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Abstract. The Telescope Array and the Pierre Auger Observatory estimate the composition of ultra-high-

energy cosmic rays by observing the distribution of depths of air-shower maxima, Xmax. Both experiments

directly observe the longitudinal development of air showers using fluorescence telescopes with surface particle

detectors used in conjunction to provide precision in determining air-shower geometry. The two experiments

differ in the details of the analysis of events, so a direct comparison of Xmax distributions is not possible. The

Auger – Telescope Array Composition Working Group presents their results from a technique to compare

Xmax measurements from Auger with those of Telescope Array. In particular, the compatibility of the first two

moments of the Xmax distributions of Auger with the data from the Black Rock Mesa and Long Ridge detectors

of the Telescope Array is tested for energies above 1018.2 eV. Quantitative comparisons are obtained using air-

shower simulations of four representative species made using the Sibyll 2.3d high-energy interaction model.

These are weighted to fit the fractional composition seen in Auger data and reconstructed using the Telescope

Array detector response and analysis methods.

1 Context and History

The Telescope Array (TA) observatory [1] and the Pierre

Auger Observatory [2] (Auger) both measure the nuclear

composition of ultra-high-energy cosmic rays (UHECRs)

by observing the distribution of the depths of shower max-

ima (Xmax) of extensive air showers reconstructed in hy-

brid mode, combining surface detector (SD) and fluores-

cence detector (FD) measurements. The conclusions and

interpretations made from these measurements have dif-

fered between the two observatories, which has lead to

confusion amongst outside observers. One source of this

confusion may be that TA and Auger employ different

strategies in selecting the data sets used in the measure-

ments. Auger selects events with analysis cuts designed to

minimize bias in Xmax acceptance and reconstruction, and

then corrects the resulting Xmax moments for remaining bi-

ases. TA on the other hand selects all well-reconstructed

events and then models the biases using Monte Carlo (MC)
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simulations. This difference in event selection strategy

makes direct comparison of Xmax distributions problem-

atic.

Beginning with UHECR2012 [3], the Auger-TA Mass

Composition Working Group has tried to assess the degree

of agreement between Auger and TA Xmax measurements.

The procedure for comparison involves making a repre-

sentative breakdown of the Auger Xmax distributions into

several single species fractions using a given high-energy

interaction model, then using the representative fractions

and high-energy interaction model in the TA MC simula-

tion. The result is interpreted as the Xmax distributions TA

would have measured given the Xmax distributions actually

measured at Auger. These distributions, specifically their

first and second moments, are compared to the actual TA

measurements to assess the degree of agreement. In prac-

tice, the four representative nuclear species are taken to

be hydrogen (H), helium (He), nitrogen (N), and iron (Fe).

The relative fractions of these species in energy bins found

to represent the Auger data is called the AugerMix.
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At UHECR2014 [4], a comparison of the AugerMix

to TA Middle Drum hybrid data was made, just compar-

ing 〈Xmax〉. This showed agreement within systematic un-

certainties. At UHECR2016 [5] and UHECR2018 [6],

the AugerMixes using both QGSJetII-04 [7] and EPOS-

LHC [8] high-energy interaction models were compared

to TA Black Rock and Long Ridge hybrid data using both

〈Xmax〉 and σ(Xmax). The comparison showed agreement

within systematic uncertainties for 〈Xmax〉 but tension at

energies above 1018.8 eV in σ(Xmax). Due to problems in

the implementation of EPOS-LHC within CORSIKA [9]

at that time, the EPOS-LHC result was actually performed

by re-weighting QGSJetII-04 distributions.

While QGSJetII-04 works well in simulating the re-

sponse of the TA SD (and FD) to air showers, it cannot

describe Auger measurements because it predicts broader

distributions than observed. It is thus useful to use another

high-energy interaction model. We show here the result of

using the Sibyll 2.3d [10] high-energy interaction model

in both making the AugerMix and in simulating the result

of that mix in the TA detector.

2 The AugerMix with Sibyll 2.3d

Auger hybrid Xmax data [11] were binned by energy into

Xmax histograms. The energy bins were chosen to match

those used by TA, which are constrained by the TA statis-

tics. The bin edges in log10(E/eV) are (18.2, 18.3, 18.4,

18.5, 18.6, 18.7, 18.8, 18.9, 19.0, 19.2, 19.4, 19.9). In each

of the energy bins, Xmax distributions from Conex [12]

simulations of single species (H, He, N, Fe) using Sibyll

2.3d were created. These single-species distributions are

then modified by the Xmax acceptance and resolution fol-

lowing [13] and used as templates in fitting the observed

Auger distribution into a set of fractions. While there are

correlations in the fit fractions, only the best-fit fractions

are used in this analysis.

