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The Auger Engineering Radio Array (AERA), part of the Pierre Auger Observatory, is currently the
largest array of radio antenna stations deployed for the detection of cosmic rays, spanning an area of
17 km? with 153 radio stations. It detects the radio emission of extensive air showers produced by cosmic
rays in the 30-80 MHz band. Here, we report the AERA measurements of the depth of the shower
maximum (X,,), a probe for mass composition, at cosmic-ray energies between 10'7 and 10'88 eV,
which show agreement with earlier measurements with the fluorescence technique at the Pierre Auger
Observatory. We show advancements in the method for radio X,,,, reconstruction by comparison to
dedicated sets of CORSIKA/COREAS air-shower simulations, including steps of reconstruction-bias
identification and correction, which is of particular importance for irregular or sparse radio arrays. Using
the largest set of radio air-shower measurements to date, we show the radio X, resolution as a function of
energy, reaching a resolution better than 15 gcm™2 at the highest energies, demonstrating that radio X,
measurements are competitive with the established high-precision fluorescence technique. In addition, we
developed a procedure for performing an extensive data-driven study of systematic uncertainties, including
the effects of acceptance bias, reconstruction bias, and the investigation of possible residual biases. These
results have been cross-checked with air showers measured independently with both the radio and

PHYS. REV. D 109, 022002 (2024)

fluorescence techniques, a setup unique to the Pierre Auger Observatory.

DOI: 10.1103/PhysRevD.109.022002

I. INTRODUCTION

The measurement of ultrahigh-energy cosmic rays
(UHECRS) relies on the detection of the products of extensive
air showers that are initiated when cosmic rays impact Earth’s
atmosphere. The study of these air showers allows one to
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extract their properties and thereby reconstruct important
observables, such as the arrival direction of the cosmic-ray
primary, its energy, and its particle type. Knowing the particle
type is key to understanding the nature and origin of cosmic
rays. This is of particular interest in the energy range between
10'7 to 10" eV where the cosmic-ray flux is expected to
transition from having Galactic to extragalactic sources (see
for example the review [1]. In the transition region, a change
in mean mass of the primaries, their mass composition, could
help disentangle source contributions.

The past decades have seen major improvements to the
detection of extensive air showers and the reconstruction of
air-shower parameters. Though typically this has up until
now been the domain of direct particle detection and the
observation of air-Cherenkov or fluorescence light, the last
two decades also saw the detection of radio emission from
air showers coming to maturity [2—8]. For reviews on the
recent progress, see, e.g., Refs. [9,10]. This is important as
the radio technique has the advantage of a near-100% duty
cycle and relatively low-cost hardware, while still perform-
ing precision measurements of the electromagnetic part of
the shower. In the extensive air shower, changing currents,
caused by charged particles moving under the influence of
the Earth’s magnetic field (geomagnetic emission) and by
the ionization of the surrounding atmospheric medium
(charge excess emission), lead to electromagnetic radiation,
predominantly in the MHz to GHz frequency band. Using
an array of radio antennas on the ground, the radio emission
footprint can then be measured. An example of a simulated
radio footprint on the ground is shown in Fig. 1. The radio
footprint shape depends strongly on particle type and can
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FIG. 1. Example of a footprint of the radio emission on the

ground for a simulated air shower with an energy of
8.2 x 10'7 eV, a zenith angle of 50.2°, and a depth of the shower
maximum of 749 gcm™2. The strength of the emission is
evaluated at simulated antenna positions (markers) and interpo-
lated in between for visibility (background). The footprint has
been projected into the shower plane, i.e., tilted into the plane
perpendicular to the shower axis ¥ and rotated to project the

magnetic field B along the x axis.

thus be used to probe the cosmic-ray mass composition.
A heavier primary nucleus (which acts roughly as a
superposition of multiple lower-energy nucleons) will,
on average, interact higher up in the atmosphere and hence
produce a wider footprint on the ground than a lighter
primary particle. This is illustrated in Fig. 2. The particle
type itself is not a direct observable, but the atmospheric
depth where the shower is maximally developed, the depth
of the shower maximum X, which depends on the
particle type, can be related to the shower footprint shape,
making X, a probe for the primary particle type.

Several methods have been used over the past years to
reconstruct the particle type from radio signals, most of
those relying on determining either the slope, width, or full
shape of the lateral distribution function (LDF) of the radio
footprint to determine X, [11-15]. In addition, also other
methods using for example the slope of the frequency
spectrum [16,17] and shape of the shower wavefront have
been attempted [18]. Out of all these methods, the highest
resolution in X, has been thus far achieved by using the
LDF of the radio footprint by fitting of simulated air
showers to measured air showers [19,20].

In this work, the simulation-fitting method has been
further developed for the Auger Engineering Radio Array
(AERA), by accounting for the effects of the sparse
(compared to other radio experiments) and irregular array
of radio stations. Also, a thorough investigation of sys-
tematic uncertainties has been made. We present the details
of the X, reconstruction method and quantify the

FIG. 2. Schematic view of three air showers that started at
different heights in the atmosphere and their radio emission
footprints on the ground. It illustrates that the depth of the shower
maximum affects the radio emission footprint in both width and
general shape. The asymmetry is a consequence of how the
geomagnetic and charge excess radio emission mechanisms
interfere during the shower development. This figure has been
previously published in [11].

resolution as a function of cosmic-ray energy. Next, we
apply the method to the set of air showers measured
by AERA to determine the distributions of X, and
interpret this in terms of the cosmic-ray mass composition.
We then compare the composition to the results of the
fluorescence detector (FD) at the Pierre Auger Observatory.
Furthermore, we use a subset of air showers, simultane-
ously measured and independently reconstructed with both
AERA and FD to directly evaluate our method and place
bounds on the total systematic uncertainty between the
two X, detection techniques.

This paper will start with a description of the AERA air-
shower reconstruction and the selection of showers in
Sec. II. Then, the X, reconstruction method will be
described in Sec. III. In Sec. IV, we make an inventory of
systematic uncertainties on the reconstruction of the X,
distribution of the selected air showers. The resolution
with which X .. is reconstructed is then shown in Sec. V.
Finally, the resulting X, distribution as measured by
AERA will be presented in Sec. VI.

In an accompanying publication [21], these results
are discussed in the context of the larger field of other
measurement techniques and experiments.

II. AERA DATA RECONSTRUCTION

The Pierre Auger Observatory [22] is located near
the town of Malargiie in Argentina. It aims at detecting
UHECRs up to the highest energies. The observatory
covers an area of 3000 km?, making it the largest of its
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kind in the world. The main components of the observatory
are an array of 1660 water-Cherenkov detectors, also called
the surface detector (SD), and 27 fluorescence telescopes
[known as the fluorescence detector (FD)] that overlook the
SD. Located near one of the FD sites and within the SD grid
is also an array of radio detectors (AERA) [23]. This radio
array consists of 153 autonomous stations, each with two
orthogonally placed dipole antennas, that measure the
spectrum between 30 and 80 MHz, sampling the signal
roughly every 5 ns. The measured voltage signals in the

antenna arms are converted to an electric field E () from
which we calculate the integrated signal per unit area,
conventionally called the energy fluence u (eV/m?). Part
of the measured energy fluence will be from the back-
ground noise that will need to be subtracted. One can
assume that before the cosmic-ray signal arrives, or long
after the cosmic-ray pulse has passed, the electric field time
trace also represents the noise during the time of the signal.
The energy fluence can then be calculated as the integral
over the time period [#;, 7y] containing the signal, minus
the contribution of a pure background time interval
[#51, fpMm], where N and M are the respective numbers
of samples for the bin size At,

N ty—t; &
u:eocm(z@w—lemub.i)f), )
i=1

hhm — o145

where €, is the vacuum permittivity and c¢ is the speed
of light.

The spacing between radio stations varies between 144
and 750 m (see Fig. 3), and the array spans a total area of
17 km?. While the radio stations can be triggered on the
radio signals themselves, in this work, we make use of just
the external trigger provided by the SD such that we also
directly have the measurement of shower energy at our
disposal. Consequently, the dark red part of the radio array,
shown in the upper right part in Fig. 3, is a subset of
detectors that operate in a self-triggering mode and con-
sequently are not used in this analysis.

The water-Cherenkov detectors are spaced on a triangu-
lar grid of 750 m that overlaps with the AERA station grid.
Because the radio station spacing is typically much smaller,
the estimation of the shower core position and arrival
direction is made with the information of cosmic-ray
signals in the AERA stations.

