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Outline

a, SOUMCE Introduction
e Acceleration

=& Link between particles physics and air showers (EAS)

Pre-LHC Era
Neutrino =% How was seen hadronic interactions before LHC started ?
Extensive Lessons from the LHC
Air Shower
(EAS) <% What change in our understanding of hadr. Interactions ?

Consequences on EAS

=% New generation of hadronic interaction models

Recent LHC data provide new constraints on
models changing X and the muon production,

‘Détection « m - . if a global approach is used.
From R. Ulrich (KIT)
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Introduction

From R. Ulrich (KIT)

Pre-LHC Era Lessons from the LHC
Extensive Air Shower

A + air — hadrons
p + air — hadrons
7 -+ air — hadrons
initial y from n° decay

et et 4 y well known

S setre  QED

hadronic physics

e e 7

Cascade of particle in Earth's atmosphere
Number of particles at maximum

<» Position Xmax = Mass sensitive parameter

=» 99,88% of electromagnetic (EM) particles

<» 0.1% of muons

=» 0.02% hadrons
Energy

=» from 100% hadronic to 90% in EM + 10% in
muons at ground (vertical)




Extensive Air Shower Observables

hadrons muons electrs neutrs 71.00 - 10" ° sec Proton
21
I
25000 —
20000 |

15000

3000
1000 2000

-2000 0
-1000
-3000.3000 -2000
=] Ey,=10"ev
£10 -3;_p Fe vertical
'E ; QGSJET 01
-__?é - 2;_-«::::-‘.:;;:;;‘_‘ - 32 showers aver aged
=R
10 =
T g M R R
S—— -
2
BT T -
af
10 E
z 3
10 10 core distance {(m)

@ Longitudinal Development
number 0. ar l%(,d ]J::rtu:l;s '{5‘, .
T e =@ nUumber of particles vs depth
2 i m= 0
.§_‘ %5% - 10 km X = fh dz p(z)
2 = - 8 km

B N Fe <» Larger number of particles at
of \ - 6 km Xmax

Y W [ For many showers

gr p - 4 km

5 | @ mean : <Xmax>

= vy> \ [T ¥ fluctuations : RMS Xmax
o / 2 ¥ depends on primary mass
g F Xmax

¥ depends on Hadr. Inter.

@ Lateral distribution function (LDF)
<% particle density at ground vs distance to the
Impact point (core)
<» can be muons or electrons/gammas or a mixture
of all.

@ Others: Cherenkov emissions, Radio signal



From R. Ulrich (KIT)
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X

Sensitivity to Hadronic Interactions
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model deviation at 10'° eV

@ Air shower development
dominated by few parameters

<» mass and energy of primary CR
<% cross-sections (p-Air and (Tt-K)-Air)
<% (in)elasticity

=» multiplicity

<% charge ratio and baryon production

@ Change of primary = change of
hadronic interaction parameters

<% cross-section, elasticity, mult. ...

@ Model tuned to accelerator data

Theory AND data are important to
constrain the hadronic model
parameters.
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Introduction
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Pre-LHC Era

Energy Spectrum

Equivalent c.m. energy Vs, (GeV)

Lessons from the LHC
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CERN collider

10 1

dN/dn

0

CERN fixed target "

%1073

EY) — 1 00x 107 = 1.58 x 107 GeV
proj

Vs =4.33 x 10° — 5.46 x 10° GeV

«—>

~10 0 10

x1072

Vs = 1.37x 10" = 1.73 x 10! GeV

all

(lab) _ 2 2
ESY =1.00x 107 = 1.58 x 107 GeV

Om-316m

~
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1+ 1.0

1+ 0.5

0.0
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Phase Space

@ Definition (6=emission angle)
<» pseudorapidity n=-In(tan(6/2))
=» N=0 is midrapidity

<» n»1 is forward (same direction than beam)
<» n«1 is backward

First interaction (high energy)

=<» Muons production lead by forward particles

<» EM shower driven by most energetic m°
Last generations (low energy)
=» Muon produced from 1" at all angles

