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Estimation of the composition of cosmic rays
from radio measurements with AERA
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Estimation of the composition of cosmic rays
from radio measurements with AERA

e Motivations

10 20 30 40 50 60 70 80 90 100

% Energy (EeV)

energy spectrum cut-off

radio signal now well understood and antenna duty cycle ~100%

use the radio measurement to estimate
the composition with a larger number of events
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* Reconstruction of the depth of the shower maximum: Xmax
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* Reconstruction of the depth of the shower maximum: Xmax
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different cross sections
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Op/air < OFe/air
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atmospheric depth [g/cm’]

* Reconstruction of the depth of the shower maximum: Xmax
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2 candidates: p and Fe

different cross sections
with the atmosphere

Op/air < OFe/air

| Xmax iron nuclei

|Xmax protons
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* Reconstruction of the depth of the shower maximum: Xmax

IO LV L B AL B L B .
2 candidates: p and Fe « Xmax measurement = mass estimator
different cross sections
with the atmosphere
Op/air < OFg/air
5
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|Xmax protons
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atmospheric depth [g/cm’]

* Reconstruction of the depth of the shower maximum: Xmax

100||||||||||||||||||||||||

2 candidates: p and Fe - Xmax measurement = mass estimator

different cross sections
with the atmosphere

Op/air < OFe/air

I |Xmax protons

1000F, |, ., .2 Y A

0.0 0.2 0.4 0.6 0.8 1.0 1.2
normalized # of particles

E field
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atmospheric depth [g/cm’]

* Reconstruction of the depth of the shower maximum: Xmax

100

different cross sections
with the atmosphere

Op/air < OFe/air

1000 ¢
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normalized # of particles
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2 candidates: p and Fe - Xmax measurement = mass estimator

X
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atmospheric depth [g/cm’]

* Reconstruction of the depth of the shower maximum: Xmax

100

different cross sections
with the atmosphere

Op/air < OFe/air

1000 ¢
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normalized # of particles
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2 candidates: p and Fe - Xmax measurement = mass estimator

- radio sensitivity to Xmax
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atmospheric depth [g/cm’]

* Reconstruction of the depth of the shower maximum: Xmax

100

2 candidates: p and Fe

different cross sections
with the atmosphere

Op/air < OFe/air

1000 ¢

g LT

0.0 0.2 0.4 0.6 0.8 1.0 1.2
normalized # of particles

’&@ 6Ubot<f;d‘t

« Xmax measurement = mass estimator

- radio sensitivity to Xmax

Xmax reconstruction from the

amplitude of the electric field

E field

¥ X
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* Amplitude based methods

Comparison of simulated electric field to data

Method

ZHAireS

horizontal components
Astropart. Phys. 59 (2014) 29

model SELFAS 2D gaussian CoREAS

Astropart. Phys. 35 (2012) 733 - 741 | Astropart. Phys. 60 (2015) 13 AIP Conf. Proc. (2013) 128- 132

SD arrival direction SD core (initialization)

requirements | RD arrival direction RD arrival direction

SD energy SD energy
# of
simulations 40 p + 10 Fe no simulation 20p + 10 Fe 30 p +30Fe
per event

'&Y@ ()UbO ~ /g-%E Ré\ florian.gate@subatech.in2p3.fr 15

Auger Engineering Radio Array



mailto:florian.gate@subatech.in2p3.fr?subject=

e Amplitude based methods

- Comparison of reconstructed Xmax with FD measurements.

- Data set:

at least 5 radio stations

+ official FD cuts ===l 32 events
zenith angle < 55°

- But the total number of events varies slightly from one method to another.

- Reasons are:

event characteristics (Ep, A, Xmax) not reproducible
(interaction model dependent)

a method will produce degenerate Xmax solutions
(simulation code / antennas pattern dependent)
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eSELFAS + interpolation

LAY
—4

e T e, 3N
i

- Ill
| |||

Simulation with
SELFAS dense fictive array

Astropart. Phys. 35 (2012) 733 - 741

E field

'\

RD arrival direction
Ep =1EeV

40 p + 10 Fe
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eSELFAS + interpolation
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AERA

Interpolation
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SELFAS
Astropart. Phys. 35 (2012) 733 - 741
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eSELFAS + interpolation
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Interpolation

SELFAS
Astropart. Phys. 35 (2012) 733 - 741

‘
i
it
i)
e
i
1t
L

X
R
N

“\s““‘.\\m\\\\\\“\

3!

