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We present an analysis of the correlation between the depth of the maximum of air-shower profiles
and the signal in water-Cherenkov stations in events registered simultaneously by the fluorescence
and surface detectors of the Pierre Auger Observatory. The analysis enables us to place constraints
on the spread of nuclear masses in ultra-high-energy cosmic rays with a minor impact from the
experimental systematic uncertainties and uncertainties in air-shower simulations. Due to this
unique feature, the correlation analysis has previously allowed us to exclude all pure and proton-
helium compositions near the ankle in the cosmic-ray energy spectrum at 5o~ confidence level.
The same property makes the correlation analysis an effective tool for testing the consistency of
predictions of the post-LHC hadronic interaction models, including their latest versions such as
EPOS LHC-R, QGSJeT-111-01, SiBYLLX and SiyLr2.3e. In this work, the correlation analysis
using the Phase I hybrid data from the Pierre Auger Observatory is presented. The analysis uses
the newest generation of hadronic interaction models and covers an extended energy range around
the ankle in the cosmic-ray spectrum.
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Introduction

Determining the mass composition is a key effort in understanding the origin of ultra-high-
energy cosmic rays (UHECRs). The interpretation of air-shower data in terms of the absolute
values of primary masses requires a comparison to predictions based on hadronic interaction
models, imposing related systematic uncertainties. However, the correlation between the depth of
the maximum of air-shower profiles, Xmax, and number of muons at the ground has been shown to
provide information about the spread of masses in the cosmic-ray beam with a minor dependence
on the hadronic models [1]. Using the signal in water-Cherenkov detectors (WCDs) at 1000 meters
from the shower core as a proxy for the muon number, the Pierre Auger Observatory [2] has
demonstrated that pure compositions, as well as all mixes consisting only of two neighboring mass
groups (proton-helium, helium-CNO, CNO-iron) are excluded for energies near the ankle in the
energy spectrum [3]. In this work, we present a preliminary update of this analysis using the Phase I
dataset of the Pierre Auger Observatory and the latest versions of post-LHC hadronic interaction
models. Taking advantage of the minor dependence of the constraints on the spread of primary
masses on details of hadronic interactions, we test the predictions of the post-LHC models by
analyzing the energy and zenith-angle dependencies of the observed correlation.

1. The dataset and simulations

The analysis is performed using events that were successfully reconstructed with the Fluores-
cence Detector (FD) and Surface Detector (SD) of the Pierre Auger Observatory during the period
(12/2004 — 12/2021). The FD event selection is the same as in the Xp,x analysis [4], except for
the fiducial field of view selection. This cut is designed to minimize the selection bias (such as the
loss of deep vertical events with Xp,.x close to the ground) on the Xy« distributions and does not
affect the quality of individual events. In the correlation analysis, such bias is found to be min-
imal, particularly because events with zenith angles below 35°, corresponding to an atmospheric
depth of 1060 gcm™? at the location of the Observatory, are excluded. The justification from the
point of view of the correlation analysis for selecting 35° as the minimum zenith angle is provided
in Section 3.

To ensure an accurate estimation of the SD signal at 1000 meters from the core, it is required
that the WCD with the highest signal in an event is surrounded by a hexagon with at least five active
stations. The maximum zenith angle is limited to 60° to guarantee reliable SD reconstruction [5].

After selection, in the energy range 1g(E/eV) € [18.3,19.5] used in this work, the dataset
consists of 9661 events. For the energy range 1g(E/eV) € [18.5,19.0] discussed in our previous
publication [3], approximately 2.8 times more data is available in the current analysis.

The air-shower simulation library [6] for proton, helium, oxygen and iron primary species has
been produced using CORSIKA 7.8010 [7]. The Auger Offline framework [6, 8] has been used
for the detector simulation and event reconstruction. For the analysis presented here, the newest
versions of the post-LHC hadronic interaction models, namely EPOS LHC-R [9], QGSJeT-11I-
01 [10, 11], SiByLL¥ [12], and SiBYLL 2.3e [13], have been utilized. For more information about
these models and their predictions regarding X and the muon shower content, see [14].
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2. Constraints on the spread of primary masses

The spread of masses in the primary beam is estimated using the correlation between Xp,ax and
the signal in the WCDs located 1000 meters from the core, S(1000) [3]. To avoid a decorrelation
due to the spreads of energies and zenith angles, we use Xpmax and S(1000) scaled to a reference
energy of 10 EeV, for details, refer to [3]. Additionally, S(1000) is scaled to a zenith angle of 38°
as described in [15]. The scaled variables are referred to as Xy,,, and S3;. They represent the
values of Xy« and S(1000) that would have been observed if the shower had arrived at a zenith
angle of 38° and an energy of 10 EeV. The correlation between X, and S7, is assessed using a
rank correlation coefficient rg proposed in [16]. Rank correlation coefficients are invariant to the
absolute values of S(1000) and Xpax, and therefore remain unaffected by systematic uncertainties
in the corresponding predictions of hadronic models.

