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Mot/vat/on

radar system method to in-ice Askaryan from CRs

|

Need to be able to accurately
and quickly simulate this
cascade type

~
> Searching for in-ice CR
cascades using in-ice ¢ > |nvestigating possibility to also apply

| Background for in-
|
i 1 1 jce radio neutrino

tl detectors e.g. |

ARA collaboration, 2026
(arXiv:2510.21104)
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FAERIE.

In-air CR
: | shower
: | CORSIKA)
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S. De Kockere et al., 2024

5> [ce
surface

particle
footprint

Simulation pipeline

> Can use FAERIE code package to obtain an
accurate particle-level simulation

In-ice CR
shower
(Geant4)

10770 eV shower, in-ice electron density

= In-ice | :
cascade
profile

> Final output is -0.5

both the in-ice
profile and the

radio signal

FAERIE

0.0

Radius [m]
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S. DeKoclT<ere et al., 2024 Simulation i e/ine

> Can use FAERIE code package to obtain an
aCCU rate pa rtiCIG'Ievel SimU|atiOn 1077.0 e\/showel; in_ice e/ectron density

FAERIE:
FAERIE

=2 Jce 5

surface
particle
footprint

In-air CR
: | shower
: | CORSIKA)

> Our method uses

the CORSIKA Pifsics : :

) . cascade , Askaryan, |
particle footprint to profile 'radar signal!
inform an in-ice (analytic)
harameterisation TTmmmeeees '
(NKG)
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Simulations’

> Compare in-ice cascade output from FAERIE to NKG+ method:

> CORISKA simulations: 1076 - 10175 eV
energies, O - 45° zeniths, proton

primary
> Geant4: Using a Greenland ice Example particle footprint: 107 eV, vertical shower
: : | I I 1 1 I
density pr.oflle (double [ > Particle information retrieved from
exponential) l 107+ | CORSIKA DAT output file -
0.6 C. Deaconu et al., 2018 (arXiv:1805.12576) % I >  EM particles (et, y) only
— o Z 103} : > Particles within a radius -
= E | R of the shower axis
% - - 1 : (R=2m, in the
-E- 04+ : 107'F E limit: I shower plane)
’ 0.1 MeV 1
1 . . . M 1 . . . . 1 | I | | | |
O 10 20
—2 0 2 4 6
Depth [m! 10 10 10 10 10

Energy [GeV]
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Longitudinal Profile

> NKG longitudinal parameterisation:

(1= L5In(s))

K. Greisen (1956)

. E = 3X/X,
E.=786MeV 0

» X, = 36.08 g/cm?

1072
107" 10! 103
Energy [GeV]
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Longitudinal Profile

> NKG longitudinal parameterisation:

% 10° For all binned energy values:  Ej [ Ge V]

(1= L5In(s)) T - r - T

K. Greisen (1956) 10 - - 104
- E.=786MeV iy py 3X/Xy u | |

- X, = 36.08 g/cm? VT XX+ 2InE/E) X - 1H102
= 0.5} -

S 106 | 10°
% 102 i 0.0_I l N | L
w1072 - O 5 10 15 20

107 100 103 Depth [m]
Energy [GeV]

Calculate for each bin,
using the bin energy
and number of counts:
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Longitudinal Profile

> NKG longitudinal parameterisation:

(1-1.51In(s))

0

K. Greisen (1956)

» £ =78.6 MeV ¢ (
> Xp = 36.08 g/cm?Z

5 108
Z 102
w1072

107 107 103
Energy [GeV]

Calculate for each bin,
using the bin energy
and number of counts:
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Longitudinal Profile

> NKG longitudinal parameterisation:

%10’
O(l—l.Sln(s)) 6_|----.----..........,_
K. Greisen (1956) - |
» E.=78.6 MeV B £.00.6 4r _
¢ S(X,El-)— i _
» X, = 36.08 g/cm? X/X,+2In(E/E) < _
2r -
10 _ _
102 O_I....I....I....I....I-
1072 O 5
10~ 10 103
Energy [GeV]
Calculate for each bin, Sum over
using the bin energy NX, E)) total
and number of counts: number of
bins (k)
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> NKG longitudinal parameterisation:

(1= L5In(s))

K. Greisen (1956)

. E = 3X/X,
E.=786MeV 0

» X, = 36.08 g/cm?

10
102
1072
107 10" 103

Energy [GeV]

Calculate for each bin, Sum over
using the bin energy NX, E)) total
and number of counts: number of
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Z

Longitudinal Profile

x107__

10770 eV/. vertical shower

- - FAERIE profile ) -
— NKG+ :

bins (k)
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> Exploring fit modifications:

1017.0 e\/’

Longitudinal Profile

ve

rtical shower

<107
T T T T

—

- FAERIE profile | * Modified critical energy (E,)
— NKG+

] and radiation length (X,) values

%Resid.

