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" Introduction: AERA at the Pierre Auger Observatory ¢

©
LiorTer

Auger Engineering Radio Array Fluorescence WCD+SSD
e 153 autonomous radio antennas x 27 +Radio(RD)

* Dense Phase-| grid of LPDA-type antennas x 1660
* Large Phase-ll grid of Butterfly-type antennas
* Energy range: 1017-101° eV
* Frequency range: 30-80 MHz
* A decade of data for long-term calibration

e >2000 high quality events over 7 years for mass AERA stations
g Phase | German
composition = Phase | Dutch Lt
L, . . ® Phase Il German

* Beacon system for nanosecond timing calibration: 20001 @ Phase Il Dutch e o o o o
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Overview — ”on energy and mass”

Xmax from Xmax from
the radio footprint radio interferometry

Radio as a stable
calibration source for
(multi-)hybrid detectors

Ve(tical showers Inglined alr showers
e (AERA) 4~ (AERA & RD) za

Mass composition with
WCD(muon) + Radio(em)

1~ (AERA & RD) #a

—> See Marvin Gottowik’s poster! (AERA) w7
—> See J6rg Hérandel’s poster! (RD) o
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Long-term calibration and the
stabllity of the radio signal

Motivation

* Absolute calibration provides a stable
scale for cosmic ray energy.

* CR detectors usually suffer from ageing
(dust accumulation, PMT ageing, ...).
—> Radio does not age (as will be shown)
—> Radio can reduce systematic
uncertainty on CR energy scale.

Sky temperature @50MHz
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Method: measurements vs expected power

e Expected power from model (one is shown here)

* Measured power (after RFI cleaning) Prodel(t, V) = Psgy (t, V)G ant (V) Grov (v) C2(v) + Niot (V)
* Fit expected vs measured power at each frequency: * Independent linear fit for each frequency band
e (o = calibration constant
* Nt = background noise %
1801 PRELIMINARY
~ 160 70
Z 75 1805 T 140 T
& anl L T 60 =
> T0E 1605 = 120 =
65§ 1w 2 9
60E A« = 100 qC)
: =120 ~ - 50 2
S5E 5 o
50 © e
45 B0 = 60
40 Channel 60 Channel 0
35 North-South North-South 40 = North-South
3004 6 8101214161820222:0 2 4 6 8 10 12 14 16 18 20 22 24 20 - - 30
Local Sidereal Time [h] Local sidereal time [h] 20 40 60 80 100 120 140 160 180

Expected power Psy, [pW]
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e Galactic calibration agrees with lab calibration
* Averaged over frequency, — L per station, per month, over a decade:
Lo = N, Z Co®) 153 12 10
 The , central, and highest sky models are shown
 Range between distribution: systematic uncertainty. 1200 PRELIMINARY
b & F . ‘
 Width of each distribution: statistical spread 'é’ } — LFmap Butterfly stations
- [ = SSM North-South
. -~ - l(m» — ULSA
Station (channel) Co L0Oostar £ Ogyst | 0 Average
Butterfly (East-West) 1.08 &+ 0.05 £ 0.05 ‘
Butterfly (North-South) 1.04 & 0.04 £ 0.06 3(,0:
LPDA (East-West) 1.01 &£ 0.07 £ 0.06 !
LPDA (North-South) 1.01 + 0.04 + 0.06 j
600}
} b

Compatible with 1 :
“Lab-measured signal chain is well-understood” 400)
200/

O() N 09 1.1 1.2 1.3
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Calibration shows no ageing
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 Evolution over time? — no: single station example

1.3 = . . -

' 26 H_ Example: CO, averaged over frequency. Per month, for a single Butterfly-type station NORTH-SOUTH | Seasonal modulation is an
— ‘; understood method
- 12 | artefact, due to varying
O = noise background
= 115} ~ o |
/c\ | 1 E - . ~ - » . ® - l
O 10sE—* °.® > / A 4t / |
—— : — (L
B (Co(t)) moqel = Acos (5t' + @) + at’ + b ,
055 N g
i - Monns Aging PRELIMINARY]
09 . 1 L A iy e
FEI P LEST I I LI T I I LTI FILETIIISLEST I I LTSI LS
2015 2016 2017 2018 2019
2014 2020
* All data together: per station type and antenna arm:
Station (channel) Aging per decade (%)
Butterfly (East-West) 0.28 4 (.82
Butterfly (North-South) —0.14 £ 0.76
LPDA (East-West) —-1.7+1.7
LPDA (North-South) —214+16

e (Combined: -0.32 + 0.51 % per decade (on both measured radio signal and on cosmic ray energy)

“Compatible with no ageing”

“Radio can function as a calibrator for other detectors (FD, WCD, ...)

