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Mass sensitivity from p — e separation A: mass number

WCD:
Ig N
[T | °
o.o.o;'. Fe
R P
A R L

.
-

g E

radio

Concept already tested with WCD + FD (low statistics!)

Felix Schliter - felix.schlueter@kit.edu

Heitler-Matthews model:

I)N, .= A1 N,
2) N, ~ E0-
3) E ~N ,=N

radio eA e,p

= |ndependent and
unbiased energy

= Good energy resolution



Mass sensitivity from g — e separation A mass number

WCD:
Ig Nu ) . Heitler-Matthews model:
. g Fe
- ba. ® . . —_— 01N
.= °¢ Questions to be answered: U,p
; ‘z,,-‘.'-j - How many showers will we detect? |9
:’z.; »2° «°4 - What is the energy resolution?
-cg' - What is the separation power? 'N_, =N
) o oo 80 S 0 0 U e, e,p

Independent and
unbiased energy

o
-

g E

radio .
Good energy resolution
Concept already tested with WCD + FD (low statistics!)
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Inclined radio showers

= Detectable with sparse
arrays

» Open window to highest
energies

= Gained a lot of attention
the last few years

Felix Schliter - felix.schlueter@kit.edu

water-Cherenkov detector
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AugerPrime Radio Detector

® Sensitive to radio emission in 30 — 80 MHz

% Fully integrated in SD — triggered by WCD

= Engineering array with 10 antennas since
November 21

» Record first air shower signals
and ambient background

» Currently in mass production

electromagnetic

hadronic component

Felix Schliter - felix.schlueter@kit.edu 7



End-to-end simulation

8000 CoREAS showers '\ ke Simulate instrumental response
(directional response, analog gain, digitization, ..... )

= Including uncertainties (o, = 5%)

= Measured noise

1.5km grid
0 Simulated pulse Antenna signal Reconstructed pulse

400 2065 400
2060

200 2055 200

i 0 W\N\ﬂ 8 2050 i 0

WCD tri ! S < 5
ggers: > 2045 >

—200 2040 —200
2035

—400 2030 —400

3500 3600 3700 3800 3500 3600 3700 3800 3500 3600 3700 3800
t/ns t/ns t/ns
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Full event reconstruction

For each station determine:
= Signal-to-noise ratio SNR

= Signal arrival time

» Arrival direction

= Signal energy fluence (power)

» Shower energy

= Etc.

Felix Schliter - felix.schlueter@kit.edu
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Detection efficiency

1.00 . o0 g=—g—0— *—0—— *———0— | Detection condition:
Full efficiency > 0.97 min. 3 signal stations
=2 Full efficiency:
0.8 0=70°&
lg(E / eV) > 18.8
%
E) 0.61
9
""-uq:)' 19.8 < log1o(E / eV) < 20.1

<
H>

19.4 < logio(E / eV) < 19.8

19.0 < logio(E / eV) < 194

18.8 < logio(E / eV) < 19.0

18.6 < logio(E / eV) < 18.8

65 70 75 80 85
zenith angle / deg

Felix Schliter - felix.schlueter@kit.edu 10
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Aperture for 3000 km# array

Aperture / km? sr

19.0 19.5 20.0
log1o(E / eV)

Felix Schliter - felix.schlueter@kit.edu

e(E,0) =1

6 €[65.0, 67.0]
6 €[67.0,69.0]
0 €[69.0, 71.0]
9 € [71.0, 73.0]
6 €[73.0, 75.0]
9 € [75.0, 77.0]
77.0,79.0]
79.0, 81.0]
81.0, 83.0]

0]
0]
0 <]
0 €[83.0, 85.0]

W Decreases

with 0

At highest
energies
approaches ideal
aperture

~25% of aperture
with vertical air
showers (0 — 60°)
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Event statistics for 10-year exposure

—
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o

(E > Eyy) in 10 years

N
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Using Auger-measured flux
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-
e

i17776 8606 ® statistical uncertainty only
12835 & 3925 Independent of exact
6474 3;2985 1568 simulation settings
. =
1287 570
= =
488 164
90 = =
H 137
‘e RDall events (8 = 65° — 85°) + <00 127
®  RD full efficiency €(E, ) > 0.97 23
B Auger inclined FD + WCD 2.54
1 All world FD (all zenith angle) B
18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0

logio(En / €V)
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Shower reconstruction

Developed dedicated signal model!

