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The Giant Radio Array for Neutrino Detection (GRAND) aims at detecting ultra-high energy ex-
traterrestrial neutrinos via the extensive air showers induced by the decay of tau leptons created
in the interaction of neutrinos under the Earth’s surface. Consisting of an array of ~ 10° radio
antennas deployed over ~ 2 x 10° km?, GRAND plans to reach, for the first time, an all-flavor
sensitivity of ~ 1.5 x 10719GeVem2s~!sr~! above 5 x 10'7 eV and a sub-degree angular res-
olution, beyond the reach of other planned detectors. We describe here preliminary designs and
simulation results, plans for the ongoing, staged approach to the construction of GRAND, and the

rich research program made possible by GRAND’s design sensitivity and angular resolution.
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1. Introduction

The workings of the nature’s highest-energy accelerators are a half-century-old mystery [1]. It
is difficult to use ultra-high energy cosmic rays (UHECR, with E > 10'8 eV) to pinpoint a source
as these charged particles can be deflected by up to tens of degrees by extragalactic and Galactic
magnetic fields. On the contrary, secondary neutrinos, produced when cosmic rays interact with
matter inside a source or with the cosmic microwave background (CMB) during intergalactic prop-
agation, serve as direct probes, as neutrinos are not deflected and barely interact over cosmological
distances. Two steps need to be achieved toward finding sources of UHE neutrinos:

1. Detecting an UHE neutrino. Depending on the chemical composition and maximum energy
of UHECRSs, the flux of cosmogenic neutrino background is expected at a level of ~ 1072 —
1078GeVem=2s~!sr! per flavor at EeV energies. A small number of diffuse neutrinos
found in this step, however, will not reveal an UHE neutrino point source.

2. Identifying individual sources. This step requires the detection of a sizable number of neu-
trinos to allow point sources to stand out of a diffuse background [2, 3]. For instance, if
sources follow a uniform number density of 10~/ Mpc~3, a 50 detection of point sources
requires measuring ~ 200 neutrino events with a sub-degree angular resolution [3].

Astrophysical tau neutrinos (V;) can be detected through extensive air showers (EAS) induced
by tau (7) decays in the atmosphere [4, 5]. Specifically, a cosmic v; can produce tau leptons under
the Earth surface via charge-current interactions. The short-lived T decays in the atmosphere after
traveling tens of kilometers and generates an EAS that emits coherent electromagnetic emissions
up to frequencies of hundreds of MHz. Such inclined showers have been measured and confirmed
by the Auger Engineering Radio Array to have a radio footprint covering several km? [6]. With
practical advantages such as low unit cost, easiness of deployment and maintenance, radio antennas
present appealing characteristics for the detection of very inclined showers [7].

Consisting of ~ 10° radio antennas covering 200,000km? in a mountainous area, the Giant Ra-
dio Array for Neutrino Detection (GRAND) will detect air showers generated by Earth-skimming
UHE tau neutrinos with unprecedented sensitivity. Mountain ranges with low electromagnetic
background noise are preferable sites, as mountains provide both additional interaction targets and
a slanted surface that is more favorable to detect inclined showers compared to flat ground. The
antennas are foreseen to operate in the 60-200 MHz band to avoid the short-wave background at
lower frequencies. The highest frequencies enable detection of the Cherenkov ring associated with
the air shower [8], which can be used as an unambiguous signature to reject background.

2. Detector performance

2.1 Sensitivity

We present a preliminary evaluation of the GRAND sensitivity based on a simulation of the
response of 90,000 antennas deployed on a square layout of 60,000 km? in a remote mountainous
area (Tianshan mountains, XinJiang province, China). The simulations are composed of three
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Figure 1: Three-year differential sensitivity of a 10,000 km? simulated setup (red thin curve) and of the
projected GRAND array (red thick curve). The grey shaded region brackets fluxes of cosmogenic neutrinos
from models with different cosmic ray compositions, spectra, and source evolution histories that provide
reasonable fits to the Auger UHECR spectrum [9]. The grey dashed and dotted lines indicate the predicted
cosmogenic neutrino flux in a pessimistic scenario where the bulk of UHECRs are iron nuclei. High-energy
neutrinos measured by IceCube [10], UHE neutrino sensitivities of IceCube [11], Auger [12], ARA [13] and
ARIANA [14] are also shown for reference.

parts: 1) vzs interact with the rock, producing 7 leptons, II) s propagate and decay, and III) The
decay products initiate an EAS that triggers the antennas to be read-out.

