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Ultra-high-energy (UHE) neutrinos are unique cosmic messengers that can traverse cosmological
distances unattenuated, offering direct insight into the most energetic processes in the universe.
Radio detection promises significant advantages for detecting highly inclined air showers induced
by UHE neutrinos, including a larger exposure range compared to particle detectors, which is due
to minimal atmospheric attenuation of radio signals combined with good reconstruction precision.
Furthermore, this technique improves the air shower longitudinal reconstruction, which can be
used to identify neutrinos with their first interaction far below the top of the atmosphere. In
this work, we present a method for identifying UHE neutrinos using radio antennas deployed in
ground-based observatories. We introduce a reconstruction algorithm based on the radio emission
maximum (X"24i%) and demonstrate its power in distinguishing deeply developing neutrino-induced
showers from background cosmic rays. Using the Pierre Auger Observatory as a case study, we use
the simulations of v.-CC-induced air showers and evaluate the trigger efficiency, reconstruction
performance, and resulting effective area. Our results show that radio detection significantly
enhances the sensitivity to very inclined showers above 1 EeV, complementing traditional surface
detectors. This technique is highly scalable and applicable to future radio observatories such
as GRAND. The proposed reconstruction and identification strategy provides a pathway toward
achieving the sensitivity needed to detect UHE neutrinos.
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1. Introduction

Ultra-high-energy (UHE) neutrinos, with energies exceeding 10!7 eV, are important messengers
for uncovering the origins of the most energetic cosmic rays in the universe. Due to their weak
interactions and lack of electric charge, neutrinos propagate over cosmological distances without
deflection or significant energy loss, carrying the information of the direction and the radiant energy
from their sources.

A growing global effort is underway to detect these elusive particles. The IceCube Neutrino
Observatory has pioneered neutrino astronomy by observing a diffuse astrophysical neutrino flux
in the TeV-PeV range. Most recently, the KM3NeT reported the detection of a ~220 PeV neutrino
candidate [1], the most energetic such event to date. Its origin remains unknown, which has aroused
more interest in UHE neutrino detection.

The detection of UHE neutrinos requires enormous effective volumes and advanced background
rejection. A promising avenue involves large-area radio antenna arrays deployed on the ground or
embedded in natural media. The ground based radio detection exploits the coherent radio emission
generated by the geomagnetic deflection of charged particles, or the charge excess (Askaryan
effect) in an extensive air shower. Radio signals are minimally attenuated in the atmosphere and
offer nanosecond timing information, enabling precise reconstruction of the shower geometry and
energy.

In this study, we examine the potential of radio detection to improve UHE neutrino searches at
ground-based observatories. Using the Pierre Auger Observatory as a case study, we evaluate the
performance of radio-based triggering and reconstruction for inclined showers. We also describe

Xradio

rect) and estimate the sensitivity achievable

methods to identify neutrino-induced air showers via
with a standalone radio array. Our findings show how radio detection can complement existing
techniques and expand the capabilities of neutrino observatories to the EeV regime. Additional

works on this topic can be found e.g. in [2].

2. Radio detection for neutrino-induced air showers

Downward-going neutrinos can interact within the atmosphere, producing extensive air showers
(EAS). These interactions can occur at slant depths much greater than those of cosmic rays. The
key parameter that distinguishes neutrinos from hadronic cosmic rays is the first interaction point,
X1, or the position of maximum radio emission, X/4i°  Because radio radiation is coherent, we can
reconstruct the position of maximum radio emission, X™di® using the timing of the maximum pulse
in the radio antennas. This enables us to distinguish neutrinos with deep atmospheric interactions
from inclined UHECRSs.

Earth-skimming tau neutrinos can create tau-decay-induced air showers close to the ground
coming from directions a few degrees below the horizon. If the air shower is close to the observatory
array, the particle detector can recognize it as a young shower due to its obvious electromagnetic
signal. Using radio interferometry [3], the shower axis can be reconstructed with high preci-
sion. This allows for the identification of upward-going neutrinos traversing the Earth, as well as

downward-going tau neutrinos emerging from interactions with mountains.
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Figure 1: Left: electric field simulation with 30-80 MHz bandpass filter and white noise. Right: v.-CC
trigger efficiency for radio antennas at different thresholds compared to water Cherenkov detectors (WCD).
X1 = 0 represents the top of the atmosphere.

