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Energy scales of cosmic-ray observatories

[Snowmass White Paper, Astropart. Phys. 149 (2023) 102819]
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Pierre Auger Observatory: hybrid air-shower detection
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Pierre Auger Observatory: hybrid air-shower detection

Fluorescence Example event:
Detector (FD)

SSites Hybrid  + -0 events

< use to calibrate
with  energy scale
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Pierre Auger Observatory: hybrid air-shower detection

Example event:
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Hybrid events

SD + AERA

< basis for this
analysis

Since 2013:

a few thousand
high-quality
hybrid events
recorded
E> 3107 eV
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Need precise determination
of cosmic-ray energy Ecr

established (FD):

Energy scale defined

,/' by the fluorescence yield
(4 /
Total number of /| * Needs permanent
fluorescence photons ; monit. of atmosphere
. [
proportional to H * Aerosol content
[
] * Clouds

cosmic-ray energy
* Long-term drift of

telescope components
v * Syst. uncertainty: 14%

[
I
I
]
!
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Nx, fluorescence & ECR

alternative (Radio):

Energy scale defined by
classical electrodynamics

transparent

* No significant or
relevant ageing

* (At least) competitive

Ksyst. uncertainty J

/ * Atmosphere

| v

N
Measured in the laboratory
[M. Ave et al., AIRFLY Collaboration

in MC air-shower simulations;{

Compare the scales }

Astropart. Phys. 42 (2013) 90.]

)

High-precision simulations:
* CORSIKA: particle cascade
* CoREAS: microscopic

\

' modeling of radio
\ . .

\ emission

\ i
~

df’“
' Quality of radio emission

simulations probed extensively
[Gottowik et al., Astropart. Phys. 103 (2018) 87-93]

< CoREAS & ZHAireS agreement within ~3%
in cosmic-ray energy

- More details:
see ARENA talk by T. Huege
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Comparing FD and e
Radio energy scales

Measured

* ,Top-down"-like approach P




Comparing FD and -l
Radio energy scales

[ o(1000)
L hybrid events |

Measured

* ,Top-down"-like approach P

* Hybrid SD — AERA events
« E>310"eV, 0 <55°

LDF, ...

., | antenna pattern, ...

-
~Shower :
(size“ Sus ] { Radio energy EradJ




Comparing FD and -l
Radio energy scales

[ o(1000)
L hybrid events |

* ,Top-down"-like approach

* Hybrid SD — AERA events
« E>310"eV, 0 <55°

[Auger Collaboration, Eur. Phys. J. C 81, 966 (2021)]
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Comparing FD and -l T

= /
Radio energy scales . /
f0(1000) /
| hybrid eventsJ /
) / Simulated
* ,Top-down"-like approach Il i a———
* Hybrid SD — AERA events |

Radio energy scale
based on classical
electrodynamics in

e E>310"eV, 0 <55°
* Event simulations CORSIKA + CoREAS

Matching simulation
to measured event by
calorimetric energy*

. CoREAS
p———— T e
[Auger Collaboration, Eur. Phys. J. C 81, 966 (2021)] ’
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° True shower ) Input shower )
Comparing FD and El e
Radio energy scales

[ o(000) | /
Lhybrid eventsJ

Simulated

* ,Top-down"-like approach <hower

* Hybrid SD — AERA events
« E>3107eV, 0 <55°

* Event simulations CORSIKA + CoREAS

Radio energy scale

Matching simulation based on classical

e me.asure.d BNty electrodynamics in
calorimetric energy* CoREAS

r y ........ -

[Auger Collaboration, Eur. Phys. J. C 81, 966 (2021)] ’
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Y
Input shower
yad energy Esp

hY
True shower
energy Ecr

Comparing FD and

#
s /
Radio energy scales . /
[ O(1000) i /
| hybrid events J /
, / Simulated
e, Top-down“-like approach ﬁ\iaviﬁ[ed Il <hower

* Hybrid SD — AERA events
« E>310"eV, 0 <55°

* Event simulations CORSIKA + CoREAS

Radio energy scale
based on classical
electrodynamics in

Matching simulation
to measured event by
calorimetric energy*
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Radio event reconstruction with AERA

