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Cosmic	
  Messengers	
  
•  Cosmic	
  rays	
  

–  Charged	
  -­‐	
  subject	
  to	
  magneQc	
  
deflecQon	
  

–  Lose	
  energy	
  to	
  GZK	
  
•  Gamma	
  rays	
  and	
  other	
  photons	
  

–  AHenuaQon	
  
•  Neutrinos	
  	
  

–  No	
  aHenuaQon	
  or	
  deflecQon	
  
– Weakly	
  interacQng	
  -­‐	
  difficult	
  to	
  
observe	
  

–  Only	
  extraterrestrial	
  sources	
  
•  Sun,	
  Supernova	
  1987A	
  
•  new	
  IceCube	
  events	
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GZK	
  Process	
  and	
  Sources	
  
•  Greisen-­‐Zatsepin-­‐Kuzmin	
  (GZK):	
  	
  

Cosmic	
  rays	
  with	
  E	
  >	
  1019.5	
  eV	
  
interact	
  with	
  cosmic	
  microwave	
  
background	
  (CMB)	
  photons	
  	
  

•  Cosmic	
  rays	
  above	
  this	
  energy	
  are	
  
limited	
  to	
  a	
  range	
  of	
  ~75	
  MPc	
  

•  Process	
  produces	
  neutrinos,	
  some	
  
at	
  UHE	
  

•  Neutrinos	
  are	
  not	
  subject	
  to	
  these	
  
successive	
  interacQons	
  and	
  happily	
  
conQnue	
  on.	
  

•  UHE	
  neutrinos	
  could	
  also	
  be	
  
produced	
  at	
  a	
  source	
  locaQon	
  
rather	
  than	
  through	
  GZK	
  
–  If	
  observed,	
  will	
  trace	
  back	
  to	
  source	
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Large	
  Volume	
  Detectors	
  
•  Consider	
  GZK	
  models,	
  AntarcQc	
  ice,	
  earth	
  shadowing,	
  
neutrino	
  cross	
  secQons	
  
–  Less	
  than	
  1/km3/year/energy	
  decade	
  

•  IceCube	
  –	
  O(1	
  km3)	
  of	
  ice	
  –	
  discovery	
  scale	
  
–  opQcal	
  Cherenkov	
  radiaQon	
  –	
  limited	
  range,	
  aHenuates	
  in	
  ice	
  
–  BeHer	
  sensiQvity	
  at	
  lower	
  energies	
  (more	
  PeV,	
  less	
  EeV)	
  

•  ARA	
  –	
  O(100	
  km3)	
  of	
  ice	
  -­‐	
  sensiQve	
  to	
  energies	
  up	
  to	
  1020	
  eV	
  
–  This	
  size	
  needed	
  for	
  observatory-­‐like	
  detecQon	
  of	
  UHE	
  neutrinos	
  

•  ANITA	
  –	
  O(1000000	
  km3)	
  of	
  ice	
  –	
  700	
  km	
  to	
  horizon	
  	
  
–  Balloon	
  experiment	
  -­‐	
  ~30	
  day	
  flight	
  Qme	
  
–  SensiQve	
  to	
  higher	
  energies	
  than	
  ARA	
  but	
  weaker	
  at	
  1EeV	
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DetecQon	
  technique	
  
•  How	
  to	
  get	
  large-­‐scale	
  detecQon	
  -­‐ 	
  	
  

–  Brute	
  force:	
  make	
  100	
  IceCubes	
  
–  Use	
  a	
  different	
  approach	
  –	
  radio	
  Cherenkov	
  
technique	
  

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

– A	
  ~20%	
  charge	
  asymmetry	
  develops	
  in	
  the	
  
shower	
  

–  If	
  λ	
  >>	
  RMoliere	
  (radial	
  size	
  scale)	
  →	
  Coherent	
  
Emission	
  

– Hypothesized	
  by	
  Gurgen	
  Askaryan,	
  1962	
  
– Observed	
  in	
  various	
  dielectric	
  media:	
  ice,	
  
water,	
  salt	
  

–  Impulsive	
  signal	
  	
  
•  AHenuaQon	
  of	
  radio	
  signal	
  is	
  considerably	
  
less	
  than	
  opQcal	
  thus	
  a	
  signal	
  detector	
  unit	
  
has	
  a	
  far	
  greater	
  observable	
  volume	
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Balloons	
  vs	
  in	
  situ	
  Arrays	
  
•  Balloons	
  

– Large	
  target	
  volume,	
  short	
  flight	
  Qme	
  30-­‐40	
  days	
  
– Must	
  be	
  reconstructed	
  aoer	
  flight	
  and	
  “landing”	
  
– Good	
  as	
  a	
  “discovery”	
  instrument	
  

•  In	
  situ	
  arrays	
  
– Long	
  operaQon	
  Qme,	
  “always	
  on”	
  but	
  smaller	
  observable	
  
volume	
  

– Environmental	
  problems	
  in	
  situ	
  
•  Need	
  to	
  model	
  the	
  environment	
  

– Good	
  as	
  an	
  observatory	
  –	
  long	
  term	
  stability	
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Radio	
  Cerenkov	
  Balloon	
  
Experiments	
  

ANITA


Gorham et al. (2011)


proposed 
ExaVolt 

Antenna (EVA)
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ANITA	
  Design	
  
