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A rather simplified summary of motivation

e Primary UHECR composition generally appears to be mixed in nature and gets heavier with
increasing energy.
— CR primaries arriving with the same energy have different rigidities.
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A rather simplified summary of motivation

e Primary UHECR composition generally appears to be mixed in nature and gets heavier with increasing
energy.
— CR primaries arriving with the same energy have different rigidities.

e The UHECR flux is definitely anisotropic above 8 EeV
— Magnetic fields will distort injection anisotropies differently for each mass component.

e The strongest magnetic field affecting locally observed flux is the GMF.
— Distortion effects strongest for trajectories near to the galactic plane, weakest away from it.

e Possible effects admittedly highly complex and dependent on coherent/turbulent B-field strengths,
primary composition profile, and external source distribution;

— however, possibility exists for anisotropy which depends on composition which correlates GMF and

therefore the Galactic plane.



How to test? Measure UHECR mass on and off plane

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xnax, to test!
— Measured via the hybrid method outlined in (A. Aab et al. 2014) and (Yushkov 2020)



1. Measuring X,ax at the Pierre Auger Observatory
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The Observatory (Aab et al. 2015)
e FD: 27 fluorescence telescopes
e SD: 1660 water-Cherenkov detectors

e Hybrid measurement concept:
— Core timing/location with SD
— Geometry with FD pixel trace
— Energy and Xax from FD light profile

Event X,.x values obtained using:
the reconstruction, selection, and methods
from (Yushkov 2020) on hybrid data
collected between 01.12.2004-31.12.2018

- see backup for details -




Step-by-step testing method

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xmax, to test!
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Step-by-step testing method

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xmax, to test!
— Measured via the hybrid method outlined in (A. Aab et al. 2014) and (Yushkov 2020)

2. Define the on- and off-plane regions using some Galactic latitude splitting angle by
On-plane: | bj |< bepiic  Off-plane: | bj |> bgpiit

3. Obtain a Test Statistic comparing the on- and off-plane Xmax distributions using
the Anderson-Darling 2-Sample test (Anderson and Darling 1952)

4. Perform a scan over roughly 50 % of the data to select E,, and by prescription.



Data scan and prescription

Data-driven selection of energy and latitude thresholds
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Step-by-step testing method

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xmax, to test!
— Measured via the hybrid method outlined in (A. Aab et al. 2014) and (Yushkov 2020)

2. Remove the Xmnax elongation rate so events over a threshold energy, E,in, can be combined

3. Define the on- and off-plane regions using some Galactic latitude splitting angle bgp;
On-plane: | bj |< beiie  Off-plane: | bj |> bgpiit

4. Obtain a Test Statistic comparing the on- and off-plane Xmax distributions using
the Anderson-Darling 2-Sample test (Anderson and Darling 1952)

5. Perform a scan over roughly 50 % of the data to select Enin and by prescription.

6. Apply the scan selected thresholds as a prescription to remaining data



Composition Plots
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Composition Plots
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On- and off-plane X,.x difference in remaining data
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Step-by-step testing method

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xmax, to test!
— Measured via the hybrid method outlined in (A. Aab et al. 2014) and (Yushkov 2020)

2. Remove the Xmnax elongation rate so events over a threshold energy, E,in, can be combined

3. Define the on- and off-plane regions using some Galactic latitude splitting angle bgp;

On-plane: | bj |< beiie  Off-plane: | bj |> bgpiit

4. Obtain a Test Statistic comparing the on- and off-plane Xmax distributions using
the Anderson-Darling 2-Sample test (Anderson and Darling 1952)

5. Perform a scan over roughly 50 % of the data to select Enin and by prescription.
6. Apply the scan selected thresholds as a prescription to remaining data

7. Calculate statistical significance using Monte-Carlo and random skies



Statistical significance calculation

Statistical significance is calculated by duplicating the analysis on many random skies
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Step-by-step testing method

1. Use the composition sensitivity of the atmospheric depth of shower maximum, Xmax, to test!
— Measured via the hybrid method outlined in (A. Aab et al. 2014) and (Yushkov 2020)