From the 7 years of AERA measurements (2013/04—
2019/11), we select air-shower candidate events that were
triggered by SD, which meet the requirement of a certain
quality in terms of clustering of triggered SD stations (see
Ref. [24], p. 79). Additionally, we select on the events
where at least five AERA stations have measured a signal
with a signal-to-noise ratio above 10 (the signal is defined
here as the square of the maximum of the Hilbert envelope
of the electric field, and the noise is defined as the square of
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I
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FIG. 3. Layout of the AERA stations (triangles), marked with
whether they are externally (ext. trig.) or self-triggered (self-trig.).
Also shown is part of the SD array of water-Cherenkov detectors
(circles) and the field of view (FOV) of one of the FD telescope
sites located near AERA. The FD contains six regular telescope
bays (light green) and in addition three bays (dark green) looking
at higher elevations. Scale and orientation of the layout are
indicated with markers.

the rms of the electric field in a time window away from the
signal), a lower limit set by the requirements for the X,
reconstruction in Sec. III. As part of these criteria, an
algorithm was implemented to reject stations from the
shower reconstruction in case of hardware failures or
excessive radio-frequency interference background sig-
nals, which is monitored every 100 sec. We also limit
the dataset to showers arriving from within 55° of the
zenith, first because the reconstruction at higher inclina-
tions is currently an active field of study [25,26] and,
second, because sensitivity to X, decreases for higher
inclinations since the emission region will be more distant.
We require both the SD and AERA arrival direction
reconstruction to find angles below 55° and also require
agreement between the arrival direction within 10° and core
position within 400 m. This acts only as a rejection of
outlier values due to bad reconstructions; the arrival
direction and core position reconstruction are much better
than this (about 1° and 50 m, respectively, for SD and
similar or smaller for AERA) [27,28]. Furthermore,
periods of enhanced atmospheric electric field conditions,
such as that occur during times of thunderstorms, are
removed from the dataset. To be conservative, events
are also rejected if no electric field information was
available (accounting for half of the events that are
rejected in this step). This results in a preselected set of
2153 showers in the energy range of 10'7 to 10'? eV, the
lower limit being set by the detection threshold above the
radio background level and the upper limit being exposure
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TABLE I. The number of air-shower events remaining after
applying the selection criteria sequentially. # shows the fraction
of showers remaining after each of the cuts. The three sections
correspond to the three sets of events in Fig. 4.

Quality cut criteria Events 7 (%)
High-quality shower preselection (Sec. II):

Air-shower candidates 9336 e
SD zenith angle < 55° 4874 522
SD trigger quality 2832 58.1
AERA zenith angle < 55° 2762 97.5
A AERA and SD arrival direction < 10° 2733 99.0
No thunderstorm conditions 2160  79.0
A AERA and SD core position < 400 m 2153 99.7

Reconstructed air showers (Sec. II11):
Insufficient high-SNR simulated radio signals 1967 914

High-quality X, parabola fit 1725 87.7
Valid X, uncertainty and bias estimation 1625 942
Bias-free shower sample (Sec. IV):

E > 1075 eV 1107  68.1
Acceptance cut 594 537

limited. In Table I, we list these cut criteria and the number
of events after each cut. In Fig. 4, we show the distribution
of these air showers as a function of the shower energy
(left) and the azimuth and zenith angles of the arrival
direction (center and right, respectively). Indicated in blue
is the preselected set of showers as described above. The
gray and green elements in the figure refer to further
quality cuts in the reconstruction of X, (gray) and
selection of a bias-free sample (green) as will be described
in Sec. I'V. To illustrate the completeness of the dataset, at
least at higher energies, the cosmic-ray flux as measured

by the Pierre Auger Observatory [29] has been super-
imposed and rescaled to the AERA shower distribution.
Note that the radio signal strength depends on the

Lorentz force F ~ 7 x B and thus on the angle between
the arrival direction of the shower ¥ with respect to the

Earth’s magnetic field B, hence the increased suppression
of the detected showers as the azimuth angle approached
(approximately) 90° and the arrival direction becomes more
aligned with the magnetic field.

There is a small overlap in the effective field of view of
AERA and FD, such that for a subset of 53 showers in the
set of selected showers for AERA also an independent
high-quality FD shower reconstruction is available. The
number is mainly limited by the distance and different
energy dependent apertures of AERA and FD and the FD
duty cycle. We will use these 53 showers in Sec. IV for an
independent check on the X,,,, reconstruction on an event-
by-event basis.

III. RECONSTRUCTION METHOD FOR X, ..,

The method to reconstruct the depth of the shower
maximum that we use in this work is based on the method
developed for LOFAR [19,20] where a set of Monte Carlo
(MC) air-shower simulations is generated based on the
basic reconstructed properties of a measured air shower
such as cosmic-ray energy and arrival direction. The depth
of the shower maximum X,,,, is affected by shower-to-
shower fluctuations and thus similarly varies for each of
the simulations. The sensitivity of the radio signals to
Xmax 18 then used to match the radio signals between
measurement and simulations to reconstruct the X,,,,, value
of the measured air shower. We use the air-shower
simulation code CORSIKA7.7100 [30] with radio extension

" - Auger Spectrum (arb. scaling) 103 B High-quality showers B High-quality showers
107 e High-quality showers B Reconstructed showers 103 | W= Reconstructed showers
B Reconstructed showers HEEE Bias-free shower sample HEE Bias-free shower sample
] Bias—f‘ree shower sample
2103 4 k 2 2
5 5 102 5
2
g o 3 102
Y Y Y
o 102 4 o [e]
—_ —_ —_
[0} [} [0}
o Qa o
g g 1 g 1
Z 10' 4 210 3 10" 4
100 .
100 10° 4
10%7 1018 101° 0 100 200 300 0 20 40 60

Energy [eV]

Azimuth angle [°]

Zenith angle [°]

FIG. 4. Distributions of shower energy (left) and the azimuth and zenith angles of the shower arrival direction (center and right,
respectively) for the preselection of 2153 high-quality AERA showers (blue), the showers for which X,,,, was reconstructed
successfully with our method (gray), and the sample of showers after acceptance and reconstruction cuts are applied (green). The
cosmic-ray energy spectrum as measured by Auger SD [29] (gray dashed line) is scaled to the energy distribution of AERA to illustrate
the level of completeness of the AERA event set at the higher energies.
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CoREAS [6] and QGSJETH-04 [31] as our high-energy
hadronic interaction model. We include several higher-order
effects to simulate the individual measured air showers
as precisely as possible. We include the Global Data
Assimilation System (GDAS) atmospheric model [32,33]
for our time and location-dependent air density and refractive
index modeling. Furthermore, the Earth's magnetic field
drives a large part of the radio emission, so we account for
the slight change in the magnetic field over time at the
AERA site with a time-variable geomagnetic field model
[34]. We model the simulated stations to lie on the sloped
plane of AERA and add several concentric rings of “virtual”
stations such that we can interpolate the energy fluences with
higher precision between AERA station positions. This is
done because the core position of the shower is only known
to the order of 20 m and, when comparing the simulated and
measured radio signals, we shift the simulated footprints to
correct for the offset caused by this uncertainty.

As input for the shower simulations, we use the shower
energy from SD. All showers in the dataset are triggered by
the SD, and hence the SD energy measurement is available
for each event. For the shower core position and arrival
direction, we use the reconstruction from AERA. The
stochastic nature of particle interactions in the air shower
leads to shower-to-shower fluctuation in X ,,, such that this
parameter can be described by a Gumbel distribution [35].
We create an ensemble of 27 simulations for each of the
2153 selected air showers: 15 induced by protons and 12
induced by iron nuclei (intermediate-mass particles are not
used as they have been shown to not be necessary [36]). We
use more proton showers since these cover a larger range in
Xax- These primaries and quantities are selected to cover
the true distribution of X ,,), including the tails of the X,
distributions, by varying the initial seeds and height of the
first interaction of the primary cosmic ray, while keeping all
other input parameters identical. In this way, when com-
paring the simulated and measured radio signals, we can
determine the X, value which best describes the mea-
sured signals of the air shower.

For each shower, we quantify the quality of the match
between the measured and the simulated radio signals by
defining a chi-squared quantity based on the energy fluence
u and the corresponding uncertainty o, of the radio
stations:

)(2 _ Z (umeasured =S 2 usimulated<?shift))2 ) (2)

stations Umeasured

The simulated energy fluences i u1aicq 1€ calculated by
applying the AERA antenna response to the pure simulated
signals and then reconstructing them as if they were actual
measured signals [37] [no noise is added to the simulated
signals since we would have to remove it again to calculate
the energy fluence, as in Eq. (1), needlessly reducing
precision; the uncertainty on X,,,, reconstruction due to

noise is accounted for later in this section]. In the chi-
squared measure, we account for the possible systematic
uncertainties from the air-shower simulations and the
uncertainty on the reconstruction of the shower energy
by introducing a scaling parameter S between measured
and simulated energy fluences. We also account for
the uncertainty on the reconstruction of the shower core
position with a core shifting parameter 7z Suitable
starting values for the core shift are taken from either an
initial fitting procedure [11] or a barycenter calculation.
Both free parameters are shared between all simulations for
the event under consideration (because a measured shower
and its corresponding simulations have just a single core
offset and energy scaling between them).

