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ABSTRACT 
 
INTRODUCTION 
Measurement of the flux of astrophysical neutrinos at 1019 eV and above is an outstanding challenge 
facing experimentalists.  Cosmic rays at this energy are a topic of intense theoretical and experimental 
interest.  As GZK determined in 1, the flux of cosmic ray protons should drop sharply between 1019 an 
1020 eV due to photopion production on the microwave background (pÓ}nà+).  Measuring the flux is 
difficult, however, as 10-100 km2 detectors are necessary to detect one event per year.  The AGASA 
experiment has nevertheless detected eight events above 1020 eV2, more than is consistent with the 
GZK cutoff. 

Theories that have been proposed to address the GZK spectrum involve topological defects, 
primordial black holes, active galactic nuclei (AGN), wimps, and supersymmetry3.  Better detection of 
the flux and composition of these particles will constrain existing theories, and the resolution of the 
GZK anomaly could very well involve new discoveries in physics.   

Neutrinos are an important component of the particle flux at ultra-high energies.  Minimally, the 
flux of ultra-high energy protons must be accompanied by ultra-high energy neutrinos according to the 
Greisen mechanism: the pions produced on the microwave background decay to muons, which decay 
to neutrinos4.  Many theories explaining UHECR predict a much higher neutrino flux, some predicting 
neutrinos to dominate the particle composition at this energy. 

The neutrino flux above atmospheric energies (GeV-scale) is poorly understood.  Most UHECR 
detectors in operation and development5 detect interactions in the atmosphere.  These detectors cannot 
reliably determine event composition – the events they detect could include no neutrinos or mostly 
neutrinos.  Detectors that detect neutrinos and only neutrinos, now being developed using a variety of 
methods, will therefore fill an important niche. 
 
ACOUSTIC DETECTION 
The possibility of acoustic detection of high-energy particles in water has been known for decades.  
The basic mechanism is as follows6: particles interacting in matter yield charged particles, which 
ionize the surrounding medium, causing it to heat and expand, subsequently contracting.  A pressure 
wave propagates from the local expansion and contraction.  The water is typically heated in a cylinder, 
resulting in disk-shaped acoustic radiation perpendicular to the cylinder.  Accelerator experiments have 
confirmed the theoretical mechanism with beams dumped into water.7 

There is an abundant supply of detector medium in the world’s oceans.  The oceans are also ideal 
for neutrino-only detection: at ultra-high energies, protons interact high in the atmosphere and do not 
reach sea level.  Interactions detected in the ocean must therefore be neutrinos or exotic particles such 
as wimp’s.  Undersea detectors could provide the neutrino-only complement to existing UHECR 
detectors that detect all particles but cannot identify them. 

Both acoustic and optical methods have been considered for large-scale undersea neutrino 
detectors.  Optical arrays use essentially the same method as atmospheric and reactor neutrino 
detectors (detection of Cerenkov light).  Optical arrays are limited by the attenuation length of light in 
water (50 m8).  The acoustic method, on the other hand, benefits from a much longer attenuation length 
(1 km9).  Although the attenuation length is long, however, the acoustic radiation is limited to a disk 
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~10 m thick (and ~1 km wide).  This limits the effective volume for acoustic detection but significantly 
increases the angular resolution. 

Optical detection is possible with an energy threshold of 1015 eV.  The short absorption length, 
however, limits optical detectors to 0.1-1 km2 areas.  This is reasonable for studying the cosmic-ray 
spectrum near the 1015 eV “knee.” For measuring GZK fluxes, a higher area is necessary and a higher 
energy threshold is acceptable.  Acoustic detection, with a possible energy threshold of 1020 eV and 
detector area of 100 km2, could be well suited for UHE neutrino-only detection.  Unfortunately while 
the optical method is generally well understood and arrays are currently in operation both in water10 
and ice11, the feasibility of the acoustic method remains unclear. 

 
THE AUTEC DETECTOR 

In a previous paper12, a feasibility study was proposed using an existing array of underwater 
hydrophones, the Atlantic Undersea Testing and Evaluation Center (AUTEC), operated by Raytheon 
under a U. S. Navy contract.  AUTEC is  located in the Tongue of the Ocean (TOTO), East of Andros 
Island in the Bahamas.  The TOTO is a groove carved deep (1-2 km) into the otherwise shallow 
Bahamas Shelf.  It therefore reaches deep-sea depths conveniently close to shore.  It also forms a cul-
de-sac, resulting in low shipping noise.  These features make it an ideal location for an array of 
hydrophones connected to shore by cable.  The Navy commissioned the Center in _ and many of its 
components have been operational since then. 