/Correcting temperature dependence of amplifier gains \
é‘ 20000 U o
* Temperature-dependent amplifier gains § oo neorrecte
| —— : . - Corrected
* Event-by-event fluctuations on CR energy ~4% 17000 ] '
16000
* Dependency measured and corrected with > w0 =— W9 > - Y . e, - S
temperature data from nearby sensors etd b 3 AR ot
13000 . : g I ) g
* Fluctuations reduced to ~1% level 12000 ) : . ] ,
k 01/01/2016 31/12/2018 31/12/201 31/12/2018 01/01/2020 Tmeﬂ{lu!'%?GZD
7
/-_ 400 = ” o
® daa
r - g 25 o e
Filters, Boo = Detector g mE=me jo g £ Lateral o -
Galacticcal.,, 2°- response, e 4 g o 5 distribution fit, § \
S m 0 5 1
WMM L o W : ' Reconstructed
~1000 3‘5 —200 ©w 8 . 1
T L w @ % ' radio events |
700 800 900 1000 1100 1200 T310[[|!-|s] 74[10400 200 (‘] ) 200 200 0 N e e . ,l
. position in @ x B [m]
Measured Cleaned & calibrated
: : Reconstructed
radio traces radio traces , .
\\ station signals

_———————————————_————————M

13 Radio event reconstruction




Radio event reconstruction with AERA

ﬂERA detector response \

: e o : Auger Collaboration, 2017 JINST 12 T10005
* Signal chain (filters, amplifiers, ...) measured in lab [Auger Collaboration, — ] —
35 MHz g "S Hz % I]S z » uS
* Incorporated in signal reconstruction ~ - o o >
‘ (=] @ «©
* Directional antenna response (antenna pattern) ~b> b e =
* LPDA: measured, Butterfly: simulated o2 = -
* Verification of patterns with drone-based measurements - » . -
* Small-scale mismatches average out Cmmd— o
K Absolute offsets absorbed in Galactic calibration
- 400 v » o
| f ; EE . \
Filters, Detector & TR g u 5 Lateral e -
Galacticcal.,, &° ' response, = 2o (’ 0 5 distribution fit, ! \
2 1w . s |
n %m tom o WERO Eo » ' Reconstructed
_’ = 1‘5 —200 a g . 1
, S wm  om 2 1 radioevents |
7{‘)0 860 960 1 O‘DO 1 1h0 1 2‘00 TB}UD —400 . 0 I l
t[ns] —400 -200 0 i 200 400 N o e e e e e e e e e 7
. position in @ x B [m]
Measured Cleaned & calibrated
: : Reconstructed
radio traces radio traces , , )
\\ station signals
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Radio event reconstruction with AERA

(Galactic calibration (see ARENA talk by D. Correia dos Santos / T. Huege)

* Galaxy dominates background signal Conlibratyons et zh
* Sky models predict Galactic radio emission f el N
. . . + Independent linear fit for each frequency band
* Earlyier estimate for absolute scale uncertainty: ~6% — Channe
[MB, T. Fodran & T. Huege, A&A, 679 (2023) A50] o Al B T
E. o = B Local sidereal Ilmc_[h] o
* Fit measured background to prediction _ . = = = = =P [i7 wg z wE
* Calibrate each channel of each station per freq. & month o "
* Including signal chain and AERA detector response o oiegous | | - »
» Systematic uncertainty of absolute energy scale: ~6% " expeciedpower iy ) TR TR
7
/_ 400 : ; B
' . 300 é ::wa-lnresrmld J: \
. iy = flagged R
Filters, §uo§ Detector % 20 % meD Q. g x g Lateral e e -
Galacticcal.,, 2°- response, = % e ’ o 5 distribution fit, ! \
RN e o ) s 1
W(Mﬂ Y3 tom o WERO Eo » ' Reconstructed
~1000 | 3‘5 —200 o g . 1
2wl  om X 1 radio events |
7(‘]0 860 960 1 Obﬂ 1 1‘00 1 2‘00 TSEJU —400 i~ 0 I l
t[ns] —400 -200 0 i 200 400 N o e e e e e e e e e 7
. position in @ x B [m]
Measured Cleaned & calibrated
: : Reconstructed
radio traces radio traces

station signals

N ____ _ atonsignals ___ ______ __
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Radio event reconstruction with AERA

Gation-signal estimation

1

Estimation of energy fluence: ==

* Currently: simple noise subtraction approach a ~ Rice(s, 0)
* Bias (especially for low signals) = SNR cut necessary