1600
log..(E/eV) =19.4,6 = 72.32° p: 1 =1.00, N = 4576
B1o(E/eV) . L & =0.063 -1
10000 —— parameterized LDF 1400 ) H _ +0.057
¢  Signals on 1.5 km array He: u =1.00, median = 0'999—0:053
1900 o =0.062 o = 0.062
< 8000 N: u=1.01, .
£ 1, oos0 Resolution ~ 6%
= 6000 1000 Fe: y=1.01, - FD: 7%
. N L1 5 _0.061
8 -vq—l)
< 4000 £ 8007 No mass-
% c )
g v dependent bias
9 2000 600 Strong energy
dependency
; _ . 400 at least 5
0 250 500 750 1000 1250 1500 1750 B — stations
axis distance / m
200 + 0 > 68°
Signal model and event reconstruction __
for the radio detection of inclined air 0 0.6 0.8 1.0 172 1.4
showers rec MC
Eem / Eem
F. Schliiter*”! and T. Huege®*
13
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Event-by-event mass dlscrlmlnatlon /i?t’ﬁ‘ié’feea?%%p;ﬁié‘éﬁ‘um
949 479 293 126 60

Figure of Merit:
[(rp) = (ree)|

2 2
o7, + Oy,

N
Sl
9

p . Fe

FOM =

N
-

FOM =1.61 + 0.04

Equal to X _ with perfect
resolution!

Goal for the Upgrade: 1.5

—
<

—_
Q1

o 1920 events:6>70°&IgE__>19

19.0 192 194 196 198  20.0
Muon number logo(Ecr/eV)
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Muons In inclined air showers

—— QGSJETII-04
............. Sibyll-2.3d

= Higher energies
and larger statistics

= Muon deficit

= Discrimination
potential with
fluctuation

Felix Schliter - felix.schlueter@kit.edu

¢ maximum-rigidity ¥ FD+WCD
¢ photo-disintegration

or,/ (Ry) (Ry)/(Ecr/ 10YeV)

N
<

=
vl

=
A

— - High systematic uncertainty

<
N

O
=)

4 + ............... Fe
1 Low systematic uncertainty

18.5

19.0 19.5 20.0
log1o(Ecr / €V)
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Summary & Conclusion

RD measures cosmic ray at ultra-high
energies and high inclinations with

excellent mass sensitivity

= Improve statistics by more

than factor 10

= Energy resolution ~ 6%

= Proton-iron discrimination FOM = 1.6

949 479 293 126 60 8 5
25 : b >
3
2.0
)
[Ea
=
~15
S
~
1.0
19.0 19.2 194 19.6 19.8 20.0

= Measurement of mass composition

Felix Schliter - felix.schlueter@kit.edu

We are ready for data!

log]o(ECR/ eV)
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Backup

= Geometry
= Fudge factor

= Systematics

Felix Schliter - felix.schlueter@kit.edu
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Eur. Phys. J. C (2020) 80:643 THE EUROPEAN m
hutps://doi.org/10.1 140/epjc/s10052-020-8216-2

PHYSICAL JOURNAL C &5

Regular Article - Experimental Physics
Refractive displacement of the radio-emission footprint of inclined
air showers simulated with CoREAS