•  Payload	
  consists	
  of	
  an	
  
array	
  of	
  quad-­‐ridge	
  
horn	
  antennas	
  

•  Antennas	
  aimed	
  down	
  
10°	
  to	
  view	
  ice	
  rather	
  
than	
  sky	
  

•  2.6	
  GHz	
  data	
  sampling	
  
and	
  fast	
  triggering	
  
electronics	
  
– Signal	
  range	
  =	
  150-­‐1000	
  
MHz	
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ANITA	
  Flights	
  and	
  Differences	
  

•  ANITA-­‐I	
  –	
  flew	
  austral	
  summer	
  2006-­‐2007	
  
– 18	
  days	
  good	
  liveQme,	
  cosmic	
  ray	
  events	
  observed	
  

•  ANITA-­‐II	
  –	
  flew	
  austral	
  summer	
  2008-­‐2009	
  
– Added	
  8	
  antennas	
  over	
  ANITA-­‐I,	
  opQmized	
  trigger	
  
– Lower	
  noise	
  amplificaQon,	
  direcQonal	
  mask	
  
– No	
  h-­‐pol	
  trigger	
  

•  ANITA-­‐III	
  -­‐	
  planned	
  for	
  2014-­‐2015	
  pole	
  season	
  
– Added	
  8	
  new	
  antennas	
  over	
  ANITA-­‐II	
  
– OpQmized	
  for	
  neutrinos	
  and	
  cosmic	
  rays	
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ANITA	
  Results	
  
•  ANITA-­‐I	
  observed	
  radio	
  
signals	
  from	
  16	
  cosmic	
  ray	
  
showers	
  
–  Radio	
  signals	
  produced	
  by	
  
geosynchrotron	
  emission	
  

– Majority	
  of	
  events	
  reflected	
  
from	
  the	
  ice	
  surface	
  

–  Some	
  direct	
  events	
  
•  No	
  neutrinos	
  but	
  placed	
  
compeQQve	
  limits	
  above	
  1	
  
EeV	
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FIG. 3: Top: overlay of the 16 UHECR event Hpol pulse shapes,
showing the inverted phase for the 14 reflected events (in blue) com-
pared to the two direct events (in red). Inset: Average pulse pro-
file for all events. Bottom: Flux density for both the averaged di-
rect and averaged reflected events. In each case the data are con-
sistent with an exponential decrease with frequency: the fitted co-
efficients of decrease with frequency are (180± 13 MHz)−1, and
(197± 15 MHz)−1, consistent with each other within fit errors. Er-
rors at low frequency (high SNR) are primarily due to systematic
uncertainty in the antenna gains, and to thermal noise statistics at
higher frequencies.

originates in the earth’s atmosphere and which involves elec-
trical current accelerating transverse to the geomagnetic field.
Such observations are in every way consistent with predic-
tions of geosynchrotron emission from cosmic-ray air show-
ers. In addition, the inherent spectral and time-domain simi-

FIG. 4: Plane of polarization of UHECR events compared to the an-
gle of the magnetic field local to the event, with the red line indicating
the expectation for the Lorentz force. The reflected events are cor-
rected for their surface Fresnel coefficients, and angles are measured
from the horizontal.

larity of our radio pulses, as well as their robust correlation to
geomagnetic parameters, suggests that ANITA’s observations,
which are at much greater distance and higher frequency than
prior and current air-shower geosynchrotron observations, are
less susceptible to near-field fluctuations of radio strength and
plane of polarization. Such issues have been problematic in
this field throughout most of its history.
Our data represent the first broadband measurements of

geosynchrotron emission in the UHF frequency range. The
average observed radio-frequency spectral flux density of the
above- and below-horizon events, shown in Fig. 3 (Bottom) is
consistent with an exponential decrease with frequency. The
lack of any statistically significant difference in the spectra
for the direct and reflected events indicates that ice rough-
ness is unimportant for the average surface reflection. To es-
timate the electric field amplitude at the source of these emis-
sions, we model the surface reflection using standard physical-
optics treatments developed for synthetic-aperture radar anal-
ysis. Such models use self-affine fractal surface parame-
ters [23] and Huygens-Fresnel integration over the specular
reflection region to estimate both amplitude loss and phase
distortion from residual slopes or roughness. In our case,
we used digital-elevation models from Radarsat [24] to esti-
mate surface parameters for each of the event reflection points,
known to a few km precision. In most cases the surface pa-
rameters are found to be smooth, yielding only modest effects
on the reflection amplitude; in a minority of the events, sur-
face parameters were estimated to be rougher, but still within
the quarter-wave-rms Rayleigh criterion for coherent reflec-
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FIG. 1: An example of interferometric maps of relative correlated
intensity for both Hpol (top) and Vpol (bottom) from event 3623566
which occurred in a region of Antarctica where the geomagnetic in-
clination gave an appreciable Vpol component for the shower radio
emission. The sidelobes are residuals from the relatively sparse sam-
pling of the ANITA interferometer baselines. Such maps are used to
verify the location of the emission source on the Antarctic continent,
and exclude emission that arises from known anthropogenic sources.

