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Abstract: The sensitivity to the mass composition as well as the reconstruction of the energy of the primary
particle are explored here by leveraging the features of the radio lateral distribution function. For the purpose
of this analysis, a set of events measured with the LOPES experiment is reproduced with the latest COREAS
radio simulation code. Based on simulation predictions, a method which exploits the slope of the radio lateral
distribution function is developed (Slope Method) and directly applied on measurements. As a result, the possibility
to reconstruct both the energy and the X,x, i.e. depth of the shower maximum, of the cosmic ray air shower using
radio data and achieving relatively small uncertainties is presented.
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1 Introduction

A precise reconstruction of both energy and mass composi-
tion of the primary cosmic rays still remains a key goal in
astroparticle physics. In the recent past, the detection of the
coherent radio emission from extensive air showers at MHz
frequencies as well as the understanding of its emission
mechanisms have reached impressive results.

As predicted from pure simulations, the information about
the depth of the shower maximum (i.e. Xpn,x )- and, thus,
indirectly about the primary type - can be directly extracted
from the slope of the radio lateral distribution function
(LDF) [} 2 13]]. This dependence can be easily referred to a
geometrical effect: iron nuclei interact earlier in the atmo-
sphere and the showers develop faster compared to proton
primaries; the radio source for an iron event is, thus, further
away from an observer at ground, and this implies a flatter
slope of the lateral distribution function compared to proton
events.

A method (Slope Method), which achieves information
on the primary energy and the Xp,x of the air shower by
analysing the features of the radio LDF, has previously been
successfully developed and applied on older simulations
(REAS3) [4, 5]. More sophisticated and more complete
CoREAS simulations of LOPES events are now available,
which also include a realistic treatment of the refractive in-
dex of the atmosphere.

Taking the analysis in [4} |5] as a guideline, the Slope
Method based on CoREAS simulations of LOPES events
is developed, further improved and applied to LOPES data.
The main results are presented in the following.

2 LOPES event selection

LOPES [6] is a digital interferometric radio antenna
array co-located with the particle detector experiment
KASCADE-Grande [7] at KIT, Germany. The following
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analysis includes events measured with two LOPES setups,
LOPES 30 and LOPES 30 pol. [8], which consisted, respec-
tively, of 30 and 15 calibrated dipole antennas oriented in
the east-west direction.

The co-location with KASCADE-Grande brings as a profit
the reconstruction of fundamental air shower parameters,
such as energy, core position and arrival direction, for each
single event. After quality cuts on the signal-to-noise ratio,
on the coherence of the radio signal, and on the goodness
of the fit for the radio lateral distribution function, over 200
events remains for the analysis. On average, the primary
energy is of ~ 10'7eV, the zenith angle is less than 40 de-
grees, and the maximum shower core distance is 90 m.

For each LOPES measured event, one proton-generated
air shower and one iron-generated air shower is produced
with CoREAS [9] (QGSJet I1.03 is used as hadronic interac-
tion model). For the purpose of this analysis, the simula-
tions are created in order to reproduce a realistic case: on
the one hand, information about the LOPES selected events,
such as core position, primary energy, and incoming direc-
tion reconstructed by KASCADE-Grande are used as input
parameters for the CORSIKA showers [10]]. On the other
hand, shower-to-shower fluctuations are included, since
there is no pre-selection of a typical shower, i.e. shower
with a typical Xpax.

In order to represent best the recorded event, a further step
is made in the pre-selection of the CORSIKA showers: the
number of muons (Nu) measured by KASCADE-Grande
is used as discriminator for this purpose. 200 CONEX
showers for proton and 100 for iron are simulated with
QGSJet 11.03 and UrQMD respectively for high and low
energy interaction [10]. The CONEX shower which can
best reproduce the measured Nu is chosen and simulated
with CoREAS. In this way a specific shower similar to what
has been detected by KASCADE-Grande is used.
Moreover, the observer positions for the CoREAS-
simulated LDF represent the real arrangement of the
LOPES antennas in the field with respect to the core of the
shower.

