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Abstract
Two benchmark scenarios are established in order to test hadronic interaction models at ultra-high
energies: the composition model and the fast transition in cross-section model. Shower observables
from simulations are then compared and studied by their ability to distinguish scenarios. Lastly, the
experimental and model uncertainties are discussed, and the hadronic models are altered in order to
µ
test the consistency of the analysis. Nµ , Xmax − Xmax
, and to a lesser extent the shape parameter R,
were found to be good observables to discern the scenarios.
Keywords: Ultra-High Energy Cosmic Rays, Extended Air Showers, Primary Mass Composition,
Hadronic Interaction Models, Shower Observables

depth where the shower achieves maximum number
of electromagnetic particles (Xmax ), which is sensitive to the primary particle composition. Muons
stem from the decay of charged mesons and reach
the ground with nearly no interaction, so another
important observable is related to the number of
muons that reach the ground (Nµ ).
The results yielded by experiments such as Pierre
Auger are used to constrain models that attempt to
simulate EAS development. Underlying these simulations, the hadronic interactions within the EAS
are described by phenomenological models. These
models are separated into two groups that function
at different energy scales:

1. Introduction
Cosmic rays are highly energetic particles that arrive at Earth from an astrophysical source which
vary greatly in energy. Their energy spectrum spans
from 109 eV to 1020 eV, comprising the most energetic source of particles known today. The most
energetic particles known are the Ultra High Energy Cosmic Rays (UHECR) whose origin and nature remain a mystery. These particles cannot be
detected directly as they have scarce fluxes (at an
energy of E = 1019 eV the flux is about 1 particle
km−2 yr−1 ).
Fortunately, when an UHECR reaches Earth it
interacts with atoms in the atmosphere, forming
what is known as an Extensive Air Shower (EAS).
An EAS is a multiplicative process of particle production that is composed of different interacting
particles, 90% of which are electromagnetic. The
shower develops throughout the atmosphere until
it reaches a maximum of particles, after which it
decays. Some of the secondary particles from the
process can, however, still reach the ground.
The two major projects that study UHECRs are
the Telescope Array Project [1], situated in the
United States of America, and the much larger
Pierre Auger Observatory [2], situated in Argentina.
Their aim is to study the energy spectrum, composition and possible anisotropies of cosmic rays. The
studies done on an EAS are achieved by measuring
the shower observables, which are a set of quantities that describe the development of the air shower
and are known to be related to the primary particle. To investigate the hadronic interactions, one of
the most important shower quantities studied is the

• Low-Energy Hadronic Interaction Models
(LEHM), which are more easily parametrized
and constrained by human-made accelerator
data. Among these, the most up-to-date are
UrQMD and Fluka;
• High-Energy Hadronic Interaction Models
(HEHM), which are phenomenological models
fitted to available data and based on extrapolations to high energies. Among these, we have
EPOS-LHC and QGSJetII-04, both tuned to
the latest LHC data.
However, when model predictions are compared
with data from Pierre Auger related to these quantities, we observe a conspicuous lack of overlap between the data points and the model lines [3]. Figure 1 illustrates this discrepancy of mean values of
Xmax (given in units of density of matter, g/cm2 )
and Rµ (a scale factor related to Nµ .)
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from the fact that, at high energies (1018 to 1020
eV), EAS simulations with a primary mass composition of pure proton do not yield a satisfactory
profile that correctly explains the Xmax distribution
from data.
Thus, this model, obtained by Pierre Auger Collaboration, was done by treating the experimental
data yielded by the Pierre Auger Observatory and
fitting a mixture of 4 template distributions over
each bin of energy [5]. These template distributions correspond to 4 pure primary elements, which
are proton (p), helium (He), nitrogen (N) and iron
(Fe). Each energy bin would then result in a fraction of elements that best fitted that distribution.
Because its fits arise from simulated distributions,
it is dependent on the hadronic interaction model.
Figure 2 shows the results obtained from that analysis for the case of QGSJetII-04.

Figure 1: Average logarithm of number of muons
Rµ as a function of the average value of Xmax at
1019 eV for experimental and simulation data (figure taken from A. Aab et al. [3]).