S

I

fe et
NSRRI,
e et o)
S

S

K%

Yy,

i
%

Ly

s

g

T

SR
S
S

SIS

S

R

i

c
)
i
(&
()]
I"
©
©
2
| .
} &
©
]
o

s

X
SRR
SRR
R

QAR
SRR
XY

>
Q
L
1
Il
Q
Ll

H\ ° ° . ooo.oooooooo . ) \H
L ’ e ® oooooo ]
L [ XXX [ ) o o i
H ° ® %o ° H
H,,, ,7,,,,,,,,,7,,,,,,,,,7,,,,,,,,,i,,,,,,,,,i,,,,,, ,iH
~ [t} T) < ™ N
— — — — — —
[wy] ButylzaoN
N
R
Qo
<
O X

Search for

tion

core posi

40 p + 10 Fe

sim

17k
ex

o p

Linear dependency of amplitude with Ep

-26 -25
[km]

=27

-28

Easting

florian.gate@subatech.in2p3.fr 19

)

~ERA

£

Auger Engineering Radio Array

ubal

AN


mailto:florian.gate@subatech.in2p3.fr?subject=

*SELFAS + interpolation

n . sim _ peXp
1 Ci B3 — By,
SELFAS n >, o

Astropart. Phys. 35 (2012) 733 — 741 k=1

RD arrival direction
Ep =1EeV

40 p + 10 Fe

Northing [km]
|—I
U
(0]

[
(92}
[

(@)

15.4

-27.0 -26.8 -26.6 -26.4
Easting [km]
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*SELFAS + interpolation

SELFAS

Astropart. Phys. 35 (2012) 733 — 741

For each simulation:

RD arrival direction
Ep =1EeV

40 p + 10 Fe

Northing [km]
|—I
U
(0]

(x?, X

nnaac)

[
(92}
[

(@)

15.4

Core position: X2 (4, yj) —

1 n ij sim —-IEZXP

DN
exp
n Ok

-27.0 -26.8 -26.6 -26.4
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Easting [km]
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eSELFAS + interpolation

2 : . . . .
(X , X maX) of all simulations gives Xmax estimation
SELFAS
Astropart. Phys. 35 (2012) 733 — 741 Xmax = 760 g/cm2
| + protons . *
RD arrival direction | +1ron nuclei |
Ep =1EeV
10 L _|_ -
SN z
I s ]
(3] _l_ |
40 p + 10 Fe X ﬁ:& T ]
I L - A 4
/T
1 T+ 1

600 650 700 750 800 850 900
Xmax(simu) [g/cm2]
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eSELFAS + interpolation

Method applied on high quality RD - FD events

SELFAS ]
Astropart. Phys. 35 (2012) 733 — 741 FD quality cuts:

« Xmax in field of view

RD arrival direction

Ep = 1EeV * oxmax < 40 g/om?®

2
- reduced X for the Gaisser - Hillas fit below set value

40 p + 10 Fe

great confidence in FD Xmax measurements
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eSELFAS + interpolation

Method applied on high quality Rd - Fd events

SELFAS linear correlation factor = 0.880
Astropart. Phys. 35 (2012) 733 - 741 1200 F 77 [rrrrrrrrT [rrrrrrooT [rrrrrrorT [rrrrrrTT [rrrrrrrTT [T 3
- 29/32 events ] 1
1100 -
RD arrival direction
Ep = 1EeV S 1000
g :
o 900 T % ) B
40 p + 10 Fe 2 g00- - E
. = - ]
o - ]
g 700" . -
| mean =43.6 g/cm? |
600 1 . E
: o =43.4g/cm?
500 .. ... e, e, e, Lt Lt L ]

500 600 700 800 900 1000 1100 1200
Xmax FD [g/cm2]
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29/32 events

mean = 43.6 g/cm?
o =43.4 g/cm?

