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Abstract: In this paper we infer the mass composition of the ultra high energy cosmic rays (UHECRs)
from measurements of Xmax distributions recorded at the Pierre Auger (2014) and Telescope Array
(TA) (2016) Observatories, by fitting them with all possible combinations of Monte Carlo (MC)
templates from a large set of primary species (p, He, C, N, O, Ne, Si and Fe), as predicted by EPOS-
LHC, QGSJETII-04 and Sibyll 2.1 hadronic interaction models. We use the individual fractions of
nuclei reconstructed from one experiment in each energy interval to build equivalent MC Xmax
distributions, which we compare with the experimental Xmax distributions of the other experiment,
applying different statistical tests of compatibility. The results obtained from both experiments
confirm that the mass composition of the UHECRs is dominated (270%) by protons and He nuclei
in the energy range investigated 1g E(eV) = [17.8-19.3] (Auger) and 1g E(eV) = [18.2-19.0] (TA). The
indirect comparisons between the Xmax distributions recorded by the two experiments show that
the degree of compatibility of the two datasets is good, even excellent in some high energy intervals,
especially above the ankle (Ig E(eV) ~ 18.7). However, our study reveals that, at low energies, further
effort in data analysis is required in order to harmonize the results of the two experiments.

Keywords: UHECRs mass composition; Xmax distributions; fitting fractions; Auger-TA Xmax com-
patibility; astroparticle physics; extensive air showers

1. Introduction

The UHECRSs (E > 108 eV) are the most energetic particles in the universe produced
by the most energetic astrophysical objects. Their origin and acceleration mechanisms
are still unknown despite the huge efforts in the last decades of the entire astrophysics
community [1]. A realistic description of such a complex process of production and
transport through the intergalactic medium requires accurate information about the extra-
galactic magnetic fields [2,3], interaction with the cosmic microwave background (CMB)
and the extra-galactic background light (EBL), distribution and type of sources which
accelerate these particles [4-8] and, last but not least, accurate information about their
energy spectrum [9,10], mass composition [11-14] and arrival directions [15,16] measured at
ground based cosmic ray experiments. These former properties are indirectly reconstructed,
making use of different parameters of extensive air showers (EAS) recorded by the cosmic
ray experiments such as the Pierre Auger Observatory (Auger) [17] and the Telescope
Array (TA) [18].

The mass composition of the primary UHECRSs is still a matter of debate even if it
was extensively studied by combining different complementary techniques [19-23]. The
most reliable parameter from the EAS used to infer the mass composition proved to be
Xmax, the atmospheric depth where the energy deposit profile of the secondary particles
reaches its maximum [24]. This parameter is related to the primary particle mass as
(Xmax) &« —In A.

The measurements of mass composition reported by the Auger [19,25] and TA [26]
experiments, on the basis of the first two moments of the Xmax distributions ((Xmax) and
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0X,..x) are not in very good agreement on the entire energy range. While the TA results
suggest only a light composition above E > 10'82 eV, the Auger results clearly indicate a
transition to a heavier component starting from E ~ 10'8° eV and becoming increasingly
heavier at the highest energies.

On the other hand, it was shown that using only the limited information given by
the first two moments of a Xpnax distribution may lead, in very particular cases, to a
misinterpretation of the mass composition, since different mixes of primary particles can
reproduce exactly the same (Xmax) and ox,_values. To avoid such situations, a method
was proposed, which uses the entire shape of each Xmax distribution by fitting them with
Monte Carlo (MC) templates for four fixed primary species (p, He, N and Fe) obtaining in
this way information about fractions of individual nuclei [27]. Following this approach,
the measurements of Xpax distributions recorded by Auger and TA experiments were
indirectly compared [28] concluding that both measurements are compatible in the limits
of statistical and systematical uncertainties.

In a recent paper [29], we showed that by fitting the Xmax distributions only with four
fixed elements (p, He, N and Fe), an artificial worsening of the fit quality can be induced
and the reconstructed fractions might be biased as a consequence of a high abundance of
some intermediate elements (e.g., Ne/5i) not included in the fitting procedure. We argued
that a more appropriate approach is to fit the observed Xmax distributions with all possible
combinations of elements from a larger set of primaries (p, He, C, N, O, Ne, Si and Fe)
obtaining the “best combination” of elements that best describe the data.

