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Figure 1: Drawing of one of the 35 stations that will be part of the Radio Neutrino Observatory Greenland
(RNO-G).

1. Introduction

The Radio Neutrino Observatory Greenland (RNO-G) [1] will consist of 35 detector stations
arranged on a grid with a spacing of 1.25 km near Summit Station on the top of the Greenland ice
sheet. By detecting radio signals from neutrino-induced particle showers in the ice over distances
of multiple kilometers, it will achieve a detection volume of around 100 km3, which is needed to
access the neutrino flux at energies above ∼10 PeV. The radio antennas are deployed in three holes
up to a depth of 100 m and buried just below the snow surface. From the signals they detect, the
shower energy can be reconstructed, but determining the energy of the neutrino is complicated by
the fact that only an unknown fraction of the neutrino energy is transferred into the shower.

2. Reconstruction of the neutrino energy

RNO-G detects the radio emission stemming from particle cascades that follow neutrino
interactions [2–5, 5]. When a neutrino interacts with an atom in the ice, it transfers a fraction H of
its energy to the atomic nucleus. This fraction is random and cannot be measured, so it puts a limit
on our ability to reconstruct the neutrino energy. In this section, we discuss these lower limits and
show how they affect the achievable neutrino energy resolution.

Using Bayes’ theorem, we can calculate the probability density of lg(�a) given a reconstructed
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shower energy lg(�A ):

?(lg(�a) | lg(�A )) =
?(lg(�A ) | lg(�a)) · ?(lg(�a))

?(lg(�A ))
(1)

Because the energies cover several orders of magnitude, it is practical to use the base 10 logarithm
of the energy.

2.1 Neutrino Energy Spectrum

The ?(lg(�a)) term in Eq.1 describes the energy distribution of neutrinos interacting inside
the detector volume. For a given spectrum (, this distribution is

?(lg(�a) |() =
Φa (�a)/_a (�a) · �a∫

3 lg(�a) Φa (�a)/_a (�a) · �a
(2)

Where Φa is the neutrino flux and _a the interaction length of the neutrino. Unfortunately, we
do not yet know the neutrino flux at the energies accessible by RNO-G, so we consider a set of
spectra that each have a certain probability of being true. We assume all spectra follow a power
law Φa (�a) ∝ �−Wa , whose spectral index we do not know. If we assign a prior probability ?(W) to
each spectrum, the expected neutrino energy distribution is

?(lg(�a)) =
∫
3W ?(W) · �−W+1a /_a (�a)∫ ∫
3W3�a ?(W) · �−W+1a /_a (�a)

(3)

Assigning these probabilities to the spectra is of course very subjective without having measured
a flux. For this study, we choose W to follow a uniform distribution in the range 2 < W < 3, but in
principle any probability is possible.

2.2 Interaction Dynamics

When the neutrino interacts in the ice, only a fraction ^ of its energy is transferred into a shower.
If it has a flavor other than a4 or interacts via neutral current interactions, this fraction is given by
the interaction inelasticity [6, 7]. If it is an electron neutrino and interacts via a charged current
interaction, an electromagnetic shower is also produced. If the energy of the electromagnetic shower
is small enough for it to not be affected by the LPM effect, both showers overlap and effectively
^ = 1. At higher energies, the LPM effect can cause the showers to separate and stretching
the electromagnetic shower into consisting of several smaller sub-showers. Unfortunately, the
interference of the radio signals from the two showers is too complex to be included in this model,
however if both showers can be detected and isolated separately, it may allow for the inelasticity of
the neutrino interaction to be measured. If there is a probability %(ℎ) for the neutrino interaction to
only produce a hadronic shower, and %(4) = 1−%(ℎ) to produce a hadronic and an electromagnetic
shower, both cases can be combined to

?(lg(�a)) = ?(lg(�a) |ℎ) · %(ℎ) + ?(lg(�a) |4) · %(4) (4)
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Figure 2: Histogram of the ratio between reconstructed and actual shower energy for all events (left), those
that only produce a hadronic shower (middle) and those where electron neutrinos undergo a charged current
interaction (right).

So far, no quantitative study has been conducted on how to identify the neutrino flavor with
radio detectors, so we assume that the probability that a given event produces a hadronic and an
electromagnetic shower is %(4) = 1

3 · 0.71, the probability of the flavor being a4, assuming equal
mixing, times the probability for it to undergo charged-current interactions [8].

While this describes the energy distribution of showers produced in the detection volume,
showers with higher energies have a much better chance of being detected. To account for this, we
need to include the probability ?) (lg(�B)) for a shower with a given energy to be detected:

?(lg(�B) | lg(�a)) = ?) (lg(�B)) · ?(lg(�B/�a)) (5)

which shifts the energy distribution towards events with a higher �B/�a .

2.3 Shower Energy Reconstruction

We have developed a method to reconstruct the shower energy by first reconstructing the
position of the neutrino interaction using the arrival times of the radio signal at different antennas.
Then the radio signal is reconstructed using a novel method based on Information Field Theory.
After the spectrum of the radio signal has been corrected for propagation effects, its shape and
magnitude are used as an estimator for the shower energy. More details of this method are described
it [9, 10].