Experimental errors in the data are considerably
restrained, so it must mean that the shower description from these hadronic interaction models is incomplete and does not yield accurate results.
It has been argued that the uncertainties of the
extrapolation to cosmic ray energies might be underestimated if only common models are considered, and that the true uncertainty could be much
larger than the one suggested by current predictions of hadronic interaction models. Studies of
the phase-space of this extrapolation (for example [4]) only test the sensitivity of EAS observables
to smooth transitions on macroscopic hadronic interaction parameters and fail to check the effect of
fast transition evolution.
Hence, the objective of this thesis is to investigate
the sensitivity of the UHECR shower quantities to
the main parameters of the hadronic interactions
with a particular focus on the primary cross-section
and attempt to find the best combination of observables to achieve this.

Figure 2: Fractions obtained for each nucleus and
corresponding statistical error as a function of energy, using QSGJetII-04. The markers are slightly
shifted in energy for readability.

2.2. Rapid transition in proton cross-section
Contrasting with the conventional approach of the
composition model, another way of explaining the
evolution of Xmax at ultra-high energies can be
through a rapid growth of proton cross-section in pp
collisions, which represents a change in behaviour of
hadronic interactions [6]. It is proposed that there
is a rapid transition in the cross-section of pp interactions when some energy threshold is reached.
This transition is achieved through a sharp in2. Benchmark scenarios
of cross-section at a centre-of-mass energy
The aim of this work is to explore the effects in the crease
√
s ≈ 100 TeV.
shower development by taking into account two sceSince more recent accelerator data has come to
narios that fundamentally differ in their interpretation of Auger data. By identifying observables that light regarding cross-section values at higher eneryield different results under those benchmark sce- gies than those available in the work done in [6],
narios, we can obtain a way of distinguishing them. there is a need to test the model with these newer
discoveries. The recent experiments performed
√ at
2.1. Composition model
the LHC provide
cross-section
results
of
up
to
s=
√
The composition model is the interpretation that 8 TeV and s = 13 TeV. Additionally, the Pierre
changes in Xmax with energy are due to a shift in Auger Collaboration has provided its own
√ set of
mass composition of UHECR [3]. The main impe- data for the much higher energy range of s = 57
tus for allowing a mixture of heavier nuclei stems TeV. Figure 3 shows the rapid transition in cross2

BD
disc proton cross-section with energy, σtot
(E), and
its ratio with respect to the standard proton crosssection, σtot . Its form was chosen as

section scenario with the data points corresponding
to the total cross-section.

BD
σtot
(E)
=
σtot

(
p1 (E), if E ≤ Et
p2 (E), if E > Et

(1)

with p1 and p2 being 6th order polynomials explicitly dependent on E, and Et being the energy where
the transition occurs (Et ≈ 9.84 × 1018 eV).
These functions were chosen so as to get a reasonable balance between accuracy and computational
complexity. Polynomials of different orders were
considered, having settled with order 6 for being
the lowest order yielding a maximum deviation from
the original model of less than 1% (about 0.35%).
Figure 3: Abrupt increase in σtot for ultra-high en- Higher order polynomial fits add only very little
ergy protons as a function of energy in pp-collision. precision.
The dashed black lines are extrapolations with constant values of opacity. The red line is a smooth 3.3. Impact on shower depth at maximum
function, fitting the continuous black line. Com- Given that both benchmark scenarios defined in
parison of the model with data points from recent Section 2 are parametrized directly from the districross-section measurements.
bution of the Xmax observable, they should yield
the same profile for this observable by construcThe model still holds valid without the neces- tion. Therefore the composition and fast crosssity to change the model parameters. Hence, the section transition benchmark scenarios were comexisting data on proton-proton cross-section does pared based on their Xmax distributions, alongside
not rule out the exotic model of rapid transition in simulations of individual nuclei (proton and iron),
on QGSJetII-04 and UrQMD, to test for consiscross-section.
tency.
3. Implementation
The evolution of Xmax with energy is analysed,
Amongst the most used EAS simulation programs whereas both the mean and RMS values were calcuare AIRES, CORSIKA and CONEX. Within this lated from each distribution and plotted on a graph.
work, the CONEX hybrid code was used in order to The simulations were performed using CONEX, at
obtain the shower simulation results. In this code, a zenith angle of θ = 38◦ and with the QGSJetII-04
Monte Carlo and cascade equations are combined to hadronic interaction model for high energies, and
consistently describe the shower. (For a more de- UrQMD for low energies. For each nuclei, 2 × 105
tailed overview of the hybrid approach implemented showers were produced with random primary parin CONEX see e.g., [7].)
ticle energy uniformly distributed along logarithm
Additionally, the hadronic interaction models of the energy, between E = 1018 eV and E = 1019.5
used for the first part of this work were QGSJetII- eV. For the purposes of collecting the distributions,
04 and UrQMD as the high-energy and low-energy the energy range was divided into 15 bins along
interaction models respectively.
log(E/eV), so that each bin spans 0.1 of a decade.
Figure 4 shows these results, where the square and
3.1. Composition model
the full circle represent the results from the benchWithin the framework of this thesis, the composimark scenarios, composition model and fast trantion fractions (Figure 2) corresponding to each ensition in cross-section, respectively, and the lines
ergy bin are read and fixed. Afterwards, the distrirepresent the individual nuclei.
butions of a given observable corresponding to the
Both benchmark scenarios follow Auger data
individual nuclei are used to fill a total histogram,
quite
closely in the case of the mean value, with a
in which their weights are evaluated according to
slight
deviation for higher energies. As for the RMS
the fractions. Thus, a distribution of the composivalues,
a more pronounced discrepancy is observed.
tion model is obtained for each observable.
Interestingly, the composition model cannot faith3.2. Rapid transition in proton cross-section
fully recreate the RMS value, particularly around
For implementation of this scenario into the 1018.8 eV. This particular deviation from real data
hadronic interaction models, a branched polyno- is attributed to a poor p-value in the QGSJetII-04
mial fit was computed for the evolution of the black fit at this energy.
3

