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The Highest Energy Cosmic Messengers
• Greisen-Zatsepin-Kuzmin (GZK):  

Above 1019.5 eV:

→ n e+ νµ νe ν̄µ

p γCMB → ∆∗ → n π+

Expect ultra-high energy (UHE) neutrinos from GZK process
And from any photo-hadronic interactions producing CR’s
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What Messages Will UHE Neutrinos Carry

GZK process p, Fe

ν

Source 
distribution, 
spectrum

Cosmic ray 
composition

γ (CMB)

Point back to 
the source

Universe expansion
Λ (subtle)

Center of mass energies > LHC !

Physics potential of UHE 
neutrinos spans particle 
physics and astrophysics
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Figure 2: Northern hemisphere of the neutrino sky map based on 3329 muon neutrino events. Colors indicate
Gaussian standard deviations from the expected isotropic distribution.

resulting, preliminary, sky map, shown in Figure 2, is consistent with isotropic atmospheric
neutrinos. The maximum observed deviation is 3.4σ, which has a chance occurrence of 92%. A
catalog of 33 known astronomical sources is also studied, of which the most significant excess is
observed from the Crab nebula with 10 events and an expected background of 5.4. The chance
probability of this excess is 64%.

AMANDA continues to search for dark matter in the form of neutralinos. In many models
the neutralino is the lightest supersymmetric particle and is stable if R–parity is conserved.
Over time, these particles will accumulate at the bottom of gravitational wells, such as the
center of the sun. The rate at which they collect depends on several factors, such as their
density and velocity distributions, their cross sections for interacting with ordinary matter, and
their annihilation cross section. The annihilation products include qq̄, ll̄, as well as W±, Z, and
H, with bb̄, τ+τ−, and W+W− dominating. Many of the secondary decays include neutrinos.

The analysis is therefore optimized to detect neutrinos produced in the sun or in the center
of the earth. So far, only the muon neutrino channel has been probed. No excess has been
observed from either source. Figure 3 shows exclusion plots of muon flux as a function of
neutralino mass. In both, the hashed region shows the sensitivity of the CDMS experiment,
with the green area excluded at the one sigma level. The plot on the left shows the upper
limit from the center-of-earth analysis 13, while the one on the right shows the results from the
center-of-sun analysis 14.

3 IceCube

IceCube differs from AMANDA in two important ways. First, IceCube will be much larger, with
a final fiducial volume of approximately one cubic kilometer. Second, PMT signals are digitized
in situ by electronics housed in the optical module.

IceCube will eventually consist of 70 or more strings with 60 modules each. The modules are
spaced by 17 m vertically while the strings are arranged in a hexagonal pattern with a spacing
of 125 m. In addition to the in-ice array, there is a surface cosmic ray detector named IceTop.
At the position of each in-ice string there is a surface station comprised of two tanks, each
containing two DOMs frozen in clear ice.

The heart of IceCube is the Digital Optical Module (DOM) that consists of a 10 in. PMT
together with fast digitization electronics. Signals are processed by both an Advanced Transient
Waveform Digitizer (ATWD) and a long running Fast Analog-to-Digital Converter (FADC).
The ATWD contains three channels with different gains and has a programmable sampling rate

Amanda II / IceCube

Largest background 
from CR interactions in 
atmosphere: 
atmospheric neutrinos

Using earth as a filter,  
search for            
upgoing neutrinos

Latt ≈ 100 m

ν telescope at the South Pole

– Photomultiplier tubes (PMT’s) 
deployed along strings

– Detect blue Cerenkov light 
from particle tracks in 
showers induced by neutrino 
interactions in ice medium

AMANDA II: 19 strings 1500-2000 m (1997 – present)
IceCube:  70 strings 1500-2500 m (22 strings are deployed)

• No excess observed over 
atmospheric neutrino 
expectation

- No cosmic diffuse ν flux 
observed

• Observed neutrinos show 
no significant deviation 
from isotropic

• No point sources 
observed

IceCube Collaboration, 
astro-ph/0607003



Need for Detection Volume Beyond 
km3-Scale 

~ 10 GZK neutrinos / km2 / year
1018 eV:  ν N interaction length ≈ 300 km 

→ 0.03 neutrinos / km3 / year
At most, we see 1/2 the sky
→ 10-2 neutrinos / km3 / year

