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Introduction

Here we detail the computation of the sensitivity to a neutrino flux of astrophysical origin for a radio array covering a total area of ∼60’000km2 over the
Tianshan Mountains (XinJiang Autonomous Province, China). This study
is the base for the GRAND proposal [1].
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General structure

The area considered for the simulations is a rectangle of 300 × 300 km2
centered on the TREND site (86◦ 44’E, 42◦ 57’ N). The topography of the
site is interpolated from a 200 m step elevation map derived from public
NASA satellite data1 (see Fig. 1). A cartesian referential is defined, with
the x axis oriented towards East, y towards North and z towards the vertical.
It is tangential to the Earth sea level at its origin, placed at the center of
the simulation area.
Energies ranging between 1017 and 1020.5 eV with a half-decade step are
considered for the incoming ντ s. Zenith angles θ range between 86 and 93◦
with a one-degree step. The θ values are measured with respect to the z
axis, and thus differ from the true angular value at the τ emerging position.
18 φ values are considered over the whole azimuthal range with a 20◦ step.
For each of the 1152 data sets (E, θ, φ), the simulation area is projected
in the plane perpendicular to the (θ, φ) direction. A trajectory is defined
by randomly choosing the track intersection point with this surface, noted
Aθ,φ . The neutrino interaction process is then simulated for this trajectory
following an algorithm detailed in section 3. If it results in a τ decaying
1
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Figure 1: the area considered for the GRAND neutrino sensitivity preliminary study: a 300×300 km2 rectangle centered around the TREND site in
the Tianshan mountain range. The z value is given in km with respect to an
horizontal plane set at sea level at the map central location. The 60’000 km2
antenna array considered in this study (see section 4.2) is shown as a red
square, and the hotspot (see section 5) in blue.
above the simulation area, with a corresponding shower of initial energy
Esh ≥ 1016 eV, then this track is tagged as valid and relevant informations
are logged. The process is repeated nGen times for each (E, θ, φ) set, until
nComp = 100 valid tracks are produced.
In a further step, we use an analytical parametrization of τ -induced showers
radio emission to determine which of the nComp recorded tracks would be
detected by a radio array deployed over the simulation area. This is detailed
in section 4. If nDet showers are detected for the (E, θ, φ) set, then we
consider the corresponding differential effective area of the detector to be :
θ,φ
AE,θ,φ
×
ef f = A

nDet
nGen

(1)

Assuming an isotropic neutrino flux, we can then write the detector integrated effective area (in cm2 ·sr) :
Z
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Aef f (E) =
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0
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AE,θ,φ
ef f dφ sin θdθ

(2)

For a differential neutrino flux Φ(E) given in units of GeV−1 ·cm·−2 ·s−1 ·sr−1 ,
the number of events expected in the detector for a live exposure time ∆t
is then equal to :
Z
N=

Φ(E)Aef f (E)dE × ∆t

(3)

Furthermore with a power law assumption for the neutrino flux
Φ = Φ0 × E −2

(4)

we determine a limit on the value of Φ0 for null detection over the period
∆t by considering that the 90% C.L. limit for 0 events is equal to 2.44 for a
Poisson distribution of low-stat events [2] :
Φ0 ≤ R

2.44
E
Aef f d log
× ∆t
E

(5)

A differential limit can also be derived. It is defined in this study as the
90%C.L. limit on Φ0 for 0 event detected per decade of energy. This writes
down as :
dN
2.44
≤
(6)
d log E
log 10
which then translates into :
Φ0 ≤

2.44 × E
log 10 × Aef f × ∆t

(7)

with Eqs. 3 and 4.
Results of this treatment are presented in section 5.
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From neutrino to tau decay

Given the energies considered, transverse transportation is neglected down
to the τ decay. Thus, a simplified 1D tracking can be performed for the
nGen trajectories generated in the (E, θ, φ) set. The simulation medium is
filled with dry air above the z(x, y) topographic values and with Standard
Rock [3] of density 2.65 g/cm3 below. For each track, a dedicated geometry
package allows to map any air ↔ rock medium change along the trajectory.
In the atmosphere, any stochastic interaction or energy loss is neglected at
the moment. Therefore density variations in the air are not modelled, and
simulation starts only when the incoming ντ penetrates below the Earth
surface. If this happens outside the simulation area, the track length is extended to its entry below the Earth surface (assumed for simplicity to be
at the same altitude as the track entry point in the simulation area) and
an equivalent grammage in Standard Rock is computed according to the
Preliminary Earth Model [4].
3

