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Hadronic interactions in air showers
● Extrapolated to higher energies and different kinematic regions than accessible

➔ systematic uncertainty on interpreted mass composition
● Depth of shower maximum (Xmax)
● Number of muons (decays of π±)

Current models of hadronic interactions:
EPOS-LHC, QGSJet II-04, Sibyll 2.3d

longitudinal 
profile

lateral 
profile

sensitive to primary mass}
[arXiv:1711.02643v2]

https://arxiv.org/abs/1711.02643
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Observables relevant to hadronic interaction models

FD longitudinal profile

● estimation of primary 
masses from Xmax fits

● interpretation of Xmax 
moments using ln A

● p-air cross-section from 
tail of Xmax distribution

● average shape of 
longitudinal profiles

● frequency of anomalous 
showers

SD signal

● muon content
➔ from buried 

scintillators, θ<60°
➔ from N19, θ>65°

● muon production depth
➔ for core distance 

r > 1500m, θ>65°

● muon energy spectrum
➔ from attenuation with 

θ and r

X max

Fluorescence 
Detector (FD)

Surface Detector 
(SD)

[PRD 90 (2014) 122006, PoS ICRC2023 (2023) 438]

[Phys. Rev. Lett. 109 (2012) 062002, 
PoS ICRC2023 (2023) 438]

[JCAP 03 (2019) 018]

[Phys. Rev. D 90 (2014) 012012]

[JCAP 02 (2013) 026, PoS (ICRC2023) 365]

[Phys. Rev. D 91 (2015), 032003]

θ

The Pierre Auger Observatory - the best instrument to study HI in UHECR

[EPJ Web of Conferences 144 (2017) 01009]
See talks of Tobias Schulz and 
Vitor de Souza for more detail

auger.org, [NIM A 98 (2015) 172

https://doi.org/10.1103/PhysRevD.90.122006
https://pos.sissa.it/444/438
https://doi.org/10.1103/PhysRevLett.109.062002
https://pos.sissa.it/444/438
https://iopscience.iop.org/article/10.1088/1475-7516/2019/03/018
https://doi.org/10.1103/PhysRevD.90.012012
https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/026
https://pos.sissa.it/444/365/
https://doi.org/10.1103/PhysRevD.91.032003
https://doi.org/10.1051/epjconf/201714401009
https://www.auger.org/
https://doi.org/10.1016/j.nima.2015.06.058
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Observables relevant to hadronic interaction models

SD signal

● muon content
➔ from buried 

scintillators, θ<60°
➔ from N19, θ>65°

● muon production depth
➔ for core distance 

r > 1500m, θ>65°

● muon energy spectrum
➔ from attenuation with 

θ and r

[Eur. Phys. J. C 80 (2020) 751]

[Phys. Rev. Lett. 126 (2021) 152002]

FD Longitudinal profile

● estimation of primary 
masses from Xmax fits

● interpretation of Xmax 
moments using ln A

● p-air cross-section from 
tail of Xmax distribution

● average shape of 
longitudinal profiles

●

● frequency of anomalous 
showers

● Problem to describe the 
size of the muon content 
- factor ~1.3-1.6 !

● Muon fluctuations 
consistent with data
(no obvious problem in 
the first interaction)

θ > 65˚

https://doi.org/10.1140/epjc/s10052-020-8055-y
https://doi.org/10.1103/PhysRevLett.126.152002
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Observables relevant to hadronic interaction models

SD signal

● muon content
➔ from buried 

scintillators, θ<60°
➔ from N19, θ>65°

● muon production depth
➔ for core distance 

r > 1500m, θ>65°

● muon energy spectrum
➔ from attenuation with 

θ and r

FD longitudinal profile

● estimation of primary 
masses from Xmax fits

● interpretation of Xmax 
moments using ln A

● p-air cross-section from 
tail of Xmax distribution

● average shape of 
longitudinal profiles

●

● frequency of anomalous 
showers

[JCAP 02 (2013) 026]
[submitted to PRD, arXiv:2406.06319]

Fe

O

He

p

pure beam

https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/026
https://arxiv.org/abs/2406.06319
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Observables relevant to hadronic interaction models

SD signal

● muon content
➔ from buried 

scintillators, θ<60°
➔ from N19, θ>65°

● muon production depth
➔ for core distance 

r > 1500m, θ>65°

● muon energy spectrum
➔ from attenuation with 

θ and r

FD longitudinal profile

● estimation of primary 
masses from Xmax fits

● interpretation of Xmax 
moments using ln A

● p-air cross-section from 
tail of Xmax distribution

● average shape of 
longitudinal profiles

●

● frequency of anomalous 
showers

● Strong dependance on the 
MC Xmax scale

● Indication of too shallow 
predictions of <Xmax> for all 
three models !
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Combining SD and FD observables
Ground signal + Longitudinal profile
● correlation between Xmax and S(1000)

● top-down approach -> Rhad

● applying shower-universality approach -> Rhad

● 2-dim distributions [S(1000),Xmax] -> Rhad(θ), ΔXmax



ICNFP 2024 J. Vícha (FZU): Tests and modifications of hadronic interactions in cosmic-ray showers 8/23

