 2

3 'n tot( , which gives
values for ! in the range from 0.85 to 0.92. %Assuming that
the charged pion multiplicity is less than 2/3 of the total
multiplicity decreases the values predicted for ! .&
Over the entire energy range from 1014 eV to more than

1020 eV a single power law parametrization can be used to
describe the muon multiplicities for all the energy threshold
considered here. In Tables III and IV we show the corre-
sponding fit parameters for showers of 0° and 45° zenith
angle, respectively. As expected the critical energy increases
with the muon threshold energy. The energy-dependence of
the muon multiplicity is the steepest for low-energy muons.
For a given muon energy threshold, the numerical value of !
tends to be the highest for the QGSJET98 model.
Already from the simple model discussed above it is clear

that the power-law index should be energy-dependent be-
cause the multiplicity of the secondary particles increases
with energy. Indeed, a careful inspection of the energy de-
pendence of 'N)( shows that the power law index ! in-
creases with the primary energy. However, the observed rela-
tive deviation from a single power law is always less than
15%. It is the regularity of this deviation and the aforemen-

tioned physics motivation which makes it worthwhile to con-
sider the following, alternative parametrization.
The power-law index is taken to be energy-dependent

with

!%E &!#1#
ln%3/2&
ln'neff(

$$1

, %22&

where neff is the geometric average of the charged pion mul-
tiplicity of N successive hadronic interactions. By construc-
tion this effective multiplicity has a weak energy depen-
dence, which we approximate by

ln'neff(+n0#n1ln! EE0" , E0!1014 eV. %23&

To make the numerical values of !(E) more transparent
we express the parameters n0 and n1 in terms of power-law
indices !0!!(E0) and !1!!(E1!1020eV)

n0!
!0

1$!0
ln%3/2& %24&

n1!
ln%3/2&
ln%E1 /E0&

# !1
1$!1

$
!0

1$!0
$ .

%25&

This alternative muon multiplicity parametrization has only
three free parameters, the indices !0 , !1 and the critical
energy Ec . It gives considerably better fits to the simulation
data than the single power-law parametrization %21&. The nu-
merical values obtained by fitting the output of the hybrid
simulations are shown in Tables V and VI. The relative un-
certainties of the parameters !0 , !1 are about 1% and 10–
15% for Ec .
The QGSJET98 model shows the biggest change of the

power law index from !0 to !1. Muon production in

TABLE III. Parameters ! and Ec obtained by fitting the number of muons in vertical showers at sea level using a power law of the form
N)!(E/Ec)!. The numerical values of the parameters are presented for the three hadronic models and for muons with energy above 0.3, 1,
3, 10 and 30 GeV.

Model SIBYLL 1.7 SIBYLL 2.1 QGSJET98

E)
thr #GeV$ 0.3 1 3 10 30 0.3 1 3 10 30 0.3 1 3 10 30

! 0.886 0.877 0.869 0.857 0.846 0.901 0.893 0.884 0.872 0.861 0.920 0.913 0.904 0.893 0.882
Ec #GeV$ 35 43 67 162 594 39 47 70 161 555 44 53 79 182 638

TABLE IV. Parameters ! and Ec obtained by fitting the number of muons in showers with ,!45° at sea level using a power law of the
form N)!(E/Ec)!. The numerical values of the parameters are presented for the three hadronic models and for muons with energy above
0.3, 1, 3, 10 and 30 GeV.

Model SIBYLL 1.7 SIBYLL 2.1 QGSJET98

E)
thr #GeV$ 0.3 1 3 10 30 0.3 1 3 10 30 0.3 1 3 10 30

! 0.891 0.886 0.877 0.867 0.853 0.902 0.897 0.890 0.878 0.865 0.921 0.916 0.909 0.899 0.887
Ec #GeV$ 65 72 94 195 562 67 74 96 185 523 77 83 107 209 607

ALVAREZ-MUÑIZ, ENGEL, GAISSER, ORTIZ, AND STANEV PHYSICAL REVIEW D 66, 033011 %2002&

033011-12

Old model versions

(parameters for all muons)

(Felix Riehn et al.)

all muons

R = 1000m



Importance of lateral distribution
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Figure 7: Ratio between the average number of muons in iron and proton showers (left panel) and the slope � (right
panel). Both are shown as a function of the distance from the shower axis. The inset numbers in the left panel show
the ratio of the total numbers of muons between iron and proton showers and the ratio of the muon densities at 1000 m
in parentheses.

ment merely in the starting conditions. However, this scenario is constrained if not excluded by
the facts that: 1) the fluctuations in the number of muons match current model predictions [33], 2)
the muon deficit has been observed over several orders of magnitude in energy [2].

For specific experiments the situation may however not be as dramatic. As the di↵erent variants
change the energy spectrum of muons the lateral distribution of muons arriving at the ground will
be slightly di↵erent. In particular � or the mass separation will vary with the distance from the
core. This e↵ect is shown in Fig. 7. At around 1000 m the separation for Sibyll 2.3d is already
around 50% and for the variants it increases to around 30% (with a correspondingly lower �).
The reason for this di↵erence as a function of the lateral distance is that these are dominated by
di↵erent phases of the shower development [7, 30, 31, 36, 37].

3.1.4. Vertical showers at the south pole

The lowest energy measurement of the muon deficit is from the measurements of muon densi-
ties in the surface detector of the IceCube neutrino observatory [6, 5]. The energy range covered
is from 3 PeV to 100 PeV.

In Fig. 8 the ratio of the number of muons for the SF variants and Sibyll 2.3d is shown for
muons that are seen by the IceCube surface detector (surface muons, energy above 1 GeV, full
symbols) as well as the muons that reach the detector at a depth of 1.5 km under the ice (in-ice

muons, energy above 0.5 TeV, empty symbols). In the left panel proton primaries of 1 PeV, in
the right panel proton primaries of 10 PeV are shown. For the variants of SF that describe the
Auger data at 10 EeV (⇢0 and mixed variant) there is an increase of 10% - 15% in the muons at
the surface at 1 PeV, while for the in-ice muons there is no change. At 10 PeV the situation is
di↵erent. Here for the ⇢0 variant both surface and in-ice muons increase by around 15%, while for
the mixed variant surface muons increase by 20% but in-ice muons only by 5%. In the analysis
of the IceCube measurements it has been found that Sibyll 2.1 is consistent with both the surface
and in-ice data assuming the mass composition from GSF [? ]. Relative to Sibyll 2.1, Sibyll 2.3d

9



Cosmic ray physics with the IceCube Neutrino Observatory

Coincident analysis:

IceTop stations detect the electromagnetic
component (and low-energy muons):
sensitive to the energy of the shower.