The chi-squared values for each of the shower simu-
lations as a function of the true MC X,,,, values of those
shower simulations can be fitted (locally) with a parabola
function as is illustrated in Fig. 5 such that the X,,,, value
at the minimum of the parabola fit xParabola o to as an
estimator for the X,,, value of the measured shower. The
minimum is found by an iterative procedure where the free
parameter space of S and Fg is searched for a global
minimum in y?. Checks are built into the procedure such
that the minimum is in fact a global minimum (using a
basin-hopping minimizer [38] and an additional coarse full-
parameter space search) and that the parabola fit is well

T
----- Parabola fit
504 — Parabola mimimum
+ lIron simulations
- X  Proton simulations
8 40 T )g
©
g— X
230 - X
= A %
o + x
©
] 20 , X
3
i+ 5
2 %
10 4 N X g
#, .
0 ho r{s

500 600 700 800 900 1000 1100
Xmax [g/cm?]

FIG. 5. Parabola fit (dashed black line) to the reduced chi-
squared values between a measured shower and each of the
simulated showers for this event (blue and red markers) [see
Eq. (2)] as a function of the true MC X, values for each
simulation. The minimum of the parabola (green line) is an
estimator for the X,,, value of the measured shower. This
measured shower has an energy of 8.2 x 107 eV, a zenith angle
of 50.2°, and reconstructed X,,,, = 763 & 19 gcm™2. It has been
chosen as a representative shower falling in the middle of the
AERA energy range (Fig. 4, left), being close to the most
common zenith angle (Fig. 4, right), and having a typical X,
resolution (Fig. 14).

022002-8



RADIO MEASUREMENTS OF THE DEPTH OF AIR-SHOWER ...

PHYS. REV. D 109, 022002 (2024)

behaved. We test the validity of this procedure by evalu-
ating this with the reconstruction of each of the simulated
showers under realistic ambient noise conditions (from
periodic noise measurements with our stations), by leaving
out that specific simulation and then minimizing y> using
the other 26 simulations belonging to that particular air-
shower event. The minimization then provides S and g,
parameters for evaluation. We reconstruct S = 1 within an
offset of (0.9 £ 0.4)% and a spread of (23.4 £ 0.1)%. The
bias is negligibly small, and the uncertainty is primarily
driven by the propagation of the uncertainty on the radio
signal itself. The free parameter for the core shift we
determine to have a minor bias of (0.4 4+ 0.2) m, and the
spread is found to be (20.6 & 0.2) m, which is on the same
order as the core position resolution of AERA. Hence, the
minimization algorithm used to determine the best fit
between measured (or the simulated ones mimicking real
measurements) and simulated showers does not introduce
any additional biases in the free parameters.

The resolution and possible bias of the parabola-X,,,,

reconstruction procedure is evaluated by reconstructing the

xParabola - 1es of each of the 27 simulated showers, that we

have for each measured shower, and comparing these
reconstructions to their true Monte Carlo values XMS.

An example of this procedure is shown in Fig. 6. It shows

parabola

the difference between the Xhax - and XMS values for

4.7e-05
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900

850 — Bias estimator -
0 Uncertainty estimatt

800 - O @ simulations

Rejected simulation:

KDE [arb. units]

750

Xr;;]aarfbola [g/cmZ]

700
650

600
-50 -25 0 25 50 75

Xpagebole — XHE, [g/cm?]
FIG. 6. The parabola X, values reconstructed for the set of
simulations of a single measured air shower (same as Fig. 5), as a
function of the deviation to the true MC X, values (dots). A

kernel density estimation (background color) is made to estimate
parabola

the probability density function of the difference at each Xmax
value. From this, a mean AXXDE, and width §XKDF, is derived as
first-order estimation of bias an estimation of uncertainty in the

XPaabola o ctimator (gray bands at regular intervals). The shaded

band at the bottom illustrates the shallowest X, that can be
reconstructed such that the parabola minimum remains contained
well within the MC X,,,, range. The bias correction procedure
corrects for bias introduced by this restriction.

each of the simulations (points) as a function of xParabola

Note that simulations with a bad y?> probability for the
parabola fit are shown as rejected (crosses; see Fig. 7), and
simulations that failed to reconstruct are not shown
(the resulting effect on the detector sensitivity to X, is
quantified in Sec. IV). The spread along the horizontal axis

. . arabols .
is not necessarily a constant value for any Xhux -, and in

addition, there can be a bias that depends on XP52*°™ jtself.
The main reason for this is that the constraining power on
Xax 18 determined by the amount and quality of radio
signals for a particular air shower and these quantities

change with X,,. In addition, the parabola fit in the

estimation of X222 wwill be more difficult to make when

the chi-squared minimum is near the edges of the range of
XMC values. As a consequence, the very low X, values
will often be overestimated, and the very high values will
often be underestimated. Because of this inherent bias in

this estimator, we implement steps to mitigate this. We

model the spread and bias of the difference in XBaabol

versus XMC by determining the kernel density estimator
(KDE) for the simulated points (colored background in
Fig. 6). A KDE is a method to estimate a smooth
probability density distribution based on substituting dis-
crete points by smooth functions (Gaussian kernels). We
extract from this the mean and lo spread at any desired
XPaabola yalue (illustrated with regularly spaced black bars).

A shift from zero on the horizontal axis then indicates the

bias as a function of X242 and the spread of the points

provides the uncertainty of the reconstruction. Note that
for the spread we have taken into account that the
bandwidth of the KDE broadens the spread and we have
corrected for this such that the uncertainty on X,,,, that we

4.2e-05
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— 900 by
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E S Uncertainty estima _Q
| Simulati =
lu‘; 800 i : ejectaet::ZISmulatjo E.
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X2k 1~ Xmex [9/cm?]
FIG. 7. Second-order bias correction AX5DE, and total un-
certainty X506, after including the effects of a free core and free

energy scaling in the minimization procedure. Once again, the
same event is used as in Figs. 5 and 6.
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determine is truly a lo error with respect to the spread in
MC X« values.

We perform this procedure in two steps to disentangle, in
a more stable way, the effects of the intrinsic uncertainties
of our X, reconstruction method and the uncertainties
that can arise from the uncertainties on the core position
and shower energy (the two free parameters in [Eq. (2)])
that are inherent to just the measured air showers.

In the first step, we fix the shower core position and
energy scaling parameters to the true Monte Carlo values
such that we can calculate the KDE (Fig. 6) to identify and
correct for any bias in the X,,,, estimation

A XKDE

arabola
max.1 = XFnax - XMLS( (3)
caused by the parabola X, estimation itself. This then
provides an improved, first-order bias-corrected, estimator
for X pax:

Xior = Xhax " = AXIRE,. 4)
In the second step, the X,,,, reconstruction is repeated,
but now performed including the two free parameters. In
this way, we can separately identify and correct for any
X nax-Teconstruction bias originating from the uncertainties
on the measured core position and shower energy that
were used as input parameters for the CORSIKA simulations.
For this, we look at the XKPE ~estimator (i.e., after the
first KDE-correction step) for each reconstructed simula-
tion, compare this to the true MC values as before, model it
again with a KDE, and as before extract bias and uncer-
tainty estimators. The second-order bias correction is then
given by
AXTH = AXY — Xiax- (5)
By also applying this correction, our final AERA X,
estimator
XKDE, = XKDE, _ AXKDE, (6)
is obtained. The spread in the reconstructed X, values in
Fig. 7 provides an estimation of the uncertainty on the X,
reconstruction, accounting now for the effects of the full
reconstruction procedure as if it were executed on a
measured air shower. The spread is extracted from the
lo region around the bias estimator value in the KDE
model (i.e., the region between the 15.87% and 84.13%
quantiles). For the remainder of this work, the estimators
for X, and its uncertainty will be called X, and oy __ ,
respectively [for the latter, 6y is used instead of ox_ to
avoid confusion with the second moment of the X
distribution, (X ,y), which will be introduced in Sec. V1.
For both of the steps of the procedure, quality checks have
been built into the procedure to guarantee the bias and

uncertainty estimators represent the underlying data cor-
rectly. In situations where this was not the case, primarily
for showers with lower quality signals, events have been
rejected because of having an ill-defined bias and uncer-
tainty (see the “valid X, uncertainty and bias estimation”
cut in Table I; these quality criteria are described in more
detail in [24], p. 163).

In the end, this procedure provides an end-to-end
estimation of X, uncertainty and bias of the method.
However, while the bias correction reduces bias, it cannot
fully correct it. For example, at the edges of the simulated
Xax range, the KDE is sparsely populated, and, hence,
there the method only has a partial ability to correct for
biases. One could mitigate this further by doing more
simulations, but here we were computationally constrained
to 27 simulations per shower. We account for any remain-
ing bias of the reconstruction as systematic uncertainty
in Sec. IV.

