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We present a new methodology to discriminate between light and heavy ultra-high energy cosmic-ray
primaries on an event-by-event basis using information from the radio detection of extensive air show-
ers at MHz frequencies. Similarly to other methods to determine primary cosmic ray composition, the
one presented here is based on comparisons between detected radio signals and Monte Carlo simulations
for multiple primary cosmic ray compositions. Unlike other methods that first reconstruct the depth of
maximum shower development Xma.x to relate it to the nature of the primaries, we instead infer the
cosmic-ray composition directly. The method is most effective in the case of inclined showers that arrive
at large zenith angles with respect to the vertical to the ground, where methods based on the determina-
tion of Xmax lose accuracy. We show that a discrimination efficiency between 65% and 80% can be reached
for zenith angles 6 2 60°, even when typical uncertainties in radio detection are taken into account, in-
cluding shower energy uncertainty. Our methodology could in principle be applied in large and sparse
radio arrays, designed with the large radio footprint of inclined showers in mind, to significantly increase

the statistics of ultra-high energy cosmic-ray composition studies.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Understanding the nature of Ultra-High Energy Cosmic Rays
(UHECR) is crucial to shed light on their origin and production
mechanisms, and to decipher if the observed suppression of the
flux at energies above ~40 EeV [1-3] is due to propagation ef-
fects of the UHECR in the cosmic radiation backgrounds [4], or to
the exhaustion of the sources of UHECR at the highest energies, or
possibly to a combination of both effects.

The state of the art technique for determining both the energy
and mass of UHECR is to use observables measured with fluores-
cence detectors (FD) [5,6]. These detect the fluorescence light emit-
ted by the shower as it propagates through the atmosphere and
reconstruct its longitudinal profile. The atmospheric depth of the
shower maximum, Xmax, is closely related to cosmic ray compo-
sition and can be determined with an uncertainty of ~20g/cm?
[7,8]. This in turn can be used to infer an average mass composi-
tion of the cosmic ray flux [7,8]. However, fluorescence detectors
can only be used during clear and moonless nights, leading to a
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small duty cycle of 10% — 15% and to small statistics of the CR flux
at the highest energies.

Detection of the radio emission of extensive air showers was
proposed in the 1960’s (see [9] for a review) but was almost com-
pletely abandoned shortly after due to technical issues. However,
in the last decade there has been a great revival of the radio tech-
nique for the detection of UHECR-induced showers in the atmo-
sphere. It is now a well-established air-shower detection technique
that is used in several cosmic-ray experiments worldwide, such as
the Auger Engineering Radio Array (AERA) at the Pierre Auger Ob-
servatory [10], the Low-Frequency Array (LOFAR) [11], TUNKA-REX
[12] and CODALEMA [13] among others. Arrays of radio detectors
have an almost 100% duty cycle and for this reason they have been
proposed as an alternative to fluorescence telescopes.

The first method to reconstruct Xmax from the information col-
lected with arrays of antennas was developed in the context of
the LOFAR experiment [14]. It is based on comparisons between
the measured electric fields and scintillator data with simulations
of proton and iron initiated showers, allowing one to infer the
Xmax Of the detected event. Variations of this method are cur-
rently used by several radio experiments, with a claimed accuracy
of ~20g/cm? for showers with zenith angle # <55° [15-17]. These
showers have a small radio footprint on the ground that changes
rapidly with distance to the shower core. A dense array (distance
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between antenna elements D <500 m) is thus required to obtain
Xmax With an accuracy comparable to that of FD. This makes the
construction of arrays extending over thousands of km?2, necessary
for UHECR detection with high statistics, both challenging and ex-
pensive. More inclined showers (6 2 60°), however, have a large
footprint that can be properly sampled with a more sparse array
(Dz 750 m). On the other hand, as we show in Section 5 in this
paper, the Xmax reconstruction of inclined events using the radio
technique has a much larger uncertainty, due to the intrinsic char-
acteristics of inclined showers. This makes inferences of composi-
tion inferences with the radio technique that rely on the determi-
nation of Xmax very uncertain above 6 2 60°.

In this work we present the first steps towards a methodology
to directly infer the mass composition of UHECR, bypassing the re-
construction of Xmax. As previous methods, our approach is also
based on comparisons between measured electric fields and those
obtained in simulations of showers induced by different primaries.
With the methodology presented here we are capable of yielding
an efficient composition discrimination of UHECR-induced inclined
showers on an event-by-event basis. This conclusion holds even
when typical experimental effects, such as radio noise and uncer-
tainties in shower energy and core position are taken into account.
As such, this methodology could be used in composition studies of
inclined showers, complementing the use of other methodologies
at smaller zenith angles [14].