In part I, standard rock with a density of 2.65gcm ™ is assumed down to the sea level, and
the Earth core is modeled following the Preliminary Reference Earth Model [15]. We simulate the
deep inelastic scattering of neutrinos with Pythia6.4, using the CTEQSd probability distribution
functions (PDF) combined with the cross sections from [16].

In part II, we simulate the propagation of the produced 7s with GEANTA4.9, using parameter-
izations of PDFs of the 7 path length and proper time. We simulate 7 decays with the TAUOLA
package [17]. For the above two parts, 1D tracking of a primary V. is performed down to the
converted T decay.

We have refined our previous calculation of part III [18] with numerical simulations. We
first simulate a set of v; showers with ZHaireS [19] at different energies, and determine a conical
volume inside which the electric field is above the expected detection threshold of the GRAND
antennas. Based on a parametrization of the shape (including angle and height) of the detection
cones as a function of energy, we compute the expected shape and position of cones for each
neutrino-initiated EAS in our simulation (so far in the 30-80 MHz band). We select the antennas
located inside the cones, taking into account signal shadowing by mountains. When the selection
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Figure 2: Three-year integrated exposure (in units of cm” s) of GRANDI10k at 3 EeV in Galactic coordi-
nates.

consists of 8 or more neighboring antennas in direct view of the 7 decay point, we count the primary
v, as detected.

Our analysis finds that about 50% of detectable neutrino interactions take place inside moun-
tains rather than in the Earth crust. Moreover, some parts of the array provide 2-3 times higher
detection rates compared to the average rate of the entire simulated area. These “hotspots" are
typically located in a low electromagnetic noise background regions and have desirable geomet-
ric features (for e.g., large mountains, slopes facing another mountain range at distances of 30-80
km). An envisioned GRAND setup is composed of smaller sub-arrays of a few 10,000 km? each,
deployed solely on such favorable sites.

Figure 1 presents the differential 90%-CL sensitivity of a GRAND simulation for a 10,000
km? hotspot and the projected full GRAND array limit after a 3-year observation. An all-flavor
90% CL integral limit of 2 x 107'GeVem=2s~!sr~! is derived for an unbroken E~2 power law
spectrum in an aggressive scenario (corresponding to a detection threshold of 30uVm™'; 3.9 x
107°GeVem s~ 'sr! in a conservative scenario with a detection threshold of 100 uVm™"). For
comparison, a prediction of the cosmogenic neutrino flux is shown as the grey shaded region. The
flux mostly depends on three properties of UHECRs: spectral index, chemical composition, and
maximum energy En.x. The shaded area brackets a wide range of parameters that reflect different
compositions, source evolution and Galactic to extragalactic transition models, all required to fit
the UHECR spectrum measured by Auger [20]. Specifically, the upper bound corresponds to an
UHECR dip model with a pure proton composition and source evolution following the star for-
mation rate (SFR). The lower bound corresponds to a mixed composition with 30% iron nuclei,
SFR evolution and Epgx = 10'° Z eV. The grey dotted and dashed lines show the most pessimistic
scenarios, where UHECRs are mostly composed of iron nuclei which barely produce neutrinos
in a photo-disintegration process. We note that the best-fit models, found by a combined fit to
the Auger spectrum, Xpnax and the standard derivation of Xp,,x measurements [21], correspond to
a cosmogenic neutrino flux level of ~ 1072 GeVem™2s~!sr~!. For comparison, we show UHE
neutrino upper limits of current experiments IceCube [11] and Auger [12] (the sensitivity curve of
ANITA-II [22] is not shown as it would be too high for the plot). GRAND10k will be as sensitive
as the proposed ARA [13] and ARIANA [14] experiments at 1 EeV. The full GRAND array will
nominally detect even the lowest expected fluxes of cosmogenic neutrinos.
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Following [23], the angular resolution of the radio array is estimated by the resolution of the
time difference between pulses in different antennas. Using a 3 ns precision on the antenna trigger
timing, GRAND can reach an angular resolution as accurate as 0.1°.

The instantaneous field of view covers a band with zenith angles between 86° and 93° in the
simulation (the zenith angle-dependent effective area is shown in Figure 1 of [18]). The integrated
exposure over 3 years of GRAND operation will cover a large fraction of the sky as shown in
Figure 2. With stacking searches, GRAND will be sensitive to transient sources and flaring events
with a duration longer than ~ 1 day. Several interesting UHECR features, such as the Telescope
Array hotspot and the Auger hotspot, are located close to GRAND’s best sensitivity region.

2.2 Background rejection

Radio background from high-energy particles other than cosmic neutrinos should be manage-
able. The atmospheric neutrino background is mostly negligible above 10'¢ eV. EAS generated
by muon decay are expected at a rate of a few per century as muons have a significantly longer
life time than taus. Rejecting trajectories far from the horizon should effectively suppress the EAS
generated by cosmic rays.

