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We present measurements of the depth of shower maximum, X, ,,, for cosmic-ray-induced extensive air
showers recorded by the fluorescence detector of the Pierre Auger Observatory over 17 years. The dataset
covers primary energies from 1077 eV to beyond 10! eV. With improved event reconstruction and an
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exposure 2.4 times larger than in our previous analysis, this work confirms and refines our conclusions on
the mass composition at ultrahigh energies. The energy evolution of the mean X, exhibits a pronounced
break at a cosmic-ray energy of about 10'®* eV, providing direct, model-independent evidence for a
change in the evolution of the mass composition. Independently, the observed decrease of the X,
fluctuations with energy indicates a transition toward a heavier and less diverse primary mass composition.
No statistically significant declination dependence of the X, distributions is observed within the exposure
of the Observatory, consistent with an isotropic mass composition at the sensitivity of this analysis. The
mean and standard deviation of the X,,,, distributions, interpreted with air-shower simulations, yield the
energy dependence of the average and variance of the logarithmic mass of cosmic rays arriving at Earth.
Furthermore, energy-dependent fractional abundances of four representative primary-mass groups (p, He,
CNO, Fe) are obtained by fitting the observed X, distributions in each energy bin with a weighted sum of
elemental templates. These results provide strong evidence against a long-standing assumption that
ultrahigh-energy cosmic rays are predominantly protons: above ~10'84 eV, the average cosmic-ray mass

PHYS. REV. D 114, 043016 (2026)

increases, accompanied by a steadily decreasing diversity in the elemental composition.

DOI: 10.1103/n616-15v5

I. INTRODUCTION

The elemental composition of ultrahigh-energy cosmic
rays (UHECRs) is a fundamental observable for under-
standing their origin, providing key insights into the
astrophysical sources and acceleration mechanisms that
produce these rare, energetic particles (see, e.g., Ref. [1] for
a recent review). However, determining the mass compo-
sition of UHECRs is challenging. When a primary cosmic-
ray particle enters the atmosphere, it interacts with air
nuclei and initiates an extensive air shower. The longi-
tudinal particle profile of an air shower peaks once the
cascade reaches a certain slant depth, at which the average
electromagnetic energy is so low that most energy is lost
through ionization rather than through the production of
new particles. This depth of shower maximum, X, is
correlated with the mass of the primary cosmic ray [2-7].
However, reconstructing the mass of individual events
from X,,,, alone is impossible because of large event-to-
event fluctuations in the shower development. Moreover,
despite substantial progress in modeling hadronic inter-
actions at ultrahigh energies [8—12], air-shower physics at
energies beyond terrestrial accelerators still carries signifi-
cant and difficult-to-quantify systematic uncertainties, see,
e.g., Ref. [13].

Experimentally, these particle cascades can be inves-
tigated using two complementary detection methods:
ground-based surface detectors, which sample the sec-
ondary particles that reach the Earth’s surface, and
fluorescence telescopes, which record the ultraviolet
light emitted when atmospheric nitrogen molecules
return to their ground state after being excited by
secondary particles. Thus, fluorescence telescopes
can directly observe the atmospheric development
of air showers, providing a unique advantage for
mass-composition studies, despite the limited duty cycle
of ~15% for ground-based instruments during clear,
moonless nights.

In this paper, we present a detailed analysis of the
distributions of the depth of shower maximum (X,,),
recorded by the fluorescence telescopes of the Pierre Auger
Observatory [14]. This study expands upon our previous
mass-composition analyses with the fluorescence detector
of the Observatory [15-17], incorporating improved event
reconstruction methods and utilizing the full dataset col-
lected from 2004 to 2021, prior to the AugerPrime surface-
detector upgrade [18].

The paper is structured as follows. Section II briefly
describes the Pierre Auger Observatory. The data analysis
and event selection are described in Sec. III, while detector
effects including acceptance, resolution, reconstruction
bias, and the systematic uncertainty on the X,,. scale
are characterized in Sec. IV. The robustness of the analysis
is assessed in Sec. V through a series of validation studies.
Measurements of the X, moments and their interpretation
in terms of the moments of logarithmic cosmic-ray mass are
presented in Sec. VI. Finally, the X, distributions are
fitted in Sec. VII to extract the energy-dependent fractional
composition of cosmic-ray primaries, and Sec. VIII sum-
marizes the results.

II. THE PIERRE AUGER OBSERVATORY

The Pierre Auger Observatory, the largest cosmic-ray
observatory ever built, spans an area of 3000 km? near
Malargiie, Argentina, at an average altitude of 1400 meters
above sea level [14]. This paper focuses on the data
collected using the Surface Detector (SD) [19] and
Fluorescence Detector (FD) [20] of the Observatory in
their baseline configuration [21]. In this configuration, the
SD comprises 1600 water-Cherenkov stations arranged in a
triangular grid with 1500 m spacing. The FD consists of 24
fluorescence telescopes installed in groups of six at four
sites around the SD, with an elevation coverage from 1.5° to
30°. The data collected using low-energy enhancements,
namely the SD region with a 750 m grid size [22] and the
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high-elevation telescopes with an elevation range from 30°
to 58° [23], will be utilized in a future paper to extend X ..
measurements down to an energy of about 10!7% V.

To ensure a high-quality reconstruction of the shower
energy and X,,,«, a reliable calibration of the fluorescence
telescopes and a solid knowledge of atmospheric condi-
tions at the time of observation are necessary. An absolute
calibration and nightly relative calibrations are required to
estimate the number of photons at the aperture of the
telescope from the ADC counts recorded by the PMTs. The
absolute calibration is performed using a Lambertian light
source of known intensity, while LEDs mounted on the
mirrors are for the nightly relative calibration [24-26].
The Global Data Assimilation System (GDAS) provides
atmospheric molecular density profiles on a 3-hour basis
[27]. The aerosol content of the atmosphere is monitored
constantly during observations via vertical laser shots
from which the density profiles of aerosols above the array
are derived for each fluorescence telescope site on an
hourly basis [28,29]. Here we use the recently improved
aerosol determination described in Ref. [30]. Finally,
clouds are monitored both using an infrared camera at
each FD site [31] and from the Geostationary Operational
Environmental Satellites (GOES) [32].

The ground-level impact point and arrival direction of
each event are reconstructed using a hybrid method [33,34],
combining the classical FD geometry fit [35] with the
position and time of particles recorded in the SD station
nearest to the shower axis, yielding substantially
improved geometric reconstruction [34]. The calorimetric
energy [36] and the depth of shower maximum are
determined in a likelihood fit, based on Ref. [37], to
the photoelectrons detected by the FD telescopes. A
Gaisser-Hillas function [38] is used to describe the
longitudinal energy-deposit profile. We employ the modi-
fied representation of the Gaisser-Hillas function [39],
which allows for improved constraints on the shape
parameters of the longitudinal profile, as discussed in
Ref. [40]. From this profile, we compute the expected
fluorescence and Cherenkov light, propagate it through
the atmosphere, and fold it with the optical response of the
telescopes to obtain the predicted photoelectrons which
are compared with the measurements.

The total energy of the shower is obtained by correcting
the calorimetric energy for the fraction carried away by
neutrinos and high-energy muons, following Ref. [41].
Throughout this paper, we use the total energy of the
primary particle. The combined uncertainties from calibra-
tion, atmospheric monitoring, and event reconstruction
contribute to a systematic uncertainty of 14% on the energy
determination [42].

III. DATA SELECTION

The dataset includes events recorded using the FD and
SD between December 1, 2004, and December 31, 2021.

TABLE 1. Selection criteria, number of events passing the
selection, and efficiency & with respect to the previous step. The
last row reports the number of unique air showers obtained after
merging high-quality FD stereo events.

Events el%
Air-shower candidates 5,311,333
Preselection:
Hardware status 4,283,450 80.6
Aerosols 3,479,008 81.2
Hybrid geometry 1,249,849 359
Profile reconstruction 1,038,782 83.1
Clouds 769,699 74.1
E > 1077 eV 281,562 36.6
Quality and fiducial selection:
P(hybrid) 277,378 98.5
X max Observed 218,904 78.9
Quality 156,015 71.3
Fiducial field of view 60,189 38.6
Profile 58,887 97.8
Unique air-shower events 58,453

The event selection and analysis are based on our previous
publication [16], which provides more comprehensive
details on all key steps. The dataset contains 5,311,333
air-shower candidates, from which we select 58,453 high-
quality air-shower events using the cuts listed in Table I and
described below.

