High-energy interaction models and systematic uncertainties in the
ground-based observation of air showers
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At energies > 10'2 eV, the exceedingly low
flux of primary cosmic rays (CR) makes their
direct measurement generally difficult. Instead,
their properties are reconstructed from the shape
and particle content of the extensive air showers
(EAS) they produce in the atmosphere. The re-
construction is based on numerical models of the
air shower developement.

Hadronic interaction models at cosmic ray en-
ergies are inherently uncertain due to the lack
of a fundamental theoretical description of soft
hadronic and nuclear interactions and the large
extrapolation required from collider energies to
the range of the most energetic cosmic rays ob-
served (> 10%° eV). In this work, model uncer-
tainties are evaluated within the QGSJET model,
by varying some of the crucial parameters in
the limits allowed by collider data, and between
QGSJET-IT and other models commonly used in
air shower simulations, namely SIBYLL 2.1 [1]
and EPOS 1.99 [2].

For this study we chose the latest version of the
QGSJET model, QGSJET-II-3 [3]. The standard
version of the model is labeled option 1 in the fol-
lowing. The crucial parameters modified to build
five alternative versions of the model (options 2-
6) relate to hard processes, string fragmentation,

option diffraction Q3 BJM | SE
) | 32(m) | (GeV?)
1 (std) 4 4.7 2.5 on | 0.5
2 7 9 2.5 on | 0.5
3 4 4.7 4 on 0.5
4 4 4.7 2.5 off | 0.5
5 4 4.7 2.5 off | 0.7
6 4 3 2.5 on | 0.5
Table 1

Parameter settings of six options of QGSJET-II. Op-
tion 1 represents the standard settings of QGSJET-II.
See text and [4,5] for further explanations.

diffraction and baryon production (see Tab. 1 and
[4,5] for a more detailed description). In options
2 and 6 the parameters are varied in two differ-
ent ways to increase the proportion of diffrac-
tive events: in option 2 the low mass diffrac-
tion is enhanced for protons, pions and kaons,
while in option 6 the proton diffraction is un-
changed with respect to the standard QGSJET,
but the diffraction for pions and kaons is de-
creased. Q3 is the virtuality cutoff defining the
transition from the non-perturbative soft to the
perturbative hard part of the cascade. When this
value is increased, as in option 3, the rise with
energy of the cross section and the secondary par-
ticle production is reduced. Option 4 and 5 vary
the energy-momentum partition between elemen-
tary production processes and string fragmenta-
tion.

Using the different versions of the QGSJET
model, the properties of single interactions rel-
evant for the EAS developement have been in-
vestigated: cross-section, inelasticity, number of
charged particles produced (Fig. 1), transverse
momentum, pseudorapidity and Feynmann-x dis-
tribution.

Results on the properties of air showers mea-
sured by ground detectors from energies of
10'2 eV (domain of the Cherenkov detectors) to
10*° eV (KASCADE) up to 10! eV (energy range
of the Pierre Auger Observatory) are obtained us-
ing the CORSIKA [6] code, modified to include
the alternative versions of QGSJET. As an ex-
ample, the differences in the lateral distribution
of electromagnetic particles and muons for differ-
ent models are shown in Fig. 2 for a single energy.
Fig. 3 shows the analogous results for the longitu-
dinal energy deposit. Estimates of relevant exper-
imental observables, as predicted by the different
models, have been also computed [4,5].

This study shows that the parameters varia-
tions within one model does not capture the full
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Figure 1. Average multiplicity of charged particles
produced in proton-Nitrogen interactions as a func-
tion of the lab energy.

variance between possible models of hadronic in-
teractions. At highest energy the size of model
uncertainties make the analysis of mass compo-
sition very difficult, being, at present, compara-
ble to the differences between proton and iron
induced showers. LHC and RHIC data are ex-
pected to increasingly constrain the models and
make their extrapolation at FEeV energies more
reliable.

REFERENCES

1. R.S. Fletcher et al., Phys. Rev. D50 (1994)
5710; E.J. Ahn et al., Phys. Rev. D 80 (2009)
094003

2. K. Werner et al., Phys. Rev. C 74 (2006)
044902

3. S.S. Ostapchenko, Phys. Rev. D 74 (2006)
014026 and ATP Conf. Proc. 928 (2007) 118

4. C. Bleve, R.D. Parsons, J. Knapp and
S.S. Ostapchenko, Proc. of of the 31st ICRC,
Lodz, Poland, June 2009;

5. R.D. Parsons, C. Bleve, S.S. Ostapchenko and
J. Knapp, accepted for publication in Astrop.
Phys., arXiv:1102.4603 (astro-ph.HE);

6. D. Heck et al., Report FZKA 6019 (1998),
Forschungszentrum Karlsruhe.

Lateral distribution of particles - p 10 °eV |

30 SN SIBYLL 2.1 4%/ QGSjetll (2)

|
N
o

3
‘H\WHHM\H‘HH‘HH

EPOS 1.99 QGSijetll (3)
o 20 QGSietll (4)
= == QGSjetll (5)
T d
2. QGSietll (6)
0
310
o]
§ of¥i
E W NS
@ et SN
%—10 %/ N
5]
£
o
B

electrons (E> 3 MeV)
P S RS BTSSR |
30 )
R
N
N
BN
0PN
ENN
10 RN n
RN
NN
F R

% difference from QGSijetll (1)

muons (E>300 MeV)
T NS B S H S B

1 1.5 2 25 3 35
log10 distance from shower core (m)

Figure 2. Average percentage difference (to
QGSJET standard) of the number of electrons (top)
and muons (bottom) for proton induced showers with
a zenith angle of 20°. Shaded areas show the statis-
tical uncertainties on the mean values.
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Figure 3. Average percentage difference (to
QGSJET standard) of the longitudinal energy deposit
electrons (top) and muons (bottom) for proton in-
duced showers with a zenith angle of 20°.