<» EM particles impacted only at large
distances

Most accelerator data measured in
different phase space

<» Extrapolation needed from N=0 to n»1

dN/dn (u weighted)

=== | km-3.16km

M. Reininghaus (ICRC2021)



Cosmic Ray Models (Sibyll and QGSJET)

From R Engel ()~ o @ Models optimized for EAS simulations
| e -ty F ast
time

<» Focus on observables a priori important for EAS

=» Minimum parameter set for predictive power

e me g £

@ Universal scheme for particle production
<» String fragmentation

IN B A A Y <» Tuned on p-p, h-A and A-A data (A small)

a c
gl = &8l
al

ppn

2 9 o "] c
dy 2l 2 a8 §, a1 a

=<» Reasonable description of averaged quantities

height energy-independent,
width increases with energy data CR

\§ \ % Particles produced
X f / uniformly
(Superposition of
strings in pp-pA-AA -
number of strings

increases with energy
and mass)

primary inter.

Proj. Target
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Problem with EAS: “muon puzzle”

Reasonable accelerator data description
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Auger Coll.,
Phys. Rev. Lett. 2021
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Deficit of muons in simulations
for a given mass

Inconsistent description of EAS
data (different primary CR
masses from different
observables)
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Main Result of the LHC

A lot of data from LHC to confirm the Standard Model, but the most

Important (for me) :
=» New point of view on particle production
<» Continuity in particle ratio evolution between
pp, pPb and PbPb
=% With LHC, heavy lon community finally meet
the High Energy Physics community !
# Pythia fails to describe the data
- New Pythia/Angantyr to test string
physics with heavy ion collisions
(and then usable for EAS**)

# Qualitative description of data by EPOS
-+ Model based on a global approach
from e+-e- to Pb-Pb
<%= Confirmation of the core-corona
model (K. Werner, 2005)
** See C. Gaudu PoS(ICRC2025)267

Ratio of yields to (z™+ 77)
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Nature Letters DOI: 10.1038/NPHYS4111
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Core-Corona (co-co)

@ Core hadronization = thermal hadronization of Quark Gluon Plasma
@ Mixing of core and corona hadronization (string) needed to achieve
detailed description of p-p data (K.werner, Phys.Rev.C 109 (2024) 1, 014910)

=» Evolution of particle ratios from pp to PbPb
<» Particle correlations (ridge, Bose Einstein correlations)

<» Pt evolution, ...
@ Both hadronizations are universal but the
fraction of each change with particle density

; p-p ,Pb-p, Pb-Pb data
@ 2 simultaneous

) S [ EPOS4.00 ALICE (black) |
freeze out source of particles £ | Q
7 In EPOS (since 2005) 51 0 3 eme mOmO=OmOmO=Omon
> Feore 7530 = T—}-ﬁ-ﬁ _
A f_corona - / p ® full
2 E L o ¢ — = CO+CO
— ssese COIrona
0 B —e=e COre
N 4 eocecte ...............
4 F 10 = pp PbPb
Difference high/low 6 BT r— . n=0 - | | |
multiplicity 10-75-5-250 25 5 7510 | 10 102 103

<dn_/dn(0)>




Hadronic reScattering (HS)

Important effect when particles are close to each others

=» Re-interaction of hadrons* after parton hadronization (space-time evolution)
<» “traditionally” used only for heavy ion collisions (even NOT in pp until recently)

<» Impact “slow” particles at mid-rapidity more than “fast” forward particles

<» Significant to large impact at midrapidity in heavy ion collisions !

<= Applied to all system (from e+-e- to PbPb) now !

Elastic statterin
Cascade 9 data CR
partlcles / I \& \ X f / p,
n Single string for e+-e-
R — more precise model
esonance
productlon . |
ann|h|lat|on 5 primary inter.
Proj. Target

tune
Difference small/large rapidity (emission angle)
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New Generation of Models

Models updated in 2025 taking into account 10 years of LHC
<» EPOS (1.99/LHC/4/LHC-R) (from VENUS/NEXUS before)

by K. Werner, T. Pierog and al. “Global” approach with collective effects
=» QGSJET (01/11-03/11-04/111-01) by S. Ostapchenko
(starting with N. Kalmykov) “Traditional” approach optimized for CR
<» Sibyll (2.1/(2.3c/2.3d/)2.3€e) by E-J Ahn, R. Engel, R.S. Fletcher, T.K. Gaisser, P. Lipari,

F. Riehn, T. Stanev “Traditional” approach optimized for CR
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Model/Data
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New O+0 Data

New data at 5.36 TeV for Oxygen-Oxygen collisions

<» Data taken last July !