A. Preselection

The first stage of the pre-selection focuses on the
hardware status of the FD telescopes. Candidate events
are retained only for time periods in which the telescope
optics are properly aligned, the PMT gains of the cameras
are well calibrated, and the FD-SD timing is sufficiently
synchronized to allow an accurate hybrid reconstruction.
These conditions are verified using the electronic logs and
slow-control data associated with each event.

Next, the atmospheric conditions are assessed, since
poor atmospheric quality can introduce significant uncer-
tainties in the correction for fluorescence-light attenua-
tion. If no aerosol measurement from the laser facilities is
available within one hour of the event time, the candidate
is rejected. Otherwise, the vertical aerosol optical depth
(VAOD), integrated from ground level up to 3 km altitude,
must be below 0.1, ensuring a vertical transmission of
about 90%. Higher VAOD values lead to substantial
and difficult-to-correct attenuation of the fluorescence
light [29].

An event is retained only if at least one SD station is
triggered within the timing and geometric window con-
sistent with the FD observation, ensuring that a hybrid
geometry reconstruction is possible. Events rejected by this
criterion are typically low-energy showers with insufficient
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ground-level particle density to trigger the SD-1500 array
[43], or meteorological events that satisfy the FD trigger but
cannot be reconstructed. A successful reconstruction of the
longitudinal energy-deposit profile is also required.

To exclude air showers for which the light may be
obscured or reflected by clouds, cloud coverage is moni-
tored using the devices described in Sec. II. Events are
retained if no clouds are detected in the shower direction in
either the telescope projection (cloud infrared camera) or
the ground-level projection (GOES), or if the average cloud
fraction measured by the LIDARSs is below 25% [44].

Finally, the analysis is restricted to events with energies
above 10'7-7 eV. Below this threshold, the enlarged field of
view of the high-elevation telescopes is needed, which will
be addressed in a separate paper.

After this preselection, 281,562 air-shower events
remain for further analysis.

B. Quality selection

The next selection cut aims to reduce a possible bias
arising from the different probabilities for a single-station
SD trigger in proton- and iron-induced air showers. The
single-station probability quantifies the probability that an
SD station at the corresponding core distance would satisfy
the local trigger condition for a shower with the given
energy and zenith angle. For each event, this probability is
estimated from its energy, zenith angle, and core location
using the data-driven lateral trigger probability described in
Ref. [43]. Requiring it to exceed 95% selects events for
which the SD trigger is nearly fully efficient, thereby
reducing composition-dependent trigger biases.

Furthermore, we accept only events whose longitudinal
profiles include the shower maximum within the field of
view of the telescopes, since X, cannot be reliably
determined when only the rising or falling edge of the
profile is observed.

The next step removes events with large expected uncer-
tainties in the X ,, reconstruction. The expected uncertainty,
6,1s computed from the event energy and geometry, and only
events with 6 < 40 g cm™? are retained. In addition, showers
for which the minimum observation angle, a,;,, with respect
to the shower axis is smaller than 20° are discarded. The
significant contribution of direct Cherenkov light and the
short time duration of the detected light at such small viewing
angles can lead to substantial X ,, biases.

After the fiducial cuts described below in Sec. III C are
applied, an additional final set of quality cuts is applied to
the reconstructed energy-deposit profile to ensure an
accurate determination of X,,,, and energy. The minimum
observed profile length must exceed 200 gcm™2, and any
gaps within the profile, such as those arising in telescope-
crossing showers, must constitute less than 20% of
the total profile length. Profiles distorted by residual
cloud or aerosol contamination cannot be fitted reliably.
To remove such cases, we evaluate the goodness of the

1100 T
18.2 < 1g(E/eV) < 18.3]
9611 events
Best fit
1000 # X
+ Xup
5 900
g
3]
on
~
“3 800
=
X

700

600

!
0

800 1000 1200 1400 1600
X/ gem™

200 400 60

FIG. 1. Determination of the fiducial field-of-view limits
(xfid  X0d), marked by the vertical lines, for the energy bin
18.2 < lg(E/eV) < 18.3. Their widths indicate the uncertainties
on the corresponding fiducial limits. Data points show the
truncated mean of the X, distribution above X, and

below X,

Gaisser-Hillas profile fit using the transformed statistic

z = (y* — ndf)/+/2ndf. The central part of the observed
distribution is approximately Gaussian, while a non-
Gaussian tail appears at large positive values. We exclude
events at the onset of this tail, corresponding to about 2.7
standard deviations above the center of the approximately
Gaussian part of the distribution. This cut differs from that
used in our previous analysis [16] because of the change in
the Gaisser-Hillas parametrization described in Ref. [40].

C. Fiducial selection

With the selection described so far, the dataset contains
only events with a high-quality reconstruction. However,
this is not sufficient to avoid selection effects. As discussed
in Ref. [16], which also provides a geometrical illustration,
the field of view of the FD telescopes introduces a selection
bias that depends on the shower X, core position, arrival
direction, and energy. To minimize this bias, a slant-depth
interval (Xjoy. Xyp) is calculated for each event such that
any X. lying within that interval would satisfy the
dominant X,,,, quality requirements, 6 < 40 gcm™ and
®min > 20°. An event is accepted only if its (Xjoy. Xyp)
interval is sufficiently large to accommodate the bulk of the
X max distribution in the data [16].

Since the true X,,,, distribution is not known at this
stage, the fiducial field-of-view boundaries are determined
by studying the bias on (X,,,) as a function of (Xjo,. X,)
for each energy bin, an example of which is shown in
Fig. 1. Once the field of view begins truncating the X,
distribution, the observed (X, ) deviates from its unbiased
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FIG. 2. Fiducial field-of-view boundaries from Eq. (1) (black
dashed lines) and X,,, acceptance as defined in Sec. IV A (color
scale) as a function of X, ,, and energy.

asymptotic value. The fiducial field-of-view boundaries,
indicated by the vertical lines in Fig. 1, correspond to a
(Xmax) bias of 5 gcm™2. The energy dependence of these
boundaries is parametrized as

The fit of (X, K, g Ey) yields values of (892.51, —80.39,
18.43) for Xfid and (718.56, —25.88, 20.00) for X{4 | where

low?
X, and K are given in units of gcm™2, and E, in eV. An
event of energy E is retained if X, < XI¢ (E) and
X,p > X(E). The behavior of the field-of-view bounda-
ries as a function of energy is shown by the black dashed

lines in Fig. 2.

D. Final dataset

After this rigorous selection process, 58,887 events from
individual FD sites remain in the final dataset, correspond-
ing to about 1% of the initial air-shower candidates. Events
observed by more than one FD site are merged by
calculating uncertainty-weighted averages of their X,
and energy. This procedure yields a final high-quality
dataset of 58,453 unique air-shower events. The X ..
and energy distributions of these events are shown in
Fig. 3. For illustration, the (X,.) and o(X.c) values
computed later in this paper are also displayed. The
distribution of X, in energy bins of 0.1 in 1g(E/eV)
are displayed in Fig. 4. The last energy range contains all
events above 10! eV. The energy of the highest-energy
event is (1.17 +0.07(stat)) x 10*° eV and its X iS
817 + 25(stat) gecm™2, where the quoted uncertainties

2 .
Xfid . (E) _ { XO + Klg (E/EO) lf E S EOv (1) are Statistical.
up/low Xy otherwise. A list of all selected events is available from Ref. [45].
1200 * (Xmax) = 0 (Xmax) 1.0
0.8
. 0.6
0.4
02 &
E
. Z
~
1 1 1 1 %?éé
10°; ]
g
£
2
2 103
=
o
5
0.0
10!
18.0 18.5 19.0 19.5 20.0
1g(E/eV)
FIG. 3. Top panel: Measured X,,,, and energy of the events selected for this analysis. The event density is shown in grayscale,

normalized to the entries of the maximum bin at each energy. Individual events above 10'%¢ eV are displayed as blue points. The large
red points represent the mean of the X, distribution in each energy bin, and the error bars indicate its standard deviation. Bottom panel:

Number of selected events as a function of energy.
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FIG. 4. X, distributions in different energy bins.

IV. DETECTOR EFFECTS AND SYSTEMATICS

The X,,.x distributions shown in Fig. 4 differ from the
true distributions of air showers in the atmosphere due to
residual sampling and reconstruction biases, and the finite
X nax resolution. The quality and fiducial selection have
been designed to keep these distortions small, but they are
not negligible for a precise determination of the moments of
the distribution or for a fit with composition templates. In
the following, we characterize these measurement effects.