In rock, DIS neutrino interaction lengths are taken from [5]. The energy
dependent interaction depths for Neutral Current (NC) or Charged Current (CC) events are sampled accordingly and located along the trajectory.
The kinematic of the neutrino DIS event is delegated to Pythia6.4, using
CTEQ5d probability distribution functions. The simulation is stopped if
the neutrino escapes the simulation volume before a CC interaction occurs.
Otherwise, a τ simulation starts, while the neutrino simulation could later
go on for the secondary ντ produced by a possible τ decay.
The τ energy loss and proper time distributions have been previously simulated with GEANT4.9 for various primary energies and depths in Standard
Rock. A simple parametrisation was derived for the almost 100 % correlated
distributions with only 2 parameters per primary energy and depth, making
it easy and light to tabulate. Photonuclear interactions are of prime importance for UHE leptons. They have been extended in GEANT4.9 above
PeV energies following [6]. If a decay in flight occurs within the simulation
volume it is simulated with the TAUOLA package [7]. If the induced shower
energy Esh (computed as the τ final energy minus the energy of νs and µs
secondaries) is above 1016 eV, then the τ decay data are recorded to be used
as input for the shower simulation (see section 4) and the nComp variable is
incremented.
This part of the program is written in C++.
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Shower detection

The last stage of the analysis consists in determining if the showers induced
by the simulated τ decays (see section 3) can be detected by a radio array.
The CPU request for a full-scale simulation of this process is huge : for each
shower candidate, the induced electromagnetic field would indeed have to
be computed for o(100) antenna positions, with each computation taking
1 to 4 hours. This treatment will be performed only once the reliability
of EAS radio simulation is established for the ∼horizontal showers to be
considered here. This process has been initiated with a systematic comparison of EVA [8] and ZHAireS [9] outputs for identical τ decay parameters,
a work carried out in collaboration with Krijn de Vries (VUBrussels) and
Washington Carvalho (Santiago di Compostella). For the time being only
an analytical treatment of EAS radio detection has been performed.

4.1

Shower parametrization

The shower radio-detection simulation process is based in this study on a
parametrization of the EAS electromagnetic radiation amplitude pattern at
ground. This ground pattern is determined through ZHAireS [9] simulations of showers induced by τ decays. The code computes the instantaneous
electromagnetic field induced by a shower over all positions of a 300 m step
4