=%» p+0O to come

<» Preliminary comparison : difficult interpretation...

# Trigger details not known
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Retune basic parameters with HS* and LEP

EPOS.LHC-R uses experimental constraints from LEP
<» Produce n’ and f, in addition to n : change asymmetry for p (and m)

- Effect on muon production in air showers !

w 102¢ a4
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Global Approach

Collective effects are important to tune properly the models !
<» Change multiplicity/elasticity and hadronization depending on particle density
# Introduce energy + centrality dependence in accelerator data comparisons

# Modify model parameters
=& Multiple mid-rapidity particle production mechanisms
=» Change particle ratios from string fragmentation depending on phase-space

=& [Forward particle production not the same than at mid-rapidity

"5 [EPOS 4.0.0 ALICE (black) | & | EPOS3.210  ALICE (black)
Vv - o i p
i E -1 [Y)
_ Slo 7| atrnissesesesessese,,
1 — B
I I —— full
= = CO+CO
05 |- LS 0]
L —e—s COIE - —e=e COIC
C ool il 5 Ll . R RN R R AR RT| RS AR N
! 10 10 10 ! 0 100 10

<dn_ /dn(0)>
Proj. Target " <dng/dn(0)>




ratiotont

ratioto

Example: Lambda particle in p-p and Pb-Pb @ LHC
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Example: Lambda particle in t-Air @ all energies
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These data can be used to constrain the model only if all effects are taken into account !
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What did we learn ?

Moving from projectile/target/energy to energy density (particle number)
<» New point of view on particle production
=» Good description achieved with core/corona + hadron rescattering (hadron gas)
= Same physics for all systems but different mixtures of the 2 components
(low + high energy density hadronization)

< |mportant paradigm for CR models : uniformity of forward/midrapidity
hadronization and high/low energy is broken by LHC data !

primary inter.

Proj. Target Proj. Target

No collective effects Hadronic reScattering (hs) Proj. Target
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Impact on EAS of a Global Approach

Changes with new tune and taking into account collective effects (LHC)
=» Reduce slightly the value of the shower maximum Xmax by ~2% (~10 g/cm?)

<X,..c> / Log(E/eV) (g/cm?)

<= Higher inelasticity needed and less energy in m°
<» Increase the number of muons by ... 10 to 20% (different slope) !

- |mpact of core-corona on baryon/strangeness prod. AND change in
multiplicity/elasticity to accommodate hydrodynamical evolution (flow)
=& |mpact of tune based on full e+-e- data with hs instead of just p-p/p-A

45 [T B
44 E
431 E
42— E
a1 E
a0 s
:» —o— ee tune + mult. tune + cc + hs ]
Fa -4 eetune + hs -
9= . *- PP tune + cc =
- --F-- pp tune (no coll.) ,
_Il 1 1 11111 I| 1 1111 I| 11 II| 1 1 1 1 11 II| ]
o 10 10" 10" 107
Energy (eV)

0.033
0.032
0.031
0.03
0.029
0.028
0.027
"2“10.026
0.025
0.024
0.023

(GeV??)

E0.910

1

—=— ee tune+mult. tune+cc+hs
== pp tune (no coll.)

== pp tune + cc
w @@ tune + hs

illl‘\lll‘\ld]wll*ll‘Ihllll\ II|HII|\HI|IIII|IIII

11 I1I\018 1 I1I\019
(eV)

L1 I1I \017
Energy

015 | L1 1 II1I\016

M



max

Global changes
<» New data + global approach, new EPOS shifted by +20g/cm? (+/- 5g/cm?)