High-energy muon bundles travel down to the
IceCube detector:

I Minimal muon energy:

⇠ 275 GeV.

I Multiplicity: 1 - 1000s.

I Created high in the

atmosphere.

I Typical radius: ⇠ 20� 50 m

I Ionization + radiative,

stochastic energy loss.

Sam De Ridder (Ghent University) CR composition with IceCube September 22, 2015 4 / 18
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Shower predictions calculated with Sibyll*
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Figure 6: Nµ and Xmax for proton showers at 67� across Sibyll variants. For Nµ (left panel) there is a substantial
increase, up to 35%, for the mixed and ⇢ variant. However, the variation on the shower maximum (panel on the right)
between Sibyll 2.3d and its variants is less than 7 g/cm2. The grey line represents the required increase in muon count
to align with the data for a mixed composition seen by the Pierre Auger Observatory.

all variants this di↵erence is around or smaller than 7 g/cm2. In the panel on the left in Fig. 6 the
relative change in the predicted number of muons is shown. Note that these are the predictions for
proton showers. Due to the change in � to �+ � (with � > 0) and the dependence of the number of
muons on A

1�� in the superposition model (see Eq. (3)), a c fold increase in the number of muons
for proton showers translates to only a c A

�� fold increase for a shower of mass number A. Since
the primary composition in the Auger data is not pure protons the increase in the number of muons
that is necessary to describe the data (denoted by the grey line in Fig. 6) is of the order of 40% for
pure proton showers.

The shower-to-shower fluctuations in Xmax and Nµ are not a↵ected by the enhancements.

3.1.3. Vertical showers at sea-level, lateral distribution

The exposure of most CR experiments is dominated by vertical CRs. Composition sensitivity
for ground based detectors is achieved through the separation of the muonic and electromagnetic
signal components [35]. As mentioned the relative contribitions of the muonic and electromagnetic
compnents that arrive at the ground depend on the location of the experiment. As a generic stand-
in we study here the e↵ect of the SF variants on the muon component for vertical showers reaching
an experiment at sea-level in the US standard atmosphere.

According to the superposition model (Eq. (3)) the ratio between the total number of muons in
a shower of primary with A nucleons and a proton primary is A

1��. The experimental data clearly
favor a larger muon content at high energy and since the enhancement of muon production via
hadronic particle production requires an increase of the hadronic energy (and thus larger �) this
inevitably leads to a reduction in the mass resolution. For Sibyll 2.3d with � around 0.93 the mass
ratio is close to 30%. For the SF variants it can be as low as 17% (see legend in Fig. 7). Note that
the above argument does not hold for modifications of particle production that only a↵ect the first
high energy interaction as in this case the hadronic cascade would not be a↵ected in its develop-
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Figure 8: Muon counts for vertical proton showers at the south pole for di↵erent SF variants relative to Sibyll 2.3d.
Full symbols are muon densities at 600 m lateral distance (surface muons). Empty symbols are total muon counts with
energies above 0.5 TeV (in-ice muons).

predicts an increase of the surface muons of around 20% for proton primaries. While this increase
is smaller for a mixed composition (see Sect.3.1.2) it seems unlikely that Sibyll 2.3d is consistent
with the IceCube surface data. For the in-ice muons Sibyll 2.1 and 2.3d predict roughly the same
number of muons. For the SF variants where the increase in the surface muons relative to Sibyll 2.1
is at the level of 30% - 40%, it seems less likely still that these models can be reconciled with the
IceCube data.

3.2. Inclusive fluxes

4. Summary

• muon deficit means mass resolution from muons lower than expected (15%-20% instead of
>30%). Mass resolution depends on lateral distance. becomes better at larger distances

• two variants of Sibyll with su�cient muons for Auger found but inconsistent with IceCube
data

• Auger data can be described without changing Xmax, X
µ
max or shower-to-shower fluctuations

• inclusive fluxes of muons and neutrinos are not a↵ected

• charge ratio of muons in the atmosphere is ...
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Importance of zenith angle (air density)
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Summary
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- Production of em. particles and muons very different


- Air showers mainly governed by energy sharing / energy flow 


- Challenge of limited collider detector acceptance


- Many universality features (but also large fluctuations)


- Leading particle composition and energy distribution most important


- Detailed simulation of had. interactions needed for ~10–20% level


- Larger number of muons reduces muon composition sensitivity


- Different muon energy thresholds could be key to understanding
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Fundamental nature of superposition model
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Air shower ground arrays: Ne and Nµ

KASCADE and KASCADE-Grande  
(sea level 1032 g/cm2, muon threshold 1 MeV)

IceCube with IceTop  
(South Pole 670 g/cm2, muon threshold 1 MeV)

(RE, Aspen 2005)
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Air shower ground arrays: Ne and Nµ

IceCube with IceTop  
(South Pole 670 g/cm2, muon threshold 500  GeV)

(RE, Aspen 2005)
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Number of muons – a very important observable
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Figure 6.25: Left: shower maximum, Xmax, and logarithmic muon number, lg(Nµ), for five cosmic-
ray elements for Sibyll2.3d at 10 EeV. The lines show the contours containing 68, 90 and 95%
of all showers. Right: “merit factor” which illustrates degree to which proton and iron showers

can be distinguished, mf = (µp � µFe)/
q

�2
p + �

2

Fe
for a given experimental resolution on Xmax and

lg(Nµ). µ denotes the mean and � is the standard deviation of the mass observable, which in this
case is the linear combination of Xmax and lg(Nµ) maximizing mf. The merit factors for a single
observable are close to the values shown for a large resolution of the other one, i.e., the top row for
Xmax and the right column for lg(Nµ).

the muon scale due to problems with the current generation of hadronic interaction models, leading
to unreliable results as compared to Xmax related studies.