The relation between the true and observed X, dis-
tributions, f(Xma) and fops(Xmax™) respectively, is given
by the convolution,

fobs(Xiﬁgx) = /0 f(Xmax)R(Xiﬁzcix = Xmax + A)

where &(X ., ) is the probability of observing and selecting
an event with a given shower maximum, denoted as
“acceptance”, and R(XSS, — X ., ) 18 the detector response,
including resolution and bias. A denotes a systematic shift
in the X .. scale that is usually unknown, but whose
plausible range, commonly referred to as the systematic
uncertainty, can be estimated.

The acceptance and resolution are evaluated using
detailed simulations that replicate the time-dependent state
of the SD, FD, and atmosphere [46,47]. Longitudinal air-
shower profiles are generated with the CONEX program [48]
using SIBYLL 2.3d [10] and URQMD1.3 [49] for high- and

low-energy hadronic interactions, respectively. The detector
simulation and event reconstruction are carried out using the
Offline framework of the Pierre Auger Observatory [50].
The simulated showers are reconstructed and selected in the
same manner as the measurements.

The acceptance and resolution derived from the simu-
lation are to good approximation independent of the choice
of hadronic interaction model or mass composition,
because longitudinal air shower profiles are universal for
a given X, and energy [39,51]. To achieve model
independence, it is therefore sufficient to weight the
simulated events such that the generated energy spectrum
follows the measured one [42] and the X, distribution of
the simulated sample reproduces the observed one.

A. Acceptance

The acceptance is defined as the ratio of the number of
selected events to the number of generated events as a
function of X,,,,. To obtain the relative acceptance at a
particular energy, we normalize the acceptance to its
maximum value. The resulting relative acceptance can
be well-parametrized by a constant with exponentially
rising and falling edges,

e+( max )/AI Xmax < X];
e(Xmax) = 1. X < Xmax < X5 (3)
e_(Xmax_X2>//12’ X2 < Xmax‘
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FIG.5. Acceptance as a function of X ,, in simulations (points)
in the energy interval 18.2 <lg(E/eV) < 18.3. The fit with
Eq. (3) is shown as a dashed line. For comparison, the distribution
of X .« of the data in this energy range is shown as a gray
histogram (arbitrary normalization).

The parameters (X, X5, 4,,4,) are energy-dependent as
specified in Appendix B 1. An example of the acceptance
using simulations in the energy interval 18.2 <Ig(E/eV) <
18.3, fitted with Eq. (3), is presented in Fig. 5 along with
the X, distribution in the data. By construction, most of
the observed events fall within the fiducial X, range,
(X}, X9, displayed by vertical dashed lines. Within this
slant depth range, the acceptance is found to be constant,
demonstrating the desired effect of the fiducial-field-of-
view selection to ensure an equal-probability sampling of
air showers with a shower maximum within this range.
The energy dependence of the acceptance is displayed in
Fig. 2. As can be seen, the fiducial X,,,, range is well
contained in the flat part of the acceptance, i.e., X; < Xfd

o low
and X5 < X.

B. X,,.x bias and resolution

1. Detector response from simulations

The detector response R(X[S, — Xax) Of the recon-
structed X of simulated showers after detector simu-
lation can be well described empirically by the sum of two
Gaussian distributions, G,

R(Xfﬁsx - Xmax) = fG(M7O-1) + (1 _f)G(M7O-2)' (4)

This double-Gaussian parametrization provides an empiri-
cal approximation of the detector response obtained after
averaging over showers with different geometries, for
which the X, resolution varies, and thereby describes
the resulting non-Gaussian shape. Here f denotes the
relative contribution of the first Gaussian, and o; < 05,

18.2 < Ig(E®"/eV) < 18.3
[—Iweighted simulations
100 —fit (total) b
—-—Gaussian 1
—_ ot Gaussian 2
s 80 -
S
S 60t :
=]
o}
5
.q—) 40 L -
=
20+ b
0 L T S o I
-100 =50 0 50 100

(Xivex — Xiax) / gem™

max

FIG. 6. Distribution of the difference between reconstructed
and generated X, for simulated showers in the energy interval
18.2 <1g(E/eV) < 18.3. The events are weighted to match the
X nax distribution in the data. The fit with Eq. (4) is shown with a
blue dashed line, while the broad and narrow Gaussians that
compose it are represented with dotted and dash-dotted lines,
respectively.

the widths of the first and second Gaussians, respectively.
The mean of R is the X ., reconstruction bias pp and its
standard deviation (fo7 + (1 — f)a%)% is the X, resolu-
tion. The resolution quantifies the broadening of the X,
distribution and the bias of its offset.

The fitted parameters of R depend slightly on X, [52],
but for the purpose of this analysis we use an effective
response averaged over the X, distribution. This is
obtained by weighting the simulated showers to match
the observed X, distribution.

In Fig. 6, an example of R in the energy interval 18.2 <
Ig(E/eV) < 18.3 is shown, along with a fit to Eq. (4). Most
of the detector response is described by the narrow
Gaussian with width ¢, whereas the broad Gaussian with
width o, describes the tails of the response.

The energy evolution of the X, bias is shown in Fig. 7.
The fitted up value is shown with blue points, and its
parametrization, ug/(gcm=2) = =2.9 + 0.4 1g(E/EeV),
is shown as a blue line. It varies from approximately
—3 gcem™? at the lowest energies to —2 gecm™2 at 1020 eV.
We correct each event for this average bias by subtracting
ug(E) from the reconstructed X,.

The resolution derived from simulation captures the
statistical fluctuations of the reconstructed X,,, due to
the finite number of photoelectrons detected by the photo-
multipliers of the fluorescence telescopes. It therefore
includes contributions from the uncertainty in the shower
geometry and from the fit to the longitudinal profile. It
decreases from ~25 gecm™ at 10'7% eV to ~12 gcm™
at 10190 eV,
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FIG. 7. Reconstruction bias (points) and systematic uncertain-
ties in the X, scale from the detector calibration, reconstruction,
and atmosphere (lines) as a function of energy.

2. Additional contributions to the X, resolution

The detector response is further broadened by the
following contributions that are not included in the
simulations:

a. Telescope alignment This analysis utilizes data
recorded by 24 individual fluorescence telescopes. The
angular alignment of each telescope was determined using
two methods; observations of UV star tracks and using the
independent reconstruction of the shower geometry avail-
able for high-quality SD events. The reconstruction of the
data with either set of alignment constants yields no
difference in X,,,, on average, but the standard deviation
of the distribution of X _,, differences between the two
reconstructions can be used as an estimate of the possible
influence of the telescope-alignment uncertainty on the
Xmax Tesolution. We find a standard deviation of
5= (5.07+0.871g(E/10'% eV)) gem™2. We take 5/2
as an estimate of the alignment contribution to the X,
resolution with a systematic uncertainty of +6/2.

b. Aerosols The statistical uncertainty of the measure-
ments of aerosols constitutes an additional contribution to
the overall X,,,, resolution. This uncertainty originates from
fluctuations in the night-sky background, the number of
photons detected from laser shots, and the variability of
aerosol content relative to the hourly average values. It is
estimated from the standard deviation of quarter-hourly
VAOD measurements [53]. A second contribution arises
from the nonuniformity of the aerosol layers over the array. It
is assessed using observations from different FD sites [29].

¢. Molecular atmosphere Another contribution arises
from the uncertainty in the atmospheric density profile at
the time of an event. It is evaluated by comparing X ..
values reconstructed using GDAS with those obtained from
balloon soundings available for a fraction of the data [27].

30
---- Molecular
047 Aerosol

25 . Detector

N3
[«

(=)

Xmax resolution / g cm™2
—_
W

W

18.0 18.5 19.0 19.5 20.0

1g(E/eV)
FIG. 8. The total X,,,c resolution and the individual contribu-

tions from detector, aerosols, and density profiles as a function of
energy. Shaded bands indicate the systematic uncertainties.

3. Full X, resolution

The additional contributions are assumed to be Gaussian,
and their widths are added in quadrature to the double-
Gaussian parametrization obtained from simulations. The
resulting parameters are listed in Appendix B 2.

The standard deviation of the full X ,,,, response function
is shown in Fig. 8. It improves from 25 gcm™ at 1077 eV
to 16 gem™2 at 10'0 eV, remaining approximately con-
stant at higher energies. The quadratic sum of the statistical
resolution (derived from simulations) and the telescope
alignment is shown in Fig. 8 with an orange band. The
decrease of this contribution with energy is mainly due to
the increased brightness of air showers at higher energies
and due to the larger fraction of events observed at more
than one FD site. The contribution from aerosols, shown
with a blue band, increases with energy, as high-energy
showers can be viewed at larger distances and, correspond-
ingly, the correction for aerosol transmission increases. The
uncertainty of the molecular atmosphere is shown as a
dashed red line and remains below 4 gcm™ at all energies.

