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Radio detection of air showers with
AERA, Pierre Auger Radio Detector, GCOS

characterize cosmic rays:
-direction %
\ |

-energy
-mass (particle type)
@~100% duty cycle

)
L Global Cosmic Ray Observatory - GCOS

== P (60000 km?2) 2035 cosmic ry (o
Pierre Auger Radio Detector stmospherc nuceus @
(3000 km?) 2023 P

e .
-7

Auger Engineering Radio Array - AERA
(17 km2) 2010

LOFAR Cosmic Rays }ﬁg ?%. T

Visibelight [ g g snactrum : Lorg wavelergth e .
2 Gamma rays, X rays and Jtraviole: obsevable o poorbed by :.:,',05:::? R ;“” bl € e o+ . e+e+
5 m 7 ight blocked by tha Lpper atrwsprere from Earth, o ipogsherc jocied. see
{best chsarved from space). wikhscme  ooioc (bes: y
umos?herl'.: observed
diszorsion fram space) coherent

radio pulse

LOPES - VR
(0,5 km?2) 2001 - L

01 1mn 10mn 10C um 1wm 0 pum mo‘ un ~mn 1un 1Cen 1m om L20m 1am

i
A
A

Waveclength

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel 13th CoSpa, Gent - June 2023 1


https://indico.iihe.ac.be/event/1728/
http://particle.astro.ru.nl

~AERA

Auger Engineering Radio Array

The Auger Engineering Radio Array
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Measurement of the Radiation Energy in the Radio Signal of Extensive Air %
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Showers as a Universal Estimator of Cosmic-Ray Energy e
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Measurement of the Radiation Energy in the Radio Signal of Extensive Air
Showers as a Universal Estimator of Cosmic-Ray Energy
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Reconstructing Xmax from the radio footprint ¥

Reconstruction Air Shower
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Reconstruction Air Shower > CORSIKA

Esp, 6, O, ... {Xmax}
Antennas| Measured 15x Proton  12x Iron
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Reconstructing Xmax from the radio footprint

—— iron nuclei (E=1018eV)
—— helium nuclei (E=1018eV)
—— protons (E=10'8eV)

. . 600 700
Jechnical details

e CORSIKA 7.71 (QGSJetll-04, UrQMD 1.3cr, CoREAS)

800 900 1000 11
Xmax [g/CmZ]

Event-specific setup:

* + Magnetic field model at time of data

* + 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

B. Pont, UHECR symposium 2022

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel
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Reconstruction Air Shower
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12x Iron

Reconstructing Xmax from the radio footprint
d _ corsika Rl Reconsiruction Simulations
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Using same reconstruction code

(includes detector and reconstruction effects)
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Reconstructing Xmax from the radio footprint
] corsika _ BelReconsiruction Simuiations

Esp, 9, d), {XmaX} Using same reconstruction code

Antennas Measured 15x Proton 12x Iron (includes detector and reconstruction effects)
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o — == Auger FD (HEAT)
Preliminary ..... Auger FD
50 - —— Parameterized fit
: 4 Median of bins (+0o})
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30 - Ny ~ ~ \ D Low-energy FD extension
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B. Pont, UHECR symposium 2022

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel

Resolution of AERA Xmax meg\od
: *
£ Y

Resolution improves with energy.

e Up to ‘better than 15 g/cm2°

e Trend driven by low SNR at low energy.

Resolution competitive with e.q.:

 Auger fluorescence
[arXiv:1409.4809]

Side note:
High resolution is crucial for
mass composition studies.

—— iron nuclei (E=1018eV)
—— helium nuclei (E=1018eV)
—— protons (E=10%8eV)

: A = 100 g/cm?

probability

800 900 1000 1100

Xmax [g/cm?]

700

2ERA)
Auger Engineering Radio Array 1(}395&&%%
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‘Mean of Xmax distribution’
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 ~600 showers after quality and anti-bias cuts.
* |n agreement with Auger FD in mean and width.
e (Mixed)-light composition at E=1017-5-1018.5¢V,.

