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The Pierre Auger Observatory (Auger) and the Telescope Array (TA), located, respectively, in
the Southern and Northern hemispheres, are the largest ultra-high-energy cosmic ray (UHECR)
observatories. The Auger and TACollaborations have collected unprecedented statistics providing
us with a unique opportunity to search for the differences between the UHECR energy spectra and
mass compositions in the complementary sky regions. To correctly attribute such differences to
the properties of the UHECR sources or propagation, the systematic effects in the measurements
of each observatory should be considered properly. In this context, the task of the Auger – TA
mass composition working group is to identify possible differences of astrophysical origin in
the measurements of the depth of the maximum of air-shower profiles, -max, performed at both
observatories using the fluorescence technique. Due to distinct approaches to event selection and
analysis at Auger and TA, the working group uses a specially designedmethod to transfer the Auger
-max distributions into the TA detector. To this end, dedicated air-shower and detector simulations
for the TA Black Rock Mesa and Long Ridge fluorescence detector stations were performed with
the Sibyll 2.3d hadronic interaction model. From the comparison of the first two moments and the
shapes of -max distributions for energies above 1018.2 eV, no significant differences between the
Auger and TA measurements were found.
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1. Introduction

In this report, the mass composition working group presents the results of the comparison of
the measurements of the depth of maximum of air-shower profiles, -max, performed at the Pierre
Auger Observatory (Auger) [1] and the Telescope Array (TA) [2]. At both observatories, the
measurements are performed using fluorescence detectors (FD) however due to different strategies
to the event selection and corrections of the detector effect discussed below, the comparison of the
-max data sets is not direct and should be performed taking these differences into consideration.

In previous analyses of the working group, a good agreement between the Auger and TA data
was found regarding the energy evolution of the two first central -max moments and the compatibility
of the -max distributions, see [3, 4] for the most recent results. In this report we present an update
of the analysis presented at the UHECR 2022 Symposium [4] with the improved testing of the
compatibility of the -max distributions.

2. Data sets

The Auger data set consists of events detected with the FD and having at least one triggered
SD station required for an accurate shower geometry reconstruction. The reconstruction of the
longitudinal air-shower profiles is performed using hourly measurements of aerosol optical depth
profiles [1] that has a substantial impact on the accuracy of the determination of the FD energy and
-max compared to the usage of a static atmospheric model [5]. The events pass the selection criteria
of the Auger -max analysis [6] including a fiducial field-of-view selection ensuring an unbiased
acceptance of the showers almost independently of their -max. The mean 〈-max〉 and the standard
deviation f(-max) of the measured -max distributions are corrected for the residual acceptance
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Figure 1: Measurements of 〈-max〉 and f(-max) at Auger [7] presented at the ICRC (2019) compared
to predictions for proton and iron nuclei of the hadronic interaction models EPOS-LHC, Sibyll 2.3c and
QGSJet-II.04. Measured -max moments are corrected for the experimental biases. The error bars denote the
statistical uncertainties, the systematic uncertainties are shown with brackets.
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Figure 2: Measurements of 〈-max〉 and f(-max) at TA [8] compared to predictions of the hadronic inter-
action model Sibyll 2.3d. Measured -max moments and Sibyll 2.3d predictions shown with points contain
experimental biases (⊗ TA), while predictions at the MC level are shown with lines.
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Figure 3: Number of events in Auger [7] and TA [8] data sets (top) and their ratio (bottom) in the common
energy range lg(�/eV) > 18.2. The energy binning is the same as used by TA [8]. Data are binned using
the respective energy scales of each observatory.

biases and resolution effects and can be compared directly to the predictions from Monte Carlo
air-shower simulation codes not including any detector effects (MC level). The energy evolution
of the -max moments measured at Auger in comparison with the predictions of EPOS-LHC [9],
Sibyll 2.3c [10] and QGSJet-II.04 [11] hadronic models for protons and iron nuclei is presented in
Fig. 1.

