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~ The puzzle of cosmic rays
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Produced in the Galaxy

(Milky Way)
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Produced in other galaxies...

But how? Which sources?

'« Cosmic rays (CRs)

High energy nuclei
Galactic origin: E < 10192 ev

- Ultra high energy cosmic rays (UHECRs): E >10'% eV
Extragalactic origin

Most energetic particles in the Universe

What are the sources that produces UHECRs?

ELHC ~ 1013 ev
~ 1.6 ud

EUHECR ~ 3.10%0 ev
~ 50 J



% The puzzle of cosmic rays

'« Cosmic rays (CRs)
High energy nuclei

Galactic origin: E < 10192 ev

Extragalactic origin
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Produced in the Galaxy Produced in other galaxies...
(Milky Way) But how? Which sources?

The UHECR puzzle

» Deflected: charged particles

» Attenuated during propagation

* Very low fluxes —> only indirect detection

Most energetic particles in the Universe

- Ultra high energy cosmic rays (UHECRs): E >10'% eV

_

What are the sources that produces UHECRs?

EUHECR ~ 3.10%0 ev ELHC ~ 1013 ev
~ 50 J ~ 1.6 ud



The uli high energy (UHE) multi-messengers

UHE gamma rays y UHE neutrinos v (E > 107 eVv)
- Undeflected +/ - Undeflected
» Short horizon » Deep horizon (small cross section) +/
» Undetected - Hadronic interactions
Astrophysical Neutrinos v
Produced at the source | e S, Gammas y
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Cosmic rays
(P, Fe,...)

Cosmogenic Neutrinos v
Produced during propagation in
the intergalactic medium




The ultg high energy (UHE) multi-messengers
\ " UHE gamma rays y UHE neutrinos v (£ > 1017 eV)
| | » Undeflected + » Undeflected
» Short horizon » Deep horizon (small cross section) +/
» Undetected - Hadronic interactions
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= An evolving science case

£H

i Credit: NASA GSFC & Caltech/MIT/LIGO Lab

- UHE v frontier: largely unexplored (very low fluxes)

»Smoking gun evidence for the origin of UHECRSs

» Multi-messenger astronomy:

LUnders’canding UHE Universe and probe UHE transient sourceJ

LIGO/Virgo

Active Galactic Binary neutron star

Nuclei (2022) merger (2017) _ | ,
TXS056+056 Next generation experiments will need:

> Gigantic detection surfaces to improve sensitivity
> Wide instantaneous field of view

»Sub-degree angular resolution

Blazar Flare (2017) 3



% UHE neutrino detection methods

ceCube Laboratory
Amundsen-Scott
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* In ice/water pioneering neutrino detectors

(lceCube, ANTARES, KM3NeT) - R 5
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Dense medium — enhanced interaction probability /
H
i
lceCube: first cosmic v detected (2013): only 2 > PeV energies Il “
Limits: size (extension lceCubeGen?2 radio, 2032)

k ~ 1° angular resolution )

lceCube Neutrino Observatory
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% UHE neutrino detection methods

" «In air detectors:

UHE v_: interact in Earth crust — produce 7-particle — 7 decay

UHECRSs: interact in atmosphere
* Production of an extensive air shower (EAS)

e Emission mechanisms: Cherenkov light, fluorescence light in air, radio emissionJ

Radio detection:
Efficient, scalable, robust, cheap, 100% duty cycle

Ideal for giant arrays to probe low fluxes

Particle cascade (called
extensive air shower in air)

primary
particle

cosmic-ray

Amospher®

.
e
.
“
’I
*
-
Ay %

- >.v s ,' .
«*  interaction

~ atmosphere
molecules

Schréder, 2017
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@% The Giant Radio Array for Neutrino Detection (GRAND)

Baseline design:

0’000 radio antennec DV E 00'000 km?2 in 20 D-arre At Tavoraplée

Cosmic ray,.my a




% The Giant Radio Array for Neutrino Detection (GRAND)

Baseline design:
200’000 radio antennas over 200'000 km2 in 20 sub-arrays at favorable sites worldwide

(Vertical) Cosmic ray, y

i A
Detection of very inclined air showers
-~ Large footprints on ground

Sparse antenna array

Very large observatory for improved sensitivit
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% The Giant Radio Array for Neutrino Detection (GRAND)

Baseline design:
200’000 radio antennas over 200'000 km2 in 20 sub-arrays at favorable sites worldwide
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Guelfand for the GRAND collaboration,

\%\/ Th e G RAN D P FOtOSOO (G PSOO) P rOtOtype Proceeding Moriond 2024, arXiv:2501.01851

Goals: Validate detection principle: autonomous radio detection

Science: cosmic rays 109> — 1018 ev
Transition region between Galactic «—— Extragalactic cosmic rays

Data AcQuisition (DAQ) mpm -

Alves Batista, Guépin, Guelfand, Kotera, Marcowith, in prep
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https://arxiv.org/abs/2501.01851

% The GRANDProto300 (GP300) Prototype

Guelfand for the GRAND collaboration,
Proceeding Moriond 2024, arXiv:2501.01851

Goals: Validate detection principle: autonomous radio detection
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Science: cosmic rays 109> — 1018 ev
Transition region between Galactic «—— Extragalactic cosmic rays

Gobi Desert

~

Final stage: 300 antennas over 200 km?
Status: 65 antennas deployed and running

Clean environment, stable & homogeneous detector
'+ End of commissioning phase, cosmic ray search starting

~
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https://arxiv.org/abs/2501.01851

% GRAND and the challenges of radio detection

|.Physical modeling of inclined air showers
and their radio emission

ll. Autonomous trigger: find the radio
signal inside the noise

lll. Reconstruction of cosmic particle
properties for very inclined showers
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\/T\/ GRAND and the challenges of radio detection

lll. Reconstruction of cosmic particle
properties for very inclined showers

ll. Autonomous trigger: find the radio
signal inside the noise
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<1~ Radio signainauced by extensive air showers: classical picture

(Vertical showers (0 < 60°): extensively studiedj
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Geomagnetic emission
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r/c Shower Front

+ Shower Axis

Huege, 2016

Lorentz force: Ly orenty = gV X B
Transverse motion of electrons and positrons

Electric field polarized along -V X B

Main contribution to radio signal in air (~90%)

Askaryan emission

¥ Shower Axis

Shower Front

vxXvXxB

—

Accumulation of electrons close to the
shower wavefront

Electric field radially polarized

~
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Particle distribution of extensive air showers (EAS) linked
to emission mechanisms