B. Pont, UHECR symposium 2022
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Systematic uncertainties on Xmax

'‘Width of Xmax distribution’

‘Mean of Xmax distribution’
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* Basic effects : hadronic model in CORSIKA, GDAS atmosphere, Auger SD enerqgy 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 %E R % - '
Auger Engineering Radio Array AUGbR

B. Pont, UHECR symposium 2022 GBSERATRY
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Horizontal air showers have large footprints in radio emission

2500

| on standard 1500 m grid

—
2000

1500

~60 RDs

' ~114'km?
~25 RDs

1000

500

AXxis distance of furthest station / m

60 65 70 75 80

Zenith angle / °

this is MEASURED with the small 17km2 AERA

A. Aab et al., JCAP10(2018)026 Z&n&riﬁ%s

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel
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The Radio Detector of the Pierre Auger Observatory @ I

Key science questions

What are the sources and acceleration
mechanisms of ultra-high-energy
cosmic rays (UHECRSs)?

Do we understand particle acceleration
and physics at energies well beyond
the LHC (Large Hadron Collider) scale?

What is the fraction of protons,
photons, and neutrinos In cosmic rays
at the highest energies?

el
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The Radio Detector of the Pierre Auger Observatory @ I

e dual polarized radio antenna
(30-80 MHz) on each SD station

*1661 positions over 3000 km?

* mass sensitivity for inclined air
showers
radio: e/m
WCD: muons

 complementary to SSD/WCD

PIERRE
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Expected number of cosmic rays in 10 years @

Using Auger-measured flux

+17776 ® statistical uncertainty only | integral S_pec"um
10% - 3606 from fOIdlng flux
oo 1283 % 3925 Independent of exact with aperture
= B 3 1568 simulation settings
S 2985 .o _
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% 10 e I 137
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> 16 ® RD full efficiency €(E,0) > 0.97 23
B Auger inclined FD + WCD 4
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07986 188 190 192 194 196 198 200
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T. Huege, UHECR symposium 2022 sl
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Expected mass composition sensitivity
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/ with 10-year RD spectrum
5

v

.

25 " ) > p . Fe
2.0
Q
[
=
315 \,
E-Jq: : 2]
R~
M:L].O

o 1920 events: 0> 70”7 &Ig E__ 3 19
190 192 194 196 19.8  20.0
log,o(Ecr/eV)

T. Huege, UHECR symposium 2022
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50/50 p-Fe composition

Figure of Merit:
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Goal for the Upgrade: 1.5

see also proof of principle study with
AERA, POS(ARENA2022)
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Precision measurement of muon number

— QGSJETII-04 ¢ maximum-rigidity

............. Slbyll-23d

¥ FD+WCD

¢ photo-disintegration

1.0
“20.2
\ﬁ/ ...................... ++ ..... * ....................... ‘$ ..... PO P + ..... + ...... + ........................... p
S i # ....... RIS -
0.0
18.5 19.0 19.5 20.0

log1o(Ecr / €V)

T. Huege, UHECR symposium 2022

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel

*vVery precise
measurement of
muon humber with
WCD & RD at
highest energies

*especially
measurement of the
variation of the
muon number will be
very powerful
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&

Serious logistics effort to get all components to the Observatory % m

e solar panels - 2000 units

 antenna arms - 6800 parts

e ropes (6 km) and tensioners for the mast

e Al tubes for frame - 13600 parts

* Al plates and antenna foot - 8500 parts

 small parts, u-bolts, nuts, screws, ... ~400000 pieces
* housings for digitizers - 2000

* pigtail cables for the LNA - 4000

* housings for LNAs and bottom loads - 12000 parts
 glass fiber antenna masts - 1700

e ferrites - 8500

* mounting brackets for solar panels - 3400 pieces

e L-ground bracket inside the dome - 1700 pieces

* bottom load PCBs - 2000 pieces

* LNAs - 2000 units

* signal cables from LNA to digitizer - 10200 cables
e digital cable from digitizers to UUB - 1700 cables

* fixtures to assemble ferrites - 24 units

e digitizers - 2000 units

—> 6 sea containers, 75 m3 each & several (~5-10) air freight cargos

Jorg R. Horandel - Radboud University Nijmegen, Vrije Universiteit Brussel 13th CoSpa, Gent - June 2023 19
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Measured noise & galactic signal in the EW loop

