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The Giant Radio Array for Neutrino Detection (GRAND) aims to detect ultra-high-energy cosmic
rays and neutrinos above 1017 eV with large-scale arrays of autonomous radio detector units (DUs)
operating in a self-trigger mode. GRANDProto300 (GP300), the GRAND pathfinder array under
deployment at the Xiaodushan site near Dunhuang, China, is currently operating in its 65-DU
stage (GP65) and will expand to 300 DUs. Self-triggered radio arrays face two dominant classes
of background: accidental coincidences of independent random triggers, dominated by Galactic
noise, and repetitive emission from fixed anthropogenic sources. We present a two-step offline
cleaning pipeline developed for GP300 data: (i) causality cleaning, which maps each event onto
a graph of causally connected DU pairs and extracts the event core with a maximum-clique
algorithm, and (ii) a time-difference (TD) fingerprint method that rejects events matching the
characteristic signatures of known background sources accumulated in a history library. Applied
to GP65 data, the causality cleaning reduces accidental events by a factor of about 30, while the
TD-fingerprint cut suppresses fixed-source events by a factor of about 20, with a 92% survival
rate for cosmic-ray-like events in toy Monte-Carlo validation. The pipeline delivers clean event
samples for cosmic-ray candidate searches and constitutes a key step towards fully autonomous
radio detection of air showers with GRAND.
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1. Introduction

The Giant Radio Array for Neutrino Detection (GRAND) is a planned large-scale observatory
for ultra-high-energy (UHE) particles of cosmic origin [1]. Its primary science goals are to unravel
the origin of UHE cosmic rays (UHECRs) through a large-statistics sky survey, to discover UHE
neutrinos, and to probe fundamental physics at extreme energies. To this end, GRAND foresees
an ultimate array of 200,000 radio antennas sensitive in the 50–200 MHz band, with an energy
threshold around 1017 eV. When UHECRs interact in the atmosphere, they initiate extensive air
showers (EAS) whose electrons and positrons emit coherent radio pulses through the geomagnetic
and the Askaryan (charge-excess) mechanisms. Measuring these pulses with sparse arrays of self-
triggered antennas enables autonomous, round-the-clock operation in remote, radio-quiet desert
sites, without the need for accompanying particle detectors.

GRAND follows a staged validation strategy. Three prototype arrays — GRAND@Auger in
Argentina, GRANDProto300 (GP300) in China and GRAND@Nançay in France — have been
operating since 2023 to validate the detection principle under prolonged field conditions [2–4].
GP300 is deployed at the Xiaodushan site near Dunhuang, Gansu Province, China (N 40.95◦,
E 93.97◦, ∼1200 m above sea level), a Gobi-desert terrain with a south-high-north-low topography
with low radio-frequency interference (RFI), and is being expanded in stages: GP13 (13 DUs) →
GP65 (65 DUs) → GP300 (300 DUs) [5].

A central challenge of the self-trigger concept is the identification of genuine air-shower
events within the large stream of coincident triggers, most of which are of non-shower origin. In
this contribution we present the an offline event-identification and background-rejection pipeline
developed for GP300, based on two complementary steps — causality cleaning and time-difference
(TD) fingerprinting — and we report its performance on GP65 data.

2. Radio self-trigger in GRANDProto300

2.1 Detector units and self-trigger logic

Currently, each GRAND detector unit is a fully autonomous station comprising two horizontal
dipole antennas (north-south and east-west channels) and one vertical antenna (vertical channel), a
low-noise amplifier optimised for 50–200 MHz, and a four-channel ADC with a sampling frequency
of 500 MHz [3]. An FPGA implements a trace-level (T1) trigger [6, 7]; GPS provides nanosecond-
precision timing and position, with beacon-based timing calibration achieving 𝜎 ≃ 10 ns for the
front-end boards (FEB). DUs are powered by solar panels and batteries and transfer data over a 5G
wireless network, allowing deployment in remote terrain with minimal infrastructure. Whenever five
or more DUs detect coincident pulses above their thresholds, the central DAQ records a coincident-
data (CD) event containing the full waveforms of all participating DUs for offline analysis [8–10].