The clearest path to event-by-event primary mass reconstruction lies in a high resolution inde-
pendent reconstruction of both Xmax and Nµ coupled to a high resolution energy reconstruction.
Right now, the uncertainties in hadronic interaction models serve as an e↵ective barrier to de-
coupling the reconstructions and interpretations of Xmax and Nµ. Unfortunately, the current low
event-by-event primary mass resolution of UHECR events also serves to hinder progress on refining
hadronic interaction models due to the large uncertainties it creates in the constraints UHECR
events can provide at the highest energies. This leads to a di�cult to resolve mass-hadronic model
interdependency, which means an iterative approach will be necessary. However, once the heaviest
mass group can be identified and a high resolution Nµ measurement can be made, very strong
constraints on muon production will be available which should significantly contribute to solving
the Muon Puzzle.

As stated in the list from the beginning of this section, both studies with moderate mass sensi-
tivity and event-by-event mass-resolution can allow for significant progress on the most important
questions currently being posed in UHECR and UHE particle physics. Event-by-event detection
will always provide a superior resolution and stronger constraints than statistical methods can.
However, less sensitive methods can have large impacts at the highest energies if su�cient statistics
and Xmax resolutions are achieved. This is particularly true if the trend of an apparent purification
of primary beams with energy continues as energy increases [54], or alternatively if the composi-
tion approximately bifurcates into distinguishable very heavy and very light components due to
propagation e↵ects on distant sources, the so-called ‘cosmic mass degrader’ scenario described in
Sec. 5.4.3. If either of these cases occur, then beyond cut-o↵ energies, most composition-dependent
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(UHECR Snowmass Summer Study, Coleman, 2205.05845)
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Figure 6.25: Left: shower maximum, Xmax, and logarithmic muon number, lg(Nµ), for five cosmic-
ray elements for Sibyll2.3d at 10 EeV. The lines show the contours containing 68, 90 and 95%
of all showers. Right: “merit factor” which illustrates degree to which proton and iron showers

can be distinguished, mf = (µp � µFe)/
q
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for a given experimental resolution on Xmax and

lg(Nµ). µ denotes the mean and � is the standard deviation of the mass observable, which in this
case is the linear combination of Xmax and lg(Nµ) maximizing mf. The merit factors for a single
observable are close to the values shown for a large resolution of the other one, i.e., the top row for
Xmax and the right column for lg(Nµ).

the muon scale due to problems with the current generation of hadronic interaction models, leading
to unreliable results as compared to Xmax related studies.

The clearest path to event-by-event primary mass reconstruction lies in a high resolution inde-
pendent reconstruction of both Xmax and Nµ coupled to a high resolution energy reconstruction.
Right now, the uncertainties in hadronic interaction models serve as an e↵ective barrier to de-
coupling the reconstructions and interpretations of Xmax and Nµ. Unfortunately, the current low
event-by-event primary mass resolution of UHECR events also serves to hinder progress on refining
hadronic interaction models due to the large uncertainties it creates in the constraints UHECR
events can provide at the highest energies. This leads to a di�cult to resolve mass-hadronic model
interdependency, which means an iterative approach will be necessary. However, once the heaviest
mass group can be identified and a high resolution Nµ measurement can be made, very strong
constraints on muon production will be available which should significantly contribute to solving
the Muon Puzzle.

As stated in the list from the beginning of this section, both studies with moderate mass sensi-
tivity and event-by-event mass-resolution can allow for significant progress on the most important
questions currently being posed in UHECR and UHE particle physics. Event-by-event detection
will always provide a superior resolution and stronger constraints than statistical methods can.
However, less sensitive methods can have large impacts at the highest energies if su�cient statistics
and Xmax resolutions are achieved. This is particularly true if the trend of an apparent purification
of primary beams with energy continues as energy increases [54], or alternatively if the composi-
tion approximately bifurcates into distinguishable very heavy and very light components due to
propagation e↵ects on distant sources, the so-called ‘cosmic mass degrader’ scenario described in
Sec. 5.4.3. If either of these cases occur, then beyond cut-o↵ energies, most composition-dependent
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Muons have even better mass composition sensitivity than Xmax



Competing processes of interaction and decay

31

Interaction length

Decay length

lp ⇡ lK ⇡ 120g/cm2

(Fedynitch 2017)

lint =
hmairi
sint

=
24160mb g/cm2

sint

ldec = r ldec ⇡ ctr E
m
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Expectations from uncertainty relation
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~b

Assumptions: 
• hadrons built up of partons 
• partons deflected/liberated in collision process, small momentum 
• partons fragment into hadrons (pions, kaons,...) after interaction 
• interaction viewed in c.m. system (other systems equally possible)

Dx Dpx ' 1

Heisenberg uncertainty relation

R ⇡ 1fm ⇡ 5GeV�1

hp?i ⇠ Dp? ⇠ 1
R
⇡ 200MeVhpki ⇠ Dpk ⇡

1
R0 ⇡

1
5

Ep

Longitudinal momenta of secondaries Transverse momenta of secondariesG = Ep/mp
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Typical hadronic final states

33(Riehn et al. ICRC 2017)

4.5 Hadronic interaction of photons 109

Figure 4.21 Comparison of secondary particle distributions of p-p and p-C
interactions at Elab “ 158 GeV (from [155]).

important for hadron-nucleus and nucleus-nucleus interactions. For exam-
ple, the central pseudorapidity density of secondary particles increases more
slowly than the expected linear scaling with the number of participating
nucleons (i.e. the number of binary nucleon-nucleon collisions) [178].

4.5 Hadronic interaction of photons

The interaction of photons with hadrons and nuclei at energies close to
the particle production threshold is a key process in many astrophysical
environments, in which accelerated hadrons propagate in a background field
of photons of the cosmic microwave background (CMB) or local sources.