Rayleigh

=T B
=G S 4

g=1

* New development: signal estimation based on Rice distributions = == s N E
(see ARENA talk by S. Martinelli)

k * Lower SNR cut possible with significantly reduced bias

Gaussian

0.01

~ 5& — -
' _ _ X 'I;-lnres id =
Filters, Boo = Detector = d o s Lateral o -
Galacticcal,, & response, e 4 @ a 5 distribution fit, I’ \
RN e o S 5 1
WWﬂ Y3 tom o WERO Eo » ' Reconstructed
_» ~1000 £~ —_— ’ :-5 —200 5 w B . |
I . 1 radio events |
7{‘)0 860 960 1 O‘DU 1 1b0 1 260 T3h0 —400 . 0 I '
t[ns] —400 =200 0 i 200 400 N o e e e e e e e e e 7
. position in @ x B [m]
Measured Cleaned & calibrated
. ) Reconstructed
radio traces radio traces ) .
\\ station signals
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Radio event reconstruction with AERA

17

\_

ﬁeoCE LDF [C. Glaser et al. Astropart. Phys. 104 (2019) 64 — 77]

~

—

Measured

radio traces

h

Cleaned & calibrated
radio traces

position in & x B [m]
Reconstructed
station signals

. . . . . . === geo+ce LDF
Fit of signal distribution with model from 2000k i ~ geo
geomagnetic and charge-excess contributions |_ -

~ Erad = 9.7e+02 MeV
Yields best-fit radiation energy and core pos. £ 2000} I Do, = 1044 g/cm
Q
» Safe against bias in ext. core estimates e | i
No mass-bias found
0 8 5 1 s a ...,
1 - )0 -1000 -500 0 500 1000 -1000 -500 0 500 1000
Energy FESOlUtIOn. 2 /o on CR energy position in v x (v x B) [m] position in v x B [m]
400 o
. 300 é :Il:va-mreshold *
. - = flagged a
Filters, Boo Detector w MEeme o = £ Lateral e e -
Galacticcal.,, &° N response, = 2o (’ 0 5 distribution fit, ! \
B 0 Proommsom-taaty, { g E 5 |
WWﬂ tom o WERO Eo » ' Reconstructed
-1000 1‘5 —200 o g . 1
- S wm  om E ' radio events .
700 800 900 1000 1100 1200 T310[?-|s] *4[10400 200 (‘] 200 200 0 N ,l
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Radio event reconstruction with AERA

Equivalence of data reconstruction &\ i _
simulation reconstruction Event simulations (CORSIKA + CoREAS)

» During reconstruction, biases may be * Matching as close as possible to measured events:

introduced * Real AERA grid
* Pulse cleaning, signal estimation, ... * Add measured noise taken close to time of event
* Effects checked to be the same when * GDAS atmosphere (time resolution: 3h)

reconstructing data and simulations _ .
High-precision:
- Expect biases to cancel out in

. * Thinning 10-° and STEPFC 0.05
event-by-event comparison of _— g
data and simulations j err event: 1x proton, 1x iron /
/’ | == E— | L I Em— — E— I I— EE— _wo —" E— | E— EE— EEEe— I — L1 — E— \
® data
_ 300 O subthresnold e e
go - ;:? 200} ?:; ::?ElSD) o a o § Yz ‘\
50 E 1: 100 i 150 t% I i
m o S R - , o L > | Reconstructed |
S0 F S 100 F 0 T . |
-:oou; . 2 o0 ~ DD = O o B ! radIO eventS |
s Cleaned & calibrated & o . 5 '\ ]
_rleaned Spcaibrated 1 fa w2 GRS O .
700 800 900 1000 1100 1200 131(![1:15] —4(5‘400 200 6 200 200
\ | f—— L 1 ] =1 e L] = =———1 S = =t | e &silioan]_ O I ] E— _— ] 3 =1 /
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=

Hybrid SD-AERA dataset -

120 -

100 A

Years 2013 - 04/2019 are processed
* 05/2019-12/2022 to be added soon
* End of Auger Phase |
* Quality SD cuts (6T5) + quality AERA cuts

counts

20 4

[ Zenith (SD)
1 Zenith (RD)

100 |

* 5signal stations + successful LDF fit
* 925 high-quality events (+ 50~100% more)

e SD dataset will have defined FD energy scale

Shower cores

17000 A LPDA
Butterfly
16000 A intern. triggered
. 5000 SD cores
——
20 14000 -
é‘
3 13000 -
7
12000 A
11000 A
10000 - -

26000 24000  —22000

Easting / m

~30000  —28000
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—20000

30 <
Energy £« Zenith
e}
40 4
0 T T T T T g T 0 1 T T T T
17.25 17.50 17.75 18.00 18.25 18.50 18.75 19.00 35 40 45 50 55
log(EspleV) Theta /°