Shower plane

vxB
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Lateral extent: Distribution of particles in v X B direction
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“T~  Competitive processes in air showers

[ - —
Lorentz force: L grentz = qvV X B

\
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Transverse motion of electrons and positrons

_/

_ _ : BEarth
Decreasing air &

density pair :
vl

p 0 v X BEarth <

P3
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Multiple Coulomb Scattering, radiation losses
(Bremsstrahlung, lonisation) due to air molecules

Moliere Radius: RMO”ére ~

9.6 g.cm—2
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&f/ Specific signatures for very inclined air showers

g R
New challenges:

Development over longer trajectories

Enhanced effect of Bg,rih

Develop higher in the atmosphere (lower p;/) Affect spatial particle distribution and radio emission®

Shower particles have larger mean free path for collisions
4 y

Decreasing air
density pair

s

Radio footprint on ground
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~ Analytical estimate of lateral extent for very inclined air showers

£H

3 Scholten et al., 2007
New challenges: tc eBEarth (e™"" 1)

. . 1% [) =
Development over longer trajectories transverse(/) E,
Develop higher in the atmosphere (lower p;/) 2030 BEarth / /
— —1
Shower particles have larger mean free path for collisions Xtransverse(l) = 5 (e = 1- ?)
0
Lateral extent: Distribution of particles in v X B direction Liat = 2xtransverself = 7)

7 . Bremsstrahlung energy loss timescale
E,: shower particle energy

-2 1
- B E
Llat ~30m Pair Earth 0
1 kg m—3 50uT 100 MeV

Lateral extent driven by deflection due to Earth magnetic field

Model validation: comparisons with Monte-Carlo
numerical simulations

Viransverse
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= Lateral extent of air showers from simulations

HH
1 - . ~
Monte Carlo codes: ZHAIireS & CoREAS
LSimulations of cosmic ray induced air showersJ
0 = 60° Very inclined: @ = 87°
0.20 2.0 Magnetic field map
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—0.2 —0.1 0.0 0.1 0.2 vxB [km]
vxB [km] @
Ryiotiere ~ 800m for p,; = 0,12kg. m™> (9 = 87°)
ngh Pair and strong BEarth Low Pair and strong BEarth < _
|
Drastic lateral extent increase Lorentz Force: Li oranty = GV X B
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10%
| - = geomagnetic deflection
- Moliere radius
- ° Simulations
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~ Lateral extent as a function of inclination: two regimes

Guelfand et al, JCAP (2024),
arXiv:2310.19612

-

-

Two distinct regimes at low and high inclination: simulations +
analytical modeling:

> vertical air showers driven by multiple scattering:
pair )—1
1 kg m—3
> Very inclined air showers driven by geomagnetic deflection:

( Pair 2 B EO -
Llat ~ 3() m
1 kgm—3 50uT 100 MeV

Ly, = Rpmoliere ~ 20 m (

~
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“~T~ Coherence loss in the radio signal (Sc';;x'stgg acio signa f('j')tered n 50-200 MHz
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https://arxiv.org/abs/2404.14541
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1~ (Goherence loss in the radio signal
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Lemis,sion: spatial coherence loss

. . s . )
New regime in lateral extent «— transition to incoherent radio

g N
Simulated radio signal filtered in 50-200 MHz
(GRAND frequency band) o -
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https://arxiv.org/abs/2404.14541
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% GRAND and the challenges of radio detection

|.Physical modeling of inclined air showers
lll. Reconstruction of cosmic particle
properties for very inclined showers

-
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T\/ Autonomous radio detection of extensive air showers (EAS)
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ADC counts

\% Autonomous radio detection of extensive air showers (EAS)

Radio signal

@tationary noise: Galactic noise]

40 from GRANDProto300
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ADC counts

@tationary noise: Galactic noisej

from GRANDProto300
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Radio signal
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ADC counts
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=~ Autonomous radio detection of extensive air showers (EAS)

Transient noise: thunderstorms,
power lines, aircrafts...

from GRANDProto300
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ADC counts

@tationary noise: Galactic noise)

from GRANDProto300

0

250 500 750 1000 1250 1500 1750 2000
Time [ns]

ADC COountus

Radio signal

Simulated EAS signal: transient

Duration: ~ 100 ns
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—200+
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=~ Autonomous radio detection of extensive air showers (EAS)

Transient noise: thunderstorms,
power lines, aircrafts...

from GRANDProto300
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ADC counts

=zl

'Radio signal onlf
(giant arrays) |

@tationary noise: Galactic noise)

from GRANDProto300
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ADC COUnts

Radio signal

Simulated EAS signal: transient
Duration: ~ 100 ns
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Autonomous Trigger \

=~ Autonomous radio detection of extensive air showers (EAS)

pd

( Extract EAS from noise)

ADC counts
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o
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Transient noise: thunderstorms,
power lines, aircrafts...

from GRANDProto300
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ADC counts

S Autonomous radio detection of extensive air showers (EAS)

/ Autonomous Trigger \

( Extract EAS from noise)

'Radio signal onlf
(giant arrays) |

Trade-off between efficiency and purity
> Purity critical: Limited bandwidth because of large array size

Transient noise: thunderstorms,
Stationary noise: Galactic noise Simulated EAS signal: transient power lines, aircrafts...

Duration: ~ 100 ns

100 - f
[ rom GP300
40 from GP300 200
wn 50'
100 =
n
- = oM
= O
S 0 ®
. <DE —50
A
Z —100-
—100-
| | T | , | , —200 T T T T I 1 T
0 250 500 750 1000 1250 1500 1750 2000 | | | | | | | O 250 500 750 1000 1250 1500 1750 2000
Time [ns] 0O 250 500 750 1000 1250 1500 1750 2000 Time [ns]

Time [ns]
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/@ , 3. Central Processing Units (CPU?
<1~ The electronics at GRANDProto300 Field-Programmable Gate Array
T Z (FPGA) )

Nz

— —=

WA

Amplifier
(LNA)

/. Digital power

Communication \I\I\I\l\l\\\\‘
antenna (Wi-Fi) uu,,l))/-/'/,
/

5. Ethernet T 7 TP L y
oglioll s —EE——— B TR A 9. Power connector

Pole

Front-end-board
housing

GPS antenna/

Solar panel

1. Signal input & Analog filter| [ 2. Analog-to-Digital Converter

E (50-200 MHz) f \/‘
— ADC signal

Voltage signal

Foundation box
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=~ The current tri

gger system at GRANDProto300

r

First Level Trigger (FLT) on FPGA
Signal-over-threshold trigger

) (

Second Level Trigger (SLT)