Up to an energy of
?

s „ 2 ´ 3 GeV hadronic interactions of photons
can be described by a superposition of resonances formed in the absorp-
tion of the photon. The di↵erence to the isobar models introduced in Sec-
tion 4.3.1 is that photon absorption, as an electromagnetic process, does
not conserve isospin and a large number of di↵erent resonances can be pro-
duced.7 The most prominent resonance channels are � p Ñ �`p1232q and
� n Ñ �0p1232q with cross sections up to 412 and 452µb, respectively. Both
�` and �0 decay to ⇡0 ` p{n and ⇡˘ ` n{p with a branching ratio of 2:1.

7 Isospin is, of course, conserved in the hadronic decay of the resonances.
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Secondary particle multiplicities
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Sub-luminal neutrons in air showers
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Figure 1. Scintillator signals showing SLP, identified 
by event serial number and, following the hyphen, 
channel number. Also shown are a typical 
bandwidth-limited test pulse (BWL) and a typical train 

5216-1 
5216-5 A 

5216-13 * 
5280-6 
1 MHz >**‘**‘P of 1 MHz timing pulses. 

Catalogue. Tracings are shown in figure 1 ,  together with tracings of a typical bandwidth- 
limited (BWL) pulse and a typical train of 1 MHz timing pulses. 

In order to rule out instrumental effects such as photomultiplier after-pulsing as the 
source of delayed pulses, the following tests were made. 

(1) All 1962-3 AS signals in the same size range as signals preceding the SLP in 
figure 1 were examined for the presence of delayed pulses. (The pulses preceding the SLP 
have integrated charge values 4 4 0  times the average for a vertical minimum ionising 
muon.) In 132 cases out of 1648 the prompt pulse was followed after 3-lops by a well 
defined delayed pulse (DP). It was determined that the fraction of DP was the same within 
statistical errors for all 19 channels corresponding to the 19 scintillators that made up the 
Volcano Ranch array. 

(2) The 1648 DP candidates were then sorted according to shower size, using bins 
a factor of two in width. It was determined that the showers in the two lowest-sized bins 
(41 candidate pulses) had no DP, and that showers in the next higher bin (shower size 
(2-4) x lo7 particles, 169 candidates) had only three DP. The fraction of DP belonging 
to larger showers steadily increased as shown in figure 2, reaching a value of about 
0.2 for the highest three bins. 

While it is not quite true that pulses of a given size from large showers are identical to 
pulses of the same size from smaller ones, the differences there are, in average pulse 
duration, fail to account for the shower size dependence seen in figure 2. Ignoring the 
differences in duration, I take it that the fraction of DP in small-shower pulses gives an 
upper limit for the percentage of DP that might be instrumental (spurious). I conclude that 
no more than 10% of the DP in large showers (size N > 10’) are permitted by this test to be 
instrumental (plus accidental). 

J. Linsley 
(J. Phys. G: Nucl. Phys. 10 (1984) L191)

- Sub-luminal pulses with a delay of at least 3µs

- Sometimes several pulses observed

- Typically 1 km from core, high-energy showers

- Greisen: neutrons as sub-luminal particles

Reconstruction of Events David Schmidt

Figure 2: Left: Sample traces measured by a WCD and SSD. The black, dashed vertical lines indicate the
integration window as determined from traces of the three WCD PMTs alone. Merging of the signal windows
independently determined for the WCD and SSD PMTs resulted in an integration window with a stop bin
(dashed pink line) approximately 800 ns later. Right: Relative increase of the SSD signal as calculated with
the merged integration window as compared with the window determined from the PMTs of the WCD alone.

causally connected to the event. An elaborate algorithm determining whether adjacent segments
of traces with signal are causally connected was developed for application to the traces measured
by the three WCD PMTs [7]. At present, this algorithm is applied as is to the additional trace of
the SSD PMT. If the segment of the SSD trace determined to have signal related to the shower in
question has its start prior to or its finish after the integration window of the WCD, the merged
window from the SSD and WCD PMTs is used to calculate the SSD signal. Signals significantly
after those of the WCD are observed in SSD traces, examples of which are shown in Fig. 2 (left),
and SSD signals calculated using the merged window are on average approximately 10% larger
than when using the window determined using exclusively measurements of the WCD PMTs for
measurements where the WCD signal is less than 10 VEM (see Fig. 2 (right)). The magnitude of
these additional contributions to the SSD signal decrease relative to the total signal with increasing
signal size and amount to less than 1% on average for measurements where the WCD signal is
greater than 60 VEM. Studies on the impact of using the merged integration window to calculate
the WCD signal were also performed to determine if the additional information from the SSD aids
in picking up on sub-threshold signals in the WCD, but no significant changes were observed. The
algorithms for the WCD making use only of the WCD PMTs were therefore kept for compatibility
with WCD measurements prior to the AugerPrime era.

Uncertainties in signal measurement The signal measured by an SSD derives from a sample
of the lateral distribution of particles at the ground and therefore has an associated uncertainty.
Traditionally, this uncertainty is measured with so-called “multiplet” stations, which are two or
more detectors separated by ⇠10 m, which sample essentially the same position in the shower plane
for a given shower. In the case of the SSD, for which measured showers were initially scarce, so-
called pseudo-doublets were simulated. These consisted of pairs of stations, each at the same lateral
distance of 1000 m in the shower plane and on laterally opposite sides of the shower axis (see Fig. 3
(left)). Two SSDs simulated at a distance of 10 m from one another could not be used to derive signal
uncertainties as the thinning algorithms used in air shower simulations would result in a distortion

4

D. Schmidt, Pierre Auger Collaboration 
(this conference)

- Late signals seen in scintillators (SSD)

- Late pulses have no coincident signal 

in water-Cherenkov detectors (WCD)

- Similar height distribution of late pulses?