As a well-established, operational array, AUTEC was recognized as a good location for a proof-
of-concept study of acoustic neutrino detection.  It could be used to study the feasibility of the method 
quickly and inexpensively and to design an optimal dedicated array should the method prove 
promising.  An agreement was established with AUTEC personnel under which we could run 
parasitically when they are not using it for operations (nights, weekends, and some weekdays).  In 
practice this results in a 75% duty cycle. 
The entire AUTEC array consists of _ phones spanning 250 km2.  The phones sit at the top of ~ 5 m 
booms resting on the sea floor.  For our project a sub-array of 7 hydrophones arranged hexagonally 
with 1.5 km spacing, at 1.6 km depth (Figure _), was instrumented with a data acquisition system.  Our 
array follows the sloping sea floor, inclined 1° from the vertical, 7° East of North.  This is important 
because we are only sensitive to neutrinos incident from within ~1° of the detector normal.  The 
hydrophones span 29 m vertically but only 5 m perpendicular to the detector plane. 

We have suffered some disadvantages using an array designed for other purposes than neutrino 
detection.  An array optimized for neutrino detection would be in the middle of the sea column, not on 
the sea floor.  The sea floor blocks us from detecting events below the detector plane, reducing our 
acceptance by ~½.   Frequencies below 7.5 kHz are filtered away before reaching our system (The 
neutrino spectrum peaks at ~ 10 kHz but extends below 7.5 kHz).  Hydrophone amplitudes are only 
calibrated to within a factor of ~2.  It should also be noted that the system’s phase response is not well 
understood but is believed to distort the signal negligibly.  Finally, changes are occasionally made to 
the system that are beyond our control. 
  
DATA ACQUISITION 
Signals from the AUTEC hydrophones are routed to shore in bundles of cables.  Each bundle goes to a 
different site on shore.  AUTEC has one main site and 3 satellite sites where cables run ashore.  The 
satellite sites are in remote parts of Andros Island but have full time personnel to run the array during 
daily operations.  The cables for our detector run to Site 3, on Big Wood Cay.  We digitize signals 
from the 7 hydrophones at 179 kHz/channel with a National Instruments analog-to-digital card (PCI-
MIO-16E, interface BNC 2110).  This card is installed in a Dell 8100 (1.7 GHz Pentium 4) PC that 
handles all of the data acquisition. 
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The trigger algorithm is primarily a digital matched filter.  The filter effectively raises the 
amplitude of signals matching the expected neutrino shape.  The level one trigger triggers when the 
filtered signal rises above threshold. [Quick response function derivation] 

Because noise conditions are highly variable, the threshold is adjusted each minute (restricted to 
integer multiples of a step size) to seek a 1 Hz trigger rate.  This rate is orders of magnitude above the 
expected neutrino rate, so the adaptive thresholding should be independent of neutrino incidence. 

This system was installed and configured in July 2001.  Run I (July 2001 – October 2001) data 
were dominated by electronic noise.  In December 2001 a new trigger level was installed to reject this 
noise online.  Events were still written to disk at 60 Hz, allowing us to achieve a lower threshold and 
see more interesting events.  Several new types of events emerged in Run II. 

In October 2002 Run III began.  Run III improves the thresholding algorithm, providing a much 
more consistent event rate with a more appropriate threshold for each minute.  Run II’s thresholding 
algorithm simply consisted of increasing or decreasing the threshold by one step depending on whether 
the previous minute had too low or too high an event rate.  This algorithm could only change the 
threshold one step per minute and could not adapt quickly enough to many changes in noise 
conditions.  The new algorithm bases each minute’s threshold on the distribution of filtered signal in 
the previous minute.  It can jump directly to a best-guess threshold. 
 
CALIBRATION 
Explanation of bulb drop and results… 
Table with reconstructed bulb events. 

 
DATA SET 
-days of data, minutes of data, average days/data, # full days 
-duty cycle when we have told them to run whenever they can 
-what remains when we cut out preliminary / bad runs 
-dead time due to: 

- their running 
- captured time 
- over flows 

350 GB data set; July 2001 – October 2002. 
We consider only Run II, which began December 22 2002. 
2.5e7 events total. 
 
GAUSSIAN NOISE 
Correlation of noise level with wind speed attempted but inconclusive – not frequent enough wind data 
(only daily) 
Distribution of gaussian noise? 
 