3 Slope Method on CoOREAS

CoREAS simulations are one of the last achievements of
a better understanding and an improved modelling of the
radio emission mechanisms from air showers [9]. With a
realistic treatment of the refractive index of the atmosphere,
CoREAS simulations are more complete than the predeces-
sors and take into account the Cherenkov-like behaviour
of the radio emission, which is the main reason for the flat-
tening of the radio lateral distribution function close to the
shower axis [L1]. The flattening strongly depends on both
the geometry of the air shower and on the primary type.
A comparison between CoREAS simulations and LOPES
measurements is presented in [12].

With the CoOREAS simulations, i.e. the realistic treatment of
the atmospheric refractive-index, the radio lateral distribu-
tions function (LDF) at the distances probed by the LOPES
experiment becomes much more complex. For the purpose
of this analysis, we use the Gauss-function
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Figure 1: Normalized CoOREAS lateral distribution function
for the events with zenith angle smaller than 20 deg.,
simulated once as proton (blue), once as iron (light-red).
The points are fitted with a Gaus-function.

with &g [uV/m/MHz], b [m2], and ¢ [m?] the free parame-
ters to fit the LOPES LDF. Eq/[T|describes the lateral distri-
butions better than the simple (two-parameter) exponential
function used in other LOPES analyses [4} 5]

The influence on the LDF slope of the zenith angle is taken
into account by separately looking at 5 different zenith
angle bins. The first, which includes zeniths between 0 and
~20 degrees, is shown in this paper as example.

This method aims to compare LDFs of events with different
primary energies and arrival directions, thus normalizations
for the radio amplitudes are required (fig[I)). The primary
energy reconstructed by KASCADE-Grande is used for the
energy normalization. With the reasonable assumption that
the predominant contribution to the radio emission in air
showers has geomagnetic origin [[13]], the arrival direction
is taken into account by correcting for Pgw, the east-west
component of the vector v x B, with v velocity and B the
geomagnetic field vector.

3.1 Primary Energy

Similar to our previous analysis [4]], a specific distance from
the shower axis (dg) is identified where the LDF profiles
exhibit the smallest RMS spread. In dg the radio amplitude
is barely affected by shower-to-shower fluctuations and it
does not carry any information about the primary type [, 4]].
This region is identified by looking at the RMS spread of
the LDF fits at several distances from the shower core and
picking the distance with the smallest RMS value. For the
LOPES events dj lies in the distance range between 70 m
and 100 m from the shower axis E] depending on the zenith
angle bin. For the events with zenith smaller than 20 deg,
do is marked by the dashed line in fig[I} (70 m).

A direct correlation between the radio amplitude in dy -
normalized for the arrival direction - and the energy of the
primary is expected [, 4].

For the LOPES simulated events a linear correlation with
the reconstructed primary energy from KASCADE-Grande
is shown in fig[2] The spread around the linear fit in fig[2]
indicates the intrinsic uncertainty of the Slope Method in

1. in shower plane coordinate system
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Figure2: Linear correlation between the reconstructed
primary energy and the CoREAS radio pulse in dg, with
k the free parameter of the fit. The radio amplitude is

normalized by the east-west component of the v x B vector.

The RMS-spread is ~ 8.7%.
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Figure3: Correlation between the true Xp,x from
CORSIKA simulations and the radio simulated LDF slope.
The RMS-spread is of 52 g/cm?.

determining the primary energy. For the complete LOPES
selection, including all zenith angle bins, an average RMS
spread of ~ 9% is found.

3.2 X,.ux correlation

The slope of the radio LDF is the feature of the Gauss-
fit which best correlates with the depth of the shower
maximum (Xpax)- The slope is defined as the ratio of the
radio amplitudes at dg and at 200 m from the shower axis

(;’Tgo). The dependence of the slope on the zenith angle is

not clearly identified, therefore the usual five zenith angle
bins are used. The correlation of fig[3|has been fit with
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already successful in previous analyses [ 4].
For the complete zenith angle range an uncertainty of 50-
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Figure 4: Top: Linear correlation of the KASCADE-Grande
reconstructed primary energy and the LOPES measured
radio pulse at 50 m, normalized for Pew. The RMS-spread if
of 21% Bottom: RMS-spread from the energy-fit averaged
over the zenith bins, at several distances from the shower
axis. With the measurements dy is predicted around 50 m.