IV. ACCEPTANCE CUTS AND SYSTEMATIC
UNCERTAINTIES

To interpret the distribution of X ,,, we first implement
an acceptance cut such that our set of showers is not biased
by selection effects. We first apply a cut in energy at
E = 10'73 eV, above which the SD trigger we use to read
out AERA is fully efficient [29,39]. However, not every
trigger leads to a high-quality shower in AERA. Hence, we
next calculate the detection acceptance for AERA by
evaluating the reconstructability of the set of 27 simulated
air showers that were created for each measured shower.
We implement the condition that the measured shower
should have been detected if it had arrived anywhere within
the expected range of X, values as predicted by simu-
lations. Specifically, we require, for any shower we select,
that 90% of the X, values of a Gumbel distribution for
both protons and iron nuclei, given the energy of the
shower, would be reconstructable by AERA. Removing the
events that do not pass the acceptance cut results in 594
showers. Table I lists these quality cut steps, and the final
distribution of events can be seen in Fig. 4 (green shaded
area). Figure 8, for example, shows the average acceptance
(thick green line) for all selected showers with energies
between 10'7% to 10'%19 ¢V and the average Gumbel
distributions for the energies of those showers under the
assumption of a composition consisting of just protons
(solid red), just iron nuclei (solid blue), and the mixed-mass
composition as measured by Auger FD [40] (Gumbel
parametrization for QGSJETI-04 [41,42] are used). At these
energies, AERA is fully efficient up to about 850 gcm™2,
after which the efficiency drops slightly for the tail of the
proton Gumbel distribution. For the lowest energies, this
occurs around 800 gcm™2 (not shown).

Although the acceptance is only reduced for extreme
Xnax Values, we investigate the systematic uncertainty on
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FIG. 8. Calculated probability density function (PDF) and

acceptance for measured AERA showers in the energy bin from
10795 t0 10810 eV (thick green line) and the systematic effect it
has on the mean and width of the Gumbel X,,,, distributions
(annotated values in g cm™2) for a pure proton mass composition,
pure iron mass composition, and the mixed-mass composition as
measured by Auger FD [40] (solid red, blue, and black lines). The
dashed lines are the distributions convolved with the acceptance.
The lines are plotted at 50% opacity since they match closely.
Vertical lines show the respective means.

the mean and width of our measured X,,,,, distribution that
this would cause. For this, we calculate the effect of the
acceptance curve on the Gumbel distributions (dashed
lines in Fig. 8), which are shown to be modified by less
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than a few gcm™> compared to the solid lines. The

resulting differences in the two moments of the distribu-
tions are shown as insets in the figure. This calculation
is performed for all energy bins and results in a bias of
under 4 and 5 gcm ™2 on the mean and width, respectively,
when assuming the least favorable composition conditions
(see blue bars in Fig. 9). The calculation is included in
Appendix A 1.

Next, we also evaluate the bias the X,,,, reconstruction
of individual showers has on the X, distribution. While
Sec. III implemented steps to remove the X, bias, this is
not guaranteed to be sufficient, especially for the deepest
and shallowest showers, as explained in that section.
Hence, the overall effect on the selected set of air showers
is evaluated by reconstructing X,,,, for the air-shower
simulations, for which the true MC X,,,, is known, and
calculating the effect the reconstruction would have in the
case nature would give us a Gumbel X, distribution for
protons, iron nuclei, or a 50:50 mix of the two. For the
mean of the X, distribution, the proton and iron nuclei
cases would represent the two extreme cases, since bias
occurs mostly for the deepest and shallowest showers. The
width of the distribution would be most affected by a mix of
proton and iron; hence, we evaluate also the case of a 50:50
mix. Figure 10 shows, as an example, the effect on the
distribution for the showers in the energy range of 10'7-3 to
10'819 eV, The bias in the width and mean of the
distributions is taken as systematic uncertainty, again, to
be conservative, under the assumption of the composition
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FIG. 9. Left: overview of upper and lower values of the systematic uncertainties on the mean of the X, distribution ({X ;). The
individual contributions to the total uncertainty are plotted as bars centered in each of the energy bins. The total uncertainty (black lines)
is the quadratic sum of the individual contributions. The average energy in each energy bin is shown as black circles. Right: overview of

systematic uncertainties on the true spread of X . [6(Xmax)]-

022002-11



A. ABDUL HALIM et al.

PHYS. REV. D 109, 022002 (2024)

Iron 50:50 Proton
0.0175 A =1 Gumbel =1 Gumbel 1 Gumbel
’ Reconstructed Reconstructed Reconstructed
0.0150 A b b
0.0125 A b b
Au=5.8 Au=2.72 Au=—-4.0
Ao= —-6.1 Ao= —-6.5 Ao= -6.0
w 0.0100 A b b
[a)
a
0.0075 A b b
0.0050 A b b
0.0025 A b b
0.0000 T T T T T T T T y
600 800 1000 600 800 1000 600 800 1000

Xmax [g/cm?] Xmax [9/cm?] Xmax [g/cm?]

FIG. 10. Calculated systematic uncertainties on the X«
distribution due to the X, reconstruction method in the energy
bin from 10793 to 10'81° eV for a pure proton mass compo-
sition (left), pure iron nuclei mass composition (right), and a
50:50 mix of the two (center). The Gumbel distributions (solid
line) and how AERA would reconstruct this (green area) are
plotted. The Gumbel distributions have been convolved with
the AERA measurement uncertainties to allow for direct
comparison. The difference between the AERA and Gumbel
distributions provides an estimation for the systematic bias on
the mean and width of the X, distribution (annotated values
in gcm™2).

with the largest bias. We show the results of this as a
function of energy in Fig. 9 (red bars) and show the
calculation in Appendix A 2.

We furthermore account for systematic uncertainty of the
use of the GDAS atmospheric model [19,43] and the choice
of hadronic interaction model in the CORSIKA simulation
code [19] (these LOFAR result are also valid for AERA due
to the similarities of the implementation of GDAS and X,
reconstruction methods). An additional systematic uncer-
tainty on the width and mean of the X, distribution at a
certain energy arises from the systematic uncertainty in the
energy scale [44]. These effects, shown in Fig. 9, are all
relatively small compared to the uncertainty from the X,
reconstruction itself.

Finally, we investigate any possible residual bias remain-
ing in the dataset. We check the mean of the X,
distribution as a function of geometry-sensitive parameters
such as the shower core position and the arrival direction,
which by themselves should not cause any trends in the
mean X, if there is no residual bias. Because the number
of showers for some energy bins is rather limited, we
combine all showers regardless of energy and correct for
the trend in energy. This trend originates from the natural
increase of the average X, as a function of energy and the
change in X, due to a change in composition with energy.
We remove the trend by subtracting the mean X, of the
showers in the respective energy bin (X4 ) and normalized

-+ All-data weighted mean (+05)
760 A - Linear fit to weighted means (+oy)
Il Weighted mean (solid: *0y; dotted: bin size)
740 89
85
T ™ t848
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FIG. 11. Relation between Y., [Eq. (7)] and the cosine of the

zenith angle. The mean of Y, is shown in equally spaced bins,
or merged bins if containing less than 40 showers (black squares).
The number of events per bin is quoted next to each bin. The
solid-line error bars show the uncertainties on the means,
determined with bootstrap resampling. The dashed-line bars
indicate the extent of each bin. Also shown are the mean of
the entire dataset (dashed line with 1o-confidence band) and a
linear fit to the mean values (solid line with 1o-confidence band).

to the all-data mean (X,,.). We define this de-trended
depth of the shower maximum as

(Ximax))- (7)

This now normalizes all values to roughly the average
energy of the set of AERA showers, and any residual trends
in Y.« with geometry parameters can be investigated on
the full set of data.

Figure 11 shows the effect as a function of the cosine of
the shower zenith angle . We bin the Y, data in equally
sized bins and fit a line to the mean values of the bins. The
resulting linear trend (solid line) is shown to be compatible
with zero slope within the 1o uncertainty band (shaded
region) and hence shows no indication of a systematic bias.
Possible trends in the azimuth angle ¢, the geomagnetic
angle a (the angle between shower arrival direction and the
geomagnetic field, which determines the strength of the
geomagnetic emission), and shower core position are also
investigated and show similarly small trends compatible with
zero slope. Nonetheless, a possible residual bias within these
uncertainties cannot be excluded. Hence, for each of these
geometry parameters, we evaluate the effect these possible
trends would have on the shower X, values and calculate
the magnitude of these possible residual biases in each of
the energy bins and for each of the geometry parameters.
This procedure is further described in Appendix B.