Coincidences within 10 ys time window
between at least 5 antennas

A
PRt

DU 1055 DU 1052

Wi-Fi
data transfer
At the antenna level At the detector level
R
: DU 1074 = | DU 1077 _ N
Central DAQ ol s
Coincident data (CD) stored  “-= PR -

> Offline analysis

ADC

o
ADC

o

ADC counts

s -
o o
) o o (o]
’ |

0 500 1000 1500 2000

Time [ns] J
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o The current trigger system at GRANDProto300

=zl

[ ) [
First Level Trigger (FLT) on FPGA Second Level Trigger (SLT)
Signal-over-threshold trigger Coincidences within 10 us time window
i * between at least 5 antennas
. SER0 S0
data transfer ? T ?
At the antenna level At the detector level
\_ Y, ‘
Central DAQ oot H““lﬁ'i% MW“W
Coincident data (CD) stored  *= i B -
- Offline analysis " inenssi | oo

]

Data acquisition since Dec 2024 on GRANDProto300
» Fewer cosmic ray events than expected among coincident data (CD)

My work: tune parameters on First Level Trigger: best balance between efficiency and purity?

18



% The First Level Trigger: logic

First Level Trigger: Double threshold, 5 parameters

[+ Th1: first signal amplitude threshold

. Tperiod (500ns): time window during which the trace is analyzed

after the first Th1

* [h2: second threshold
+ I sepmax: The maximum duration allowed for two consecutive

peaks (both exceeding Th2)
* NC: number of crossings allowed that exceeds Th2 (including

_ Th1 peak) y

19



Reproduce First Level Trigger offline

TV Parameters optimization: efficiency

" GRAND realistic simulations:

~ 10° GRAND cosmic-ray simulations ( ~ 120,000 traces)
- Simulated electric fields with ZHAIireS

* Process through simulated detector response

- Add measured noise on GRANDProto300 site
_ * Digital filtering

~

Onoise S
[ i SNR =

>

o

<

~100- Baseline region (noise region)

ADC counts

0O 250 500 750 1000 1250 1500 1750 2000
Time [ns]

20




\/T\/ Parameters optimization: efficiency

Reproduce First Level Trigger offline

ﬁ)ptimal (my work): \ On-site (before my analysis): 100 Onoise = 11.5 ADC
Th1 ~ 5o Th1 =70 ADC (~ 6.50) 2 Croise .
Th2 ~ 40 Th2 = 35 ADC (~ 30) o O 1 SNR =
Tsepmax =90 ns Tsepmax =15ns a < | | | — Onoise
wc between 2 and 7J NC between 2 and 7 < _100- Baseline region (noise region)

0 250 500 750 1000 1250 1500 1750 2000
Time [ns]

20



\/T\/ Parameters optimization: efficiency

Reproduce First Level Trigger offline

ﬁ)ptimal (my work): \ On-site (before my analysis):
Th1 ~ 50 Th1 =70 ADC (~ 6.50)
Th2 ~ 4o Th2 = 35 ADC (~ 30)
I'sepmax =50 ns I'sepmax = 15 ns
wC between 2 and 7j NC between 2 and 7
"Th1: main driven parameter h
Chose if the signal will be analyzed
LBes’c practice: do not set absolute ADC value )

ADC counts

—100-

Onoise
‘I
Li

<

>

Baseline region (noise region)

0O 250 500 750 1000 1250 1500 1750 2000

20

Time [ns]




~T~ Parameters optimization: efficiency

=zl

Reproduce First Level Trigger offline

K)ptimal (my work): \ On-site (before my analysis): 100 [N TTT Onoise = 11-5 ADC
Th ~ 56 Th1 = 70 ADC (~ 6.50) g |[1h2 T A
Th2 ~ 40 Th2 = 35 ADC (~ 30) 5 9 | SNR =
I'sepmax =50 ns I'sepmax = 15 ns A — . — Onoise
NC between 2 and 7j NC between 2 and 7 < -100 | Baseline region (noise region)

Tperiod ~ 500 ns
0 250 500 750 1000 1250 1500 1750 2000
~ ~ Time [ns]
Th2: trade-off

Set high enough to suppress noise peaks in the baseline
Set low enough to detect the secondary pulse(s) within the main signal
Because NC min = 2 (avoid trigger on single sample)
_Best practice: do not set absolute ADC value

20



% Parameters optimization: efficiency

Reproduce First Level Trigger offline

K)ptimal (my work)
Thl ~ 50
Th2 ~ 4o

I'sepmax =50 ns

wC between 2 and 7

: \ On-site (before my analysis):
Th1 = 70 ADC (~ 6.50)
Th2 = 35 ADC (~ 30)

NC between 2 and 7

5000

4000 -

3000+

Counts

2000 -

1000 -

B TH1 =50, TH2 = 40

. .
10 20 30 40 50

Maximum time between
two consecutive crossings (ns)

100/ Th

1h?

i
:

ADC counts

—100

<

Onoise

|
l

<

>

Baseline region (noise region)

>

T

period ~ 500 ns

0

250 500 750 1000 1250 1500 1750 2000

Time [ns]

100

ADC counts
(&)

—100"

First crossing
+20 ns

Lt

Jil):

i

500

550 600 650 700

Time (ns)

gBest practice: Tggpmax > 20 ns !)
2

750 800




TV Parameters optimization: efficiency

Reproduce First Level Trigger offline

/ Optimal (my work): "\ L S . B

® Th1 ~ 56
£ 77 SNR=—2 - S || Th2~40
% wC between 2 and 7/
o 0.6 1
=)
= 04
- ' On-site (before my analysis):
= 0.2 Th1 =70 ADC (~ 6.50)
% Th2 = 35 ADC (~ 30)
0 2 4 6 3 10 15 12 NC between 2 and 7

20



1 Parameters optimization: purity

g A
On-site experimental noise (GRANDProto300)

Trigger rate with optimal parameters:
- Digital filtering: 73 Hz
L-(Raw data: 516 Hz)

fOptimaI (my work): \
Th1 ~ 50
Th2 ~ 40

sepmax =30ns

kNC between 2 and U
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% Parameters optimization: purity

g A

— _J

On-site experimental noise (GRANDProto300)

Trigger rate with optimal parameters:
- Digital filtering: 73 Hz
- Raw data: 516 Hz

fOptimaI (my work): \
Thl ~ 506
Th2 ~ 40

Amplitude (ADC)

Triggered transient background event

100-
FIR
50 -
O i
0 500 1000 1500 2000

Times (ns)
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A

~ Parameters optimization: purity

=zl

b fOptimaI (my work): \
Th1 ~ 50
Th2 ~ 40

-
On-site experimental noise (GRANDProto300)

Trigger rate with optimal parameters:

- Digital filtering: 73 Hz
. Ragw data: 51% Hz \_NC between2and 7_/
i .