Figure 5: Example of the longitudinal profiles of
the electromagnetic (red) and muonic (blue) components of an EAS produced by a standard proton,
with the leading interaction depth X1 at an energy
of 1019 eV.
interaction is the same for both components
µ
µ
∆X µ ≡ X1 − Xmax
⇔ Xmax
= X1 + ∆X µ .

(3)

Therefore, subtracting equation (3) from (2) yields
µ
Xmax − Xmax
= ∆X − ∆X µ .

Figure 4: Mean (top) and RMS (bottom) values of Xmax for each energy bin, each spanning
0.1 log(E/eV), with individual nuclei (lines) and
the benchmark scenarios (markers) simulated in
QSGJetII-04. The experimental results of Auger
are also presented with the statistical + systematic
error bars.

(4)

Consequently, we obtain a variable that should be
independent from the depth of the first interaction
by construction.
The longitudinal profile of an EAS is among the
several observables usually measured by astroparticle experiments. It reflects the energy deposited
in the atmosphere at a given atmospheric depth X.
Because the energy deposited is proportional to par4. Impact on shower observables
ticle production, X is usually plotted alongside the
Having established the benchmark scenarios and number of particles N . Furthermore, the longituditheir comparisons under Xmax , we can analyse the nal profile takes a universal shape, called the USP
plethora of other observables available, at a fixed after performing a translation in the depth (X 0 )
energy. We have chosen to look at shower observ- and a normalization in number of particles (N 0 ).
ables that should be accessed with good precision The resulting shape can be fitted to a number of
in a near future. In particular, muons in EAS are parametrizations, a common one being the Gaisserknown to be sensitive to primary mass composi- Hillas profile [8], which can be written as [9]
tion. Two quantities commonly sought after are the
R−2



number of muons detected at ground, Nµ , and the
X0
RX 0
0
exp
−
(5)
N
=
1
+
maximum depth reached by the muon production
L
LR
µ
profile, Xmax .
Another interesting quantity to investigate is the with R and L being two new profile shape parameµ
difference Xmax − Xmax
. The distributions of these ters largely independent from one another.
observables and their relation with the leading interaction, X1 , is exemplified in Figure 5. For the 4.1. Fixed energy analysis
distribution related to the maximum depth of inter- We compare the benchmark scenarios with their obRMS distributions at a fixed enactions in the electromagnetic component, we can servables mean and
19
ergy
of
E
=
10
eV,
an azimuthal angle θ = 38◦ ,
write the difference in the depth of first interaction
5000 events each, using CONEX, and the hadronic
and depth of maximum as
interaction models QGSJetII-04 at high energies
∆X ≡ X1 − Xmax ⇔ Xmax = X1 + ∆X
(2) and UrQMD at low energies. The result for Nµ
is shown in Figure 6. The filled distributions correThe same can be defined for the muon longitudinal spond to the benchmark scenarios, the composition
profile, where it is noted that the depth of the first model (grey) and the fast transition in cross-section
4