These parameters are heavily correlated, so their con-
tributions are not added in quadrature, but instead, the
extrema are used. This then results in a lower and upper
limit on the possible (X,..) systematic bias of between

((Xmax>AE -

Ymax = Xmax -
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FIG. 12. Comparison of X, for 53 showers measured with
both FD and AERA. A diagonal (dashed gray line) is plotted to
guide the eye. Also shown is the Pearson correlation coefficient r
of these data and the corresponding p value (the probability of
obtaining an r from uncorrelated data that is at least as high).

—6.8 and +6.6 gcm™2, varying slightly depending on
energy (see the green bars in Fig. 9 and tabulated values
in Table III). It should be noted that the constraints on these
uncertainties are governed by the statistical uncertainty
given by the number of showers we have available in this
check. The possible systematic biases are well within the
statistical uncertainties of (X,.,), so there is no hint that
this is a significant bias, and thus it should be considered an
upper limit on the possible geometry-dependent bias.

It is possible we overestimate our total systematic
uncertainty when adding the possible residual bias in
quadrature due to correlation with the previously deter-
mined uncertainties. Hence, we use the independent X,
reconstruction of the fluorescence telescopes, that is avail-
able for 53 air showers in our dataset, to obtain an
additional and independent estimation on the total system-
atic uncertainty. The FD data have been prepared as in [40]
and are shown against the radio reconstruction of X, in
Fig. 12. Figure 13 shows the distribution of the difference
between the two reconstructions to be compatible with
zero within —3.9 + 11.2 gecm™ for the 53 showers with
energies predominately between 10'° and 10'8 eV.
Taking into account the systematic uncertainty on the
FD X, reconstruction itself for these energies (roughly
+10 gecm™2) [40] and summing the lower and upper limit
in quadrature with the FD uncertainty results in systematic
uncertainty limits of —18.1 to +12.4 gcm™ on X,,,, for
these events, respectively. This estimate for the upper limit
of the total systematic uncertainty matches closely to the
values for the total systematic uncertainty on (X,) of
Fig. 9 (on average —15.6 and +11.2 gcm™2, as calculated
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FIG. 13. Results of the comparison of X .. for 53 showers

measured with both FD and AERA. Plotted is the weighted
KDE (black dashed curve) of the event-to-event differences in
Xmax [sum of 53 Gaussian distributions with the individual
differences as means and combined AERA and FD uncertainty
6= (5%3{,\ + 55(5%)0'5 as widths]. The black markers show the
spread on the KDE, evaluated at intervals of 40 gcm™2, obtained
by repeatedly taking N = 53 samples from the KDE. The
calculated weighted mean p; and width o, of the differences
are annotated in the figure (uncertainties are calculated by
bootstrap resampling where we repeatedly sample 75% of
events). For comparison, the Gaussian distribution corresponding
to p, and o, is plotted as solid green curve. Note that the
combined resolution of FD and AERA (53.3 £5.7 gcm‘z, as
calculated from the X, uncertainties of the 53 events) can
account for the spread of the difference.

for the energies of those 53 events). The combination of
these two independent estimations of systematic uncertain-
ties provides further support that our systematic uncertain-
ties are well understood and that all significant effects have
been accounted for.

Furthermore, the compatibility of the direct event-to-
event comparison of the two independent methods hints at
the robustness of our understanding of EM cascades in air
showers and its implementation in simulations. This is
especially important in the context of X,,,, measurements
using other aspects of the shower, such as the muonic
component [45], which is arguably less well understood as
suggested by the measurements of a significant muon
deficit in simulations [46]. Our new constraints between
the radio and fluorescence X, scales might provide new
hints in future studies.

V. RESOLUTION

In Fig. 14, we show the uncertainty on X, as a function
of shower energy, as determined with our method, for the

022002-13



A. ABDUL HALIM et al.

PHYS. REV. D 109, 022002 (2024)

—=—=- Auger FD (HEAT)
----- Auger FD
—— Parametrized fit

4 Median of bins (x0p)

50 1

6x,.,, [a/cm?]

Energy [eV]

FIG. 14. Resolution of the X, reconstruction method, éx_ ,
as a function of energy in units of column density. Shown per
energy bin are the median values of the uncertainties on X,
(circles with uncertainties o;, from bootstrap resampling) for all
showers in the bias-free sample (Table I) and a parametrized fit
[Eq. (8)] of the resolution in X, (solid line with 1o-confidence
bands). Also shown are the resolutions achieved by the Auger
fluorescence telescopes [40]. The black hatched region at low
energy indicates the cut on energy applied earlier. The extent of
each energy bin, including the number of showers per bin, is inset
at the bottom of the figure.

final bias-free selection of 594 showers (see Sec. IV). We
find that the median resolution in X, shows a clear
relation with shower energy, reaching a resolution of better
than 15 gem™ in the highest energy bin. We parametrize
the resolution as

10'8 eV 10'8 eV
6X =a- ¢ b . ©
max E E

® c, (8)

inspired by the energy resolution of electromagnetic
calorimeters [47], but also functioning as a generic expan-
sion in terms of energy. Here, a = 14.0 + 6.8 gcm™2,
b=127+25gem™2, and ¢c=112+47 gcm™? are
fitted free parameters, and @ indicates the quadratic
sum. The constant term ¢ provides an indication of the
resolution that might potentially be obtained for AERA
with this method at the highest energies (given this para-
metrization). The change in resolution of X,,, is dominated
by the uncertainty on the measured radio signals and
hence becomes less accurate at lower energy. Comparing
our resolution to the resolution achieved by FD, we
achieve similar values at the highest energies where the
FD reaches 15 gcm‘2 [40]. Furthermore, our method
remains competitive down to lower energies where, for
example, at E = 1078 eV, the FD achieves the same

resolution of 25 gecm™. The most recent results by the
LOFAR radio array, where a similar simulation-fitting
method is used to determine X,_,., report an average
resolution of 19 gcm™2 between 10'63 and 10'33 eV [48].
Despite the much denser antenna spacing of LOFAR,
AERA achieves similar resolutions considering the respec-
tive energy regimes to which the two experiments are
sensitive.

We note that up till now it has been common to quote a
single resolution value for X ,,, reconstruction methods for
radio experiments, mainly because of a limited number of
measured showers being available. Here, we show the
resolution in X,,,, depends strongly on the shower energy,
driven primarily by the strength of radio signals measured
in the antennas. Hence, the resolution is a function of
detector sensitivity and shower energy and thus heavily
depends on the shower selection criteria. As such, any
direct comparison of methods is less straightforward if
obtained at sufficiently dissimilar detectors.

VI X,,.x MOMENTS AND THE DISTRIBUTION
OF X, .x

From the X,,,, distribution, for each of our six energy
bins, we now also calculate the first two moments of the
distribution, the mean (X,,) and the width 6(X ). To
obtain the latter, we first subtract in quadrature the width
caused by the method uncertainty, such that only the width
caused by shower-to-shower fluctuations (X ,,,) remains.
The method uncertainty cannot simply be characterized
by a single value since the uncertainties on X, for our air
showers do not necessarily follow a Gaussian distribution.
A bootstrap resampling procedure is applied for this
reason, and with this, we then also calculate the uncertainty
on o(Xpa). This procedure is further described in
Appendix C. The resulting mean and width of the true
Xmax distribution are shown in Fig. 15, where we also
compare this to the results from the FD (gray) and theoretical
predictions of three different hadronic interaction models
for a mass composition of just protons (red) or just iron
nuclei (blue) [31,49-51]. The systematic uncertainties
determined in the previous section are shown with capped
markers. Table IV in Appendix D lists the values for the two
moments of the distributions for the six energy bins, together
with their statistical and systematic uncertainties.

With these AERA results, we show good agreement
between the Auger radio and fluorescence measurements of
(Xmax)» both pointing toward a (mixed)-light composition
of cosmic rays at around E = 10'73 eV. Note that the
two measurements share the systematic uncertainty on the
energy scale, which is constructed from calibration of
the SD energy to the FD energy scale [44]. Taking this
contribution out reduces both systematic uncertainty bands
by about 3 gecm™. Second, the determination of the
systematic uncertainties due to the reconstruction method
for AERA X, data depends on the assumed composition.
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FIG. 15. Mean (left) and (resolution-subtracted) width (right) of the X, distribution as measured by AERA in this work (black). The
results are compared to predictions from CONEX air-shower simulations for three hadronic interaction models (lines) for proton (red) and
iron (blue) mass compositions [31,49-51] and compared to measurements by the FD (gray) [51]. The statistical uncertainties on the
mean and width of the experimental results are plotted as error bars, and the systematic uncertainties are shown with caps.

