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Cosmic rays are measured at LOFAR simultaneously with a dense array of antennas and with the
LOFAR Radboud air shower Array (LORA) which consists of 20 scintillators. In this contribution
we present cosmic-ray energy reconstruction using radio and particle techniques and discuss the
event-by-event and absolute scale uncertainties. The energies reconstructed with each method are
shown to be in good agreement. The radio-based reconstruction has smaller uncertainty on an
event-to event basis, so LOFAR analyses will use that technique in the future. We also present the
radiation energy of air showers measured at LOFAR. Radiation energy scales quadratically with
the electromagnetic energy in an air shower, which can be related to the energy of the primary
cosmic ray. Once the local magnetic field is accounted for, the radiation energy can be used
to compare the energy measured at different locations using different techniques. We compare
the LORA particle-based energy scale to that of the Pierre Auger Observatory and find that they
agree to within (6 ± 20)% for a radiation energy of 1 MeV. The uncertainty on the comparison is
dominated by the antenna calibration of each experiment. We plan to reduce this uncertainty in
the future using a portable radio array to cross-calibrate the energy scales of different experiments
using radiation energy and the same antennas.
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1. Introduction

Accurately determining the energy of detected cosmic rays is critical for the interpretation of
measured data. In this contribution we discuss how energy reconstruction is handled at the LOw
Frequency ARray (LOFAR) radio telescope [1, 2]. As an air shower develops, broadband radio
emission is generated, with the dominate contribution coming from the geomagnetically induced,
time-varying transverse current that develops as the shower propagates [3, 4]. LOFAR measures
this emission between 30 and 80 MHz. A scintillator array, the LOFAR Radboud Air Shower Array
(LORA), also detects particles from the air shower that reach ground level and is used to trigger
antenna readout [5].

Since each event is simultaneously sampled by the LOFAR antennas and the LORA scintillators,
two separate energy reconstructions can be compared. These results have recently been published [6]
and will be summarized here. We will discuss in more depth how the associated uncertainties are
handled, as well as prospects for using radiation energy to compare the energy scales of different
experiments.

2. Energy reconstruction

Each event detected at LOFAR is measured both with LOFAR antennas and LORA particle
detectors. Until recently an absolute calibration for the radio measurements was unavailable. The
radio data, which is highly sensitive to the development of the shower, was used to determine the
event geometry, while the particle information was used to determine the energy for the event. An
absolute radio calibration has since been developed [7], and so now separate radio and particle energy
reconstructions are possible. Both reconstruction techniques are based on Monte Carlo simulations,
where for each event, a set of simulations of iron and proton primaries is generated using CORSIKA
(v7.7100) [8] with QGSJETII-04 [9] to provide particle information and CoREAS [10] to provide
radio information. The simulated energy, 𝐸sim, is determined using a preliminary fit to a 2D lateral
distribution function [11].

In the case of the radio-based energy reconstruction, each simulated radio footprint is fit to the
data using a 𝜒2 fitting procedure, with the core position and an overall radio scale factor, 𝑓𝑟 , for
the signal strength as free parameters. The simulation with the lowest 𝜒2 is taken to be the best
simulation describing the event. 𝐸sim is multiplied by the best-fit 𝑓𝑟 , which sets the radio-based
energy for the event, as 𝐸radio = 𝑓𝑟 × 𝐸sim.

The particle-based energy reconstruction makes use of the best fit simulation as determined
by the radio 𝜒2 fit, and the core position from the radio measurement is also used. Again, a
𝜒2 minimization is done which fits the simulated energy deposit to the measured deposit in the
scintillators, now with a scale factor for the signal strength, 𝑓𝑝, as a free parameter. Multiplying
𝐸sim by this particle scale factor sets the particle-based energy for the event, as 𝐸part = 𝑓𝑝 × 𝐸sim.
Because the particle-based reconstruction uses information about the geometry of the event derived
from the radio fit, the two reconstructions are not entirely independent. However, the scale set for
the particle-based energy is determined entirely by the scintillator data and calibration. We found
that the energies reconstructed using the two techniques are consistent. More extensive details
about the energy fitting procedures can be found in [6].
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3. Understanding the calibration and uncertainties

Energy measurements are only meaningful if the detector is well calibrated and the uncertainties
are understood. In this section, we give an overview of the calibration procedure for radio and particle
measurements, and discuss how uncertainties are determined.