[ looking as expected ]

1 Azimuth (SD)
1 Azimuth (RD)

%] Azimuth

100 A

Measured
showers

counts

150 200
Azimuth /°

Event cuts:
e Esp > 3e+17eV
e #Stations(signal) > 5
e distance between
SD and RD cores < 400 m
e (>0.0°

e #<55.0°




& True shower 1
Comparing FD and -l

Input shower
yad energy Esp

J

= /
Radio energy scales . /
[ o(1000) |
L hybrid events |
Measured Simulated
shower shower
, | (F.{z;c.ii.oic;ét.argy scale
| based on classical
| electrodynamicsin
. CoREAS 1
— | ),
= ' =
I T
/
l
/
/
( Radio energy E:ad // Radio energy E:.q
\ / /
radio . -
o Esa , Radio energy scale
BnergY Fso Ezde © FD energy scale
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OuTLook: Comparison of energy scales

With complete dataset and simulations:

* Currently working on best metric to determine
FD-Radio energy scale agreement

* Good statistics will allow to study potential biases
and dependencies

* Antenna type (LPDA-only vs. Butterfly-only)
* Long-term stability
* Seasonal variation

* Frequency, zenith, energy

* Unfortunately can’t show preliminary work

21
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AERA energy (DATA) / AERA energy (SIM)




OuTLoOK: Systematic uncertainties of the radio energy scale

* Earlier uncertainty estimate of radio energy scale: 14%
[Auger Collaboration, PRL 116, 241101 (2016)]

- Aim: reach 10%, competitive with FD

Ingredient Status | Comment
Radio emission MC v/ | Good CoREAS |/ ZHAireS agreement ~3%
v * Lab-calibration of detector response
AERA detector calibration v * Amplifier temperature correction
v * Galactic calibration: ~6% uncertainty

v * GeoCE LDF resolution 2%

Signal recenstrucion s * Hopefully soon: improved signal estimation method

° ~ 0 . _ . _
o v 925 (+50~100%) high-quality SD-AERA events

s * Complete dataset very soon
v * Matched to measured events
Event simulations v/ * Measured AERA noise

v * GDAS atmospheres

22



Summary -

: Anayl5|s of CR energy scale W|th radlo

G Comparlson of energy scales at Auger from FD and AERA
* Hybrid dataset since 2013 > 0(1000) events ' '

. ,,Top down"” llke analy5|s W|th h|gh preC|5|on event 5|mulat|ons |

* Matured AERA event reconstructlon |
* Many |ngred|ents comlng together to get events with unprecedented absolute callbratlon

* Aim: systematlc uncertalntles competltlve thh FD

Outlook B - N aEeee—
* Preparing simulations - working on metric for comparison |
~ + Results to come! | ‘ |

* Future: expanding analysis to the hi.-ghest energies with the AugerPrime Radio Detector (RD)
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FD Auger energy scale — systematic uncertainties

Systematic uncert. in energy scale

Fluorescence yield 3.6%
Atmosphere 3.4% — 6.2%
FD calibration 9.9%
FD profile recon. 6.5% — 5.6%
Invisible energy 3% — 1.5%
Energy scale stability 5%
TOTAL 14%

Table 1: Current energy scale systematic

uncertainties [4]. A range refers to the
change in systematic from 3 x 10'%eV to

the highest energies.
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Radio event reconstruction with AERA

ﬂ\lew in-situe drone calibration (see ARENA talk by A. Reuzki)

* Sophisticated drone campaign with ext. transmission antenna
* Measurement of directional antenna response — =~ ~

—y
* Expected result: >
* Verification or adjustment of simulated
antenna response patterns (LPDA & Butterfly)
that are used in station-level signal reconstruction

300} [ sub-threshoid

' Filters, Detector E.E: mwlE mew o g g Lateral o -
Galacticcal.,, &° response, = ™o ‘O Iz (distribution fit, I’ \ I
@ 0 ¢ S o [ ] s |
| . - %m - Sl o Mg " S , | Reconstructed |
_’ g _> :5 —200 : w 8 . 1
I e ‘ ) L , = a0 ; | 0 : I"adIO events | I
700 800 900 1000 1100 1200 7310[:5] »4[10400 200 0 200 200 0 N e ___ /' I
. position in @ x B [m]
| Measured Cleaned & calibrated Reconstructed
radio traces radio traces . . )
\ station signals