We have conservatively taken the most pessimistic mass
composition scenario for our method. If we were to
assume a (mixed) light composition, as the FD reports,
then the composition-dependent AERA systematic uncer-
tainty from the reconstruction method and the acceptance
calculation, combined, would be reduced to only a small
contribution (9% =0 gecm™ at all energies, roughly
o, =5 gem™2 for all but the highest energy bin and
roughly o4, = 7 gecm™2 for the highest bin). This hap-
pens because the AERA systematic uncertainties originate
primarily from systematic uncertainties on the
reconstruction of the very deepest or very shallowest
Xmax Vvalues, which would not significantly impact the
average X, for a (mixed) light composition. In that case,
the total systematic uncertainty on (X,,,.) would be just
below +£10 gcm™ for all energies.

The AERA results of the second moment of X, , shown
on the right side of Fig. 15, also show compatibility with
the FD results but have limited resolving power because of
the smaller number of showers in comparison to the FD
measurements. In the highest AERA energy bin, 6(X ) is
somewhat higher than for the FD. Note that this bin
contains just 33 showers, so a single extreme event in
the tail of the X, distribution could result in the observed
upward fluctuation (consequently, the same effect is seen in
the first moment for this energy bin). Hence, this single
fluctuation is not considered a particularly significant
deviation from the FD values within the shown statistical
uncertainties.

In Fig. 16, we show the full distributions of the AERA-
reconstructed X,,,, values for the bias-free set of 594
showers (Table I), split again into six energy bins. For
comparison, we superimpose the X, distributions for the
mixed-mass composition as determined by the Auger FD
measurements (black) [40] which has been convolved with
the acceptance, biases, and uncertainties of the AERA X,
values and the uncertainty on the FD composition. In this
way, a direct comparisons between the FD and AERA X .«
distribution can be made.

We quantify the compatibility between the FD and
AERA X,,.. distributions by calculating the probability
we would draw the AERA event sample from the FD
distribution, including the known acceptance, uncertainties,
and biases from AERA; the uncertainties from the FD
composition measurement; and the systematic uncertainties
on X.« between the FD and AERA. The FD X .
distribution is here represented by Gumbel distributions
[41,42] fitted to the FD X, distributions, accounting for
detector resolution and acceptance [40]. This allows us to
easily sample from the distribution and add AERA meas-
urement effects, such that we can compare quantities
between FD and AERA on the same level.

For each AERA energy bin, we repeatedly (N = 1000)
generate FD X, distribution instances from the Gumbel
parametrization of the FD composition, evaluated at the
energies of the AERA events in that bin. For each instance,
we vary the composition within its statistical uncertainties
(using many instances of the composition fit to the FD
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FIG. 16. Distribution of X, ,, measured with AERA (green) for six energy bins. These distributions still include the effects of detector
resolution, bias, and acceptance. The distributions are compared to the mixed-mass composition as measured by Auger FD [40] (black),
which has been convolved with the detector effects of AERA to allow for direct comparison to the AERA distribution (see main text).

Energy ranges and number of showers are annotated in the figures.

composition [40]). Next, we draw, from each distribution, a
set of X .« values, with the same number of events as we
have for AERA for that energy bin. When drawing values,
we take into account the AERA acceptance (see, e.g.,
Fig. 8). Each drawn X, value we shift by its measurement
uncertainty and its reconstruction bias. Both quantities are
obtained from a parametrization of the difference between
our reconstructed X,,,, and the true MC X, for all our
CORSIKA simulations (N, = 27 x 594) as a function of
shower energy and MC X, This parametrization contains
both the average and spread of the measurement uncer-
tainties and bias, which are then used to draw shifts
randomly. With this procedure, we obtain 1000 “mock
datasets,” drawn from the FD distribution, that include the
main detection and reconstruction effects of AERA. These
now represent X, dataset instances that AERA would
have measured assuming the FD composition. We can now
start to compare these to the actual AERA X, dataset to
check the compatibility of the AERA and FD distribution.

To quantify the compatibility, we use the Kolmogorov-
Smirnov (KS) and Anderson-Darling (AD) tests (see,
e.g., [52]), similarly to the compatibility tests of the
X nax distributions of the Auger FD and Telescope Array

FD [53]. These tests are commonly used to test if a data
sample follows a specified distribution. The KS test is
particularly suited to test for compatibility in the region
around the peak of the distribution, while the AD test
also provides sensitivity to the tails of the distribution.
Together they are a good measure for the agreement for the
overall shape of the distribution. We calculate the KS test
statistic D as

S aE) o)

1<i<N

D = max (F(X,.)

and the AD test statistic A2 as

A =-N-S,

5= 32 FO) +In (1 - PRy 1)) (10

where X; are the (ordered) data points in a sample, N is the
number of samples, and F is the cumulative distribution
function of the distribution being tested.
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FIG. 17. Compatibility test of the AERA data and the composition as measured by the Auger FD. Results are shown for six energy
bins (values shown in each panel). The top six panels show the distribution of the KS test statistic (gray histograms) for 1000 X,
samples generated from the FD composition as would be measured by AERA (i.e., including the effects of the FD composition
uncertainties and AERA reconstruction bias, resolution, and acceptance). The green line in each panel shows the KS test statistic for the
AERA data sample (with systematic uncertainty band). The probabilities for compatibility are quoted in the legend and listed in Table II.
The bottom six panels show the same procedure for the AD test.
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The distribution that we test our samples against we
construct as the Gaussian KDE of the 1000 FD-drawn
samples, such that we have a probability density function
from which we can obtain the cumulative distribution
function F. We then calculate D and A? for each of the
individual FD-drawn samples. This provides the range of
expected AD and KS test statistics given the sampling
effects of AERA measurements. The resulting test statistics
are shown in Fig. 17 (gray histograms). Next, we calculate
the test statistics of the AERA data themselves and evaluate
where it falls within the test statistic distribution (green
lines in the same figure). From this, we obtain the
probability p of finding a test statistic value larger than
the value for the AERA data, i.e., the chance that a sample
taken from the distribution under examination is as com-
patible as the AERA data. The p values are shown in
Fig. 17 and listed in Table II. We take p < 0.05 as the
threshold to reject the null hypothesis of compatibility.
Before interpreting the probabilities, we also have to
account for systematic uncertainties. We calculate the effect
on the KS and AD test statistics for the AERA data sample
for a general shift of the X, distributions allowed within
the systematic uncertainties of (X,.). The systematic
uncertainties between AERA and FD consist of the con-
tribution of the FD measurements (roughly 10 gcm™2)
[40] and the AERA contributions that were not included in
the earlier modeled bias correction when generating F,
namely the effects of the model for the atmosphere and the
hadronic interaction model used in our CORSIKA simula-
tions (5.5 gcm™2 in total; see also Fig. 9). The upper and
lower values obtained for the test statistics and the
corresponding p values are shown in Fig. 17 (green bands).

For the KS test, we find that the AERA data are
compatible with the Auger FD composition (FD mix)
within the uncertainties for all energy bins, but note that
for the third energy bin this requires a small shift allowed

within systematic uncertainties. The AD test, similarly,
finds compatibility for all energy bins but requires a shift
within systematic uncertainties for the first and third energy
bins. We investigate if the required shifts agree with each
other, i.e., that compatibility also holds for all energy bins
at the same time. For this, we calculate the KS and AD test
statistics for the AERA data sample for a range of shifts
of X .- For the simplest scenario of a constant shift at all
energies, the best overall match for all energy bins is
obtained with a general shift of AXES! = XAERA _ xFD
—5.5+0.7 gecm™2 which falls well within the systematic
uncertainties. The uncertainty of 0.7 g cm™ here shows the
range of a constant shift where all energy bins show
compatibility for both KS and AD test (for the p > 0.05
threshold). The p values for this shift are listed in the
central columns of Table II and show that for both tests
p > 0.05, i.e., compatibility between AERA and FD X,
measurements. Furthermore, this shift is in agreement with
the shift of —3.9 & 11.2 gcm™2 obtained for the event-by-
event comparison of hybrid events (Fig. 13).

We note that the systematic shift between AERA and FD
does not need to be a simple constant but might depend on
energy. Hence, we also calculate the p values for separate
shifts per energy bin that lead to the best match between
AERA and FD (i.e., highest p). The values for p and
corresponding shifts (calculated for KS and AD tests
separately) are shown in the column on the right in
Table II. We note that the shifts show no significant trend
with energy, suggesting that there is no strong dependence
on energy in the systematic uncertainties between AERA
and FD. Furthermore, the KS and AD tests agree on the
obtained shifts, indicating that both the central part and the
tails of the X, distribution, respectively, favor such a
shift. The uncertainties on the shifts give a good indication
that the KS and AD tests are able to constrain the cosmic-
ray composition with the AERA measurements.