the space with each possible composition distribution between the nuclei, one obtains the so called
umbrella plots. Since the composition model is just
one possible configuration in this phase space, it is
trivially contained within the umbrellas.
µ
The umbrella for R vs. hXmax − Xmax
i is shown
in Figure 7, where the pure nuclei are represented
by the corresponding cross and the benchmark scenarios are shown as filled circles. The light grey
dots are different combinations of mass composition
fractions. The plot suggests that both observables
have some ability to distinguish the scenarios. The
R observable, therefore, presents some insensitivity
to the leading interaction parameters. The shape
parameter L did not show an appreciable deviation
for both benchmark scenarios.

Figure 6: Normalized histogram of Nµ simulated
with QGSJetII-04.

(orange). The dashed lines correspond to proton
(red) and iron (blue).
The distribution suggests an independence on the
cross-section of the first interaction since distributions of both the standard proton and the crosssection proton have the same shape and roughly
equal means. This is contrary to the composition model, which stands in-between the two extreme cases considered (proton and iron). Thus, a
shower observable is found where the modification
in hadronic interactions does not significantly affect the shower observable, while the composition
scenario does alter its distribution. This allows the
distinguishing of the scenarios, at least for the fixed
energy under consideration.
Similar to Xmax , the maximum depth of
µ
the muon production longitudinal profile, Xmax
,
yielded a distribution with no distinction between
scenarios. On the other hand, the distribution of
the observable developed in equation (4), Xmax −
µ
was found to have a slightly bigger differXmax
ence between scenarios, the most striking feature
being the likeness between the standard proton and
the cross-section proton. It is worth noting that
this disparity is made palpable only through the
subtraction. Indeed, the difference between the
two benchmark scenarios is much more accentuated
µ
than observed in the Xmax and Xmax
distributions
alone. As expected, the fast cross-section transition
proton does not differ appreciably from the standard
proton since the effects of the first interaction are
removed.
We can further compare both scenarios by
analysing the relationship between the two statistical moments at a fixed energy. A ”phase-space”
can be constructed by considering different combinations in the nuclei fractions. These results are
weighed by the composition proportion corresponding to that nucleus. The shower observables (such
as Xmax ) are then extracted from the weighted histograms and plotted in a scatter plot. By filling in

Figure 7: Umbrella plot for R as a function of
µ
i. The inner dots are calculated such
hXmax − Xmax
that each fraction varies by 20% in one nuclei from
neighbouring dots.
4.2. Energy evolution analysis
The analysis in energy evolution allows us to get a
broader view of the behaviour of hadronic interactions with energy, as it was done in for the Xmax
observable in Section 2 (Figure 4). It allows the
analysis on the evolution of observables by reducing the absolute scale impact.
For this study, the same 4 pure nuclei (proton, helium, nitrogen and iron) were simulated individually
subsequently compared to the composition and the
rapid cross-section scenarios. The change in nuclei
fractions with energy for the case of the composition scenario was taken into account. To assess the
shower observables evolution with energy, the first
two statistical moments are analysed.
The analysis in Nµ showed it to be consistent
with the observations done for fixed energy at 1019
ev. The fast transition in cross-section scenario does
not deviate appreciably from the regular proton in
terms of number of muons. The composition model,
however, shows a mean value that begins similar to
the proton and tends towards the middle between
5

used as a scale to evaluate the discrimination power.

the nuclei lines as the energy gets larger. This is a
direct consequence of the increase in heavier nuclei
in the mass composition.
Therefore, even though at the fixed energy of
E = 1019 eV studied the benchmark scenarios are
slightly distinguishable in their Nµ mean values,
this only holds true for higher energies (larger than
about 1018.8 eV), growing more disparate for more
energetic primary particles. For energies lower than
that, both are largely indistinguishable from the
regular proton.
µ
As for Xmax
, it yields an evolution where both
scenarios follow each other closely, much like in
Xmax . The same procedure as before can be done
µ
by subtracting Xmax
from Xmax in each energy bin.
We obtain the graph depicted in Figure 8 for the
mean value.