Felix Schliiter'2, Marvin Gottowik™", Tim Huege'*, Julian Rautenberg’

zenith / ° [Xmax = 750 gcm 2]
65.0 75.0 80.0 82.5 85.0

2000 x 100
17501 — Xmax = 750 gcm 2 & , I0,75
; E 1500 Xmax € [620,1000] gcm™2 TS
g 21250 050
g 51000 0.25
£ 750 000 2
© 5 500 0g
& 250 ~0.25
E 250 . -0.50
TE 0f == w5  SUE w B I—0.75
S -250 e,
& 25 50 75 100 125 150 175 -1.00

distance to Xmax / km

Felix Schluter - felix.schlueter@kit.edu

Refractive displacement of the radio emission

Crucial for:

= Development of precise
signal modeling

= Interpretation of hybrid data

Details in Backup! 18



Outlook
]inst _—

e Interferometric reconstruction of the
depth of the shower maximum

Expected performance of air-shower measurements (n t)
with the radio-interferometric technique 1342 336 149 an 84 54 37
F. Schliiter®”-* and T. Huege®“ N 120 30 _ 80 MHZ
. ] lg — MC axis
Time resolution of ©100{ ... Rec. axis
Auger insufficient with =~ | —— 61=00ns ]
uz 80 L
current setup SE |+ or=10ns .
>|< 60 —4— 0;=20ns
Huge potential: = | + o=30ns
<
. . . . — 401
In combination with 2 R =
muon detector X ool e e
o) e %
radio standalone .= : - o — o 8
250 500 750 1000 1250 1500

spacing / m

Felix Schliter - felix.schlueter@kit.edu



Re-sampling simulations

o statistical uncertainty only

s 8606
. 104 T g 3925
g C2 1568
2 2985
210 1287 57%;
: s
= 488 164
z +
1038 102 Law 7
- _ A © RDallevents (6 = 65° — 85°) Z 4
[ — = ot © RDfulleficiency e(£,6) > 097 » ]_ 0
> (@ = Augerinclined FD + WCD = r—
Allworld FD (all zenith angle) 1 S 1 1 t d
— 3 - ——
, B ! . imulate
— 188 19.0 19.2 194 196 198 200 p -—
= L 10g10(Euye / V) ————
I Reweighted
. i L.__1 Reweighte

2
EJ[eV km
EUJ
|

3

Fe

36

10

Loy |

20 20.5 18.5 19.0 19.5 20.0
log (E/eV) logio(Ecr / eV)
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Lateral signal distribution
E=10""eV 0=72.3

Newly developed 12000
4|
LDF model* 10
<" 10000
= 2 parameter + E 102
core coordinates © 8000
. | N— 109]
= Derive start values 9 6000 T £ (SNR < 10)
from WCD 5 | NI
(use radio rec. arrival é 4000 0 1000 2000
direction) £
=
. L
= Integral yields energy ~ § 2000
estimator 0 ® Faco
0 500 1000 1500 2000 2500
N axis distance / m
Signal model and event reconstruction for the radio detection of inclined air showers using sparse antenna arrays
FelbxSeniiter 3:25 PM - 3:45 PM 21
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Shower reconstruction

Showers with at 1.3
least 5 signal 19
stations and 6 > 68° )
gg 11
) F—'J —
quality cuts: ~95% ~ 1.0 = N W -
efficiency 5
0.9
. 0.8
Resolution
improves with 0.7
energy 2 15 + : = -
= 10 :
| 5]
= 0
> 184 186 188 190 192 194 196 198 20.0

log10(EMS / eV)

Felix Schliter - felix.schlueter@kit.edu



Shower reconstruction

Resolution
increases to 9%

with 10% amplitude

uncertainty

Issue with the

estimated resolution

entries

(use parameterization)

Felix Schliter - felix.schlueter@kit.edu

1600
= 7l
1400 ' =
00 He: 0HO=21.00, median = 0.999700%
o =0.06 = 0.062 '
1200 N: p=1.01, - :
I 5~ 0.060 Resolution ~6% |« FD: 7%
1000 Fe: u=1.01,
L1 5 =0.061
8001 No mass-
dependent bias
600
400
200
0 ‘
0.6 0.8 1.2 1.4
MC
Eem / Eem
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Geometry

