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GRAND: Science and Design (adapted from Fang & Murase 2017)

Fluxes at Earth
Cosmic raysNeutrinosGamma rays
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Quo vadis?

Recall the threshold condition for pγ → π (→ ν):

Ep · Eγtarget
 = 0.2 GeV2
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Detection cross section × 1000 (σνN ~ E)

The fux is at best 1000 lower
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Cosmogenic fuxes
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Cosmogenic fuxes

Possible future upgrades
of ARA, ARIANNA
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The way forward
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GRAND will probe very 
low fuxes at ~109 GeV
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GRAND will probe very 
low fuxes at ~109 GeV

GRAND: 1–50 ν yr-1

vs.
Full ARA, ARIANNA: 0.6–2 ν yr-1
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What is GRAND?
▸ Giant Radio Array for Neutrino Detection

▸ Radio-detection of extended air showers (EAS)
   from primaries of > 109 GeV

▸ Why radio?
   ▸ Attenuation length in air: ~100 km
   ▸ Easily scalable 
   ▸ Relatively afordable

▸ Final confguration: 200k antennas over 200 000 km2

▸ Frequency band: 50–200 MHz
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Radio emission: geomagnetic and Askaryan

▸ Time-varying transverse current

▸ Linearly polarized parallel to Lorentz force

▸ Dominant in air showers

Geomagnetic Askaryan

▸ Time-varying negative-charge ~20% excess

▸ Linearly polarized towards axis

▸ Sub-dominant in air showers
Figures by H. Schoorlemmer and K. D. de Vries
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Radio emission: geomagnetic and Askaryan

COREAS simulation from Huege, Ludwig, James, AIP Conf. Proc. 1535, 128 (2013)
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Main goal:
Finding the sources of

UHECRs above 109 GeV
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Main goal:
Finding the sources of

UHECRs above 109 GeV

Secondary goal:
Radioastronomy
and cosmology
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A simulated event
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GRAND: Science and Design

▸ Inter-antenna spacing: 500 m
▸ Shower “detected” if 4 neighboring 
   antennas triggered
▸ Longitudinal range: 14–100 km at 108 GeV
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A simulated event

Mauricio Bustamante (Niels Bohr Institute)

GRAND: Science and Design

▸ Inter-antenna spacing: 500 m
▸ Shower “detected” if 4 neighboring 
   antennas triggered
▸ Longitudinal range: 14–100 km at 108 GeV

Full simulation chain:
ντ interaction in rock → τ propagation → shower development + radio emission → antenna response
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Angular resolution

Mean angular resolution: 0.1°
(Assuming few-ns timing precision)
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Neutrino feld of view

GRAND: Science and Design

3-year integrated

Earth-skimming ντ are detectable from ±3° of the horizon
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Discovering source classes and point sources

GRAND: Science and Design
See also Fang & Miller 2016

15 yr3 yr

3 yr

Imprint of dominant class on difuse fux: Discovery of point sources:
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UHECR feld of view

GRAND: Science and Design

UHECRs are detectable from zenith angles of 65°–85°
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UHECR feld of view

GRAND: Science and Design

UHECRs are detectable from zenith angles of 65°–85°

32 000 UHECRs above 1010.5 GeV in 5 yr
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Current stage: GRANDProto35
▸ 35 antennas + 24 scintillators
▸ Built at LPNHE (France), shipped to NAOC (China)
▸ Deployment ongoing

▸ Wanted: >80% EAS detection efciency
▸ Wanted: <10% false-positive rate

Goal:
Confrm self-triggered, autonomous radio-detection of EAS
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Main challenge: Rejection of radio background

▸ Galactic radio background (150 μV · m-1): known, easy to flter

▸ Man-made radio background: unknown, high, challenging to flter

▸ Scaling up the background measured by TREND yields 108 events yr-1

   ↦ We need a rejection factor of 109

▸ How to remove the background?
     ▸ Remove data in the direction of known sources
     ▸ Filter based on antenna trigger pattern 
     ▸ Filter based on polarization Under study



Status and future of GRAND

Science runs

2018 2019 2025 203X

GRANDProto35

35
Number of antennas deployed

300 10k 20 × 10k

GRANDProto300
GRAND10k

GRAND200k
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 ◀ GRAND white paper coming out later this year 

Funding:
▸ GRANDProto35: funded
▸ GRANDProto300, GRAND10k: good prospects
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 ◀ GRAND white paper coming out later this year 