To be assured sensitivity to 
“guaranteed” GZK neutrino flux, 
we need >>102 km3 detection 

volume



Idea by Gurgen Askaryan  (1962)

Macroscopic  size:  RMoliere ≈ 10 cm, L ~ meters                  

• Coherent Cerenkov signal from net 
“current,” instead of from individual 
tracks 

• A ~20% charge asymmetry 
develops:
– Compton scattering:                              
γ + e-(at rest)  → γ + e-

– Positron annihilation:                           
e+ + e-(at rest) → γ + γ

• Excess moving with v > c/n in 
matter                            

• → Cherenkov Radiation dP ∝ ν dν

• If λ >> RMoliere → Coherent Emission                
P ~ N2 ~ E2

Long radio 
attenuation lengths 
in ice, salt, sand



Accelerator Measurements of Askaryan Signal
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Beam measurements at SLAC using 
photon beam incident on
• Sand (2000)
• Salt (2002)



Pioneering Radio Cerenkov 
Experiments

FORTE GLUE RICE

FORTE 97-99
Greenland Ice 
Log periodic antenna,
20-300 MHz
A=105 km2.sr

GLUE/Goldstone 99:
In Lunar regolith 
~2 GHz
A=6.105 km2.sr

RICE 1999-present
Antennas on 
AMANDA strings
100-1000 MHz dipoles
V~10 km3. sr
Data up to 2005 
published



Radio Ice Cerenkov Experiment

• Martin A. Pomerantz 
Observatory
– 1 km from S. Pole

• 16 buried radio receivers in  
200 m x 200 m x 200 m area

• Detects Cerenkov radiation in 
0.2 GHz to 1 GHz frequency 
range
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MIT, Whitman College, U. of Delaware, U. of Canterbury,   

University of Kansas, University of Kansas Design Laboratory



Antarctic Ice Properties
Ice thicknesses across continent

Attenuation 
lengths 
measured at 
the South Pole

Rays 
paths near 
surface 
with 
depth-
dependent
index of 
refraction.

 n(z):  1.78 in deep ice
          1.33 at surface

[D. Besson]
[P. Gorham]

FIG. 11: Event surviving up to hand-scan, but rejected on the basis of early hit in channel 11.

FIG. 12: Illustration of ray tracing, and possible refractive effects (ray 2), as described in text.

Dotted lines indicate possible rays emanating from a neutrino interaction point.

cases, ray 3 will emerge at an angle somewhat smaller than θc, with ray 2 along θc, resulting
in a significant signal from ray 2 due to refractive effects of the firn. In our Monte Carlo
simulation, we now include loss of effective volume due to shadow-zone effects. We have not
included the expected positive enhancement in Veff due to “second-ray” effects just discussed
in our overall systematic error. An additional possible increase in effective volume is due to
the focusing of rays, particularly around caustics. This has not been evaluated numerically
and is also not included in our current calculations.

Neglecting the indirect-hit contributions discussed above, uncertainties in the real portion
of the dielectric constant are explicitly evaluated by comparing the effective volumes using
two different models for the index-of-refraction profile n(z). In Figure 13, “Test” refers to an
extreme n(z) profile, inspired by different measurements of Antarctic ice properties; “default”
is the profile measured at South Pole[25]. Figure 14 shows the relative Veff obtained using
the test n(z) (“worst case”) vs. Veff obtained without ray tracing (“best case”). The effect
is largest at high energies where trajectories are longest and ray tracing effects are most

20

Depth of South Pole Ice:  2.5 km

I. Kravchenko, et al., 2006



RICE Results

• 2001-2005: No 
neutrinos detected in 
1.85 years of livetime.

I. Kravchenko et al., 2006
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FIG. 18: Current effective volume for electromagnetic showers (including LPM effects), and also

hadronic showers, with ±1-σ systematic errors, as indicated.