=» New data + old approach QGSJETIII-01 shifted by +15g/cm? (=EPOS LHC)

900_\| | I I | L | | L | L |
o HiRes-MIA N ) o
850 7 e oo p —~ Heavier composition
-« FlysEve oo = compared to previous
€ 800" = Auger DNN (2025) %r b # = — generation of models
(3] - e — e " R |L B o SRt LA
Fe) - e @'.':' :;.-:.rr B -
= 70 A e = Iron at the highest
y 0 T = energy?
:Eé - + + +¢ %’? KA T e Fe -
o EOAIES S e N
% 650 | ° %.%;ﬁ;::@"' =
- ﬁﬁ% *ﬁé rae? —— SIBYLL 2.3e -
500%;;25.5:" —=— QGSJETIII-01 =
L —&— EPOS.LHC-R Z

_\| | L1 |||| | | 11 |||| | 1 ||||
5501 017 1018 1019 1020

Energy (eV)
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Global changes

=% Increase of the total number of muons by about 10% (+/- 5%) for EPOS.LHC-R
=» No big change from retuning for QGSJETIII-01

=» Much more high energy muons with new EPOS !
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% . 025; LT Ehennnn £
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O = S S = S o9
ﬁ 0 02& _:_ . - e—p— _.——f___‘
g . - = ) = — = = = = —t]
H L
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0.015]- P
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Muons not that Puzzling !

EPOS.LHC-R, first model producing a deeper X _ and more muons and
being compatible with all measured accelerator data :
-» Deeper X__ give larger <InA> reducing the gap with measured muon content

=% Increase of muons further decrease the gap to reach Auger systematics
=% New versions of QGSJETIII, Sibyll 2.3e and Pythia/Angantyr still inconsistent

<= Global approach — EAS data better described

-e- EPOS-LHC
= QGSJetll-04
0.8F *  SIBYLL-2.3d

E=10"%eV, 0 = 67°

<InR >

| | P |

[
700 720

Auger Coll.,
Phys. Rev. Lett. 2021

740

(Xmax) / gaom-

|
760 780 820

2

800

0.8

0.6

0.4

0.2

EPOS LHC-R
QGSJETIII

-« Sibyll 2.3e

Pythia 8.315

E=10"%V, 0=67°

Auger data




Summary

@ LHC data cannot be described using a uniform hadronization
=» Proper energy and phase space extrapolation require a global approach !

@ Updated results of cross-sections, multiplicity and diffraction using a
global approach in EPOS.LHC-R

-» Large impacton X

X

< Larger <InA> (heavier primary mass — reduce “muon puzzle”)
<» Important role of resonances (e+-e- tune) and strangeness (heavy ions data)

< |[ncrease muon production - reduce “muon puzzle”
<» Combination of the 2 effects may solve the muon puzzle (to be confirmed) !

@ Still uncertainties due to pion-Air interactions in EAS
=» Multiplicity and elasticity unknown at high energy

=» Impact on Xmnax and X¥nax and their difference (X#max likely too deep in EPOS.LHC-R)
=% |mpact on muon energy spectrum (likely too hard now in EPOS.LHC-R)

<» Could be constrain using pion exchange in p-O interaction (analysis ongoing !)
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=% S. Ostapchenko, Phys. Rev. D109 (2024) no.3, 034002, arXiv:2401.06202 [hep-ph]

=% S. Ostapchenko, Phys. Rev. D109 (2024) no.9, 094019, arXiv:2403.16106 [hep-ph]

QGSJETII-04
<% S. Ostapchenko, Phys. Rev. D83 (2011) 014018

=% S. Ostapchenko, Phys. Rev. D89 (2014) 074009

SIBYLL 2.3d
=% F. Riehn et al. Phys. Rev. D102 (2020), 063002 arXiv:1912.03300 [hep-ph]

EPOS.LHC-R
=% T. Pierog at al., PoS(ICRC2025)358 (2025)

EPOS LHC
<% T. Pierog at al., Phys. Rev. C92 (2015) 034906 arXiv:1306.0121 [hep-ph]
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Generic “EPOS”

First attempt using theoretical constraints
<» Impose isospin symmetry (u=d) for pions, ps and nucleons BEFORE decay

