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Abstract. We test for an anisotropy in the mass of arriving cosmic-ray primaries associated with the galactic
plane. The sensitivity to primary mass is obtained through the depth of shower maximum, X,,y, extracted from
hybrid events measured over a 14-year period at the Pierre Auger Observatory. The sky is split into distinct on-
and off-plane regions using the galactic latitude of each arriving cosmic ray to form two distributions of Xy,
which are compared using an Anderson-Darling 2-samples test. A scan over roughly half of the data is used
to select a lower threshold energy of 10'%7 eV and a galactic latitude splitting at [b| = 30°, which are set as a
prescription for the remaining data. With these thresholds, the distribution of X,,,, from the on-plane region is
found to have a 9.1 + 1.6} g/cm? shallower mean and a 5.9 +2.1*33 g/em? narrower width than that of the off-
plane region and is observed in all telescope sites independently. These differences indicate that the mean mass
of primary particles arriving from the on-plane region is greater than that of those from the off-plane region.
Monte Carlo studies yield a 5.9x 10~ random chance probability for the result in the independent data, lowering
to a 6.0 X 1077 post-penalization random chance probability when the scanned data is included. Accounting
for systematic uncertainties leads to an indication for anisotropy in mass composition above 10'%7 eV with a
3.3 o significance. Furthermore, the result has been newly tested using additional FD data recovered from the
selection process. This test independently disfavors the on- and off-plane regions being uniform in composition
at the 2.2 o level, which is in good agreement with the expected sensitivity of the dataset used for this test.

1 Introduction of charged particles in the air shower as a function of the
amount of matter it has traversed, the slant depth, X. From
the shower profile, the slant depth at which the maximum
development of the shower occurs, Xyx, can be extracted.
Xmax 18 closely related to the mass of the primary cosmic
ray which induced the air-shower, but is subject to large
fluctuations meaning that it can not be used on a shower-
by-shower basis to determine primary mass. However, if
collected with sufficient statistics, the first and second mo-
ments of distributions of Xax, (Xmax) and 0-(Xmax) respec-
tively, can be used to make high certainty estimations of
the mean mass of the UHECR events used to form that
particular Xy« distribution [6].

The Pierre Auger Observatory is currently the largest ob-
servatory dedicated to studying cosmic rays with energies
in the EeV range, so-called ultra-high-energy cosmic rays,
UHECR [1]. To do this, it uses both an array of parti-
cle detectors on the Earth’s surface, the Surface Detector,
SD [2], and an array of fluorescence telescopes monitoring
the atmosphere above the SD, the Fluorescence Detector,
FD [3]. The highest quality data set of the Observatory
is made up of UHECR events which have simultaneously
been measured by both the FD and SD, so-called hybrid
events. In a hybrid event reconstruction, the geometry of
the shower axis is highly constrained by combining the
triggered pixel geometry/timing from the FDs and the high
confidence core location/timing provided by the SDs. This
results in an angular resolution for the pointing direction
of the shower axis of better than 0.5° [4], and a resolution
on the location of the shower core of 50 m [5].

The low uncertainty geometric reconstruction pro-
vided by the hybrid method allows the evolution of the in-
tensity of UV fluorescence light measured by the FD to be

Up until recently [7], Xmax derived from hybrid mea-
surements has been used to study the average composition
of the cosmic-ray sky as whole, rather than being used to
compare the mean compositions of different subsets of the
sky. This choice was likely driven by the relatively sparse
statistics available in hybrid studies due to the upper-limit
of exposure available to them being set by the relatively
low 14 % up-time of FDs. The possibility of splitting the

inverted to model the shower profile, which is the number

*e-mail: emayotte @mines.edu
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data set into subsamples was therefore limited by the need
to maintain sufficient statistics to say something useful
about primary composition. However, the Pierre Auger

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Observatory has now collected more than 14-years of FD
data, and tens of thousands of high-quality hybrid mea-
surements. With this quantity of data, the sky can be split
into different regions and the mean mass of UHECRs ar-
riving from them can be studied. This new reality then
prompts two questions:

1. Are the systematic uncertainties which trend with
event arrival direction for hybrid reconstruction low
enough to allow the mean mass arriving from differ-
ent regions of the sky to be meaningfully compared?