from Williams Field near McMurdo Station, Antarctica. It
takes advantage of the stratospheric South Polar Vortex to cir-
cle the Antarctic continent at altitudes of 35-37 km while syn-
optically observing an area of ice of order 1.5M km2. During
flight, ANITA records all nanosecond-duration radio impulses
over a 200-1200 MHz radio frequency band. The threshold is
a few times the received power of thermal emission from the
ice, ∼ 10 picoWatts. The direction of detected signals, deter-
mined by pulse-phase interferometric mapping (Fig. 1,[21]),
is localized to an angular ellipse of 0.3◦ × 0.8◦ (elevation ×

azimuth) which is projected back onto the continent to deter-
mine the origin of the pulse. ANITA’s mission is the detection
of ultra-high energy neutrinos via linearly-polarized coherent
radio Cherenkov pulses from cascades the neutrinos initiate
within the ice sheets. Virtually all impulsive signals detected
during a flight are of anthropogenic origin, but such events
can be rejected with high confidence because of their associa-
tion with known human activity, which is carefully monitored
in Antarctica. For its first flight, during the 2006-2007 Aus-
tral summer, ANITA’s trigger system was designed to max-
imize sensitivity to linearly polarized radio pulses, but pur-
posely blinded to the plane of polarization. However, the
entire polarization information – both vertical and horizon-
tal (Vpol and Hpol) – was recorded for subsequent analysis.
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FIG. 2: Map of locations of detected UHECR events superimposed
on a Radarsat image of relative microwave radar backscatter ampli-
tude of the Antarctic continent. The red diamonds are the reflected-
event locations, the black squares are the two direct-event locations.
The dash-dot line indicates the limit of ANITA’s field-of-view for the
flight. Note that the portion of ANITA’s field-of-view that includes
the ocean was always covered by sea-ice during the flight.

Since radio pulses of neutrino origin strongly favor vertical
polarization, due to the geometric-optics constraints on the
radio Cherenkov cone as it refracts through the ice surface,
we used the Hpol information as a sideband test for our blind
neutrino analysis.
Our results were surprising: while the neutrino analysis

(Vpol) gave a null result, a statistically significant sample of
6 Hpol events was found initially [22], and a more sensitive
analysis now yields 16. These events are randomly distributed
around ANITA’s flight path (Fig. 2), uncorrelated in location
to human activity or to each other, but closely correlated to
each other in their radio pulse profile and frequency spec-
trum (Fig. 3, Top). Their measured planes of polarization are
found in every case to be perpendicular to the local geomag-
netic field (Fig. 4), as expected from geosynchrotron radia-
tion. With two exceptions, the events reconstruct to locations
on the surface of the ice; the two exceptional cases have di-
rectional origins above the horizon, but below the horizontal
(from stratospheric balloon altitudes the horizon is about 6◦
below the horizontal). Earth-orbiting satellites are excluded
as a possible source since the nanosecond radio temporal co-
herence observed is impossible to retain for signals that prop-
agate through the ionospheric plasma, which is highly dis-
persive in our frequency regime. The fourteen below-horizon
events are inverted compared to the two above-horizon events,
as expected for specular reflection (Fig. 3, Top). From these
observations we conclude that ANITA detects a signal, seen
in most cases in reflection from the ice sheet surface, which
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ExaVolt	
  Antenna	
  (EVA)	
  concept	
  
Interior 
feed array


•  Design	
  balloon	
  to	
  be	
  a	
  apart	
  
of	
  the	
  detector	
  
–  Put	
  reflector	
  on	
  exterior	
  to	
  
focus	
  signal	
  inwards	
  

•  Would	
  be	
  the	
  world’s	
  
largest	
  aperture	
  airborne	
  
telescope	
  

–  1000’s	
  of	
  square	
  meters	
  
–  150-­‐600	
  MHz	
  (λair≈0.5-­‐2	
  m)	
  

•  100X	
  increase	
  in	
  sensiQvity	
  
to	
  radio	
  signals	
  

•  Currently	
  under	
  
development	
  with	
  3	
  year	
  
NASA	
  engineering	
  study	
  

P. W. Gorham et al., 2011. 

incoming plane wave at -6 to 
-13 degrees below horizontal
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EVA	
  Design	
  
•  Use	
  a	
  super	
  pressure	
  balloon	
  
(SPB)	
  instead	
  of	
  standard	
  
zero	
  pressure	
  balloon	
  
– Maintains	
  relaQvely	
  consistent	
  
lobed	
  geometry	
  (like	
  a	
  
pumpkin)	
  

•  Feed	
  array	
  on	
  suspended	
  
surface	
  within	
  balloon	
  
–  3m	
  high,	
  5	
  rows	
  of	
  total	
  1200	
  
feed	
  antennas	
  

•  Planned	
  1:20	
  scale	
  hang	
  test	
  
at	
  Wallops	
  Flight	
  facility	
  later	
  
this	
  spring	
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Gains	
  
•  Nec2	
  simulaQon	
  of	
  ±	
  25°,	
  11	
  m	
  high	
  reflector	
  region	
  
•  For	
  verQcal	
  polarizaQon	
  200-­‐500	
  MHz,	
  gain	
  exceeds	
  ~500	
  
Qmes	
  isotropic	
  =	
  27	
  dBi	
  

300 MHz

•   x 100 in gain → ÷ 100 in power threshold                        → ÷ 10 

in E field threshold → ÷ 10 in ν energy threshold

•  For	
  most	
  GZK	
  models,	
  at	
  least	
  a	
  factor	
  of	
  10	
  increase	
  in	
  event	
  rate	
  
over	
  ANITA-­‐II;	
  could	
  even	
  reach	
  mixed	
  composiQon	
  models	
  

Gorham et al. (2011)
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Outline	
  
