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Abstract

The Pierre Auger Observatory has driven the field of ultra-high-energy cosmic ray (UHECR) physics,
producing several groundbreaking observations over the last 20 years. One of the most striking findings
has been the complex evolution of UHECR mass composition, as revealed by detailed analyses of
observables such as the depth of shower maximum (X .« ) and the muon content of showers. As more
data are collected and sophisticated analyses are undertaken, not only are new fine details emerging,
but the general picture of UHECR mass composition is becoming increasingly robust. This contribution
presents recent results on the mass composition of UHECRSs derived from surface, fluorescence, and
radio detectors. Together with other key findings from the Observatory, these results converge to present
a coherent picture of UHECR mass composition, effectively ruling out proton dominance and challenging
the interpretation of the observed flux features as purely proton-induced propagation effects. To finish the
contribution, we compare the X,,.x data from the southern and northern equatorial bands of the
exposure of the Pierre Auger Observatory fluorescence detector to evaluate the possibility of changes in
composition as a function of declination.
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The Pierre Auger Observatory has driven the field of ultra-high-energy cosmic ray (UHECR)
physics, producing several groundbreaking observations over the last 20 years. One of the most
striking findings has been the complex evolution of UHECR mass composition, as revealed
by detailed analyses of observables such as the depth of shower maximum (X,,.x) and the muon
content of showers. As more data are collected and sophisticated analyses are undertaken, not only
are new fine details emerging, but the general picture of UHECR mass composition is becoming
increasingly robust. This contribution presents recent results on the mass composition of UHECRs
derived from surface, fluorescence, and radio detectors. Together with other key findings from the
Observatory, these results converge to present a coherent picture of UHECR mass composition,
effectively ruling out proton dominance and challenging the interpretation of the observed flux
features as purely proton-induced propagation effects. To finish the contribution, we compare
the Xm.x data from the southern and northern equatorial bands of the exposure of the Pierre
Auger Observatory fluorescence detector to evaluate the possibility of changes in composition as
a function of declination.
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Phase I and Phase II of the Pierre Auger Observatory

The Pierre Auger Observatory, located near the town of Malargiie, Mendoza, Argentina, sits at
approximately 35.25° S, 69.3° W and has been observing ultra-high-energy cosmic ray (UHECR)
air showers since January 1, 2004. Since its full completion in June 2008, it has been conducting
precision measurements with 1660 Water Cherenkov Detector (WCD) stations, the Surface Detector
(SD), and 27 fluorescence telescopes, the Fluorescence Detector (FD) [1]. The Observatory operated
in this configuration until 2021, when the deployment of its major upgrade, AugerPrime [2], began.

The now-completed upgrade to the Observatory significantly increases statistics for mass
composition studies at the highest energies through the addition of Surface Scintillator Detectors
(SSDs) and Radio Detectors (RDs). The SSDs complement the WCDs to provide enhanced
electromagnetic-muonic shower component separation up to a zenith angle of 60°. The RDs extend
this sensitivity above 60° by measuring the electromagnetic component, while the WCDs measure
the muons, which alone survive to the ground at high inclinations. A small PMT has been added in
each WCD to enhance their dynamic range. Finally, SD electronics have been upgraded, providing
improved timing resolution. The data collected before this upgrade constitute the Phase I dataset,
while the data collected with the upgraded detector represent the Phase II dataset [3].

Herein, we present an overview of the current understanding of UHECR mass composition,
based on data collected during Phase 1 of the Observatory. These include newly finalized FD
measurements using the full Phase I dataset [4] and new data from a Universality-based SD
reconstruction [5]. When these are added to the published measurements from the SD via neural
networks [6] and the Auger Engineering Radio Array (AERA) [7], a detailed and consistent picture
of the composition of UHECR comes into view. Finally, using the new higher statistics available
in the FD, the composition of UHECRs in the southern and northern parts of the Observatory’s
exposure are directly compared to check for a declination dependence.

Measurements of the Depth of Shower Maximum

When a primary UHECR arrives at Earth and strikes a nucleus in the atmosphere, it triggers a
complex cascade of secondary particles known as an extensive air shower (EAS). Early in the EAS,
each collision of a secondary produces further secondaries, primarily pions (7%, 7°) and kaons. The
neutral 7° quickly decays into pairs of photons, triggering electromagnetic sub-showers through
processes like pair production and bremsstrahlung. The charged 7* and kaons either interact further,
continuing the process, or decay to muons, creating the muonic component of the shower.