2. Is there a reason to expect that different regions of
the sky may display differing compositions due to
astrophysical causes?

Question 1) will be explored in section 4. For question
2) it is clear that the opportunity exists. The flux above
the ankle at ~5EeV [8] is mixed in composition and has
long been thought (now confirmed) to be extragalactic in
origin [9]. Furthermore, it definitively displays anisotropy
above 8 EeV [10]. Additionally, as was nicely put by Alan
Watson in 1990:

“... the Larmor radius of a proton of 10'8 ¢V in a 3 uG

field is about 400 pc, comparable to the thickness of
the galactic disk. It follows, therefore, that, if the bulk
of cosmic rays are protons, anisotropies associated
with the magnetic field structure of the galactic disk
might appear as the energy increases.” - [11]

Indeed, there were hints of such a spectral feature starting
somewhere around 1033 eV for directions within 30° of
the galactic plane [11, 12]. Unfortunately, such an excess
so far does not appear to be significant in the data of cur-
rent experiments and therefore has not been given much
attention since those initial publications.

Now it is known that the flux above 1 EeV is best de-
scribed as an evolving mix of light-, intermediate-, and
high-mass primaries [13, 14]. Due to the galactic mag-
netic field, GMF, the different mass components present at
any given energy will be deflected to different degrees as
they travel from their extragalactic sources to Earth. This
mass dependent deflection suggests that an anisotropy as-
sociated with the structure of the GMF would kick in for
increasingly heavier components as energies climb. It is
therefore distinctly possible that an anisotropy associated
with the galactic plane could arise in the higher mass com-
ponents of the flux at some energy in the EeV range.

What follows below are specific tests for such a mass-
dependent anisotropy associated with the galactic plane
using hybrid data of the Pierre Auger Observatory col-
lected between 2004 and the end of 2018. To avoid re-
peating the contents of the ICRC 2021 proceedings on this
result [7] in its entirety, the contents of this proceeding will
aim to include components of the analysis that could not
be fit in the eight pages allotted in that publication. There-
fore, while this proceeding will cover the details of the
analysis, increased space will be given to the cross checks
and studies of the systematics uncertainties of the analysis.
Additionally, a new test on an independent hybrid data set,
recovered from the quality cuts, will also be discussed.

2 Reconstruction and selection

The reconstruction methods, selection cuts, and core anal-
ysis of X distributions used here are largely the same
as those described in [15]. A rigorous description of these
methods can be found in [6]. Other than the fiducial field-
of-view cut, FidFoV, which is treated below, a detailed de-
scription of the methods will not be provided here.

The important differences from [15] are that the min-
imum energy for inclusion in the data set has been raised
to E > 1084 ¢V, and that, as described below in subsec-
tion 2.1, the event acceptance, reconstruction bias, and
Xmax resolution are now treated based on the arrival di-
rection of each event. The lower limit of 10'%4eV has
been chosen as above this energy, the composition is well
mixed and expected to be primarily of extragalactic ori-
gin [16]. The period over which data has been collected
has also been slightly expanded to span events observed
between 2004-12-01 and 2018-12-31, yielding 7572 high-
quality events. A further subdivision of the data is neces-
sary to test for the hypothesized anisotropy. Following the
results of the scan shown in Figure 5, the data is split into
the events with a galactic latitude,| b| < 30°, the on-plane
sample, and,|b| > 30°, the off-plane sample.

