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Abstract: The determination of the mass composition of the ultra high energy cosmic rays is essential to
many open questions in astroparticle physics. However the identification of the cosmic ray primary par-
ticle is a complex task due to several difficulties such as thelarge fluctuations in the shower development
and the low number of experimental measurables. We present aproposal for composition studies apply-
ing multivariate analysis to make use of several parametersextracted from the longitudinal development
of the showers to improve primary particle identification. Measurable features of the CR shower longitu-
dinal profile such as theNmax, Xmax, asymmetry, kurtosis, and skewness were combined using linear
discriminant analysis (LDA). Studies were done using cosmic ray showers simulated by the CONEX code
considering gamma, proton, helium, carbon and iron as primary particles.

Introduction

The mass composition of ultra high energy cosmic
rays (UHECR) plays a fundamental role in the un-
derstanding of their origin, acceleration and prop-
agation mechanisms. In the energy region of cos-
mic ray spectra around1015, known as the knee,
the most probable source for these particles are the
galactic supernova remnants (SNR). However, for
higher energies there are no known sources inside
our galaxy that could be capable of accelerating
particles to such energies and thus a transition to
extragalactic origin is expected.

The exact energy point where the transition from
galactic to extragalactic component occurs and the
chemical abundance are the two main parameters
in the astrophysical models trying to describe this
high energy region. Reference [1] summarizes the
picture by exploring this two parameters and com-
paring them to the data measured by the HiRes ex-
periment [2].

In fluorescence detectors, the composition of the
cosmic ray is achieved by studying, on a statisti-
cal basis, the position in the atmosphere (Xmax)
where the shower has its maximum number of par-
ticles. In a previous paper [3] we have presented
a method for chemical composition studies based

on the application of a statistical method known
as Linear Discriminant Analysis (LDA) to enhance
the separation between proton and iron primary
particle. We made use of several features of the
longitudinal development of the CR shower such
as theNmax, Xmax, asymmetry, kurtosis, and
skewness rather than using only the depth of the
shower maximum (Xmax). In the previous work,
the method was tested using simulated showers of
proton, iron and photons generated by the COR-
SIKA simulation code.

In this paper, we extend our studies testing the
same method with showers generated by the
CONEX code. We have also studied the separation
capability of the method for other primary types.
Helium and carbon primaries were included in this
study. Besides, the proton, iron and gamma separa-
tion shown in the previous paper, LDA has shown
a good identification power for carbon primaries
which underlines its applicability due to the astro-
physical significance of this particle type in accel-
eration models taking place in SNR.

Shower Longitudinal Profile

We simulated showers of photon, proton, helium,
carbon and iron primaries with energy of1018 eV
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Figure 1: Distribution of the shower maximum
depth Xmax for simulated showers initiated by
gamma, proton, carbon and iron showers

using the CONEX program [4]. CONEX is a hy-
brid Monte Carlo(MC) program that combines a
MC treatment together with the solution of cas-
cade equations. The hadronic interaction model
used was QGSJETII [5] and the shower longitudi-
nal development was sampled in steps of 5 g/cm2

in slant depth. We have simulated and analyzed
2000 showers for each primary particle species ar-
riving at 60◦ zenith angle.

Figure 1 shows the distribution of the depth of the
shower maximumXmax for the different primary
particles. From left to right, we have the distribu-
tions of iron, carbon, proton and gamma sequen-
tially. It is clear that theXmax parameter shows
some discrimination capability, specially between
hadrons and gamma initiated showers. However
its discrimination power is poor within different
hadrons as can be seen by the small separation of
the mean values and the large overlaps of the dis-
tributions.

We have included in our studies, CR showers initi-
ated by helium nuclei, but they are not included
in the plots due to the small separation between
proton and helium showers distributions. To quan-
tify the separation capability between two distribu-
tions, hence the discrimination between the differ-
ent primary particles, we have chosen to use the
merit factor (MF) statistical parameter that is de-
fined as:

MF =
Ā− B̄

√

σ2
A + σ2

B

, (1)

whereĀ andB̄ are the distributions averages, and
σA andσB the respective standard deviations.

The distributions shown in figure 1 yields a separa-
tion merit factor of 1.4 between proton and gamma
initiated showers, 0.7 between proton and carbon
initiated showers and 1.3 between proton and iron
initiated showers. These values are similar to the
values obtained in [3], where we have used show-
ers simulated by the CORSIKA code. Also, in the
same work, we have presented a study that shows
the dependence of the merit factor with the num-
ber of events and for different proton/iron relative
abundance. For a distribution of 2000 events we
have shown that the error in the merit factor is be-
low 5% in despite of the proton/iron relative abun-
dance.

The longitudinal charged particle profile were ana-
lyzed and the following composition sensitive pa-
rameters were determined:

Xmax:the atmospheric depth (g/cm2) in which the
shower has the maximum number of particles. It
is the most used composition parameter and is cal-
culated in any analysis procedure of fluorescence
telescopes data. In order to avoid fitting particular-
ities and not to bias our analysis by asymmetries of
a particular function we have determinedXmax by
searching the bin with the greatest number of parti-
cles in the simulated profile. This would represent
a maximum error in theXmax determination of 5
g/cm2 which is the sampling step of the simulation
code.