This paper is organized as follows: Section 2 contains a short
review on radio emission from air showers; in Section 3 we de-
scribe in detail the simulations of radio emission from atmospheric
showers used in this work, performed with the ZHAIRES Monte
Carlo code. Our approach to discriminate between light and heavy
primary UHECR is presented in Section 4, where we also discuss
the impact of experimental uncertainties in the discrimination ef-
ficiency of the method. In Section 5 we use a variation of the
method in [14] to reconstruct Xmax from radio observations to
show that its uncertainty increases well above that achieved with
FD as the shower zenith angle increases. Outlook and conclusions
follow in Section 6.

2. Radio emission in atmospheric showers

Radio emission can be thought of as due to currents induced by
the deflection of charged particles in the shower. The induced elec-
tric field is approximately proportional to the projection of these
currents along a direction perpendicular to the observation direc-
tion [18]. The radio emission of extensive air showers is mainly
due to the superposition of the geomagnetic [19] and Askaryan
[20] mechanisms. Geomagnetic emission is produced by the de-
flection of charged particles in the geomagnetic field. Since elec-
trons and positrons are deflected in opposite directions, they both
contribute with the same sign to an electric current approximately
perpendicular to shower axis, which moves towards the ground
along with the shower front. The electric field generated by the ge-
omagnetic mechanism is proportional to the Lorentz force qV x B,
where q is the particle charge, B is the geomagnetic field and V is
the particle speed, which is taken to be approximately parallel to
the shower axis. The characteristic polarization of the electric field
induced by the geomagnetic mechanism is then approximately par-
allel to —V x B, and practically independent of observer position.

The Askaryan mechanism is due to the entrainment of atomic
electrons from the medium into the shower flow as the shower
evolves, and is mainly due to Compton scattering and knock-on
processes such as Moeller and Bhabha scatterings. An excess of
electrons over positrons is generated in the shower that is referred
to as the charge excess. In this case a current is induced that is ap-
proximately parallel to the shower axis and is proportional to the
excess of electrons. The electric field generated by the Askaryan

mechanism is polarized along the projection of the parallel current
onto the plane perpendicular to the observer direction, and is thus
approximately zero at the shower core increasing as the observer
moves away from it. This leads to an approximately radial polar-
ization towards the shower axis [18,21], with a strong dependence
on observer position.

While the component of the speed of the charged particles that
is parallel to the shower axis is approximately constant and equal
to the speed of light c, their speed perpendicular to shower axis
is much smaller and is mainly due to transverse momenta gained
through interactions and the Lorentz force. Although the magnetic
force tries to constantly increase the perpendicular momenta of
the charged particles, there is a limit to their average perpendic-
ular velocity, called the drift velocity [22]. This limit is roughly in-
versely proportional to the air density, and it is due to the interac-
tions of the charged particles with the molecules in the medium,
which on average tend to randomize the transverse velocity [22].
Since geomagnetic radio emission is due to the current perpen-
dicular to the shower axis, its intensity is approximately inversely
proportional to the air density at each stage of shower develop-
ment. On the other hand, the component of the speed parallel to
shower axis is much larger and is unaffected by changes in air den-
sity, making the Askaryan contribution to the radio emission prac-
tically independent of air density.

The superposition of these two main emission mechanisms,
with their different polarizations, makes the pattern (footprint) of
the electric field on the shower plane asymmetric with respect
to the shower core [23]. Since the polarization of the Askaryan
component depends on observer position, while the polarization
of the geomagnetic component does not, the radio footprint be-
comes more radially symmetric with an increasing fraction of ge-
omagnetic emission. Also since the geomagnetic component is in-
versely proportional to air density [22], and inclined showers de-
velop higher in the atmosphere, the footprint becomes more sym-
metric as the zenith angle of the shower increases [24].

3. Simulations of radio emission

In this work we used the ZHAIRES simulation package [23] to
calculate the radio emission of UHECR-induced showers in the at-
mosphere. ZHAIRES is an AIRES-based [25] Monte Carlo code that
takes into account the full complexity of shower development in
the atmosphere, and allows the calculation of the electric field in
both the time and frequency domains at different observer po-
sitions. ZHAIRES is based on first principles and does not a pri-
ori assume any emission mechanism. However, and as shown in
[23], the electric field obtained with ZHAIRES in the MHz-GHz fre-
quency range is compatible with the superposition of the geomag-
netic and charge excess radio emission mechanisms.