TABLEII. Probabilities for the AERA X, distribution to be drawn from the FD composition, evaluated with the KS and AD tests, as
described in Sec. VI. Probabilities are quoted per energy bin, listing the values for three scenarios: no shift AX,,, between the AERA
and FD X, distributions (left), the best-matching overall constant shift of AXb%{ = XAERA _ xTD — _55 o cm™ (center), and best-
matching shift for each energy bin and test statistic separately (right). The corresponding shifts are also listed including the range where
the test statistic results in p > 0.05.

No shift Constant shift Variable shift
KS AD KS AD KS AD
lg (E[eV]) range p value p value p value p value Shift (gem™2) p value Shift (gem=2) p value
[17.50, 17.65) 0.075 0.024 0.278 0.062 4.54% 0.278 5.1+2 0.062
[17.65, 17.80) 0.191 0.320 0.051 0.071 -5.0113° 0.509 —2.11%7 0.365
[17.80, 17.95) 0.016 0.002 0.157 0.062 9.1+ 0.506 13.1509 0.203
[17.95, 18.10) 0.918 0.400 0.685 0.573 3.07034 0.974 5.0+127 0.566
[18.10, 18.25) 0.242 0.036 0.476 0.111 1057123 0.476 16.0117¢ 0.179
[18.25, c0) 0.414 0.297 0.200 0.172 ~10.5307 0.809 —6.07134 0.352
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In conclusion, the AERA X, distribution provides
further support, beyond just the X, moments, for com-
patibility with the FD X,,,, measurements and suggests a
similar general shift between the AERA and FD distribu-
tions as for the event-by-event comparison in Fig. 13 (a
shift of about —4 gcm™2). Furthermore, the compatibility
indicates that the uncertainties, biases, and acceptance of
the AERA measurements are well understood.

VII. CONCLUSIONS

In this work, we show the results of the measurement of
the distribution of depth of the shower maximum for air
showers measured with the Auger Engineering Radio
Array at the Pierre Auger Observatory. We have presented
the method used to reconstruct the depth of the shower
maximum by comparing measured radio signals to signals
from dedicated sets of CORSIKA/COREAS air-shower simu-
lations. We show that the resolution of our method is
competitive with established techniques to determine X, .
We have selected a set of air showers with minimal
selection bias and have quantified any remaining accep-
tance bias. Furthermore, a detailed study of systematic
uncertainties has been conducted accounting for the effects
of the reconstruction method, the use of simulation codes,
atmospheric models, the energy scale, and possible
geometry-dependent residual bias. The total estimated sys-
tematic uncertainties on the mean of the X, distribution has
been shown to be compatible with an event-by-event
comparison of 53 showers measured by both the Auger
fluorescence and radio detectors, indicating a good under-
standing of the systematic uncertainties in the AERA
measurements. In addition, this direct comparison sets a
limit on the systematic shift between the AERA and FD X,
scale of —=3.9 £ 11.2 gcm™2, providing new constraints on
our understanding of shower physics.

The calculated moments of the X, distribution show
compatibility with the composition as previously measured
by the FD. In addition, the compatibility of the overall
shape of the X, distributions between AERA and the FD
provides further support beyond the two central moments
for the mixed-light composition as previously measured by
the FD. Discussions on the comparison of the X ..
moments to other experiments is available in an accom-
panying publication [21].
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APPENDIX A: CALCULATION OF SYSTEMATIC
UNCERTAINTIES

1. Calculation of the systematic uncertainty
from the event selection

The acceptance A(X,,,) for a particular measured
air shower was determined from evaluating reconstruct-
ability of each of the 27 air-shower simulations created
for that measured shower. The X, values for these
showers roughly cover, by design, the range between
500 and 1100 gcm™2 such that an interpolated accep-
tance-X,,c function can be constructed for each shower.
The effect the acceptance would have on measuring an
Xmax distribution is quantified by evaluating the two
extreme cases of a mass composition described by an
Xmax Gumbel distribution for just protons GP(X..),
just iron nuclei G¥(X..), a 50:50 mix of the two
G>%0(X.x), and the composition as measured by the
Auger FD GAveeMix(x ). The effect on the mean of
such an X, distribution is then calculated and com-
pared to the unaffected Gumbel distribution. The aver-
age effect over all events in a particular energy bin is
then calculated in order to estimate the systematic shift
this might cause on the distribution of measured X,
values at these energies. Since the measured composition
is not a priori known, the least favorable composition C
(i.e., whichever has the highest bias) is assumed, and this
is taken as upper and lower limits on the systematic
uncertainty on (X a,):

max

(A1)

<Xmax>?yst,low = ngn[<<Aevent(Xmax) : Gccvent (Xmax)>X

- <Gecvent (Xmax )>Xnm >events] ’

max

(A2)

<Xmax>?yst,up = mélx[<<Aevent(Xmax) : vaent(Xmax»X

- <vaent (Xmax )>X

max >events] .

The same procedure is performed for the width of the
X max distribution instead of the mean in order to estimate
the systematic uncertainty on o(X,,,). The results, as a
function of energy, for both moments of the X, distri-
bution are shown in Fig. 9.

2. Calculation of the systematic uncertainty
from the X,,, reconstruction method

The systematic effect from any X,,,, reconstruction
bias in our method on the mean of the true X,
distribution (X,,,) and the spread o(X,,,,) is calculated
by evaluating the effect on the Gumbel distribution for a
pure proton mass composition, pure iron mass compo-
sition, and a 50:50 mix of the two. This is done for the
same energy bins as for the systematic uncertainty
calculation on the acceptance.

The first step is to weigh down the simulations in our
simulation set that are rare according to the true X
distributions. These weights are ideally set by the actual
distribution in nature, but are a priori unknown. What can
be assumed, however, is that the composition lies between a
pure proton and pure iron mass composition. In the same
way as was done for the systematic uncertainty on the
acceptance, an upper limit on the systematic uncertainty on
Xmax can then be defined conservatively as the maximum
systematic uncertainty determined for the three mass
compositions cases. These upper and lower limits will
be used as the estimation of the systematic uncertainty on
the two moments of the X, distribution.

The weights w for the simulations with XMS are then
defined for a particular composition described by a Gumbel
distribution G (or sum of Gumbel distributions for a mixed
composition),

_ PDF(XGi")

) = PDE(A)

max

(A3)

where the numerator is the standard Gumbel probability
distribution for X, for a particular composition of cosmic
rays. The denominator is a Gaussian KDE of the simulated
X max Values. The latter functions as the probability density
function of the simulated values.

This then allows us to calculate the mean of the X,
distribution from the simulations, under the assumption of a
certain composition. The mean of all XMS (weighted to the
Gumbel distribution),

<XMC >G b = Zsim(X&dg)sim * Wsim
max k)
o Zsimwsim

(A4)
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by design, approaches the mean of the ideal Gumbel
distribution, assuming sufficient number of simulations
used in the KDE. For each simulation (with XMC), a value
for X .« Wwas reconstructed for which the mean can now be
calculated in the same way:

<X ] >G b = Zsim(xmax)sim * Wsim
e Zsimwsim

= <X%£1Cx>Gumb + Axmgi

(AS)

(A6)

This provides an estimation of the bias in (X,,,,) for a
particular composition C. As for the calculation of the
systematic uncertainty on the acceptance, we conserva-
tively assume the least favorable composition to obtain the
systematic uncertainty on the reconstruction method

(Ximax) ytions = Max[AXmix ] (A7)
(X max)ethod — min[AX . (A8)

C

A similar calculation is performed to determine the
systematic uncertainty on the width of the Gumbel dis-
tributions for the AERA values. To obtain this, the mean is
replaced by a calculation of the standard deviation, such

that o/(X pmax ) et o, and 6(X e )5etes are determined. The

resulting systematic uncertainty ranges are shown in Fig. 9.

APPENDIX B: CALCULATION OF THE
POSSIBLE RESIDUAL BIAS

To calculate the effect of possible residual bias depend-
ing on geometry parameters such as the shower zenith
angle or core position, we investigate potential trends with
Xmax- The mean X, changes with energy, so we defined
Y max as in Eq. (7) such that this expected dependence can
be removed and any remaining residual biases can be
identified for the dataset as a whole.

We investigate the dependence of Y, as a function of
shower zenith angle 6, geomagnetic angle a, and core
position in x and y coordinates (relative to the center of
the Auger array). The azimuth angle ¢ has been checked for
a possible sinusoidal trend but shows no variation that is not
already explained by zenith or geomagnetic angle depend-
encies, and hence is not shown. For each of these geometry
parameters, event selection might be affected by the irregular
AERA antenna spacing and various antenna hardware
types used in AERA, despite the acceptance cuts that
were implemented (see Sec. IV). We split up the Y.
dataset in regular bins for each of these variables and
calculate the mean of Y, in each of these bins. The
uncertainty on Y., combines the uncertainties of X,,,, and
the energy dependence that was compensated for. The
uncertainty on these mean values is determined by bootstrap
resampling where we repeatedly sample 75% of the data and

look at the variations in the mean. This procedure is done
such that the non-Gaussian distribution of Y., the uncer-
tainties on Y., and statistical uncertainties from the limited
number of showers can all be accounted for properly.