The correlation analysis leverages the general characteristics of air-shower development, which
manifest as a nearly model-independent separation between mass groups in the (Xg,«, S5¢) plane, as

well as in the nearly model-independent magnitude of the fluctuations of these two observables. In

Fig. 1, simulated X}, and S5 distributions are presented for SiByLL 2.3e proton and iron showers,

ax
alongside the corresponding distribution observed in the data within the 1g(E/eV) € [18.5, 18.6]
energy range. The correlation is positive for pure beams but becomes increasingly negative as the
mass spread increases, reaching maximum anticorrelation for an extreme mix of protons and iron
nuclei in equal proportions. The correlation in the data is negative, with a value in the middle between
pure beams and the extreme mix. The statistical uncertainty is estimated as Arg =~ 0.9/ VN [31,
where N is the number of events in the dataset. The systematic uncertainty is Arg(sys.) =t%:%12 [3].
The larger negative error arises from a small decorrelation introduced by the long-term performance
of the FD and SD, for which no correction has been applied to stay conservative.

The energy evolution of the observed correlation is presented in Fig. 2 along with predictions
from simulations using SiByLr 2.3e and EPOS LHC-R. Up to the ankle (1g(E/eV) ~ 18.7) the
observed correlation is negative and differs significantly from the correlation for the pure beams.
Above the ankle, rg approaches to the values for pure beams. These observations hold for all
hadronic interaction models used in this study. Additionally, in this plot, the correlation expected
for the mass composition obtained from the fraction fits of the X,.x distributions (hereafter referred
to as ‘FD X, mix’) is presented [17, 18]. One can see that rg for the FD X,0x mix differs
significantly from the observed correlation below the ankle for SiByLL2.3e (and other SiBYLL
versions'), while for EPOS LHC-R the agreement is good.

To interpret these findings one needs to convert rg to the spread of the masses, o(In A),
using Fig. 3. Each simulated point in this plot corresponds to a mixture with different fractions of
(p, He, O, Fe) nuclei, the relative fractions change in 0.05 steps (4 points for pure compositions
are grouped at o(InA) = 0). Colors of the points indicate (In A) of each mix. In the energy
bin 1g(E/eV) € [18.5,18.6], shown in this plot, the rg value in the data is compatible with
o(InA) € [1.0,1.7]. The evolution of the spread of the masses for the energy range Ig(E/eV) €
[18.3, 19.0], obtained using this approach, is presented in Fig. 4. Independently of the hadronic
interaction model used, in the energy range 1g(E/eV) € [18.3,18.7], the spread of the masses
remains within o(In A) € [1.0, 1.7] interval. At higher energies, the limits on the mixing become

'We use the mix obtained with S1ByLL 2.3D which has the same Xpmax scale as that of SiByLL 2.3e and SiByLLX.
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Figure 1: Correlation between Xy, and S’,. Left panel: proton and iron showers (samples of 2000 events
each) simulated with SiByLL 2.3e; the legend contains rg values for pure beams and proton-iron equal mix
(maximum mixing degree). Right panel: correlation in the data. Energy range: 1g(E/eV) € [18.5, 18.6];
zenith angle range: 6/deg € [35, 60].
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Figure 2: Energy dependence of the correlation in the data compared with correlations in simulations
with SiByLL 2.3e and EPOS LHC-R for protons, iron nuclei and proton-iron equal mix. Additionally, the
correlation expected for the mass composition inferred from fits of the FD Xj,,« distributions [17, 18] is
shown.

o(InA) € [0.0,1.3] (also for 1g(E/eV) € [19.0, 19.5], not shown here). These conclusions are
valid for previous and even pre-LHC versions of the considered hadronic interaction models [3].