Fiducial field-of-view selection

To ensure a good reconstruction of Xp,x with the FD,
Xmax itself should be directly observed. The telescopes
of the FD have a field-of-view, FoV, which is vertically
constrained. Additionally, some showers in more verti-
cal geometries will not reach X;,,x before impacting the
ground. These factors together lead to a geometric and
Xmax dependence for what events end up in the analyzed
data set. If unaccounted for, this X, acceptance, will in-
evitably bias a composition study based on FD X,x data.
At the Observatory, this Xmax acceptance is addressed pri-
marily through mitigation of the effect with the fiducial
field-of-view, FidFoV, cut. The FidFoV cut constrains the
FD detector volume to only event geometries where the
expected range of X, values would be visible in the FD
FoV. As can be seen in Figure 1, this changes the natural
FD Xnax acceptance (gray) to one which is unbiased from
~600 to ~900 g/cm?, which spans the typical range of ob-
served event X;,,x values. Remaining effects on rare events
outside this range are corrected using parameterizations as
a function of X,x and primary energy.
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2.1 Distributions of X,ax and arrival direction

After measurement, reconstruction, and selection, the ob-
served Xp.x distribution does not quite represent the true
Xmax distribution of all cosmic rays landing within the Ob-
servatory. This is due to energy dependent biases on the
reconstruction of X.x (B), the resolution on X,,x of the
hybrid reconstruction method (R), and the residual effects
of the Xax acceptance (A). Since the location of an event
and its inclination with respect to the observing fluores-
cence telescope plays a role in the magnitude of A, R, and
B, they have an inherent geometric dependence. If un-
accounted for, this could bias this study. Distributions of
the key geometric relationships between events and the FD
can be seen in Figure 2 for on- and off-plane regions. It is
clear that there is little difference between the two regions,
so A, R, and B are expected to also be similar.
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Figure 2: Geometries of the on- and off-plane samples.

To explicitly verify A, R, and B similarity on and off
the galactic plane, CONEX [17] is used to generate show-
ers with Sibyll-2.3c [18]. The showers are then isotrop-
ically thrown into detector simulations which include the
time-dependent state of the FD and SD from 2004 through
2018. These simulations, therefore, mimic the measure-
ment conditions, trigger efficiency, and up-time of the real
data, accurately modelling the exposure and geometries of
events arriving from all parts of the sky [19]. Two sets of
these simulations are produced, one formed from showers
generated with a flat sampling of Xi,.x between 300 and
1500 g/cmz, the flat-MC, and one formed from an equal
number of proton, helium, nitrogen, and iron simulations
which are then weighted to their abundances observed in
data as reported in [20], the mixed-MC. These simulated
event sets are then subjected to the same reconstruction
and selection techniques used on the real data, so that A,
R, and B are accurately included in them.

The flat-MC is split into on- and off-plane subsamples
which are then used to extract the functional form of A in
0.1log;y(E/eV) energy bins using the method illustrated
in Figure 1. The form of A is extracted by leveraging
the flatly sampled Xp,x generation of the Monte Carlo, as,
once the plateau of the distribution is normalized to one,
the height of each bin represents the acceptance of events
with Xjx values in that range. The acceptance is then fit
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Figure 4: The Xj,x reconstruction bias and resolution pa-
rameterizations for the on- and off-plane sky regions from
Monte Carlo. Note: only the detectors and reconstruction
Xmax resolution is shown. Other effects lowering the reso-
lution are included as specified in [6].

with the 4-component parameterization illustrated in Fig-
ure 1. The energy evolution of xj, A;, xy, and A, is then
parameterized separately with 2D polynomials for the on-
and off-plane subsamples, resulting in Figure 3. From Fig-
ure 3, it is clear that above 10'84 eV there is no statistically
significant difference in Xp,x acceptance between the on-
and off-plane regions. Even so, the region-specific param-
eterizations of A are used to correct the 1.4 % of events
with partial Xp,,x acceptance using the up-weighting tech-
nique outlined in [6]. Uncertainties in these parameteriza-
tions result in the systematic uncertainties on the first and
second moments specified in Table 1.