C. X,,ax Scale uncertainty

The estimated systematic uncertainty on the X, scale A
in Eq. (2) is displayed in Fig. 7. It changes from
81, gem™ at 10'77 eV to about £7 gem™2 at 1020 eV
and is attributed to three main contributions discussed in
the following.

a. Detector calibration The uncertainty associated with
the relative timing between the FD and SD is estimated to
be +2g/cm? from dedicated reconstructions with a sys-
tematic shift of +100 ns applied to the relative timing
constants. The calibration of the relative PMT responses
adds an additional uncertainty of less than +1g/cm?, as
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estimated from comparisons of data reconstructed with
different versions of the calibration database.

b. Reconstruction Part of the uncertainty arising from
shower-profile fitting is determined by varying the con-
straints of the shape parameters of the Gaisser-Hillas
function within one standard deviation of their central
values [40]. This contribution is fi'g gcm™2 and remains
constant with energy.

Additionally, an incomplete understanding of the inter-
play between the telescope point-spread function and the
lateral distribution of the Cherenkov and fluorescence light
leads to an energy-dependent X ,, uncertainty. In the data,
we find a larger fraction of light outside the collection angle
than expected from simulations of the optical system and
lateral light distribution from air showers. This mismatch
depends on shower age, and its origin is not fully under-
stood. The corresponding contribution to the X, system-

atic uncertainty is found to be 3 gem™2 at 10'77 eV,

decreasing to ') gem™ at 10 eV. The total
reconstruction uncertainty amounts to ‘93 gem™? at

1077 eV and 7§ gem™? at 107 eV.

c¢. Atmosphere The 4% uncertainty in the absolute yield
of the fluorescence light production [54] introduces an
energy-independent X,,,, uncertainty of £0.4 gcm™. An
additional contribution of +0.2 gcm™ arises from the
uncertainty in the wavelength dependence of fluorescence
yield. Different parametrizations of multiple scattering of
fluorescence light introduce another uncertainty of
+2 gem™? [55]. At the highest energies, where showers
can be observed at greater distances from the FD tele-
scopes, the dominant contribution to atmospheric uncer-
tainties arises from measurements of the aerosol content
[29,53]. Recently, stereo observations of air showers [30]
were used to cross-check and correct the VAOD impact on
Xmax and energy measurements. Overall, the VAOD con-
tribution to the X, systematic uncertainty amounts to
+2.9 gem™2 at 1077 eV and £4.6 gcm™2 at 10%° eV. The
total uncertainty due to atmospheric effects increases with
energy from 3.6 gcm™ to £5.0 gcm™2.

V. CROSS-CHECKS AND COMPARISONS OF
DATA-SUBSETS

The systematic uncertainties discussed in the previous
section have been thoroughly validated through extensive
cross-checks of the stability of the results under detector,
geometric, and atmospheric variations, and through tests of
data-simulation consistency. The most relevant studies are
summarized below.

A. Detector resolution

Events reconstructed by multiple FD sites can be used to
validate the detector resolution obtained from simulation in
Sec. IV. The distributions of the differences between the
reconstructed X, values at each participating site, AX .y,

120
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FIG. 9. Distribution of X, difference for events observed at
more than one FD site for data and simulation.

for data and simulation are shown in Fig. 9. The two
distributions agree statistically, with a Baker-Cousins
% /ndf = 26.1/23 [56], indicating that the X,,,, resolution
estimated from simulations is reliable. Two events with
AX,.x > 100 gcm™ appear as outliers. Such events occur
at arate of 0.45% in the stereo dataset, which is statistically
compatible with the rate of 0.20% found in simulations.

B. Analysis of simulated data

The analysis method can be validated end-to-end using
simulations by comparing the reconstructed moments to the
true moments at the generator level. The profiles of air
showers induced by protons as well as helium, nitrogen,
and iron nuclei are simulated with CONEX using the
hadronic model SIBYLL 2.3d. As in Sec. IV, the simulations
replicate the time-dependent state of the SD, FD, and
atmosphere and are subjected to the same selection
described in Sec. III.

Three checks are performed; one against each of the four
simulated primary species, one against a 50/50 proton-iron
mixture, and one against the fractional mix presented below
in Sec. VII (the “Auger mix”), which closely follows the
behavior of the measurements. Primary-specific acceptance
and resolution are computed and used for the tests against
single-element injection. For the mixed-composition tests,
we use the acceptance and resolution from Sec. IV, since
the corresponding simulations, by construction, closely
reproduce the measured distributions.

Results for (X,.) and (X, ) are shown in Fig. 10. The
points show the reconstructed values, and the lines show
the generated ones. The difference A between reconstructed
and generated values is shown in the lower panel of each
figure, with the systematic uncertainty in the reconstruction
shown in gray. Deviations are generally of order 2 to
5 gecm™2 for all compositions. These discrepancies stem
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FIG. 10. (X ay) and 6(X ) for simulated pure proton, helium,

nitrogen, and iron primaries, a 50/50 proton-iron mixture, and
the 4-component fractional composition derived in Sec. VII
(Auger mix). The line indicates the true moments of the generated
dataset, while points show the reconstructed values. The lower
panel of each figure shows the difference A between recon-
structed and generated values. Simulations use the hadronic
model SIBYLL 2.3d.

from uncertainties in the acceptance, bias, and resolution
corrections and are well within the systematic uncertainties
discussed in Sec. IV C. We conclude that the analysis
method performs well.

C. FD sites

The four FD sites are Los Leones (LL), Los Morados
(LM), Loma Amarilla (LA), and Coihueco (CO). Each is
constructed similarly, though there are site-to-site
differences in placement, alignment, electronics, and other
factors that can affect the reconstruction of X,,,.. The top
panel of Fig. 11 shows, for each site, the differences in
(X max) and o(X ., ) relative to the values obtained from the
combined dataset. Testing the compatibility of these
differences with zero for all sites simultaneously yields
x> =97 for (X.) and y? =40 for 6(X.), both with
57 degrees of freedom. The incompatibility of A(X )

with zero is largely driven by a systematic offset of a few
gcm™2 for both CO and LM as compared to LL and LA in
the energy range from 10'77 eV to 10'%3 eV, likely related
to site-dependent differences in the energy scale, as dis-
cussed in Ref. [57].

D. Geometry and atmospheric quality

The dataset has been split by zenith angle, atmospheric
aerosol content, and distance to the event to probe different
geometric and atmospheric effects. The differences
between the (X)) values of the two subsets for each
case are shown on the left of Fig. 11, while the differences
in 6(Xmax) are shown on the right. The corresponding y?
values for compatibility with zero, indicating no observable
dependence, are also shown. For all three data splits, the
differences are well-contained within the systematic uncer-
tainties for the atmosphere and detector presented in
Sec. IV.

a. Inclined vs vertical showers Events are divided into
inclined and vertical subsets at median(cos @) = 0.793—
0.0851g(E/EeV). The altitude at which a given X,
occurs increases with zenith angle as inclined showers
reach the same slant depth higher in the atmosphere. As a
result, the detector acceptance and resolution differ
between inclined and vertical events, potentially introduc-
ing a bias. This effect is evaluated in the second row of
Fig. 11, which shows that the inclined subset is consistent
with the vertical to better than 3 g cm™(X ) A (X ) 1S
compatible with zero.

b. Dusty vs clean atmospheres Events are divided into
clean and dusty subsets at median(VAOD) = 0.027+
0.0041g(E/EeV). On nights with more atmospheric aero-
sols, the attenuation of fluorescence light on its way to the
telescope is increased, and thus, potential biases in the
aerosol determination are more important. This effect is
investigated in the third row of Fig. 11, and shows that both
A(Xpa) and Ac(X ) are compatible with zero.

c. Close versus distant showers Events are divided
into close and far subsets at mediand = 10+
9.61g(E/EeV) km. This cross-check probes the under-
standing of the transmission through the atmosphere, which
is more important for the more distant dataset. The result of
this test is shown in the last row of Fig. 11, which shows
that the differences in (X,,,) in the far subset are within
2.5 gem™2 at low energies, and 3.5 gcm™ at the highest
energies. Ac(X ) is compatible with zero.