=» Fix p° and multiplicity

multiplicity

10

- e+e-at 91 GeV - 1°

2 K -
10 10 1
xP
p+p—p°
®
¢
— EPOS
-8
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energy (GeV)

dn/dxp
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e+e- at 91 GeV — p°
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10 10 10 1
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Generic CR tuning

CR models usually tuned on hadronic interactions (not LEP)
=» Impose isospin symmetry (u=d) for pions, ps and nucleons BEFORE decay

<» Produce only most common particles 1, p and n and tuned to pp data

= | EP ~ OK but overestimate baryons and tension in h-A for p

o 20
18
16
14
12
10
8

dn/dx

oNnN BAO

dn/dx

e+e- at 91 GeV — p+ap

dnldxp

e+e-at91 GeV = A
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Retune basic parameters with HS and LEP

EPOS.LHC-R uses experimental constraints from LEP
<» Increase contribution of ps to compensate the effect of HS

multiplicity

e+e- at 91 GeV — 1°
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EPOS LHC-R no HS
— EPOS LHC-R
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ratioto nt

ratioto

Example with protons in p-p and Pb-Pb @ LHC
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(1/N)d*N/dp,/dy (c/GeV)

(1/N)d*N/dp/dn (c/GeV)

Example with protons in p-p and Pb-Pb @ LHC
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0 1 2
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ratioton

ratioto nt
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0.03

Check ALICE data
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Introduction Pre-LHC Era Lessons from the LHC

Is it Really Better ?
=» Use all RIVET analysis (~800 plots) that EPOS, QGSJET and Sibyll can run
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Introduction Pre-LHC Era Lessons from the LHC

Is it Really Better ?

=» Use all RIVET analysis (~800 plots) that EPOS, QGSJET and Sibyll can run
<% Plot the reduced Chi2 distributions of all the plots

- EPOS using a global approach reproduce existing data significantly better

Mean: 3.45
Median: 2.10
Std Dev: 3.53
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Introduction Pre-LHC Era Lessons from the LHC

Is it Really Better ?

<» We can compare to All RIVET analysis (~1100 plots) that EPOS can run
=» Plot the reduced Chi2 distributions of all the plots
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@ Probability for the particle to interact : directly related to X

Cross-Section Reduced

X

@ After TOTEM (CMS), new measurements by ALFA (ATLAS) with
higher precision

=% p-p cross-section slightly too high in all models

<» Change by up to -10% at the highest energy

using most recent CR based measurements
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Other improvements in EPOS.LHC-R

Number of limitations identified and solved

compared in EPOS LHC 5 10°
] £ ;1 0+C
<» Problem with nuclear fragments solved R — EPOSLHC
;g 10 " S EPOS LHC-R
#® Fluctuations of Xmaxfor iron similar to others = 1 T e
10 §_ 'oo.
=» No more artificial symmetry neutron and proton i *!,g,"il i
102 = t.: ‘-t -..--.l .Qd' = k
. i = . [ DR M'_'
=» Pion exchange and real Pomeron exchange - wIk R pre * X {
L1 L H pe | L1 | |
0 5 10 15 +
# LHCf data fragment mass (A)
=» Charm production 200
'g 650 i_ p+Air
# IceCube/KM3Net = 600 |
: 2 550 | --- EPOSLHC-R
<% | ower cross-sections S 500 | -*— SIBYLL 2.3d
_ _ o o 450 [ -~ QGSJETII
<% Indirect impact of core-corona (multiplicity) and  § 400 |- EPOS LHC |
hadronic rescattering (shape in pseudorapidity) o ggg 5 gk
: . i & 250 [
# Higher elasticity due to smaller light cone o ;J[o""'mz PPTPC Y S
momenta Vs (GeV)

-+ Xmax deeper
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inelastic cross section (mb)

inelastic cross section (mb)
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KASCADE/LHAASO

Correlation between N. and Ny

=» Deeper shower development = larger Ne - compensate larger N,
<» Very similar correlation compared to previous model
=» But probably lower energy scale and larger predicted mass !
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