Combining SD and FD observables
Ground signal + Longitudinal profile
● correlation between Xmax and S(1000)

● top-down approach -> Rhad

● applying shower-universality approach -> Rhad

● 2-dim distributions [S(1000),Xmax]  -> Rhad(θ), ΔXmax

● ~Model-independent estimator of spread 
of beam masses

● Tension with light masses from Xmax fits for 
QGSJet II-04 (too shallow Xmax scale)

[PoS(ICRC2019)482][Phys. Lett. B 762 (2016] 288]

https://pos.sissa.it/358/482/
https://doi.org/10.1016/j.physletb.2016.09.039
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Combining SD and FD observables
Ground signal + Longitudinal profile
● correlation between Xmax and S(1000)

● top-down approach -> Rhad ~ 1.3 - 1.6 !

● applying shower-universality approach -> Rhad

● 2-dim distributions [S(1000),Xmax] -> Rhad(θ), ΔXmax

● Mass from measured Xmax - depends on 
MC Xmax scale

● Strong dependence on energy scale

[Phys. Rev. Lett. 117 (2016) 192001]

1019 eV

r = 1000m

(energy rescaling)

https://doi.org/10.1103/PhysRevLett.117.192001
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Combining SD and FD observables
Ground signal + Longitudinal profile
● correlation between Xmax and S(1000)
●

● top-down approach -> Rhad

● applying shower-universality approach 
-> Rhad ~ 1.1 - 1.3

● 2-dim distributions [S(1000),Xmax] -> Rhad(θ), ΔXmax

● Rhad smaller than in top-down approach
● ~Insensitive to the MC Xmax scale

[PoS(ICRC2023)339, arXiv:2405.03494]

energy 
and Xmax 
from FD

https://pos.sissa.it/444/339/
https://arxiv.org/abs/2405.03494
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Mass composition & tests of hadronic interactions
E=1019 eV, θ<60°

Mass composition fit of observed [Xmax,S(1000)](θ) distributions with free
modification of MC predictions not only of hadronic signal but also of Xmax

[Phys. Rev. D 90 (2014) 122006] [Phys. Rev. Lett. 117 (2016) 192001] [Phys. Lett. B 762 (2016] 288]

MC Xmax scale ? Prim. fraction fit Deficit in MC hadronic signal ~ model-independent 
estimation of beam mixing 
from [Xmax,S(1000)] correlation

[submitted to PRD, arXiv:2406.06319]

[Phys. Rev. D 109 (2024) 102001]

https://doi.org/10.1103/PhysRevD.90.122006
http://doi.org/10.1103/PhysRevLett.117.192001
https://doi.org/10.1016/j.physletb.2016.09.039
https://arxiv.org/abs/2406.06319
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001
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Improvement in data description

Significant improvement >5σ 
using Rhad and ΔXmax 

(Likelihood ratio tests for nested 
model using Wilks‘ theorem)

p-values of fits from 
MC-MC tests > 10% 
for all three models

[Phys. Rev. D 109 (2024) 102001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001
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● Deeper Xmax predictions for all models !
● Alleviated “muon problem“ to ~15-25%
● Smaller model differences in mass composition

Zenith dependence of Rhad assumed to be 
linear in Xground-Xmax 

→Rhad(θmin~28°), Rhad(θmax~55°)

Fitted parameters
[Phys. Rev. D 109 (2024) 102001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001
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Scanning in combinations of experimental systematics
EFD-14%

Xmax+8g/cm2

S(1000)-5%

S(1000)+5%

Xmax-9g/cm2

EFD+14%

☆
Significance of improvement 
of data description always 

above 5σ

Denser scan in the region of the closest 
approach of the plane to  [1,1,0 g/cm2]

[Phys. Rev. D 109 (2024) 102001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001


ICNFP 2024 J. Vícha (FZU): Tests and modifications of hadronic interactions in cosmic-ray showers 15/23

Summary of tests of models using Auger data

● All models have problems ...
● A need to describe consistently both Xmax and ground signal 

- issue in both observables !

[Xmax, S(1000)]         3 to 10     0 to 60  tension ■     tension ■    tension ■
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Adding muons ~ without changing Xmax

Core-corona model - collective 
statistical hadronization ➔ EPOS 4 Sibyll * - artificial enhancement of muons

[PoS(ICRC2023)429][Phys. Rev. D 107 (2023) 094031]

https://pos.sissa.it/444/429/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.094031
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Modifications of hadronic interactions 
● 1D CONEX simulations
● Sibyll 2.1 @ 1019.5 eV
● Cross-section modification, 

or resampling of produced 
particles

● Energy threshold for 
modifications 1015 eV

[Phys. Rev. D 83 (2011) 054026]

proton

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.054026
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Towards more complex explanation: MOCHI
MOdified Characteristics of Hadronic Interactions

● CONEX in CORSIKA: 3D information
● Modification factors in cross-section, multiplicity and elasticity