Funding:
▸ GRANDProto35: funded
▸ GRANDProto300, GRAND10k: good prospects



More information:

grand.cnrs.fr
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Cosmic microwave background (CMB)



p

 ▸ Defected by magnetic felds
 ▸ Lose energy via
p + γ

CMB
 → p + e+ + e-

p + γ
CMB

 → 
π0 → γ + γ
π+ → νμ + νμ + νe

γ

ν



p

 ▸ Defected by magnetic felds
 ▸ Lose energy via
p + γ

CMB
 → p + e+ + e-

p + γ
CMB

 → 
π0 → γ + γ
π+ → νμ + νμ + νe

γ

PeV gamma-rays become GeV–TeV via
γ + γ

CMB
 → e+ + e-

e± + γ
CMB

 → e± + γ

γ

ν



p

 ▸ Defected by magnetic felds
 ▸ Lose energy via
p + γ

CMB
 → p + e+ + e-

p + γ
CMB

 → 
π0 → γ + γ
π+ → νμ + νμ + νe

γ

PeV gamma-rays become GeV–TeV via
γ + γ

CMB
 → e+ + e-
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CMB
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 ▸ Initial favor ratios: νe:νμ:ντ = 1:2:0
 ▸ At Earth, due to oscillations: 1:1:1
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The GRAND roadmap
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UHE gamma-ray reach

GRAND: Science and Design

Mauricio Bustamante (Niels Bohr Institute)

95% C.L.,
no background,
E-2 spectrum
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Efective area
For the 60 000 km2 simulation

GRAND: Science and Design
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Coherent radio emission

▸ “Particle pancake”: ~1 cm thick, few cm wide

▸ At radio wavelengths, emission adds coherently:

Cherenkov ring

F. Werner et al., ICRC 2013

Seen by CROME in 3.4–4.2 GHz band 
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GRAND simulations

GRAND: Science and Design
Mauricio Bustamante (Niels Bohr Institute)

60 000 km2

simulated area,
Tian Shan
mountains

7 500 km2 hotspot
(50% of downgoing 
events)



Radio detection of UHE neutrinos
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▸ Radio attenuation length in ice: few km
   (vs. 100 m for light)

▸ Larger monitored volume than IceCube

▸ ARA, ARIANNA: antennas buried in ice

▸ ANITA: antennas mounted on a balloon

No ν detected yet

(But UHECRs detected regularly!)

ARA / WIPAC
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Antenna optimized for horizontal EAS

Antenna gain 
at 50 MHz

At 100 MHz

← High gain at z = 0 →



The multi-messenger connection
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p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3



The multi-messenger connection

Mauricio Bustamante (Niels Bohr Institute) 65

p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3

Energy

Pr
ot

on
 d

en
si

ty

~E-2



The multi-messenger connection

Mauricio Bustamante (Niels Bohr Institute) 66

p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3

Energy

Ph
ot

on
 d

en
si

ty

Energy

Pr
ot

on
 d

en
si

ty

~E-2
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n + π+,  Br = 1/3
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The multi-messenger connection
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p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3

π0 → γ + γ
π+ → μ+ + νμ → νμ + e+ + νe + νμ

n (escapes) → p + e- + νe 

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 20

ν

γCR
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p + γ
target

 → Δ+ →  
n + π+,  Br = 1/3
p + π0,  Br = 2/3

π0 → γ + γ
π+ → μ+ + νμ → νμ + e+ + νe + νμ

n (escapes) → p + e- + νe 

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 20

ν

γCR

GW

1 PeV 20 PeV



Neutrinos – the ultimate smoking gun

UHE Cosmic raysNeutrinosGamma rays
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Point back at sources

Size of horizon

Energy degradation

Relative ease to detect

Note: This is a simplifed view
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Three strategies to reveal sources using TeV–PeV ν

Mauricio Bustamante (Niels Bohr Institute) 77

Look at bright
e.m. point sources

Use the difuse
neutrino fux

Look for neutrino
multiplets

Clustered
in direction and time

Clustered
in direction

Examine single
sources

Stack several
similar sources

Ruled out gamma-ray bursts, 
blazars as dominant

No evident single source, 
steady or transient

Placed generic limits on source 
number density and luminosity

Used to trigger follow-ups by 
other detectors

Any population of candidate sources 
must account for all or part of it
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Conversion probability of neutrinos

GRAND: Science and Design

ντ interacts in rock; 
upgoing τ emerges 1° w.r.t. horizon

νe interacts in atmosphere; 
downgoing, 1° w.r.t. horizon
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Radio noise

F. Schröder, Prog. Part. Nucl. Phys. 2017
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