_
Triggered transient background event
100

FIR

g = * First systematic study of First Level Trigger parameters

9 ; * Optimal parameters now applied on site (May 2025)

% and data ready for analysis

E_ o * Very positive effect of digital filtering on data rate

0 500 1000 1500 2000

Times (ns)
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% GRAND and the challenges of radio detection

|.Physical modeling of inclined air showers
and their radio emission

ll. Autonomous trigger: find the radio
signal inside the noise

22



% GRAND and the challenges of radio detection

lll. Reconstruction of cosmic particles
properties for very inclined directions ADF model: validation and arrival

direction reconstruction

e
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&% Reconstruction of cosmic-ray properties (arrival direction)

=zl

—— Valentin Decoene Thesis, 2020 Xsource ~ Xmax
Hybrid model: timing ¢, + amplitude A, -
at electric field level in 50-200 MHz frequency range \ \

=

[ R

- Radio emission point X ... V. Decoene et al
. . . : . Astropart. Phys. (2021)
Center of spherical fit using trigger times

- Shower axis %(«9, @) (intersects X

)
SOUrce
Analytical description of signal amplitude in radio footprint with

Angular Distribution Function (ADF)

_J

Cosmic-ray footprint simulation (6 = 80°)

Simulated electric field at antenna level

s 1 "

= 300 —— X-channel

i ™ L

---- X-Hilbert

= .

EL/ 200 ———  Y-channel

EN -=-==Y-Hilbert

g 100 — 7/-channel

& ~---  Z-Hilbert

i e

< 0

>

D

= —1001

| : From V. Decoene

=900 P . .
50 100 150 200

From A. Benoit-Levy

t time (ns)
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HH

—— Valentin Decoene Thesis,
Hybrid model: timing 7, + amplitude A,
at electric field level in 50-200 MHz frequency range

2020

X

SOurce

~ Xmax

~

-
- Radio emission point

X

Source

Center of spherical fit using trigger times

. Shower axis k(0, @) (intersects X, co)
Analytical description of signal amplitude in radio footprint with

V. Decoene et al.
Astropart. Phys. (2021)

— X-channel
' “\\ -=-=-= X-Hilbert

—— Y-channel

---- Z-Hilbert

- Y-Hilbert

—— 7Z-channel

Angular Distribution Function (ADF) y
A
fADF(a), n,a, l; 560,A) — TfGeoM(a, , B)fCherenlmV(a), 50))
& L 3001
5000 F § Gl W
£ I ' 2 2005
S 4000 * < D
% * ++ o " = 100-
~3000 T e =
> o . &0 1 0
2000 ¢ =
| ¢ %
o : : — o .
D 1000 S S!mulat!on(n—90 ) —= —100
— Simulation(n= —90°) |
| . + 1 + ADFmodel : L — — 9004
0 ¢ 50
—2 -1 0 1 2
w "] 24

100
t time (ns)

200

Reconstruction of cosmic-ray properties (arrival direction)

Angular distance of antenna to shower
axis measured from Xsoyrce

At Ayt

From A. Benoit-Levy




o Insight the ADF model

HH
e A A o
5000 t 9 R
ADF : _ GeoM Cherenko — .
o, a,l;0w,A) = — 7% (a,n, B) f "(w, dw) c . &
l Ny = ' f
. D S 4000 ,
= e * .o
_ . . . "~3000 i —
Cherenkov pattern: shape of radio footprint (Lorentzian) = P g e
1 2000 * 0,
fCerenk()V( .5 a)) — ! 3
’ tan(w)/tan(w,))? — 1 2 A | e Simulation(n=90")
1+4 <( (@)/tan(@,)) ) ' 1000 Simulation(n= —90°)
2 .+ + ADFmodel
O_ &
—2 —1 0) 1
w [°]

A/l: Early-late asymmetry: dilution effect

25



A

=~ |nsi

=zl

ght the ADF model

~

-

A
fADF(a), 1, Q, [; 6w, A) = TfGeOM(a, n, B)fCherenk()V(w, o)

~

_J

fCerenk()V( W, 560) —

1

1+4(

W, ° described with dedicated model

(tan(w)/tan(w,))* — 1

oW

;

* Not a free parameter

Cherenkov pattern: shape of radio footprint (Lorentzian)

25

|Es0 = 200 MHz| [HV/M]

-

Simulation(n =
Simulation(n =
APF model

Cherenkov angle w,.




A

1~ Insight the ADF model
( A )
AP w,n,a,1;60,A) = Tf GeoM(a, n, B) f (w0, b
- _

Cherenkov pattern: shape of there radio footprint (Lorentzian)

1
fCerenkm/(a), 560) — — .
tan(w)/tan(w,) )~ — #,
1 +4 < > 5000 & i
0 — 2o +
£ 4000 e -
®, described with dedicated model § e +
* Not a free parameter —3000 L ’
I ) ® +
= o« ¢
[ Early-late asymmetry: dilution effect <2000 : : :
TLE].OOO' Simulation(n=0"°)
— e Simulation(n=180")
0 e & ¢ + ADFmodel s L. e
—2 -1 0 1 2
w[°]
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o Insight the ADF model

=zl

( )
A Geomagnetic emission Askaryan emission
fADF(a), n,a, l; 560,A) — TfGeOM(aa },],B)fCherenkOV(a), 560) o o yVXVXB
" _J —
— b —
Cherenkov pattern: shape of there radio footprint (Lorentzian) R i '} 7
1 e —>—>»—>» T
fCerenlmV(a) 560) — I vxB v xB
, (tan(w)/tan(w,))? — 1 2 - [ —
1 +4 ( ) agl
o]0, L,

W, ° described with dedicated model
* Not a free parameter

600

== geomagnetic 40
» charge excess

BN
o
o

[: Early-late asymmetry: dilution effect

% (V x B) axis

30

vV x B) [m]
N
o
o
&2

25

(

V % B axis

energy fluence [eV/m?]

Geomagnetic asymmetry: interplay between geomagnetic X opeeee B
effect and Askaryan effect (main emission mechanisms) c el -
Geom COS(’? ) § 5 n
a,n,B)=1+G - 430 .