Nmax: the number of particles in the shower at
Xmax. This is also a standard parameter calcu-
lated in any fluorescence telescope analysis and it
is directly proportional to the shower energy [6].
If the error in the energy reconstruction is large
the inclusion of this parameter in the composition
study would lead to a dependence with energy that
is hard to disentangle. However, the fluorescence
telescopes reconstruct the energy with an error of
about 15% what we believe is a safe margin since
variations in the energy of an EAS of this order do
not affect the hypothesis about the chemical com-
position of the primary.

Asymmetry and Sigma:in order to measure the
asymmetry of the distribution we have fit an asym-
metric function to the longitudinal profile defined
as:
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Figure 2: Distribution of the shower longitudinal
profile asymmetry for simulated showers initiated
by gamma, proton, carbon and iron showers

if ( X < Xmax)

Npart = Nmax exp
−(X−Xmax)2

Sigma2

if ( X > Xmax)

Npart = Nmax exp
−(X−Xmax)2

Asymmetry2
∗Sigma2

Xmax andNmax are fixed in the fit to the values
given by a direct scan of the simulated longitudi-
nal profile. Asymmetry and sigma are the only two
variables allowed to vary in the fit procedure. The
asymmetry variable is a direct measure of the dif-
ference between the parts of the shower below and
aboveXmax. Sigma gives a measure of the width
of the shower.

Skewness:is the third moment of the distribution
and is also a measurement of the asymmetry of the
longitudinal distribution.

Kurtosis: is the fourth moment of the distribution
and is a combined measurement of the size of the
peak and the tails.

Figure 2 shows the distribution of the asymmetry
of the different shower profiles. With this param-
eter, we achieve a separation merit factor of 2.1
between proton and iron showers and 2.0 between
proton and photon showers, which is a better sepa-
ration then theXmax parameter.

Linear discriminant analysis

We have studied the separation capability of all
the different shower profile parameters mentioned

above, and have combined them using a statistical
method for event discrimination known as Linear
Discriminant Analysis (LDA) [7]. LDA is a statis-
tical discrimination method used to find a function
of linear combinations of variables that maximizes
the separation between two or more classes of ob-
jects or events.

It accomplishes that by minimizing the error of
event classification, assigning an event to the group
of highest conditional probability (Bayes theorem).
LDA calculates this probability theoretically as-
suming that each group has gaussian multivariate
distributions and the covariance matrix is the same
for all groups. After this assumptions LDA writes
a score for each class that are a linear combination
of the dataset. The maximum score classifies the
event in the respective population. In this analy-
sis, we have used all six parameters of the shower
longitudinal profile to obtain a discriminant coeffi-
cient calculated using the proton and the iron pop-
ulations. The same linear coefficients were used
to calculate the discrimination parameters for all
the showers including the ones initiated by helium,
carbon and gamma.

Training datasets with 500 simulated showers for
proton and iron showers were used to determine
a set of discriminant coefficients. To discriminate
the primaries of the simulated events, two linear
discriminantsf1 and f2 for each dataset points
were calculated using the coefficient previously
obtained. The discriminant of larger values indi-
cates which population the new data point should
be classified. We used the difference between the
two LDA discriminants (f1−f2) to obtain the best
separation between the two populations. The same
discriminant coefficients, calculated using the pro-
ton and iron showers were then applied to helium
and carbon initiated showers. The final distribution
of f1− f2 parameters for all four different shower
types are shown in figure 3. The method was not
able to separate helium from proton showers and
therefore the distributions for helium primaries are
not shown.

We have calculated the separation merit factor be-
tween the different distributions. For proton and
iron showers, the distributions in figure 3 yields a
separation merit factor of 3.7, while the separation
between proton and gamma initiated showers pro-
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Figure 3: Distribution of LDA parameterf1 − f2

for gamma, proton, carbon and iron showers.

vides a merit factor of 5.3, and proton and carbon
yields a merit factor of 1.8.

Conclusions

It is clear that the chemical composition of the cos-
mic ray spectra at the high energy region is essen-
tial for understanding the origin and propagation of
particles at such high energies. With the increase
of data available in this region of the CR spectra,
from present experiments such as the Pierre Auger
Observatory [8] and HiRes [2] and future exper-
iments such as EUSO [9], operating fluorescence
telescopes, it is important to develop new methods
and techniques to improve chemical composition
determination.

We studied different features of the cosmic ray
shower longitudinal profile to determine a better
set of parameters that can be used to improve
chemical composition of the high energy cosmic
ray spectra. To combine the separation capabil-
ity of all the parameters the statistical method lin-
ear discrimination analysis was applied resulting
in a new parameter that provided better separa-
tion efficiency between the different shower types.
To quantify the separation between the different
shower distributions, we have defined a merit fac-
tor parameter. For showers initiated by proton and
iron, with energy of1018 eV, we have achieved a
separation merit factor of 3.7, that can be compared
to the separation merit factor of 1.3 obtained by us-
ing only the showerXmax parameter. This result

is different and better than the result we have ob-
tained using the showers simulated by the COR-
SIKA code, in which we had obtained a separation
of 2.6 between the proton and the iron. For proton
and gamma initiated showers, we have achieved a
separation merit factor of 5.7, that can be compared
to the separation obtained using only theXmax

parameter of 1.4. The studies were performed
on complete showers simulated using the CONEX
code. Results are very similar to the results ob-
tained by simulated showers using the CORSIKA
code, with a slightly better separation efficiency
between the different CR shower types. Further
studies, including truncated shower profiles sim-
ulating the limited range of view of real fluores-
cence detectors show that the separation capability
decreases, but still yields a better separation when
compared to using only theXmax parameter.
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