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e Goal: Measure cosmic-ray mass composition (p, He, ..., Fe, ...)

* Motivation: Mass composition <—> sources of cosmic rays at transition
between Galactic and extra Galactic (~1017—19V/)

Contents:

* Introduction: mass sensitivity & AERA

* Method: Matching air shower simulations to measured radio signals

* Results:
- Hybrid Radio-Fluorescence measurements —> unique cross-check
- Method resolution —> competitive technique
- Moments of the Xmax distribution —> compatible
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e Xmax [0/cm?2]: column depth where
Column depth . . . :
0 g/cm? Proton Iron Extensive Air Shower is maximally developed.

—> Xmax depends on mass (particle type)

e Shape of radio footprint changes with Xmax
—> Radio footprint is probe for Xmax.
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v |ntroduction: AERA at the Pierre Auger Observatory

F . Auger Engineering Radio Array
Fluorescence Particl x 1661 | : . 153 autonomous radio
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. ; ET——— * Energy range: 1017-1071° eV
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7 years of AERA data for Xmax analysis:
e ~600 high-quality showers after anti-bias and reconstruction cuts (E=1017-5 to 10188 eV)
e Each also has shower energy from SD
e 53 hybrid showers with independent FD and AERA reconstructions of Xmax
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e Method: Reconstructing Xmax from the radio footprint
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Reconstruction Air Shower

Esp, 6, ¢, ...
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. Method: Reconstructing Xmax from the radio footprint

AUGER
Reconstruction Air Shower (Y CORSIKA
ESD, 9, d), nus {Xmax}

Antennas| Measured 15x Proton  12x Iron

energy density [eV/m?]

—— iron nuclei (E=1018eV)
—— helium nuclei (E=1018eV)

—— protons (E=1018eV)
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probability
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Xmax [g/sz]

600 700
lechnical details
e CORSIKA 7.71 (QGSJetll-04, UrQMD 1.3cr, CoREAS)

Event-specific setup:
 + AERA station layout + 240 additional ‘star-shape’ stations centered around core (for interpolation)
e + GDAS atmospheres (Global Data Assimilation System) at Auger at time of data

 + Magnetic field model at time of data
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e Mlethod: Reconstructing Xmax from the radio footprint
Reconstruction Air Shower = CORSIKA == d Reconstruction Simulations
Esp, 8, ¢, ... {Xmax} Using same reconstruction code
Antennas Measured 15x Proton 12x Iron (includes detector and reconstruction effects)
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Method: Reconstructing Xmax from the radio footprint ™
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Parabola fit
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e Step 2 — bias correction per event:
- o

Reconstruct Xmax for each simulation
with leave-one-out cross validation.

—> {Parabola vs MC} values of all 15+12 simulations:
Allows to correct for bias & estimate oXnax at any parabola-Xmax value; (KDE model)

For simulations of a single measured event

° | ® o
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P Method: Bias correction on the parabola-Xmax

MiNe
AUGER

OBSERVATORY

e Step 2 — bias correction per event:

Reconstruct Xmax for each simulation
with leave-one-out cross validation.

—> {Parabola vs MC} values of all 15+12 simulations:
Allows to correct for bias & estimate oXmnax at any parabola-Xmax value; (KDE model)

4.7e-05

1000 = Points are the simulations
950 E / - Background is 2d-KDE of that
- Black region: extracted 1o bias and
S 900 — uncertainty model of KDE
= : t =
=2 850 - = Bias estimator -
2 = [0 Uncertainty estimator o
0 ] Simulations —
% (>é 800 E é Rejected simulations E.
§<E 750 E Q
700 5 <— Such a bias-model
650 : is created for every
E m red shower!
600 . 0 easured showe

o
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Histogram of AERA-FD difference ﬁ&/
@