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024 5
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Xmax from the radio footprint

e Phys. Rev. Lett. 132, 021001 (2024):
O Demonstrating compatibility Fluorescence and Radio Xmax

e Phys. Rev. D 109, 022002 (2024):
Method and detailed results of AERA Xmax
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Reconstructing Xmax from the radio footprint

AUGER
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Proton Iron * Xmax [@/cm?]: column depth where Extensive Air Shower is maximally developed.
Column depth —> Xmax depends on mass (particle type)
0 g/cm? e Shape of radio footprint changes with Xmax —> Radio footprint is probe for Xmax.

* Method: simulation-template fitting + many anti-bias corrections and checks *

X = Z (U(lntn -5 U-%im(Ar('ur(* Sllift))
AERA Stations / Uudat;\

Energy density footprint = Dedicated set of p and Fe
600 g/cm? f(Direction, Energy, particle mass) simulations per measured shower
'E 600
cc) : E ¢ I < E <
700 g/cm2¢ e e 000000 . E 200 __ %—xg::{gg: :g éz ém g P— 0 & .
- BB | s
= of 2 AR L
> E e e :
€ oonl S -
ne =200 e
®) B
=y % = E
- 9-400 |
Q o E
5 § a [
§ 3 600 14 Schuiz - Cosmic Raciation ||| g
3 -600 -400 -200 0 200 400 600
9
2 osition in VxB-direction [m
1200g/cm® | O o0 F e g [0 A0 FF P m]

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024 7



mailto:b.pont@science.ru.nl

Radboud University § %

%

E

o
g 5
4’0

Xmax resolution

“L + >/ - == Auger FD (HEAT)
¢ = v e Auger FD
. } ovel Ution obtained ¢ | 50 = —— Parameterized fit
vent-level resolution obtained from reconstruction : & Median of bins (o)
Resolution improves with energy. 40 -
e Up to ‘better than 15 g/cm?" ~
* Trend driven by low SNR at low energy. S ~ O
3304 Y 8=
'_>'< S ~ 2k Low-energy FD extension
Resolution competitive with e.g.: e hs iy
* Auger fluorescence S - LN AT Auger Fluorescence
arXiv:1409.4809] I B == Tt
- LOFAR P 00 TTmmeealll
o LOFAR radio (E=10168...183gV) D 1 -1
arXiv:2103.12549v2] 1 —
10 Auger Radio
o 1018 101°

Energy [eV]
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Event-by-event FD vs AERA Xmax
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Auger has unique Radio-Fluorescence setup:
* Xmax Of 83 hybrid-showers with AERA and FD (Are independent observations!)
* No significant bias radio Xmax W.r.t. fluorescence Xmax.

Provides independent checks on:
- Xmax reconstruction methods

- shower physics (AERA and FD probe different aspects)

wp=-3.9+112 \Iilvelfrgr]rzted K[))E of data e
. 204 0,=58.8+5.8 DML, b 7
E Note: spread compatible q) data (iob) 900~ //
Al with combined AERA and :
(@) FD resolutions
o : & ,
< 7/
s 15+ : — 800 - PCro—
O 1 E /7
e I . g O O § V4 O
G;J R ..:o' \ S S O O/,
o % < Iy
2 10- 1\ 5% 700 - 0- Q9T OB O
wn 0 I . §<E OO % O O
5 , % T TS RS
GL) '0 [ 5'3) @
o K ' 8"
c . ' 600 - i i
5 5 - O I //
= N l ‘ R
| 3 7 r=0.338
0 | e p=0.013
O A o = == 1 : Q.' (1) - 500 _{I/ 1 1 T T
_ _q ' ' 500 600 700 800 900
200 100 0 100 200

CrTe®

XAERA _ yFD XD [g/cm?]

max max [g/cmz]
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Distribution AERA Xmax Vs Auger-mix

Radboud University § %

CrTe®

v/

1,
MiNe <

<,

©

‘Mean of Xmax distribution’

