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Outline

� Motivation: identify cosmic accelerators with 
UHE(1017eV to 1020eV) neutrinos

� Detection of UHE neutrinos in ARA
� Simulation of reconstruction capability of ARA
� Optimization of the detection efficiency and 

neutrino angular resolution 
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Approach the Topic “Cosmic Accelerators” with UHE Neutrinos 

John A. Cairns et.al., Simulation of the GZK neutrino 
flux from cosmic ray spectrum, 2005/07/14

On Earth, we might, with UHE neutrino, point back to cosmic accelerators. Thus, the 
angular resolution is particularly important to identify these accelerators.  

GZK Process 
(Greisen, Zatsepin, Kusmin) 

From ANITA 
collaboration

bottom-up scenario

neutrinos guaranteed by UHECR
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To Detect UHE Neutrino: 
with Radio Chenenkov Wave from Askaryan Effect

� UHE neutrino has charge or neutral current interaction with 
mater, causing particle shower.
� Askaryan Effect: shower induced by high energy particle has 
20% excess of negative charges.
� Fast moving charges in matter result in Cherenkov radiation.
� ARA will detect strong signal of coherent radio   wave. 

UHE neutrino

Shower
20% excess of e-

Cherenkov radiation

ARA

Ice layer in Antarctic

o56cos79.1/1/1cos icein  RF ≅≅≅ nθ

Ice
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Conceptual Design of ARA

� Ice in Antarctic is a massive target for neutrino to interact with.
� RF band is coherent and strong among all the signals from the interaction.
� RF wave attenuation is small in ice (~1km). Low temperature. Radio quiet.    
=> Choose Antarctic as experiment site

From ARA proposal
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Simulation Setups:
ARA Geometry and Parameters Generated 

200m

UHE neutrino

Shower

Cherenkov 
radiation

ARA

Red Dot:  ARA station
black dot: generated shower location x,y,z

z
For each event, six parameters are generated
x, y, z, (shower location)
theta, phi,(neutrino moving direction)
v (voltage measured at the shower location)

theta
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Simulation Methods:
from the Shower Location to the Antenna
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Simulation Methods:
the Waveform

V=0 .obs
it

Noise
Gaussian random
Mean 0 

noise
real

iV σ7>
Trigger condition

256 bins, 100 ns

The bin with positive value and the most close to the crossing

The bin with negative value and the most close to the crossing

the crossing

.vobs
i

.obs
it

Signal at time 0+
Signal time 0
Signal at time 0-
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Chi Square for the Reconstruction of Shower Vertex
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GZK Neutrino Detector, P. Allisona, J. Beattyb, P. Chenc,
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Reconstruction of Neutrino Direction
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Neutrino Angular Resolution

Reconstructed 
location

Antenna

Shower

Cherenkov RF cone

Reconstructed 
direction

Neutrino direction

separation angle

(Δ: reconstructed-generated)
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Optimization: detection efficiency versus resolution
variables: antenna spacing, station spacing

Antenna spacing

Antenna spacing

Station spacing
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Almost saturated

Detection Efficiency

An ARA station

Its effective area of detection

Station 
spacing 
increases Total 

effective area
increases

Slowly
increases

saturated

Not yet saturated

Neutrinos with higher energy makes signals travel farther away: they provide larger effective area
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GZK neutrino flux begins 
quick dropping

To Optimize Detection Efficiency

ARA proposal

Majority regime in GZK neutrino flux

Choose the station spacing of 1.33 km 
or larger to make sure ARA can capture 
most GZK neutrinos
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Neutrino Angular Resolution 
vs. Antenna Spacing, Station Spacing, Neutrino Energy

Neutrino energy 1019.5 eV

“equal to or larger than 30m“ makes the resolution better
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Summary
�Detection efficiency: grows when station spacing increases. For higher 
neutrino energy level, larger station spacing is required to saturate the 
growing of detection efficiency. 

�Neutrino angular resolution: when the station spacing decreases or the 
antenna spacing increases, the resolutioni gets better.