The mixed-MC is likewise split into on- and off-plane
subsamples which are then used to extract the energy evo-
lution of B and R for each region. B and R are extracted by
forming a distribution of the difference between the FD re-
constructed value of X,.x and the Monte Carlo truth value
in 0.11log;,(E/eV) energy bins. From these, the mean re-
construction bias, B = (X2 — XMCy "and the Xyax 1es0-

max max
: - FD MC :
lution, R = o (X« — Xmax), are extracted in each energy

bin. Again, the evolution of each is parameterized with a
2D polynomial. Figure 4 shows that B and R for the two
regions are found to agree within errors. These however
are also corrected for separately. Fit uncertainties again
result in the systematic uncertainties outlined in Table 1.
At this point, the Xy« distributions and moments from the
on- and off-plane regions in each energy bin can be com-
pared without bias from selection and reconstruction.
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3 Testing for anisotropy

The specific hypothesis to be tested is whether, above
some energy threshold, Ey, the mean composition of
UHECRSs coming from directions near to the galactic plane
is significantly higher in mass than those arriving further
from it. This is to be tested using Xp.x as a mass sensi-
tive parameter. Typically, Xy.x based composition anal-
yses leverage the first two moments of X, distributions
binned in energy, to comment on primary mass. This ap-
proach, however, does not lend itself well to quantifying
the significance of a result testing the above statement. In-
stead, a test statistic, 7S, which quantifies the degree of
dissimilarity between the X« distributions in the two re-
gions in a single value is preferred. For this, the returned
value from the Anderson-Darling two-sample homogene-
ity test [21], AD-test, has been selected as it scales with
the dissimilarity of the tested distributions. The AD-test
has good sensitivity to the full width of a distribution [22],
and has more power than the Kolmorogov-Smirnov test
while remaining robust against false positives [23].

To use the AD-test and Xy,ax for this purpose, two mod-
ifications are required. First, a single 7S comparing all
events in each region above Ey, is desired. So, all events
with E > Ey, in the on- and off-plane samples separately
need to be collected into a common on-plane distribution
and a common oft-plane distribution. To do this, the natu-
ral evolution of X;,,x with energy needs to be removed so
that spectral features in the flux do not influence the result.
Therefore, we define an energy-normalized Xp,,x value

’

X o= Xoax — (649 +63.1Z5 + 1.97 zfs), (1)

EPOS-LHC elongation rate for iron

where Zjg = log;, (Ewc/EeV). The last term in Equa-
tion 1 is the natural energy evolution of mean Xp,x for
iron primaries as predicted by EPOS-LHC [24]*. Second,
the X}, distribution of an on-plane sample populated with
primaries which are on average heavier than those in the
off-plane sample will display a lower mean and a narrower
width than that of the off-plane X[, distribution. Since
the null hypothesis is that there is either no composition
difference or a heavier off-plane sample, a TS sensitive
to the ordering of the X/ .. distributions is required’. The
AD-test is insensitive to ordering, so it is modified to

_— {AD )™ < Ki)™ o

-3 :else

where AD is the result of the AD-test comparing the on-
and off-plane distributions, and -3 is selected as it is well
below the minimum of the AD-test.

Scan for energy and galactic latitude thresholds

A scan has been used to select the optimal on/off splitting
latitude, bgplir, and minimum energy, Ey, as uncertainties

*Choice of hadronic interaction model varies result by ~ 0.02 g/cm?.
fModifying the test to also require o7(X/,, )" < (Xl )°T would
be more restrictive, but conservatively has not been applied.

in GMF models and source distributions make other ap-
proaches impractical. In this scan, each trial [Ew, bgpiic]
pair is used to form on- and off-plane subsets and the 7'S
is extracted. To preserve the statistical strength of the
sparse FD data set, a coarse scan of 5° steps in|b| from
20° to 35° and 0.1 log,,(E/eV) steps in energy from 18.4
to 19.41og,,(E/eV) is used. The scan is performed on the
data set from [6], which includes events through Dec 31
2012. At the time of writing, this scan data set repre-
sents 54 % of the analyzed events. The remaining 46 % of
events, the post-scan data set, is reserved as blind.