VIII. NEUTRINO FLUX LIMIT RESULTS

Our 95% C.L. bounds on representative ν-flux models are shown in Fig. 19. The illustra-
tive AGN models are ruled out at 95% C.L., but the Waxman-Bahcall model[59] is below our
limits. The GZK[60] flux models differ substantially. ESS[61] and PJ[62], keyed to models of
the stellar formation rate, are below the RICE sensitivity. The KKSS[63] flux, constructed
to saturate bounds derived from EGRET observations, is just barely consistent with our 95%
C.L. limit, i.e. RICE should have detected 2 events for this model but observed none. Also
depicted are 95% C.L. upper limits on diffuse neutrino fluxes predicted by representative
GRB models.

To facilitate application of our null search to any other possible related search, Figure
20 shows the livetime-weighted effective volume (V, with units cm3-sr-yr), as a function of
energy. The y-scale for ‘hadronic’ (dashed) and ‘electromagnetic’ (dotted) curves is on the
left y-axis of the Figure; these two curves show the RICE effective volume integrated over
time (1999-2005) and multiplied by a factor of 2π steradian, plotted as a function of shower
energy. The difference between ‘hadronic’ and ‘electromagnetic’ curves is due to the LPM
effect. The exposure A is indicated by the y-scale for the solid curve (right, with units cm2-
s-sr) and includes standard model NC and CC cross sections convolved with the effective
volume (separately for hadronic vs. electromagnetic cases) under the assumption that 1/3
of the total neutrino flux is νe. Additional details on V and A, as well as the procedure for
deriving a predicted RICE observed event yield given an arbitrary flux model, are presented
in the accompanying Appendix I.

Although the exposure illustrated in Fig. 20 allows for a comparison of models and
experiments, it is often desirable to show the flux limits from an experiment in a model-
independent way, as in Fig. 21. The procedures used to derive these limits are discussed in
Appendix II. The bold curve is our best model-independent summary of the current RICE
results for ‘typical astrophysics’ models. The dashed curve represents the envelope of limits
for pure power law models. The three dotted curves are limits based on logarthmic energy
bins[71, 72].
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FIG. 19: (Top) Upper bounds on total (all flavor) neutrino fluxes for AGN models of PR[64] and
MB [65], GZK[60] neutrino models of ESS[61], PJ[62], and KKSS[63], and the topological defect
model of PS[66], due to all flavor NC+CC interactions, based on 1999-2005 RICE livetime of about

20500 hrs. Dashed curves are for model fluxes and the thick curves are the corresponding bounds.
The energy range covered by a bound represents the central 80% of the event rate. (Bottom) Bounds

on diffuse neutrino fluxes from GRBs derived from RICE data. The bounds are for the internal
shock [67], afterglow-ISM [68], and afterglow-wind [69] neutrino flux models assuming an isoflavor
mixture at the detector; we use updated results [70] for the fluxes. Systematic errors have not been

folded into calculation of upper limits.
26

RICE rules out the most 
intense neutrino flux model 
predictions



RICE Limits on Magnetic Monopoles
Daniel Hogan, Kansas University, RICE Collaboration

• (Wick et al. ‘03) Monopole 
mass < 1014 GeV

➡ relativistic
• Energy ~ 1016 GeV
• Relativistic monopoles 

cause EM showers in ice 
➡ Cerenkov signal

A typical simulated voltage profile

Flux upper bounds

Monte Carlo 2: Passage through Ice

Monopole

Path

An antenna

Another antenna

!C

!C

!C-0.33

!C+0.33

Behaves like a 
heavy ion with 

charge
Z = 1/2α ≈ 68



ANITA 
(ANtarctic Impulsive Transient Antenna) 

32 quad-ridged horn antennas, dual-
polarization, 200-1200 MHz, 10° cant

Downgoing  - not seen by payload
Upcoming – absorbed in the earth 

 → ANITA sees “skimmers”.

~4km deep ice!

Typical balloon
field of regardFirst full 

physics 
flight:

Dec. 15th 
2006 –     
Jan 18th 
2007!

Balloon operations by the 
Columbia Scientific 
Balloon Program (NASA)

Balloon flies 37 km 
above the ice

Observes 
~1.5 x 106 
km2 of ice 
at once!