Vulcano Ranch (1962-63)

AugerPrime (2020-21)

10 µs



Air shower results: time delay distribution
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                  slow (thermal) neutrons up to 100 ms

(RE & Ferrari et al. ICRC 2021)



Information provided by Xmax fluctuations
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Model dependence of fluctuations 
seems small (for mixed composition)

(Unger, Solvay 2018)
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Figure 3: Allowed region in the plane {hXmaxi,W} calculated using the hadronic model QGSJetII-04 [23] at the energy
E = 1017.5 eV and considering the contributions of 5 nuclei (p, 4He, 14N, 28Si and 56Fe). The lines show points that can
be generated by the combinations of two nuclei.
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Figure 4: Allowed regions in the plane {hXmaxi,W} calculated using three hadronic models (QGSJetII-04, Epos–LHC
and Sibyll 2.3c) for two energies E = 1017.5 and 1019.5 eV.
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(Lipari, PRD 2021)



Air shower results: muons vs. neutrons at large distance
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Close to shower maximum: neutrons as abundant as muons Past shower maximum: neutrons much less abundant than muons
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Do we learn anything from sub-luminal neutrons?
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Neutrons 
• Interesting sub-luminal particles

• Feature-rich and very wide energy spectrum

• Notoriously difficult to detect 

• Very difficult to simulate accurately (environment)

• Expected to produce late pulses in scintillators

Scaling observations 
• Energy scaling of production similar to muons

• Primary dependence of production like muons

• Attenuation (neutron removal) length 80 … 200 g/cm2

• Very wide lateral distribution, wider than muons

• Typical delay in arrival time ~ 1 … 20 µs (Ekin > 20 MeV)

• Thermal neutrons up to ~ 100 ms

Iron

Proton

Depth

Neutrons
(shower energy fixed)

1016 eV

Depth

Neutrons

(same primary particle)

1015 eV

Reduced composition sensitivity?

Scaling faster than ~ E 0.9

Observation level

Observation level

(RE & Ferrari et al. ICRC 2021)



Arrival time distribution – Muon production depth
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Figure 2: Energy evolution of the resolution we obtain, on
an event by event basis, when we reconstruct X µ

max for
showers generated with AIRES and QGSJETII [11].

reconstruction. The chosen rcut is energy independent.
This implies that any difference in resolution that we find
for different energies will be mainly a consequence of the
different amount of muons detected at ground. In our anal-
ysis, we consider only those detectors whose distance to
the shower core is larger than 1800 m. To reduce residual
EM contamination and potential baseline fluctuations we
have applied a mild cut on the threshold of the FADC sig-
nals used to build the MPD. We have discarded FADC bins
where the signal is below 0.3 VEM. Finally, the MPD is
reconstructed adding those detectors whose total recorded
signal is above 3 VEM. This requirement is set to avoid,
in real data, the contribution of detectors (usually far away
from the core) having a signal dominated by accidental par-
ticles.
This set of cuts has a high muon selection efficiency. Re-
gardless of the energy of the primary and its composition,
muon fractions above 85% are always obtained. This guar-
antees an EM contamination low enough to obtain an accu-
rate value ofXµ

max.

2.3 Selection cuts

To optimize the quality of our reconstructed profiles we ap-
ply the following cuts:

• Trigger cut: All events must fulfill the T5 trigger
condition [5].

• Energy cut: Since the number of muons is energy
dependent, Nµ ∝ Eα/rβ , we have observed that in
events with energies below 20 EeV the population of
the MPD is very small, giving a very poor determi-
nation of theXµ

max observable. Therefore we restrict
our analysis to events with energy larger than 20 EeV.
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Figure 3: Real reconstructed MPD, θ = (59.05 ± 0.07) ◦

and E = (94 ± 3) EeV, with its fit to a Gaisser-Hillas func-
tion.

• Fit quality: Only events with a good MPD fit
(χ2/ndf < 2.5) to a Gaisser-Hillas function are ac-
cepted.

• Shape cut: The reduced χ2 of a straight line
and a Gaisser-Hillas fit must satisfy χ2

GH /ndf <
2χ2

line/ndf.

• Curvature: When the fitted radius of curvature of
the shower front, R, is very large we observe an un-
derestimation of the reconstructed X µ

max. So only
events with R < 29000 m are included in our analy-
sis.

The overall event selection efficiencies are high (> 80%)
and the difference between iron and proton is small for the
whole range of considered energies (see Table 1). Our cuts
do not introduce any appreciable composition bias. We fi-
nally note that for the set of surviving events, the bias in the
Xµ

max reconstruction is between ± 10 g cm−2, regardless
of the initial energy or the chemical composition of the pri-
mary. The resolution ranges from about 120 g cm−2 at the
lower energies to less than 50 g cm−2 at the highest energy
(see Figure 2).
We note that the predictions of X µ

max from different
hadronic models (such as those shown in Figure 4) would
not be affected if a discrepancy between a model and
data [12] is limited to the total number of muons. How-
ever, differences in the muon energy and spatial distribu-
tion would modify the predictions.

3 Application to real data

Our analysis makes use of the data collected between Jan-
uary 2004 andDecember 2010. Our initial sample of events
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Measurement of Atmospheric Production Depths of muons with the Pierre Auger Observatory

D. GARCÍA-GÁMEZ1 FOR THE PIERRE AUGER COLLABORATION2
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Abstract: The surface detector array of the Pierre Auger Observatory provides information about the longitudinal de-
velopment of the hadronic component of extensive air showers in an indirect way. In this contribution we show that it
is possible to reconstruct the Muon Production Depth distribution (MPD) using the FADC traces of surface detectors far
from the shower core. We characterize the goodness of this reconstruction for zenith angles around 60◦ and different
energies of the primary particle. From the MPDs we defineXµ

max as the depth, along the shower axis, where the number
of muons produced reaches a maximum. We explore the potentiality of Xµ

max as a sensitive parameter to determine the
mass composition of cosmic rays.