Figure 2: Expected distribution of the 30-80MHz E-field peak value on
ground for a ZHAireS simulation of a Esh = 9.6 · 1016 eV, θ = 89.5◦ , φ = 0◦
shower induced by a 1017 eV τ decaying at position (0,0,50 m). E-field
amplitude is given in µV/m.
square grid deployed over a ∼ 100 × 10 km2 flat area at an elevation of
2650 m a.s.l. (TREND site altitude). The ground pattern corresponds to
the distribution of the E-field maximum amplitudes filtered in the 30-80 MHz
bandwidth.
Three showers were used in this study :
- Eτ = 1016.5 eV and τ → ντ +e− + ν̄e +γ with Esh = Eγ +Ee = 1.2·1016 eV
- Eτ = 1017 eV and τ → ντ + e− + ν̄e + γ with Esh = Eγ + Ee = 9.6 · 1016 eV
- Eτ = 1018 eV and τ → ντ + π + + π − + π − with Esh = Eπs = 9.2 · 1017 eV
Geometry parameters of these showers were also scanned, with zenith angle
values between 86.5 and 89.5◦ , azimuth angle values of 0, 90 and 180◦ (resp.
developing towards North, East and South directions) and τ decay heights
h equal to 50, 100, 150 and 200 m above the array. The magnetic field considered in these simulations is the IGRF-122 value at the TREND location:
||Bgeo || = 56µT, θGeo = 27◦ and φGeo = 183◦ .
In figure 2 we show the E-field ground pattern for the 1017 eV τ decay with
θ = 89.5◦ , φ = 180◦ , h=50 m. The E-field becomes sizeable ∼15 km after τ
decay point, and the maximum amplitude is reached ∼5 km further along
2
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Figure 3: left: longitudinal profil along shower axis for the shower presented in Fig. 2. The profile is prolongated by a 1/R1.3 fit for distances
beyond 100 km (red). Right: lateral profiles for the same shower at distances of 18 (plain), 37 (dotted) and 93 km (dash-dotted) from τ decay
point. The observed assymetry is due to the combination of geomagnetic
(linearly polarized towards ∼West for this shower direction) and the chargeexcess contributions (radially polarized towards shower axis). In both plots
amplitudes are given in µV/m.
the shower axis. A power-law fit shows that the amplitude along shower
axis then drops as 1/R1.3 because of dilution effects (see Fig. 3 a). The
lateral drop of the amplitude is abrupt at the early stages of development
and becomes much smoother later on (see Fig. 3 b).
For the three showers used here, it was observed that for identical geometry parameters, the shape of the E-field distribution at ground depends
marginally on the energy, and at first order the value of the amplitude
scales linearly with it. In the following a shower of energy Esh will therefore simply be computed from the shower displayed in Fig. 2 by applying a
sh (eV )
scaling factor k = E9.6·10
16 to it.
The sky background noise integrated over the full sky and the 30-80 MHz
frequency range is estimated to be ∼15 µV/m from [10]. This is also in
agreement with measurements performed at the TREND site [11]. Transient radio signals with maximum amplitude above 30µV/m may therefore
be detected by optimized detection systems, while 100µV/m -the detection
level for TREND antennas- can probably be considered as a conservative
estimate for the GRAND radio detection threshold.
For a shower with energy Esh = 2 · 1017 eV, antennas within a cone of
a =14.1 and
half-angle Ωa =1.0◦ and with longitudinal absciss between Xmin
a
Xmax =82.5 km from τ decay point are above the (agressive) detection
a = 30µV/m if the 10% amplitude assymetry (see Fig. 3 b) is nethreshold Eth
6

Figure 4: left: ZHAireS simulation layout viewed from above. In black (red)
are shown antenna positions with E-field values above (below) the agressive
a = 30µV/m for the shower displayed in Fig. 2. A cone of
threshold Eth
half-angle Ωa =1.0◦ is shown in green. Right: same for the conservative
c = 100µV/m. The cone half angle is Ωc =0.6◦ here.
threshold value Eth
c =14.1 and X c
glected. Corresponding values are Ωc =0.6◦ , Xmin
max =34.2 km
c = 100µV/m (see
respectivelly for the conservative detection threshold Eth
Fig. 4). By assuming symmetry of revolution along the shower axis, we
can furthermore define a conical volume inside which electromagnetic field
is above threshold. This parametrization is repeated for other energies, and
a,c
a,c
a fit allows to parametrize Ωa,c (E), Xmin
(E) and Xmax
(E) (see Fig. 5), and
consequently define the ”radio trigger volume” for each shower of energy
Esh . We find :


Esh (eV )
a
Ω (Esh ) = 0.47 log
+ 0.9◦
(8)
1017


Esh (eV )
+ 0.45◦
(9)
Ωc (Esh ) = 0.42 log
1017

and

Esh (eV )
= 39 log
+ 55km
1017


Esh (eV )
c
Xmax (Esh ) = 27 log
+ 22km
1017
a
Xmax
(Esh )



(10)
(11)

a,c
and Xmin
=14 km.

Obviously this is still a very approximative treatment, which would require
in priority a larger number of showers simulations to improve its robustness.
As the shower with φ = 90◦ exhibits ∼20% larger field amplitudes than the
7

Figure 5: left: cone half angle Ωa,c for various shower energies. The fits
given in Eqs. 8 and 9 are also shown. Filled (empty) squares correspond
a,c
(green) and
to agressive (conservative) threshold. Right: same for Xmin
a,c
Xmax (red). The simulation area being limited to longitudinal distances
≤∼100 km, larger Xmax values were extrapolated from the 1/R1.3 longitudinal amplitude fit (see Fig. 3). However only energies corresponding to
Xmax ≤ 100 km were conservatively taken into account in the Xmax adjustment.
φ = 0◦ shower at the base of this parametrization, and since θ = 89.5◦ and
h=50 m imply that the E-fields computed at ground level are slightly off
the actual shower axis, we however believe that the results derived from this
parametrization are conservative.