•  IntroducQon	
  
•  Balloon	
  Experiments	
  

– AntarcQc	
  Impulse	
  Transient	
  Antenna	
  (ANITA)	
  
–  ExaVolt	
  Antenna	
  (EVA)	
  

•  In	
  situ	
  arrays	
  
–  Radio	
  Ice	
  Cherenkov	
  Experiment	
  (RICE)	
  
– Askaryan	
  Radio	
  Array	
  (ARA)	
  
– AntarcQc	
  Ross	
  Ice-­‐Shelf	
  ANtenna	
  Neutrino	
  Array	
  
(ARIANNA)	
  

•  Challenges	
  and	
  Observables	
  
•  Conclusions	
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Radio	
  Ice	
  Cherenkov	
  Experiment	
  

•  Antennas	
  deployed	
  in	
  
AMANDA	
  boreholes	
  

•  First	
  in	
  situ	
  radio	
  
Cherenkov	
  array	
  	
  

•  Placed	
  compeQQve	
  limits	
  
on	
  UHE	
  neutrino	
  flux	
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A. Experimental Layout

Figure 1 shows the detector geometry (essentially unchanged since 2000) in relation to the

FIG. 1: Cutaway view of RICE experimental hardware. Fat-dipole antennas (show in in blue) are
connected by coaxial cables (yellow) to a data acquisition system housed in the MAPO building
(shown as rectangular solid). Locations are drawn to scale relative to MAPO. As indicated in the

Figure, the deepest antenna is approximately 350 meters below the surface.

Martin A. Pomerantz Observatory (MAPO) at South Pole Station. The sensitive detector
elements, radio receivers, are submerged at depths of several hundred meters close to the
Geographic South Pole, in holes primarily drilled for the AMANDA experiment. Six of the
RICE receivers are deployed in ‘dry’ holes drilled specifically for RICE in 1998-99. Despite
bulk motion of the ice sheet, and the closing of those dry holes under the ambient hydro-
static pressure over ∼5 years, we continue to receive signals from all successfully deployed
antennas. A block diagram of the experiment, showing the signal path from in-ice to the

3

I	
  Kravchenko	
  et	
  al,	
  2011	
  Neutrino	
  Workshop	
  

Blue	
  markers	
  =	
  antennas	
  



Askaryan	
  Radio	
  Array	
  (ARA)	
  
•  Array	
  of	
  antennas	
  designed	
  to	
  detect	
  UHE	
  neutrinos	
  using	
  
radio	
  Cherenkov	
  technique	
  (Askaryan	
  effect)	
  at	
  South	
  Pole	
  

•  Deployed	
  a	
  shallow	
  TestBed	
  	
  prototype	
  and	
  3	
  deep	
  staQons	
  
–  16	
  borehole	
  antennas	
  /	
  staQon	
  at	
  200MHz	
  to	
  800MHz	
  

•  8	
  verQcally	
  polarized	
  (Vpol),	
  8	
  horizontally	
  polarized	
  (Hpol)	
  
–  StaQons	
  A2,	
  A3	
  drilled	
  to	
  design	
  depth	
  of	
  200	
  m	
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Proposed	
  full	
  37-­‐staQon	
  array	
  covering	
  
~200	
  km2	
  area	
  of	
  ice	
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ARA	
  
•  2	
  GHz	
  data	
  sampling	
  and	
  fast	
  triggering	
  
•  3	
  out	
  of	
  8	
  (Hpol	
  or	
  Vpol)	
  antennas	
  pass	
  power	
  threshold	
  within	
  110	
  ns	
  	
  

–  Signal	
  expected	
  to	
  be	
  dominated	
  by	
  one	
  or	
  the	
  other	
  polarizaQon	
  
•  Currently	
  finalizing	
  first	
  analyses	
  of	
  TestBed	
  data	
  taken	
  from	
  2011-­‐2012	
  

–  Beginning	
  to	
  extend	
  analysis	
  to	
  A2,	
  A3	
  
•  Developing	
  rigorous	
  detector	
  simulaQon	
  (AraSim)	
  

–  Want	
  to	
  include	
  enQre	
  signal	
  chain	
  from	
  shower	
  development	
  to	
  digiQzed	
  RF	
  waveform	
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Simulated neutrino events written as data 
(ARA and ANITA)

Simulation

Calibration Pulser 
Data

• Neutrinos now written in data format to allow
- Improved cut optimization
- Calibration to data
- Perform reconstructions 

CalibraQon	
  Pulser	
  Data	
  
SimulaQon	
  



ARA	
  (conQnued)	
  
•  CalibraQon	
  

–  ICL	
  pulser	
  
–  In-­‐ice	
  calibraQon	
  pulsers	
  
–  Surface	
  pulsers	
  	
  (2013-­‐2014	
  season)	
  

•  Backgrounds	
  –	
  radio	
  is	
  very	
  acQve	
  
even	
  at	
  Pole!	
  