�Geometry Optimization
Priority: 1.effective area 2. neutrino angular resolution  
Variables: 1.antenna spacing  2.station spacing
Conclusion: 
Station spacing 1.33 km makes effective area almost saturated for 

neutrinos with energy under 1018.5 eV.
Antenna spacings equal to larger than 30m make neutrino angular 

resolutions better. Their resolution ranges from 5 to 15 degrees for 
different energy levels(10^17.5 to 19.5).
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RF Wave Property in Ice:
Field Attenuation Length

IceRay proposal

BACKUP
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RF Wave Property in Ice:
Ddifferential Refraction Index

IceRay proposal

IceRay proposal
Event distribution
over depth 

ARA proposal

BACKUP
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Convert V0
gen  to Neutrino Energy

10^(9+1.5+9)=10^19.5
Neutrino energy 1020 eV

PhysRevLett.99.171101 
ANITA collaboration

1500 V at 1m

at 1 km 
1500/1000/3 V
=0.5 V

Askaryan effect in ice
Experiment at SLAC 

V0
gen  3V

at 1km
3/3
=1V

Neutrino energy 
2*1020 eV

BACKUP
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Askaryan Effect in Ice: 
Field strength vs. Frequency in Radio Band

and Radiative Cherenkov Power vs. Shower energy

PhysRevLett.99.171101 
ANITA collaboration

BACKUP
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Askaryan effect in ice: 
Radio Cherenkov Waveform

PhysRevLett.99.171101 
ANITA collaboration

BACKUP
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Backup Slide

280*5*5*10 
points
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Askaryan Effect in Ice: 
Angular Dependence of Cherenkov Field Strength

IceRay proposal

Frequency
F1<F2<F3<F4

Cone Width
W1> W2> W3> W4

E Field
E1< E2< E3<E4

The higher frequency, 
the higher 
radio power

1. 2.

3. 4.

BACKUP
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ARA: Who Does What 

Am

As(2) 

Eu(3)

ARA proposal ARA proposal

~80 people, 16 institutes

BACKUP
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ARA: Acceptance, Event Rate, Flux

ARA proposal

ARA proposal

ARA proposal

L_int:1200km in wateracceptance

Event Rate

BACKUP
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Resolution of Shower Vertex

Antenna

Shower

Cherenkov RF cone

Reconstructed 
location

Neutrino direction

dx, dy

dx, dy, dz (reconstructed-generated)

dz

x
y

BACKUP
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Optimization: detection efficiency versus resolution
variables: antenna spacing, station spacing

Antenna spacing

Antenna spacing

station spacing decreases target volume decreases detection efficiency decreases

the number of 
triggered antennas increases resolution better

antenna spacing 
or station spacing decreases

the signal differences between 
triggered antennas decreases resolution worse
(arrival time differences, voltage differences)

Station spacing

BACKUP
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Signal Travelling Distance Distribution
(from the shower location to triggered antennas)

BACKUP
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Compare ARA with ARIANNA

F. Wu, J. Nam, Proceedings of the 30th 
International Cosmic Ray Conference (2007).

simulation of angular resolution of neutrino direction 

Antarctic Ross Ice Shelf ANtenna Neutrino Array (ARIANNA)

Station grid of 300 m 11 stations per km square

Station spacing of 1.3 km

ARIANNA

ARA 0.85 stations per km square
13 times larger

ARA
Station spacing 1.33km
Antenna spacing 30 m
4.5 ~ 5.5 deg.

BACKUP
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Role of UHE Neutrino in Astrophysical Observation 

P. Gorham, 1st International Workshop on the Saltdome Shower Array
(SLAC, 2005). 

For the observation of  UHE 
events, photons and protons only 
unveil 1% mysteries of our 
universe !  

UHE neutrino can be a better 
choice because of its small cross 
section and charge-neutral 
property.  

1020eV protons from AGN      cannot be seen
1020eV protons from local group can be seen

BACKUP
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Effect of Requiring  “# of Triggered Station >1”

Converged to  ~ 5 degrees

BACKUP
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Is “the # of triggered stations” strongly related to “the 
neutrino angular resolution”? 

One point represents 300 detected events.

A larger # of triggered stations guarantees a better resolution

BACKUP
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Distribution of the Number of Triggered Stations 

Ntrig slightly increases 
as the antenna spacing increases

Ntrig decreases
as the station spacing increases.
Obvious for higher energy levels.

BACKUP