Cutoff Latitude [ °]
Anderson-Darling TS

184 186 188 19 192 194
Energy Threshold [Ig(E/eV)]

Figure 5: Parameter scan over 54% of the data.

Interestingly, as shown in Figure 5, all tested pairs re-
sult in (X} 0" < (X[’nax)"ff. An optimal [Ew, bgplic] of
[10'87¢V,30°] was found with a TS = 8.4. The selected
[Ew, Dpiic] is applied as a prescription to the post-scan
data set, which independently confirms the result with a
TS = 12.6, for atotal TS = 21.0 for the full data set.

Statistical significance

The chance probability of the observed TS occurring with
in an isotropic sky is tested using Monte Carlo methods on
randomized skies derived from the real data. To form each
randomized sky, the arrival direction is first decoupled
from the energy and X/ values of each event. These are
then randomly re-paired to create a new sky which main-
tains the real Xp,x, energy, and sky exposure distributions,
but has a scrambled arrival direction/composition pairing.
The above analysis is then used to extract a 7S from each
sky which is compared to the result in data. Skies which
display more extreme on-/off-plane differences than those
observed in data are tallied and used to calculate the proba-
bility of an isotropic sky generating the observed 7'S. The
results of this procedure are shown in Figure 6.

10°F Post-Scan Data 50:ps Sfa“ Post-Scan MC
H T;.' ‘]‘_24% & a | Post-Scan TS
10°H P: 5.8¢-06 : [ All Data MC
Fl | All Data TS
w
=10°h
)
S Fl All Data
Mm TS:21.0
=10°F —> Z:490
Fl P: 6.0e-07
102
e

0 5 10 15 20 25 30 35 40
Test Statistic

Figure 6: The Monte Carlo determination of the post-scan
(red) and all-data (blue) significance with 1 and 10 billion
randomized skies, respectively.
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Figure 7: The first (left) and second (right) moments of the Xp,x

distributions from on- and off-plane regions.

For the blind, post-scan data set, the prescribed
[Eh, bepiic] pair is used to split each randomized sky into
on- and off-plane samples and a T'S is extracted. In one
billion random skies, only 5865 resulted in a more extreme
TS than the 12.6 observed in data. This indicates a chance
probability of 5.87 x 107® which corresponds to 4.4 ¢

To calculate the significance of the result when the
scan- and post-scan data sets are combined, the entire anal-
ysis chain, including the scan, is duplicated. In each ran-
dom sky, 54 % of the data is used to scan for the [E, bypit]
pair which results in the most extreme result, fully penaliz-
ing for the scan. These values are then used to split all data
in the random sky into on- and off-plane subsamples and
the TS for the sky is extracted. From 10 billion random
skies, only 5964 resulted in a more extreme 7'S than the
21.0 observed in data. This indicates to a chance probabil-
ity of 5.96 x 10~7 which corresponds to 4.9 o. The strong
penalization of the scanned data is evident as the additional
54 % of the data (with A(X],,) = 8.5 g/cmz) only resulted
in an 11 % increase of the significance of the observation.

Xinax moments and trends

To illustrate the difference in composition on and off the
plane, the first two moments of the Xy,,x distribution in
each 0.1log,,(E/eV) energy bin has been plotted in Fig-
ure 7 for both regions. Above 10'87 eV there is a clear
separation in (Xp.x) for all energy bins. Most energy bins
also display a separation in 0 (Xyx). Heavier primaries are
expected to, on average, have a shallower Xp,,x and lower
shower-to-shower fluctuations. Therefore the correlated
difference seen here indicates that, for this data sample,
primaries from the on-plane region have a higher mean
mass than that of the off-plane region above 10'37 V.

To evaluate the degree to which fluctuation plays a role
in the observed result, the growth of the 'S over time has
been plotted in Figure 8. The time evolution of the signal is
consistent with linear growth at a rate of 1.3 7'S yr~!. This
behavior is in line with expectations for a real difference
in mean mass between the subsamples. The shaded re-
gion of Figure 8 shows preliminary data from 2019. These
reconstructions were not subject to a validated reconstruc-
tion chain and may change. Still, when added, a 3.7/4.4 o
(post-scan/all data) statistical significance is expected. The
best fit rate of growth of 1.3 T'S yr~! remains unchanged.

with significance indicated on the right.
The shaded region is preliminary data.