BACKGROUND EVENTS 
 
Progress on acoustic UHE neutrino detection depends on understanding the rate and characteristics of 
undersea impulsive events similar to neutrino signals.  These background events are poorly understood 
a priori. 
Categories and rates for: correlated noise, spike noise, diamonds, ~3-polar, pinger events 
Fraction of total comprised by each type 
Nikolai's parameters + categories + plots 
 
COINCIDENCE DETECTION 
CD of fundamental importance, but very difficult for a few reasons related to speed of sound << speed 
of light 
 
coincidence algorithm (emphasizing difficulty due to slow sound speed) and rates 
Emphasize ambiguity / combinatorics; inc. stats  
Wide variation in rate of coincidence combinations - # per hour spans many orders of magnitude 
 



BOTTOM REFLECTIONS 
Summarize bottom reflection work + potential. 
Especially statistics on what percentage of events we can find reflections for. 
[Yue? Or I could write some from his notes] 
 
EVENT SIMULATION 
A program was written to simulate the pressure pulse produced at an arbitrary observation point by a 
neutrino of arbitrary energy.  The pressure time series can then be passed through our digital filter.  A 
hydrophone at the observation point would detect the event if the filtered signal passes above 
threshold. 

Given pressure pulses simulated at an array of observation points, we can determine contours 
separating detection from non-detection.  For a given neutrino energy, detection contours can be 
determined for various thresholds.  Because peak filter value is linearly related to peak pressure, which 
is linearly related to neutrino energy, by suitable scaling we can reinterpret the same contours as 
detection contours for various neutrino energies with a fixed threshold.  Figure _ shows such contours 
for a threshold of 0.05.  
 
[Perhaps Nikolai should write more about how the simulation algorithm works] 
 
ACCEPTANCE 
The detection contours can be used to calculate our detector’s acceptance.  Given a neutrino with a 
particular energy generating a shower with a particular position and orientation relative to the detector, 
we can draw a detection contour about the shower and count the number of hydrophones within the 
contour.  This is the number of hydrophones that will be hit, Phit, by such a neutrino. 

 Monte Carlo code was written to generate such events.  Ntot = 106 events were generated 
at each of several discrete energies.  The events were distributed uniformly in volume and isotropically 
in orientation.  Ranges for the 5 coordinates were optimized based on the neutrino energy.  For each 
event, Phit was determined.  We require that at least Pmin hydrophones be hit to consider an event 

detected.  The numb er of events detected, Ndet, is then the number of events for which minNNhit ≥ .  

Requiring more phones to be hit decreases the acceptance. 
Acceptance as a function of energy was determined for Nmin = 4, 5, 6, 7 according to 

∫ Ω= dVd
N
N

EEA
tot

det)()( ρσ .  Here ρ (6.022 x 1029 nucleons/m3) is the nucleon density of water 

and σ(E)  is the total cross section for neutrino-nucleon interactions.  These factors are included to 
convert to standard units, (cm2 sr).  The cross section is not measured experimentally beyond 1016 eV 
(?) and is not well predicted theoretically beyond 1021 eV.  Between 1016 and 1021 eV, the standard 

theoretical cross section is given within 10% by a power law, 2363.036 )/(108.7 cmGeVE−×=σ 13, 

that can be cautiously extrapolated beyond 1021 eV. 
We are not interested in events that hit fewer than 4 phones because they cannot be triangulated 

using the method described in a previous section.  For our planar array configuration, requiring the 
radiation disk to hit at least 4 detectors requires it to coincide with the detector disk.  This limits our 
acceptance to within a few degrees of zenith. 
 An optimal detector would have equal acceptance over nearly all π2  sr of down-going neutrinos.  
The total interaction length for neutrinos on nucleons at ultra-high energies (~100 km for 1020 eV and 
~200 km for 1021 eV14) is large enough that the flux of down-going neutrinos reaching an undersea 
detector is nearly isotropic, while it is small enough that the earth effectively blocks all up-going 
neutrinos.  At 80° zenith the flux is still 95% of that at 0°.  An optimal array should be similarly 
isotropic, with vertical incidence favored only slightly if at all. 
 A possible optimal array is then a simple cube.  Here we consider arrays of 1000 hydrophones, 
with 10 hydrophones on a side.  The spacing between phones depends on the energy range desired.  
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We used our Monte Carlo code to calculate acceptance for two possible arrays, with spacing 100 m 
and 1000 m.  Acceptance for these hypothetical arrays is shown along with that for the current array in 
Figure _. 
  
FLUX LIMIT 
 By applying various cuts we can reduce the number of neutrino candidates to order 1.  This allows 
us to determine a limit on the diffuse neutrino flux. 
 