–  ConQnuous	
  wave	
  (single	
  frequency)	
  	
  	
  

•  weather	
  balloons	
  
•  communicaQons	
  frequencies	
  –	
  filter	
  at	
  
450	
  MHz	
  

–  Impulsive	
  –	
  SPS,	
  other	
  man-­‐made	
  
sources	
  on	
  ice,	
  staQc	
  discharges	
  

•  Reject	
  events	
  that	
  point	
  to	
  
repeated	
  locaQons,	
  known	
  source	
  
locaQons	
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Photos from the field

Watching a power scan sub-run. (Ben Eberhardt)

Suspending the birdcage with the PVC antenna stand. (Ben Eberhardt)

11

Sample readouts

ARA02, mark206: 175 m out, 45 dB attenuation, 45�.

ARA02, mark250: 350 m out, 20 dB attenuation, 0�.
Inside the shadow region: surface wave only?

14



ARIANNA	
  
•  Array	
  of	
  antennas	
  on	
  the	
  
surface	
  of	
  Ross	
  Ice	
  Shelf	
  in	
  
AntarcQca	
  
–  Antennas	
  buried	
  just	
  under	
  
the	
  ice	
  surface	
  

•  Recently	
  completed	
  a	
  
hexagonal	
  array	
  of	
  staQons	
  

•  Radio	
  Cherenkov	
  signals	
  
reflected	
  from	
  the	
  boHom	
  
of	
  the	
  ice	
  sheet	
  
–  Could	
  potenQally	
  see	
  more	
  
“down-­‐going”	
  events	
  

–  Relies	
  on	
  detailed	
  
knowledge	
  of	
  ice	
  sheet	
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EHE Physics !
and ARIANNA !
http://arianna.ps.uci.edu"
"
Steve Barwick,  UCI"
"

for the ARIANNA 
collaboration"
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Outline	
  
•  IntroducQon	
  
•  Balloon	
  Experiments	
  

–  AntarcQc	
  Impulse	
  Transient	
  Antenna	
  (ANITA)	
  
–  ANITA	
  Results	
  
–  ExaVolt	
  Antenna	
  (EVA)	
  

•  In	
  situ	
  arrays	
  
–  Radio	
  Ice	
  Cherenkov	
  Experiment	
  (RICE)	
  
–  Askaryan	
  Radio	
  Array	
  (ARA)	
  
–  AntarcQc	
  Ross	
  Ice-­‐Shelf	
  ANtenna	
  Neutrino	
  Array	
  (ARIANNA)	
  

•  Challenges	
  and	
  Observables	
  
•  Current	
  Results	
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Observables	
  

•  What	
  informaQon	
  about	
  the	
  neutrino	
  do	
  we	
  want	
  
to	
  extract?	
  
– Energy,	
  poinQng	
  direcQon,	
  flavor	
  

•  How	
  do	
  we	
  get	
  there?	
  	
  
–  received	
  radio	
  signals	
  -­‐>	
  informaQon	
  about	
  neutrino	
  
– Must	
  interpret	
  the	
  radio	
  signal	
  

•  relaQve	
  Qming,	
  shape,	
  amplitude,	
  polarizaQon	
  

– Need	
  refined	
  modeling	
  of	
  radio	
  Cherenkov	
  signal	
  
•  Shower	
  emission	
  model,	
  ice	
  model,	
  LPM	
  effect	
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PoinQng	
  DirecQon	
  
•  Want	
  to	
  trace	
  events	
  back	
  to	
  a	
  

point	
  in	
  the	
  sky	
  
–  Source?	
  Diffuse?	
  

•  PoinQng	
  direcQon	
  of	
  incoming	
  
neutrino	
  needs	
  
–  Reconstructed	
  posiQon	
  
–  PolarizaQon	
  
–  Known	
  Cherenkov	
  angle	
  (~56°)	
  	
  

•  Cherenkov	
  ring	
  depends	
  on	
  
direcQon	
  of	
  shower/incident	
  
neutrino	
  

•  RejecQon	
  of	
  known	
  sources	
  and	
  
clusters	
  of	
  events	
  
–  South	
  Pole	
  StaQon,	
  weather	
  
balloons,	
  etc.	
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ν	
   θC	
  ≈	
  56°	
  

ParQcle	
  
shower	
  

PolarizaQon	
  direcQon	
  

Neutrino	
  Workshop	
  

ARA	
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•  Impulsive	
  waveform	
  –	
  ~1-­‐10	
  ns	
  Qme	
  scale	
  
•  CorrelaQon	
  factor	
  -­‐	
  ConvoluQon	
  of	
  the	
  two	
  waveforms	
  including	
  a	
  Qming	
  offset	
  
•  Only	
  Vpol-­‐to-­‐Vpol	
  comparison	
  and	
  Hpol-­‐to-­‐Hpol	
  comparison	
  
•  Calculate	
  Qming	
  delays	
  for	
  all	
  angles	
  of	
  approach	
  
•  Sample	
  correlaQon	
  plot	
  at	
  these	
  delays	
  
•  Many	
  posiQons	
  will	
  produce	
  the	
  same	
  Qming	
  delays	
  for	
  a	
  pair	
  of	
  antennas	
  
•  SoluQon:	
  Use	
  more	
  antennas	
  -­‐	
  Add	
  up	
  all	
  the	
  correlaQon	
  values	
  from	
  all	
  the	
  

pairs	
  of	
  antennas	
  

PosiQon	
  ReconstrucQon	
  

d
1	
  

d
2	
  

(f ! g)(t) =

+∞∫
−∞

f∗(τ)g(t + τ)dτ (1)

