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Recap: Muon Deficit
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Hadronic interaction parameters
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https://arxiv.org/abs/2105.06148
https://arxiv.org/abs/1010.4310

Heitler-Matthews Model

Effect on muon number can be understood within Heitler-Matthews model

Muon number is trade off between:

primary

- increasing shower size at each generation Nmur ( )

- energy lost to electromagnetic component 1-r (~ 1t°fraction)

=== production of rn,,; hadrons per interaction

Matthews (2005),

B
DOI E
NPL = (Tnmult)kc — (ES)

here: (3 = log(rn log(n ~
where: f3 g(rnmute )/ 10g(nmut) ~0.9 arXiv:1010.4310


https://arxiv.org/abs/1010.4310v1
https://doi.org/10.1016/j.astropartphys.2004.09.003

Fireball Model

Anchordoqui et al. (2017), arXiv:1612.07328

Production of deconfined quark matter state (= fireball)
that enhances strange particle production

== indirect suppression of TI° production ===  more energy available for muons

Currently lacks detailed model

Soriano et al. (2018), arXiv:1811.07728

Mimic fireball by producing expected secondaries: swap pions and kaons
=P 110-fraction is given by the smaller K°-fraction

ALICE (2017),

Strangeness enhancements at mid-rapidities observed at LHC arXiv:1606.07424

Hints for similar effects in forward regions


https://arxiv.org/abs/1612.07328
https://arxiv.org/abs/1811.07728
https://arxiv.org/abs/1606.07424

p(E) not known a
priori

\

treat as
phenomenological
model parameter

Extension to Heitler-Matthews Model

=P An effective r-value for collisions with (projectile) energy E:

with p(E) the probability of producing a fireball at energy E

Fireball in Heitler model: some interactions have increased r-value

ref(E) = [1 — p(E)] rsm + p(F) oy

rSM - 075'08,
lp ~ 0.9-0.95
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Is there a p(E) that reproduces Auger data?

(from 11 < K)

(due to energy density, impact parameter, ...)

Parametrization:

E.in : energy below
which no fireballs

Enax : €nergy above
which only fireballs

n : rate at which
fireball becomes
more likely



N,/ (Eq/ 10 EeV)

Extension to Heitler-Matthews Model

Implementing hybrid-r approach into Heitler model

with my p(E)-parametrization and a constant multiplicity *:

==
o
1

W
()]
1

W
o
1

it
(9]
1

g
o
1

=
U
1

transition region

-~
e ——
-~
-
=

- ~
- g
P o
-~
"~
e
-~ -~

-~
o -~
-~
-

il

Fireball model
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CR energy Ejp [eV]
Provides physical insight on effect of p(E)-parameters Enin, Emax, and n 6

if EO S Emin7
1 if Emin = EO = Emax:
)

if EO > Emaxa

where: log(TsM7mult)
= BT mlt)
]Og(nmult)
ﬂ + N = log(rfbnmult)
log(nmult)
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Extension to Heitler-Matthews Model

Fits well to fireball-implemented Conex simulations

EPOS-LHC
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Single set of 5 parameters for each
hadronic interaction model:
rfb, rSM, nscale, b, Ec
(simultaneously fits 260 MC points)

Heitler extension gives interpolation of shower
Monte Carlos to any Emin, Emax, N and Eg

Enables direct interpretation of
Auger data



Interpretation of Auger Data

EPOS-LHC Need to take into account CR mass compaosition
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https://arxiv.org/abs/2102.07797

Outlook: Potential Role of FPF

FPFE neutrinos to constrain pion-to-kaon ratio in very forward interactions

=== experimental access to ‘r'-value

Air shower data strongly indicate deviation from SM extrapolation

Phenomenological fireball-extended Heitler model can provide predictions for
1) relevant energies and 2) size of deviation

FPF in ideal position to follow-up and solve muon deficit

Enables much better composition inferrence, invaluable to quest for UHECR origin
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