The evolution of the number of particles as a function of atmospheric depth (typically expressed
in g/cm?) is referred to as the longitudinal profile of shower development. Early in the shower, the
particle count grows rapidly as interactions with the atmosphere efficiently convert the initial kinetic
energy of the primary into an exponential growth of secondary particles. This growth continues until
the energy per particle falls below the threshold required to readily produce additional secondaries.
At this critical point, the number of particles reaches its peak, the Shower Maximum. Beyond
this point, secondary particle production is suppressed, and the shower progressively attenuates
due to energy losses through ionization, bremsstrahlung, and decay processes, leading to a gradual
reduction in particle count as the EAS penetrates deeper into the atmosphere.

The atmospheric depth at which this shower maximum occurs is called the Depth of Shower
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Maximum (Xmax)- Xmax 1S an important observable as it correlates strongly with the mass number,
A, of a primary. As was laid out in [8], this strong correlation arises because, to first order, the length
growth phase of the shower depends on the initial energy per nucleon of the primary. For a given
primary energy, light primaries with lower A values will have higher per nucleon energies, leading
to, on average, longer growth phases and higher X« values. Heavy primaries with higher A values,
on the other hand, will, on average, have a shorter growth phase and lower Xp,,x values. However,
due to nuclear modifications in nucleus-nucleus interactions, the superposition model is not exact.
Numerically, the difference, (Xmax(p, Ep) — (Xmax (A, E, * A), can reach up to 10 g/cm2 for iron-
induced showers simulated with EPOS-LHC. It is also critical to note that the low particle count in
the early stages of the EAS leads to sizable statistical fluctuations in the first few interactions, which
carry into Xnax. This effect is fully present in light primaries, resulting in high fluctuations in Xpax.
In contrast, at first interaction, heavy nuclei create up to A sub-showers which average out this effect,
resulting in lower event-to-event variation in Xmax. Here, and more so than for (Xp,x), variations
in the nuclear fragmentation of a primary increase shower-to-shower fluctuations over what would
be expected from the superposition model alone [9, 10]. As a result 0" (Xmax)a > 0 (Xmax)p/ VA.

Except in extreme cases, Xpax can not be used to estimate the mass of the primary in a single
shower due to these shower-by-shower fluctuations. Instead, typically, many X;,x measurements
for events in a small energy range are gathered together into distributions of Xpax, whose statistical
properties, typically their first and second moments, can then be used to estimate the average
mass composition of measured UHECRs in that energy range. Since the last reporting of the
combined Xp,,x measurements from the Observatory [11], the Phase I FD hybrid X,.x analysis
has been finalized [4], and a Universality-based SD Xp,.x reconstruction has been carried out [5].
For details on the Universality reconstruction, the reader is encouraged to refer to the separate
proceedings, which provide a comprehensive outline of the method and results [5]. The new FD
hybrid measurement, described in [12], substantially improves both statistics and analysis. The
Phase I hybrid dataset contains more than double the number of events of the 2014 X,.x PRD,
allowing for the addition of new energy bins at high and low energies.

In comparison to the 2014 result, the Phase I FD Hybrid analysis uses a more accurate
parameterization of atmospheric aerosols [13], an improved method of fitting the shower profile [14],
and new parameterizations of the fiducial field of view cuts, acceptance, bias, resolution, and
systematics [12]. These changes have resulted in an, on average, ~ 5 g/cm? shift in reconstructed
Xmax to higher values. This difference can be seen in the black points in Fig. 1 on the left, which
shows the mean difference between the new FD hybrid Xyax reconstruction, the 2014 FD Xpax
measurement [15], and the SD DNN X,.x reconstruction [6]. Because the DNN-based SD Xax

(\’g . e 2014 PRD = SD DNN {\E TZ- + l l
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Figure 1: Comparison of the Phase I FD Xpax measurements [4] to those published in the 2014 FD hybrid and the
2024 SD DNN analyses. Left: first moment, (X1€%) — (xothery Right: second moment o~ (X2W) — o (X Other)
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Figure 2: The first (left) and second (right) moments of Xpax distributions measured with the FD [4], the SD [5, 6],
AERA [7] during Phase I. Preliminary measurements from HEAT [17] are also shown.