2. Remove the Xmnax elongation rate so events over a threshold energy, E,in, can be combined

3. Define the on- and off-plane regions using some Galactic latitude splitting angle bgp;

On-plane: | bj |< beiie  Off-plane: | bj |> bgpiit

4. Obtain a Test Statistic comparing the on- and off-plane Xmax distributions using
the Anderson-Darling 2-Sample test (Anderson and Darling 1952)

5. Perform a scan over roughly 50 % of the data to select Enin and by prescription.
6. Apply the scan selected thresholds as a prescription to remaining data
7. Calculate statistical significance using Monte-Carlo and random skies

8. Evaluate systematic uncertainties and their effects on result significance



Sources of systematic uncertainty
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Significance considering systematic uncertainties

Observed differences much larger than systematics
e Observed A(X/.,)(Off-On) is 4.1 times larger

than its systematic uncertainty

e Observed Ao (X;,..)(Off-On) is 2.4 times larger
than its systematic uncertainty

At least 3.3 0 with systematic effects
taken as the resultant confidence level.
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Significance considering systematic uncertainties

Observed differences much larger than systematics

e Observed A(X/.,)(Off-On) is 4.1 times larger
than its systematic uncertainty

e Observed Ao (X;,..)(Off-On) is 2.4 times larger
than its systematic uncertainty

Check for possibility of systematics increasing
probability for a large fluctuation:

e Probability estimated by shifting random skies by
the systematic uncertainty to increase occurrence
rate of extreme results

At least 3.3 o with systematic effects
taken as the resultant confidence level.
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Cross checks: results by FD Site and Zenith angle
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Cross checks: results by FD Site and Zenith angle
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Independent cross-check on unused FD data

Independent test result on new data needed

e AugerPrime promises to deliver sensitivity and statistics
to solidify or clarify nature of FD signal
e SD-only DNN may meet required sensitivity, and is

under review for event-by-event anisotropy studies

= FD data that was cut from highest-quality Xmax
analysis immediately available
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Independent cross-check on unused FD data

Table 1: lity Selecti
Independent test result on new data needed able 1: Quality Selection

e AugerPrime promises to deliver sensitivity and statistics ~ Cut name N Eff [%]
to solidify or clarify nature of FD signal Raw events 1.24e+7 -

e SD-only DNN may meet required sensitivity, and is Data qualit.y . 2646577 21.3
under review for event-by-event anisotropy studies Atmospheric Quality 1687395 63.8

Reconstruction /trigger quality | 426729 25.3
Energy greater than 10'3% eV 25546 6.0
Profile reconstruction quality 14664 57.4
Fiducial field-of-view (FidFoV) 8017 54.6

= FD data that was cut from highest-quality Xmax
analysis immediately available

In the out-FidFoV data
45.4% of high quality events
are available for test
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Independent cross-check on unused FD data

Table 1: Quality Selection
Independent test result on new data needed

e AugerPrime promises to deliver sensitivity and statistics . 0o N Eff [%]
to solidify or clarify nature of FD signal Raw events 124e+7 -

e SD-only DNN may meet required sensitivity, and is Data quality 2646577 21.3
under review for event-by-event anisotropy studies Atmospheric Quality 1687395 63.8
= FD data that was cut from highest-quality Xmax Reconstruction/trigger quality 426729 253
analysis immediately available Energy greater than 10" eV 25546 6.0
Profile reconstruction quality 14664 57.4
Solution: use opposite selection of FidFoV cut, Fiducial field-of-view (FidFoV) 8017 54.6

out-FidFoV, to form an independent data sample

e Individual events satisfy all quality cuts on measurement In the out-FidFoV data

45.4 % of high quality events
= Xmax acceptance in out-FidFoV is not flat over range of are available for test

observed events — needs to be considered

and reconstruction quality — are well suited to the test

11



Independent cross-check on unused FD data

On/Off analysis of out-FidFoV dataset out FidFoV
e Out-FidFoV shows a A(Xmax) of ~ 5g/cm? 106] —on / off est (1p-28¢:02)
Simulations
e Anderson-Darling test rejects uniform composition at 2.2 ¢ HIbata
105,
= Question: is lower result in tension with main result, or
due to decreased sensitivity of out-FidFoV data? £ 10%4
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Independent cross-check on unused FD data

On/Off analysis of out-FidFoV dataset
o Out-FidFoV shows a A(Xmax) of ~ 5g/cm?
e Anderson-Darling test rejects uniform composition at 2.2 ¢

= Question: is lower result in tension with main result, or
due to decreased sensitivity of out-FidFoV data?