/ (.11, 5) A sin(a) a v

_600 L | | 1
-600 -400 -200 0 200 400 600

- . geomagnetic angle E* position in ¥ x B [m]
- G,: geomagnetic strength Earth From Glaser et al. 2019
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o Insight the ADF model

£H

4 free parameters in ADF:
- arrival direction 6, ¢: direct reconstruction
> scaling factor A and width ow

A
fADF(a), 1, Q, [; 6w, A) = TfGeoM(a, n, B)fCherenKOV(a), 0)

Cherenkov pattern: shape of there radio footprint (Lorentzian) p
1 5000 s &
fCerenkOV(a), 560) — E L :.
(tan(w)/tan(w,))? — 1 \ 2 S 4000 : L
1 +4 3 : .
o : 1 ? *
~ 3000 A e
W, ° described with dedicated model § c : ¢ 0w
- Not a free parameter ~2000 :
o o | e Simulation(n=90°)
[: Early-late asymmetry: dilution effect ' 1000 Y . Simulation(n= —90°)
0 . 1 + ADFmodel b & s
Geomagnetic asymmetry: interlplay petween geomggnetic g 0 o~
effect and Askaryan effect (main emission mechanisms) =2 .
>
COS O
oo, n,B) =1 + G,— ) $ 20
sin(a) ad | | | -
—2 -1 0 1 2
w [°]
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S Validation of ADF model and arrival direction reconstruction

=zl

1 ~ A e . . )
- Reconstruction code refactoring: from C++/FORTRAN to Python GNR,igDIER?Ns[())(;eIa“StK; S:;r(;‘(;"at[tons'ai'eCtr'C tield
: . : o roto adyOUut. antenn
- Numerical optimization: improve convergence & speed Simulated noise: 5n3; on times + 7.5% on amplitudes
* ADF model valiaation Trigger conditior.\' A>50=110 -V/m and > 6 antennas
» Validation on GRAND realistic simulations: performances )\ 99 L0 o F — J
Guelfand et al., Astropart. Phys. (2025), arXiv:2504.18257 Efficiency € = Nreconstructed — 88 % (40% in C++)
1.5 i Ntrigger
Angular resolution y: 0.07° 1.00
1.0 0.75
o
> é 10.50 W
0.5
. -0.25
0.0 mom B T o
60 10 10
Xsource 6 [°] Energy [EeV]
% (0. b) Sub-degree angular resolution allows to
’ t o : 0.09° dian: 0.07° std: 0.10° : :
| Orec mean: 0.09" median: 0.077 std: 0.10 pinpoint source and perform v astronomy

K

Only 4 free parameters
Fixed position of w_ (dedicated model)

-

krec (Orecs Prec) 27


https://arxiv.org/abs/2504.18257

\% GRAND and the challenges of radio detection

lll. Reconstruction of cosmic particles
properties for very inclined directions ADF model: validation and arrival

direction reconstruction

/ Analytical modeling @..
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\%The radio Cherenkov effect

Emission time ¢’
=

rSignal enhancement along specific directions

Cherenkov cone seen as a ring in radio footprints: key signature
of cosmic particles

LTime compression effects (refractive index n > 1) )

From A. Benoit-Levy

Observer time ¢

For constant refractive index: w. = acos(1/n)
n changes with altitude: w_. varies with inclination

100

| —— X-channel ——  X-channel
. 801 Oﬁ_Cone — Y-channel o h On_Cone —— Y-channel
E 60 Z-channel —— Z~channel
E; 4004
< 40 | From V. Decoene From V. Decoene
= | )
|
£a

B T N RPN PR IR pTap o

204800 —204600 —204400 —204200
4> .
time (ns)
100 ns 15 ns

« 100 150 200
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/S% . . . Decoene, Guelfand, Tueros, ICRC
~ T~ Analytical modeling of the radio Cherenkov cone proc. 2025, arXiv:2507.05735
- r R r )
Causal relation: c(t — t') = < n(R) > R IO rn(r)

Effective refractive index < n(R) > =

R
Emission time ¢’ JO dr
Origin from X5x(#" = 0)

with n(h) = 1 + ke ™" anarez-muriz et al., 2012
_(analytically integrated) )

Time compression effect:

dct’ dct
Observer time ¢ — 0 < S 0
wmax A dct dct
a )
Ti oneffect 2L = 1 4 (251 Ry <> 1 22
. Time compression effect:—— = n =
dct’ dR dct’ —> )
. . . . . " / C
e Maximum particle emission (altitude X5y i-€. ¢t = 0) )

30



P

=~  Comparisons with simulations

i

2500 +
+ ¢
- T+
| +
E2000 : sofer
S + N . °
=1500- ; . .
o) n + o
3 4 [ )
‘5 1000- ++ o T ¢
: IR
; R ¢
500 e Simu +
+ + fADF ¢ +
o
~0.75 —0.50 —0.25 0.00 0.25 0.50 0.75
w [°]
We early @, |ate

@, decreases with inclination

Asymmetry effect at high inclination: two distinct w,. for
early and late antennas: optical path no longer equivalent

> Physical description of @ . included in ADF

Late antenna

Early antenna

Decoene, Guelfand, Tueros, ICRC
proc. 2025, arXiv:2507.05735

( )
Monte Carlo codes: ZHAIireS & CoREAS
LNo noise & no filter

_J
61[°]
53° ©68° 77° 82° 85° 87°
I Simu Early
10 %{% I ® Sirr;uILate
— 1 0O« 3 Model Earl
o l II ii I 3 ¥  Model Latey
Z |
~ 051 CEERRRE
S 05 1.0 15 20 25 3.0
N
Y] ML S S PO S
2 —2.5¢ L I L ’ .. o ® e 5 o
% 0.5 1.0 1.5 2.0 2.5 3.0
o’ —log(cos 0)



\% GRAND and the challenges of radio detection

lll. Reconstruction of cosmic particles
properties for very inclined directions ADF model: validation and arrival

direction reconstruction

Analytical modeling @..