∆t =
(d2 − d1)n

c
(2)

1

Reconstruction

Directional fits
• Best reconstruction of RF 

direction derived from a 
fit to delays 

Cross-correlation maps
• These maps show 

direction to interaction
• Each antenna pair      

maps out a “ring”
• Reconstructed location 

at intersection of rings

Cal pulser event

Φ (deg)
θ 

(d
e
g
) C

o
rre

la
tio

n
 fa

c
to

r

Station 3:  Δθ=0.3º, ΔΦ=0.4º 



Concerns	
  for	
  ReconstrucQon	
  
•  Anything	
  that	
  affects	
  Qming	
  delays	
  will	
  

affect	
  the	
  correlaQon	
  map	
  
•  The	
  index	
  of	
  refracQon	
  of	
  the	
  ice	
  

–  The	
  values	
  themselves	
  	
  
–  How	
  they	
  change	
  in	
  the	
  ice	
  

•  First	
  150	
  m	
  “firn”	
  –	
  rapidly	
  changing	
  n	
  
•  Changing	
  n	
  -­‐>	
  Snell’s	
  law	
  
•  Curvature	
  in	
  path	
  
•  Some	
  areas	
  excluded	
  

•  Electronics	
  delays	
  -­‐	
  measure	
  them	
  
•  Use	
  calibraQon	
  pulser,	
  surface	
  pulsers,	
  ICL	
  

pulser	
  to	
  get	
  addiQonal	
  Qming	
  informaQon	
  
•  Geometric	
  assumpQons	
  -­‐	
  plane-­‐wave	
  vs	
  

spherical	
  vs	
  other	
  (ray	
  tracing)	
  
•  Also	
  noise	
  over	
  the	
  signal	
  can	
  severely	
  

wash	
  out	
  the	
  correlaQon	
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Eugene Hong1 for the ARA Collaboration
1Department of Physics, Ohio State University, Columbus OH 43210

Abstract: AraSim is a software package used by the Askaryan Radio Array (ARA) collaboration to simulate the detector response to radio Cherenkov 
emission from ultra-high energy (UHE) neutrino interactions. We provide details of simulated neutrino events in AraSim, including neutrino absorption in the 
Earth, the radio Cherenkov signal spectrum, determining the signal’s propagation through the Antarctic ice, and modeling properties of the detector. We also 
present the results of calibrating AraSim to TestBed data and the expected UHE neutrino sensitivity of data from different deployment stages of ARA detector.

Introduction
•The cosmic ray flux cut off above primary cosmic ray 

energies of 1019.5 eV leads us to expect a UHE neutrino 
flux from Greisen-Zatsepin-Kuzmin (GZK) interaction

•UHE neutrino interactions result in particle cascades 
and due to a charge asymmetry in the shower, there will 
be Cherenkov radiation

•ARA is an antenna array located at the South Pole 
which aims to detect the radio Cherenkov signal from 
neutrino interactions in the ice

•AraSim is a Monte Carlo (MC) simulation which models 
neutrino events and the ARA detector response

TestBed Station•Currently have deployed a shallow TestBed (Jan 2011) and 
three deep stations (2011-2012, 2012-2013 seasons)

•An ARA design station consists of 16 radio frequency 
antennas in drilled boreholes with frequency range of  
200 MHz to 800 MHz

•The full proposed ARA detector would consist of 37 
stations spaced 2 km apart at a depth of 200 m

•The ARA TestBed station is a prototype station of the 
ARA detector

•Maximum depth of antennas in TestBed is ~ 30 m

•Four different types of antennas in TestBed

ARA Detector

Simulating Neutrino Events

Antenna Properties

Simulation procedure in AraSim
1) Selects a neutrino interaction location in the ice
2) Models the Cherenkov radio spectrum with a parametrized 

model (see “Parametrized Cherenkov Signal” box)
3) Traces rays from the interaction location to the antennas
4) Simulates the detector response
5) Models the trigger
6) Stores voltage waveforms in the same format as in real data

Selecting Neutrino-Ice Interaction 
Location

Ray Tracing

Parametrized Cherenkov Signal

Electronics Properties

Generating Noise Waveforms Trigger Analysis

Calibrating AraSim to Data

•Force neutrinos to interaction within 3 km-radius 
cylindrical volume of ice centered around the detector

•Neutrino travel directions are randomly distributed 
over 4π solid angle

•Once the neutrino interaction location and travel 
direction are chosen,  AraSim weights the event by a 
factor that accounts for the Earth screening

p = ⇧i e
�li/Li

•Model the electric 
field strength of the 
shower in the ice 
by parametrized 
model for radio 
Cherenkov signal 
from Alvarez-Muñiz 
et al* 

•The Antarctic ice has a depth-dependent index of refraction 
within ~ 200 m of the surface

•This property results in bending of the direction of the 
emitted ray

•Can be two ray trace solutions

•ARA stations are designed with boreholes of 200 m depth to 
avoid the region where bending effect is large

•Obtain various pieces of information such as viewing angle, 
polarization of signal at the antenna, and ray travel time to 
each antenna from ray trace solutions