In the methodology presented in this work to infer UHECR pri-
mary mass, as well as in other methods where Xmax is first re-
constructed [14], the position of the shower core can be taken as
a free parameter in the minimization process, leading to an opti-
mal core position, for which the simulation best fits the data (see
Sections 4 and 5). On the other hand, varying the core position
changes the coordinates of the observers (antennas), where the
simulated electric field is compared to the data. A new ZHAIRES
simulation would then be needed each time to be able to obtain
the electric field at each new set of antenna positions (or alterna-
tively a single simulation but with an immense number of anten-
nas). This is not practical from a computational point of view and
calls for a fast and accurate method for the calculation of radio
emission. For this purpose, in this work we exploit the so-called
two-component model addressed in detail in [18]. This model uses
as input two ZHAIRES simulations of a single event: one which
includes the geomagnetic field and the other with it artificially
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turned off. In both simulations the electric field is calculated only
in a given number of antennas placed along a line on the ground.
This allows one to separate the geomagnetic and Askaryan contri-
butions to the net electric field. These separate contributions, along
with their theoretical polarizations, are used to obtain the ampli-
tude and polarization of the peak net electric field at any position
on the ground. The two-component model exhibits an accuracy of
a few percent when compared to full simulations performed with
ZHAIRES [18].

We used the two-component model to obtain the electric field
in 50 proton and 50 iron-initiated showers at an energy E =
10'® eV and zenith angles § = 0, 10, 20, 30, 40, 50, 60, 65,
70 and 75°. For illustration of the method we placed the ob-
servers at the site of the LOFAR experiment [11] (ground alti-
tude of 10m as.l. and a geomagnetic field |B] =49.25T with
an inclination of 67.8°). All showers were injected with an az-
imuth angle of ¢ =90°, i.e. arriving at ground from the (mag-
netic) North. The following parameters were used in the sim-
ulations: Thinning level 10~3, thinning weight factor 0.06, time
bin 0.3 ns and e* (kinetic energy) and y (total energy) cuts of
80 keV. We used SIBYLL 2.1 [26] as hadronic model. The electric
field needed as input for the two-component model was calcu-
lated in ~ 60 antennas along a line from the shower core towards
the East. The full-band simulations were then filtered between fre-
quencies 30 and 80MHz and used as input of the superposition
model. This bandwidth is commonly used in current radio detec-
tion experiments including LOFAR [11], AERA[10] and TUNKA-REX
[12].

4. Inferring primary composition on an event-by-event basis

In this section we present a new methodology to infer the
primary cosmic-ray composition on an event-by-event basis us-
ing information from the radio detection of extensive air show-
ers. Traditionally, Xmax has been used as a surrogate observable
for composition [5], and hence reconstructing Xmax is a natural
first step in trying to determine cosmic ray composition using the
radio technique. On the other hand, radio emission of air show-
ers is a rich and complex phenomena that is very dependent on
the geometry and longitudinal profile of the shower and its re-
lationship with the variation of air density and refractive index
with altitude. These dependencies lead to a strong sensitivity of
the pattern of the radio signals on the ground to cosmic ray com-
position. We argue that this sensitivity, which is also the basis
of the Xmax radio reconstruction methods, makes it possible to
infer the primary composition of an event even without recon-
structing its Xmax. In the following, we propose to bypass recon-
structing the Xmax of the shower and directly infer its primary
composition, allowing the method to avoid some of the inher-
ent overlap of the Xmax distributions of proton and iron-induced
showers.

Similarly to the method described in Section 5 and in [14,17],
our methodology is also based on comparisons between the elec-
tric field measured in several antennas and that predicted in
ZHAIRES Monte Carlo simulations having the same geometry and
energy as the detected event, but with different primary composi-
tions. To discriminate the primary composition of a shower event,
we firstly perform simulations of 50 proton and 50 iron-initiated
showers, with random first interaction point in the atmosphere,
but with the same energy and geometry (zenith and azimuth an-
gles) of the input event. The measured peak of the radio signal at
each antenna Eg,,. defined as the peak of the Hilbert envelope of
the time-domain signal, is then compared with the peak electric
field obtained from simulations Eyc to calculate Ag, defined as the
quadratic sum of the differences between measured and predicted

electric fields, over all antennas with signal:

A? = Z ( Z [Ei data — fs- Ej mc (X — Xcore, ¥ _ycore)]2)~ (1)

i=x,y,z \antennas

Here f; is an energy scaling factor (see below); fcore =
(Xcore, Ycore) is the position of the shower core in the simulation
relative to the position of the core of the event to be reconstructed
(X0, y0) = (0,0) (assumed at the origin of the coordinate system
on the ground) and (x,y) is the position of each antenna relative
to (Xg, ¥o)- The sums run over the three components of the peak
electric field (Ey, Ey, E;) and over all the antennas with signal in
the event. Including the polarization in Eq. (1) could add relevant
information for the determination of the primary composition, es-
pecially when comparing showers with very different Xpnax : Show-
ers that develop higher, in a less dense atmosphere, have a higher
geomagnetic contribution than those that develop deeper and this
changes the ratio between the geomagnetic and Askaryan contri-
butions, changing the observed polarization of the electric field.
Although the polarization of the field was explicitly included in
Ag to take it into account when discriminating between primary
compositions, it is important to stress that the degree to which we
can identify heavy from light primaries is not strongly dependent
on differences in signal polarization alone. Using Eq. (1) increases
the fraction of correctly discriminated events an average of ~ 3%,
if compared to the results using Eq. (2), which does not take into
account polarization.