Keywords: Muon Production Depth distributions, Pierre Auger Observatory

1 Introduction

The Pierre Auger Observatory was conceived to study the
properties of Ultra-High Energy Cosmic Rays (UHECR).
It is a hybrid detector that combines both surface and flu-
orescence detectors at the same site [1]. The origin and
chemical composition of UHECR are still an enigma. Cur-
rently, the most sensitive parameter to analyse mass com-
position is the depth of the shower maximum, Xmax, see
e.g. [2, 3], measured by the fluorescence detector (FD) [4].
The fluorescence detector operates only on clear, moonless
nights, so its duty cycle is small (about 13 %). On the other
hand, the surface detector array (SD) [5] has a duty cycle
close to 100 %. This increase in statistics makes any SD-
based observable of great interest to study the composition
of UHECR.
In an extensive air shower (EAS) muons are mainly pro-
duced by the decay of pions and kaons. Their production
points are constrained to a region very close to the shower
axis, of the order of tens of meters [6]. Muons can be taken
as travelling along straight lines to ground, due to the lesser
importance of bremsstrahlung and multiple scattering ef-
fects compared to other geometrical and kinematical fac-
tors. In [6, 7] these features are exploited to build a model
for obtaining the muon production depth (MPD) along the
shower axis. The MPDs are calculated from the muon time
structure at ground. These times are given along with the
times of the other particles reaching ground by the FADCs
of the SD. In this work we show that MPDs provide a phys-

ical observable that can be used as a sensitive parameter to
study the chemical composition of cosmic rays [8].

2 MPD reconstruction

Starting from the time signals that muons produce in the
surface detectors, the model discussed in [6, 7] derives
from geometrical arguments the distribution of muon pro-
duction distance, z:

z =
1
2

(
r2

ctg
− ctg

)
+ ∆ (1)

where r is the distance from the point at ground to the
shower axis, ∆ is the distance from the same point to the
shower plane and tg (geometrical delay) is the time delay
with respect to the shower front plane. The shower front
plane is defined as the plane perpendicular to the shower
axis and moving at the speed of light, c, in the direction
of the shower axis. It contains the first interaction point
and also the core hitting ground. This calculation assumes
that muons travel at the speed of light. If we account
for their finite energy E, the total time delay would be
ct = ctg + ctϵ(E). This extra contribution is dominant
at short distances to the core, where the geometrical time
delay is very small. At large distances (r > 600 m) the
kinematic delay, tϵ, acts as a correction (typically below
20%). It must be subtracted from the measured time delay
prior to the conversion into z, as described in [6, 7].
Equation 1 gives a mapping between the production dis-
tance z and the geometrical delay tg for each point at
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Universal particle scaling and core-corona model in EPOS
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Does the same/similar scaling apply 
also in forward direction?

T. Pierog, KIT - 7/10Oct 2021
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Onset of “core” fragmentation 
(QGP-like particle production)

(Baur et al, arXiv:1902.09265)
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Leading vector mesons

Pion - Proton Pion - CarbonCrossing not described

Rho production in π-p interactions (Sibyll 2.1 ➞ Sibyll 2.3)

42(Riehn et al., ICRC 2015)

xF = pk/pmax

Elab = 250GeV

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

06/28/16 Felix Riehn - Auger Analysis Meeting 2016 8
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Figure 10: Measurement of hX µ
maxi and hXmaxi for 1019.4 eV, with systematics uncertainties, as well as the

phase-space (lines) occupied by EPOS-LHC and QGSJETII.04 models, extracted from [42]. Parameter R
of the average electromagnetic profile as a function of the EAS energy as measured by Auger, as well as
predictions for different hadronic models.

the treatment of pion-air interactions at very high energies and to reduce the uncertainties in Xmax

stemming from models.

3.3 Electromagnetic Component

The traditional Gaisser-Hillas can be rewritten as

dE
dX

=

✓
1+R

X 0

L

◆R�2

exp
✓

� X 0

RL

◆
, (3.1)

where R =
p

l/|X 0
0|, L =

p
|X 0

0|l and X 0
0 ⌘ X0 �Xmax. In this notation, Equation 3.1 is a Gaussian

with standard deviation L, multiplied by a term that introduces an asymmetry governed by R. The
parameter R is sensitive to the start-up of the EM shower and is expected to be sensitive to the rate
of p0 production, whose decay goes into the EM shower. Figure 10 (right) shows the measure-
ments of R together with model predictions [19]. Due to the large systematics uncertainties in this
measurement, nothing else can be said other than results are fully compatible with expectations
from models.

4. Discussion

There have been some attempts to explain the muon problem by increasing the hadronic energy
fraction of interactions f , like the formation of a Strange Fireball [48], String Percolation [1], Chiral
Symmetry Restoration [65], by increasing the inelastic cross section [64], or for instance resorting
to Lorentz Invariance Violation [49] by effectively enlarging the lifetime of p0 and keeping them
contributing to the hadronic cascade.

The deficit of Nµ with respect to expectations could be produced by small deviations d f ac-
cumulated along a number n of generations as Nµ µ ( f + d f )n which converts for instance a 5%
deviation per generation into ⇠ 30% deviation after 6 generations.

11

Probing High-Energy Hadronic Interaction with EAS (DRAFT) Lorenzo Cazon

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

(E/eV)
10

log
18 18.5 19 19.5

R

0.2

0.25

0.3

0.35 data
EPOS-LHC
QGSJet-II04
Sibyll 2.3c

proton
iron

Figure 10: Measurement of hX µ
maxi and hXmaxi for 1019.4 eV, with systematics uncertainties, as well as the

phase-space (lines) occupied by EPOS-LHC and QGSJETII.04 models, extracted from [42]. Parameter R
of the average electromagnetic profile as a function of the EAS energy as measured by Auger, as well as
predictions for different hadronic models.

the treatment of pion-air interactions at very high energies and to reduce the uncertainties in Xmax

stemming from models.

3.3 Electromagnetic Component

The traditional Gaisser-Hillas can be rewritten as

dE
dX

=

✓
1+R

X 0

L

◆R�2

exp
✓

� X 0

RL

◆
, (3.1)

where R =
p

l/|X 0
0|, L =

p
|X 0

0|l and X 0
0 ⌘ X0 �Xmax. In this notation, Equation 3.1 is a Gaussian

with standard deviation L, multiplied by a term that introduces an asymmetry governed by R. The
parameter R is sensitive to the start-up of the EM shower and is expected to be sensitive to the rate
of p0 production, whose decay goes into the EM shower. Figure 10 (right) shows the measure-
ments of R together with model predictions [19]. Due to the large systematics uncertainties in this
measurement, nothing else can be said other than results are fully compatible with expectations
from models.