E. Time evolution

Detector aging could introduce a time-dependent bias in
the X .« reconstruction. Fig. 12 shows the yearly (X,.x)
and o(X ) values obtained from events at all energies,
with linear fits applied to quantify the trends. The values of
06(Xmax) are found to be very stable in time within
uncertainties, but a small time dependence of (X,.) is
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FIG. 11. Differences in the mean and standard deviation of the X, distribution for various cross-checks. From top to bottom; events
split by FD site (LL, LM, LA, CO), near-vertical versus inclined showers, dusty versus clean nights; and events close to the FD site
versus those at larger distances. A linear fit to the data is shown as a dashed line with a gray uncertainty contour. The )((2) /ndf values for

compatibility with zero are given, as are the linear fit values.

observed, of about +0.50 gcm™2/year. Part of this effect
can be attributed to changes in the optical response of the
telescopes. Therefore, it should be regarded as part of the
14% energy-scale systematic uncertainty, as changes in

energy translate into shifts of (X,,,) via the elongation rate,
see Sec. VI. After applying the time-dependent response
correction from [58], which is compatible with recent
measurements of the optical efficiency [59], the remaining
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FIG. 12. Time evolution of the mean and standard deviation of X, for four different energy bins. The dashed lines indicate linear fits,

and the corresponding slopes are given in the legend.

change in (X,,,,) amounts to about +0.25 g cm~2/year. The
origin of this residual effect is not known, but its magnitude is
well within the overall systematic uncertainties. We therefore
conclude that over the 17 years covered by this analysis, the

Xnax Scale remains stable to within +2 gcm™2.

F. Declination dependence of X,

The statistics of the FD dataset are sufficient to support
an independent analysis of the X,,,, distributions obtained
from the northern and southern portions of the exposure of
the Observatory. 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 the majority of
Telescope Array analyses [60]. This data split results in 37
956 events in the southern subsample and 20 497 events in
the northern subsample.

To prepare the X,,,, measurements from each subset of
the sky, the corrections described in Sec. IV have been
calculated separately for the northern and southern decli-
nation bands. The differences in reconstruction bias,
resolution, and other systematics were found to be
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FIG. 13.

negligible. Minor differences in X,,,,-dependent event
acceptance were observed. The systematic uncertainties
in the comparison between the two regions arising from
these corrections were found to be less than 2 gcm™2 in
any bin.

After these corrections, the first two moments of the
Xax distributions in the two declination bands were
calculated and compared in Fig. 13. Overall, good agree-
ment is observed between the two regions. In the highest-
energy bin, however, where statistics are limited, a larger
difference does appear, with the northern portion of the sky
having, on average, shallower X, values. To evaluate any
possible significance, a detailed statistical comparison of
the two samples was performed using the Kolmogorov-
Smirnov [61] and Anderson-Darling [62] two-sample tests
in each energy bin. No statistically significant difference
was found in any bin.

These results indicate that, within the exposure of the
Observatory, there is no evidence for a declination depend-
ence in the mass composition of UHECRs. This conclusion
is consistent with the findings of the joint composition
working group with the Telescope Array [63] and aligns

3() |-Northern Exposure - Southern Exposure .
=== (-0.5£0.7) + (0.1 + 1.4)1g(E /EeV)

(Tg 151 # xg/ndf=17.64/19 1
. ;
3 o-+-+-*---+-#—-;-+---f----f--+—+--+----H ----------------
E ) *
>
©-15f * ]
3

-30} ‘ | | | =

18.0 18.5 19.0 19.5 20.0
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Comparison of events arriving from northern (6 > —15.7°) and southern (6 < —15.7°) portions of the FD exposure. Left: The

difference (north—south) in (X,.,). Right: The difference (north—south) in 6(X,, ). A linear fit to the data is shown as a dashed line
with a gray uncertainty contour. The y3/ndf values for compatibility with zero are given, as are the linear fit values.
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with the absence of declination-dependent features in the
UHECR energy spectrum reported by us in Ref. [64].

G. Assessment of validation studies

The extensive validation studies demonstrate excellent
stability and reliability of the X, reconstruction and
analysis. The detector resolution derived from simulation
agrees with the resolution measured in stereo events, and
the full end-to-end analysis of simulated events reproduces
generated (X ) and o(X ) values within the assigned
systematic uncertainties. Site-to-site differences, geometric
and atmospheric dependencies, and temporal effects are
small and consistent with expectations and known uncer-
tainties. The comparison of northern and southern decli-
nation bands shows no statistically significant differences.
Overall, the cross-checks indicate that no unaccounted
systematic effects are present.

VI. MOMENTS OF X,,,. AND InA

After applying the event selection and correcting for
biases in X, the observed X, distributions exhibit
minimal biases with respect to the true distributions.

To enable comparison to the unbiased moments obtained
directly from the simulated showers at generator level, the
residual bias of the acceptance on the mean and standard
deviation is corrected for using the A, method as detailed in
Ref. [16]. In this method, the observed X, distribution is
used directly in the region of constant acceptance, while its
tails are described by exponential functions fitted with the
acceptance taken into account; here,  denotes the fraction
of events in a given tail used for the fit, with # = 0.20 for
the deep tail and # = 0.15 for the leading edge. The
moments are then obtained from this combined distribu-
tion. This correction to the moments from the residual
acceptance bias is found to be small, reaching at most
3 gem™? for (Xpa) and 5 gem™ for (X, ), depending
on energy. The X, resolution is then subtracted from
6(Xmax) in quadrature. Statistical uncertainties are calcu-
lated using a parametric bootstrap method described in
[16]. The numerical values of (X ,,.) and (X ;) are listed
in Table V (Appendix E).

The energy evolution of (X ..} is shown in Fig. 14. The
elongation rate,

)

(5)
exhibits a distinct transition from

Dy = 81.8 & 1.7(stat) 73 (sys) gem=2/decade (6)
below 1g(Epeq/eV) = 18.38 & 0.02(stat) 700! (sys) to

D)y = 25.7 £ 1.9(stat) 73 (sys) gcm™2/decade (7)

Auger FD (2004-2021)
800 | — ]
ifii_,7—"'

o 775F — ettt = ;

‘E T get

[5) f_._-c‘ii T

i‘) 750 7*,77-‘ 1

’g —_

g 725 7/7;7 E
700 |-%— 1
675k ‘ ‘ ‘ ---‘-‘Broken line ﬁt_

18.0 18.5 19.0 19.5 20.0
Ig(E/eV)

FIG. 14. Energy evolution of (X, ,.). Statistical uncertainties
are displayed using vertical error bars, while systematic uncer-
tainties are indicated by horizontal caps above and below the
markers. The red line shows a broken-line fit to the data.

above the break, in good agreement with the value of
24.1 4 1.2(stat) gcm=2/decade derived from SD data
above 10'83 eV [65]. Note that the uncertainty quoted
on 1g(Eyeq) does not include the energy scale uncertainty
of 14%. The best-fit average shower maximum at Ig( Eycqx )
is Xbreask = 755.2 + 1.5(stat) 735 (sys) gem™. The corre-
sponding fit is shown as a red dashed line in Fig. 14 and
results in a goodness of fit of x?/ndf =18.4/16
(p-value = 0.30), indicating a good agreement with the
data. In contrast, a model using a single line is decisively
rejected by the data (y?/ndf = 512/18). Including two
additional breaks at higher energies, as observed with the
surface detector [65], does not significantly improve the fit
quality.

The observed elongation rates provide robust, model-
independent evidence with high statistical significance that
the composition is changing in the observed energy range,
since for a constant composition the elongation rate would
remain constant [3,66].

Since (Xax) depends linearly on (InA), Eq. (5) implies
that D is linear in d(In A) /dIg E. Air shower simulations
using the latest models of hadronic interactions at ultrahigh
energies predict an elongation rate in the range of 55 to
60 g cm~2/decade for a constant composition. Therefore,
the large elongation rate measured below the break, Eq. (6),
implies a transition from heavier to light composition.
Likewise, the smaller D;,, above the break, Eq. (7),
indicates a transition from light to a heavier composition.

Along with this change of the mean X, we also
observe a decrease in the standard deviation of the X,
distribution, (X .). It is shown in the right panel of
Fig. 15. Whereas a large value of o(X,,,,) can indicate
either a light or mixed composition, the pronounced
decrease of o(Xp,) from 60 to 30 gcm™ is another
model-independent indicator for a transition to predomi-
nantly heavy cosmic-ray nuclei at ultrahigh energies.
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FIG. 15. Energy evolution of (X ,.) and o6(X,.) compared to the predictions from air-shower simulations using the hadronic
interaction models EPOS LHC-R and SIBYLL 2.3e for proton and iron primaries. Statistical uncertainties are displayed by vertical error
bars, while systematic uncertainties are indicated by horizontal caps above and below the markers.