I

0.014 - [.1 - - 3 . 9 + 1 1. 2 Auger has unique Radio-Fluorescence setup:
— |
9 0.012 A ' * Xmax Of 83 hybrid-showers with AERA and FD;
= (Are independent observations!)
£ 0.010 - o | .
o e No significant bias radio Xmax W.r.t.
- fluorescence Xmax.
£ 0.008 -
% e Provides independent checks on:
% 0.006 - - Xmax reconstruction methods
S o - shower physics (probe different aspects)
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Results: Resolution of AERA Xmax method
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N . ——- Auger FD (HEAT) o |
Preliminary ..... Auger FD Resolution improves with energy.
>0 7 —— Parameterized fit * Up to ‘better than 15 g/cm?’
N 4 Median of bins (+0p) e Trend driven by low SNR at low energy.
40 -
E N\ Resolution competitive with e.g.:
o ‘\* e Auger fluorescence
% 30 1 . Low-energy FD extension [arXiv:1409.4809]
3 “ .
S Auger Fluorescence Side note:
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1018
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o

High resolution is crucial for
mass composition studies.

—— iron nuclei (E=108eV)

—— helium nuclei (E=108eV)
—— protons (E=1018eV)

= A = 100 g/cm?2

probability
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Xmax [9/cm?]
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—— EPOS-LHC Auger FD (+0stat) —— EPOS-LHC Auger FD (0stat)
— =+ Sibyll2.3d B AERA (£0stat) (O‘O(\," 90 4 ——' Sibyll2.3d B AERA (*0stat)
—-. QGSJetll-04 o - — - QGSJetll-04
800 - "
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.
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____ ALY
* ~600 showers after quality and anti-bias cuts. o+ 4

* |In agreement with Auger FD in mean and width.
e (Mixed)-light composition at E=10175-1018.5¢eV.
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e Systematic uncertainties on the Xmax distribution
40 ‘Mean of Xmax distribution’ 50 '‘Width of Xmax distribution’
-@— TOTAL mmm (X/ERA) reconstruction -@— TOTAL B Acceptance
EEE Atmosphere Varying oXAERA floor BN Atmosphere mmm (XAERA) reconstruction

B Hadr. model Corsika
SD energy scale

30 A BEE Hadr. model Corsika AERA ot 15 -

Varying oX
SD energy scale — y' 9 m'ax '
BN Acceptance Il Possible residual bias

iy g

Varying oXAERA floor

mmm Varying oXAERA cut

20 A 10 -

10 -

-------------------------------

syst. uncertainy on (Xmax) [9/cm?]
T T T 777777
syst. uncertainy on o(Xmax) [9/cm?]
g 7 7 7 7 77 7 777

—10 - —5 4
; —20 - ~10 -
~30 1 Preliminary ~15 - Preliminary
_40 I I I I I 1 I _20 I I I I I I 1
176 17.8 18.0 18.2 184 186 1838 176 17.8 18.0 18.2 18.4 186 18.8
logio(Energy [eV]) log1o(Energy [eV])
* Basic effects : hadronic model in CORSIKA, GDAS atmosphere, Auger SD enerqy scale
* Method specific effects : data selection (acceptance), Xmax reconstruction
* low-number statistics : effects of and reconstruction quality cuts
* Cross-checks : residual bias checks with Zen/Az/core/... vs <Xmax> and E
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Developed an improved method to " .
. Competitive AERA Xmax resolution
reconstruct Xmax with AERA.
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AERA Xmax compatible with Auger Fluorescence
Independent support to our understanding of shower physics.
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Extensive systematic uncertainty studies are key
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What'’s next? The technique is ready for next-gen radio experiments (SKA, ...)
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; Results: AERA vs other (radio) experiments ™

Radboud University

‘crTe

Q,V

AN

—— EPOS-LHC B AERA (+£044) //’
= = Sibyll2.3d ® LOFAR (04t 0‘0(\’,,
— - QGSJetll-04 Tunka-REX (%0stac) Q( o _7
800 - Auger FD (£0siae) ¢ vakutsk-Radio (x0sa) o+ 7 R
A
: iO.Syst /‘/ »
750 -
~
-
O
S~
s
’?(é 700 . ,/ )
S 7
> 2 /(\
~ 7
Pal\\x
650 -
600 A Preliminary
/,,
! ! L 1 ! ! ! ! LI | ! ! ! ! LI |
1017 1018 1019

Energy [eV]

* No general radio-bias w.r.t Auger
fluorescence (within uncertainties).

* Highlights that systematic uncertainties are
key to interpret and compare.

 LOFAR-AERA differences are being
investigated in a working group
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