In this work, we perform an indirect comparison between Xmax distributions measured
by Auger (2014) [19] and TA (2016) [20] experiments following the approach proposed in [29].

In Section 2, we describe the simulation procedure for obtaining the MC templates
for a large set of primary species (p, He, C, N, O, Ne, Si and Fe), taking into account
the detector effects (acceptance and resolution) of both experiments, employing different
hadronic interaction models. In Section 3, we obtain the fractions of individual nuclei
which best describe the Xmax distributions measured by Auger and TA experiments on the
entire energy range 1g E(eV) =[17.8-19.3] (Auger) and Ig E(eV) = [18.2-19.0] (TA) following
two methods. The first method reconstructs the fractions of individual nuclei of the “best
combination” of elements which best describe the observed Xpax distributions. With the
second method we extract the average of the reconstructed fractions of each species from
all possible combinations of fitting elements whose fit quality was higher than a threshold
value, obtaining in this way the evolution of the abundances of all primary species as a
function of energy.

In Section 4, we present the compatibility of the measurements of the two experiments
on the basis of three statistical tests: p-value as goodness-of-fit, Kolmogorov-Smirnov (KS)
and Anderson-Darling (AD). Section concludes the paper.

2. Monte Carlo Templates

The MC templates (Xmax distributions or Probability Density Functions (PDFs) of
Xmax) for 8 primary species (p, He, C, N, O, Ne, Si and Fe) for each energy interval of 0.1 in
lg E(eV), employing three hadronic interaction models EPOS-LHC [30], QGSJETII-04 [31]
and Sibyll 2.1 [32] were generated using CONEX v4r37 simulation code [33,34]. Due to
the experimental limitations, the MC templates for the TA experiment were simulated for
only eight energy intervals in the range Ig E(eV) = [18.2-19.0] and 15 energy intervals for
Auger Ig E(eV) = [17.8-19.3]. The zenith angle of the showers were isotropically sampled
in the interval 6 = [0°-60°] ensuring an isotropic flux on flat surface dN /dcos(0) ~ cos(0).
The statistics of each Xpax distribution are of the order of 104-10° events, with a larger
number of simulations for proton induced showers in comparison with the heavier nuclei.

A PDF of Xpmax for a primary nuclear species in a given energy interval consists of a
binned Xmax distribution in the range [0-2000] g/ cm? with a bin width = 20 g/ cm? for the
Auger case, while for the TA experiment the Xax distributions are binned in the range
[500-1300] g/cm? with a bin width = 40 g/cm?.
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To account for detector effects, the true Xmax values calculated with CONEX were
modified in accordance with the acceptance and resolution of each experiment. In the case
of Auger, the true Xmax values were modified by using Equations (7) and (8) from [19],
while for the TA case the true MC templates were modified in accordance with the biases
(reconstruction + acceptance) and resolutions computed in [20] in Table 1 and Figure 9
of that paper, considering full detector simulations for p, He, N and Fe for the QGSJETII-
04 model. For the intermediate elements, the bias and resolution of X,.x are obtained
using a 2nd degree polynomial interpolation. It is worth mentioning that the possible
uncertainties on the bias and resolution of the intermediate elements, artificially introduced
by this interpolation, would be much smaller than the experimental resolution of the
Xmax parameter. The exact values of the biases and resolutions used to construct the
MC templates for the TA MC templates are listed in Table 1. For EPOS-LHC and Sibyll
2.1 models we considered the same values of biases and resolutions as computed for
the QGSJETII-04 model. Again, we have to stress that this approximation cannot affect
the results significantly, since the possible deviations from the true values of bias and
resolution for EPOS-LHC and Sibyll 2.1 cannot exceed more than few g/cm?. As stated
in [20], the bias is larger for deeply penetrating showers, for example, protons. As an
example, the difference between the average < Xmax > induced by protons predicted by
Sibyll 2.1 and QGSJETII-04 in the energy interval Ig E(eV) = [18.2-18.3] is about 2.4 g/cm?,
so the bias of the reconstructed Xmax for protons predicted by these models should be
roughly the same.