Evaluating the effects of out-FidFoV acceptance/resolution

1. Generate many mock datasets based on a A(Xnax) of
9.1g/cm? and A (Xmax) of 5.9 g/cm?

2. Forward fold the non-flat X.x acceptance and lower
resolution of the out-FidFoV dataset onto the mocks

3. Test resulting distributions with AD test and compare with
out-FidFoV result
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Independent cross-check on unused FD data

On/Off analysis of out-FidFoV dataset
e Out-FidFoV shows a A(Xmax) of ~ 5g/cm?
e Anderson-Darling test rejects uniform composition at 2.2 o

= Question: is lower result in tension with main result, or
due to decreased sensitivity of out-FidFoV data?

Evaluating the effects of out-FidFoV acceptance/resolution

1. Generate many mock datasets based on a A(Xmax) of
9.1g/cm? and Ac (Xmax) of 5.9g/cm?

2. Forward fold the non-flat Xnax acceptance and lower
resolution of the out-FidFoV dataset onto the mocks

3. Test resulting distributions with AD test and compare
with out-FidFoV result

out FidFoV

UHECR
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out-FidFoV Result near peak
~38 % of tests have lower TS
Lends support to main result
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Composition Sky Map

Map compares (X,.x) of events
within 30° of each bin to
the rest of the sky

Red: lower mass than rest of sky
Blue: higher mass than rest of sky

e TS is Welch's T-Test applied to in-
and out-of-hat X/, distribution

e Detector/analysis effects corrected for
by event arrival declination
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Discussion

e Verifies mixed composition above the ankle.
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Discussion

e Verifies mixed composition above the ankle.
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Discussion

e Verifies mixed composition above the ankle.
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Discussion

e Verifies mixed composition above the ankle.

e Suggests GMF could cause composition anisotropies;
however...

e An unrelated anisotropy may have instead been captured by
serendipitous use of the Galactic plane as a catalog:

— Mass-dependent propagation effects can create
composition anisotropies (N. Globus et al. 2008; Ding,
Globus, and Farrar. 2021)

— However magnitude of difference is in significant tension
with current models (Allard et al. 2021)

e Due to impending changes to our Xnax reconstruction
and atmospheric corrections, results are preliminary
— New FD Xnax publication in preparation

— This result will be fully published in parallel
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Potential effects of the GMF on a mixed UHECR flux

e (Erdmann et al. 2016) showed definite transition from
diffusive to ballistic propagation in GMF around 6 EV

e (Farrar and Sutherland 2019) showed GMF obscures sources
and lenses their images off the plane

e (Farrar 2014) showed effect where images of off-plane
sources are lensed toward the plane

e Effect depends on primary rigidity:
— no effect particles with R < 6 EV
— deflection starts around R = 6 EV
— weakens for higher rigidity particles

e UHECR composition mixed, therefore as energy climbs:
— effect starts then weakens for lightest primaries
— kicks in for progressively heavier components bringing
them to the plane as UHECR point to sources

R=10"°V

(Farrar and Sutherland 2019)

10

R=10"0V
-7 s

T R=10"°V

—
-15 -0 -05 [ 0.5 1.0 L5
Logio Magnification

Relative magnification based on source position

— . .

(Farrar 2014)

Lensing of off-plane sources — proton 10 EeV
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Composition Sky Map - RA/Dec

UHECR

Map compares (X.x) of events X

within 30° of each bin to ) 60

the rest of the sky &

=]
S |
Red: lower mass than rest of sky E & a4 A e o L y
Blue: higher mass than rest of sky g .
e TS is Welch's T-Test applied to in- B e
and out-of-hat X/, distribution =20
Right Ascension
e Detector/analysis effects corrected for —4 - o ..4-

0
by event arrival declination Heavier = TS = Lighter
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Removal of X,,.x elongation rate

(Xmax) [g/em?)
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29

X = Xonax — (649 +63.110g,0 (Erec/ EeV) + 1.97 10gyg (Erec/ EeV)Z)