2.2 GP65 status and the expansion to GP300

GP65, the current stage of GP300, consists of 65 DUs deployed on a regular grid with a
spacing of about 560 m to 1 km, covering roughly 5 km × 5 km (Figure 1); it has been operating
since April 2025. An 11-month dataset recorded between July 2025 and May 2026 contains 13.5
million reconstructed coincident events. The next phase will expand the array to about 300 DUs over
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Figure 1: Layout of the GRANDProto300 detection units at the Dunhuang site in the current 65-DU stage
(the enclosed region). CS1/2 denote the central stations have been used for data-taking.

approximately 13 km × 15 km, improving the sensitivity to very inclined showers with zenith angles
of 60–85◦ [11]. The expansion proceeds through a staged validation plan: Phase A (65-DU baseline,
current status), Phase B (100-DU network and CPU stress test), Phase C (200 DUs integrated with
16 particle detectors), and Phase D (300 DUs with 25 particle detectors for final acceptance), with
completion of the deployment foreseen by June 2030 [7]. Concurrently with the array construction,
the collaboration is progressively optimizing the trigger logic, with the ultimate goal of achieving
a stable radio self-trigger. Preliminary progress indicates that the GP65 configuration can operate
stably in the energy regime above a few hundred PeV.

3. A two-step cleaning pipeline for self-triggered data

3.1 Background composition

Two classes of background dominate the self-triggered CD-event stream. First, accidental
coincidences arise when DUs trigger independently on random fluctuations — dominated by the
ever-present Galactic noise — and happen to fall within the coincidence window; the CD event is
then an unphysical assembly of unrelated pulses. Second, fixed background sources at and around the
site — a transformer station and an internet tower, road traffic (cars, trucks), air traffic along nearby
flight paths, and occasional scientific expedition activities — produce repetitive, characteristic
trigger patterns. The two classes call for complementary rejection strategies, implemented as a
two-step cleaning pipeline.

3.2 Step 1: causality cleaning with the maximum-clique algorithm

Causality cleaning removes unphysical events by validating the causal connections between all
DU pairs of an event. For each pair (𝑖, 𝑗) of DUs at positions Pos𝑖 and Pos 𝑗 with trigger times 𝑡𝑖
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Figure 2: Illustration of the causality test for a DU pair. The expected maximum travel time |Pos𝑖 − Pos 𝑗 |/𝑐
is compared with the measured trigger-time difference |𝑡𝑖 − 𝑡 𝑗 |.

and 𝑡 𝑗 , we compute the ratio between the expected maximum travel time and the measured time
difference (Figure 2):

𝑅𝑖 𝑗 =
|Δ𝑡 max

𝑖 𝑗
|

|Δ𝑡 meas
𝑖 𝑗

| =
|Pos𝑖 − Pos 𝑗 | / 𝑐

|𝑡𝑖 − 𝑡 𝑗 |
. (1)

If 𝑅𝑖 𝑗 > 1, the measured time difference is smaller than the light-travel time between the two DUs,
and the pair is declared causally connected. The event is then mapped onto a graph in which the DUs
are the nodes and the causally connected pairs are the edges. The real event core is extracted as the
maximum clique — the largest fully connected subgraph — of this causality connection map, and
an event is accepted as valid only if the multiplicity of its core satisfies MP ≥ 5. Isolated doublets
and spurious combinations of unrelated triggers are thereby removed, while genuine events, whose
DUs are mutually causally connected, are preserved.

3.3 Step 2: time-difference fingerprint rejection

Fixed background sources repeat their emission from (nearly) the same location, so the events
they generate share a characteristic pattern of time differences across DU pairs — a TD fingerprint
(Figure 3). For every event we calculate its TD fingerprint from the trigger-time differences of
the participating DU pairs and compare it with the fingerprints of previous events stored in a
history library. Events that match a known pattern — requiring at least five matching DU-pair
fingerprints within a tolerance of 20 ns, over a library of at most 200 repeated events — are
flagged as background and rejected. Because the method relies only on the recurrence of measured
time-difference patterns, it is entirely model independent: no assumption on the source position or
emission properties enters the rejection.

The signal preservation of the cut was evaluated with a toy Monte-Carlo (MC) study. CR-like
events were generated as spherical wavefronts from sources at heights of 3–8 km above the site, with
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Figure 3: Illustration of the TD-fingerprint concept. Emission from a fixed background source (e.g. a
transformer station, road traffic or aircraft) reaches different DUs with fixed source-dependent distances
Dis𝑖,source, imprinting a repeating pattern of trigger-time differences across DU pairs that can be matched
against a history library.