I.  Background Rejection.  We first consider all combinations of 4-phone events that compose a 4-
phone coincidence trigger.  There are 7 x 105 such combinations.  We then apply the following cuts: 
 We require each combination to triangulate to a point within 100 m of the detector plane, 
rejecting all but 3970 combinations.  Our acceptance for neutrinos is limited to this volume, 
because the thin radiation disk must coincide with the detector plane.  Therefore triangulations 
farther away must be due to other sources.   
 Minutes with threshold above ~0.025 contribute negligibly to our flux limit, as will be seen 
below, because our acceptance is very low with these thresholds.  Therefore we can simply 
consider our detector to be turned off during these minutes due to high noise levels and can ignore 
events that occurred during them.  Doing so rejects _ of the _  combinations, leaving 220. [Change 
the structure of this: consider our live time to be only those minutes with threshold < 0.025 to 
begin with, count the events in them, and ignore all other events.] 
 Compared to many of our triggered events, neutrino events should contain very few 
oscillations (a bipolar pulse is only one oscillation).  Of the 220 remaining events, only 138 have 
Ntyp < 4, as all simulated neutrino events do.  
 By plotting all 138 one-by-one, we can visually reject diamonds, pings, correlated noise, and 
spikes.  This leaves us with only two events.  They both have a shape consistent among all 4 phones 
and are both ~3-polar.  It is unclear if the original acoustic signal was ~3-polar or if they could have 
been bipolar (ie neutrino-shaped) and then transformed by the microphones + amp (including filters). 
 
II. Limit Calculation.  We have previously determined the acceptance of our detector.  We now 
determine the exposure of our data set, defined to be the product of acceptance with livetime.  We do 
this with each threshold separately.  Although the threshold is varying every minute, we expect this 
variation to be coupled to environmental noise that is independent of neutrino incidence.  Therefore we 
can combine all minutes of data taken with each different threshold and think of the detector as several 
independent detectors, all with different thresholds, acceptances, and livetimes.  Then for each 
threshold we calculate an exposure, and our total exposure is their sum. 
 Our flux limit is then determined from the exposure as follows… [fill in once we figure out the 
correct method] 
 
CONCLUSION 
We’ve provided initial background rates that will help optimize a dedicated detector… first acoustic 
limits… 
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FIGURES



 

 
Figure 1. Detector diagram. [Final version will have these two combined into one figure with two 
square panesl; first plot might have depth contours or at least phone depths next to each phone] 



 
Figure 2.  Upper panel: Integrated livetime.  Lower panel: Modulation of livetime by time of day, caused 
by the Navy turning us off while they are running. [Fix month labels in upper] 
Figure 3.  Calibration events. 
Figure 4.  Reconstructed bulb events + close ups 
Figure 5.  Sample events + dolphin event. 



 

Figure 6.  Distribution of events over characteristic frequency and characteristic number of periods. 

 



 
Figure 7.  Detection contours.  Dots indicate the mesh used to generate contours. [To be replaced by 
plot with 1e20 to 1e21 eVcontours] 

 



 
Figure 8.  Acceptance vs. neutrino energy for the current detector as well as two possible dedicated 
detectors consisting of 1000 phones in a cubic array, with phone spacing of either 100 m or 1000 m.  
All acceptances are for Nhit = 4 and a threshold of 0.05. 



  



 
Figure 9.  Flux limits.  [Need to determine which version is correct – see Log 8] [also include possible 
optimized arrays; extend curve; plot with other experiments and theories]  Also include a table listing 
values for the limits. 
 
OTHER POSSIBLE FIGURES 
Response Function 
Acceptance vs. Energy for various thresholds (different curves for 0.01, 0.02, …) 
 
 
 With the detection of enough EHE neutrinos, the neutrino-nucleon cross section could also be 
measured.  This cross section is   We would start by binning events by energy.  We would then 
determine, for each energy, the flux as a function of zenith angle.  Given the overburden of earth/water 
as a function of zenith (from 0 to pi) we would then convert this to flux as a function of overburden.  
Assuming isotropic flux incident on Earth, we expect this to be phi = phi0 * exp[-L/Lint], so we fit for 
phi0 and Lint.  This is done for each energy, giving us Lint(E).  This is then converted to sigma(E). 
 
TO DO / INCLUDE (?) 
 
Fill in references (sciencedirect). 
 
Compare our limit to that from optical undersea and under ice and expts. 
 
Characterization of gaussian noise and fraction of livetime with 
different gaussian noise levels  
 
Nikolai’s contour plot for coincidence events only 
 



Determine effective volume / threshold if we have an external trigger (limited by gaussian noise, not 
impulsive background event rate) 
 
Angular resolution (us + optimized arrays) – should be determinable from my MC calculation of 
acceptance. 
 
Acceptance as a function of zenith angle 
Or maximum zenith / solid angle for positive acceptance, as a function of energy 
 
Plots / table for radiation disk’s height(E0), radius(E0), volume(E0) 
 
Add details of electric noise (spikes and correlated) (rep rate, cause, qualitative description) 
 
 