EPOS-LHC elongation rate for iron

Choice of hadronic model has insignificant influence on end result (x~ 0.02 g/cm?)
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Motivating mass dependent anisotropies

e (Erdmann et al. 2016) showed transition from diffusive
to ballistic propagation in the GMF around 4 - 6 EV H
using both JF12 (Jansson and G. R. Farrar 2012) and

PTK11 (Pshirkov et al. 2011)

R /EV

(Erdmann et al. 2016)
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Motivating mass dependent anisotropies

e (Erdmann et al. 2016) showed transition from diffusive to
ballistic propagation in the GMF around 4 - 6 EV using both
JF12 (Jansson and G. R. Farrar 2012) and PTK11 (Pshirkov

et al. 2011)

e Threshold dependence on Galactic latitude of CR

-150° -

oy / deg

19.5°

120° -90° -60° 30° 60° 90° 120° 150°

—-19.5°

60

JF12
A North
= Disk
v South

0 H H L
0.1 1 10 100
R /EV

(Erdmann et al. 2016) 20



Motivating mass dependent anisotropies

e (Erdmann et al. 2016) showed transition from diffusive to
ballistic propagation in the GMF around 4 - 6 EV using both
JF12 (Jansson and G. R. Farrar 2012) and PTK11 (Pshirkov
et al. 2011)

e Threshold dependence on Galactic latitude of CR

e At fixed energy above this limit:
High mass — diffusive — isotropic arrival
Low mass — ballistic — preserve some source anisotropy

19.5°

°  60° 90° 120° 150°

J —19.5°

60

JF12
A North
= Disk
v South

oy / deg

0.1 1 10 100
R/EV

(Erdmann et al. 2016) 20



Motivating mass dependent anisotropies

19.5°
e (Erdmann et al. 2016) showed transition from diffusive to .

ballistic propagation in the GMF around 4 - 6 EV using both s sk
JF12 (Jansson and G. R. Farrar 2012) and PTK11 (Pshirkov

et al. 2011)

—-19.5°

These give rise to the possibility of mass dependent anisotropies in the UHECR

flux associated with GMF.
¥ South

High mass — diffusive — isotropic arrival
Low mass — ballistic — preserve some source anisotropy

oy / deg
=
€. .-
Lfik;_ %
.
P

e Differing horizon of each primary species introduces
potential of differing source distributions (N. Globus :
0
0.1 1 10 100

et al. 2008) )
R/ EV

(Erdmann et al. 2016) 20



Field of View and X,,., Acceptance

T T
(A) : R =5.5km (B) : R = 9%km (C) : R = 11.5km 3 ] 0 YN
=2 O=7 6=3¢ o S ay A. Aab et al. 2014
¢ =180 9= -180 ® =180 z I I (A. Aab et al. 2014)
£ I i
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Xmax must be in FoV to pass quality cuts
Geometry determines which X, values will be measured.
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Fiducial FoV Cuts

(A. Aab et al. 2014)

Distributions biased when w0 [ [ data
fid fid
Xlow < Xiow or FoV top Xup > Xup " 1
E
(A. Aab et al. 2014) g 20 b
] b X ]
* Xup 1 10 | ]
ft 1
--- A<5g/m? 1 iLs
1 L L L s L : L L L L
© 18.1t0 18.21g E/eV | o
< I 1 ] = 12
b =]
Ei G
58 Y 08
é 0.6
g
204
9
< 0.2
0
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f eld of view boundary [g/cm?] X [g/cmz}

Fiducial cut flattens X,,.« acceptance for the majority of selected events.
Events with non-flat acceptance up-weighted via acceptance parameterization
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Selection and detector X;,,x acceptance On/Off-plane

Xmax acceptance of on- and off-plane probed with
Sibyll-2.3c CONEX showers (p, Fe) with the profile
shifted so that Xmax€ [300,1500] g/cm? is sampled evenly