The TA data set contains events recorded with the fluorescence telescopes installed at the
Black Rock Mesa and Long Ridge sites [8]. To be accepted, the events used in the -max analysis
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should trigger the FD and three SD counters adjacent to each other. The complete details on the
reconstruction and selection of the events can be found elsewhere [8]. Differently from the Auger
analysis, to increase the event statistics, the fiducial field-of-view selection is not applied in the TA
analysis, and -max moments are not corrected for the reconstruction and acceptance biases. As a
result, the TA data can be compared only to simulations processed through the TA analysis chain and
including the analysis biases and the effects of the TA detector. In Fig. 2, the TA -max measurements
are presented along with predictions of the hadronic interaction model Sibyll 2.3d [12] at the MC
level and in simulations including the TA experimental effects (⊗ TA). The experimental biases of
a few g cm−2 on 〈-max〉 of protons and helium nuclei can be explained by a lower acceptance of
the TA FD to deeper showers, while the effect of the detector resolution is visible in f(-max) of
nitrogen and iron nuclei.

The Auger data set used in this report was recorded during the period 12/2004 − 12/2017 [7]
and consists of 12773 events in the energy range lg(�/eV) > 18.2 common with the TA. The
period of the TA data taking is 05/2008 − 11/2016, the data set contains 3330 events. The energy
distributions of the events in both data sets together with the energy distribution of their relative
sizes are shown in Fig. 3.

3. Comparison of ^max measurements

As explained in the previous section, the TA -max measurements can be compared only to other
measurements or simulations folded with the TA experimental effects. To transfer the Auger data
to the TA detector, we use as a proxy simulated -max distributions for the mass compositions with
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Figure 4: Left: energy evolution of nuclear fractions in AugerMixes obtained with Sibyll 2.3d. Statistical
and systematic errors on fractions are shown with error bars and brackets correspondingly. Right: examples
of -max distributions measured at Auger compared to the simulated distributions for AugerMixes modified
with the Auger detector acceptance and resolution (⊗ Auger).
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Figure 5: Comparison of 〈-max〉 and f(-max) measured at Auger and for the AugerMix compositions
obtained with Sibyll 2.3d.
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Figure 6: Left: posterior probability density distributions of nuclear fractions from the MCMC fit of the
Auger -max distribution in the energy bin lg(�/eV) = 18.2 − 18.3. Right: distributions of 〈-max〉 and
f(-max) in the TA detector for 100 AugerMixes with the fractions sampled from the posterior distributions
shown in the left panel.

which the best description of the Auger -max distributions in each energy bin is achieved. These
mixes, referred to hereafter as AugerMixes, are then processed using the TA detector simulation,
event reconstruction and analysis chain as described in [4]. The number of events in AugerMixes
in each energy bin is the same as the respective number of events in the Auger data.

In this work, to fit the Auger -max distributions [13], we use simulations with Sibyll 2.3d and
the Markov Chain Monte Carlo (MCMC) method [14]. The advantage of the MCMCmethod is the
possibility of sampling posterior probability distributions of the fit parameters (nuclear fractions)
preserving this way complete information about their correlation. In Fig. 4 the energy evolution of
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Figure 7: Comparison of 〈-max〉 and f(-max) measured at TA and for the Auger data transferred into the
TA detector (AugerMix). Statistical and systematic errors of each observatory are shown with error bars
and shaded areas correspondingly. In the 〈-max〉 plot, Auger and TA systematic uncertainties combined in
quadrature are shown with a dashed line.

the mass fractions in AugerMixes is presented along with the examples of the -max distributions
measured at Auger and the AugerMixes distributions in two energy bins. The shapes of the Auger
and AugerMixes distributions agree well as a comparison of their 〈-max〉 and f(-max) presented
in Fig. 5 shows. Results for AugerMixes in Figs. 4, 5 are obtained using maximum a posteriori
point estimates of nuclear fractions from the full posterior distributions, one example of which for
lg(�/eV) = 18.2 − 18.3 is shown in Fig. 6. To exploit information from posterior distributions,
we randomly sample from them 100 AugerMixes in each energy bin and process the mixes through
the TA analysis chain obtaining this way 100 AugerMixes ⊗ TA. Standard deviations of 〈-max〉 and
f(-max) distributions for 100 mixes (see an example in Fig. 6) are then used as an estimation of
statistical errors on -max moments of AugerMixes ⊗ TA.