_—_—————————_——_—————————M
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Comparing FD and el
Radio energy scales

p
O(1000)
hybrid events

[Auger Collaboration, Phys. Rev. D 100, 082003] Measured
o shower
E> 3 —— Auger
g 0.2F — - Fe
M 8 —— p/Fe Barbosa et al.
0.18)- . p
o 16;\\' Telescope Array - p
0.14f<_

0.12

0.1

0.08

IIIII[Illll'IIWI

0.06

Input shower
energy Esp

Y

Parameterized .
invisible energy *

Calorimetric b =S +'v s « 1

Energy fluences f.

l Radio energy Srad

~

. Radio energy scale

* Take out invisible energy S o Cal'iantema e /
correction in data ( ,Shower } [ Energy fluences fo | //
* Factorininvisible energy . = size” Sss L Radio energy Srad J " =
in simulations R ‘{ SEL?;';ETCJ ——————————— e
{ Data-driven T ——— radio
| invisible energy | EEZ:VEFE ‘::d‘?o
correction | gy Zso i
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Event simulations

* CORSIKA + CoREAS event simulations
* SD energy as input
* SD shower geometry as input
< No dependency on radio reconstruction
* Sibyll 2.3d + UrQMD
* THINNING 1e-6

data

O b=

@> = —— Auger
g 02

84

- s+ Fe

— p/Fe Barbosa et al.
- p

Telescope Array - p

|1|Fl

¥

invisible
energy

IIIIT[!\IIIIIIA

T'[TI]I

l mre i 0
| Data-driven
invisible energy |
28 !_correction ]

Etot/Ecal

STEPFC 0.05

GDAS atmosphere

2 simulations per shower: p + Fe
AERA station grid

1.275 - Simulations
@ Simulated ratios iron
~—— Interpolation iron
1.250 A1 y .
® Simulated ratios proton
—— Interpolation proton
1.225 A
1.200 A
1.175 A
1.150 A
1.125 A
1.100 -
1'075 L T T T T
1017 1018 1019 1020
EcaleV

Parameterized .
. invisible energy :
fraction -

lllllllllllll

Simulated
showers




Hybrid Showers -
Data and Simulations

* Proposed methodology for comparing
FD & Radio energy scales

* Hybrid SD750 — AERA events
* O <55°
* Event simulations CORSIKA + CoREAS

* Ratio/difference of radio energy (data/sim)

[Auger] Eur. Phys. J. C 81, 966 (20217)
10* L B SRR T T

Counts

10

SD-FD energy

~

( True shower
L energy Ecr

Measured
shower

\ 4

calibration

s i _—
FD energy scale based on |
fluorescence yield measurement -

—Y

Shower | _ _  _ _7
energy Esp

LDF, /G, ... l Gal. cal, lantenna pattern, ...

(Shower Energy fluences fe\ /
i\ size Sas Radio energy Srad //

/

2
Input shower
2T energy Esp

/
/

Simulated
shower

Radjo energy scale
based on classical
electrodynamics in

Energy fluences fe‘

Radio energy Srad

Y

<
fedata , Radio energy scale J

fosm  FD energy scale
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. _ Input shower )
Hybrid Showers - - o e

. . /
Data and Simulations / ST |
/ . Parameterized .
/ " invisible energy *
. : / Calorimetric\ f_ra_c_tlc_)rJ 1
Potential source for a bias? i N | _ o— J'
P ~\ ca

Einv / Ecr fraction is mass-dependent

A systematic bias from the Einy
correction in data would directly
enter in the energy scale ratio

/

Auger data-driven Ei,, correction includes
mass-composition information

oS . Em - -
| S ——

Scenario: (subjunctive)

AERA has a mass-dependent efficiency bias
(e.g. not fully efficient for iron)