800

600

400

200

: WCD: 0’68 = 0.2050, ”Over = 2
: RD: 0’68 = 0.1460, nover = 12

0.00

0.25

0.50

075 1.00 125 1.50

opening angle / deg

Spherical wavefront fit
4 signal stations

Felix Schliter -

felix.schlueter@kit.edu

100

distance to MC axis / m
1N o w0
) ) S

N
)

v{—VWC‘D ‘ -3- resolution /,X
—é- RD —@— bias .
650 675 700 725 750 775 800 825 850
oMC / deg
Fitted with LDF model
5 signal stations and 6 > 68°
24




Geometry FS et al., EPJC 80 (2020) 7, 643

1 WCD: 0gg = 0.205°, #1gyer = 2 100 —&— WCD -%- resolution /,x
800 1 RD: 0gg = 0.146°, ngyer = 12 —&— RD —@— bias 0
g —— pred. core displacement *<
| - 80
600 &
U 60
>
400 = 40
|9}
S
S
200 2 20
0
0000 025 050 075 100 125 150 650 675 700 725 750 775 800 825 85.0
opening angle / deg oMC / deg
Spherical wavefront fit Fitted with LDF model
4 signal stations 5 signal stations and 6 > 68°

Felix Schliter - felix.schlueter@kit.edu 25


https://inspirehep.net/literature/1796441

Uncertainty estimation

= Disagreement in resolution between MC-derivation and fit-derivation

(uncertainty)

65.0° 68.0° 70.0° 75.0° 80.0° 85.0°

¢+ under/overflow: 4

S5
%1.00- }++++++¢'+; :

YooY W W W Y YY YWW Y

0 (Eem/ENS) ¢ overflow: 44

~==  param.

0.85 0.90 0.95
sinZ GMC

Felix Schliter - felix.schlueter@kit.edu

1.986e+03 (x — sin(65°))% + 1.446
X%/ndf =4.31
high fidelity selection




Mass composition scenarios

Maximum-rigidity scenario - Photo-disintegration scenario

trend to heavier composition - light composition

w
4]

w2
®

_—10 _—10 [
5 f 5 e
|
N - o ® L4 Y - | L PY L ]
g *e, 5 b
o = P N R -
E | R . g |
ol . N>
> . ;
L, 37 y W o3| .
S0 p He s U =
0 iy Ea) C
i Fe B
36 36
10 | 10
B J b 1 | . |_ 1 J. | 1 - . | -l . L - L 1 | . 1, B 1 ] | | 1 - . | -l L 1
18 185 19 195 18 185 19 195

20 20.5 20 I ‘20.5
log 10(E/e\/') log lO(E/’e\/)
Rigidity dependent accelerator run out

Composition at Earth is dominated by
of power

photo-disintegration products

+ Fitto X __ data
reix schiReflects.knewledge of ~2015

AugerPrime Design Report arXiv:1604.03637 27


https://arxiv.org/abs/1604.03637

Forward beamed radio emission

Glaser et al.

® Radio sensitive to
distance to Xmax

28
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X reconstruction for inclined air showers

9001 0.07

®
S
<

[
7d max / dmax

e 0.03 BN 0.01

Xmax / gcm ™2

J
-]
-]

6001

= Traditional
approach:
LDF sensitivity

| m Intrinsic
resolution 3%

| = Realistic
resolution 7%

50

Felix Schliter - felix.schlueter@kit.edu

100 150
dmax / km

200



9501

9001

Felix Schliter -

Sibyl123d

EPOSLHC

QGSJETII04

_—————.---__-
—
-
-
—

felix.schlueter@kit.edu

1.65

'1.60

'1.55

1508
[

1.45

11.40

—1.35
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Aperture

= Increase sky coverage
» Overlap with TA

® |ncreases overall
aperture

» ~23%

dN/dd / a.u.