ADF model: energy reconstruction

32



A

~ Reconstruction of cosmic ray energy with ADF model

HH
g A A Radio signal amplitude (Scaling factor A)
ADF . _ GeoM Cherenkov . .
o, a,l00,A) = Tf (a,n,B)f (0, 0w) scales with electromagnetic energy Egm
" y
"*+
5000 A X Py
= . o0
g ’ + ’ t
>14ooo + -
—_ A s ° ?
“~3000 *+ O
E . ’ ®
22000 * —
| é
Tuh?’looo ¥ o Simulation(n=90")
— Simulation(n= —90°)
., i + ADFmodel b i ..
OA - ® e v
é‘ 0 ‘,c&m
S .
>
O
n —20;
Q
m [ ]
—2 -1 0 1 2
w [°]

4 free parameters in ADF:
- arrival direction 0, ¢: direct reconstruction
~ scaling factor A and width ow
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o Reconstruction of cosmic ray energy with ADF model

: ADE —_— R Radio signal amplitude (scaling factor A)
S ., a,l;00,A) = Tf Ceol(a, , B) fETeY (@, Sw) scales with electromagnetic energy Egn,
- v,

Guelfand et al., Astropart. Phys. (2025), arXiv:2504.18257

1e8

60

~

-

* Radio emission: dominated by geomagnetic effect
Driven by Lorentz force: L 5renty = gV X B

Amplitude « gvBsin(a)

~

33

B Earth

— f(‘g)Eem

sin()


https://arxiv.org/abs/2504.18257

T~ Reconstruction of cosmic ray energy with ADF model

=zl

g . N A Radio signal amplitude (scaling factor A)
DF . _ GeoM . .
[ o,n,a,l00,A) = Tf “a,n, B) [~ w, dw) scales with electromagnetic energy Egm
N y
Guelfand et al., Astropart. Phys. (2025), arXiv:2504.18257 ~ ~
le8 * Radio emission: dominated by geomagnetic effect
1.1- | TS
Driven by Lorentz force: L| grentz = gV X B
1.0 Amplitude  gvBsin(a)
= 0.9 - Geomagnetic effect: larger for inclined EAS
s (Develop higher in atmosphere)
% 0.8 - D
<
0.7
<
0.6-
0.5
0.1 0.2 0.3 0.4 0.5
p [kg/m3]
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T~ Reconstruction of cosmic ray energy with ADF model

=zl

g A Radio signal amplitude (scaling factor A)
ADF . _ GeoM Cherenkov : .
[ o,n,a,l00,A) = Tf (a,n,B)f (0, 0w) scales with electromagnetic energy Egm
. y
Guelfand et al., Astropart. Phys. (2025), arXiv:2504.18257 ~ ~
le8 * Radio emission: dominated by geomagnetic effect
1.1- | TS
Driven by Lorentz force: L| grentz = gV X B
1.0- Amplitude  gvBsin(a)
= 0.9 - Geomagnetic effect: larger for inclined EAS
Q . .
i (Develop higher in atmosphere)
<3 0.0 * At very high inclination, coherence loss
~ \_ i,
% 0.7 See model Loss of coherence
E Chiche et al (incl. Guelfand),
PRL 2023
0.6- Guelfand et al., JCAP 2024
0.5
. . , . . | = f(p)Eem
0.1 0.2 0.3 0.4 0.5 sin()
p [kg/m3]
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=zl

RN . .
1~ Reconstruction of cosmic ra

y energy with ADF model

-

A
fADF(a), 1, Q, [; 6w, A) = TfGeoM(a, , B)fCherenkw(a), ow)

A Radio signal amplitude (scaling factor A)
scales with electromagnetic energy Eem

y

-
Guelfand et al., Astropart. Phys. (2025), arXiv:2504.18257
1e8
1. 1 i LN
B detd - 0.95
1.0 ..‘..";:{?Sé’:*f‘:“}(
A IR +0.90
— ! N/ oo 80 % §_¢Zo: %%
3 ' ey, e 0.85
LL.I y ﬁ."": ot | - °
X% — % ‘;.' :q .' : —
~— <’ \-: :.‘ -~ .E
<  nofty ¥, 0.75'®™
© 0.7 Ny
< .:,(}"t‘. 0.70
AT
0.6- S A 0.65
05 ' 0.60
0.1 0.2 0.3 0.4 0.5
P [kg/m3]

~

* Radio emission: dominated by geomagnetic effect
Driven by Lorentz force: L 5renty = ¢V X B
Amplitude « gvBsin(a)

» Geomagnetic effect: larger for inclined EAS
(Develop higher in atmosphere)

* At very high inclination, coherence loss

- Second order effect sin(a): Besf = Bsin(a)
Larger sin(«): coherence loss

~

34

. = g(p,sin(a))Egm
sin(a)
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A

1~ Reconstruction of cosmic ray energy: performances
A
sin(a) g(p, sin(a))

. e
Energy estimator: Eem =

[:Ideal simulation set: intrinsic method resolutionj

mean: -0.16%, median: -0.04%, std: 3.16%

1201
100 3.2% intrinsic resolution!

80-

60

40-

20

0 . . .
—-0.2 —-0.1 0.0 0.1 0.2
E&m — Eem
Eem
(56.9°-67.0°) 0: 2.88% (77.0°-87.1°) o0: 3.20%

(67.0°-77.0°) 0: 3.11%
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Energy estimator: £* = =

<~ Reconstruction of cosmic ra

£H

A

em

sin(a) g(p, sin(a))

ldeal simulation set: intrinsic method resolution

120
100
380
60
40;
20

mean: -0.16%, median: -0.04%, std: 3.16%

3.2% intrinsic resolution!

20.2

(56.9°-67.0°) 0: 2.88%

—-0.1 0.0 0.1
E&m — Eem

Eem

(67.0°-77.0°) 0: 3.11%

0.2

(77.0°-87.1°) 0: 3.20%

40

20

y energy: performances
Eprimary = Lem + N,MEg

Realistic GRANDProto300 simulations
with proton and iron nuclei

mean: 0.06%, median: -0.72%, std: 14.47%

14.5% energy resolution
on primary energy
%
Eprimary — Eprimary
Eprimary
(63.1°-71.2°) 0: 14.77% (79.2°-87.3°) 0: 13.81%

(71.2°-79.2°) 0: 14.85%



0

~ Reconstruction of cosmic ray energy: performances

£H

A
Energy estimator: £E* =
°M - sin(a) g(p, sin(a))
N— . 0
Realistic GRANDProto300 simulations
_ with proton and iron nuclel p
—_— T
Eprimary T Eem T NIuEC mean: 0.06%, median: -0.72%, std: 14.47%
Missing energy: invisible to radio detection 40 14.5% energy resolution
Heavier nuclel produce more muons on primary energy
) )
em em
Proton ~ 88 % > ron~383% 20
Eprimary Eprimary
Resolution includes: 0 | | |
* Intrinsic method performances _O-SE* 0-2 0.5
- Realistic experimental conditions (noise, layout) p”maEry_ Primary
. . . primary
Fluctuations (unknown particle nature) (63.1°-712°) 0 14.77% (79.2°-87.3°) 0: 13.81%

(71.2°-79.2°) 0: 14.85%
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% GRAND and the challenges of radio detection

lll. Reconstruction of cosmic particles
properties for very inclined directions ADF model: validation and arrival

direction reconstruction

Analytical modeling @..