Background event rates associated to terrestrial sources such as human activities and thunder-
storms are difficult to evaluate. The background measurement of the Tianshan Radio Experiment
for Neutrino Detection (TREND) [23] provides a conservative estimate. TREND consisted of 50
self-triggered antennas deployed in a populated valley of the Tianshan mountains, with an antenna
design and sensitivity similar to what is foreseen for GRAND. The observed rate of events trigger-
ing six selected TREND antennas separated by ~800 m over a sample period of 120 live days was
found to be around 1 per day, among which two-thirds arrived as bursts of events mostly due to air
plane activities. An extrapolation from this measurement leads to an expected background rate of
1Hz for GRAND for a trigger algorithm based on coincident pulses on neighboring antennas and
a rejection of event bursts.

Specific amplitude patterns on the ground (such as beamed emission along the shower axis
and signal enhancement along the Cherenkov ring [8]), and polarization of signals [24] are strong
indicators of neutrino-initiated EAS. We are investigating the possibilities of using these signatures
as efficient background discrimination tools through both simulations and experiments.

3. Science case

In addition to a guaranteed detection of cosmogenic neutrinos, GRAND will allow a differen-
tiation of the source types by measuring neutrinos produced inside sources. In Figure 3, we show
fluxes of neutrinos from four typical classes of astrophysical sources that can explain UHECR mea-
surements, including galaxy clusters with central sources [25, 26], fast-spinning newborn pulsars
[27], active galactic nuclei [28], and afterglows of gamma-ray bursts [29]. The GRAND sensitivity
is sufficient to observe neutrinos from sources in all cases.

A 50 identification of individual point sources out of a diffuse background requires ~ 100 —
1000 events with a sub-degree angular resolution for sources that have a local density of 10~ —
10~"Mpc—3 [3]. Assuming a neutrino flux of 1078 GeVem=2s~!sr~!, the GRAND neutrino sen-
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Figure 3: Three-year differential sensitivity of the GRAND10k and GRAND full array comparing to fluxes
of neutrinos from interactions inside astrophysical sources. Four source classes that can explain UHECR
measurements are shown: galaxy clusters with central sources [25, 26], fast-spinning newborn pulsars [27],
active galactic nuclei [28], and afterglows of gamma-ray bursts [29]. High-energy neutrino observed by
IceCube [10], UHE neutrino sensitivities of IceCube [11] and Auger [12] are shown for reference.

sitivity corresponds to a detection of ~ 100 events after three years of observation. The unprece-
dented sensitivity of GRAND is crucial for a direct identification of UHE neutrino point sources.

GRAND will observe UHECRs with an effective area that is at least an order of magnitude
larger than Auger. The high statistics will resolve any small-scale anisotropies and features near
the end of the cosmic ray spectrum. GRAND will also reach an UHE photon sensitivity exceeding
that of current experiments. Future simulation studies will be dedicated to performance of energy
and X,.x reconstructions.

GRAND will contribute in a unique way to the measurement of fast radio bursts (FRB) and
giant radio pulses by collecting unprecedented statistics at low frequencies [30]. Simulations are
being performed to quantify the detection power with incoherent sum of FRB spectra computed at
each antenna. The possibility of GRAND’s contribution to additional science topics, such as the
study of the epoch of reionization, is also being investigated.

4. Development plan

The GRAND project aims at building a next-generation neutrino telescope composed of a ra-
dio antenna array deployed over 200,000 km?. Preliminary simulations indicate that 5% of the array
deployed in favorable sites will improve the sensitivity over that of current-generation telescopes
by an order of magnitude. The full array will offer a sensitivity that ensures a detection of cosmo-
genic neutrinos in the most pessimistic scenario, and an identification of individual point sources
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in an optimistic scenario. GRAND will also be a powerful instrument for UHECR observations
with high statistics. Simulation and experimental work is ongoing on technological development
and background rejection strategies.

The GRAND development plan consists of several steps. Presently, deployment of GRAND-
proto [31], which is a hybrid detector composed of 35 3-arm antennas and 24 scintillators, is under-
way at the site of the TREND experiment, in the Tianshan mountains. The GRANDproto project
will demonstrate that EAS can be detected with an autonomous radio array with both high ef-
ficiency and high purity. Following this step, a dedicated setup with a size of 300 km? will be
deployed. This array will establish the autonomous radio detection of very inclined EAS with
excellent background rejection, as a validation for the future GRAND layout.
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