4.2

GRAND radio-array shower detection

This part of the program is written in Matlab.
A square antenna array with 400 m initial step size covering a total area of
220 × 270 = 59400 km2 is considered in this study (see Fig. 1). For each
simulated τ decay logged in the output file (see section 3), we determine
which of the antenna positions are inside the radio trigger volume computed
from the shower energy Esh . Shadowing effects due to the site topography
are taken into account (see Fig. 6) as only antennas in direct view of the τ
decay point are triggered.
In a second pass, the actual detection area and array step size can be defined
as a multiple of the initial 400 m value. Isolated antennas are rejected, and a
final detection tag is applied to the shower if triggered antennas form at least
one cluster of NAnts ≥ 8 neighbouring antennas. This criterium is related to
shower reconstruction constraints and background rejection considerations.
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Figure 6: Display of a shower footprint on ground determined through the
parametrization detailed in section 4.1 from a Esh = 1.3 · 1020 eV, θ =
88◦ , φ = 110◦ shower. In both plots the shower axis is shown as a line.
Trigged antennas are green crosses. In the left plot the ντ interaction and τ
decay occur at positions ∼(-100, -85) and ∼(-70,-75) respectively (blue and
magenta stars). On the right plot the axis origin is the τ decay point.
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Preliminary results of the GRAND ντ sensitivity
study

We show in Fig. 8 the results of the treatment detailed in the previous
sections for a 220 × 270 = 59400 km2 array with a 800 m antenna step
size, corresponding to a total of 92812 antennas. The 90% C.L. integral
limit on the neutrino flux Φ0 parameter from Eq. 4 is equal to 6.7 × 10−10
(1.3 × 10−9 ) GeV·cm−2 s−1 for the agressive (conservative) threshold value.
The agressive limit is 9.4 × 10−10 GeV·cm−2 s−1 for a 1200 m antenna step
size (41250 antennas over the same area).
It furthermore appears that specific parts of the array (large mountain
ranges facing each other at distances of 30 − 80 km, like at the South of
the simulation area) are associated with a detection rate well above the average (see Fig. 7). The effective area of the 7500 km2 hot spot shown in blue
on Fig. 1 was for example found to be as large as ∼30% of the 60’000km2
array one, for a 0.12 surface ratio.
We thus suspect that a factor of ∼10 improvement in sensitivity could be
reached with a factor of 3 increase onlyin the detector area, provided the
detector is composed of several sub-arrays of smaller size (∼10 000 km2 ) deployed solely on favorable sites. This is the envisioned GRAND setup. The
targetted 6.7 × 10−11 GeV·cm−2 s−1 sensitivity limit would correspond to a
25-63 yearly event rate for the cosmogenic neutrino flux derived from “reasonable” parameters in [12], and still 0.6 event/year in the most pessimistic
scenario, guaranteeing detection for a few years of observation.
9

Figure 7: left : Number of triggers expected per antenna on the 60000 km2
simulated array for the Eν = 1018 eV dataset. On the right, the topography
map from Fig. 1 is shown again for easier comparison.
These projected performances will have to be confirmed through a complete
MC simulation which shoudl make it possible to propose a detailed layout
for the GRAND array and determine the associated performances.
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Figure 8: top left : differential effective area AE,θ,φ
as a function of zenith
ef f
17
20
angle θ for various ν energies (10 to 3 × 10 eV from bottom to top)
for the 60’000 km2 simulated array, assuming an agressive threshold (see
text). The curves are averaged over azimuth angles φ. Top right : effective
area Aef f as a function of energy for agressive (black) and conservative
(red) thresholds. Also shown in blue is the effective area for the 7500 km2
hot spot displayed in Fig. 1. Bottom: 90% C.L. differential limit on a
E −2 ντ astrophysical flux for 3 years of observation with 0 candidates for
agressive (thick dashed line) and conservative thresholds (thin dashed line).
Also shown is the projected limit for the envisionned 200’000 km2 GRAND
array (thick brown solid line) and limits from other experimental projects
( [13–15]), as well as the estimated theoretical cosmogenic neutrino fluxes for
a single neutrino flavor [12]. The dash-dotted line gives the most pessimistic
fluxes (pure iron UHECR injection and low maximum acceleration), while
12
the gray shaded-region indicates the “reasonable”
parameter range. All plots
correspond to a 800 m step radio array. The curves are adjustements of the
actual simulation output values, shown as square symbols on the plots.