ADF model: energy reconstruction

Analysis pipeline on the first cosmic-ray candidates

36



% Offline analysis pipeline

Cosmic ray search (cuts) Electric field deconvolution|— —| Cosmic ray distribution

i Firs_t Level Trigger (FLT) on FPGA 1( Second Level Trigger (SLT)
'Since November 2024: 65/300 antennas running on wionaovertireshold foge womeences within 19 ks time window
GRANDProto300 site 1
December 2024 - March 2025: 533,466 Coincident Data
Ls’cored )
At the antenna level At the detector level
/ Wi-Fi

SSSSSSSSSSSS

Central DAQ PO VPR T T
Coincident data (CD) stored "~ = __ T s o “"_"""'_',

000000000000000




Cosmic ray search

Trigger

—| Cosmic ray distribution

( 533,466 Coincident Data (CD) )
0 g

Electric
transformer

Lavoisier for the GRAND collaboration, ICRC proc. 2025
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Cosmic ray search

Electric
transformer

- L
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\ .:' ‘...l '.. Y - . x '..' ' .:- . ..- .I. d .-
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S ' " h .’T" l,.' -' p:: e r * "/’o
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Cosmic-Ray =iy
Candidates 5% .3

o Clustering cut
SR Polarization cut
Visual cuts (footprint) |

Lavoisier for the GRAND collaboration, ICRC proc. 2025
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Guelfand for the GRAND collaboration,

TV Refining the cosmic ray selection with ADF ~ /¢FC¢ proc. 2025, amXiv:2507.04524

Cosmic ray search (cuts) Electric field deconvolution|— —| Cosmic ray distribution

400

— tD 41 cosmic-ray candidates
350

RAND simulations l

3007 ADF model: refine selection using amplitude

2501 Cherenkov enhancement: strong signature of radio

200+ signal induced by cosmic particles

1501 l

100+

29 cosmic-ray candidates ()(3 < 25)
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~ 1~ ADF model: from Electric Field to Voltage

T
Cosmlc ray search (cuts) Electric ﬂeld deconvolution —»—» Cosmlc ray distribution

250 -

—250

Bypass electric field deconvolution
* Not robust
* Only one method: no crosscheck

uV/m)
o

1000
Motivations: reconstruction directly from raw detector data .y ‘”

o
o
o

; "”*w
‘ %
———

Zhang for the GRAND collaboration , ICRC proc. 2025

o
o
o

Ele¢tric field.
o

N
Ul
o

I
N
U1
© o

9
o
o O

—200

0 250 500 750 1000 1250 1500 1750 2000
Time [nsl
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Guelfand for the GRAND collaboration,

~ T~ ADF model: from Electric Field to Voltage ICRC proc. 2025, arXiv:2507.04324

T
Cosmlc ray search (cuts) Electric ﬂeld deconvolution —»—» Cosmlc ray distribution

° simulations ®
N N Linear fit: y = 1.96x
10000/
V(I/) =7 (9, ¢, I/) : E(I/)< Electric field € 0=1516% )
>
/ T ;.:L 8000 - (R? = 0.887 |

Voltage  Antenna effective length (response) -

- » 6000

§ 4000-
ADC amplitude distribution: g

Almost uniform between antennas <2000

» Reconstruction on raw ADC data
O_

0 1000 2000 3000 4000
Amplitude from ADC [ADC counts]

41


https://arxiv.org/abs/2507.04324

Guelfand for the GRAND collaboration,
ICRC proc. 2025, arXiv:2507.04324

0 =78.25, ¢ = 137.76°

)(ZADF = (0.99

max ADC @ DU
o0 4 ADF it @ DU
m—  mean Cherenkov angle

Analytical w,

m— ea1 ADF model

Ol - - ™

0.0 0.9 0.4 0.6 0.8 1.0 1.2
w (deg)

r

\.

10 triggered antennas
Cherenkov enhancement: clear signature of EAS
radio signal

~T~ Reconstruction of cosmic-ray candidate

42
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“T~ Reconstruction of cosmic-ray candidate

—4000 1 260

Guelfand for the GRAND collaboration, - .
ICRC proc. 2025, arXiv:2507.04324 i 240 8
0 =78.25", ¢ = 137.76° B =
g 220 Z
wt 2 — f By i i i i i
250 [} i | : Zy aADF 0.99 Zsa —6000 L 3 )’ """"""""""""""""" ua;g*a}éz“r"am? %
”,«'. +,/, + ‘) | ,I ﬁ + 200 Y
~ ( ’ l, ' ’, . 8
— 2001 ,,' + ;b’ + |+ a¥
O i =
% l ‘ —T7000 44— // | 180
< 150 / il
a0 i - - -
g 1000 2000 3000 4000
= 100+ Easting [m]
= © maxADC @ DU L g:tciground model
20 1 -+ ADF fit @ DU 280+ + , ,
m— mean Cherenkov angle .
m— mean ADF model Analytlcal a)c 260+ w
O W - L - - ™ =
0.0 02 04 06 08 1.0 1 2 240
w (deg) . . %
Background source Background model (isotropic 0 220%
(©
at Xsource (from SWF) emission): A = k/! S 2004
Free parameter 180.4* | | |
2 |
1601 } )(v,background = 9.37
!

64000 64500 65000 65500 66000

49 antenna-source distance [ [m]


https://arxiv.org/abs/2507.04324

Guelfand for the GRAND collaboration,
ICRC proc. 2025, arXiv:2507.04324

0 =76.8,¢ = 195.9°

%iADF = 0.98

50 © max ADC @ DU
- ADF fit @ DU
= ean Cherenkov angle

Analytical w,.

m—  ean ADF model

0.9

() w

0.0

0.4

0.6 0.8 1.0 1.2

w (deg)

Background source

at Xsource (from SWF) emission): A = k/!