In the energy bin 18.6 < 1g(E/eV) < 18.7, the 6(X pax)
value is considerably larger than expected from an inter-
polation between the neighboring energy bins. The local
significance of the deviation of 6(X ;) in this bin from the
overall trend, evaluated by excluding the bin from a fit with
a smooth curve to the data, is 3.4¢. The global significance
of observing such a fluctuation in any energy bin is 2.46.

It is worth noting that an event with an exceptionally
deep X, of about 1200 gcm™ was recorded in this
interval. Excluding this event reduces o(X,,) by only
1 gecm™2, indicating that it does not drive the observed
increase. The event is consistent with an extreme fluc-
tuation of a proton-initiated shower; further details are
given in Sec. A.

For further, but more model-dependent, insights into the
cosmic-ray composition, we compare in Fig. 15 the
measured (X.) and o(X,.) to the predictions of
SIBYLL 2.3e [10] and EPOS LHC-R [12] for protons and
iron." This allows an interpretation of how the absolute
values of (X ..) and o(X ) evolve between proton- and
iron-induced showers. The observed (X,..) is close to
predictions for helium at Ey .. At the highest energies,
both (X ,.) and o(X ., ) evolve toward the predictions for
iron, although within the current statistics also a somewhat
lighter, intermediate average mass of cosmic rays is
compatible with the data.

The measured (X,,.) and o(X ) in each energy bin
can be converted into the first two central moments of the
logarithmic mass, using the method described in
Refs. [7,67], and the parametrizations from [68], see

'We defer comparisons with the newest version of the QGSJet
model (QGSIJET iii-01 [11]) to future work, pending resolution of a
technical issue in the current implementation that affects simu-
lated nucleus-nucleus interactions (S. Ostapchenko, private
communication).

Fig. 16. Due to the small variations in the model predictions
of the (X,.x) elongation rate, a similar energy dependence
is observed in (InA) for both interaction models. Below
E\ e We obtain

d(InA

diin4) _ —0.94 + 0.07(stat) T304 (sys) £ 0.05(model),
digE '
and above Ej..x

d(lnA)
digE

= +1.26 + 0.08(stat) "9 (sys) & 0.01(model).

The spread among the model predictions of (X ..
translates into a difference of about 0.5 in (InA), with
EPOS LHC-R yielding a heavier and sIBYLL 2.3e a lighter
average mass composition. At the highest energies, the
estimated mean logarithmic masses from both models are
close to the CNO group. The variances of In A are similar
and indicate an increase in mass mixing below 103! eV,
where they reach their maximum values. Above this energy,
Var(InA) decreases until approximately 1088 eV.

At higher energies, Var(InA) shows no clear trend and
remains approximately constant at 0.3-0.5, consistent with
expectations for equal mixtures of adjacent mass groups
(p-He, He-CNO, CNO-Fe). However, pure or more broadly
mixed compositions cannot be ruled out within the current
uncertainties.

VII. MASS FRACTIONS

The mean and variance of InA cannot be interpreted
unambiguously in terms of the relative fractions of primary
nuclei, i.e. the mass fractions. Instead, the observed X,
distributions can be fitted with a superposition of simulated
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FIG. 16. Energy evolution of (InA) and Var(InA) estimated using air-shower simulations with the hadronic interaction models EPOS
LHC-R and SIBYLL 2.3e. Statistical uncertainties are represented by vertical error bars, and systematic uncertainties are indicated by

horizontal caps above and below the markers.

X max distributions for different nuclei using their relative
fractions as fit parameters. In our previous work [17], we
demonstrated that satisfactory fits to the data can be
achieved using at least four species representing light,
intermediate, and heavy mass groups. Specifically, we used
protons and three representative nuclei (helium, nitrogen,
and iron), nearly equally spaced in InA, and investigated
the energy evolution of the mass fractions of these four
species.

A. Templates for Monte Carlo simulations of X,

The X .« distributions used for comparison with the data
are generated using the CONEX air-shower program [48] for
two hadronic interaction models: EPOS LHC-R and SIBYLL
2.3e. To account for the effects of detector acceptance and
resolution, these distributions are modified according to
Egs. (4) and (3). The resulting composition templates are
binned in X, over a range from 0 to 2000 gcm~2, with a
bin width of 10 gcm™2. The energy distribution in each
energy bin follows a power law E~% where the spectral
index a is estimated using the energy distribution of the
selected events (cf. Fig. 3). We use @ = 1.1 for energies
below 1080 eV and a = 2.2 for higher energies. Above
10'96 eV, the spectral index is estimated as a = 4.7.

Because both the hybrid exposure [46] and the fiducial
selection efficiency increase with energy, these values of a
for the observed energy distribution differ significantly
from the spectral indices of the UHECR energy spectrum.

B. Fitting procedure

A Poissonian binned maximum-likelihood approach is
used [56] to determine the best-fitting combination of
primary species, with the likelihood function described
in Ref. [17]. To estimate the posterior distribution of the
mass fractions, we apply a Bayesian Markov chain

Monte Carlo method, using the sampler described in
Ref. [69]. The mass fractions are restricted to the interval
[0, 1] and are constrained to sum to unity. A symmetric
Dirichlet (1, 1, 1, 1) prior is adopted for the fractions,
corresponding to a uniform prior over all allowed combi-
nations of non-negative fractions. We use the maximum
a-posteriori estimator to provide numerical values that
characterize the posterior distribution from the fit. The
statistical uncertainties on the estimated composition frac-
tions are expressed using the 68 % highest-posterior-density
interval, representing the 1o confidence range. An example
of a fit and the one- and two-dimensional posterior
probabilities are shown in Figs. 17 and 18. The fitted

182<1g(E/eV) <183 ¢  events
N =4432

— total

350¢
I

He
N
Fe

events / (10 g cm™2)
— — \] [\e} 2
(o W S W o
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W
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Xmax / g cm-
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FIG. 17. Example of the fit of composition fractions of the mass
groups (H, He, N, Fe) with siBYLL 2.3e in the energy range
18.2 <1g(E/eV) < 18.3; X . distribution of the data (points
with error bars) and composition templates (histograms) scaled
by their fitted fractions.
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FIG. 18. Corner plot of the posterior mass-fraction parameters
for H, He, N, and Fe obtained with SIBYLL 2.3e in the energy
range 18.2 <l1g(E/eV) < 18.3. The diagonal panels show the
one-dimensional marginalized posteriors for each group, while
the off-diagonal panels show the two-dimensional joint posteriors
(pairwise correlations). Colors indicate the enclosed posterior
probability, with the lighter colors corresponding to regions of
higher posterior density.

Xmax distributions for all energies and both interaction
models are presented in Appendix D. As can be seen,
because of the large overlap of the X, distribution of
different mass groups, the fractions of neighboring groups
are negatively correlated.

To evaluate the fit quality, the X ,,, distributions for the
best-fit mass fractions are used to generate mock samples of
the same size as the data. The likelihood of each mock
sample with respect to the best-fit model is compared to the
likelihood found for the data to count the fraction of worse
fits. This fraction, the p-value, is a statistical measure of
how well the best-fit model represents the underlying data.

C. Systematic uncertainties

Alongside the statistical uncertainties, we evaluate the
systematic uncertainties on the fitted mass fractions, pri-
marily arising from the systematic uncertainty in X,,,,. This
contribution is evaluated by varying the X, scale within its
uncertainty range using steps of 0.1(oy,,, + o-up), where 61,
and o, represent the lower and upper bounds of the
systematic-uncertainty intervals. This approach is necessary
due to the nonmonotonic relationship between the fractions
and changes in the X,_,, scale. We refit the shifted and
rebinned data, taking the largest and smallest obtained
fractions as the limits of the lower and upper systematic
uncertainties. Similarly, the smallest and largest p-values
identified in this procedure serve as systematic uncertainties
on the p-values. Another source of systematic uncertainty

arises from the energy scale, which is evaluated by refitting
the data after shifting the energy scale by +14%. As a cross-
check, the mass fractions were also evaluated within the
frequentist approach previously used in Ref. [17]. The
results were found to be consistent with the Bayesian
method. Finally, we estimated the contribution from uncer-
tainties in the parametrization of the detector acceptance and
resolution by re-fitting the data using extreme values of the
parametrizations.