The detected core position and energy of the input event are
subject to uncertainties. To account for them, for each of the
s=1,.,N simulated proton and iron-induced showers, the posi-
tion of the core (fore) and the energy scaling factor (fs) were al-
lowed to vary, leading to different values of As(fs, fcore). The min-
imum value of Ag(fs, feore) for each simulation, denoted simply
as A, corresponds to the values of f; and (Xcore, Ycore) for which
the simulated shower represents best the measured event. On the
other hand, when uncertainties in the core position and energy
of the input event are not taken into account, fixed values f; =1
and feore = 0 are used in all calculations, leading to a single value
As = A for each simulated shower.

Unlike the methods that reconstruct the Xmax of the shower
(see Section 5), in this new discrimination method Xpnax is not de-
termined. Instead, we compare the distributions of A2 obtained for
each simulated composition and infer the most likely composition
of the detected event directly. For that purpose, and for the sake
of simplicity, we compare the averages' <A?>, and <A?>pg,
which correspond to the average values of A2 obtained using the
proton and iron simulations, respectively. The detected event is
classified as proton (light) if <A?>p,< <A?>p or iron (heavy)
if <A?2>p> <A?>p, ie. the event is classified as proton or iron
depending on what type of primary, on average, induces electric
fields that are more similar to the detected fields. Other more so-
phisticated statistical approaches that benefit from the informa-
tion available in the distributions of A2 can be applied to classify
the events, for instance approaches based on Bayesian statistics or
maximum likelihood methods, but they will not be addressed here.
Instead, we show below that even with this simple classification

T When obtaining the average values of A? we do not consider those simula-
tions that have very different footprints from the one in the detected event. This
is accomplished by removing the simulations that have A2 above a cut value
A2 = (A?) — fou - 0p2. In this work we adopted an optimal value fey = 0.15 in
all cases. This cut was implemented because different primary compositions lead to
different spreads in the distribution of A2. Proton-induced showers have a larger
intrinsic fluctuations in their longitudinal profiles if compared to heavier nuclei.
Even if the input event is a proton, there will be a large number of proton sim-
ulations that are very different from the input event, increasing the average of the
A2 distribution for protons, which could create a bias in our method.
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Fig. 1. Example of the classification of a (simulated) input proton shower with E = 10'® eV and 6 = 65° using a squared-grid array with distance between antennas D = 500
m. No detector uncertainties were folded into the simulated input event. Top: A2 vs Xpax obtained from each simulation (p in red, Fe in blue). Note that Xma.x is neither
used nor reconstructed by our method and the top panel serves only to illustrate how A? varies with Xpax and composition. The black solid vertical line represents the
Xmax Of the input event (in slant g/cm?), while the black solid horizontal line represents the value of the cut in A2, above which showers are not considered in the analysis
(see text for details). The red and blue dashed lines represent < A? >, and < A? > p,, respectively. Bottom: A? distribution after the cut in A? is applied (left: proton, right:

iron). Since < A% >, < < A? >, this event was (correctly) classified as proton-like.

criterium we get a large success rate in the determination of the
primary composition. It is also worth noting that although we do
not reconstruct Xmax, our approach should still be dependent on
which high-energy hadronic model is used in the simulations. In
this work we used SIBYLL 2.1 [26].

An example of the classification procedure is shown in Fig. 1.
The input event to be classified is a (simulated) proton shower
with E = 10'® eV and 0 = 65°, triggering a squared-grid array with
distance between antennas D =500 m. The distributions of A2
obtained when protons or iron are used to infer the composi-
tion of the event are shown in the bottom panels in Fig. 1. In
this case the input event is correctly classified as proton since
<A?>p< <A?>p. In fact, when repeating the same procedure
for all our 50 proton and 50 iron input events with 6 = 65°, we

found that all of them were correctly classified. The fraction of
events correctly classified as a function of shower zenith angle 6 is
shown in Fig. 2. One can see that, when no detector uncertainties
are taken into account, more than 85% of the input events have
their composition correctly inferred at any zenith angle. When
6 > 60° this fraction increases to ~ 100%.