3.1 Calibration

Calibrating both the antennas that measure radio signals and the scintillators that measure
energy deposits from particles requires comparing measured data to a known source. The LOFAR
system response, including the antennas and signal chain, is calibrated using Galactic emission
as a source, taking into account background noise due to electronics. This procedure results in
a calibration with a systematic uncertainty of 13%, which is dominated by the uncertainty on the
underlying models used to predict the Galactic emission. This uncertainty propagates into the
uncertainty on the energy. Details of the calibration procedure are given in [7].

The energy deposited by the shower particles in the scintillators is determined by calibrating
the scintillators using single muons [5]. We build a distribution of energy deposits from single
muons, both measured in the field and in the lab, from which the most probable value can be
determined. Energy deposits from single muons are also simulated with GEANT4 [12], using a
realistic description of the detector and arrival directions. This provides a distribution of simulated
energy deposits from which we determine the most probable value. The peak of the measured muon
distribution is compared to the simulated muon distribution peak, and we arrive at a calibration
factor for the LORA scintillators. The resulting muon energy deposit distributions are shown in
the left panel of Fig. 1. The simulated distribution is shown in red, muons measured in the field in
blue, and muons measured in the lab in green.

Figure 1: Left: Distributions of energy deposits in the LORA scintillators from single muons. The
distribution in red shows the GEANT4 simulated deposits. The green and blue lines represent muon energy
deposits measured in the lab and field, respectively. Right: The ratio between energy reconstructed with
antenna model offsets and the original model. Offsets of ± 1◦ and ± 5◦ were applied.

There is a systematic uncertainty associated with the calibration of the LORA scintillators. By
repeating the field calibration process a number of times, we find that the standard deviation of the
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calibration values for each scintillator is ± 3%. This propagates into ± 3% uncertainty in event
energy. The spatial response of the scintillators was measured at Karlsruhe Institute of Technology
(KIT) and found to be very uniform over the surface of the scintillator. It is now included in LORA
simulations [13].