500 600 700 800 900 1000 1100 1200

1200
1100

= 1000

£

L

> 900

)]

% 800

X

(0]

g 700
600
500

RS

Xmax FD [g/cm2]
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eSELFAS + interpolation

Method applied on high quality Rd - Fd events

15 ' 29/32 events — :
SELFAS I
Astropart. Phys. 35 (2012) 733 — 741 - mean = 43.6 g/cm2
10 - :
- 0=43.4 g/cm?
RD arrival direction H
Ep =1EeV 5 __ B
40 p -+ 10 Fe O B 4/

-200 -100 0 10 200
Xmax RD - FD [g/cm’]

 pure radio
- good precision - systematic shift

- gives all parameters
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*2D gaussian parameterization

s _(77_|_ Clgg b Fcore) _(77_|_ 026_;—; b Fcore)
U(T) — A [eXp ( O2X > — CO eEXP ( (036020-)2 >]

)
’,‘! .'»‘
2D gaussian AN \ i
Astropart. Phys. 60 (2015) 13 //‘}’Q\ "\,
7/ |‘:' Cg “_,'"1 It
A ) AN
(Hh 24 A
| \ | 2| 7
. . . ‘ X il
RD arrival direction fe ikl
; 3 ‘ ; f
' ' cC . s
: S Al
; . R4 ; .
; ‘~,‘ © ;
) ) B La '
no simulation = -

Pf‘
footprint width footprint width
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*2D gaussian parameterization

s _"(f?_F (71627 z;'_'f;ore) _"(f?_F (72627 b fzore)
U(T) — A [eXp ( O2X > — CO eEXP ( (036020-)2 >]

;\ 12000}
‘."’ i
2D gaussian AN \ 10000}
Astropart. Phys. 60 (2015) 13 //,}":“":"'}‘y“\ T
7 i %‘5\ —~ 8000}
il £
TN o8
\ | ><§ & 6000
RD arrival direction | ! 9
\ Q 4000}
! ()
"'. & — fit to sim
\ @ - - fit to data
- . ° 2000} -
: . AERA sim
. ) - 1 AERA data
no simulation ’ 0 . [ . * * 1
0 50 100 150 200 250 300 350
Pf‘
footprint width o (m)

D&% (Xmax; ) = (hapas(Xmax/ cos0) — hauger)/ cos B

max
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2D gaussian parameterization

- _»+C Cr B — _’core - _’_}_C C B — _)core
u(?) = A {exp ( (7 Woxp — 7 )) — Cpexp ( (7 265x5 " ))]

o2

2D gaussian
Astropart. Phys. 60 (2015) 13

RD arrival direction

no simulation

-

“Jdubatech

Method applied on high quality Rd - Fd events

1200 ;
» 8 5034157 g/clrn2 il e
o 7} § ’
n 5} /7
S 4t L7
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c 21 //
2 1 R (@)
900l 00 o 200 .’
—_ /7
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g 5’
3 800} o -
5 . O O = o)
< o 8&
700y Poo 28/32 events
QR0 ©
O
600} 1% _
o0 mean = -12 g/cm?
d
L’ o =59.3 g/cm?
500t ’ |
/7
/7
/7
/7
/7
400 ] ] O | ] ] ] ]
400 500 600 700 800 900 1000 1100 1200

- pure radio
- gives all parameters

aER&A

Auger Engineering Radio Array

XFD (g/ch )

max

* poor precision
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* COREAS + energy density interpolation

600 : : : :
+ sub-thres O data o sim
6) 40
= 3
E 400} S
- ) 35 _
o 3 o~
CoREAS o 200f S
AIP Conf. Proc. (2013) 128— 132 5 C
—_ 25
| ® Pt
X 0 0000000000000 0880000000 n
2 20 §
SD arrival direction X T
SD > @D >
energy c —200| 115 2
- : ;
o S -
= : 110 @
8 —400} S
20 p + 10 Fe Q 9 15
O
—600 . . : L L 0
~600 —-400 —200 0 200 400 600

position in vV xB-direction [m]
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* COREAS + energy density interpolation

6 1 1 l 4 1] | 1
- = = Xmax(AERA) ® p ®

5| —— Xmax(FD) m Fe ]
CoREAS :

AIP Conf. Proc. (2013) 128— 132 al : ° i
“ !
© |

. < 3t ! ® -

SD arrival direction N\ i 0

SD energy < I
i

2t ! i
i
I
20p + 10 Fe 1l :

0 ] ] 1 1 1 ] 1
500 550 600 650 700 750 800 850 900

Xmax (g/cm?)
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* COREAS + energy density interpolation

CoREAS

AIP Conf. Proc. (2013) 128- 132

SD arrival direction
SD energy

20 p + 10 Fe

- very good agreement
- good precision

2

......

guboi;«,

(g/cm?)