4. Discussion

There have been some attempts to explain the muon problem by increasing the hadronic energy
fraction of interactions f , like the formation of a Strange Fireball [48], String Percolation [1], Chiral
Symmetry Restoration [65], by increasing the inelastic cross section [64], or for instance resorting
to Lorentz Invariance Violation [49] by effectively enlarging the lifetime of p0 and keeping them
contributing to the hadronic cascade.

The deficit of Nµ with respect to expectations could be produced by small deviations d f ac-
cumulated along a number n of generations as Nµ µ ( f + d f )n which converts for instance a 5%
deviation per generation into ⇠ 30% deviation after 6 generations.

11

Probing High-Energy Hadronic Interaction with EAS (DRAFT) Lorenzo Cazon

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

(E/eV)
10

log
18 18.5 19 19.5

R

0.2

0.25

0.3

0.35 data
EPOS-LHC
QGSJet-II04
Sibyll 2.3c

proton
iron

Figure 10: Measurement of hX µ
maxi and hXmaxi for 1019.4 eV, with systematics uncertainties, as well as the

phase-space (lines) occupied by EPOS-LHC and QGSJETII.04 models, extracted from [42]. Parameter R
of the average electromagnetic profile as a function of the EAS energy as measured by Auger, as well as
predictions for different hadronic models.

the treatment of pion-air interactions at very high energies and to reduce the uncertainties in Xmax

stemming from models.

3.3 Electromagnetic Component

The traditional Gaisser-Hillas can be rewritten as
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where R =
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p
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0|l and X 0
0 ⌘ X0 �Xmax. In this notation, Equation 3.1 is a Gaussian

with standard deviation L, multiplied by a term that introduces an asymmetry governed by R. The
parameter R is sensitive to the start-up of the EM shower and is expected to be sensitive to the rate
of p0 production, whose decay goes into the EM shower. Figure 10 (right) shows the measure-
ments of R together with model predictions [19]. Due to the large systematics uncertainties in this
measurement, nothing else can be said other than results are fully compatible with expectations
from models.

4. Discussion

There have been some attempts to explain the muon problem by increasing the hadronic energy
fraction of interactions f , like the formation of a Strange Fireball [48], String Percolation [1], Chiral
Symmetry Restoration [65], by increasing the inelastic cross section [64], or for instance resorting
to Lorentz Invariance Violation [49] by effectively enlarging the lifetime of p0 and keeping them
contributing to the hadronic cascade.

The deficit of Nµ with respect to expectations could be produced by small deviations d f ac-
cumulated along a number n of generations as Nµ µ ( f + d f )n which converts for instance a 5%
deviation per generation into ⇠ 30% deviation after 6 generations.
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where two extra parameters appear: k identified with an effective
interaction length and X00 ¼ X0 " Xmax being X0 related with the
point of first interaction. However, not only the physical meaning
of the parameters is not exact but they are also difficult to relate
to the ‘‘universality” features seen in Fig. 1. We investigate the rela-
tion between parameters that separate the more universal features
from the details of each shower.

The Gaisser–Hillas profile (Eq. (1)) can be written as:

N0 ¼ exp "X 00
k

log 1" X 0
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! "
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where, from a Taylor expansion of the logarithm around the maxi-
mum (X0 = 0), the profile shape becomes more evident. The first
term in X0 cancels, leaving a gaussian with a characteristic width

L ¼
ffiffiffiffiffiffiffiffiffiffiffi
X00k
## ##

q
, and distortions governed by a shape parameter

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k= X00
## ##

q
. While for positive X0, the even and odd terms in R have

partial cancellation, all terms contribute to the distortion in the re-

gion of negative X0. Fig. 2 shows how the shape changes for different
values of both parameters.

To compare the new parameters L and R with the old k and X 00,
we fit different realizations of an ideal profile assuming statistical
deviations for an observation of 200 photons at maximum and X
bins of 30 g cm"2. The result in Fig. 3 shows that both k and X00
can be (mis) reconstructed with up to 100% variations, and are
strongly correlated, while L and R are more independent and stable
variables, as expected. In particular L varies only by less than 10%.

We thus prefer to Eq. (1) in terms of L and R (noticing X 00 is al-
ways negative) as:

N0 ¼ 1þ RX0

L

! "R"2

exp " X 0

LR

! "
: ð4Þ

The shower visible energy (Eem), mainly deposited by the low
energy electrons, is proportional to the total number of particles
and thus to the profile integral. Corrections due to the invisible en-
ergy carried away by muons and neutrinos vary according to the
primary particle type, energy, and hadronic model considered,
but are expected to be around 5–10%, and to decrease as energy in-
creases [9]. The fraction of energy deposited at shower maximum,
dE
dX

##
max proportional to Nmax, has event-by-event variations of the

same size, which are naturally reflected in fluctuations of the
new parameters. The full integral of the profile, can be written in
terms of the usual Gamma function, as:
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Fig. 1. Longitudinal profiles for 100 showers of different energies and primary particles, shown as dE/dX(X), proportional to N(X), (left plot) and N0(X0) (right plot).
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Fig. 2. Different profiles obtained by varying L (left plot) and R (right plot) around central values of L = 225 g cm"2 (with 5 g cm"2 steps) and R = 0.25 (with 0.05 steps).

S. Andringa et al. / Astroparticle Physics 34 (2011) 360–367 361

R is sensitive to the injection of high energy π0

in the start up of the shower.

varying L
varying R

Good agreement with models.
Too large systematics for hadronic 
physics, for the moment.