3.2 Event-by-event uncertainties

Radio: angular dependence of the antenna model- We find the uncertainty in the angular depen-
dence of the antenna model by offseting the antenna model by ± 1◦ and ± 5◦ in the zenith direction.
Events are reprocessed with the offset antenna model. The ratio between the energy reconstructed
with the offset and without the offset for each event is shown in Fig. 1. We conservatively take an
uncertainty of ± 5%, which is reflective of the distributions of the energy reconstruction ratio with
the model offset 5◦.
Radio and Particle: composition uncertainties- There is an uncertainty associated with the
unknown primary composition of each event. The fact that the best fit simulation is associated
with either a proton or an iron primary affects the reconstructed energy. In order to quantify this
uncertainty, we ran simulations for a subset of events collecting a set of both 15 proton and 15 iron
simulations with 𝑋max values within 5 g/cm2 of the reconstructed value of the event. We found
that iron-initiated showers consistently reconstruct with an radio-based energy 10% higher than
proton-initiated showers. For each event, we include an asymmetric 10% uncertainty. Likewise,
there is a composition uncertainty on the particle-based energy reconstruction. Given the same
𝑋max, proton-initiated showers reconstruct with a higher energy than iron-initiated showers. This
effect is amplified with increasing zenith angle. We have parameterized the difference between
proton and iron energy reconstruction as a function of zenith angle, and added an asymmetric error
accordingly.
Particle: scintillator response variation- The response of the scintillators varies over time. We
characterize the variation of each scintillator by looking at the daily average energy deposit. The
variation is then determined by taking the standard deviation of average energy deposits. We
propagate this uncertainty into the energy reconstruction, This process was repeated three times,
and the maximum effect on the resulting energy scale was 2.5%.
Radio and Particle: reconstruction uncertainties- The reconstruction uncertainty of each event
is derived using a Monte Carlo vs. Monte Carlo method. The simulation set created for each event
contains at least 40 showers. One shower is used as mock “data,” and noise is added that reflects
the noise level in the actual event data. This “event” is then reconstructed using the remaining
simulations. The fit produces the scale factor 𝑓𝑟 , used to convert the simulated energy 𝐸sim to
event energy as 𝐸radio = 𝑓𝑟 × 𝐸sim. Each shower in the set is simulated at the same energy, so
if the fit were perfect the scale factor would always be 𝑓𝑟 = 1. This procedure is repeated using
every simulation in the set as the “event”, yielding a set of scale factors, 𝑓𝑟 . The same procedure
is also applied to the particle data, yielding a set of reconstructed scale factors 𝑓𝑝. The resulting
distributions of radio and particle scale factors for one representative event are shown in the inset
histograms in Fig. 2. One standard deviation of the distribution is taken to be the fit uncertainty for
a particular event. The large histograms in Fig. 2 show the distribution of the standard deviation of
scale factors for each event, or equivalently, the reconstruction uncertainty, for all events. Typical
values for reconstruction uncertainties on radio-based energy are close to 9% with little spread. The
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Figure 2: Inset histogram: resulting distributions of scale factors for one representative event. Main his-
togram:distribution of the standard deviation of scale factors for each event, or equivalently, the reconstruction
uncertainty, for all events. Left: radio-based reconstruction. Right: particle-based reconstruction.

most probable value (MPV) of the particle-based uncertainties is 12%, but they have a much larger
spread and extend past 50%.

3.3 Systematic Uncertainties

Radio: choice of simulation code-The simulated radio emission for this analysis was generated
using CoREAS, however, there are other options, such as ZHAireS [14]. The agreement between
the two simulation codes was studied in [15], and the effect of choosing one code over the other on
the energy scale was determined to be less than 2.6%.
Radio and particle: hadronic interaction model- In order to determine the effect of the choice
of hadronic interaction model used in the CORSIKA simulation, ten events were re-analyzed using
simulations produced with the Sibyll 2.3c [16] interaction model instead of QGSJETII-04. This
changed the resulting radio-based energy by 3% and particle-based energy by 7%.

3.4 Conclusion

The radio-based event-to-event uncertainties are a combined 11%
⊕

reconstruction uncer-
tainties. This is typically around 14% total. The radio-based systematic uncertainties (including
calibration) are 13.6%. The particle-based event-to-event uncertainties are a combined 2.5%

⊕
composition uncertainty

⊕
reconstruction uncertainties, which vary widely. The total can extend

from 10% up to 50%. The particle-based systematic uncertainties (including calibration) total
7.6%. In the past, the particle measurements have been used to set the LOFAR energy scale. Now,
with an absolute radio calibration, and because the radio-based event-to-event uncertainties are
significantly smaller, LOFAR has moved to using the radio measurements to set the energy scale.

4. Comparing the energy scales of different experiments

Radiation energy, 𝑆𝑅𝐷 , the total amount of radio emission emitted by an air shower, can be
used to compare the energy scales of different experiments when measured together with the total
shower energy determined using an independent method. The radiation energy contained in an air
shower can be found by integrating the energy fluence over the radio footprint.
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Figure 3: Relation between the cor-
rected radiation energy measured by the
LOFAR antennas and the cosmic-ray
energy measured by the LORA scintil-
lators. The error bars represent event-
by-event uncertainties. The purple line
shows the best fit line for LOFAR
measurements of 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟. and LORA
cosmic-ray energy, and the banded re-
gion around the best fit line represents
the systematic uncertainties on the cor-
rected radiation energy. The green line
is the best fit line for AERA measure-
ments of 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟. and Auger cosmic-
ray energy [19], and the shaded green
region represents the systematic uncer-
tainties on the corrected radiation en-
ergy.