4.1. Detection uncertainties

In this section we study the effect of detection uncertainties on
the ability of the methodology to infer the correct primary compo-
sition of events. We took into account the main factors that affect
the measurement of radio emission: noise, (galactic) background
and uncertainties in the energy of the event and the position of
the reconstructed shower core.
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used. No detector uncertainties were folded into the input events.
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Fig. 3. Fraction of input events correctly classified as proton or iron as a function
of 0 for each simulation set, composed of 50 proton and 50 iron simulated input
events per zenith angle. An array with distance between antennas D = 500 m was
used. The only uncertainty that was taken into account was an energy uncertainty
adopting a variable f; parameter in Eq. (1).

4.1.1. Energy uncertainty

It is well known that iron and proton showers have different
missing energies, defined as the energy that goes to high energy
muons and neutrinos and that is not deposited in the atmosphere.
Because of this, proton induced showers have, on average, more
et (~5% depending on the energy), if compared to iron show-
ers of the same energy, leading to slightly larger electric fields in
proton-induced showers. Furthermore, this difference in the de-
posited energy is much smaller than the characteristic uncertainty
in the primary particle energy. To account for this we have used a
completely free f; in the minimization of Eq. (1).

To isolate the effect of an energy uncertainty on the method,
we have included a variable f; in the reconstructions that use the
same ideal detector with distance D=500 m between antennas. The
results (including only the uncertainty in energy) can be seen in
Fig. 3 that can be directly compared to those shown in Fig. 2,
where the same detector and other parameters are used but the
uncertainty in energy is not accounted for. It is important to notice
that allowing a completely free f; is a worst-case scenario for the
method, since this erases not only the average difference between
proton and iron showers, but also the shower-to-shower fluctua-
tions of iron and proton showers separately.?

2 In principle one could consider using an iterative approach, firstly allowing a
completely free f; parameter to obtain two average values of f; for each shower to
be reconstructed: one for comparisons with simulated proton showers, and another
for comparisons with iron showers. Then, in a second step, repeat the analysis using
only one of these average values of f;, depending on the nature of each simulated
shower used for the reconstruction, proton or iron. This would still treat the iron-
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Fig. 4. Fraction of correctly inferred compositions for each simulation set (each 6).
Each set is composed of 50 proton and 50 iron simulated input events. In this case,
an array with D = 750 m was used and all detector uncertainties, except for an en-
ergy uncertainty (see text) were folded into the input events. Above 6 = 60° (65°),
over ~80% (~90%) of the events had their composition correctly discriminated by
the method.

4.1.2. Other detection uncertainties

To account for the effect of noise on the measured electric field,
we estimated a very pessimistic upper limit modeling it as a Gaus-
sian with o5 = 30 WV/m. A noise amplitude following this dis-
tribution is generated for each component of the electric field and
for each antenna separately. This simulates the noise temperature
contributions from both, the receiver and the sky. The resulting
electric field due to noise generated for each antenna is added to
the peak electric field of the corresponding antenna of the simu-
lated input event. Also, a fixed electric field background was folded
into the input event. For this purpose we used a fixed amplitude
of 3 uV/m and a random isotropic direction for each event, i.e. all
antennas detect this same static background component.

We also included the effect of uncertainties in the position of
the shower core of the input events by generating a shift Parror =
(Terror» Qerror) 1N its core position. For each input event we sample
Terror from a Gaussian distribution with oy, = 50 m width? with
the angle @error uniformly distributed between 0 and 27. We shift
the positions of the antenna in the input event by Piror, So that the
simulations used for the reconstruction procedure are performed
using these dislocated antenna positions. This mimics the effect of
applying our methodology to a real event that contains an uncer-
tainty in its measured core position. As discussed in Section 4, dur-
ing the reconstruction procedure we varied* the core position Feore
in Eq. (1) in order to minimize AZ. In this study we did not take
into account shower direction uncertainties, all simulations used
for the reconstructions have the same arrival direction as the in-
put event. Also, in order to see the impact of a sparser radio array,
we increased the distance between antennas to D =750 m in all
simulations. Finally, only antennas with a peak amplitude greater
than 100 V/m were used.

In order to isolate the effect of these other uncertainties on the
method, we included them in the simulations, but at first disre-

proton degeneracy due to the missing energy, but would not obliterate the differ-
ences due to shower-to-shower fluctuations, which could add relevant information
to the discrimination. In any case, we defer such an approach to another work.