The resulting energy resolution is shown in Fig.2. Events where only a hadronic shower is
created have a better energy resolution because interference between the radio signals from the
hadronic and the electromagnetic shower do not obey all assumptions made for the reconstruction
method. The shower energy resolution is also energy-dependent, but we simplify this by assuming
the same resolution for all energies and both event types. Over all events, the 68% quantile of the
lg(�A42B /� B8<B ) distribution is [−0.13, 0.12].
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Figure 3: Posterior distributions of the neutrino energy for reconstructed shower energies of 1 × 1016 eV and
1 × 1018 eV. The shaded regions mark the 68% and 90% quantiles.

We approximate the uncertainties on the reconstructed shower energies by a Gaussian distri-
butionN(lg(�A/�B) |0, flg(�) ) with the standard deviation flg(�) . Then the posterior for obtaining
a reconstructed shower energy �A from a neutrino with energy �a is given by

?(lg(�A ) | lg(�a)) =
∫

3 lg(�B) N (lg(�A/�B) |0, flg(�) ) · ?(lg(�B) | lg(�a)) (6)

With this, the posterior probability on the neutrino energy for a given reconstructed shower
energy can be calculated from Eq. 1. The denominator ?(lg(�A )) is the integral of the numerator
over lg(�a), so all that is needed is to make sure the result is properly normalized. The result is
shown in Fig. 3 for shower energies of 1.0 × 1016 eV and 1.0 × 1018 eV. While the distributions are
peaked around the reconstructed shower energy being equal to the neutrino energy, they also have
a tail towards higher energies.

3. Influences on the Neutrino Energy Resolution

Section 2 uses some assumptions to obtain the neutrino energy resolution. We discuss their
influences in the following.

3.1 Spectrum

The posterior probability ?(lg(�a) | lg(�A )) for a given neutrino energy is directly proportional
to its prior probability ?(lg(�a)), as shown in Eq. 1, so the chosen spectrum model will have a
direct effect on neutrino energy reconstruction. We demonstrate this by choosing a much softer set
of spectra, with the spectral index uniformly distributed in the range 3 < W < 4. The effect this
has on the neutrino energy posterior is shown in Fig. 4. Unsurprisingly, the neutrino energies are
shifted slightly towards lower energies.The tails of the distributions are much smaller, which also
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Figure 4: Posterior distributions of the neutrino energy for reconstructed shower energies of 1 × 1016 eV
and 1 × 1018 eV, if a spectrum model with spectral indices in the range 3 < W < 4 is assumed. The shaded
regions mark the 68% and 90% quantiles.

Figure 5: Comparison of the posterior distributions of the neutrino energy for reconstructed shower energies
of 1 × 1016 eV and 1 × 1018 eV for uncertainties on the logarithm of the reconstructed shower energy of 12%
(orange) and 6% (blue). The shaded regions mark the 68% and 90% quantiles.

causes the 68% quantiles to change to [15.88, 16.18] and [17.86, 18.14]. This happens because
the tails stem from high-energy neutrinos only transferring a small fraction of their energy into the
shower, a scenario that is less likely for a softer spectrum.
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Figure 6: Comparison of the posterior distributions of the neutrino energy for reconstructed shower energies
of 1 × 1016 eV and 1 × 1018 eV for uncertainties on the logarithm of the reconstructed shower energy of 12%
(orange) and 6% (blue), assuming the probability %(4) for the event to be a a4+CC event is increased to 80%.
The shaded regions mark the 68% and 90% quantiles.

3.2 Shower Energy Reconstruction

The most obvious way to try and improve the neutrino energy reconstruction is the reconstruc-
tion of the shower energy. Unfortunately, the uncertainty on ^ limits the effect this can have, as
is shown in Fig. 5. Reducing the uncertainty on the logarithm of the shower energy from 12%
to 6% would only reduce the size of the 68% quantile from [15.94, 16.30] and [17.90, 18.28] to
[15.96, 16.22] and [17.96, 18.26] for the two examples shown. We can therefore conclude that the
resolution obtained with the method discussed in Section 2.3 is already comparatively enough to
not be the limiting factor.

3.3 Flavor Identification

The uncertainty on the neutrino energy could be reduced if events where an electron neutrino
interacted via charged current interaction can be identified. So far, no method to do this has been
developed, but there are ways in which it may be possible for at least some events, for example
by identifying features in the spectrum of the radio signal resulting from interference between the
two showers. If hints like this were identified in a specific event, it would allow us to increase the
probability %(4) from Eq. 4. As an example, Fig. 6 shows how the posterior probability of the
neutrino energy from Fig. 5 would change if %(4) is increased to 80%. The tails of the distributions
practically disappear and the 68% quantiles decrease to [15.90, 16.07] and [17.88, 18.12] for the
flg(�) = 0.12 case and to [15.96, 16.08] and [17.94, 18.06] for the flg(�) = 0.06 case. These
quantiles are almost equal to the shower energy uncertainty, suggesting that the shower energy
resolution is exclusively the limiting factor.
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4. Conclusion

We have presented a method to reconstruct the energy of neutrino-induced particle showers
detected by the RadioNeutrinoObservatory Greenland (RNO-G) and the resolution achieved by that
method. We show a model to estimate the neutrino energy based on this reconstruction and show
that, while prior assumptions about the neutrino spectrum also influence the result, the neutrino
energy resolution is mostly limited by uncertainties from the interaction dynamics. However, this
may be overcome for some events, if flavor sensitives methods can be developed that identify the
events as being caused by an electron neutrino undergoing charged current interactions.
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