In Fig. 2, the discrepancy with the observed correlation below the ankle for S1ByLL 2.3e can
be explained by the proton-helium dominated FD X,x mix with typically < 15% contribution of
nitrogen and o-(In A) € [0.8, 1.0]. For EPOS LHC-R, instead, the FD X,.x mix is dominated by
protons and nitrogen (helium fraction is at maximum ~ 20%) resulting in a larger mixing degree of
o(InA) € [1.2,1.4] compatible with the constraints from the rg analysis. Let us note that, in the
forthcoming publication, the statistical and systematic uncertainties associated with the FD Xpax
mix fractions will be propagated to the rg values to properly quantify these observations.
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Figure 3: Conversion from rg to o-(In A) using simulations with SiByLL 2.3e (left) and EPOS LHC-R (right).
The shaded area represents the observed value with its statistical errors. The o-(In A) ranges of the simulated
mixes compatible with the correlation in the data are shown in each panel. See text for more details.
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Figure 4: Constraints on o (In A) from the correlation analysis as a function of energy using SiByLL 2.3
and EPOS LHC-R. Dashed lines indicate the values for pure compositions and the proton-iron equal mix
(maximum mixing degree).
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Figure 5: Zenith-angle dependence of rg. The rg values in the data are compared with SiByLL* (left)
and EPOS LHC-R (right) simulations for protons, iron nuclei, proton-iron equal mix, and the FD Xp,5x mix.
Energy range: 1g(E/eV) € [18.5,18.7].
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3. Zenith-angle dependence of the correlation

In Fig. 5, the zenith-angle dependence of the observed correlation for the energy range
Ig(E/eV) € [18.5,18.7] is compared with the hadronic interaction model predictions for (pro-
ton, iron, proton-iron equal mix) compositions and FD X, mixes for StsyLL* and EPOS LHC-R.
These hadronic interaction models represent the extreme (currently existing) cases with the max-
imum muon content and the deepest Xyax scale respectively. However, the qualitative behavior
of rg (@) is similar across all other models. Regarding simulations, the rg values for pure beams,
particularly protons, remain significantly negative up to a zenith angle of 35°. This anticorrelation
does not become stronger even for relatively large degrees of mixing, as evidenced by the similarity
of the correlations for pure protons, the FD X« mix, and the data. As a consequence, the difference
between rg for pure protons and the extreme mix is approximately two times smaller than for zenith
angles above 35°. Exclusion of the events below 35° also improves the o-(In A) constraints by
reducing the width of the simulated distributions shown in Fig. 3, as it makes the rg values for pure
beams more similar to one another.

For zenith angles above 35°, the discrepancies between the correlations in the data and those
for the FD X,.x mix are evident in the case of SiBYLLX . This demonstrates that the ~ 30% ad-
hoc increase in the muon shower content in this model had no substantial impact on the simulated
correlation values, and rg for the FD Xy, mix remained incompatible with the observed correlation,
as was the case for StByLL 2.3e (c.f. Fig. 2).

In contrast, for EPOS LHC-R, its deeper Xnax scale results in a larger spread of masses in the
FD Xpax mix, leading to a correlation similar to that observed in the data. Similar conclusions were
obtained in [19], where a good description of the observed S(1000) and Xp.x distributions was
achieved by increasing the hadronic signal and shifting X,.x to deeper values in earlier versions
of the hadronic interaction models used here. The shift of the X,,x scale in [19] led to inferences
with a larger spread of masses and an improved description of the zenith-angle dependence of the
correlation.

4. Summary

In this work, we have established constraints nearly independent of hadronic interaction models
on the spread of the UHECR masses using the correlation between Xp.x and S(1000) for events
with energies 1g(E/eV) € [18.3,19.5]. For energies below the ankle in the UHECR spectrum,
where we find o-(In A) € [1.0,1.7], the mixes consisting only of the neighboring mass groups
(p-He, He-CNO, CNO-Fe) are excluded. For higher energies, the mixing degree decreases to
o(InA) € [0.0,1.3]. These conclusions hold for any hadronic interaction model, including their
pre-LHC versions, despite the fact that differences between models in muon shower content exceed
the differences between proton and iron, and the differences in X,.x scale amount to about half the
proton-iron distance.

By analyzing the energy and zenith-angle dependences of the observed correlation for energies
below the ankle, we established that the mass compositions obtained from the fits of the FD Xjax
distributions are not compatible with the correlation in the data for all interaction models, except for
EPOS LHC-R. The deeper X scale in EPOS LHC-R, compared with other hadronic interaction
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models, results in FD Xj,,x mixes with the spread of the masses o-(In A) € [1.2, 1.4], with the energy
and zenith-angle dependencies of the correlation agreeing with the observed ones. Similar results
were obtained in our analysis [19], which employed previous versions of the hadronic interaction
models with their Xp,« scales shifted to deeper values, resembling the X,ax scale of EPOS LHC-R.
Therefore, to match the observed correlation, adjusting the Xy« scale must result in a stronger mass
mixing in the compositions inferred from the Xp,,x data. In addition, to achieve the same outcome,
modifications to the Xy, fluctuations or the proton-iron difference in (X,,,,) could be considered.

A more detailed examination of the implications of the correlation analysis for the UHECR
mass composition and the validation of the hadronic interaction model predictions will be reported
in our forthcoming publication.
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