Table 1. The values of the biases and resolution in units of [g/cm?] used to build MC templates for the case of TA data in
each energy interval for eight primary species.

He C N o Ne Si Fe

IgE (eV) bias res bias res bias res bias res bias res bias res bias res bias res
[18.2-18.3] —6.17 17.2 =562 157 —4.04 1443 -3.7 14.2 —-3.41 13.75 —-2.87 13.18 —2.03 12.39 —-1.78 132
[18.3-18.4] —-6.21 17.2 =556 157 —4.04 1443 =372 142 —3.41 13.75 —-2.87 13.18 —-2.03 12.39 -178 132
[18.4-18.5] —11.07 172 —-8.65 157 327 1443 -217 142 117 1375 055 1318 081 1239 —154 132
[18.5-18.6] -922 172 -768 157 —423 1443 351 142 285 1375 -17 1318 -0.1 12.39 -18 132
[18.6-18.7] -9.31 172 -713 157 —233 1443 -137 142 —-049 1375 099 1318 —-0.83 1239 234 132
[18.7-18.8] -7.75 172 —-64 157 342 1443 281 142 227 1375 134 1318 017 1239 -3.18 132
[18.8-18.9] -775 172 —-64 157 342 1443 281 142 227 1375 134 1318 017 1239 -3.18 132
[18.9-19.0] -7.17 17.2 —6.09 157 -3.66 1443 =316 142 2.7 13.75 —-1.92 13.18 -0.87 1239 —2.63 13.2

An example of PDFs of Xmax is given in Figure 1 for proton and iron induced
showers in the energy interval Ig E(eV) = [18.2-18.3] employing QGSJETII-04 and EPOS-
LHC hadronic interaction models and taking into account the specific detector effects of
each experiment.

g f g 0
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Figure 1. PDFs of Xmax for proton and iron induced showers as predicted by QGSJETII-04 and
EPOS-LHC hadronic interaction models in the energy interval 1g E(eV) = [18.2-18.3] for Auger (left)
and TA (right) experiments. Note the difference in the bin width.
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In the next Section we will use these PDFs to fit the experimental Xmax distributions
measured by Auger and TA experiments following a binned maximum-likelihood procedure.

3. Fitting Fractions of Auger and TA X,,,, Distributions

The experimental Xmax distributions in each energy interval recorded by Auger and
TA experiments are fitted with all possible combinations of primary elements (p, He, C, N,
O, Ne, Si and Fe) following a binned maximume-likelihood procedure. Thus, we obtain the
fractions of individual nuclei that best describe the observed X .x distributions.

In this fitting procedure, the minimizing quantity is —In L, which is defined as:

_lnL:Z:yi—ni—i—niln(ni/yi), (1)
i

75
1

where n; represents the measured counts in the “i”-th bin of the experimental X,y distri-

bution and y; is the MC prediction for that bin [35] given by y; = };[c;f;(i)] where j = p,

He, C, N, O, Ne, Si and Fe, f] (i) isan MC template and ¢ is the fraction of the j component.
We quantify the goodness of fit using the p-value parameter defined as:

_ ndf x°
p-value=1—-T (2, 2), 2)

representing the probability of obtaining a worse fit than the one observed even if the
distribution predicted by the fit results is correct. Here, ndf represents the number of
degrees of freedom computed as the number of bins (including empty bins) of each Xax
distribution minus the number of elements considered in the fit, x> is the sum of the
square of residuals using the parameters computed by the maximum-likelihood procedure
and I' is the normalized upper incomplete Gamma function. The results of the fitted
fractions of Xmax distributions measured by Auger and TA are presented following two
methods. In method #1 we obtained the “best combination” of elements from all possible
combinations that best describe the experimental Xmax distributions based on the highest
p-value™**, in each energy interval. The results are displayed in the left plots of Figures 2—4
for EPOS-LHC, QGSJETII-04 and Sibyll 2.1 hadronic interaction models. The error bars
of each point were computed using the MINOS technique based on AL = 1/2 rule [36].
The reconstructed fractions obtained for both experiments clearly show that the mass
composition of primary UHECRs is dominated by light elements (p and He), which present
a modulation of their abundances as a function of energy, but keeping the sum (f, + fy.)
roughly constant on the entire energy spectrum. This feature is predicted by all hadronic
interaction models. An interesting aspect is the presence of Fe nuclei in a quite high
abundance (~20% predicted by EPOS-LHC model) on the entire energy spectrum of TA
data which, at least qualitatively, seems to contradict the results of mass composition
obtained on the basis of the first two moments of the Xax distributions [26].