Radio waves are not attenuated in the atmosphere, and so the measurement is not affected by the
location of the experiment (as long as all the radiation energy in the shower has been released before
it reaches the ground). Some adjustments can be made to radiation energy measurements to make
it a universal quantity, as discussed in [17]. The strength of the local magnetic field influences the
strength of the geomagnetic emission. This can be normalized to the magnetic field of a reference
location. Furthermore the geomagnetic contribution to the radiation energy can be adjusted to
account for the angle between the magnetic field and shower axis. Making these corrections (and
other second order corrections as in [17]) yields the “corrected radiation energy,” 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 . We
have found 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 for LOFAR events, and found a relation between it and the total cosmic-ray
energy, 𝐸𝐶𝑅, as determined by LORA. A line of the form

𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 = 𝐴′ × 107eV(𝐸𝐶𝑅/1018eV)𝐵′
(1)

describes the relation well and is shown in Fig. 3. (The prime notation is consistent with what is
written in [6].) The purple line is the best fit line of the form of Eq. 1 to the data. The shaded purple
region represents the systematic uncertainty. More details about LOFAR 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 are found in [6].

We compare the energy scales of LORA and Auger [18] by making use of the relation between
the 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 measured with the Auger Engineering Radio Array (AERA) and 𝐸CR, as determined
by the Auger surface detectors, which are in turn calibrated using the fluorescence detectors [19].
The resulting relation, also of the form of Eq. 1, is show as the green line in Fig. 3. The shaded
green region represents the systematic uncertainties on the corrected radiation energy.

We compare the energies of LORA and Auger at 𝑆𝑅𝐷,𝑐𝑜𝑟𝑟 = 1 MeV and find ratio between
the two to be 𝐸CRLORA/𝐸CRAuger = 1.06 ± 0.20. The uncertainty on the comparison includes only
the radio-based uncertainties on the radiation energy, which is dominated by the calibration of
the respective antennas. The energy scales of Auger and LORA agree within the comparison

6



P
o
S
(
I
C
R
C
2
0
2
1
)
3
7
1

On the cosmic-ray energy scale of the LOFAR radio telescope K. Mulrey

uncertainty, although the comparison uncertainty is larger than the absolute uncertainty on either
energy scale.

Having a method to compare the energy scales of different experiments with minimal un-
certainty is necessary in order to make meaningful comparisons of their spectra and composition
measurements. In fact, energy scales have already been compared using radio techniques, although
not using radiation energy [20]. We plan to use radiation energy and the same detection system to
build a universal energy scale. A portable array of antennas will be built and deployed at different
experiments, measuring radiation energy in conjunction with the host experiments’ traditional air
shower measurements. Using radiation energy to compare the energy scales eliminates uncertain-
ties due to measurements being made at different locations, and using the same array eliminates the
uncertainties associated with the antennas and calibration. This will allow for a cross-calibration
of the energy scales of different experiments with minimal uncertainty [21].

5. Summary

We have discussed the radio and particle-based energy reconstruction techniques for LOFAR
antenna measurements and LORA particle measurements respectively. We have described how
event-by-event and systematic uncertainties are determined, and concluded that LOFAR analyses
will use the radio-based energy reconstruction in the future. Minimizing uncertainties on the radio-
based reconstruction is especially important when using radiation energy to compare the energy
scales of different experiments. Since the antenna calibration is the dominant systematic uncertainty
in radio-based reconstruction, we plan an experiment to cross-calibrate the energy scales of different
experiments using radiation energy and the same antennas, thereby limiting systematic uncertainties
on the comparison [21].
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