● MOCHI library:
– Sibyll 2.3d
– energy 1018.7 eV
– protons and iron nuclei
– 5 zenith angles
– 1000 showers per „bin“
– 750 000 showers (~200 TB, ~250y CPU time)

See [PoS(ICRC2023)245] 
for more detail

https://doi.org/10.22323/1.444.0245
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Range of modifications and thresholds
Cross-section (Ethr = 1016 eV)
- well constrained for p-p at LHC to a few %
- unc. in conversion to p-A limited by CMS p-Pb 
measurement

Multiplicity (Ethr = 1015 eV)
- no p-A data, limited rapidity coverage

Elasticity (Ethr = 1014 eV)
- difficult at accelerators, limits from nuclear emulsion 
chambers
- recent LHCf neutron elasticity measurement?
- range of modifications limited by internal 
consistency
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Comparison with Auger results
[Phys. Rev. D 109 (2024) 102001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.102001
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Effect on tail of Xmax distribution

Slope of Xmax tail distribution 
for protons too constrained 
by Auger data
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Effect on Xmax fluctuations

Lower cross-section and high elasticity leads to
very high Xmax fluctuations that may be
difficult to reconcile with data
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Conclusions
● We are facing change of mass-composition paradigm ➔ we should start 

seriously consider “disappointing“ heavy scenario of ultra-high energy cosmic rays
● Models of hadronic interactions proven to fail to describe air-shower data > 5σ

– possible underestimation of experimental systematics ruled out
● Modifications of macro-parameters (cross-section, multiplicity, elasticity) of hadronic 

interactions does not seem (preliminary) to be enough 
➔ different approach is needed: modifying micro parameters (production rates 
and energy spectra of secondary particles) or (not exclusively!) revisions of 
models of hadronic interactions (EPOS 4, QGSJet III?, ...)

● p + O run at LHC is extremely important for decrease of systematic uncertainties 
on mass composition of UHECR

● AugerPrime (2024-2035) will be the best test facility so far for hadronic interactions 
at √s ~ 100 TeV
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Backup slides
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Hybrid detection at the Pierre Auger Observatory

Xmax

Surface detector

Depth of 
shower 
maximum

Signal at ground 
level at 1000 m from 
the shower core

µ+em

[Nucl. Instrum. Meth. A 798 (2015) 172]

Fluorescence detector

https://www.sciencedirect.com/science/article/pii/S0168900215008086?via%3Dihub
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MethodAuger data: 
2239 HQ events for 1018.5-19.0 eV

Simultaneous log-likelihood ratio fit of

two-dimensional distributions of Xmax 

and S(1000) in 5 zenith-angle bins with 

MC templates for combinations of four 

primary nuclei (p,He,O,Fe)

● Freedom in Xmax (ΔXmax ) and S(1000) (Rhad (θ)) 

and primary fractions

● Change of Shad and Sem due to ΔXmax 

incorporated

θ 
bi

ns
2D

 b
in

s

Example of 
MC template

Eref = 1018.7 eV
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Attenuation of hadronic signal with θ

Indication of harder muon spectra in 
QGSJet II-04 than in data

θ m
in
~2

8°

θmax~55°
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Motivations for modifications of MC predictions

X max→Xmax+Δ Xmax
Shad (θ)→Shad (θ)⋅Rhad (θ)

X atm= 880 /cosθ g /cm2

ad-hoc modifications

[Astropart. Phys. 87 (2017) 23, Astropart. Phys. 88 (2017) 46]

● Properties of 4-component shower universality:

– S(1000) = Shad + Sem

– Sem very universal 

● Main differences between model predictions: 
– Scale of 〈Xmax 〉 and 〈Shad 〉(θ)

are approx. primary and energy 
independent

Shad

Sem

Caveat: no modifications in fluctuations 
or mass-depencies etc. considered 

https://doi.org/10.1016/j.astropartphys.2016.11.008
https://doi.org/10.1016/j.astropartphys.2017.01.003
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Effect of modified Xmax on the ground signal
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Assumption on primary species
● ΔXmax decreases by about 5-7, 10-17 and 30-40 g/cm2 and Rhad(θ) 

increases by about 2-5%, 4-9% and 15-20% when the heaviest primary Fe 
is replaced by Si, O and He, respectively

Significance of improvement 
of data description above 5σ



ICNFP 2024 J. Vícha (FZU): Tests and modifications of hadronic interactions in cosmic-ray showers 31/23

Systematic uncertainties
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MC-MC tests
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Importance of 3D simulation
All muons Muons around 1000m
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Possible mass-(in)dependence of Xmax shift

κ0→ f κ κ0

N0→ f N N0
⇒ X max

A '=X max
A +X0( ln( f κ)−ln (f N))

multiplicity:
inelasticity:

[arXiv:1612.09461 [astro-ph.HE]]

“changing the normalization of energy dependence“ ➔ mass independent modifications

https://arxiv.org/abs/1612.09461
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MOCHI (preliminary) [PoS(ICRC2023)245]

“changing the shape of energy dependence“ ➔ mass-dependent modifications

https://pos.sissa.it/444/245/
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