Acceptance [au]

e Detector simulations account for time dependent state -

of the detector 3
T
. S -
e On- and off-regions corrected separately 2
e
— weighting method from 2014 PRD employed ol
(A Aab et al. 2014) 020 02040608 1 12141616 020 02040608 1 12141616
Energy Ig[E/EeV] Energy Ig[E/EeV]
e 1.4% events in data have less than full acceptance P T
ok 3
Detector and selection acceptance agree well within T o E
é —\Ll'xTi'V{{II bf
uncertainties S (TET T THIT
< ook 3
840F E solf E
o 3
‘0.26 0204 D‘E D‘E i 1‘2 1‘4 1‘6 1,‘5 ‘O‘Zl‘) 0204 0‘6 0,‘8 ‘1 1‘,2 1,‘4 1‘,6 1.‘3
Energy Ig[E/EeV] Energy Ig[E/EeV]
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Xmax Resolution and Systematic Uncertainties

T Systematic uncertainties from
(&) . .
)] the atmosphere, FD calibration
c
% reconstruction and detector
3 are summed for systematic
©
% error of the moments
€
<
(A. Aab et al. 2014)
108 109 109 is o 1'];1;[6(?) —j Standa:d-F]t?
Enagy [ev] "\t‘ calibration reconstruction
S 10feensl atmosphere —— quadratic sum
Xmax Resolution R T
g s
E 000000000 000
Effects from the g °
&
atmosphere and the detector q= L
are combined into the Xpax O] e
resolution to correct the o750 i85 190 195 200

i 1 i 1g(E/e
Xmax distributions. g(E/eV)

Systematic uncertainty of Xmax scale
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Xmax Reconstruction bias and resolution On/Off-plane

Xmax rec. bias and resolution on- and

. 180F TIgE=[1881d9) §  200F TIgE=[16'8,18.9) 3
off-plane probed with 4-component (H, T160F PeTes 4 FE TR PR
. o 1405 =141£03 o 1608 =136103
He, N, Fe) Sibyll-2.3c CONEX showers £ 1200 onidie £ 1400 omRe=0% 4
3 1005 —a=217+0.10 3 120F —a=211%009
[S R f=073+005 O 1008 f=071£006 3
. . . B 80 0,=159 B sk 0,155 E
e Detector simulations account for time £ 60 0,=73 £ sk 0,=73 3
T 40 D 400 3
dependent state of the detector 2 0 iz 3
. ) 0085760 40 200 20 40 60 80 100 1008060 40 20 0 20 40 60 80 100
e Components reweighed to (Bellido A X e (FD-MC) A X e (FD-MC)
2018) mass fractions by energy On plane Off plane
2rry T ; dff T 7 |
e Event-by-event comparison of o« | on E E
£ B ]
5 - All Sky i E
reconstructed Xmax to MC truth ? Obxciuded . 1 ]
+ q ]
e On- and off-regions each corrected %xé 1% 3
: Anf Y 6L 1 &'z 10- B
by their energy parameterization oS ] EXE : ]
B - 1 % & E
Reconstruction bias and resolution agree 05502 040608 1 12 14 16 0020702040608 T 151416

well within uncertainties Energy Ig[E/EeV]
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Systematic Error Summary from (A. Aab et al.

Error Source Ref. ‘

18.41g(E/eV)

(Xmax) Error [g/cm?]
19.6Ig(E/eV)

Applies to comparative analysis?

Detector Calibration ~ +3

SD-FD Timing Offset < E2 no: applies to all events

Pixel Calibration < +1 yes: Eye-to-Eye differences
Telescope Alignment < +£1 yes: Eye-to-Eye differences
Reconstruction ) )

Reconstruction Bias 0 yes: sky region differences

Profile Fit Function +4 no: applies to all events

Lateral Width Correction a0 v no: On/Off Plane geometric similarity
Atmosphere gl LS

Fluorescence yield +0.4 no: applies to all events

Multiple Scattering < £2 no: On/Off Plane geometric similarity
VAOD Systematics +1.6 =2 i | variati f VAOD
VAOD Uniformity 108 £37 yes: seasonal variation o

VAOD Normalization +2.5 +6.5

Other Sy

Xmax Acceptance < ET5 yes: sky region differences

Invisible energy < +1.2 no: applies to all events

Total from dedicated studies g T g T see below
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Systematic Error Summary b