In method #2 we extract the average of the reconstructed fractions of each species from
all possible combinations of fitting elements whose goodness of fit parameter p-value was
in the range [0.5 x p-value™**, p-value™**]. For example, if the combination of the elements
p + N + Fe and p + He + Si or simply p + He, and so on, give a good fit quality, then
the average fraction of protons is the mean of the proton fractions reconstructed from all
these combinations. In this case, the error bar associated to one species is computed as the
square root of the sum of the squared uncertainties of the species obtained from different
combinations of fitting elements whose goodness of fit was in the range mentioned above.
In this way, we have an overview of the evolution of all fractions of individual nuclei as
a function of primary energy. The results are displayed on the right plots of Figures 2—4
for the three hadronic interaction models. Both methods give similar results on the entire
energy range. It is worth mentioning that the shortcoming of method #2 is that the sum of
all reconstructed fractions in a given energy interval will be biased (>1) as a consequence
of the limitations of the fitting procedure when using extreme combinations of elements.
This bias is evaluated for each energy interval as the sum of all reconstructed fractions,
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Zf:“p fi, for all hadronic interaction models and is represented in Figure 5. As can be seen,
the obtained values are not too far from 1 for almost the entire energy spectrum of Auger
data, while for TA we observe larger biases in many energy intervals, mainly due to the
lower statistics in the experimental Xmax distributions. Even so, we consider that these
biases are not significant compared to the systematic and statistical uncertainties of the
experimental Xmax distributions.
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Figure 2. Fitted fractions of individual nuclei in each energy interval obtained with method #1 (left) and method #2 (right)
employing the EPOS-LHC hadronic interaction model. Full orange circles stand for TA (2016) data while the black open
circles represent the Auger (2014) data. The p-value parameters are displayed on the bottom panels as one single value per
energy interval (left) and a range of p-values represented with arrows (right) (see text).

In the next Section, we will perform an indirect comparison between the Xmax distri-
butions recorded by Auger and TA experiments using the individual fractions of nuclei
reconstructed in this Section 3.
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Figure 3. Fitted fractions of individual nuclei in each energy interval obtained with method #1 (left) and method #2 (right)
employing the QGSJETII-04 hadronic interaction model. Full orange circles stand for TA (2016) data while the black open
circles represent the Auger (2014) data. The p-value parameters are displayed on the bottom panels as one single value per

energy interval (left) and a range of p-values represented with arrows (right) (see text).
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Figure 4. Fitted fractions of individual nuclei in each energy interval obtained with method #1 (left) and method #2 (right)

employing the Sibyll 2.1 hadronic interaction model. Full orange circles stand for TA (2016) data while the black open circles

represent the Auger (2014) data. The p-value parameters are displayed on the bottom panels as one single value per energy

interval (left) and a range of p-values represented with arrows (right) (see text).
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Figure 5. The sum of all reconstructed fractions obtained with method #2 (see text) as a function of en-
ergy for EPOS-LHC (up), QGSJETII-04 (middle) and Sibyll 2.1 (bottom) hadronic interaction models.

4. Auger vs. TA Mass Composition Compatibility

The measurements of Xmayx distributions obtained by both experiments cannot be
directly compared because they use different approaches when analyzing the recorded
events [37]. This is the reason we produced two sets of MC predictions of PDFs of Xmax
taking into account the specific resolution and acceptance of each experiment.

