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1. Introduction

The Ultra-High Energy Cosmic Rays (UHECRs) are the most energetic particles already ob-
served, demanding huge area experiments to their detection due to a very low flux [1]. Using
indirect detection techniques to measure the Extensive Air Showers (EASs), composed by the
secondary particles developed in the atmosphere, it is possible to infer the primary cosmic ray
information, such as energy, arrival direction, and mass composition.

The detailed study of extensive air showers allows us to understand the hadronic interaction
properties of the particles and to restrict parameters of the current hadronic interaction models. The
proton-air cross-section of cosmic rays is estimated using data collected by large cosmic ray exper-
iments, at energies far beyond what particle accelerators can produce at all. It is still not possible to
calculate the proton-air cross-section value at that higher energies with quantum chromodynamics
theory [2]. Therefore particle collision measurements at high and ultra-high energy are of great
interest to explore a new physics.

In this work, the phenomenological study proposed is based on the use of a function capa-
ble of providing the proton-air cross-section from the attenuation length using Monte Carlo EAS
simulations in order to estimate the proton-air cross-section from cosmic ray experiment real data.
In addition, we present a correlational study of some observables as a function of the depth of air
shower maximum, denoted Xj;,,.

2. Simulations and first results

To perform the presented study, we simulated a library of EASs, using the software CORSIKA
version 76900 [3]. We considered sets of 1000 showers initiated by cosmic primaries of p, He, N,
Si, Fe, in the energy range from 10'* to 10! eV, at zenith angles from 0 to 60 degrees. It was
considered three hadronic interaction models: EPOS (LHC) [4], QGSJETII-04 [5], and SIBYLL
2.3c [6]. This set of simulations was used to study three aspects, the first one concerns the average
number of muons produced by these EASs, the second was about the correlation of hadronic inter-
action parameters like elasticity, multiplicity, or ratio of charged pions with the X,,,, and finally,
the third was on the determination of the proton-air cross-section value.

In an initial analysis, we investigated the behavior of the mean number of muons as a function
of the energy of the primary particle, selecting the simulations performed only for proton and iron
primaries. Therefore, it was verified that the average number of muons increases exponentially with
energy (figure 1) and, comparing the same energy range, the average number of muons is higher
for iron primaries than protons. Such behavior is expected since heavy nuclei can be considered as
the sum of many individual nucleons. In addition, the study of the elongation ratio it was carried
out, showing the behavior of the < Xj,,,x > as a function of the primary energy in order to verify
the performed simulations. In this last result, for the same energy value, the < X,,,,, > for proton
primaries is larger than for iron primaries, corroborating with the expected in theory, in which
heavier nuclei have higher cross-sections, interacting with the atmosphere as it crosses smaller
distances.

On the other hand, we performed a Pearson correlation study to verify the correlation strength
between the shower observables and the X,,,. In all cases, we found a weak anti-correlation, as
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Figure 1: The upper figure shows the elongation rate, red dots indicate proton and blue dots iron simulation.
The black dots are data from Pierre Auger Observatory events [7]. The bottom figure shows the average
muon number at the X,,,,, depth.

we can see in one of the results of figure 2. In the future, the purpose of this work is to modify

these observables and verify if this correlation changes to verify if the average number of muons

increases or decreases with these modifications.
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Figure 2: Correlation of first hadronic interaction parameters, multiplicity, elasticity, and ratio of charged
pions, with X, for EPOS(LHC), QGSJetII-04, and SIBYLL models.
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3. Determination of 6, _,; and attenuation length for Monte Carlo air shower
simulations

In this paper, we show the determination of the proton-air cross-section using the simulated
data. The value 0,4, from the simulation is obtained of particle first hadronic interaction on
CORSIKA output data. In the case of experimental data, we can determine the value of 0,4,
using the K-factor method [8], for data selection, however, we need first to estimate the conversion
of the attenuation length in the proton-air cross-section for the simulated data. The relation between
attenuation length and cross-section is given by:

Ap =K x 1445 m, /o™ (3.1)

—air’

with 14.45 m, = 24160 mb g cm~2 [9], and K is a constant.

From the previous relation, it is possible to convert the attenuation length of Monte Carlo air
showers simulations A’,‘;’ € in proton-air cross-section. Another very interesting expression is the
attenuation length (A;) that can be calculated from the X, distribution [2] for given energy:

10g L = 10g p(Xmaxis An) (3.2)

P (Xnais An) = | Ag (7Kl — =l el (33)

The result of the unbinned log-likelihood fit provides the attenuation length. For each simu-
lation, we selected the distribution tail so as to contain data between the ranges from 700 to 1100
g/cm?. The fit was done in the tail of the distribution since it would select the most penetrating pri-
maries particles of the simulation. This procedure was performed for all simulated energy ranges
with some results summarized in table 1, with statistical errors. In figure 3, it is possible to verify
one of the results of the unbinned log-likelihood fit, considering a fixed energy range for hadronic
interaction models EPOS, QGSJetll-04, and SIBYLL?2.3c.
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Figure 3: The X, distributions. The result of the unbinned log-likelihood fit providing the attenuation
length. In this figure it was considered primary particles with of 10'7 eV, for EPOS, QGSJetII-04 and
SIBYLL models.
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3.1 Ay to 6, _ir conversion

Given the values of the attenuation length for all the energy ranges and identifying the value
of the proton-air cross-section for each of these energies, it is possible to use equation 3.1, that
connects these two parameters. By performing a fit using this function, we can estimate the value
of the proton-air cross-section with its respective statistical error for different values of attenuation
length. In figure 4, we show the result of this conversion.

On the other hand, it is possible to use experimental data and reproduce the analysis of the
previous item. Thus, we could estimate the attenuation length of cosmic ray experiment data and,
using the conversion function A?]” Cto O)—air» €sStimate the proton-air cross-section of these experi-
mental data.

Simulation Data
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Figure 4: Conversion of Ay to 0, 4. The solid lines shows the Ay measurement and its projection to
the proton-air cross-section for different models. The bottom figure shows the proton-air cross-section for
QGSJetlI-04 model.
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Determination of Ay for the hadronic interaction models
Models 104 eV 100 eV 10'6 eV 107 eV 108 eV 109 eV
QGSJetll-04 || 100.0+£0.6 || 94.7t1.4 | 92.5+£1.0 || 80.0+1.0 || 78.241.1 68.5+0.4
EPOS-LHC 95.2+1.5 99.1.0+0.1| 77.6£0.9 | 73.0+1.2 | 69.1+£0.8 | 66.6+0.7
SIBYLL2.3c || 100.1£0.1 || 100.0£0.1 || 96.3£2.0 | 84.0+1.0 | 67.6+1.0 | 64.0+0.7

Table 1: Some results of determination of Ay using Monte Carlo simulations.

4. Conclusions

It was presented the study of the EASs parameters through simulations with the CORSIKA
software. The presented G, ;- analysis is the method used to compare the simulation data with
results obtained in cosmic ray experiments, showing a strong model dependence on the interpre-
tation of air shower simulation and data. This work is in progress and the results obtained will be
used for reconstruction analysis of EASs data acquired by UHECRs observatories.
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