Fit constants:

Xy =379 g/cm?
E.=97 MeVv
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Longitudinal Profile

> Exploring fit modifications:

4_

%107
T —

- - FAERIE profile
— NKG+

O N
O O

%Resid.
S
U

10770 eV vertical shower

> Modified critical energy (£ )
and radiation length (X,) values

> Introduce shift parameter, X;

k
Ntot — Z ‘]Vi,bin ) (N(X/’ Ez))
=1

X' =X-X,

Fit constants:

Xy =379 g/cm?
E.=97 MeVv

X| =18 g/cm?
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> Exploring fit modifications:

%107 10170 eV vertical shower

LIS S St s e m L S L B

- - - FAERIE profile | -

4 — NKG+ _
Z i

o]! i
O
2.5
0.0

%Resid.
S
U

o N T BT T
O 5 10 15 20
Cascade length [m]
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Longitudinal Profile

> Modified critical energy (£ )
and radiation length (X,) values

> Introduce shift parameter, X;

k
Ntot — Z ‘]Vi,bin ) (N(X/’ Ez))
=1

X' =X-X,

> Add early cut off, of form
w(X)=1—be

Fit constants:

Xy =379 g/cm?
E.=97 MeVv

X| =18 g/cm?

a=0.05
b=067

k
Ny =w(X) - ) Nipiy - (NX', E))
=1
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X 108 12 vertical showers, 10760 - 107> eV E
15 AL L A 08 S
Preliminary / (— - FAERIE profile]j »qg
7 — NKG+ -
) 1140.7 |
1.0 . A
0.6
I
0.5 >
0.4
T 2.5
0
L 00 0.3
X —2.5

% Residuals = (NKG - FAERIE) / FAERIE
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Vertical showers .

(Slant depth)

~02 04 06 08
Ec/Ep

Footprint energy / Primary energy
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Inclined showers S E e ———

X 107 21showers 1065 eV, O - 45° 0

- - FAERIE profile]-

%Resid.

, Depth [m]
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> Askaryan application: utilise the
NKG+ longitudinal profile as input to
external code

I

Ne/(Ne + Np)

Depth [m]

— Simulation of the Askaryan signal, with
this method, currently being investigated
by Jethro Stoffels

ARENA 2026

= Askaryan’

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o *

Charge
excess profile
(Ne- - Ne*)

NKG+ output
(Nex)

: Askaryan _
i simulation code :

17.5

* .
----------------------------------

17.0 3
2
16.5 —

Credit: J. Stoffels

16.0 le7 12 vertical showers, 1076.0 - 10775 eV 17 5
2 —— NKG+ |
g ——- FAERIE
X | T
0 Preliminary 1170
(@) —_
— LL]
(V) ~
C (@)
@) O
10 -16.5
<
n O
o

10 10.0

5 10

Shower depth (m)
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Radar application: utilise the NKG+ — Radar
2D profile as input to MARES

1 E. Huesca
code, generate resulting radar = Santiago et al,
signal 2024 2D cascade profile

(ionisation
electrons)

llllllllllllllllllllllllllllllllllllllllllllll
*

* *
---------------------------------------------

@ Lateral profile of the in-ice CR (WIP)

s—1 s—4.5
| I (45 — S) 4 4
w(r,s) = —+1
ro L (s)I (4.5 =2s) \ 1o o

@ Convert from Nez
to the ionisation

 dE/dX

Pice le—/cm]

K. Werner, K. De Vries, O. Scholten (2012) trail electrons o <Ei0n>
2D Cascade profiles, 1065 eV, 0° 6 Ne [e-/cm3]
/\_1010
FAERIE -
E ° 1108
=
O
Q 1 6
015 0
104
-0.5 0.0 0.5 -0.5 0.0 0.5
Radius [m] Radius [m]
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Radar application: utilise the NKG+ — Radar
2D profile as input to MARES

(ionisation
electrons)

llllllllllllllllllllllllllllllllllllllllllllll
*

. 1 E. Huesca
code, generate resulting radar = Santiago et al,
signal 2024 NKG+ output (Nezx) 2D cascade profile '

* *
---------------------------------------------

@ Lateral profile of the in-ice CR (WIP)

s—1 s—4.5
| I (45 — S) 4 4
w(r,s) = —+1
ro L (s)I (4.5 =2s) \ 1o o

@ Convert from Nez

MARES

to the ionisation — dE/pr, [e—/cm]
e,lon lce
K. Werner, K. De Vries, O. Scholten (2012) trail electrons <Ei0n>
2D Cascade profiles, 1065 eV, 0° 6 - 21PeV, p=0.918 g/em?  Ne [€-/cm3]
A 1010
1108

Depth [m]

-0.5 0.0 0.5
Radius [m] Radlus Radlus

FAERIE NKG+ NKG v I
5 _
15
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0 5 10 15 50
Depth [m]

> CR cascades exhibit wider profiles,
less variation with primary energy

‘ Cascade
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2D cascade profile
(ionisation
electrons)

— 1F

g _
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Summar

> Exploring method to quickly
generate in-ice CRs resulting from a

CORSIKA air-shower footprint ("

Next steps:

> Finalise MARES
Implementation for use in

RET-CR analyses

Investigating use Iin
simulating resulting
Askaryan signals

> Continue . t'l |
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NKG+
NKG L -
FAERIE
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2D Profiles
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Longitudinal Profiles

x108 e/ Ep %107 0 [deg]
(R R N —37130.8 15F T 1
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- / \ {140.7 _
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—Askaryan

21showers 10165 eV, O - 45° @
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