The fit AugerMix fractions using Sibyll 2.3d as a func-

tion of energy are shown in Figure 1. These fractions de-

scribe the Auger measured data as the weighted sum of

the templates can reproduce both 〈Xmax〉 and σ(Xmax) as

shown in Figure 2.

3 Generating the TA distributions

The AugerMix fractions were used to generate Xmax distri-

butions as they would have been seen in the TA detector.

Single-species MC sets for each of H, He, N, and Fe were

generated using CORSIKA v7.7402 with Sibyll 2.3d as

the high-energy interaction model. In total, 250 events for

each species in each tenth-of-a-decade bin from 1018 eV to

1020.6 eV were generated using CORSIKA/Sibyll with op-

timal thinning [14]. The events were dethinned using the

Stokes method [15] and the response of TA SDs placed

every 6 m in a grid around the shower core was calculated

using GEANT [16] to create a “tile file” for each simu-

lated event. These events were then sampled at random

locations and with random azimuthal orientations about

the TA detector area with sufficient sampling to produce
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Figure 1. The fractions of H, He, N, and Fe that best fit the

Auger Xmax distributions, using templates produced by the Sibyll

2.3d high-energy interaction model.

Figure 2. Comparison of 〈Xmax〉 (left) and σ(Xmax) (right) be-

tween the sum of AugerMix weighted templates from Sibyll 2.3d

and the measured Auger Xmax distributions.

the measured flux. The response of the TA FD was also

simulated at this time from the stored longitudinal shower

information from CORSIKA. This produces a spectral hy-

brid composition data set for each individual species. This

data is in the same format as the collected TA hybrid data,

and the same program of analysis cuts is applied to the

simulated data that is used with the measured data.

The Xmax distributions resulting from this analysis are

combined using the AugerMix fractions as weights. As

each single-species set is a spectral set using the same flux,

this is the same as selecting events according to the Auger-

Mix at the “thrown” level of MC.

4 Comparison of the AugerMix to TA Data

The results of the comparison between TA and the

Auger⊗TA results using the Sibyll 2.3d AugerMix are

shown in Figure 3. The 〈Xmax〉 comparison shows agree-

ments within systematic uncertainties throughout the com-

pared energy range, with some slight tension at the low-

est energies. However, σ(Xmax) shows some disagreement

between TA and Auger⊗TA in the upper half of the 1018

eV decade; the TA results show a roughly constant width

throughout the decade, while the Auger⊗TA results show

a continual narrowing of the distribution.
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Figure 3. Comparison of 〈Xmax〉 (left) and σ(Xmax) (right) be-

tween measured TA data distributions (blue squares) and the

Auger⊗TA results (red circles) using Sibyll 2.3d.

Figure 4. p-values from Anderson-Darling comparisons after

removing differences in mean between TA and Auger⊗TA Xmax

distributions and between Auger and the AugerMix distributions.

p-values should be roughly uniformly distributed between 0 and

1 for distributions drawn from the same underlying distribution.

The very low p-values in the TA-Auger⊗TA comparison at 18.55

and 18.75 are indicative of a poor match.

Figure 5. Example of a comparison between TA and Auger⊗TA

with a good AD p-values (left) with 18.4 < log10(E/eV) < 18.5

and one with a bad p-value (right) with 18.5 < log10(E/eV) <

18.6.

To compare the shape of the distributions directly, we

perform an Anderson-Darling test [17] on the two distribu-

tions in each energy bin. The test is made after removing

the difference in means between the two distributions. In

Figure 4 we plot the p-values of the test as a function of

the energy for both the Auger⊗TA comparison to TA, and

for the AugerMix comparison to the Auger data. Exam-

ples of distributions that match and that do not match are

shown in Figure 5

Figure 6. p-values from Anderson-Darling comparisons after

removing differences in mean between TA and Auger⊗TA Xmax

distributions and between Auger and the AugerMix distributions,

and smearing the Auger⊗TA Xmax distributions by an additional

18.9 g/cm2.