Radio Cherenkov Signal 
Spectrum at the cone, 1m

0 20 40 60 80 100 120 140 160 180-20

-15

-10

-5
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10

Gain (dB)
300MHz gain(dB)
500MHz gain(dB)
700MHz gain(dB)

Gain (dB)

•Antenna 
models are 
from NEC2 
antenna 
simulation

•From the ray 
trace solution, 
we have the 
ray receiving 
angle for each 
antenna

Elevation Angle (deg)

Quad-slotted Cylinder 
Antenna’s Gain from NEC2

Filter Gain

•Apply entire 
electronics chain 
such as low noise 
amplifier (LNA), 
filter, fiber optic 
amplifier (FOAM)

•The frequency domain responses of these 
electronic components are measured in the lab1018 1019 1020

Energy (eV)

•Generate noise waveforms for each channel if 
any ray trace solution exists for a specific 
neutrino event

•Noise waveforms follow the calibrated noise 
spectrum (see “Calibrating AraSim to Data” box)

•The time length of noise waveforms are long 
enough to add all neutrino signals with proper 
time delay

Pure Noise Waveform

Pure Signal
Waveform

UHE Cosmic Ray Flux

•Model the ARA trigger

- Convolve voltage waveforms with power detector 
response

- Scan through the convolved waveforms of all 
channels with 100 ns trigger coincidence window

- Global trigger occurs when three or more 
channels pass the trigger threshold

•Use trigger threshold that was calibrated with data 
(see “Calibrating AraSim to Data” box)

• Store the triggered event’s waveform information

Thermal Noise Calibration 

Trigger Threshold Calibration

•Thermal noise events are the 
dominant background events from 
the ARA detector

•We sampled thermal noise events 
from TestBed data

• Fit sampled data with Rayleigh 
distribution for each channel, each 
frequency bin separately

TestBed data

Rayleigh 
distribution fit

TestBed
AraSim

Rayleigh Distribution Fit at 
One Channel, 200 MHz

RMS Voltage Distribution 
from TestBed and AraSim

•AraSim generates noise waveforms from the fitted Rayleigh distributions along with random phase

•We find a trigger sensitive variable from digitized waveforms

•Since trigger requires at least three channels pass the trigger 
threshold, trigger sensitive variable : third highest peak square 
voltage among channels in the trigger window

•Calibrated trigger threshold for each channel separately by 
finding the minimum       of histogram fits from different trigger 
thresholds

�2

Calibration Pulser 
Waveform from AraSim

Calibration Pulser 
Waveform from TestBed Data

Neutrino Constraints from 
Various Experiments

Trigger level 
sensitivity

•AraSim can be used for various different methods

- We can apply same analysis cuts to AraSim results and 
obtain optimized cut parameters

- We can obtain neutrino constraints from different 
deployment stages of the ARA detector

•AraSim is currently used by collaborators for various detector 
optimization studies and to produce criteria for data analysis
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•We plan to work on adding more functionality to AraSim

- Semi-analytic model of radio Cherenkov signal generation

- New physics scenarios such as microscopic black hole, 
monopole events

Ray Tracing with Different Depth

*J. Alvarez-Muñiz, Phys.Rev.D 62, 063001 (2000)

Results from AraSim / Summary
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Energy	
  of	
  Primary	
  
•  Primary	
  à	
  shower	
  development	
  à	
  viewing	
  angle	
  
à	
  received	
  radio	
  signal	
  

•  Energy	
  reconstrucQon	
  will	
  depend	
  on	
  	
  
–  signal	
  strength,	
  signal	
  shape	
  
–  ReconstrucQon	
  informaQon	
  

•  Shape	
  and	
  amplitude	
  of	
  the	
  signal	
  depend	
  on	
  	
  
–  Energy	
  of	
  primary	
  –	
  proporQonal	
  to	
  charge	
  in	
  shower	
  
–  Charge	
  excess	
  profile	
  of	
  parQcle	
  shower	
  	
  
– DeviaQon	
  from	
  Cherenkov	
  angle	
  

•  Also	
  dependent	
  on	
  ice	
  model	
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  Cherenkov	
  angle	
  

•  Viewing	
  angle	
  relaQve	
  to	
  the	
  
Cherenkov	
  angle	
  changes	
  the	
  shape	
  
and	
  magnitude	
  of	
  the	
  signal	
  
–  Faster	
  signal	
  at	
  Cherenkov	
  angle	
  
–  Can	
  also	
  be	
  examined	
  in	
  frequency	
  
domain	
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LPM	
  effect	
  
•  At	
  sufficiently	
  high	
  energies,	
  

interacQon	
  length	
  increases	
  
dramaQcally	
  

•  Hadronic	
  showers	
  
–  For	
  Eν	
  >	
  1	
  EeV,	
  LPM	
  effect	
  

becomes	
  important	
  	
  
•  ElectromagneQc	
  showers	
  

–  ELPM,E-­‐M	
  =	
  2.4	
  PeV	
  
–  EeV	
  neutrinos	
  will	
  show	
  

lengthening	
  of	
  shower	
  profiles	
  
•  Shower	
  profile	
  à 	
   	
  

	
  charge	
  excess	
  profile	
  à	
  
	
  radio	
  signal	
  

•  Developing	
  models	
  for	
  including	
  
LPM	
  effect	
  in	
  radio	
  pulse	
  profile	
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Primary Proton Pion Kaon
S0 0.11842 0.036684 0.0298

X0 (g cm−2) 39.562 36.862 36.997
λ (g cm−2) 113.03 115.26 119.61
Ec (GeV) 0.17006 0.052507 0.048507

Table I: Values of the parameters for the fit to expression 1 of the longitudinal development of hadronic
showers in ice.