analysis was calibrated using the old FD hybrid reconstruction to remove the effects of the hadronic
interaction model it was trained on, it also inherited the old FD X,.x scale and the ~ 5 g/cm2
difference. Notably for o~ (Xmax), no difference is seen between the 2014 FD measurement and the
new results; however, there is an apparent difference with the SD DNN. The FD result consistency
rules out changes in FD analysis as a cause. Instead, the difference is likely due to the large SD
DNN systematic uncertainties in o (Xp,x) and residual model or methodological dependencies.
The most up-to-date summary of the latest Xy,x measurements made using FD Hybrid [4],
SD [5, 6], and AERA [7, 16] data are shown together in Fig.2. Preliminary measurements from
High Elevation Auger Telescopes (HEAT) [17] are also included. Despite progressive updates
to reconstruction methods that introduce varying Xp,x scales in the FD, HEAT, AERA, and SD
measurements, the (Xmax) values obtained show outstanding consistency at all energies. o (Xmax)
is more complex, and the 18.6—18.7 1g(E /eV) energy bin of the hybrid data in particular stands out.
This energy bin contains a deep outlier event. Its removal would decrease o (Xpax) by ~ 2 g/cm?
bringing the moment closer to the overall trend (see [4] for details). Additionally, o (Xpax) for SD
Universality has been omitted due to ongoing work correcting for its resolution (see [5]).

The Overall Picture of Mass Composition

Much information on the mass composition of UHECRs can be gleaned directly from the moments
of Xmax shown in Fig. 2. That said, it is useful to process the Xy,x moments and distributions further
to extract a fuller picture. Two practical approaches are to transform the moments of X.x into
moments of In(A) (the logarithm of the primary mass) [18] and to fit the fractional contribution of
different mass groups to the flux using the Xp.x distributions measured at each energy [19].

From [18], the conversion of (Xmax) and o (Xmax) into (In(A)) and V (In(A)) uses Hadronic
Interaction Models (HIMs) to set the Xyax scale and parametrize its fluctuations as

<Xmax> - <Xmax>p
JE ’

where (Xmax)p is the mean Xy, for protons at the relevant energy in the chosen HIM, and

(In(A)) = )]
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Figure 3: The first (left)
and second (right) mo-
ments of InA distributions
derived from the FD [4]
and SD Phase I [6] Xpax

moments in Fig.2 using
‘ QGSJet-11.04 (grey) [20],
EPOS-LHC (blue) [21],
and Sibyll 2.3d (red) [22].
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fE = ((Xmax)Fe — (Xmax)p)/In(56). V (In(A)), in turn, is calculated as

V (In(A))

0-2 (Xmax) - O-SZh ((11‘1(A)>)

bol - fg?

) 2

where o-szh ((In(A)})) is the HIM prediction of the Xpax variance for the (In(A)) value found at this
energy, and 0'12, is the HIM Xy« variance prediction for proton; b is a fit parameter. This procedure
is applied to the FD [4], SD DNN [6], and HEAT [17] results in Fig. 2 using EPOS-LHC, Sibyll 2.3d
and QGSJET-11.04. The resulting moments of In(A) are shown in Fig. 3.

As can be seen, the first and sec-
ond moments of X« and In(A) pro-
vide a clear summary of the overall
UHECR composition. However, they
do not offer a clear picture of the indi-
vidual contributions of distinct mass
groups. By generating templates of
the Xpax distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured X«
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
used and that many new models and
model tweaks are under development,
which are expected to modify the
Xmax Scale and its variations mean-
ingfully. These, in turn, are expected
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Figure 4: UHECR fractional mass composition derived from
FD [4] and preliminary HEAT data[17]. Estimated using Sibyll
2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC. QGSJet-11.04 has been
omitted as it produces unphysical results (see Fig. 3 for example).
For details on the analysis and fits with new models, see [4, 23].
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to alter the details shown in Fig. 3 and Fig. 4 (see [4]). However, in addition to the above meth-
ods, there are other techniques, for example, the comparison of SD signals in Xp,x (see [24]) and
close examinations of the energy evolution of (Xmax) and o (Xmax) [25], which can inform trends
without reliance on HIMs for interpretation. By applying all these approaches to the accumulated
data from Phase I of the Observatory, a clear and consistent picture of the mass composition of
UHECRs emerges. Above 10'7-2 ¢V, the arriving composition of the UHECR flux can be generally
characterized by the following principal behaviors:

1. Predominantly hadronic primaries: Nearly all UHECR primaries are protons or heavier
atomic nuclei, as no definitive observations of other particle types have yet been made [26, 27].

2. Non-monotonic evolution with energy: As energy increases, average nuclear mass decreases
until reaching a minimum near 3 EeV. Afterward, it rises steadily with energy (Fig. 3) [4].

3. Structured evolution with energy: The evolution of Xp,,x with energy shows structure with
changes seen around 2 EeV with the FD [4, 15] and 6.5, 11, and 31 EeV with the SD ([5, 25]).

4. Changing composition purity: For most energies, the composition flux of UHECR is mixed,
often with multiple adjacent mass groups present simultaneously (Fig. 4 and [24]). Above a
few EeV, the degree of mixing in the UHECR beam starts to decrease. Past ~ 10 EeV, the
flux at any single energy becomes increasingly dominated by species within a narrow range
of masses (Fig. 3 right and [6]).