One systematic effect that was not considered in these

comparisons, was the variation in atmospheric aerosol lev-

els on a night-by-night basis. The MC simulations use a

constant vertical aerosol optical depth (VAOD) value of

0.04, whereas the data was collected with varying VAODs

values, which have a mean of 0.04. The systematic effect

of this variation may add up to 18.9 g/cm2 to the mea-

sured width of the Xmax distributions. If we smear the

Auger⊗TA distributions by and additional 18.9 g/cm2 and

redo the Anderson-Darling comparisons as before, we get

a set of p-values consistent with both distributions com-

ing from the same parent distribution. The values from

this comparison are shown in Figure 6. It should be noted

that this additional smearing of the Xmax distributions does

not significantly ameliorate the differences in widths seen

in Figure 3. The additional 18.9 g/cm2 will be added in

quadrature to the significantly larger intrinsic widths of the

Auger⊗TA data.

5 Discussion

We have made a comparison of the cosmic ray composi-

tion measured by Auger as it would have been seen at TA.

This was performed using a set of representative fractions

of single species Xmax distributions generated using Sibyll

2.3d to simulate the response of the TA detector, also using

Sibyll 2.3d, and compare the resulting distribution to the

actual data distributions measured in TA. The result shows

that the Auger⊗TA 〈Xmax〉measurements agree within sys-

tematic uncertainties. However, there is disagreement in

the width σ(Xmax) at energies between 1018.5 and 1019

eV. This difference in widths is similar to that seen pre-

viously in Auger⊗TA comparisons preformed using both

QGSJetII-04 and EPOS-LHC models. The difference in

widths can be slightly ameliorated, but not removed, by

smearing the Auger⊗TA distributions by an additional fac-

tor of 18.9 g/cm2 to account for variations in atmospheric

conditions which effect TA data but are not present in these

simulations.
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We do not yet claim, however, to have discovered a

robust difference in the Xmax distributions between TA and

Auger.

References
[1] H. Kawai et al. (Telescope Array), Nucl. Phys. B

Proc. Suppl. 175-176, 221 (2008)

[2] A. Aab et al. (Pierre Auger), Nucl. Instrum. Meth. A

798, 172 (2015), 1502.01323

[3] E. Barcikowski, J. Bellido, J. Belz, Y. Egorov,

S. Knurenko, V. de Souza, Y. Tameda, Y. Tsunesada,

M. Unger (Pierre Auger, Telescope Array, Yakutsk),

EPJ Web Conf. 53, 01006 (2013), 1306.4430

[4] R. Abbasi et al. (Pierre Auger, Telescope Array), JPS

Conf. Proc. 9, 010016 (2016), 1503.07540

[5] W. Hanlon, J. Bellido, J. Belz, S. Blaess, V. de Souza,

D. Ikeda, P. Sokolsky, Y. Tsunesada, M. Unger,

A. Yushkov (Pierre Auger, Telescope Array), JPS

Conf. Proc. 19, 011013 (2018)

[6] A. Yushkov, J. Bellido, J. Belz, V. de Souza, W. Han-

lon, D. Ikeda, P. Sokolsky, Y. Tsunesada, M. Unger

(Pierre Auger, Telescope Array), EPJ Web Conf.

210, 01009 (2019), 1905.06245

[7] S. Ostapchenko, Phys. Rev. D 83, 014018 (2011),

1010.1869

[8] T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko,

K. Werner, Phys. Rev. C 92, 034906 (2015),

1306.0121

[9] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz,

T. Thouw (1998)

[10] F. Riehn, R. Engel, A. Fedynitch, T.K. Gaisser,

T. Stanev, Phys. Rev. D 102, 063002 (2020),

1912.03300

[11] A. Yushkov (Pierre Auger), PoS ICRC2019, 482

(2020)

[12] T. Bergmann, R. Engel, D. Heck, N.N. Kalmykov,

S. Ostapchenko, T. Pierog, T. Thouw, K. Werner, As-

tropart. Phys. 26, 420 (2007), astro-ph/0606564

[13] A. Aab et al. (Pierre Auger), Phys. Rev. D 90, 122006

(2014), 1409.5083

[14] M. Kobal (Pierre Auger), Astropart. Phys. 15, 259

(2001)

[15] B.T. Stokes, R. Cady, D. Ivanov, J.N. Matthews,

G.B. Thomson, Astropart. Phys. 35, 759 (2012),

1104.3182

[16] S. Agostinelli et al. (GEANT4), Nucl. Instrum. Meth.

A 506, 250 (2003)

[17] T.W. Anderson, D.A. Darling, J. Am. Stat. Assoc. 49,

765 (1954)

EPJ Web of Conferences , 02008 (2023) https://doi.org/10.1051/epjconf/202328302008283
UHECR 2022

4