4 Systematic uncertainties

Figure 2 shows that there is very little difference between
the on- and off-plane regions in the local reference frame
of the detector. The data sets from the two regions also
consist of events measured with the same instrumentation
in the same location, and have been reconstructed with the
same methods. Because systematic uncertainties are de-
rived from measurement effects in the local frame, these
similarities between the on- and off-plane samples mean
that the majority of uncertainty sources outlined in [6]
will apply equally to both regions and thereby cancel in
a comparison. Furthermore, from the acceptance, resolu-
tion, and bias studies in subsection 2.1, the two regions are
also free from selection and reconstruction biases.

Table 1: Systematic uncertainties on the difference in the
means, A{Xnax ), and widths, A (X nax), of the on- and off-
plane Xy distributions.

Uncertaint cm?] of
Source Y lg/enr]
AXmax) A0 (Xmax)
: 114 237
A correction o1 1ol
B correction +0.36 +0.01
R correction 0 f(ﬂj;ﬁ
+1.00 +1.19
Seasonal Ti53 2123
Instrumentation +1.41 +1.41
N +2.10 +3.49
Sum in Quadrature 33 348

To test for potential systematic effects derived from
uncertainties in the A, B, and R corrections, possible sea-
sonal effects, and small differences between the instrumen-
tation at different fluorescence telescope sites, FD-sites,
several studies were performed. All permutations of the
uncertainties in the A, B, and R corrections were evaluated
and the maximum changes in A(X],,) and Ao (X},,,) were
recorded. To look for on-/off-plane biases associated with
instrumentation differences, events seen by two or more
FD-sites were used to compare the Xp,x reconstructions
of each site. No significant biases were found, and the
instrumentation-derived systematic uncertainties from [6]
were adopted. To check for systematics derived from a
combination of the seasonal dependence of the FD expo-
sure and normal yearly variation of the atmospheric qual-
ity, (X],.x)» and o(X},,,) for the on- and off-plane regions
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Figure 9: Seasonal fluctuation of the first (left) and second (right) X;;,,x moments for the on-plane (blue) and off-plane
(red) samples. The double black line shows the difference between these curves. The maximum and minimum values of

these differences are taken as the systematic uncertainty on A¢X/,

were tracked over the course of the year, and is shown in
Figure 9. The maximum exposure-weighted difference be-
tween the two regions at any point of the year has been
adopted as the systematic uncertainty due to seasonal ef-
fects. These uncertainties and the total systematic uncer-
tainty on A(X} ) and Ao (X],,,) are listed in Table 1.

ax

Confidence level considering systematic uncertainties

The observed A(X/,.) of 9.1 + 1.6g/cm? is 4.1 times
larger than the 2.2 g/cm? systematic uncertainty listed in
Table 1. The observed Ac(X,,,) of 5.9 + 2.9 g/cm? is 2.4
times larger than its 2.5 g/cm? systematic uncertainty. This
means it is unlikely that the result could be entirely due to
systematic effects. However, the systematic uncertainties
in A(X} .« and Ao (X[, ) may increase the likelihood of an
extreme result occurring in data. To quantify the result sig-
nificance taking possible systematic effects into account, a
two step approach is taken. First, the on-/off-plane differ-
ence is reduced by adding a value sampled from a Gaus-
sian distribution with g = 2.2 g/cm? and o = 2.5 g/cm? to
the on-plane sample. Then, the AD-test is applied to the
resulting on- and off-plane distributions. Repeating this
process 1 million times results in a mean TS of 11.3 £ 0.5
¥, If these values are converted to significances using the
data from Figure 6, this corresponds to at least 3.3 0. Con-
servatively, to include systematic effects, this lower bound
of 3.3 ¢ is adopted as the confidence level of the result.

