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Air showers - decay vs. interaction
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Muon production in hadronic showers
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Assumptions:
e cascade stops at Epat = Egec

* each hadron produces one muon

Primary particle proton
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(Matthews, Astropart.Phys. 22, 2005)



Modification of ratio of neutral to charged pions
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String fragmentation: baryon pairs
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Baryon pair-production not understood

Tevatron data (Ecm = 1800 GeV)
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EPOS: modification of fragmentation parameters
as function of string density (RHIC data)

(K.Werner et al., Phys. Rev. C75, 2006)



]
[®)
et

N, /N

EPOS: Enhancement of

(Grieder, ICRC 1973)

* Small energy fraction, low multiplicity

e Multiplication effect (no decay) 10°
* [ arge transverse momentum
* Softer muon spectrum
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Example: secondary particles in interactions at 10

baryon pair production

Muon multiplicity re-scaled with energy

ﬁ\\igf*\
I = R S
\\ N \\*\\\
....... - i
- Tt 8\% S
,,,,,,,,,,,,,,,,, ~_ O ke Fe
TN, Tt \\\‘
"""u,,““’ \1:._.. %
l"':,,""’l’l" ..'...‘.‘.Q
""""""""""" \\\E
@ QGSJET 01
SIBYLL 2.1 P
--%-- EPOS 1.60
- —5— QGSJET II-3
I| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|
15 16 18 19 20
10 10 10" 10 10 10
Energy (eV)

(Pierog, Werner, Phys. Rev. Lett. 101, 2008)
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Muon multiplicity correlation with missing energy
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Model dependence of
energy correction small



Muon production in air showers
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Comparison: KASCADE vs.Auger

KASCADE
@ energy 107 eV, E, > 250 MeV
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(Maris et al., ICRC 2009)

Pierre Auger Observatory
@ energy 10" eV, E, > 150 MeV

E[GeV]
1 107 10° 10* 10° 10°
m [ [ IIIIIII| —I_”I‘Illllll [ IIIIIII| [ IIIIIII| [ IIIIIII| [ IIIIIII|
Qil 20000~ — QGSJET/FLUKA (80 GeV)
% . QGSJET/FLUKA (500 GeV)
™ 100000— #  b e SIBYLL/FLUKA (80 GeV)
N (N SIBYLL/FLUKA (500 GeV)
80000
60000/
40000
20000
0 i il B R B |.:miw."|"'"i‘ S ] L
0 1 2 3 4 5 6
logIO(E/GeV)



_ 1/N, dN /dN_,,
Q o

=3
=]
w

_ 1/N, dN /dN_,,
Q =

=9
=]
w»

Characteristics of hadronic interaction chain
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Exotic physics in first few interactions ?

Muon production:
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factor of 2: 5 -7% more muons,
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Muon number insensitive to changes
of high-energy interactions
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Possible application in IceTop/lceCube

High energy muons in
lceCube from early
interaction generations

Ey/n o Nyt = Nch+ Npeut (measured with energy
loss of muon bundles)

Ey/(0o) \(nch>2

o Low energy muons in
° lceTop from late
[ ] (‘
Ey(n, )" (ng,)" — interaction generations

(estimated with CIC
method and universality)

lce Top/lceCube could distinguish between exotic high energy interaction
scenario and low energy interaction effects (antibaryon production?)