3 The uncertainty in core position increases with zenith angle, and can be larger
than 50m for very inclined showers. However we have found that our method is
capable of determining the correct core position with a resolution better than 25 m,
even at the largest zenith angles. Also, increasing o, leads to an approximately
quadratic increase in computing time. For these reasons, we chose to use a single
value of oy,,, =50 m for the whole zenith angle range studied, which is already
twice the resolution we have even at 6 = 75°. We are confident that increasing o,
further for inclined events will not lead to any significant change in our results.

4 For this we sweep core positions (I'core, @core) around the origin by varying reore
from 0 to 2.50,,,, in steps of ~1.5 m and @cre from O to 360° in 128 steps.
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an array with D = 750 m was used and all detector uncertainties, including an en-
ergy uncertainty (see text) were folded into the input events.

garding any energy uncertainty by using a fixed value f; =1 in
Eq. (1). In Fig. 4 we show the fraction of events that had their pri-
mary composition correctly inferred by the method as a function
of zenith angle, when all detection uncertainties except for the en-
ergy uncertainty were included. We can see that the method be-
comes more efficient at higher zenith angles, reaching a 90% cor-
rect discrimination fraction above 6 = 65°.

We then included the energy uncertainty along with all the
other uncertainties mentioned above. Our results for the fraction of
events that had their composition correctly inferred can be seen on
Fig. 5. Here all uncertainties have been included, i.e. we included a
completely free f; parameter in Eq. (1). One can see that by includ-
ing the energy uncertainty a best efficiency of ~80% is reached at
6 = 65°, decreasing to ~65% at & = 70° and 75°. Nevertheless, our
method should still be the better option for obtaining the primary
composition of events above 60°, if compared to Xmax radio re-
constructions, due to the large uncertainties and systematic errors
when reconstructing the Xmpax of inclined events using the radio
technique, as will be discussed in Section 5.

In Fig. 6 we show the same input proton event as in Fig. 1, but
now in the sparser array and accounting for all detection uncer-
tainties. One can see that the large separation between the distri-
butions of A2 for proton and iron simulations in Fig. 1, and which
we attribute to the difference in the average missing energy of pro-
ton and iron events, has almost disappeared when accounting for
the uncertainty in energy.

All simulations used in this work have a fixed azimuth angle of
¢ =90°, i.e. they all come from the North. We chose these show-
ers since they have a larger probability of detection at the LO-
FAR site. We do not expect the azimuthal arrival direction of the
shower to have a large impact on the effectiveness of the method
to discriminate between different primaries. However, the ampli-
tude of the electric field is experimentally known to depend on
the azimuth angle of the showers [11,12]. For certain directions,
for which the electric field amplitude is much smaller than others,
noise would tend to have a larger impact on the detection. This az-
imuthal angle dependence is due to the geomagnetic contribution
to the emission varying with sinc¢, where « is the angle between
the shower axis and the geomagnetic field. Given the direction of
the geomagnetic field at the LOFAR site, showers coming from the
North (¢ = 90°) have larger fields (« closer to 90°) than showers
coming from the South, leading to an observed [11] North-South
asymmetry in the number of detected events at LOFAR, where a
value of o =90° (maximum geomagnetic contribution) would oc-
cur for a 6 = 67° shower coming from the North. These showers
produce a higher total electric field and have a larger SNR than
those for instance from the South for the same energy. As we

change the azimuth angle the net electric fields tend to dimin-
ish and, as a consequence, this slightly increases the influence of
some experimental uncertainties on the discrimination, especially
that due to noise.

5. Xmax reconstruction using information from radio detection

In this section we study the performance as a function of
shower zenith angle of the most commonly used method to re-
construct Xmax based on information extracted from the radio de-
tection of air showers. For this purpose we developed a variation
of the method used in the LOFAR experiment [14], where both ra-
dio and scintillator detector data are used for the reconstruction.
In our simplified version only the radio signals of the event are
used. Similar variations of this method have also been used to re-
construct Xmax with radio data collected at the AERA experiment,
with encouraging results for showers with zenith angle 6 <60°
[17]. A comparison of the performance of our simplified method
described below (labeled as method D) and others used in AERA
can be found in [27].

This method is also based on comparisons between the electric
field measured in several antennas and that predicted in ZHAIRES
Monte Carlo simulations having the same geometry and energy as
the detected event, but with different primary compositions, span-
ning the whole Xyax range. For this purpose we first calculate the
quantity X in Eq. (2), defined as the quadratic sum of the differ-
ences between the measured and predicted peak amplitude of the
electric fields over all antennas with signal:

- = = 2
Es(fs; rcore) = Z [lEdata| - fs : |EMC|(X — Xcores Y _}’core)] .

antennas
(2)

Here f; is the energy scaling factor, fcore = (Xcore» Ycore) iS the
position of the shower core in the simulation and (x,y) is the po-
sition of each antenna. In contrast to As in Eq. (1), here we only
use the peak amplitudes |Ey,,| and |Eyc| for the measured and
simulated electric fields, respectively.