Table 1: Qualitative observations of the observables
sensitivity to the benchmark scenarios: 1 - no sensitivity; 2 - slight sensitivity; 3 - moderate sensitivity;
4 - high sensitivity.
Fixed
Energy
Obs.
Umbrella
energy
evol.
Xmax
1
1
1
Nµ
2
3
4
µ
Xmax
1
1
1
µ
Xmax − Xmax
2
4
4
R
−
3
3
L
−
1
2

5. Assessment of experimental and model
uncertainties
The conclusions drawn from Section 4 are contained
within a specific framework. To test the validity of
the conclusions about the shower quantities drawn
so far, it’s important to test the results against different high-energy and low-energy hadronic interaction models. Moreover, the experimental uncertainties in energy and in mass composition have not
been taken into account. In the following sections
we analyse how these elements affect our results.
5.1. Dependence on absolute energy scale
Current analyses places the Pierre Auger Observatory experimental uncertainty of primary particle
energy scale at about 14% [10]. The simulations
done so far have not taken into account this uncertainty in absolute energy scale. As such, we can look
into the behaviour of the observables of each benchmark scenario when evolving within this interval of
energy and compare it to the umbrella plots (RMS
vs. mean) that map the composition space.
µ
. In
Figure 9 shows this for Nµ and Xmax − Xmax
the graph, the analytically calculated outline of the
umbrella plot is shown which delineates the phasespace of the mass composition. The benchmark
scenarios are represented by the grey and orange
markers (for the composition model and the fast
transition in cross-section, respectively). The filled
marker is the point at an energy of log(E/eV) = 19,
and the unfilled markers are the points at an energy
of log(E/eV) = 18.95 and log(E/eV) = 19.05, for
the small and big markers respectively.
The change experienced by Nµ (top) is remarkably different from that experienced by Xmax −
µ
Xmax
(bottom), since it ranges over a much larger
region than the other observables when comparing
µ
it to its umbrella plot. Xmax and Xmax − Xmax
,
in turn, show little sensitivity. This representation suggests that the uncertainty associated with
the evolution with energy of the number of muons

Figure 8: Mean values of each energy bin for
µ
plotted against primary particle enXmax − Xmax
ergy, simulated with QGSJetII-04.
The fast transition model becomes almost indistinguishable from the proton line along the full energy range. On the other hand, the composition
model maintains the downwards trend observed in
µ
hXmax i (Figure 4) and hXmax
i. This means that
the difference between both scenarios is more accentuated at higher energies.
The R parameter shows a stable downwards trend
and it suggests lighter nuclei have consistently lower
R than heavier nuclei. The fast transition model
remains approximately equal to the regular proton,
while the composition model demonstrates a more
complicated evolution. This observable can only
distinguish both benchmarks at the higher end of
the energy range, while at the lower range both behave the same as the proton line. The L parameter
has low discrimination power, not being capable of
distinguishing scenarios.
Table 1 shows a summary of these results, by
qualitatively describing the sensitivity of each studied observables with scenarios. The difference in
proton and iron primaries in a given observable was
6

ing to the number of muons at ground is presented in Figure 10 for log(E/eV) = 18.95. The
shaded area represents the composition combinations spanned by the uncertainty.

Figure 10: Umbrella plot for the Nµ mean and
RMS values, showing the pure compositions and
benchmark scenarios, simulated with QGSJetII-04.
The data point of Auger and its statistical + systematic error bars is also shown. The space covered by the fit error is shown in grey. The energy
of each shaded area corresponds to an energy of
log(E/eV) = 18.95.

Figure 9: Changes suffered by the statistical moµ
(bottom) in
ments of Nµ (top) and Xmax − Xmax
three close values of primary particle energy, compared to the umbrella plot at the fixed energy of
1019 eV. In the benchmark scenarios, the filled
marker corresponds to the energy of 1019 eV, while
the small and big unfilled markers correspond to
1018.95 and 1019.05 eV respectively.