Figure 4: Toy-MC validation sample for the validation of TD-fingerprint cut: impact points of 1000 generated
CR-like events on the GP65 array (left) and their zenith-angle distribution (right). The sample, dominated
by highly inclined events (mean zenith ≃ 80.7◦), is preserved at the 92% level by the rejection.

zenith angles of 53–87◦ and uniform azimuth, impacting the GP65 footprint at random; DUs within
1.5◦ of the incidence axis were selected, with event multiplicities between 5 and 10 (Figure 4). The
TD-fingerprint rejection retains 92% of these toy-MC cosmic-ray-like events, demonstrating that
the cut efficiently rejects fixed-source background while preserving physics signals.

4. Performance on GP65 data

The pipeline was applied to GP65 coincident data. For the data recorded on 1 March 2026,
the causality cleaning reduces 1,020,334 raw CD events to 28,341 events, i.e. a survival fraction
of 2.8% and a reduction factor of about 36. Validation on an extended run (RUN10231, Figure 5)
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Figure 5: Average event rate in 1-s windows for validation run RUN10231 before (blue) and after (red) the
causality-cleaning cut. The accidental-coincidence rate is reduced by a factor of about 28.

Figure 6: Average event rate in 1-s windows for run RUN10350 before (blue) and after (red) the TD-
fingerprint cut, which suppresses events from fixed background sources by a factor of about 20.

confirms this performance benchmark: accidental events caused by Galactic noise are cut down by
a factor of 29 (from 1,726,084 to 60,248 events), with doublets properly removed and real events
preserved.

The TD-fingerprint cut was benchmarked on run RUN10350 (Figure 6), where it removes
events generated by fixed background sources by a factor of about 20 (from 5,316,970 to 271,939
events). The exact reduction depends strongly on the ambient conditions at the site, which modulate
both the fixed-source activity and the random-trigger rate. Table 1 summarises the performance of
the two steps. The cleaned event samples feed the ongoing cosmic-ray candidate search in GP65
data, there are more than 200 candidates found between November 2025 and April 2026, with
reconstructed energies reaching ∼2.7 EeV [9]; the efficiency and purity of the candidate sample are
being quantified by parallel analysis groups within the collaboration.
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Table 1: Performance of the two-step cleaning pipeline on GP65 coincident data.

Data set Cleaning step Input events Retained events Reduction
1 March 2026 run Causality cleaning 1,020,334 28,341 ≃36×
RUN10231 (validation) Causality cleaning 1,726,084 60,248 ≃29×
RUN10350 TD fingerprint 5,316,970 271,939 ≃20×

5. Summary and outlook

We have presented the an offline event-identification and background-rejection pipeline devel-
oped for the self-triggered data of GRANDProto300. The two-step procedure combines causality
cleaning, based on a maximum-clique search on the causal connection map of each event, with a
model-independent TD-fingerprint rejection of fixed background sources. Applied to GP65 data,
the pipeline reduces accidental Galactic-noise coincidences by a factor of about 29–36 and fixed-
source events by a factor of about 20, while preserving 92% of cosmic-ray-like events in toy-MC
validation. It should be noted that such significant reductions in both categories are rarely achieved
simultaneously within a single dataset, as background source events depend strongly on ambient
conditions, which is not constant in case of GP65.

Several developments will further strengthen the rejection of non-EAS events. A complemen-
tary online template-matching approach (NUTRIG), successfully field-tested on GP300 in May
2026, reduces the trigger rate by a factor of 50–1000 depending on run conditions, with 100% com-
putation livetime up to a 1 kHz trigger rate and a marginal loss of EAS detection efficiency [12].
In parallel, the expansion towards the full 300-DU array will continue through the staged commis-
sioning plan, with deployment completion foreseen by June 2030. The growing candidate sample
will allow spectrum, composition and anisotropy studies using the collaboration’s reconstruction
framework [9–11, 13]. Together with the other prototype arrays, these results mark an important
milestone on the path from GRANDProto300 towards the final optimal GRAND observatory.
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