RD
max

XRD

Method applied on high quality Rd - Fd events

1200
6 T T T /,
»n 0=47.0+16.9 g/cm? ’
o 5 - /
= ’
1100t 2y L’
- o
| g
/7
1000} 2 2 7
| g
C O |_| 1 1 1 //
900l —200 —100 ‘0 100 200 L’
XII;(II)\ -XIEHII).\: (g/cm2 ) //
7/
800+ g
7/
&
O Qe
700} 08) 8%00 L
600l 0,5 25/32 events
0
’ - 2
R mean = 4.4 g/cm
500} .’ o = 47g/cm?
//
/7
7
7/
400 ] 1 1 ! 1 1 1
400 500 600 700 800 900 1000 1100 1200

XFD (g/ch )

max

- needs SD information

- and a lot of time

aER&A

Auger Engineering Radio Array
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ZHAIireS + superposition model

Only a few positions along a single direction w.r.t. the core: Very Fast!
Superposition model used instead of interpolation.

ZHAireS

horizontal components
Astropart. Phys. 59 (2014) 29

SD core (initialization)
SD energy

30 p + 30 Fe
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ZHAIireS + superposition model

Only a few positions along a single direction w.r.t. the core: Very Fast!

Superposition model used instead of interpolation.

ZHAireS
horizontal components Astropar. Phys. 59, 29, 2014
Astropart. Phys. 59 (2014) 29
Superposition model: 2 (vim)
SD core (initialization) North %10°

1000

0.14

SD energy

=0.12

o
o

—0.1

Amplitudes of Askaryan &

30 p + 30 Fe geomagnetic emissions are circularly
symmetric in the transverse plan of
the shower

=0.08

—0.06

& SN coordinate (m) ¢,
o

T T T

0.04

0.02

0

= I 1 4 A l L I ! 4 [ 1 | A 1
1091%00 -500 0 500 1000
W-E coordinate (m)
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ZHAIireS + superposition model

Only a few positions along a single direction w.r.t. the core: Very Fast!

Superposition model used instead of interpolation.

ZHAireS
horizontal components Astropar. Phys. 59, 29, 2014
Astropart. Phys. 59 (2014) 29
Superposition model: 2 (vim}
SD core (initialization) 1000 North <10°

0.14

SD energy

=0.12

o
o

—0.1

Amplitudes of Askaryan &

30 p + 30 Fe geomagnetic emissions are circularly
symmetric in the transverse plan of
the shower

=0.08

—0.06

0.04

& SN coordinate (m) ¢,
o

T T T

0.02

0

= I 1 A l L I ! 4 L 1 | A 1
1091%00 -500 0 500 1000
W-E coordinate (m)

- R 2
Z “Eant| o f8-|E|(a7ant — Lcorey Yant — ycore)}

all antennas

'@Y@ ()UbOV- n /éER%\ florian.gate@subatech.in2p3.fr 35

Auger Engineering Radio Array



mailto:florian.gate@subatech.in2p3.fr?subject=

ZHAIireS + superposition model

Method applied on high quality Rd - Fd events

900 e FD and Rd cuts (30 events)
- 30/32 events O
850 —
horizontal components — ~
Astropart. Phys. 59 (2014) 29 i ~ . e
o__r O @
N TTPRT . ﬁ?OO_— (9'- O O L
SD core (initialization) E - e
SD energy 650 — ® ~
g F - ln, >
5 mean = 13.5 g/cm?2
30 p + 30 Fe 550 —
- o =41 g/cm?
500 —l 1 1 1 l 1 1 1 L l 1 1 L 1 l L 1 L 1 l 1 1 1 1 l 1 1 L 1 l 1 1 1 1 l L 1 1 1
500 550 600 650 700 750 800 850 900
FD X_.., (g/cm®)