In this work, we will focus on the detection of down-going v.-CC interactions using radio
antennas in ground-based radio arrays to demonstrate the potential of radio antennas for neutrino
detection.

3. Simulations and neutrino trigger efficiency

Simulations of down-going neutrino v, charged current (CC) interactions from CoREAS [4]
were used to study the detection sensitivity. These simulations contain the time-dependent the
electric field vector from the air showers at specific antenna positions. The CoOREAS simulations
use 1.5 km spacing to match the configuration of the Pierre Auger Observatory. To mimic the
frequency response of the radio antenna and the analog filter-amplifier chain, the simulations use
a 30-80 MHz bandpass filter from common radio detectors like the Pierre Auger Observatory. We

oSPS = 5ns for the local time of the GPS receiver in each individual

generate an uncertainty of
antenna without external synchronization signals. Additionally, we simulate a unpolarized white
noise with the root mean square (RMS) of about 25 1V/m, denoted as RMS s, in the radio signal
traces to mimic the realistic situation. The left side of Fig. | presents the electric field strengths of

the x, y, and z polarizations with a 30-80 MHz bandpass filter and the white noise. We define a

trigger threshold value, denoted as TtSrIi\g;er’ for the signal-to-noise ratio (SNR), written as follows:
2
E
SNR = |———— )]
‘RMSnoise

If the SNR is greater than TtSNR , the antenna is tagged as triggered. We define three cases: an
rigger

ideal case with Ttsrli\g;er = 10, an intermediate case with TtSrIi\g;er = 50, and a conservative case with
TtSrIi\g;er = 100. The latter case is intended to account for surrounding noise from the horizon, as

discussed in [5]. The vertical black dashed line in the left part of Fig. | represents the maximum
of the absolute the electric field, indicating the timing #; when the radio signal from the position of

the shower maximum X% arrives at the antenna.
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An event accepted by the data acquisition (DAQ) is assumed to require at least three triggered
antenna stations, i.e. Nyjgger > 3. Figure 1 (rhs) shows the radio trigger efficiencies compared with
the water-Cherenkov detector (WCD) at the Pierre Auger Observatory [6] for 1 EeV and 10 EeV
with 6 = 85°. The abscissa is the ESEC interaction injection position X in units of the slant depth,
which denotes the integrated air density, written approximately as:

hy h
Xlz/ Pt )
hip COS 0
where 4 is the altitude above sea level and p the density of the air. All simulations consider a curved
atmosphere.
At ESC = 1EeV, the trigger efficiency is highly sensitive to the value of Ttsrli\IR . For the
e gger

SNR
trigger

WCD. For the higher energy case, Esf = 10EeV, the exposure is always greater than that of the

conservative case (T =100), the exposure of triggered events shrinks to less than that of the
WCD, regardless of the trigger threshold. However, it is difficult to trigger the radio array for very
young showers close to the ground because the showers need to be sufficiently developed to generate
a detectable radio signal. Additionally, the cone-like development of the footprint must to be large
enough to trigger a sufficient number of antennas spaced 1.5 km apart. Therefore, as shown on the
right side of Fig. 1, the radio trigger efficiency is low compared with that of the particle detector.
Conversely, the radio signals in the 30-80 MHz band can propagate much farther than particles can
triggering the respective detectors. Therefore, we conclude that the complementary radio trigger
exposure occurs at higher energies, E > 10'8 eV, and with "older" showers than the particle trigger
exposure. Furthermore, the neutrino detection enhancement only occurs at inclined zenith angles
where the radio footprint has enough space to to grow. Therefore, the following study focuses on
inclined angles beyond 75°.