As in the method described in Section 4, we firstly perform
simulations of 50 proton and 50 iron-initiated showers, with the
same energy and geometry of the event to be reconstructed. Here
we also have the option to take into account uncertainties in the
energy and core position of the detected event by varying the val-
ues used for the position of the core (fore) and the energy scaling
factor (f;). Only the minimum value of X(fs, fcore) for each simula-
tion, denoted simply as X, is used in the analysis. This corresponds
to the values of f; and (Xcore, Ycore) for which the simulated shower
represents best the measured electric field. On the other hand, if
one does not want to take detection uncertainties into account in
the reconstruction, the fixed values f; =1 and f¢ore = 0 are used in
all calculations. Since in this section we are interested in finding
the minimum possible uncertainties in Xmax, i.e. those inherent to
the methodology, this is the approach we used.

To reconstruct the Xmax of the input event, the value of ¥ as
a function of Xnax for each individual (proton and iron) simula-
tion is plotted, and a parabolic fit is then performed. The posi-
tion of the minimum of the parabola is taken as the reconstructed
Xmax Of the event, denoted as X,‘;g;. In Fig. 7 we show an ex-
ample of the reconstruction procedure, where we used as input
event to be reconstructed a (simulated) proton-induced shower
with E =108 eV and # =30°. An ideal squared-grid array with
distance between antennas D = 500 m was used. We did not take
into account any detection uncertainties and fixed both f; =1 and
feore = 0 in Eq. (2). Each point in the plot corresponds to a single
proton (red) or iron (blue) simulated shower of the 50 proton and
50 iron shower simulations used to reconstruct the input event.
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Fig. 6. Same as Fig. 1, but for an array with D = 750 m and taking into account all detection uncertainties, including energy. (see text for details).

Repeating the same procedure for showers at different zenith
angles, we find that the quality of the Xpax reconstruction, quanti-
fied using the difference between the Xmax of the input event and
the reconstructed XReS , depends strongly on the zenith angle of
the event. This is shown in the bottom panel of Fig. 8, where we
plot the RMS of the distributions of Xmax — XK when the Xmax
of 50 (simulated) input events are reconstructed for each value
of 6. The uncertainty on the reconstructed value of Xmax is be-
low ~20gcm—2 for 6 <60° rapidly increasing for more inclined
showers and reaching ~ 60gcm—2 at § ~75°. No detection effects
or uncertainties were folded into the input events, and the plotted
values of the RMS represent the minimum possible uncertainties,
i.e. those inherent to the method. In the top panel of Fig. 8 we also
show three distributions of Xmax — XReS for three different zenith
angles.

The loss of sensitivity to Xmax as @ increases is mainly due to
the combination of two effects that are responsible for the increase
in uncertainty on XR shown in Fig. 8. The superposition of the
Askaryan and geomagnetic contributions to the radio emission in

air showers generates an asymmetric electric field pattern (foot-
print) that is sensitive to the shower longitudinal profile. For ge-
ometrical reasons, the size of the footprint on the ground is also
sensitive to the distance between the bulk of the shower and the
ground. Both observables, the size and the asymmetry of the foot-
print, are sensitive to Xmax [14]. As the zenith angle increases, the
shower develops higher in the atmosphere in a region of lower
air density and this enhances the contribution of the geomagnetic
emission mechanism with respect to that in less inclined showers
(see Section 2 and Refs. [22,24]), while the Askaryan emission re-
mains practically the same. This effect makes the ratio of geomag-
netic to Askaryan emission larger the more inclined the shower
is, and the field pattern on the ground becomes more symmet-
ric around the shower core. As a consequence, for zenith angles
6 > 65° the footprint is practically symmetric and the information
on Xmax contained in the asymmetric pattern is lost, making the
reconstruction of Xmax less constrained. Moreover, as the shower
zenith angle increases, the size of the induced Cerenkov ring on
the ground, where the signal is largest [28], becomes less sensi-
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J

tive to Xmax, further decreasing the sensitivity of the pattern to
Xmax- The reason for this is that showers produced higher in the
atmosphere tend to have larger footprints on the ground, because
the beamed radiation is projected on the ground from a larger dis-
tance. However, this is compensated by the fact that the Cerenkov
angle is smaller due to the lower density of air at higher altitudes.