D. Results

The results for the determined mass fractions of protons,
helium, nitrogen and iron nuclei are shown in Fig. 19, using
EPOS LHCR and SIBYLL 2.3e. The p-values are shown in the
lower panel and indicate an overall good agreement between
the data and the model predictions. Over most of the energy
range, the p-values are compatible with p > 107!, except in
three energy bins where they drop by several orders of
magnitude. We verified that, in these bins, the p-values improve
by at most one order of magnitude when excluding the
“outliers” discussed in Sec. A or when adding an intermediate
heavy mass group, represented by silicon, to the fit.

The cosmic-ray mass composition obtained with SIBYLL
2.3e contains an approximately equal proton-helium-nitro-
gen mixture at the lowest energies, with helium becoming
dominant above 10'83 eV followed by a transition to
nitrogen dominance above 10'°? eV. The iron contribution
remains consistent with zero within uncertainties at all
energies. These results align qualitatively and quantitatively
with our previous estimates [17]. In contrast, the composi-
tion inferred using EPOS LHC-R is heavier owing to its deeper
Xax scale (cf. Figs. 15 and 16). The nitrogen fraction
increases from approximately 50% at the lowest energies to
above 80% above the ankle, before the iron contribution
becomes significant at the highest energies, accounting for
about half of the total mix. The helium fraction derived from
EPOS LHC-R remains at a level of 5-10% across the entire
energy range and shows no systematic trend with energy.

The qualitative behavior of the proton fraction is con-
sistent for both models. This can be understood in terms of
the evolution of the X,,, fluctuations, which, like the
proton fraction, first increase and then decrease as the deep
tails of the X,,,, distributions die out (Figs. 15 and 4).

VIII. SUMMARY AND CONCLUSION

In this paper, we have presented measurements of the
X nax distributions with minimal selection bias using the
hybrid data of the Pierre Auger Observatory. The dataset
comprises 58,453 high-quality events with energies above
10'77 eV. The most energetic event has an energy of
about 1.17 x 10%° eV.

The mean and standard deviation of the X,,,, distribu-
tions have been corrected for the residual biases, enabling
direct comparison to current and future predictions from
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FIG. 19. Top four panels: best-fit fractions of protons, helium, nitrogen, and iron nuclei using air-shower simulations with the SIBYLL
2.3e and EPOS LHC-R hadronic interactions models. The error bars denote statistical (thick lines) and total (thin lines) uncertainties.
Bottom panel: p-values of the fit. The error bars denote systematic uncertainties.

air-shower simulations. From these measurements, we
draw two key observations that are independent of theo-
retical uncertainties of the modeling of hadronic inter-
actions at ultrahigh energies.” First, the rate at which (X )
evolves with the logarithm of energy exhibits a marked
change at ~10'8* eV, providing evidence that the trend

These conclusions assume that no qualitatively new high-
energy physics processes alter air-shower development at ultra-
high energies. For speculative scenarios in which this assumption
could be violated, see, e.g., Refs. [70,71].

toward lighter mass composition reverses at this energy.
Second, the X, distributions become narrower above
approximately the same energy, indicating a transition to a
heavier and less-mixed mass composition. A comparison of
the X, distributions in the northern and southern decli-
nation bands of the Observatory’s exposure shows no
statistically significant difference, indicating no directional
dependence of the mass composition.

For a more direct interpretation of these findings, we
have converted X,,,, moments into (InA) and Var(InA)
using the interaction models EPOS LHC-R and SIBYLL 2.3e.
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The universality of model predictions for the (X.x)
elongation rate leads to similar (InA) energy evolution
for both models, with d(In A)/dIg E changing from —0.94
to +1.26 at the (X,,,,) break. At the highest energies, the
(In A) values inferred with both models suggest an average
mass approaching that of the CNO group. The spread of the
primary masses increases until 10'8! eV after which it
decreases until approximately 10'8® eV. Beyond this
energy, Var(InA) fluctuates around 0.5 without exhibiting
a clear trend, and it remains compatible with a pure or more
mixed composition within the uncertainties.

Finally, we have used the measured X, distributions to
examine the energy evolution of four primary mass groups,
protons, helium, nitrogen, and iron nuclei. We observe
similar general trends with the proton contribution peaking
around 10'®! eV and nearly disappearing above the ankle
in the cosmic-ray energy spectrum. As the proton fraction
decreases, the relative contribution of intermediate-mass
nuclei increases, with helium dominating near the ankle in
SIBYLL 2.3e and nitrogen in EPOS LHC-R. The difference is
due to the deeper X, scale of EPOS LHCR that is also
favored by our analyses combining X, and the SD signal
[58,72—74]. At higher energies, nitrogen becomes domi-
nant, with the iron fraction remaining negligible in SIBYLL
2.3e but gradually increasing toward the highest energies in
EPOS LHC-R.

The events selected for this analysis represent an
unprecedented dataset of direct observations of the energy
and depth of maximum of air-shower profiles. As demon-
strated in the paper, our measurements provide unique
insights into the mass composition of UHECRs across two
decades in energy. Importantly, this dataset serves as the
reference for calibration of indirect X,,,, inferences from
the surface detector data [65,75—77]. The list of X,,,, and
energy of each event used in this analysis, as well as the
derived measurements of X,,,, and InA moments and the
posterior samples of mass fractions are available for
download from Ref. [45]. Together with the information
provided in Appendix B on the acceptance and resolution,
this unique data set can be used for self-contained studies of
mass composition and hadronic interactions.
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APPENDIX A: EXTREME SHOWER EVENTS

1. Deepest event in the data sample

Event No. 53725865 is the deepest event observed in this
dataset. Its image in one of the cameras of the Los Morados
site and the corresponding longitudinal profile are shown in
Fig. 20. The fit of the longitudinal profile yields X .x 1y =
1206 + 38 gcm™ and an energy of Ejy = 4.2 + 0.6 EeV.
An independent reconstruction using data from a second
FD site (Loma Amarilla) yields compatible values of
Xmaxpa = 1168 90 gem™ and Ep, =3.940.5 EeV,
but this reconstruction does not pass the quality cuts. In
the following, we test whether the event, given its X .y, 1S
compatible with a deeply penetrating shower induced by a
proton.

The corresponding probabilities, derived from air-
shower simulations, are listed in Table II. In all cases
discussed below, detector acceptance and X, resolution
are taken into account, and the quoted uncertainties are
statistical.

As a first step, we assume the event is a proton primary
with energy E = Ejy and compute the probability p(E)
that any single proton shower is reconstructed with an X,
value at least as large as the one observed. This probability
is below 0.006%.

To account for the fact that multiple proton events are
observed in the same energy bin, we compute the penalized
probability p(E) by multiplying p(E) with the expected
number of protons in that bin, using the proton fraction
from Sec. VII for the relevant interaction model. This yields
a probability of order 1%.

Finally, we extend the calculation to the full dataset to
obtain py,. For this, we simulate the full energy range
using the measured composition from Sec. VII and count
how often a shower is observed whose X, exceeds the
proton mean by at least as much as event No. 53725865
exceeds the proton mean at its energy. The resulting fully
penalized probabilities range from about 0.2 to 0.6, depend-
ing on the interaction model.

We therefore conclude that, while event No. 53725865 is
a remarkably deep shower, it is entirely compatible with

Los Morados

Event 53725865

elevation/ deg
7
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5,
O_
60 55 50 45 40 35 30
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>
&
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FIG. 20. Reconstruction of the deep shower event #53725865.
Top panel: Camera view of the event. Colors denote the arrival
time of photons in the hexagonal photomultipliers, with blue to
red corresponding to early to late arrival times. The red line
indicates the fitted shower—detector plane. Bottom panel: Longi-
tudinal energy-deposit profile and fit with a Gaisser-Hillas
function.

expectations, given the fitted proton fractions from
Sec. VIL

2. “Shallow” showers

Next, we characterize the number of shallow showers in
the dataset using the condition

Xmax < XO +D101g(E/EeV)7 (Al)

where X, = 550 gcm™2 corresponds to a value 100 gcm™
below the expected X, for iron primaries at 1 EeV, and
D,y =60 gcm™ is the elongation rate expected for a
constant mass composition. With this definition, we find
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TABLE II. Probabilities to observe a proton shower at least as
deep as event #53725865. The first column gives the probability
for protons at the energy of the observed event, E. The second
column includes the trial factor, taking into account the number of
proton events expected in the energy bin containing the event.
The third column extends the trial factor to all protons in the full
dataset.