As can be seen, the shaded area does not deviate appreciably from the composition model point.
Moreover, it does not overlap with the cross-section
proton and, in fact, remains far away in such a way
that it remains distinguishable from it. Therefore,
the uncertainty in the mass composition does not
affect the conclusion that Nµ is a good observable
to separate the scenarios.
is much larger and special caution should be used
As for the rest of the observables that were conwhen assessing its evolution with energy, on the
sidered
in the previous sections, the uncertainty in
µ
contrary with the Xmax and Xmax − Xmax
observmass composition was found to only slightly afables, which have only a logarithmic dependency on
µ
, but did not change the conclusion in
fect Xmax
energy.
µ
Xmax − Xmax
.
Furthermore, it can be observed that even though
it varies greatly within the umbrella phase-space, 5.3. Dependence on the low-energy hadronic interaction model
the Nµ observable shows a consistent behaviour
with energy. Both scenarios change more or less The UrQMD results are compared with Fluka with
at the same rate and show similar evolution. Their fixed HEHM to analyse any potential dependency
difference is kept consistent and it seems to increase on the hadronic interaction model at low-energy.
slightly with energy. Hence, this analysis demon- Fluka simulations are used to study the evolution
strates that the energy scale does not pose a prob- with energy of the observables under the same
conditions for the composition model, keeping the
lem for distinguishing both benchmark scenarios.
HEHM unchanged (QGSJetII-04).
µ
5.2. Uncertainty on mass composition
Figure 11 shows Xmax − Xmax
plotted against enWithin the composition model framework, each nu- ergy, with the Fluka model being applied to the
cleus fraction associated to an energy value pos- composition model. Here, the filled markers represesses a margin of error due to the fit uncertainty, sent the composition model points simulated with
and so the overall composition also lies within a UrQMD, while the unfilled markers are the points
certain space allowed by this margin. This phase- simulated with Fluka. The results are shown alongspace is investigated for an energy value close of side the extreme cases of primary particles for referlog(E/eV) = 18.95. The umbrella plot correspond- ence (proton and iron) and both benchmark scenar7

ios simulated using UrQMD (composition and fast
cross-section transition).

log(E/eV) = 18.2, but EPOS-LHC suggests a mixture of nuclei at that value of energy. This slight
shift yields a tangible change in the composition
scenario and the composition fractions with energy
between both HEHM.
Moreover, the fast cross-section transition scenario affects solely the properties of the proton. The cross-section transition starts at about
log(E/eV) = 18.2, so every point of a lower energy
than that threshold will stay close to the proton
line. As a result, both the composition and crosssection scenarios, in absolute terms, disagree largely
throughout the considered energy range within the
EPOS-LHC framework.
Analysis along the absolute values is not possible,
but the trend in energy evolution also holds information about the observable. When taking the ratio between both benchmarks normalized to a single
point, this discrepancy disappears and we are only
looking at relative changes. In fact, one main advantage of extending the analysis of observables to
a new dimension in energy evolution is to see how
the scenarios change, which can indicate how they
may diverge. For this reason, the following ratio
is defined for a given observable Obs evaluated at
energy E 0 , by taking the values obtained in each
benchmark scenario



Figure 11: Mean values of each energy bin for
µ
Xmax − Xmax
plotted against log E, simulated with
QGSJetII-04. The composition model simulated
with Fluka is plotted alongside UrQMD.
No significant changes are observed for Xmax , Nµ ,
R and L in both mean and RMS, while a small shift
µ
occurs for Xmax
and a significant change is observed
µ
in Xmax − Xmax
(Figure 11).
The fact that muons at ground, Nµ , remained
the same for both models alongside a slight shift in
µ
depth of maximum Xmax
is understood by taking
into account propagation effects (muon decay).
This shift indicates that the hadronic interaction
model of low-energy matters when analysing the
produced number of muons in the EAS. And as
µ
stated, a change in Xmax
means that the observµ
able defined in equation (4), Xmax − Xmax
, which
was useful in distinguishing the benchmark scenarios, will depend on the LEHM of choice.
However, one significant feature emerges from
Figure 11 when considering the mean value,
µ
i, which is that the difference between
hXmax −Xmax
the composition scenario plot points brought about
by UrQMD and Fluka remains constant with energy. This allows the assessment of this disparity
and the subsequent quantification of these differences at low energies, below the energy at which
the fast transition in cross-section occurs, in order
to calibrate the relative discrepancies observed at
higher energies. These two regions are divided at
about E = 1018.5 eV, whereas above that threshold
both scenarios still suffer an evolution that distinguishes them both.