We have studied hadronic showers initiated in neutrino interactions in ice for energies up to 100 EeV.
We have chosen to simulate several quantities that are relevant for Cherenkov emission such as the fraction
of energy going into electromagnetic subshowers, which is seen to increase with shower energy reaching
values as high as 94% at EeV energies (Alvarez 1998), and the total and excess charge tracklengths, which
are respectively dominated by the contribution of electrons and positrons and by the excess of electrons over
positrons. For the latter purpose we have used parameterizations obtained in (Zas 1993).
In Fig. 2 we show the longitudinal development of hadronic showers. Below 1 EeV the longitudinal de-

velopment ”scales” with
shower energy and it is
not affected by the LPM
effect in agreement with
the interpretation given above.
This is not surprising. Due
to the high multiplicities
involved in hadronic in-
teractions the energy of
the π0’s is considerably
reduced with respect to
the primary energy. The
average energy of the π0’s
(as produced by SIBYLL)
in a proton-proton colli-
sion at 1019 eV in the
LAB frame is of the order
of 17 PeV. Moreover we
have obtained that only
about 10% of the π0’s of
energy greater than 20 PeV,
produced in proton-ice in- Figure 2: Longitudinal development of hadronic showers initiated by neutrino interactions in ice.

teractions, are expected to decay in ice producing photons of energy above 20 PeV. As a conclusion showers
are not elongated despite being produced by primaries with energies well above ELPM.
We have found that a fraction of showers above 1 EeV have deep tails characteristic of LPM showers. These

tails are produced by the electromagnetic decays of resonances with short lifetimes that are created in early
interactions in the shower. In particular we found that the η and η′ contribute most to this effect. Although the
result is model dependent, it is very interesting since if these showers are ever observed, they would provide
experimental information on the production of resonances and their decays in electromagnetic particles.
The probability of having a neutrino hadronic shower with an LPM tail can be computed with the aid of Fig-

J.	
  Alvarez-­‐Muniz	
  and	
  E.	
  Zas,	
  ICRC	
  1999,	
  
arXiv:astro-­‐ph/9906347	
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Flavor	
  determinaQon	
  
•  νe	
  produces	
  prompt	
  hadronic	
  and	
  electromagneQc	
  showers	
  
•  νμ	
  and	
  ντ	
  produce	
  iniQal	
  hadronic	
  shower,	
  stochasQc	
  losses,	
  final	
  

hadronic	
  shower,	
  different	
  lengths	
  for	
  produced	
  μ	
  and	
  τ	
  
•  Each	
  shower	
  produces	
  a	
  radio	
  Cherenkov	
  signal	
  

–  For	
  νμ	
  and	
  ντ,	
  mulQple	
  radio	
  pulses	
  with	
  observable	
  delays	
  
•  Analyses	
  of	
  ANITA	
  data	
  look	
  for	
  repeated	
  triggers	
  with	
  short	
  

delays	
  for	
  magneQc	
  monopoles	
  too	
  (Phys.Rev.D83:023513,2011)	
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νμ	
  

ντ	
  	
   Double-­‐bang	
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Outline	
  
•  IntroducQon	
  
•  Balloon	
  Experiments	
  

–  AntarcQc	
  Impulse	
  Transient	
  Antenna	
  (ANITA)	
  
–  ANITA	
  Results	
  
–  ExaVolt	
  Antenna	
  (EVA)	
  

•  In	
  situ	
  arrays	
  
–  Radio	
  Ice	
  Cherenkov	
  Experiment	
  (RICE)	
  
–  Askaryan	
  Radio	
  Array	
  (ARA)	
  
–  AntarcQc	
  Ross	
  Ice-­‐Shelf	
  ANtenna	
  Neutrino	
  Array	
  (ARIANNA)	
  

•  Challenges	
  and	
  Observables	
  
•  Current	
  Results	
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Experimental	
  SensiQvity	
  
•  Trigger	
  level	
  
sensiQvity	
  for	
  ARA	
  
and	
  EVA	
  

•  EVA’s	
  sensiQvity	
  
extends	
  to	
  10X	
  
lower	
  energies	
  
than	
  ANITA-­‐II	
  

•  ARA3	
  -­‐	
  already	
  
built,	
  taking	
  data	
  
– Working	
  on	
  
analysis	
  

•  ARA37	
  -­‐	
  planned	
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Conclusion	
  

•  The	
  next	
  generaQon	
  of	
  radio	
  Cherenkov	
  
detectors	
  is	
  being	
  built	
  
– Both	
  balloon	
  experiments	
  and	
  in	
  situ	
  arrays	
  

•  Will	
  probe	
  neutrino	
  fluxes	
  in	
  EeV	
  energy	
  regime	
  
•  Analysis	
  underway	
  on	
  preliminary	
  ARA	
  data	
  
•  Further	
  modeling	
  and	
  simulaQon	
  is	
  necessary	
  to	
  
fully	
  interpret	
  any	
  neutrino	
  signals	
  observed	
  
from	
  these	
  detectors	
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QuesQons?	
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