Cross-check: Results by zenith angle and FD-site

If astrophysical in nature, the difference in composition
of UHECR arriving from the on- and off-plane regions
should be independently observed by each FD-site and in
all zenith angle (6) ranges. Figure 10 shows that the dif-
ference in X, on and off the plane is indeed present in
all zenith angles bins and is also observed by all FD-sites
independently. Even more stringently, when the response
of each FD-site is split in cos? 6 bins, it appears in 22 out
of 28 bins. This independent observation at all sites and
zeniths is a strong confirmation of the stereo study de-
scribed above, showing that detector systematics can not
play a large role in the result. Furthermore, because the
FD-sites have FoVs differing by 90° on average, each sees

Treating the other side of the systematic errors in the same way
resultsina 7'S of 31.8 = 1.1 (6.3 o).

a0 and Ao(X[ ).

the galactic plane at a different local geometry and time
during the year, making it unlikely that some unidentified
detector, reconstruction, or atmospheric effect is causing
the observed anisotropy.
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5 Independent Test of the Result

To cross-check the validity of the previous results, an inde-
pendent data set is needed. The selection presented in sec-
tion 2 aims to select only high-quality events. In particular,
the FidFoV cut is needed to ensure that the distribution of
selected events covers the expected range of X;,,x values
with an unbiased acceptance. The events rejected by the
FidFoV cut are still high-quality and perfectly well recon-
structed. In this section, a second data set is built from the
events removed in this FidFoV cut to form an out-FidFoV
data set which is 82.9 % as large as the data set already
used in this analysis, the in-FidFoV data set.

Figure 11 represents the X, acceptance of this out-
FidFoV data set in different energy ranges. For all en-
ergies, the efficiency maximized for low Xp,,x values and
decreases as X,.x increases. Indeed, without the FidFoV
selection, deep showers tend to be under-represented [6].
Thus, the new data set is made out of shallower X.x
events. As consequence, the (Xj,x) distribution of the new
data set is on average 10 g/cm? shallower. Despite this
bias, if the difference between on- and off-plane is astro-
physical, it should also appear in the out-FidFoV data set.

To test this hypothesis, this new data set is divided
into on- and off-plane samples using the Ey, = 1087 eV,
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Figure 11: Top panel: acceptance for out-FidFoV data set
split in 0.11og,,(E/eV) energy bins. The energy in the
legend is the lower energy edge of the bin, excepting 19.7
which corresponds to log(E/eV) > 19.7. Lower panel: the
Xmax distribution of events for the full energy range.

bgpiic = 30° splitting determined by the scan. The resulting
on/off distributions show a somewhat smaller A(X,.x) of
~5g/cm?, which is only 55 % of what was obtained with
the in-FidFoV data set. The AD-test returns a 7S = 1.8.
The post-trial significance of this test is re-evaluated with
the method in section 3, using two million randomized MC
trials generated from the out-FidFoV data set. The cor-
responding 7'S distribution is represented by the orange
histogram in Figure 12. The red dashed line depicts the
AD-test obtained for the data set. The corresponding sig-
nificance is ~2.20, which gives a probability of 0.03 that
this would result from an isotropic sky. The significance
seen in this sample is, therefore, much lower than with the
in-FidFoV data set.
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Figure 12: Anderson-Darling test from randomized skies

(orange) and from forward folding (blue) for the out-

FidFoV data set. The red dashed line indicates the value

obtained for data in the on/off test.

