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The problem: air showers not correctly modeled

Problem I: modeling
individual air showers
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Phase space considerations

(Dembinski et al, Astrophys.Space Sci. 367 (2022) 3, 27)
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==> pT is negligible, forward particle production



CR models

SIBYLL (R. Engel, A. Fedynitch, T.K Gaisser, FR, T. Stanev) QGSJET Il (S. Ostapchenko)
- DPM based (related to DPMJET) - Gribov-Regge
- factorization between hard&soft MPI - non-linear effects
- charm production - higher twist
- phenomenologic
- light ions only (A<18) “rigorous model”
"bare bones of QCD”
EPOS LHC (T. Pierog, K. Werner) e soft
- Gribov-Regge
- energy sharing at amplitude level pQCD

- effective collective effects

soft
nucleon

remnant

“heavy-ion model”



CR models space-time picture
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(See T.Pierog ICRC2025)


https://indico.cern.ch/event/1258933/contributions/6490686/

* more strangeness

* more baryons

* more resonances in
pion interactions

(InR,)

Possible solutions

(Astropart.Phys. 160 (2024) 102964)
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The EPOS LHC R solution

* increased baryon and strangeness
production from collective hadronisation
* change ratio between pi and rho

Changes arise from re-tuning with all
effects (QGP, had. rescatter) included
when tuning (e+e-,hp,pp,pA,AA)

primary inter.
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Expected impact of light-ion collisions at the LHC
on models of cosmic showers:

Insights on which model approach is correct



First pO results

]
<

—_
ot

AN, /dn

—_
<

— EPOS-LHC-R — QGSJet-IL04 — Sibyll 2.1
— EPOS-LHC — QGSJet-III Sibyll 2.3d

* all models make
reasonable predictions
for central particle
production
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(ALICE, initial stages 2025)
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https://indico.cern.ch/event/1479384/contributions/6663047/attachments/3131557/5555439/IS_mult_v3.pdf

Measurement wish-list for light-ion

In absence of identified particle spectra at eta>7
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* measurements of central activity vs 0 T e e
forward energy (ATLAS+LHCf, ALICE w Energy (GeV)
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No collective effects .
Proj. Target



== p-O with /s = 9.6 TeV
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Future measurements with LHCDb
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Summary
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* cosmic showers sensitive to very forward particle | — Erosirer — qsiertior — sion |
prOdUCtion 904 — EPOSLHC — QGSJetIII Sibyll 2.3d |

dNgy, /dy

* first pO results of dNch/deta in central region _ :
indicate all CR models close to the measurements 5

* QGP and HS have indirect effect on the cosmic AR A A S A
shower predictions

* awaiting decisive measurements
- LHCf neutrons

- baryon & strangeness production

- central & forward correlation

Proj. Target
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The problem: air showers not correctly modeled

Problem II: modeling all air showers
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Flux of muons and neutrinos in atmosphere due to meson decay

==> compounded problem. Particle production spectra in EAS are
weighted by primary spectrum E**2...3
+ sensitive to rare particles



The problem: air showers not correctly modeled

Problem II: modeling all air showers
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CR models

SIBYLL
h+A(<18) QGSJET Il (h+AA+A) EPOS (e+e-, h+A, A+A)
e
Complexity, runtime, #parameters, #data
SIBYLL EPOS, QGSJET i
nucleon nucleon ; remnant
soft
pQCD
nucleon
soft
nucleon
= remnant
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