Figure 18 shows the mean values as a function of the
cosine of the zenith angle, geomagnetic angle, shower core
x coordinate, and shower core y coordinate, respectively
(black squares). The solid-line error bars show the uncer-
tainties on the means from the bootstrap resampling.
The dashed-line bars indicate the extent of each bin.
Also shown are the mean of the entire dataset (dashed
line with l1o-confidence band) and a linear fit to the mean
values (solid line with 1o-confidence band). The hatched
regions indicate where no data are present, either from prior
cuts or physical constraints.

None of the trends shows a significant deviation from
the all-data mean values within their uncertainties, and as
such, we can say that there are no significant residual biases
that depend on these geometry parameters. In other words,
any possible bias in Y ,,, would need to be independent of
geometry, which would be difficult to envision.

This is not to say that there is no residual bias; within the
fit uncertainties, there is the possibility for bias to exist.
Hence, next, we calculate the expected possible residual
bias within the statistical uncertainties of our dataset. We
take as reference point the values of the geometry param-
eters G C (cos®,a, x,y) where the least bias is expected
(i.e., where detector sensitivity is optimal). This will
provide us with an estimate for possible bias in possibly
less sensitive regimes. Using the linear fits Y(G), we
calculate the shift of each shower Y., value under the
assumption that the Y, value at the expected G value Gy,
is the true bias-free value. This expected value for zenith
angle is 0., = 55° the highest zenith angle allowed in our
dataset and also where the footprints are largest and antenna
sensitivity is excellent for the AERA antenna types. Hence,
the acceptance would arguably be least affected there, and
any bias in less sensitive regimes we can determine with
respect to. this value. For the geomagnetic angle, we choose
®exp = 180°, where the geomagnetic radio emission is at a
maximum. For the core position, we pick x.,, = —26.1 km
and ye, = 15.1 km, corresponding approximately to the
center of the part of AERA with the densest antenna
spacing (see Fig. 3).

This shift in Y, is then given for each individual
shower by

AYmalx = Y(G) - Y(G = chp)' (Bl)

The bias for each geometry parameter G is then given by
the difference of the mean Y., of the showers in a certain
energy bin, with and without the correction to the expected
bias-free G:

BiasG = <Ymax> - <Ymax - AYmax>' (BZ)
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Relation between Y., [Eq. (7)] and the cosine of the zenith angle (top left), geomagnetic angle (top right), core position x

coordinate (bottom left), and core position y coordinate (bottom right). Both core coordinates are relative to the center of the Auger array.
The mean of Y, is shown in equally spaced bins, or merged bins if containing less than 40 showers (black squares). The number of
events per bin is quoted next to each bin. The solid-line error bars show the uncertainties on the means, determined with bootstrap
resampling. The dashed-line bars indicate the extent of each bin. Also shown are the mean of the entire dataset (dashed line with
lo-confidence band) and a linear fit to the mean values (solid line with 1o-confidence band).

It should be noted that the biases from the geometry
parameters are highly correlated quantities and as such
cannot be summed in quadrature to get a total uncertainty.
Hence, the extrema of the set of possible biases {Biasg } are
used to determine an upper and lower limit on the possible
residual bias:

Bias"? = Max[{Biasg}], (B3)

Bias'® = Min[{Biasg}]. (B4)

This then provides an estimation for the possible residual
bias in Y, allowed within the statistical uncertainties of
the shower dataset, for each of the energy bins. From the
definition of Y., [Eq. (7)], it follows that these (¥ ,,,,) bias
values apply also to (X..). The results of the Bias"P(E)
and Bias'®"(E) on (X,,,,) are shown in Fig. 9. The possible
bias does not seem to be dominated by any single effect and
does not change significantly with energy. It indicates that

within the statistical uncertainties with which we can
constrain any bias we are potentially biasing our X
values between 47 g cm™2. Table III lists the contributions
of the geometry parameters per energy bin. All values
are well within the statistical uncertainty on (X,,,,) itself,
and hence there is no hint of any significant residual bias in
this analysis.

Cross-checks have been done to test that additional
artificially introduced biases [e.g., adding a linear X,
() dependence] can be recovered with this procedure to a
degree that the Bias"?(E) and Bias'°V(E) indeed account
for the artificial bias. Additionally, also the effect on the
median Y, versus the geometry parameters has been
evaluated. Compared to using the mean, the median is less
sensitive to the shape of the tail of a distribution (i.e., less
sensitive to large outliers) and thus has an increased
sensitivity to a more general shift of the distribution.
Also, here, no significant trend was found, and the allowed
possible biases were similarly small.
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TABLE III.

Table of possible residual biases [Eq. (B2)] for geometry dependent parameters. Values are shown for each energy bin.

The two rightmost columns show the combined upper and lower limits by taking the extrema of the four parameters [Eq. (B4)]. These

values are also shown in Fig. 9.

lg [E(eV)] range cos(d) (gcm™) a (gem™2) Core x (gecm™2) Core y (gecm™2)  Lower limit (gecm™)  Upper limit (gcm™2)

[17.50, 17.65) 4.4 =33 0.9
[17.65, 17.80) 5.6 -39 1.2
[17.80, 17.95) 4.9 -4.3 23
[17.95, 18.10) 6.6 =59 2.8
[18.10, 18.25) 4.7 —6.7 29
[18.25, o0) 53 =59 3.8

=33 =33 4.4
=3.0 -39 5.6
=37 -4.3 4.9
-4.0 =59 6.6
-4.3 —6.7 4.7
-1.0 =59 53

APPENDIX C: CALCULATION OF THE SECOND
MOMENT OF THE X,,,, DISTRIBUTION

The true distribution of X, ,, can be estimated from the
width of the AERA X, distribution by subtracting the
effect of the method resolution. Since the uncertainty of
the method is not a perfect Gaussian distribution, one
cannot simply calculate this with

Otrue = \/O-ileasured - O-rznethod’ <C1)
because there is no simple single value for 6,04 for a
distribution of arbitrary shape. To account for this, a
bootstrapping procedure is applied, where the uncertainty
of the method is repeatedly randomly sampled and
subtracted in quadrature from the total measured width
of the AERA X, distribution. Assuming that the spread
in the AERA X, distribution due to the method
resolution and the true spread are uncorrelated, the
distribution of the average true spread (i.e., the intrinsic
spread in X, due to shower-to-shower fluctuations) is
estimated by

o(Xmax) = By (1 Var(@rs(Xman)) = 0151 (35,,.)7))-
(€2)

Note that this equation still closely mirrors Eq. (C1),
but with some extra steps. By(x) we define as the
distribution given by performing N bootstrapping iter-
ations on the argument x, ¢;5(y) is defined as the
function that samples 75% of a data series y at random
for the bootstrapping of By, and ¢7s);(y) is the function
that selects one value at random from ¢75(y) and returns
0y, the uncertainty on y. The first term in the square root
then represents the width of the AERA X,,,, distribution
of the showers, and the second term is the X,
uncertainty estimation of the method. The number of
iterations N for the bootstrapping is set at 10000 to
sample the whole distribution sufficiently.

The mean and width of the 6(X,,,) distribution By can
now be calculated, but also this distribution is not neces-
sarily a Gaussian distribution. The quantile region equiv-
alent to the probability contained in a 1o standard deviation
of a Gaussian (i.e., the region between the 15.87% and
84.13% quantiles) will be quoted as the (asymmetric)
uncertainty on ¢(X,,). The quoted mean is simply the
arithmetic mean.

APPENDIX D: TABULATED X,,,, MOMENTS

Table 1V lists the values of the two central moments of
the X distribution and their uncertainties for six
energy bins.

TABLE IV. Table of the two moments of the X, distribution for the six energy bins. Also listed are the ranges and mean energies for
each energy bin and the number of showers in each bin. The two X, moments are listed together with, in order, their 1o statistical and

systematic uncertainties as shown in Fig. 15.

lg [E(eV)] range (1g[E(eV)]) N (Xmax) & stat £ syst (gcm™2) 6(Xnax) = stat & syst (zcm™2)
[17.50, 17.65) 17.6 167 700.7 + 7.2 117 67.1138 1180

[17.65, 17.80) 17.7 150 709.7 +6.37114 55.0103 148

[17.80, 17.95) 17.9 127 706.2 + 7.67%, 6497107 107

[17.95, 18.10) 18.0 74 720.7 £ 8.21)02 527193 4

[18.10, 18.25) 182 43 730.3 £ 12,755 68.31 110 105!

[18.25, o) 18.4 33 771.1 £ 17.95]7) 7834120 %03
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