The ANITA Collaboration 

University of Hawaii at Manoa
Honolulu, Hawaii

University of California at Irvine
Irvine, California

University of California at Los Angeles
Los Angeles, California

University College London
London, England

University of Delaware
Newark, Delaware

Jet Propulsion Laboratory
Pasadena, California

University of Kansas
Lawrence, Kansas

Ohio State University
Columbus, Ohio

Stanford Linear Accelerator Center
Pasadena, California

Washington University in St. Louis
St. Louis, Kansas



Anita-lite:  2 antennas, 2003-2004 Season

• Two independent analyses 
modeled time dependent 
pulse on measured noise

ES&S baseline (min)
Kalashev, et al., saturate all bounds (max)

• Designed cuts to select    
Askaryan-like events

– # cycles in a waveform
– Integrated power

– Time coincidence between 
channels

• Reduce noise with cross-
correlation analysis

• Both analyses find analysis    
efficiency ~50%

• ANITA-lite ruled out Z-burst 
models

Simulation



From there,  ANITA was 
off to Antarctica…

ANITA Calibration at SLAC: June 2006

Produced Askaryan pulses in ice from a  
28.5 GeV electron beam at SLAC
~109 particles per bunch   
→ 1019- 1020 eV showers

ANITA Collaboration (P.W. Gorham et al.) 
hep-ex/0611008





ANITA FlightANITA Flight
• ANITA launched on Dec. 15th

• Took 3.5 trips around Antarctica
• In flight for 35 days
• Terminated on Jan 18th

• Full recovery completed
• Analysis is underway
• Expect to either be the first to discover UHE

neutrinos or set world’s best limits

View of ANITA from the
South Pole
Picture taken by James Roth



ANITA Signal Acquisition

• Trigger:  Signal divided into frequency sub bands (channels) 

– Powerful rejection against narrow bandwidth backgrounds
– Multi-band coincidence allows better noise rejection

• 8 channels/ antenna

• Require 3/8 channels fire for antenna to pass L1 trigger

• Global trigger analyzes information across antennas

• For Anita-lite, no banding:  4 channels, require 3-fold 
coincidence



Angular Resolution 

theta phi

MC MC

Data (Borehole)

           DATA          MC
theta    0.20          0.26  (deg)
phi       0.81          1.17 (deg)  

ANITA Event Reconstruction

0.2 deg 0.8 deg

up-down left-right

• Calibration pulses sent 
to the payload while 
ANITA was in view of 
McMurdo

• From the surface and 
from borehole

• Preliminary analysis with 10% data set
• V>3sigma 
• Establish angular reconstruction, select 

good events
• Time profile, FFT consistent with 

expectation
• All associated with camps, travelers, 

automatic weather stations

Preliminary

10% data set

Preliminary

ANITA II approved - flight  2008-2009
Haven’t looked at remaining 90%



RICE ‘06

AUGER

Embedded Radio Detectors Designed to 
Target Energy Gap

• Detectors embedded in 
the interaction medium 
have lower threshold

• Variety of embedded 
radio detector projects 
being studied or planned

• Antarctic ice and salt

• Goal of any next-
generation experiment:  
100 GZK neutrinos/year

Limit curves from Barwick et al., Phys.Rev.Lett 96:171101,2006
and references therein,   (RICE ‘06) I.  Kravchenko et al., 2006, 
Phys.Rev.D73:082002,2006, and (AUGER) L.Anchordoqui et al.,  
ICRC Proceedings 2007



AURA
Askaryan Under ice Radio Array

Information on AURA slides from Hagar Landman (Wisconsin) 
for the IceCube Collaboration

• Utilize existing infrastructure and 
technology for Radio Frequency 
neutrino detector at the South Pole
– RICE -  Antennas, electronics and 

control
– ANITA – Digitizer and triggering
– IceCube-  Main board, DAQ, 

holes, cables

surface 
junction 

box

surface 
junction 

box

Counting 
house

AURA Cluster
• Digital Radio Module (DRM) – Electronics 
• 4 Antennas
• 1 Antenna Calibration Unit (ACU)

3 Radio clusters were deployed in the 
06-07 polar season at the South Pole



AURA TriggeringAURA Triggering
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hit? 