1 2 3 4 5 6

'‘Width of Xmax distribution’

1

2 3 4 5 6

‘Xmax distribution in 6 energy bins’

— EPOS-LHC Auger FD (*0stat) Q —_— EPOS-LHC Auger FD (£0stat) 0.010 “ Ig(E) = (17.50 — 17.65) E Ig(E) = (17.65 — 17.80) E Ig(E) = (17.80 — 17.95)
—.. QGSJetll-04 AERA St —.. QGSJetll-04 2 0.008 1 1
800 A - c
r— ,’ r— © |
3
80 ~ © 0.004 -
L Bl . Q
N S FD |
750 7] [~ FD mix
—_— T~ ——— —_ 0.002 -
T T R T Toitat: (A
& F— — == ——— 0.000 - . '
% % 60 - B T 500 600 700 800 900 1000 500 600 700 800 900 1000 500 600 700 800 900 1000
2 700 — % Xmax [9/cm?] Xmax [g/cm?] Xmax [g/cm?]
—~ n > .
3 S 0.010 -
z >§ . Ig(E) = (17.95 — 18.10) Ig(E) = (18.10 — 18.25) Ig(E) > 18.25
< 5 > 0.008 N=74| N=43 | | N=33
40 - 2 0.
©
650 - 2 0.006 A
_____________ 5
|-—-—-—-—-—-—-:—-.-—_--—_--——-H-ﬂ“‘ﬂ_ﬂ_q— 80004_
o
20 A &
600 0.002 -
OOOO - T T T T
500 600 700 800 900 1000 500 600 700 800 900 1000 500 600 700 800 900 1000
017 o '18 o 19 017 n '18 n 19 Xmax [g/cmZ] Xmax [g/cmz] Xmax [g/cmz]
1 10 10 1 10 10

Dl

Energy [eV]

» ~600 showers after quality and anti-bias cuts.
e |n agreement with Auger FD in mean and width.

Energy [eV]

e AD test: AERA vs Auger-mix, (incl. effects of AERA
resolution, acceptance, and reconstruction bias}
—> All energy bins compatible with AugerMix

e Light composition (p-He?) in E=10175eV to E=10185eV range.
* Validation that:

* (1) that we understand our procedure.
e and (2) of compatibility FD and AERA.
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Xmax from the 3d emission region
(with interferometry):

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024 11
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Xmax from Interferometry

Method at ICRC2023 Nanosecond timing is crucial

N\ (o

1) Measure signals 3) Delay the signals and sum them ( o | 1) Apply beacon
” | 2 Eanamanand | | synchronisation

""""" and locate the air

shower axisin a

plane
Q) Scan through space to identify N

AUGER
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No synchronisation Beacon synchronisation \

*0
.

23
84
-

(only three shown in example)

AN

.. " perpendicular 0
T : : initial guess of the

axis. j
\

J

6) Calculate time delay for

L
'
S —
-l L 660664 >
“ 25
LA
P "
- e
* "o
* -89
. .o
-
*
$
-
oo

each antenna to a location tge air shower z (km)  2) Reconstruct air
7 . L shower properties:
1 Space ° g /—Alr shower 12 a) track the axis
R 10 i . r10 b) fit axis with a
N / dX1S f g straight line,
8 . f ¢) find location of
. Location o I 6 maximum of the
§ 6 Coherent - 4 coherent sum
" . . on the axis.
. maximum —2

7 -4
2 ;
| -12.5 .
f (note different scales N °y (km)

0

k J k ~0.2 —o.1xc()‘I((r)n) 01 02 on the x- andz-axis)J K x(km) —7'5_5.0 -8 j
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1:1 comparison to footprint method
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Deep shower example

Shallow shower example Low-quality example

~ P R E L_IM_I N ARY 3) Relate the ]ocation of \ *AERA layout and event geometry not optimal
£ gs0 X O : PRELIMINARY 800 PRELIMINARY
- .‘3 x& maximum from the .
0 _ 0\0 interferometry to the location
g 800 Xrit 9\((\ ' of the maximum of the air 9001 750
QEJ measured shower by generating a
S 750’ conversion line using air 700
& shower simulations. o 8007 o
8 700; g 3,650
5 Legend o o

. | . . > 700 x
§ 050 —— Conversion line 600
5 600 —— Interferometry Method

: : ] 550
'g Verification Method 000
o 550/
S 600 700 800 960 1000 1100 c00 | >00]
\ Depth of Max. Particles X, ., (g/cm2) J 600 700 800 900 1000 1100 12( 600 700 800 900 1000
Xmax g/cm2 Xmax g/cm2

e Similar to footprint method: compare to simulation set per event.
* Generally good agreement. 3 examples shown. Works well at both low and high Xmax.

e Station multiplicity & geometry governs the resolution (spread of points).
—> still needs proper error estimation on fit (for now simple fit uncertainty).