Auger JCAP 1903 (2019) 03 018S. Andringa et al, Astropart.Phys. 34 (2011) 360 1410/01/22 Epiphany 2022
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Mass composition results – Auger Observatory
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Mass composition results – world data
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Figure 3: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions for proton and iron
nuclei of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04. Detection techniques: fluorescence (FD),
Cherenkov, using time traces in the surface detector stations (SD), radio (RD).
Pierre Auger Observatory: FD [40], SD [62], RD (AERA) [41]; Telescope Array: FD [50] (hXmaxi and �(Xmax)
are corrected for reconstruction and detector biases same as was done in [63] except here there is no correction of
the energy scale), Cherenkov (TALE) [39]; Yakutsk: Cherenkov [52], RD [44]; Tunka: Cherenkov [51], RD [43];
LOFAR [42]. Systematic uncertainties of the FD measurements at 1018.5 eV are indicated for the Pierre Auger (red
arrows) and Telescope Array (blue arrows) data.

uncertainties in muon production; however, recent studies1 indicate that an energy independent
shift of the Xmax scale, on the order of 20 � 30 g/cm2, could also be needed. This is in good
agreement with studies that estimate the influence of hadronic models on the shower maximum
and the signals in the surface detector [4]. The extent to which these observations are related to155

the muon deficit, and the Xmax scale, of simulations must be determined in further studies.

1.3. FD and SD measurement tensions: the self-consistency of hadronic interaction models

SD measurements run nearly 100% of the time and require rather simple event selection criteria,
meaning they can o↵er around an order of magnitude more data for mass composition analyses as
compared to measurements from FDs. However, due to the lack of the accelerator data relevant160

for the description of UHECR interactions, current inaccuracies in the modeling of high-energy
nuclear collisions remain relatively large. As a result the mass compositions inferred from SD
measurements with the current hadronic models often turn out to be outside the expectations of
any realistic astrophysical scenarios. Being inconsistent as well with FD results (see figure 5), the
absolute values of hln Ai from the SD data can currently be only used for describing the trends in165

the changes of the mass compositions with energy which are found to be very similar to those from
the FD data.

1Machine learning methods cross calibrated with FDs [76] and mass/energy/arrival direction combined fit re-
sults [77, 78] both suggest an o↵set between the Xmax scale predicted models and that seen in UHECR observations.
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Depth distribution of point of first interaction
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Cross section measurement: self-consistency
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Cross section accepted if simulated slope fits 
measured slope of Xmax distribution

(Auger Collab. 1107.4804)

Summary

Well beyond LHC energies: Ecr = 1018.24 eV,
√
s = 57TeV

Significantly improved analysis approach at these energies

Dedicated fiducial event selection for deeply penetrating events

Consistent description of cross-section in air showers

Composition systematics studied in detail, Helium dominated

Monte-Carlo model systematics not large
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different cross sections: 
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Cross section measurement: composition bias?
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Effective slope of Xmax measured 
after event selection

Simulated distribution of 
 Xmax for mixed composition

Only deep showers are used 
in analysis to enhance proton 
fraction in data sample

(Pierre Auger Collab. PRL)
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High-energy frontier: proton-air cross section
Proton-Air Cross-Section Summary
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Conversion from p-air to p-p cross 
section always model-dependent

Glauber model

Auger 2011

Cross section independent of LHC data, 
very good agreement with extrapolated data

(Pierre Auger Collab. 1107.4804, Phys. Rev. Lett. 2012)



How to increase p-air cross section by factor 2
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Figure 3: The σp−air-measurement compared to previous data and model predictions. For references see [2]
and [15].

For the present measurement the data is split in two energy intervals. The data is consistent
with a rising cross section with energy, however, the statistical precision is not yet sufficient to
make a statement on the functional form.
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Exotic scenario: change of interaction properties
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Method

I QGSJETII-04, E > 1018.3 eV
I change cross section and multiplicity linearily in lg E

f (E , f19) = 1 + (f19 � 1)

⇢
0 lg E < 18.3

(lg(E)� 18.3)/0.7 lg E > 18.3

using Ralf’s special version of CONEX

I scan multiplicity and cross section factor in grid (several

CONEX productions needed)

I calculate global likelihood for all energy bins

two-parameter fit of all Xmax data with E > 1018.3 eV

2

Grid Scan

fmult = 0.82 ± 0.01, fcross = 2.06 ± 0.02

3

QGSJet II.04

(Unger, unpublished 2015)
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Dependence of Λη from Cross-Section
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Tevatron
LHC

accelerator data (p−p) + Glauber Simulations with f19:

Consistent description
of cross-section

No discontinuities in
cross-section predictions

Model Rescaling at 1018.24 eV σp -air/mb

QGSJet01 1.04± 0.04 523.7 ± 23
QGSJetII.3 0.95± 0.04 502.9 ± 22
SIBYLL 2.1 0.88± 0.04 496.7 ± 23
EPOS 1.99 0.96± 0.04 497.7 ± 22
Result 505.0 ± 22 (−9,+19)Models

Ralf Ulrich for the Pierre Auger Collaboration 4

Threshold for new physics scenario at 1018.3 eV



Black disk limit reached at LHC energies for p-p scattering
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b
projectile

sprod ⇡
Z

d2~b
h
1� exp

n
�sNN

ine TA(~b)
oi Cross section largely


determined by geometry

of nucleons in nucleus


Cross section can

only grow at periphery

LHC: p-p scattering

“black disk” at small 
impact parameters

Example: total p-p cross section 160 mb, then p-air  560 mb 
                                                         320 mb                    630 mb (unitarity / black disk limit)

Rapid increase of transverse size of protons required, otherwise factor of 2 not possible



Longitudinal shower profiles: simulations and data
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Nmax = E0/Ec

Xmax � De ln(E0/Ec)

Superposition model:

XA
max � De ln(E0/AEc)



Fluctuations of Xmax to study hadronic fragmentation ?
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Doubled cross section: 
   Protons look like CNO

E = 1019 eV

T. Pierog, KIT - 17/24NUFRA – Sept 2009

Introduction PAO Nuclear fragmentation

RMS=29 g.cm-2

RMS=21 g.cm-2

RMS=16 g.cm-2

Almost 
excluded 
by data

PAO Sensitivity to Nuclear Fragmentation : FD

X
max

 Fluctuations : almost factor of 2 between extremes

Extrapolation to 1020 eV ???

Fluctuations more important than mean : Good fragmentation 
model needed for precise analysis (high statistic)

(Pierog, NUFRA 2009)