Antenna

1

Antenna

2

Antenna

3

Antenna

4

Band a: ~200-350 MHz

Band b: ~350-500 MHz

Band c: ~500-700 MHz

Band d: ~600-1200 MHz

16 combinations of 
triggers:

• Antennas:  Broad band dipole, centered at 400 MHz
• Front end electronics:  450 MHz Notch filter, 200 MHz 

High pass filter ~50dB amplifiers (+20 dB in DRM)
• Each antenna sampled using two 1 GHz channels to total 

of 512 samples / 256 ns (2 GSPS)



Suitability of IceCube environment for AURA
• Channel and cluster trigger rates were compared when 

IceCube/AMANDA  were idle and taking data.

band A
(Lowest freq.)

band D
(Highest freq.)

band C
(High freq.)

band B
(Low freq.)

Channel 1 
Scaler rate vs. Discriminator value• Noise from 

IceCube/AMANDA is 
enhanced in lower 
frequency on a given 
channel/band
• Combined trigger 
reject most of this 
noise
• Measurement only 
down to ~200 MHz

IC + AMANDA on
AMANDA off
IC + AMANDA off



IceRay / AURA
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Possible Timeline For Future Antarctic Array 
A next-generation array could deploy antennas: 
• On surface (IceRay)
• Deep (AURA): 

- On existing IceCube strings
- On strings in dedicated radio boreholes

Preliminary simulations:  
• An array of 18-36 

stations that could be 
built by ~2012 could 
detect 4-8 GZK 
neutrinos/year

• Pre-curser to larger 
array that would detect 
100 GZK neutrinos/year 

A fraction of events could be measured 
in both radio and optical instruments



Ross Ice Shelf 
Array (ARIANNA)



Ice shelf

Reflected Ray

Direct Ray
ν

  

Drawing of proposed ARIANNA array

An array could also be deployed on 
the surface of the Ross Ice Shelf

• Highly reflective surface at interface 
with seawater

• Could observe reflections -> more 
solid angle

Shorter attn. 
lengths, shallower 
ice than South Pole 

S. Barwick, D. Saltzberg



SalSA
• Salt formations can extend 

several km’s wide x 10 km 
deep

• Salt domes can be very pure
• Ground penetrating radar 

(GPR) has shown very low loss
• Askaryan array in salt could be 

drilled from surface 
(expensive) or laid along floors 
of a salt mine

P. Gorham et al.
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Before a SalSA 
experiment can 
proceed, long 
attenuation lengths for 
radio in salt need to be 
confirmed

Measurement at Hockley Salt Mine in Texas:



Comparing Askaryan Signal in Ice and Salt
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beyond ~ 10 PeV due to LPM effect
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Attenuation Length Measurements in Salt
Cote Blanche Salt Mine, Louisiana, USA

A. Connolly (UCL) , A. Goodhue (UCLA),  
R. Nichol (UCL), D. Saltzberg (UCLA),      

M. Cherry (LSU), J. Marsh (LSU)
• Visited Cote Blanche salt mine to 

measure radio attn. lengths in salt
• Ground penetrating radar (GPR) 

experts saw lowest loss in any 
mine visited



Attenuation Length Measurements in Salt
Cote Blanche Salt Mine, Louisiana, USA

SalSA:  Attn. Length Measurements

1500’

hole 1

hole 2

hole 3

• We have been visiting the 
Cote Blanche salt mine in 
Louisiana to confirm the low 
transmission observed by 
GPR experts

A. Connolly (UCL) , A. Goodhue 
(UCLA), R. Nichol (UCL), D. Saltzberg 

(UCLA), M. Cherry (LSU), J. Marsh (LSU)

3 holes - maximum distance 553 ft.
depths 100-200 ft.
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not a fit

• ~100 meter attn. lengths 
observed

• Difficult to reconcile with GPR 
results

• Probably clearer salt yet to be 
seen

Will be difficult for salt to compete 
with Antarctic ice in sensitivity, but 
SalSA could provide alternate 
view of northern sky



Summary
• Radio detection technique brings neutrino astronomy to 

>100’s km3 detection volumes 
– The field is already giving important results

• It is an exciting, dynamic field

• Pioneering experiments FORTE, GLUE and RICE have set 
the stage for current and proposed projects to discover 
GZK neutrinos and measure a sample of them to extract 
their particle physics and astrophysics potential

• Development of next-generation projects is underway, and 
the field is finding the best path forward based on

– Experience with existing projects
– Site selection studies

– Ever maturing simulations

The race is on for UHE neutrino detection!