* Proof of concept for the radio upgrade at the Pierre Auger Observatory (1700 detectors, 3000km2). More to come!!

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024 13
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Conclusions

Long-term calibration and the stability of the radio signal
e Absolute calibration shows system is well-understood

e No evolution over a decade —> Radio is a stable reference for hybrid detectors
 Publication in prep.

o Xmax from the radio footprint (LDF):
 Demonstrated FD-AERA compatibility
 Xmax resolution shows competitiveness

Phys. Rev. Lett. 132, 021001 (2024): Demonstrating compatibility Fluorescence and Radio Xmax
Phys. Rev. D 109, 022002 (2024): Method and detailed results of AERA Xmax

Xmax from the 3d emission region (with interferometry):
e (Cross-check of LDF and interferometry method

* Prospects for a 2nd mass composition method with inclined showers (3000km2 Auger RD)

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024
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Backup
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AERA Xmax VS Auger-mix
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e Distributions of reconstructed AERA
Xmax in 6 energy bins
* All energy bins compatible with AugerMix
(optimal for single shift of
)
* Validation that:
* (1) that we understand our procedure.
e and (2) of compatibility FD and AERA.

XAERA _ XFD — _55 gcm™
(Note, hybrid set showed -3.9+71.2)

Probability density

Probability density

0.010 -

O

o

o

oo
|

0.006 -

0.004 -

0.002 -

Ig(E) = (17.50 — 17.65)
N=167

Ig(E) = (17.65 — 17.80)
N=150

0.000

500 600 700 800 900 1000
Xmax [g/sz]

500 600 700 800 900 1000
Xmax [g/sz]

Ig(E) = (17.80 — 17.95)
N=127

FD mix

AERA

0.010 -

0.008 -

0.006 -

0.004 -

0.002 -

Ig(E) = (17.95 — 18.10)
N=74

lg(E) =(18.10 — 18.25)
N=43

0.000

500 600 700 800 900 1000
Xmax [g/sz]

500 600 700 800 900 1000
Xmax [g/sz]

500 600 700 800 900 1000
Xmax [g/sz]

Ig(E) > 18.25
N=33

500 600 700 800 900 1000
Xmax [g/sz]
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i Method: Reconstructing Xmax from the radio footprint

OBSERVATORY

Build upon simulation-template fitting method [Buitink+2016]

e From 7yr of data:
e ~600 high-quality showers after anti-bias and reconstruction cuts (E=1017-5to 10188 eV)
e 53 hybrid showers with independent FD and AERA reconstructions

e 15 proton +12 iron Corsika/CoREAS simulation for each air shower

Measured
_ 00, - Proton Iron
—> likelihood analysis: template fitting™ to find Xmax for each shower 5 % K B EIN |
15 100F 0F N Cwolow £ o fo o Iig
€ ok > govo %"033300 R £
. . . £ ook 0N Qi SR 2 e
Using the ~600 x (15 p +12 Fe) set of simulations 2 EER ! EHER !
- Correct for reconstruction bias on an event-by-event basis 400t + N e ?ﬁw mmmmmmmmmm
50955 el e

- Determine reconstruction uncertainty on an event-by-event basis

- Determine detection acceptance \2 = Z Ugata — S * Usin (AT ore sm))
- Determine remaining reconstruction bias given composition scenarios AERA Stations 7 Udata
Investigation of systematic uncertainties. Accounting for:

* Basic effects : hadronic model in CORSIKA, GDAS atmosphere, Auger SD enerqgy scale

* Method specific effects : data selection (acceptance), Xmax reconstruction pipeline

* Residual bias checks : investigation of shower zenith/azimuth/core/... vs <Xmax>(E)

