
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

THE ASTROPARTICLEPHYSICS CONFERENCE

A study on the fitting functions of energy deposit profile of cosmic rays showers
RAUL R. PRADO1 AND V ITOR DE SOUZA1

1Instituto de F́ısica de S̃ao Carlos, Universidade de São Paulo

raul.prado@usp.br

Abstract: Longitudinal development of extensive air showers generated by ultra high energy cosmic rays and
measured by experiments are usually reconstructed by fitting a trial function. By this fit, it is possible to get
important parameters likeXmaxand energy of the shower. In this study, we have tested two kinds of trial function,
Gaisser-Hillas and Gaussian in age. We have used a large set of simulated showers generated by CONEX. The
fitting stability was tested under the effect of fluctuationsand cutting shower profiles.
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1 Introduction
Cosmic rays experiments equipped with fluorescence tele-
scopes are able to measure the longitudinal developmen-
t of extensive air showers generated by ultra high energy
cosmic rays. The measurement of the longitudinal profile
allows a very accurate reconstruction of the primary ener-
gy of the shower and contains information about primary
particle type since the shower maximum is the main com-
position sensitive parameter. The reconstruction of longitu-
dinal profile is done by assuming a functional form of the
longitudinal development and fitting a function to the mea-
sured points. Thus, the shower maximum position can be
determined directly from the fitted function and energy can
be calculated by integrating it. Among several proposed
functions to fit longitudinal profile, Gaisser-Hillas function
[1, 2] and Gaussian in shower age [3] have been tradition-
ally used. In this study, we have compared the fitted show-
er parameters obtained by using these two trial functions.

The well known Gaisser-Hillas function is defined as
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(1)
whereX is the longitudinal depth.Nmax and Xmax are

physically meaningful, being the first one the maximum
number of particles in the shower, and the second, the lon-
gitudinal depth which the shower reaches the maximum
number of particles.X0 andλ has no direct physical mean-
ing. Gaisser-Hillas as function was found to give a good de-
scription of measured longitudinal profiles, however a cor-
relation can be seen between the fitted parameters [3] that
makes it clear that four fitting parameters are more than
enough to describe longitudinal profiles. Therefore, three
parameters functions, as Gaussian in shower age, has also
been used. Shower age is defined as

s=
3X

X+2Xmax
(2)

and then, Gaussian in shower age as,

N(s) = Nmax·e
−

(s−1)2

2·σ2 . (3)

WhereXmax, Nmax and σ are the only three fitting pa-
rameters. The definition of shower age, as shown in 2, can

be used reliably only by a range arounds= 1. In this study,
we have used, as a reliable range, 0.75< s< 1.25. This
range in shower age represents a range in slant depth of
∆X ∼ 400g/cm2 atXmax∼ 500g/cm2 and∆X ∼ 700g/cm2

atXmax∼ 900g/cm2.

2 Simulations
The simulations used in this work were done using
CONEX [4, 5] version 2 release 2.3. The set of primary
particles and energy was defined as follows:

• Primary particle: CONEX input particle is de-
fined as A ∗ 100 where A is the mass number
of nucleus. We have simulated showers forA =
1,5,10,15,20,25,30,35,40,45,50,55.

• Primary energy: showers have been simulated with
primary energy ranging from 1016.0 to 1020.0eV, in
steps of∆log10(E/eV) = 0.1.

For each primary particle and primary energy a set of
1000 shower has been simulated. Sibyll 2.1 [6] has been
used as hadronic interaction model.

3 Fitting profiles
The longitudinal profiles generated by simulations were
discretized, keeping one point for each 5g/cm2 of atmo-
spheric depth.

The fitting procedure starts by fitting a quadratic poly-
nomial function in order to get the first guess ofNmax
andXmaxparameters. Seven points around maximum value
have been used to make this polynomial fit. No constraints
was applied to improve the fits.

In this study, it were followed three different procedures
with the aim of testing the stability ofXmax obtained by fit-
ting the two trial functions cited above. The first procedure
is the most simple one, and was done just by fitting two
functions and comparingXmax obtained by each one.

The second procedure involves to add fluctuations in
profiles points. This was done as follows: each point of
the profiles with valuey was replaced by a value drawn
randomly following a Gaussian distribution with average
value equal toy and standard deviation equalσy.
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Fig. 1: 〈XGH
max−XGiA

max〉 as a function of energy.
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Fig. 2: Xmax distributions obtained by fitting of Gaisser-
Hillas function and Gaussian in age. The energy bin select-
ed islog10(E/eV) = 18.5.