The lower significance of the out-FidFoV sample begs
the question, why is there such a large difference between
the in-FidFoV and out-FidFoV data sets? The bottom
panel of Figure 11 shows the distribution of Xp,x values
from events. Clearly the bulk of the distribution lies in a

region where the acceptance is decreasing quickly. It is
possible that this could reduce the sensitivity to a differ-
ence in composition. To test this hypothesis, two million
mock data sets have been generated from the on- and oft-
plane Xp.x distributions of the in-FidFoV data set. The
non-flat acceptance and lower X,x resolution of the out-
FidFoV data set has then been forward folded onto these
samples to create out-FidFoV mock data sets which as-
sume the difference in-FidFoV is real. The AD-test is then
computed for each mock data set. The blue histogram rep-
resents the corresponding 7'S distribution. It peaks ex-
actly at the value observed with the out-FidFoV data set,
showing that the out-FidFoV is indeed less sensitive to
the tested anisotropy. Overall, the independent test with
the out-FidFoV shows that the on/off separation is present
in both data sets, and that the difference seen in the out-
FidFoV sample is consistent with the magnitude of the dif-
ference seen in the in-FidFoV sample.

6 Mapping the UHECR sky in composition

To aid interpretation of the latitude-dependent difference
in composition, a test statistic quantifying the relative
difference in Xj.x between different parts of the sky is
mapped in Figure 13, for UHECR primaries with £ >
10'87eV. To produce this map from the in-FidFoV data
set, first the requirement E > 10'87 eV is imposed. Then,
because small portions of the sky are analysed, in contrast
to the on/off study, each event has its B, R, and A corrected
for based on its arriving declination instead of its arriv-
ing galactic latitude. This is because local geometry has
a time-independent relationship with arrival declination.
This means B, R, and A can be corrected equally well for
each direction in the sky*.

At this point, a top-hat sampling is used to collect all
events with arrival directions within 30° of a point (¢, b)
into an in-hat sample. All other events are placed in an
out-hat sample. The distributions of X}, for the in-hat
and out-hat samples are then compared using Welch’s t-
test [25]:

(Xin y — (xpou

TS = ,
o (i) VAR« (o () VR

3)

where N and N are the event counts for the in- and out-
hat samples respectively®. This procedure is repeated for
top-hats centered on each point in a 5° by 5° galactic lati-
tude and longitude grid. The result is shown in Figure 13,
which illustrates the relative composition of UHECRs with
E > 10'87 eV arriving from each point in the sky.

In Figure 13, positive 7S values (red) indicate that
events within 30° of that point have a lighter mean mass
than the rest of the sky. Negative values (blue) indicate
that events within 30° of that point have a heavier mean
mass than the rest of the sky. An excess of heavy particles

*Using declination-dependent corrections changes the on/off com-
parison only by +0.1 g/cm? and increases systematic uncertainties.

YBecause Welch’s t-test considers event statistics, the FD arrival
direction-dependent exposure is naturally treated through its use.
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Figure 13: Sky map of comic ray composition for E > 10'37 eV

within 30° of the galactic plane is visible. This can not
be due to detector systematics as they would be declina-
tion dependent and appear as radial patterns centered on
¢ = =57°,b = =27° due to the geographic location of the
Observatory.

7 Conclusions and Outlook

There is an apparent difference in the mean mass of pri-
maries with energies greater than 10'87 eV that arrive from
within 30° of the galactic plane. This has been observed at
least at the 3.3 o level in the standard hybrid data set used
for X.x-based composition analyses. It has now been
independently confirmed with an additional 2.1 o signifi-
cance in a second hybrid data set formed from high quality
events cut by a selection aimed at reducing the bias caused
by the Xma.x-dependent event acceptance. The combined
significance of these two results has not yet been evalu-
ated. Further tests of the on-/off-plane difference are being
planned using analyses of data from the SD and will be
reported elsewhere.

Currently, this result should be considered to primar-
ily provide a new verification of a mixed composition
above the ankle as it is clear no such difference could
be observed in a flux with a single mass component.
Though the analysis provides a possible indication that
the galactic magnetic field may have an observable im-
pact on mass-dependent anisotropies, the result found in
this analysis does not necessarily support a causal rela-
tionship with galactic structures. The differing horizons of
different nuclear species at a given energy could also re-
sult in composition-dependent anisotropic patterns [26]. It
is important, however, to note there is significant tension
with models [27]. Alternative scenarios are being explored
along these lines of thought.
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