Xmax in the Southern and Northern Skies

Due to the size of the Phase I hybrid dataset, it is now possible to split the sky into northern and
southern regions in declination and carry out a preliminary independent Xp,,x analysis on both. By
comparing the X,.x measurements of these two sky regions, we can directly test whether UHECR
composition varies with declination within the Observatory’s exposure. The split between the
northern and southern regions is made at a declination of —15.7°, which was chosen as it represents
the southernmost extent of the FD hybrid composition sensitivity of Telescope Array [28]. The
exposure of the hybrid Xy« Phase I dataset of the Pierre Auger Observatory, with a line indicating
the northern and southern data split, is shown on the left of Fig. 5. In contrast, the relative counts
in each energy bin are shown on the right of Fig. 5.

To compare the mass composition in these two regions, the same analysis as was carried out for
the FD hybrid data in Fig. 2 was performed here. However, for this analysis, separate investigations
and corrections were carried out for each region to account for acceptance, reconstruction bias,

T T T T
- - FD N. Exp.
RO FD S. Exp
AN
3L Hax 4
3 L 10 e
| 5 AN
g TR
a 10°F .
A=A
Y
vy }tu__;
P s 1 1 I I
SR 18.0 1855 19.0 195 20.0
Latitude Ig[E/eV]

Figure 5: Northern and southern equatorial band definitions and counts. Left: FD Exposure with the —15.7° declination
dividing line of the analysis split shown. Right: the relative counts of the analysis.
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Figure 6: The first (left) and
second (right) moments of the
Xmax distributions from north-
ern (green) and southern (or-
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resolution, and systematics, following the methods described in [29]. The differences in reconstruc-
tion bias, resolution, and other systematics were found to be small. Because the distributions of
shower zenith in the two regions differed, the X,,.x dependent event acceptance also differed. This
acceptance was extracted using simulation, and its effects were corrected for using the A, method
described in [15]. Residual uncertainties between the two regions from this correction are less than
2 g/cm?. The resulting moments of the Xy, distributions measured in each energy bin of the two
regions are shown in Fig. 6.

Fig. 6 left shows that there is excellent bin-to-bin agreement between the northern and southern
skies for (Xmax). In Fig. 6, right, there is good statistical agreement for the majority of energies.
Some differences in the moments do appear at high energies where statistics become poor. To gauge
whether any significant bin-by-bin differences occur between the two regions, the Kolmogorov-
Smirnov [30] (KS) and Anderson-Darling [31] (AD) 2-sample tests are used to compare the two
distributions in each energy bin in Fig. 7.

The results of the KS and AD tests indicate that the mass composition in the northern and
southern regions is consistent with each other across the full energy range on a bin-by-bin basis.
Larger differences are seen in the last two energy bins with the KS (AD) test reporting a Test
Statistic (TS) of 0.29 (0.56) and 0.39 (3.72) for the second-to-last and last energy bins, respectively.
For reference, the reduced )(2 for these bins are 1.6 and 3.0. These KS (AD) values convert to local
p-values of 0.016 (0.206) and 0.0003 (0.011) and global p-values of 0.322 (0.989) and 0.006 (0.20)
for the second-to-last and last energy bins, respectively. With the current statistics, the differences
seen in these two bins are not globally significant. This finding is in agreement with an earlier
2021 analysis, which found no evidence for a difference in the elongation rates and hence mass
changes in published data taken in both hemispheres over multiple years [32]. This result is also in
full agreement with the work of the Pierre Auger Observatory/Telescope Array working group on
mass composition, which found no tension in the mass measurements of the two Observatories [33].
Further checks for differences between the northern and southern equatorial bands will be performed
in the future with better statistics via SD and Phase II analyses.
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Conclusion

After nearly two decades of data taking, the Pierre Auger Observatory has amassed the most
comprehensive dataset on UHECRs to date. Through the careful analysis of this data, the overall
knowledge of the composition of arriving UHECRs has vastly improved. Within the limitations
of our current Hadronic Interaction Models, we now know that UHECRs consist of many atomic
nuclei species, ranging from protons to possibly up to iron nuclei. Their mass composition is
mixed, evolves strongly with energy, and may have fine-grained features, similar to those observed
in the spectrum. The ankle is not heavily dominated by protons, and flux trends toward heavy at
the highest energies. To evaluate the possibility of a meaningful difference in mean composition
between the northern and southern skies, the Phase I FD hybrid data were split at —15.7° declination.
When independent composition analyses were conducted on the two resulting equatorial bands, no
significant differences in composition were found.
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