The comparison of the -max moments for the TA data and AugerMixes is presented in Fig. 7.
The TA -max fluctuations are not shown at lg(�/eV) > 19.2 since for these energies f(-max)
can not be reliably estimated due to the relatively low TA event statistics. One can see that
〈-max〉 measurements of the two observatories agree within the statistical and systematic errors
with shallower 〈-max〉 TA values at the low-energy end lg(�/eV) < 18.5. At the moment,
we cannot identify the reasons for the observed energy-dependent behaviour of this discrepancy.
The -max fluctuations are generally in good agreement except for two energy bins (lg(�/eV) =
18.7 − 18.8, 18.9 − 19.0) where TA f(-max) have larger values. These larger fluctuations are due
to the presence of very deep events in the TA data as can be seen in Fig. 8 where examples of -max
distributions for the TA data and AugerMixes are shown. In this figure to compare the shapes of
the distribution we remove the mismatch between 〈-max〉 of the two data sets by shifting the TA
distributions by the values indicated in each panel. Visually, the details of the TA and AugerMix
distributions look very similar. For a quantitative characterization of their compatibility, we apply
the Anderson-Darling (AD) statistical test in which each of 100 AugerMixes ⊗ TA is compared to
the TA -max distributions shifted to match 〈-max〉 of an individual mix. We perform the same tests
also for the Auger data and AugerMixes folded with the Auger detector effects. The distributions
of p-values for these tests in the energy bin lg(�/eV) = 18.9 − 19.0 are shown in Fig. 9. The
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Figure 8: Comparison between -max distributions measured at TA and distributions for AugerMixes (using
fractions averaged over 100 samples). To compare shapes, TA distributions are shifted to match 〈-max〉 of
AugerMixes by the values indicated in legends.
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Figure 9: Examples of distributions of AD p-values for compatibility tests of 100 AugerMixes and data
distributions. Left: test for the Auger data; center: test for the TA data; right: test for the TA data with
AugerMixes smeared by 18.9 g cm−2.

standard deviations of these distributions are used further for the estimation of the statistical errors
on p-values. One can see that a good agreement between the TA and AugerMixes distribution
shapes is observed in this energy bin despite the relatively large TA f(-max) value discussed above.
In the panel on the right in Fig. 9, the distribution of the AD p-values is given for AugerMixes to
which additional Gaussian smearing of the -max values by 18.9 g cm−2 was applied. This is done
to take into account the effect of using an average vertical aerosol optical depth in the TA -max
reconstruction. The reconstruction with the aerosols measured at TAwith the interval of 30 minutes
would result in a decrease of the measured f(-max) by 18.9 g cm−2 (in quadrature), this estimation
is independent of the primary energy [8]. The same effect can contribute to the consistently larger
TA f(-max) compared to AugerMix values shown in Fig. 7.

In Fig. 10 we show the AD p-values for AugerMixes ⊗ TA without and with the correction
for the effect of using the average atmospheric aerosol content in the TA -max reconstruction. A
good agreement between the -max distributions measured at TA and AugerMixes is observed at all
energies. Due to lower statistics in the TA data set, the AD test is less sensitive in the comparison
of AugerMixes to the TA data, therefore larger p-values than for the AugerMix-Auger comparison
is an expected outcome.
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Figure 10: Energy evolution of AD p-values for AugerMix-TA and AugerMix-Auger tests. In the right panel
additional Gaussian smearing of 18.9 g cm−2 is applied to AugerMixes ⊗ TA.

4. Discussion

In this report, we have presented a comparison of the -max measurements performed at Auger
and TA. No discrepancies beyond the statistical and systematic errors in 〈-max〉 and f(-max) of
the two observatories could be identified. In the comparison of -max distributions performed using
the AD test, a good agreement between the TA and Auger data was also found. Therefore, at the
current statistics and understanding of the detector effects, the TA and Auger -max measurements
are found to be consistent with each other.

To finalize the analysis, we plan to perform the estimation of the systematic errors on the Auger
data transferred into the TA detector and to take into consideration the difference between the Auger
and TA energy scales [15].
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