4. Neutrino detection scenario

In this work, we propose using the shower depth of which the maximum of the radio emission

is observed, X™di°  to distinguish neutrinos from UHECRs. This depth is defined as X'dio =
Rimax p(h)

./hmP ey

and photons), the depth of the first interaction, X, is expected to be less than 200 gcm‘2 in the

UHE domain. Figure 2 (left) presents the maximum of the particle density, (Xg,f,?de - X) for v,-

dh. Due to the large interaction cross-section of the UHECRs (neutrons, charged CRs

induced showers (considering CC interactions only) in comparison to that expected for y’s, proton

. . . . . . ticl . .
and iron primaries. For proton and iron primaries, (Xhay' ©¢ — X;) < 1300 gcm™? is a conservative

limit. Therefore, the absolute position Xr%a;fde for v.-induced showers will be required to be
Xthreshold > 1500 g cm~2. Furthermore, the maximum radio emission position X radio ;¢ expected to

. max
Xpa.rtlcle

be earlier than the particle maximum, X, , as discussed in [7, 8]. Therefore, x;?;i,io < Xthreshold

should be a stringent constraint for the charged CRs. Since the upper limit of the flux of UHE y’s

is strongly constrained, we do not treat it as a neutrino background in this work. For neutrinos, the

Xradio

first interaction X; can be anywhere. Therefore, the absolute position X[:° can be much larger

than Xihreshold, Which can be used to identify neutrinos in the background caused by charged CRs.
The key neutrino identification criterion is the reconstructed ergg;O > Xihreshold and the condition

of X{Sg" — Xihreshold > 30’ng){(0. Therefore, reconstructing the emission point Xﬁg}f’ and the shower
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Figure 2: Left: the particle maximum (X?""'® _ X ) distributions for proton, iron (EPOS-LHC, QGSJetII-
04, and SIBYLL2.3d), photon (1 = 1 in [9]), and v, (CC) as primary particles. The distribution of v.-CC is
from very inclined simulations (6 > 75°). Right: The performance of the footprint fits for a v.-CC simulation
of E,, =30 EeV, 6 = 87°, and X; = 8000 g/cm2 with 30-80 MHz bandpass, white noise, and GPS timing
uncertainty. ¢ represents the angle in the shower plane between the antenna position and the v X B axis
(¢ =0: ¥ x B, ¢ =90° ¥ x (¥ x B)).

geometry, 6, is essential to identifying neutrinos. A spherical fit is used to reconstruct the position
of X™dio A 2D-fit of the radio energy fluence measured in the antennas provides the core of the
footprint. By linking the point of X™4® and the core of the geomagnetic radiation footprint, we can
determine the shower axis.

4.1 Reconstruction of the maximum radio emission point 7,

The position and emission time of X4 are represented by the vectors Fax and #yax, respec-

tively. The maximum radio pulse at the antenna corresponds to the maximum emission point,
Xradio - Assuming the maximum radio wavefront is spherical [10], we posit that it propagates to the
antenna at a velocity of yc in the air. 7 is a factor that mimics the effects of the refractive index and
the true wavefront geometry. Therefore, the maximum |E| timing #;, for each triggered antenna, as
shown as a vertical dash line in the left plot of Fig. 1, should be #pax + W““‘;‘—:m The )(2 function to

estimate 7max can be written as

=71 | |
(ti_tmax_M)

=) e . 3)

i 0y

In order to have a good estimation of the emission point 7max, a quality cut of y?/ndf < 10 is
applied.

4.2 Reconstruction of the radio footprint

The geomagnetic energy fluence is radially symmetric in the shower plane (v x B,V X (Vv x é)),
enabling us to determine the position of the shower core position, 7o, at the ground level. Using
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the method described in [11], we can reconstruct the shower core by using the geomagnetic energy

2
fin = (ot = oo oo @

where B = 0.24 G is the magnetic field with an inclination of approximately —36° at the Auger site,

fluence via

and V is the direction of the shower axis. The reconstructed position, 7max, of X% i an input for
the shower axis V = Feore — F'max. After correcting for the so called "early-late" effect and subtracting
the charge excess component, the geomagnetic energy fluence can be expressed as a combination

of Gaussian and a sigmoid functions:

)

_ r—ro\P(r) Arel
fGS_fO(eXp(_( ) )+1+exp(s-(r/r0—r02)) ’

Gaussian Sigmoid

where fy, ro, o, p(r), arl, s, and rgp are free parameters. In addition, p(r) = 2 when r < rg
and p(r) = ((ro/r)?/1%% when r > ro. The charge excess energy fluence can be obtained via
Jee = ﬁ Sox (xB)" We found that the Gaussian parameterization part of Eq. 4 can also describe
the charge excess energy fluence. Figure 2 (rhs) shows the performance of the footprint fits to a
simulated event for both the geomagnetic and charge excess components.