UHECR

T T T T T
Acc. Error AP - M) Acc. Error A(C_-0,
Permutations on o Permutations o o)
S Uncertainty [g/cm?]
Siltes A<)(ma><> Ao (Xmax)
Xmax Acceptance = 237 I I L
L L L L L
Rec. Bias +0.36 +0.01 T T T T T T
4178 Rec. Bias Error A(uOn- uo“) Det. Res. Error A(Uo"- Ooyr)
A . Permutations Permutations
Rec. Resolution 0 To.08
By +1.00 +1.19
Seasonal variation i3 Ti
Instrumentation +1.41 +1.41
g +2.10 +3.49
Sum in Quadrature o YT ﬂ
. , ) . , ,
-2 0 2 -2 2
Changein ADXmax ([g/cm?] Changein Aa( Xmax) [g/cm?]

Changes to the magnitude of the end result using a
permutation of all parameterization errors
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Systematic Error Summary

3; -- b x30° — b >30° = AXmax[J
& E
E i ST -
g F
. B oo
S Uncertainty [g/cm?] Eg
ource A<)<ma><> Ao (Xmax) X F
_2;
+1.14 +2.37 E
Xmax Acceptance —0.71 ~1.61 0 %0 000 o h260 0300 30
. Day of the Year
Rec. Bias +0.36 +0.01 _
q +1.78 3 -- bE3  — D3I —A0(Xma)
Rec. Resolution 0 0.2 T N
. +1.00 +1.19 >
Seasonal variation | T Rk 5
- =
Instrumentation +1.41 +1.41 5
- 12.10 13.49 B
Sum in Quadrature YY) a8 2
E ‘ ‘ ‘ ‘ | ‘

150 200
Day of the Year

Observed variation of the first two moments of the on- and
off-plane Xmax distributions weighted by exposure.
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Systematic Error Summary

5 Uncertainty [g/cm?]
ource
A(Xmax) Ao (Xmax) Comaamaite] 8e2 ' " [ Canuco ECm

Xmax Acceptance t}]‘% ti%’l Bor s Bor
Rec. Bias +0.36 +0.01
Rec. Resolution 0 e
Seasonal variation +11.003 +114 1293 o Dl!fefa\oe?nveccnsuucleldami(g/oeriaecpm?mev) [g/em?] e

. —ie o Site events Off — On plane bias
Instrumentation +1.41 +1.41 (Kmat) & (Xomax)
Sum in Quadrature | 5% iy [L 167 | 08+37 —32%25

LM 181 |-1.14+3.7 —1.0£25
LA 198 |—-0.1+3.2 40.7+2.2
CO 230 [3.0£31 —25+21

Comparisons of on- and off-plane Xmax reconstructions
between FD-sites using stereo events.
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Backup Xpnax Drift and On/Off Signal

Energy normalized FidFoV Xmax on- and off-plane plotted separately vs time.
e Points are sets of 10 events
e Lines are cumulative means
e Solid fill is the running average over surrounding 40 events

90 ]
£ on: N=1466 7

— 80 Off:N=1466
Q £ !
g = !
70— —

> F B
& eof— =
ﬁ = B
L 50— -
\ £ !
8 C 7

ﬁs a0 =
SOi On == Cumulative E] 40 Event Running j

£ off == cumulative [J 40 Event Running

= . R R 1]

P RS Nt P L
12/09 1211 1213 1215 1217 1219
Date[Year]

P I
12/05 12/07

Both On and Off separately display a similar trend to those seen in other studies
No apparent affect on result. 28



Backup - Test Statistic

Zi = X,’,'f,:;m = Xmaxi — EPOSFE(Ei)

Anderson-Darling 2 Sample Homogeneity Test n size of pooled sample
) 2
n—1 1 (nFij — niH;) n; size of sample i
TSap = =) h— i ' :
n? ; n; J; Hj (n — Hj) — Znhj

z; the value of the j* event in the combined
data set ordered from smallest value to largest

h; is number of events in the pooled sample with

Modification to add sensitivity to distribution a value equal to z;
ordering ) ]
H; is number of events in the pooled sample
. fF
TS = {TSAD FXmg ) <X i with a value less than zj + 1h;
-3 : else

Fi;i is number of events in the i sample with a
value less than z; + %hj
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Measuring X, ax: geometry reconstruction
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Measuring X,.x: Shower Profile Reconstruction
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