< The hybrid dataset (SD750-AERA) has a
different mass-composition than is present in

the Ei, correction /
< Reconstructed energies of hybrid dataset /
are on average biased e, /

| Shower | /

(\_' size Sss E, /

i . 3 /
Calorimetric /
—_——_——— energy Ecal /

r - L
Data-driven T :

| invisible energy | 7 Fedara = Radio energy scale

!_cgrre_ctfn_ ] ) fesim  FD energy scale




(Input shower J

Hybrid Showers — e
Data and Simulations e |

Parameterized .
. invisible energy *

. . Y fraction
. . 3l trick « = v s s
Potential source for a bias? g N ——— . = -’{ eseiglyéaflcj
7
° A : * _ i 1
Einv / Ecr fraction is mass-dependent : A systematic bias from the Ei\ : //
* Auger data-driven Ein correction includes | correction in data would directly | 7
mass-composition information I enterin the energy scale ratio ://
\ ’
e ——————————— -
Scenario: (subjunctive) /.._________________'f """"" 'l""\
/ 5 1
AERA has a mass-dependent efficiency bias : e . . . :
(e.g. not fully efficient for iron) : Chose |np.ut energy for the simulations such
_ i that calorimetric energies between dataand |
= The hybrid dataset (SP750—AERA) has a . I simulations match :
different mass-composition than is present in [ i
the Ei., correction ! — “Stop"“ at Ecal in data reconstruction :
1 . . . . . . ]
< Reconstructed energies of hybrid dataset ‘\_’ AZEIFE By pelrAMEtER st ine ST U s /
. S S S S S e — 4
are on average biased = /
i Shower | /
(\_g size Sss ! _ 7
Y e
fSleEes 20 o=
[ E —_ d__ energy Ecal f‘ ™\
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Hybrid Showers -
Data and Simulations

from Phys. Rev. D 700, 082003
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Hybrid Showers -
Data and Simulations

from Phys. Rev. D 700, 082003
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Hybrid Showers —

Data and Simulations
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Hybrid Showers -
Data and Simulations

Plan B?

Using hybrid FD-AERA events would
simplify the logic and maybe save us some

sources of systematics

* Downside: low statistics

* How many events available?

v

* Hybrid AERA-Goldenlnfill events

2013 -04/2019

* standard SDInfill cuts (6T5)
* energy calibration FD cuts

(with some relaxations)

* quality radio cuts

— ~16 events remaining

+~50-100% with
newer data
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AERA station selection for CoREAS simulations
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Lowest expected Xmax value in considered E range: ~622 g/cm? & 25 g/cm? — use 600g/cm? for station cut
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Hybrid data — GeoCeLDFFitter performance

e 2013 -2018:
* 18111 events

* 595 events (3%) without converged GeoCeLDF fit = no E.q estimate

* 5437 events (30%) without uncertainty estimate on Eaqg
* 11297 events (62%) without Rd core fit in GeoCelLDF fit

* Allowing events with 5+ signal stations (RD) only: (vs. 3+)
* 2% without converged GeoCelLDF fit = no E.4 estimate

* 19% without uncertainty estimate on Ead
* 2% without Rd core fit in GeoCelLDF fit
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Accessing the cosmic-ray energy scale
with AERA

LD
CR energy

Energy deposit from low-energy muons and hadrons g

N

-

Ecm: All energy deposited
in the atmosphere
bye*, e, ¥

Electromagnetic energy | .-

Eem

Calorimetric energy

cal

Invisible energy (neutrinos & high-energy muons

s

Can be corrected for
Phys. Rev. D 100, 082003 (2019)
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Comparing FD and radio energy scales

Recipe introduced by C. Glaser (PhD thesis, 2077)

vl
/ Measurement Theoretical calculation
I & EM shower energy
$ == first principles
EE X classical

electrodynamics

antenna and
\ietector response

E-field

atmosphere transparent
to radio waves

corrected radiation energy Sk, [eV]

2-dim LDF mode\
]019
a coincident measurement
with other detectors

107
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corrected radiation energy S:;D [eV]
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CR energy scales
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Aiming to determine a universal/academic radio energy scale
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Reconstruction biases in data and simulations

* Stepsin AERA reconstruction with multiple choices:

* Noise filter

* Signal estimation method (energy fluence)

* Tested SD-AERA calibration fit with fixed B=1.98
* Check relative change in fitted A
* Changes very similar for data and simulations

Amplitude [uV/m/MHz]

AERA frequency spectra (red + black: 2 polarizations)

Amplitude [LV/m/MHz

30 40 5 60 70 80 80
frequency [MHz]

A >
Test Description Relative change in A (data) | Relative change in A (simulations)
Noise filters no filter - -
Bandstop -12.2% -11.6%
Sinewave suppressor -2.9% -1.9%
Signal estimation methods Offline method - -
Method with 5.0% 6.2%

background subtraction

40 50 60 70 80 90
frequency [MHz]

by C. Glaser