- good agreement
* good precision
- very fast
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eConclusions

Method | A | 8 | ¢ ] b

ZHAireS

horizontal components
Astropart. Phys. 59 (2014) 29

model SELFAS 2D gaussian CoREAS

Astropart. Phys. 35 (2012) 733 - 741 | Astropart. Phys. 60 (2015) 13 AIP Conf. Proc. (2013) 128—- 132

requirements | RD arrival direction RD arrival direction SDarrival direction [

SD energy SD energy
Xmax _ _ —
mean = 43.6 g/cm? mean = -12 g/cm?2 mean = 4.4 g/cm? mean = 13.4 g/cm?

_ Rd_ ) F?' c = 43.4 g/cm? ¢ = 59.3 g/cm?2 ¢ = 47 g/cm? c =41.3 g/cm?

distribution
S [ZREllitel Sl [eellifen Core position Core position
outputs Energy Energy
Xmax Xmax
Xmax Xmax

S|mula_t|on ~ 8 hours

duration

Combine strengths: - Pure radio method (A, B) - Good agreement (C)
- Fast (B, D) - Good precision (A, C, D)
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eConclusions

Method | A | 8 | ¢ ] b

ZHAireS

horizontal components
Astropart. Phys. 59 (2014) 29

model SELFAS 2D gaussian CoREAS

Astropart. Phys. 35 (2012) 733 - 741 | Astropart. Phys. 60 (2015) 13 AIP Conf. Proc. (2013) 128—- 132

requirements | RD arrival direction RD arrival direction SDarrival direction [

SD energy SD energy
Xmax _ _ _ _
mean = 43.6 g/cm? mean = -12 g/cm?2 mean = 4.4 g/cm? mean = 13.4 g/cm?

_ Rd_ ) F?' c = 43.4 g/cm? ¢ = 59.3 g/cm?2 ¢ = 47 g/cm? c =41.3 g/cm?

distribution
S [ZREllitel Sl [eellifen Core position Core position
outputs Energy Energy
Xmax Xmax
Xmax Xmax

S|mula_t|on ~ 8 hours

duration

A good way to compare simulation codes,
ex: method A algorithm with COREAS or ZHAire$S
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*Conclusions

- The radio signal allows the estimation of the composition of cosmic rays

- The Pierre Auger Collaboration is working on determining the composition
from radio signal with no bias

- Comparison with a larger set of FD + RD events is essential for the validation
of the methods

- The air density and refractivity can explain systematic shifts

- Xmax estimation from radio signals will be a decisive asset for the estimation of
the mass composition of cosmic rays due to the high duty cycle of the detectors
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Thank you for your attention!
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*FD quality cuts

s hasMieDatabase: selects events with aerosol measurements.

s minLgEnergyFD: selects events with FD energy greater than set value.
m skipSaturated: removes events with saturated pixels.

s badFDPeriodRejection: removes events missing calibration data.

s maxVAOD: removes events where VAOD measurements are larger than 0.1 at a

distance 3km from the telescopes.
s minBackgroundRMS: selects events with a minimum background RMS.

s LidarCloudRemoval: removes events in which too many clouds were present based

on LIDAR measurement.

s MinCloudDepthDistance: selects events with cloud depth distance greater than

minimum.
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*FD quality cuts

s MaxCloudThickness: selects events with cloud thickness below maximum.

m badPixels: removes events in which telescopes had one or more pixels with bad cali-

bration constants.

s xMaxObsInExpectedFOV: selects events for which X4 is in the expected field of

View.
s xMaxError: selects events with an error in X,,,, below set value.
m energyTotError: selects events with an error in energy below set value.

» profileChi2Sigma: selects events where reduced x? for Gaisser-Hillas fit is below set

value.

s maxDepthHole: removes events for which the hole in the longitudinal profile is

greater than 20%.

s maxCoreTankDist: selects events for which the reconstructed FD core is less .

than 750 m away from an SD station.

s FidFOVICRC13prel: removes events which may induce a bias in the energy cali-

bration.
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