We test the compatibility of the measurements of Xmax distributions recorded by both
experiments following two approaches on the common energy range lg E(eV) = [18.2-19.0].
In the first approach, we translate the individual fractions of each primary species re-
constructed from TA data in equivalent PDFs of Xmax predicted for Auger (PDFs of
XI{;X_) A”ger(z’) =Y chA ]A”ger(i)) and we perform the comparison PDFs of XI{:X_} Auger
vs. Auger data, while in the second approach we translate the individual fractions of each
primary species reconstructed from Auger data in equivalent PDFs of Xax predicted for
TA (PDFs of XQZ§€HTA (i)=Y c].Auger f]-TA(i)) and the comparison is performed between

PDFs of X487 T4 ys. TA data.

In each approach, we use the fitting fractions obtained following method #1 and #2
(see Section 3). Each comparison is performed for all hadronic interaction models and is

characterized by three statistical tests: p-value as goodness of fit, KS and AD. The p-value
TA— Auger

parameter is obtained by fitting Auger data with PDFs of Xyax and TA data with
PDFs of X£Z§6r_> A following the same binned maximum-likelihood procedure. Both KS

and AD tests calculate the probability that two distributions come from the same parent
distribution. The KS test is one of the most used compatibility procedure with an improved
response around the peak of the distributions. On the other hand, the AD test is optimized
to probe the compatibility with a higher accuracy on the tails of the distributions which, in

our cases, are dominated by protons and He nuclei.

In Figure 6 we present the comparison between Auger data and PDFs of Xg{g: Auger

for the energy interval g E(eV) = [18.2-18.3] considering the individual fitting fractions
obtained from TA data by the two methods (see Section 3) for all three hadronic interaction
models. The statistics of the Xpax distribution (N = 1952) as well as the p-value, KS and
AD parameters are displayed on the plots. We chose to give this example because it is the
energy interval with the highest statistics of events recorded by both experiments.

Figure 7 presents the same analysis as in Figure 6 but in the energy bin 1g E(eV) = [18.6-18.7]
in which the number of events recorded by Auger is N = 575. In this case, the compatibility
of the two datasets is much better, reaching AD = 0.35 for the QGS]Jetll-04 model. It is
important to note that the highest degree of compatibility is obtained with the AD test,
which is more sensitive on the tails of the distributions dominated by protons and He nuclei.
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This is an indication that the measurements of both experiments are more compatible with

respect to the light component (p and He) of primary UHECRs.
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Figure 6. The comparison between Auger data (black points) and PDFs of Xpax in the energy interval

lg E(eV) = [18.2-18.3] using the TA fractions obtained with method #1 (top) and method #2 (bottom) for EPOS-LHC (left),
QGSJETII-04 (middle) and Sibyll 2.1 (right) hadronic interaction models.
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Figure 7. The comparison between Auger data (black points) and PDFs of Xpax in the energy interval

g E(eV) =[18.6-18.7] using the TA fractions obtained with method #1 (top) and method #2 (bottom) for EPOS-LHC (left),
QGSJETII-04 (middle) and Sibyll 2.1 (right) hadronic interaction models.
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In Figures 8 and 9 we present the comparison between TA data and the fitted fractions
reconstructed from Auger data (second approach) for the energy bins 1g E(eV) = [18.2-18.3]
and lg E(eV) = [18.6-18.7], respectively. As in the first approach, the two experiments show
that the degree of compatibility of the two datasets is good, reaching excellent agreement
in some high energy intervals, especially when using the fractions reconstructed with
method #2 (e.g., p-value= 0.83, KS = 0.94 and AD = 0.86) for IgE(eV) = [18.6-18.7]
considering QGSJetll-04 model. At lower energies, our study shows that the reconstruction
methods need to be refined in order to achieve a better compatibility between the two sets
of measurements.

The complete set of probabilities computed with the three statistical tests is listed in
Tables 2 and 3 for the first approach and second approach, respectively.

TA— Auger

Table 2. The probabilities computed for the three statistical tests of the comparison Auger data vs. Xmax considering
the TA fractions obtained using method #1 (left) and #2 (right).