The size of the footprint can be quantified in terms of Rmpax,
that we define as the distance from the shower core to the
Cherenkov ring along the same azimuth direction the shower
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Fig. 9. Top: Sketch of the distance Ryax from the shower core to the Cerenkov ring,
defined as the intersection of the cone of opening angle equal to the Cerenkov angle
and vertex at Xmax. Middle: Rpax obtained analytically for several zenith angles and
for 3 different values of X, namely 650 (blue), 775 (green) and 900 g/cm? (red),
see text for more details. Bottom: Values of Ry for different 6 obtained from 50
full Monte Carlo simulations with ZHAIRES for each 6. The color scale indicates the
Xmax of the simulated events.

comes from. In the case of the showers used in this work, all
coming from the North, Rpax is the distance between the shower
core and the point on the Cherenkov ring directly North of it. This
ring is expected to appear at the intersection with ground of a
Cerenkov cone centered at the position of Xmax[28]. The axis of
the Cerenkov cone is the shower axis, and its opening angle is the
Cerenkov angle 6 ¢pe, at the Xmax altitude. Rmax is depicted in the
sketch in the top panel of Fig. 9. For a given Xmax and zenith angle,
Rmax can be obtained analytically with a model for the density and
refractive index in the atmosphere, which allows one to calculate
Ocher at the Xmax altitude. Values of Rmax calculated in this way,
using the same refractive index model implemented in ZHAIRES
[23], are shown in the middle panel of Fig. 9 for several zenith
angles and for showers with 3 different fixed values of Xmax. As
expected from simple geometrical considerations, Rmax increases
with 8 as the distance from Xmnax to the ground increases. How-
ever, the relative difference between the values of Rmax obtained
for the three different values of Xnax decreases with 6. Similar re-
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sults were obtained in [29] using a different approach. This illus-
trates that Rmax becomes less sensitive to the distance to shower
maximum as 6 increases. As a consequence, in the case of inclined
showers, large variations on Xpnax lead to only small variations in
the footprint size and ¥, making the determination of the mini-
mum of the ¥ vs Xmax curve, and thus x,‘}lgcx, very inaccurate. The
values of Rmax can also be obtained directly from the Monte Carlo
simulations. These are shown in the bottom panel of Fig. 9, where
they are seen to follow the same trend as in the analytical calcu-
lation.

The one-dimensional shower model assuming that the bulk of
radiation comes from a region around Xpax, although very simplis-
tic, can describe well the position of the Cherenkov ring of showers
with a distant Xmax, i.e. typically more inclined events. However,
it represents a worse approximation for showers that have Xmax
closer to the ground, such as high-energy vertical showers. In this
case, the one-dimensional shower approximation breaks down and
the lateral spread of the shower becomes important [28]. In any
case, the only purpose of the one-dimensional model was to show
that the size of the radio footprint is less sensitive to Xmax in the
case of inclined showers.

6. Outlook and conclusions

We have shown that with the methodology presented in this
work we can distinguish between light and heavy primaries on
an event-by-event basis using information obtained from the radio
detection of air showers.

The interplay between the radio emission of each particle in
the shower, coherence effects that depend on time, distance and
frequency, time compression and beaming effects in the radio sig-
nal due to the variation of the refractive index with altitude along
the line of sight, all paint a very complex picture. It is this same
complexity that generates the extra “degrees of freedom” in radio
emission that are, at least in part, responsible for the ability to dis-
tinguish between light and heavy UHECR primaries.

We have shown that reconstructions of Xmax using radio de-
tection exhibit larger uncertainties in the case of inclined events
when compared to more vertical ones. This is due to the intrinsic
characteristics of inclined showers, and makes Xnax-based compo-
sition studies of inclined events much more challenging. On the
other hand, our methodology is more efficient at higher zenith
angles 6 2 60° and could be complementary to Xmax composition
analyses that have a good accuracy at lower zenith angles.

We have investigated the effect of detector uncertainties on
the efficiency of our method. Even when a sparse array (D = 750
m) and upper limits to several experimental uncertainties (energy,
core position and noise were included), ~80% of the events had
their composition correctly inferred by the method for a zenith an-
gle 6 = 65°. An efficient classification of primary cosmic rays into
light or heavy on an event-by-event basis can help in the determi-
nation of the sources of UHECR, due to a better knowledge of the
rigidity of the detected particles.

Our methodology, which currently uses only the measured
peak electric field, can still be refined with maximum-likelihood,
Bayesian analysis and iterative methods to take into account, not
only the averages of the distribution of A in Eq. (1), but also its
shape, in order to increase the discrimination efficiency, especially
when large energy uncertainties are taken into account.

In future works we will address the possibility of including the
full-time pulse and not only the peak electric field in the method.
This could increase the sensitivity to other parts of the shower de-
velopment besides Xmax. We also intend to apply our method to
real events in the future, as well as address what would be the
optimal characteristics of future arrays of radio detectors for event-
by-event composition determination based on our methodology.
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