Since the geomagnetic radiation is the dominant component, we only use the geomagnetic
radiation fit to estimate 7core. A quality cut of )(2 /ndf < 10 is used to select good fits.

4.3 Shower axis reconstruction

To properly estimate the uncertainty of the shower axis, the consider the error propagation
from the reconstructed 7max and 7eore. Using two quality cuts (the spherical and footprint fits), we
demonstrate the performance on the left of Fig. 3. At a given primary zenith angle, 8, the higher the
energy, the lower the uncertainty of the reconstructed 6. At a given energy, the greater the zenith
angle 6, the lower is the bias and uncertainty of the reconstructed 6. Once the positions of X"dio
and the shower axis are known, the air density can be integrated from the top of the atmosphere to
the maximum emission point, denoted by 7ax. We have considered the error propagation from the

shower axis (#) and the maximum emission point Fyax to ijg;".

5. v.-CC detection efficiency and the effective area

Figure 3 (rhs) illustrates the neutrino identification efficiency as a function of the slant depth
X of the v.-CC interaction after applying the trigger condition, quality cuts (QC), and neutrino
identification cuts, i.e. X{gﬁi" — Xthreshold > 30')(330, respectively. The identification efficiency is
very high when the shower is fully developed at such energy. However, when the showers are young
and close to the ground, the spherical wavefront and the radio footprint model are ineffective. In
these cases, particle detectors will be more effective at searching for neutrinos unless we improve

on the description of young showers with radio antennas.
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Figure 3: Left: the reconstructed zenith angle 8 of the shower axis as a function of primary 6 at given
primary energy. Right: neutrino identification efficiency at E,, = 10EeV and 6 = 87° as a function of the
slant depth X of the v.-CC interaction for the case of Tyjgger = 50.

The overall detection efficiency, €(X}), includes trigger efficiency, reconstruction quality, and
neutrino identification selection. The effective area of the v.-CC detection is computed as follows:

Ac = //cos@e(Xl) osCmyl dX dA, (6)

CcC

where o, - is the cross-section of v.-CC, m,, is the proton mass, and A is the area of the radio

antennas (A = 3000 km? for Auger). Figure 4 shows a comparison of the effective area of a radio
antenna array to that of WCDs [12]. The plots show that the radio detection becomes dominate
when the energy is greater than 1 EeV for showers with an inclination angle of 6 > 80°. At high

inclinations and energies, radio detection provides larger effective area, up to a four times larger
than that of WCDs.
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Figure 4: Left: the v.-CC effective area as a function of primary energy. Right: the v.-CC effective area as
a function of the angle of inclination.

6. Summary and Outlook

The detection of ultra-high-energy (UHE) neutrinos is one of the major frontiers in astroparticle
physics. In this study, we have demonstrated the feasibility of using ground-based radio antennas to
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detect inclined neutrino-induced air showers. Specifically, we introduced an algorithm to reconstruct
Xradio

the maximum of the radio emission (X 3:°), enabling us us to efficiently distinguish between EAS
induced by neutrinos and cosmic-rays.

Using the Pierre Auger Observatory as a reference detector, we have demonstrated that radio
arrays provide improved effective area for the down-going v.-CC induced showers at energies above
1 EeV and zenith angles beyond 75°, complementing the existing surface detectors. Furthermore,
the X™dio observable is a powerful tool for rejecting cosmic-ray backgrounds.

These techniques can also be used at other ground-based radio observatories, such as GRAND
[13]. The reconstruction and identification techniques developed in this work can be applied directly
or adapted for such large-scale instruments.

Future work will expand upon this method by including neutral-current (NC) and other flavor
interactions, developing more robust approaches for handling young showers close to the ground,
and testing the sensitivity of sparse and hybrid radio arrays. The influences from the radio antenna
response, timing synchronization will also be tested. The radio technique will pave the way for the

detections of the EeV neutrinos and the identification of their astrophysical sources.
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