RObs ≡ 


Cross-section
Composition

Cross-section
Composition

E0



(6)

E=1018.2 eV Obs



is considered at the
where the ratio Cross-section
Composition
E
energy E we want to normalize. In this case, we define the point at E = 1018.2 eV to be the unit. This
is the same as considering the composition model
at E = 1018.2 eV to be nearly pure proton for the
purpose of comparison. This point stands out in the
Auger data as it signifies a visible change in the evolution of Xmax with energy. Whichever high-energy
model is being used, this point always indicates a
composition of the lightest elements, with data of
higher energies dipping towards heavier nuclei.
The ratio is computed in both QJSJetII-04 and
EPOS-LHC. In the context of this study, any values of the ratio given by equation (6) deviating from
this unit represents a different evolution in benchmark scenarios, and therefore symbolizes good variables to distinguish them. Furthermore, if there is
no dependency in HEHM in regard to growth with
5.4. Dependence on the high-energy hadronic inter- energy, then the behaviour along the energy scale
is expected to be the same in both QGSJetII-04
action model
EPOS-LHC produces simulations of extensive air and EPOS-LHC. The results of the mean of some
showers at high-energies under a different assump- observables are shown in Figure 12.
The results produced by EPOS-LHC are largely
tion as QSGJetII-04. In fact, the interpretation of
Xmax data from Auger, in which QGSJetII-04 pre- consistent with the QGSJetII-04 simulations and
dicts a composition of nearly pure proton at about behave the same way with energy. Once again Nµ ,
8

Figure 13:
Values of each energy bin for
RRMS(Xmax ) plotted against primary particle energy with the corresponding statistical uncertainties, simulated with QGSJetII-04.
tion additions. This means that the usage of RMS
shower quantities to distinguish between the two
scenarios should be done with additional care.
To properly deal with these ratio values, the
phase-space that resulted from the fit uncertainty
was analysed (as done in Figure 10). The observable was chosen to be Xmax , and its phase-space
was constructed in both QGSJetII-04 and EPOSLHC for two energy values (log(E/eV) = 18.95 and
log(E/eV) = 19.05). The extreme points in RMS
were extracted from the umbrella plots and were
Figure 12: Mean values of each energy bin for RNµ taken into account in the ratio calculated with equaµ
(top), RXmax −Xmax
(middle) and RR (bottom) plot- tion (6). The plot in Figure 14 was obtained, where
ted against primary particle energy, simulated with these error bars are applied.
EPOS-LHC.
µ
and, to a lesser extent, R show diXmax − Xmax
µ
vergence at higher energies. As for Xmax , Xmax
and L, no appreciable divergence from the unit line
was observed. The analysis demonstrates that the
conclusions still hold regardless of the high-energy
hadronic interaction model considered.
For the analysis done here, only the means of
the observables yielded by the shower simulations
for QGSJetII-04 and EPOS-LHC were considered,
as their RMS values were found to have significant
fluctuations. To test the source for these large fluctuations, the error related to the observable distribution statistics (uncertainties in the mean and
RMS values) was studied. In Figure 13 the ratio R
in RMS(Xmax ) is plotted individually for QGSJetII04.
The error bars are solely due to the statistical uncertainties in the observable distributions, but they
do not encompass the unit line as it would be expected from Xmax . Therefore, these fluctuations
are not because of the shower simulation statistics
but due to the quadratic nature of RMS composi-

Figure 14:
Values of each energy bin for
RRMS(Xmax ) plotted against primary particle energy
with error bars obtained from composition fit uncertainty, simulated with QGSJetII-04 and EPOSLHC.
From this analysis we can conclude that the uncertainty corresponding to the composition fit is relatively large and does explain the sizeable fluctuations observed throughout the energy scale. Furthermore, the error bars in both scenarios overlap,
9

which means that it is not the case that they are References
distinguishable from the RMS in Xmax . Indeed, it [1] R. U. Abbasi et al., “The energy spectrum of
demonstrates that the composition fit uncertainty
cosmic rays above 1017.2 eV measured by the
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fluorescence detectors of the Telescope Array
the RMS in differentiating the high-energy hadronic
experiment in seven years,” Astropart. Phys.,
interaction models.
vol. 80, pp. 131–140, 2016.
6. Conclusions
The composition and the rapid transition in crosssection scenarios are both able to explain the evolution with energy of the Xmax shower observable
within experimental error. Simulations were done
to observe the evolution of other observables within
those scenarios for comparison. From those observables, we identified those that were able to distinµ
guish scenarios. Nµ and Xmax − Xmax
revealed to
be very good candidates for discriminating the scenarios, while the shape parameter R showed a more
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