Calibration with Galactic signal

Simula}oed galactic signal in the EW £!?op

20.0 20.0
N N \
E 70— .70 17.5 § 70 e _ -70 l17.5
60— .60 | r15.0 60 — = 60 gy 459
o 2 —= =
5 50 — = _12.5'; g 50 — .50 -12.53
- IE: 8-40_ e e e—— -40 -10.0 w
S 40 40 | r100% o g
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30 — 130 pr7s 8 S 16- 10 15
3 2.5 5.0 7.5 2 power [pW] 5.0
&8_ power [pW] 5.0 a 14 -
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g 2.5 g'lz-l L NN N B (L N NN NN BN SN SR RN
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0 2 4 6 8 10 12 14 16 18 20 22 0.0 LST [hour]
LST [hour]
* EW calibration constant: 1.03 £ 9.6% * 2%
* NS calibration constant: 0.96 £ 9.7% % 2%
* Uncertainty caused by the Antenna model: max 1.5%
PIERRE
T. Fodran, ICRC 2022 T. Fodran, ARENA 2022 AUGER
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Air showers measured with engineering array

Arrival direction Nice 3-fold event above 1g(18.4/eV
N 10
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VAV 4
L B beyond 3000 km2?
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GCOS - The Global Cosmic Ray Observatory €

Multi-messenger astroparticle physics beyond 2030
protons, nucleli, gamma rays, neutrinos, (gravitational waves)

Mass com position at Earth
T | | T A=1
o Z Z 1<A<3
L _ _ 4<A<23
> ] . 22<A <39
. | ‘ _ 38 <A <57
0
‘?E ] ( i
cj‘ /‘ ‘ B : 16
% 37 ' I i
= : : m ' 15 ~
i Energy scale:
18.0 18.5 19.0 19.5 20.0 Xmax scale: o
logi0(E/eV)

GCOS homepage: http://particle.astro.ru.nl/GCOS
3rd GCOS workshop, Brussels, June 2023
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Multi-messenger astroparticle physics beyond 2030
protons, nuclei, gamma rays, neutrinos, (gravitational waves)

The road ahead as outlined in a Showmass white paper:

-Twenty years of UHECR discoveries
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Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the science questions driving the Ultra-High-
Energy Cosmic-Ray (UHECR)) community and provides recommendations on the strategy to answer
them in the next two decades.
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Multi-messenger astroparticle physics beyond 2030 ¥
protons, nuclei, gamma rays, neutrinos, (gravitational

The road ahead as outlined in a Showmass white paper:
*A sensitive probe to BSM physics and dark matter

*Astrophysics at the energy frontier
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Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the scienee questions driving the Ultra-High-
Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer
them in the next two decades. !
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protons, nuclei, gamma rays, neutrinos, (gravitational waves)
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Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

The road ahead as outlined in a Showmass white paper:

Ultra-High-Energy Cosmic Rays

The Intersection of the Cosmic and Energy Frontiers

-Upgrades of the current giant arrays

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Department of Energy and the National Science
Foundation for high-energy physics. It summarizes the science questions driving the Ultra-High-
Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer
them in the next two decades.
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Figure 5.14: Map showing the relative cosmic-ray composition detected by the Pierre Auger Ob-
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servatory above 10187 eV with the FD, in Galactic coordinates. From Ref. [54].
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Multi-messenger astroparticle physics beyond 2030 @ I

protons, nuclei, gamma rays, neutrinos, (gravitational waves)

Submitted to the US Community Study

The road ahead as outlined in a Showmass white paper:
‘Multi-messenger astroparticle physics

arXiv:2205.05845v2 [astro-ph.HE] 16 May 2022
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GCOS - The Global Cosmic Ray Observatory

UHECRs observatory covering more than 60,000 km* (40,000 -80,000 km?)

With 60,000 km? we can reach the integrated Auger 2030-exposure in 1 years
AugerPrime expected exposure in 6 months

Targeting very good quality events for energies > 30 EeV (5-fold) and full efficiency at 10 EeV (3-fold
events)

Resolutions per event: energy better than 10%, muon resolution better than 10%,
Xmax better than 30 g/cmz, and angular resolution better than 1°

Full sky coverage with sites in both hemispheres and surrounded by mountains

I. Maris, UHECR symposium 2022
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How to reach the physics case with a ground array? % VB
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~5% light particles
~50% efficiency
40000 km?

—> 1000 light particles/decade (E>1019-5 eV)

3000 km?2
Pierre Auger observatory 3000 km?2

Pierre Auger Observatory

200 km
two 20,000 km? arrays, 0,,,, = 80°, lat. = £30°
| I | | I | | I | | I | | I |
Armando di Matteo —

Where: full sky coverage?
—> equator, several sites, ...

What is realistic in terms of area and number

of detectors?