Model 1g(E/eV) p-Value KS AD p-Value KS AD
[18.2-18.3] <105 <10°° <10-5 <10-5 <105 <1075
[18.3-18.4] <1073 <107° <107° <107° <107° <1073
[18.4-18.5] <107° <107° <1075 <1075 <1075 <105
EPOS-LHC [18.5-18.6] <1073 <1073 1.0 x 1073 <1075 <1075 1.9 x 1074
[18.6-18.7] <1072 1.4 x 1072 3.9 x 1072 <1073 8.4 x1073 3.1x1072
[18.7-18.8] <105 <10-5 8.5 x 1075 <105 <105 <105
[18.8-18.9] 1.1 x 1072 7.7 x 1073 2.4 %1072 14x1074 6.8 x 1072 1.3 x 107!
[18.9-19.0] 3.8x 107! 5.2 x 1072 25x 107! 5.2 x 1074 5.4 % 1072 1.9 x 107!
[18.2-18.3] <105 <107° <1075 <1075 <1075 <1075
[18.3-18.4] <1075 <1075 <1075 <107 <107° <1075
18.4-18.5 <10~ 2.1 %10 3.6 x 10~ <10~ 82 x 10~ 1.2 x 10~
5 4 5 5 5 5
QGSJETII-04 [18.5-18.6] <1075 1.1x 1072 2.5 x 1072 <107° <107° <1075
[18.6-18.7] 25x107* 35x 107! 3.6 x 107! <105 52 % 1072 7.2 x 1072
[18.7-18.8] <107° 6.1x107° 63 x107* <10~° <107° <107°
[18.8-18.9] <1075 <1075 2.1 x107* <107° 6.1 x 104 8.9 x 1073
[18.9-19.0] 7.9 x 1072 1.6 x 1072 8.1 x 1072 41x10* 1.7 x 1072 8.6 x 1072
[18.2-18.3] <107° <1075 <107° <107° <107° <107°
[18.3-18.4] <1075 <1075 <1075 <107 <107° <1075
[18.4-18.5] <107° 8.4 x107* 1.4 %104 <107° <107° <107°
Sibyll 2.1 [18.5-18.6] <1075 6.8 x 107° 1.6 x1073 <107° <107° <1075
[18.6-18.7] <105 2.7 x 1072 47 %1072 <105 <105 <1075
[18.7-18.8] <105 5.5 x 1073 5.9 x 1074 <105 <1075 <105
[18.8-18.9] 5.4 x 1073 <107° 1.8 x 1074 <105 <1075 24 %1074
[18.9-19.0] 3.8 x 107! 15 x 1072 2.9 x 1072 1.7 %1073 1.4 %1072 7.9 x 1072
. .. . Auger—TA Sy
Table 3. The probabilities computed for the three statistical tests of the comparison TA data vs. Xiager considering the

Auger fractions obtained using method #1 (left) and #2 (right).