Felix Schliter - felix.schlueter@kit.edu

1.2

0.8

0.6

0.4

0.2

Internal RD sciences case report

I | | |
Auger SSD 0-60°
Auger SSD 0-50°
Auger RD 65-84°
Auger RD 70-84°
TAx4 0-45°
TA 0-45°

-

-80 60 -40 20 O 20 40 60 80

declination 6/ °
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Energy calibration

= |ndependent of (EcR/ Eem)
hadronic interaction 4. [ p:111 %gl'z' ey
1 He:1.13 | M =
model gy ;.
CO N1l R _
[ Fe117 | 2011 10.0328 Ig(Eerm/10 EeV)
3001 7T +1.143

185 19.0 195 20.0

2001

100+

1.1 1.2 70 80

SR/ Etax oM / deg 2
Felix Schltter - felix.schlueter@kit.edu



Detection threshold

0 = 65.0° —75.0°

6 = 75.0° —85.0°

. ||
[/ SNR > 10 1.0 [—1 SNR > 10 1.0
[ SNR <10 10% {ﬁ - [ SNR<10 L. {“ﬂmﬁhv_ﬁf -
10% I 0.8 2 | 08 ¢
: :
~ &
0.6 06 ¢
10 H o
045 04 %
o ~
5 o
1071 e &
15 -
101,
100,

Felix Schliter -

0 1000
FxB

felix.schlueter@kit.edu

/ eVm 2

2000

3000

1000
fz’;’xﬁ / eV m_2

2000
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Variance reconstructed muon number

0.0301

0.025

<. 0.020

=

RL

Z0.015]

~

0.010

0.0051

0.000

Felix Schliter - felix.schlueter@kit.edu

¢  total variance
2 szq‘u
b osE
S
R
19.2 19.4 19.6 19.8 20.0

logio(Ecr / €V)
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Felix Schliter -

4 186 188 19.0

192 194 196 198 200
log1o(EMS / eV)
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0.08
35
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10 | 50
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100
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Antenna-to-antenna variation for AERA Butterfly
antennas

F. Canfora, Pth Th_esis ,_Fiq.

m After galactic calibration < X TR
| E; — 1 LE” A_(UI) E1EDU }1-5% -;:-1;%
” f— Al" ’ : : :
=" : 1000

» spread of the amplitudes in single 8
antennas over all antennas for 1

periodic trigger event 500
= Average over polarization 400
= Average of RMS is 5% 200

Iillllillllillllilll
CP_[IE 003 004 005 006 007y 008 002 041 01 042

s Ei
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https://www.nikhef.nl/pub/services/biblio/theses_pdf/thesis_F_Canfora.pdf

Backup

Felix Schliter - felix.schlueter@kit.edu
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Muon reconstruction

2d simulated density map

S o
(7") — 1\1]19 ,0;1,19(ra 93 ¢)

pred
| p/,[

Scaling parameter

= Muon reconstruction
bias

» Zenith angle
dependency!

_409&)00 -3000 -2000 -1000 O 1000 2000 3000 4000

Felix Schliter - Icllx.bclIIUELUI@KXIL(.T,‘)UU

65° < oMC< 80°, 1g(EMS / eV) > 18.8

— PRD 2015

—_— PO/ (Rlp\ldc)leer

- - T . A QGSJET-04
,’E —a— SIBYLL23d —— N
| — p — Fe
10° 10!
MC
RP‘
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Proton selection efficiency

1001

proton selection purity / %

40

Felix Schliter - felix.schlucwrw iy “
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Simulated RD event

E —14-
~

< —16]
= .
o

N

v —18;
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o

Z —201

Felix Schli.-_. .
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25 50 75
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7.5
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| |
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signal arrival times / us

|
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log,o(EM“/eV) =194, MC/° =723

-+ MC core
no trigger

X
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