10x existing arrays? —> 40 000 - 60 000 km? o - |
10x number of units? —> 15 000 - 22 000 detectors —60°  —30°  0°  +30°  +60°
2,0 - 2,5 km spacing declination [deg]
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Proton lron Photon

— e 0=0 T - —-—0=0 =) - - 0=0°

E 121~ 6 = 26° E i 6 = 26° E 5 50

— [ . e=3% = [ . e=39 — J-F

S [ - 0=50 = F ——0=50 =

a 10 —— 0=63 a 10~ —— 0=63° a :

o [ S F S 4.5

S I S oL S F

g £ g

5 | 5 535

R 4 - 4 -

< - < I < 3

< B < I < -

S 4L < S 4T : 5 250
: ’/ S :
2_ 2 B < 1.5__./._./._./’—‘/._._./‘_._._‘_._._._._‘\'_’_.
i | | | | | | | | | | | | | | | | | | | | | | i | | | | | | | | | | | | | | | | | | | | | | u | | | | | | | | | | | | | | | | | | | | | |

18.5 19 19.5 20 20.5 18.5 19 19.5 20 20.5 18.5 19 19.5 20 20.5
lg(E/eV) lg(E/eV) lg(E/eV)

25000
Spacing between detectors cannot be larger than about 2-2.5 km to

reach 100% efficiency at 10-30 EeV

20000

15000

On an hexagonal grid: 15k-22k detectors for 60000 km?

10000

number of detectors (60000 km?)

5000

2 25 3 35 4 45 5 I. Maris, UHECR symposium 2022

distance between detectors [km]
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Advanced water Cherenkov detectors (‘)

The idea: optical separation of a Water Cherenkov Tank

A water volume responds different to photons, e* and u™

= — | — s ‘ Stop — M SEM _ d b SEM
i \/ A . i /l' .ﬁ/ !. Shot SM 1—a 1-—0b S,u

i
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8 100 = 2
(o} = LIJ ]>():3 |
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W e :‘ -
% w0 _ s [
c *F 20 B
9 0 Cnis 140 120 100 80 60 40 -o_ - 20 X 1 02 |
L time [8 ns] =
'EI 35 ;_ w + :
8 a0 E- e U rec —
o ,E — u* true i
= LE
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e sE -
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Based on Universality or DNN we can get Ximax 1

B | | | | | | | | | | | | | | | | | | | | | | | | | |

500 1000 1500 2000 2500
r [m]

Toana Maris Antoine Letessier-Selvon et al., Nucl. Instr. Meth. A 767 (2014) 41-49
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layered water Cherenkov
detector

prototype measurements at Auger Observatory

Mean LDFs for the electromagnetic and muonic components
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CjTew

Advanced WCD complemented by fluorescence and radio detectors %

fluorescence light detection radio detection

GCOS Cyclops FD: Small elevation, large area, small pixels  large spacing of 2,0 - 2,5 km challenging for

e.g. MACHETE Design J. Cortina et al. APP (2016) 46 radlo deteCtlon

Nepomuk Otte PoS ICRC19

* try to record sufficient information from one
position
Figure 7: Proposed optics for Trinity based on the —_> broad frequency range, See e-g- ARIAN NA

MACHETE optics. The primary mirror is composed
of 68, 1 m? mirrors. the focal plane (red curved sur-

face) 1s populated with 3,300 pixels each consisting of ® h ave rad io (0 utr i g g ers aroun d S D pos iti on

a solid non-imaging light concentrator coupled to an

SiPM. The field of view covered by one telescope is
59 x 60°.

e 2 MACHETE rings — 360° x 10° FoV

o COSt: Y 10 M$ Trinity whitepaper arXiv:1907.08727

* (0.3° pixel, effective aperture 10 m?

® (S/N)rp o v/A/Qpix = (S/N)cyciops / (S/N)auger = /10 m2/0.302/\/3 m2/1.5°% =9
— optimization for GCOS needed & check dual use v+UHECR

M. Unger
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CjTew

Radio detection of air showers with % I
AERA, Pierre Auger Radio Detector, GCOS

characterize cosmic rays:
-direction

-energy

-mass (particle type)
@~100% duty cycle

Global Cosmic Ray Observatory - GCOS
(60000 km?2) 2035

Pierre Auger Radio Detector
(3000 km?2) 2023

Auger Engineering Radio Array - AERA

(17 km2) 2010 S
 significant progress over last
LOFAR Cosmic Rays two decades

(5 km2) 2007

* enables us to look
LOPES optimistically towards the next
(0,5 km2) 2001 decade and beyond
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