Model 1g(E/eV) p-Value KS AD p-Value KS AD
[18.2-18.3] <1075 <1075 <1075 <107 <107° <1075
[18.3-18.4] <1073 <107° <107° <107° <107° <1073
[18.4-18.5] 20x1075 8.5x 1075 13 x 1073 <10-° 75 %1072 42 %1072
EPOS-LHC [18.5-18.6] 27 x107* 21 %1073 44 %1072 28 %1075 8.0 x 1072 48 %1072
[18.6-18.7] 7.6 x 1073 22 %1072 1.7 x 10! 9.0 x 1075 3.6 x 1072 1.9 x 10!
[18.7-18.8] 21 x10°° 1.8 x 1072 1.1x 1072 <10-3 7.5 x 102 2.5 % 102
[18.8-18.9] 8.5 x 102 15 x 10! 44 %10 8.5 x 104 2.7 x 101 48 x 107!
[18.9-19.0] 6.3 % 107! 9.0 x 101 7.7 x10-1 8.2 x 102 9.6 x 101 7.6 x 107!
[18.2-18.3] <103 <1079 <1073 <1073 <1073 <105
[18.3-18.4] <107° <1075 <107 <107° <107° <107°
[18.4-18.5] <10-3 32 x 1072 43 %1073 <10-3 3.2 x 1072 43 %1073
QGSJETII-04 [18.5-18.6] 40x10°5 44 %1073 20x1073 <1079 47 % 1072 6.7 % 1073
[18.6-18.7] 8.3 x 10! 9.4 x 107! 8.6 x 101 22 % 107! 9.4 % 107! 8.6 x 107!
[18.7-18.8] 44 %1070 <1079 57 % 104 40 % 104 56 x 1071 55 x 1071
[18.8-18.9] 7.9 x 1072 7.4 %1071 3.7 x 101 87 x 1074 7.4 %107 3.7 x 107!
[18.9-19.0] 9.0 x 10! 1.0 1.0 25 % 107! 1.0 1.0
[18.2-18.3] <10-3 <10-° <1073 1.4 x 1073 75x107* 3.0x 1074
[18.3-18.4] <1075 <105 <1075 <1075 <1075 <1075
[18.4-18.5] 3.5 x 1073 3.9 %1073 1.9 x 102 15x1073 9.0 x 1072 1.6 x 107!
Sibyll 2.1 [18.5-18.6] 45 %1072 4.9 x 1072 1.5 x 1071 4.5 %1072 49 x 1072 1.5x 107!
[18.6-18.7] 29 x 107! 2.8 x 107! 51x 107! 3.6 x 1072 46 x1071 6.4 x 107!
[18.7-18.8] 28 %1073 9.9 x 1072 7.9 x 1072 1.5 x 1073 9.9 x 102 7.9 x 1072
[18.8-18.9] 48 %1072 42 %107 45x 1071 40x 1074 42 x 107! 45x 107!
[18.9-19.0] 82 x 107! 9.9 x 10! 7.7 x 1071 1.9 x 101 1.0 1.0
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Figure 8. The comparison between TA data (orange points) and PDFs of Xpna% in the energy interval 1g E (eV) = [18.2-18.3]

using the Auger fractions obtained with method #1 (top) and method #2 (bottom) for EPOS-LHC (left), QGSJETII-04 (middle)
and Sibyll 2.1 (right) hadronic interaction models.
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Figure 9. The comparison between TA data (orange points) and PDFs of Xias in the energy interval Ig E(eV) =[18.6-18.7
max

using the Auger fractions obtained with method #1 (top) and method #2 (bottom) for EPOS-LHC (left), QGSJETII-04 (middle)
and Sibyll 2.1 (right) hadronic interaction models.



Universe 2021, 7, 321 11 of 13

5. Discussions and Conclusions

In this paper, we present an alternative approach to inferring the mass composition
of the primary UHECRs using the available Xpnax distributions recorded by Auger (2014)
and TA (2016) experiments, by comparisons with MC templates predicted by EPOS-LHC,
QGSJETII-04 and Sibyll 2.1 hadronic interaction models.

A common general remark is that the measurements of both experiments suggest that
the mass composition of primary UHECRs is dominated (270%) by protons and He nuclei,
which present a modulation of their abundances as a function of energy but keeping the
sum (f, + fHe) roughly constant on the entire energy spectrum. This conclusion holds
for all the three hadronic interaction models. An interesting aspect is the presence of
Fe nuclei in a quite high abundance (~20%) in TA data on the entire energy spectrum
lg E(eV) = [18.2-19.0] as predicted by the EPOS-LHC hadronic interaction model.

The general conclusion is that, using the approaches proposed in this paper, the degree
of compatibility of the two datasets is good, reaching excellent agreement in some high
energy intervals above the ankle, as computed by the three statistical tests (e.g., p-value=
0.83, KS = 0.94 and AD = 0.86 for 1g E(eV) = [18.6-18.7] considering the QGS]JetII-04
model). The best agreement is achieved when the indirect comparison is performed using

the reconstructed fractions of nuclei from Auger data to build the equivalent distributions,

PDFs of Xrﬁbal)g(er_)m, which are compared with TA data. However, our study reveals that,

at low energies, further effort in terms of data analysis is required in order to harmonize
the results of the two experiments, taking into account that the models are not able to
accurately describe the data in some energy intervals.

We believe that the current approach could be very useful in future studies on mass
composition, especially to crosscheck the measurements of Xnax between Auger and TA
once the statistics of the recorded events will increase.
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