70 g/cm? is predicted (RMS-spread of the fit), with the
larger values due to the larger zenith angles.

In order to better constrain the fit and to improve the pre-
dicted uncertainty ( 50 g/cm?), an analysis which includes
higher statistics for COREAS simulations is planned.

The values for the three fitting parameters (a, b and c)
will be used in the following to reconstruct Xp,.x with the
LOPES measurements.

4 Slope Method on LOPES measurements

One important goal of this analysis is the confirmation
in the LOPES data of dy as the best distance from the
shower axis for the radio amplitude—energy correlation.
Indeed, at such distance, the highest precision on the energy
reconstruction may be achieved. Each LOPES LDF is fit
with a Gauss function as well. The radio amplitude at a
specific distance from the shower axis, derived from the
fit value at such distance, is correlated with the primary
energy reconstructed by KASCADE-Grande (in fig}-top is
reported as example the radio amplitude taken at 50 m from
the shower axis). Several distances from the shower axis are
considered, and for each the corresponding radio amplitude-
energy linear correlation. The RMS-spread around each
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Figure 5: X« reconstructed with the Slope Method for the
LOPES measurements (black) and for COREAS simulations
(proton (dashed-blue) and iron (light-red)) of the same
events, for the complete zenith angle range- 0-40 deg.

linear fit is again an indicator of the precision for the
primary energy reconstruction achievable at each distance.
The RMS-spreads obtained for these several distances, and
averaged on the 5 zenith angle bins, are shown in fig[}-
bottom. The minimum value, of about 26%, is reached at
distances less than 100 m, as expected from the COREAS
simulations, confirming the importance of dg for the primary
energy investigation. Moreover, the minimum spread of
about 26%, which contains the combination of the LOPES
and of the KASCADE-Grande energy uncertainties, it is still
comparable with the statistical uncertainty of KASCADE
(20%—-40%) [71l.

The Xmax for LOPES is reconstructed by using eq[Z]
and the a, b and ¢ parameters derived with the CoOREAS
simulations. In fig/5} Xmax LopEs = 628.1 & 96 g/cm?, i.e.
mean and standard deviation values. Compared to previous
analysis [4} 5], the expected improvement by using the most
complete COREAS simulations, is clearly achieved: The
systematic shift shown in [4] was definitively caused by
the still existing discrepancy between the simulated and the
measured LDF slope, due to the lack of refractive index
effect in the previous analyses. These LOPES reconstructed
Xmax are compatible with the expectations from the cosmic
ray nuclei and comparable with the CoREAS predicted
values.

5 Conclusion

The Slope Method has been successfully applied also on the
most recent COREAS simulations of the LOPES events and,
afterwards on the measurements themselves. Once again,
this method reveals itself to be a powerful tool for both
primary energy and Xp,x investigations with the radio data.

1383

The specific distance from the shower axis dg is re-
confirmed with the LOPES measurements to be the best
place for the primary energy analysis. The uncertainty for
the energy reconstruction achieved is the combined energy
resolution of both KASCADE and LOPES. The value is
around 26%, and it is comparable to the statistical uncer-
tainty of the KASCADE experiment. One can conclude that
the energy resolution of LOPES seams to be better than
26%.

By using the updated CoREAS simulations, the syste-
matic shift in the X;,,x reconstruction to smaller X5 val-
ues, typical of older analysis, is solved. The X« obtained
for the LOPES measurements are now comparable with
expectations.

Moreover, an upper-limit precision of 96 g/cm? is found
with the LOPES measurements, being the highest precision
on Xpax sensitivity to date achieved with the radio data.

Once more LOPES showed to be a powerful experiment
to investigate properties of the radio emission from air
showers, even though the high environmental noise limits
its performance.

Higher precision is predicted by the Slope Method ap-

plied on pure simulations for both the energy (~ 9%) and
the Xhax reconstruction (~50 g/cmz). It may be achieved
by experiments with a lower noise background.
This is the case for AERA (Auger Engineering Radio Array)
[[14], located at the Pierre Auger Observatory, and Tunka-
Rex [[15], located in Siberia, which have the possibility to
cross-check the reconstructed Xp,ax values respectively with
the fluorescence and the Cherenkov detectors.
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