In the results presented in next section, noise level is
defined as a fractionσy/y, thus, noise level is a direct
measure of how large are the fluctuations added to profiles.

Finally, the third procedure was done by cutting the
profile as follow: a range of∆X = 300g/cm2 was selected
randomly, so thatXmax remains inside the field of view.
For the first procedure we are only going to compareXmax
obtained by each one of the trial functions. For the second
and third procedures, we are going to compare, for each
trial function,Xmax obtained after and before executing it.
In other words, we are going to look the difference between
Xmaxobtained with and without adding noise, and with and
without cutting the profile.

4 Results
Figure 1 shows the difference betweenXmax fitted using
Gaisser-Hillas and Gaussian in age. The value of differ-
ence varies from∼ 2g/cm2 at lgE = 16.0 to∼ 5g/cm2 at
lgE = 20.0, and behaves very close to a linear function. In
figure 2 is presented , for the energy binlog10(E/eV) =
18.5, theXmax distributions for both trial functions.

Figure 3 shows distributions of∆Xnoise
max , for log10(E/eV)=

18.5 and noise level of 0.04. We can note that the effec-
t of adding fluctuations on profiles are symmetric and
are larger when using Gaisser-Hillas than Gaussian in
age. Figure 4 shows the RMS of these distributions as
a function of energy, again for noise level of 0.04. The
value of RMS(∆Xnoise

max ) is around 8g/cm2 for Gaisser-
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Fig. 3: Distribution of ∆Xnoise
max for log10(E/eV) = 18.5.

∆Xnoise
max is defined as the difference betweenXmax obtained

by adding fluctuations on profiles andXmax obtained with-
out adding fluctuations.
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Fig. 4: RMS(∆Xnoise
max ) as a function of energy for Gaisser-

Hillas and Gaussian in age.

Hillas and around 2g/cm2 for Gaussian in age, for all en-
ergy ranges. It was not observed significant variation of
RMS(∆Xnoise

max ) as a function of primary mass. Figure 5
showsRMS(∆Xnoise

max ) calculated for all energy bins togeth-
er, as a function of noise level. Both figures, 4 and 5, con-
firm that Gaussian in age is more stable under the effect of
fluctuations in the longitudinal profiles.

The third test explained in section 3 was done by
cutting the profiles. Figure 6 shows the distributions
of ∆Xcut

max(g/cm2) obtained for two trial functions. We
can see that variance of Gaisser-Hillas distribution is s-
maller than of Gaussian in age. In figure 7 it is plotted
RMS(∆Xcut

max(g/cm2)) as a function of energy. In this case,
unlike previous one, the distributions for Gaussian in age
are not symmetric around∆Xcut

max = 0. This fact can be
seen in figure 8, where is plotted the average value of
∆Xcut

max(g/cm2) as a function of energy. We can see that
〈∆Xcut

max〉 for Gaisser-Hillas is close to zero in all energy bin-
s. For Gaussian in age,〈∆Xcut

max〉 varies from∼ 1.3g/cm2

to ∼ 5.0g/cm2, increasing approximately linear. The re-
sult of this test shows that Gaisser-Hillas function is more
stable than Gaussian in age under the effect of cutting the
profiles.

5 Conclusions
In summary, two trial functions, Gaisser-Hillas and Gaus-
sian in age, were tested using a set of simulations generat-
ed by CONEX. A systematic difference of about∼ 5g/cm2
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Fig. 5: RMS(∆Xnoise
max ) as a function of noise level. Noise

level is defined in section 3.
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Fig. 6: Distributions of∆Xcut
max for Gaisser-Hillas and Gaus-

sian in age, for all energy range.
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Fig. 7: RMS(∆Xcut
max) as a function of energy for Gaisser-

Hillas and Gaussian in age.
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Fig. 8: 〈∆Xcut
max〉 as a function of energy for Gaisser-Hillas

and Gaussian in age.

in Xmax obtained by fitting these two functions was ob-
served. Furthermore, it was performed two stability tests,
by adding fluctuations and by cutting profiles. In the first
one, we observed that Gaussian in age is more stable and
in the second one, we observed that Gaisser-Hillas is more
stable. The effect of fluctuations is larger than the effect of
cutting profiles.
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