Free parameter

o Reconstruction of cosmic-ray candidate

Background model (isotropic

43

Northing [m]

—3000

—3500

—4000

I I
%)) -
o Ul
o o
o o

220

200

[
o
o

=
(@)
o
Peak amplitude (ADC)

=
N
o

120

100

+1300

|
® data

= background model

I

186.61

5500 |- b LN
fretase AR 1"':' iSiSHiiii ‘f'i'\\“:. 3':.?.1% i
i LR Ll ‘
b5k iEE
—6000 e
3 = .W1047
—6500
1500 2000 2500 3000 3500 4000 4500
Easting [m]
2501
2251 1 i |
0
<
o
— 175
o
% 150+
>
1254 5
)(v,background _
100+ +

52500

53000

53500
antenna-source distance [ [m]

54000

1450

1400

(m)

1350,

altitute a

1250


https://arxiv.org/abs/2507.04324

Guelfand for the GRAND collaboration,
ICRC proc. 2025, arXiv:2507.04324

0 =80.8,¢ = 178.5°

© max ADC @ DU
2004| 4 ADF fit @ DU

we— nean Cherenkov angle

m— ean ADF model

Analytical w,

& - - - -
.00 0.25 0.50 0,75 1.00 1.2
w (deg)

‘Tagged as background event

é )
Amplitudes very similar along all antennas

J

Northing [m]

\%Candida’ce not passing ADF selection criteria

—2000

—3000

I
EAN
o
o
o

I
ul
o
o
o

—6000

—7000

10501;

+ + + +

I
|
I
1
+ | I |+
1
1
1
1

-_— - .

Voltage [ADC]
=
N)
o
@

—1000 0 1000 2000 3000
Easting [m]

4000

Q data
= hackground model -

2

» £ v,backgrou

und — 10

86000 87000
antenna-source distanc

85000

88000

el[m]

89000

1260

1240

1220

1200

Peak amplitude (ADC)

1180

1160

1140

-1300

1450

1400

(m)

11350 ;

altitute a

1250


https://arxiv.org/abs/2507.04324

A

~ Reconstruction of cosmic-ray candidates
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Arrival direction and energy reconstruction with voltage data R

Three energy reconstruction methods in the collaboration: cross-check
Energy range consistent with expectations
Very preliminary results: no calibration )

End of the commissioning phase
Next step: build GRANDProto300
energy spectrum

ADF angular reconstruction

Cosmic-ray Candidates in GP300

7 i From Voltage

N From Efield
48 From GNN
N o
=k
=
T 44
L

90° 270° L=
g
5 3+ —
-
—
L
o
—- \
= 1+ s
o

() B— ‘1'_’ - v . - . F_‘—F-F_'_'lq v L ' ' - v * -119
10 10*° 10
150° Energy (eV)
Guelfand for the GRAND collaboration, Martineau for the GRAND collaboration, ICRC proc. 2025

ICRC proc. 2025, arXiv:2507.04324
45


https://arxiv.org/abs/2507.04324

\é\% Conclusion
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- What is the origin of UHECRs?
Radio antennas: ideal detector (vast surfaces to probe low fluxes)
Prototype: GRANDProto300: Validate detection principle & reconstruction of first commissioning data

|.Physical modeling of very inclined ll. Autonomous trigger: find the radio | |lll. Reconstruction of cosmic particle

showers and their radio emission signal inside the noise properties for very inclined showers
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Better understanding of very inclined air showers & develop tools for data acquisition and analysis
Validation on first commissioning data: 29 cosmic-ray candidates!

GRANDProto300 now enters operational phase & GRAND enters R&D phase for the next stage
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Guépin et al, Nature Reviews Physics, 2025

Differential sensitivity limit [u.l] iFoV dFoV ang. res.
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\% Digital Fi|tering " GRAND realistic simulations:

» Simulated electric fields with ZHAireS

* Process through simulated detector response
- Add measured noise on GP300 site

- Digital filtering: Finite Impulse Response (FIR) )
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<= Number of Crossings " GRAND realistic simulations:
T - Simulated electric fields with ZHAIreS

* Process through simulated detector response
- Add measured noise on GP300 site
- Digital filtering: Finite Impulse Response (FIR) )
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TV Optimization of First Level Trigger Parameters: purity
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PSD [V?*/MHZ]

T\/ Power Density Spectrum

PSD for 13 antennas at GP300 site with
analog filtering 50-200 MHz

'\//satellite communications
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T\/ Power Density Spectrum

rMonitoring data from 2024
“No analog filter
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TW Data transmission and NUTRIG

Communication with DAQ Communication with GP300 units
GP300: Ubiquity Bul let. Range: ~10kms. GP300: 5 Ubiquity AirMax Rocket for 300
' | units. Max throughput: 190MBy/s in total.

Level-one trigger

info from unit to DAQ

GP300 rate: 1kHz x 4By = 4kBy/s.
NUTRIG target rate:

100Hz x 10By = 1kBy/s.
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\% NUTRIG
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= Cherenkov angle computation
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= Cherenkov angle computation
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=~ Frequency effect
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Cherenkov angle computation
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\% Layout

Starshape layout Realistic GRANDProto300 layout
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“~T~ Angular resolution

=zl

1.5

35 1.5

1.0 80 0

750

w°]

O [
W [°]

¢ ® OF O & D W 2
Ly [ ] 2

s 2% S 112% ‘8% B8, Sy a® 285

® & Qﬁ“*a §ole ! o

85 i F o8 t ,

o @ '%9'? @ C & $ $ X .08 % okl —
’ &0 O $T G E B % Sa 5T N o o e, O VRN ek I T3 [ S A
§ o & W0 - B onip B LRL® - :“,“ﬂ,;_ LEREW - Bl e oS U8 — = P o 8

0 100 200 Core distance [km]
Number of antennas —— Infill: mean: 0.09° median: 0.07° std: 0.10°

—+— No infill: mean: 0.09° median: 0.07° std: 0.18°
—+— mean: 0.09° median: 0.07° std: 0.10°




N S i
Energy resolution O
T 75 :
751 ’ N 50-
% (U
E | £
T § g W 0-
Ty u
£ —25
w
—50-
True primary ener EeV
P y Jy [ ! —4— Infill: mean: 0.06% median: -0.72% std: 14.47%
—4+— Infill: mean: 0.06% median: -0.72% std: 14.47% —+—No Infill: mean: -1.64% median: -2.99% std: 15.28%
—+— No Infill: mean: -1.64% median: -2.99% std: 15.28%
5 > g2
E ) | E
5 W |
£ £
éi-LlQ *LLIQ_
—50+

0 50 100 150 200
Number of antennas

core position [km]

—+— Infill: mean: 0.06% median: -0.72% std: 14.47%

Infill: mean: 0.06% median: -0.72% std: 14.47%
—4—Infill: mean: -1.64% median: -2.99% std: 15.28% —+— ° 0 0

—+— No infill: mean: -1.64% median: -2.99% std: 15.28%



A

~ Energy resolution
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% ADF fit and background fit

X2 background fit
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