* Phys. Rev. D 109, 022002 (2024): Method and detailed results of AERA Xmax

Bjarni Pont — b.pont@science.ru.nl — UHECR2024 — November 2024 /
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s Event selection
Energy Azimuth Zenith
. -=== Auger Spectrum (arb. scaling) 3 Bl High-quality showers 1 B High-quality showers \.
107 - B High-quality showers 10 E B Reconstructed showers 103 - B Reconstructed showers \
BN Reconstructed showers B Bias-free shower sample ] B Bias-free shower sample
Bl Bias-free shower sample ]
9 103 - 2 @
@ ‘ T 102 S
104 -
: : 3 107
Y— Y— Y—
° 107 X X
- S5 10! S 101 -
Z 101 p =
10°
100 109 e
10t/ 1018 101° 0 100 200 300 0 20 40 60
Energy [eV] Azimuth angle [°] Zenith angle [°]

* Phys. Rev. D 109, 022002 (2024): Method and detailed results of AERA Xmax
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PIERRE Systematic uncertainties on the Xmax distribution
 Basic effects : hadronic model in CORSIKA, GDAS atmosphere, Auger SD enerqgy scale
* Method specific effects : data selection (acceptance), Xmax reconstruction
e Cross-checks : residual bias checks with Zen/Az/core/... vS <Xmax> and E
20 - -@— TOTAL EEl Acceptance 20 1
B Atmosphere mmm (X2ERA) reconstruction
15 - W= Hadronic model B Possible residual bias 15 -
SD energy scale
~N NE
& 10 - S 10-
S S
X 5- s 5-
S >
S ©
S 0- S ONbdeae e
g 2
e S
L _5 - fut —5 n
O 3
- -
= S
s —10 - o= —10 7
> 2
U n
—15 -+ —15 -+
-@— TOTAL Bl Acceptance
SD energy scale  mmm o(X2ERA) reconstruction
_20 _\ _20 T

17.6 17.8 18.0 18.2 18.4 18.0 18.8
logi1o(Energy [eV])

17.6

17.8 18.0 18.2 184

logi10(Energy [eV])

18.6 18.8
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o Results: Distribution AERA Xmax VS Auger-mix

AUGER
OBSERVATORY

e Distributions of reconstructed AERA Xmax in 1/6 energy bins
* vs Auger-mix, drawn with AERA {i.e., incl. resolution, acceptance, and reconstruction bias}.

AD test statistic checks if measured distribution could have been drawn from Auger-mix with detector effects.
 Compatible with Auger-mix (within stat+syst unc)

AD test: AERA is compatible with ‘AugerMix’

AERA results and ‘AugerMix’

140 - —— AERA (p=0.400)
0.010 - Ig(E) = (17.95 — 18.10) AERA (£5ySt.) (pan = 0592, pup = 0.012)
120 - FD-mix samples
> N=74 "
.z) 0.008 - = 100 - Ig(E) = (17.95 — 18.10)
cv . o
O AugerMix “— |
> 0.006 1 a5 seen by 5 80 AERA
E AERA 8 60 measurem
] : ents
5 0.004- ol - et | =
& measurements Z 40 - AERA
0.002 - 50 -
0.000 0 AU T -
500 600 700 800 900 1000 107+ 10° 101

Xmax [9/cmM?] AD test statistic
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Reconstruction bias (for one energy bin)

Radboud University
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possible underlying compositions.

and what the effect is on the Xmax distribution.

Acceptance calculation (1 energy bin)

0.030

0.025 ~

0.020 A

0.015 -

0.010 -

0.005 -

N~ v
Gumbel(Fe)

. Gumbel(Fe) - Acceptance

Gumbel(AugerMix)

. Gumbel(AugerMix) - Acceptance

Gumbel(p)
Gumbel(p) - Acceptance

Acceptance

i

lron:

MAERA — MGumbe
OAERA — OGumbe

AugerMix:

l=
I=

0.000

500

Xmax [9/cm?]

1
5

1.0

- 0.8

I
O
o

T
©
A

- 0.2

MAERA — MGumbel = — 2.5
OAERA — OGumbel = — 3.9
Proton:
HAERA — MGumbel = — 2.3
N\ JAERA — OGumbel = — 3.4
800 900 1000

0.0

1100

Acceptance
PDF

* Using reconstruction of Xmax for our simulations we can calculate the bias when we assume the range of

e Similarly, we can try to reconstruct all our simulations and see what fraction would be seen (acceptance)

Reconstruction bias calculation (1 energy bin)
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