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Air shower development: two cascades
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Air shower development: energy flow
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Air shower development: observables
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Sibyll model

(PRD 80 (2009) 094003,
PRD 102 (2020) 6, 063002)



Muon discrepancy In Sibyll 2.1
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Muon production significantly
underestimated



More muons: baryon, rho0 and strange production
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Baryon production in SIBYLL
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Sibyll 2.1 (from TeVatron times)
Fixed rate of baryon (diq) production
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Baryon production not universal ?

( CLEO collab. R.Briere et al, Phys.Rev.D76,2007 )
Decay of Y(9460) resonance
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Compare with off-
Pdig depends on gluon density? resonance scattering



Baryon production constant in rapidity

= Sibyll 2.3d == Sibyll 2.1
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Breakstone et al. (Phys.Lett. B132 (1983) 458)
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LHCH

(LHCf Adriani et al 2015)

— Sibyll 2.3d == Sibyll 2.1
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Cross section do/dzp (mb)

7t +p — leading + X

Leading rhoO

leading : m, p
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Muons in Sibyll 2.3d
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Muon discrepancy in Sibyll
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In addition, ML analyses require detailed
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DNN for Xmax reconstruction

* Training DNN on simulations of ~ * Cross check with hybrid
surface detector signals to produce measurements results in 30g/cm2 bias

mass estimator Xmax (p — Fe ~ 100g/cm2)
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Sibyll*

We want: ~
* test different scenarios
* simple adjustable parameters

* physically consistent events »
(energy/momentum + Q,B,S conservation)

. Therefore leave Sibyll unmodified,
but alter final state.
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Energy- and phasespace dependent modifications

Start from Sibyll 2.3d and only change events outside of phasespace
covered by accelerator experiments

P; = Pio-|xel¥ - f(s, Etr)

_— AN

Longitudinal phasespace
dependence

Base rate
Energy dependence

* linear in log(s)
* zero at thresh.

Epsilon - 1 max. _
*unity at 10**19eV

change in forward
phasespace

Epsilon - 0 no change



Four variants

We test 4 scenarios:

i W=
S™(p) Sibyll 2.3d
........ S*(pﬂ')
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Sibyll* variants in proton-proton
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fhaa vs Sibyll 2.3d

Hadron energy fraction

Fraction of beam energy that is carried by all hadrons except neutral pions
= energy available in EAS to produce muons
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YES!

Finally
sufficient
muons

Preliminary studies
suggest Sibyll* also
works for machine
learning

Sibyll* vs Auger inclined

(Astropart.Phys. 160 (2024) 102964)
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Particle spectra in Sibyll*
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Summary

* pbaryon production & rho production much improved in Sibyll
2.3d

* set of Sibyll variants with sufficient muon production (Auger
Inclined) - best choice: mixed model (Sibyll*)

* Muon puzzle is fine-tuning problem. Require precise
measurement & modeling of data
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Looking good...

EAS predictions for protons

10 EeY proton at 67°
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o(N,)/(N,) at ground vs. Sibyll 2.3d

Fluctuations
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Xmax In Sibyll 2.3d

Proton-proton equivalent cm. energy +/s (TeV)
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Charged pseudorapidity density dN.y,/dn
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Model performance
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Interlude: hadron interactions in SIBYLL

* i soft scattering of
parton plcture valence quarks

*LO QCD jets — minijets
* multiparticle interactions

* diffraction dissociation
* leading particles, associated production

* Lund string fragmentation U

Model for: 0
Pions, Kaons, Protons and
Nuclei up to 1 PeV CoM

Additional
hard & soft
scattering

(PRD 80 (2009) 094003,
PRD 102 (2020) 6, 063002) 0 —




Model performance
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