Model p(E)/107 P(E) Prull
EPOS LHC-R 56+£0.8 0.025 +0.003 0.58 £0.01
SIBYLL 2.3e 2.0+0.3 0.007 £+ 0.001 0.24 £0.01

seven shallow showers in the dataset. For simulated events
generated using the SIBYLL 2.3e hadronic interaction
model, assuming an energy spectrum and mass composi-
tion consistent with the data, we expect 5 £ 2 shallow
events. We therefore conclude that the dataset does not
contain events with an unexpectedly shallow depth of
shower maximum.

APPENDIX B: PARAMETRIZATIONS

1. Acceptance

The energy dependence of the acceptance parameters
p = (X1, X5, 41, 4,), introduced in Eq. (3), can be described
by second-order polynomials in x;3 = Ig(E/10'® eV),

TABLE III. Parameters for X, X5, 4; and 4,.

ap a as
X 599.0 £1.0 46.1 £2.6 -19.0£ 1.7
X, 882.5+0.9 499+1.9 -21.8+1.0
A 122.8+0.9 195034 355+34
A 108.9+0.7 74.0 £ 1.6 9.1£1.0

TABLE IV. Parameters of the X,,,, resolution, Eq. (4). o; and
o, are given in gcm™2. The uncertainties are systematic and
originate from the uncertainty on the overall standard deviation of
the resolution. They therefore shift ¢; and o, in the same
direction and are fully positively correlated.

lg(E/eV) o] 0> f

17.7-17.8 189409 325+ 1.6 0.71
17.8-17.9 17.7+£0.9 312+1.5 0.72
17.9-18.0 16.7 £ 0.8 300 1.5 0.73
18.0-18.1 15.8+0.8 290+ 1.5 0.74
18.1-18.2 15.0+0.8 280+ 1.5 0.74
18.2-18.3 143 4+0.8 272+ 1.6 0.75
18.3-18.4 13.8 £ 0.9 264+ 1.6 0.76
18.4-18.5 13.3+0.9 258 £ 1.7 0.77

(Table continued)

TABLE IV. (Continued)

Ig(E/eV) 0] 02 f

18.5-18.6 13.0+:0.9 252+ 1.8 0.77
18.6-18.7 12.6 £0.9 247+ 1.8 0.78
18.7-18.8 124+1.0 242 +1.9 0.78
18.8-18.9 1224+1.0 2394+2.0 0.79
18.9-19.0 120+ 1.0 23.54+20 0.79
19.0-19.1 11.8 +1.1 233+2.1 0.79
19.1-19.2 11.7+1.1 23.0+2.1 0.79
19.2-19.3 11.6 1.1 22.8+2.2 0.79
19.3-19.4 11.5+1.1 22.6+22 0.79
19.4-19.5 1144+1.1 225422 0.79
19.5-19.6 114+12 223423 0.79
19.6 — o0 113+1.2 22.1+23 0.79

2
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FIG. 21. (Xpax) and o(X ) versus energy for different results

produced by the Pierre Auger Collaboration, FD (2014) [16] and
DNN (2025) [76]). Error bars denote the statistical uncertainties,
while the horizontal caps indicate the uncorrelated systematic
uncertainties.
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FIG. 22. Fits of composition fractions of the mass groups (H, He, N, Fe) with sIBYLL 2.3e in all energy bins: X, distribution of the
data (points with error bars) and composition templates (histograms).

The fit parameters are summarized in Table III together
with their statistical uncertainties. Systematic uncertainties
on p; are estimated by assuming that the dominant
uncertainty in the detector simulations is related to model-
ing the production and transmission of fluorescence light
and the detector’s optical response. This uncertainty is
equal to the uncertainty of the Auger energy scale of 14%.
A table of these parameters, including the fully correlated
systematic uncertainties, can be found in Ref. [45].

2. Resolution

Table IV gives the parameters of X, resolution, Eq. (4),
including all effects discussed in Secs. IVB 1 and IV B 2.

In Fig. 21, we present the (X ) and o(X pax

APPENDIX C: COMPARISON OF X,
MOMENTS

) moments

obtained in this work and compare them to previous results
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FIG. 23. Same as Fig. 22, but for EPOS LHC-R.

from the Pierre Auger Collaboration: the earlier FD X,
analysis [“FD (2014)” [16] ] and the deep neural network
analysis based on surface detector data [“DNN (2025)”
[76] ]. An energy-dependent (X, )-difference is observed
relative to these earlier results. The shift is expected from
the improved aerosol treatment used in this analysis, in
particular the correction for residual aerosol contamination
in the clear reference nights used for data normalization
[30]. Previously, this effect was accounted for as a
systematic uncertainty and it is now corrected explicitly,
resulting in shifted central values and reduced systematic

uncertainties. Only the uncorrelated systematic uncertain-
ties relevant for the relative comparison are shown. For FD
(2014), this is the uncertainty associated with the VAOD
treatment. For DNN (2025), the shown uncertainty is the
quadratic sum of the same VAOD-related contribution,
inherited through the calibration on FD data reconstructed
prior to the aerosol-analysis update, and the uncorrelated
uncertainty associated with the inference of X, from the
surface-detector data (see Fig. 11 of [76]).

Good agreement with FD (2014) is found for ¢(X .y )-
The fluctuations derived in the DNN (2025) analysis are
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TABLE V. (X.) and (X, ) with their statistical and systematic uncertainties. The third column shows the number of events N in

each energy bin.

(Xmax)/ (gem™2)

6(Xmax)/(gem™)

lg(E/eV) (Ig(E/eV)) N
[17.7, 17.8) 17.75 9865
[17.8, 17.9) 17.85 9702
[17.9, 18.0) 17.95 8632
[18.0, 18.1) 18.05 7219
[18.1, 18.2) 18.15 5836
[18.2, 18.3) 18.25 4432
[18.3, 18.4) 18.35 3450
[18.4, 18.5) 18.45 2574
[18.5, 18.6) 18.55 1846
[18.6, 18.7) 18.65 1310
[18.7, 18.8) 18.75 961
[18.8, 18.9) 18.85 752
[18.9, 19.0) 18.95 554
[19.0, 19.1) 19.05 449
[19.1, 19.2) 19.15 317
[19.2, 19.3) 19.25 183
[19.3, 19.4) 19.35 163
[19.4, 19.5) 19.44 100
[19.5, 19.6) 19.55 53
[19.6, ) 19.71 55

703.1 £0.75L,
711.5+ 0.8,
719.7 £ 0.877%,
728.7 + 1.0775,
737.9 £ 1.01]2,
743.9 £ 1.117%5
750.4 & 1.17)7
757.3 £ 14704
758.9 & 1.47JY
764.4 + 1.8779
762.2 £ 1.61%7
766.2 £1.9787
770.0 +2.0759
774.8 £2.2782
773.7 £2.1787
780.7 + 3.4779
780.8 +3.1779
780.2 +4.377¢
791.9 £5.17 )3
784.6 £4.27)3

57.4+£0.91)7
593 £1.012
60.6 £ 1.177
62.1 +1.2773
61.0+ 13737
59.3 +1.473%
58.0 + 1.5733
56.0 £ 1.9774
53.6 £ 1.872
57.7+£24%11
453 +£2.01]2
44.4 £22114
38.5+2414
42.6 +£2.873
329 +£2.617
427 £ 4.7
36.5 4.1
37.2+5.153
36.2 6411
29.0 £4.05] ¢

systematically smaller above 10!%2 eV than those found in

this work, but are consistent within the systematic uncer-
tainties of the DNN analysis, which amount to
about ! gem™2.

The UHE results reported by the Telescope Array
Collaboration cannot be directly compared to ours, as their
published X,,,, moments are not corrected for detector
effects [60]. Instead, we refer to the results of the Auger-TA
composition working group, which compares the data at
detector level and finds good agreement between the two
experiments [63]. A comparison to TA results below
1085 eV [79,80] remains to be carried out in a dedicated
joint study.

APPENDIX D: FITS OF COMPOSITION
FRACTIONS TO X,,.x DISTRIBUTIONS

The fitted X, distributions in each energy bin are
shown in Figs. 22 and 23 for the SIBYLL 2.3e and EPOS
LHC-R hadronic interaction models.

APPENDIX E: MOMENTS OF THE X,
DISTRIBUTION

The bias- and resolution-corrected X, moments
derived in this analysis are listed in Table V together with
their statistical and systematic uncertainties.
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