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INTRODUCTION	
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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	
  	
  

•  Process	
  produces	
  neutrinos,	
  
some	
  at	
  ultrahigh	
  energies	
  (UHE)	
  

•  Neutrinos	
  are	
  not	
  subject	
  to	
  
these	
  successive	
  interac<ons	
  and	
  
happily	
  con<nue	
  on.	
  

•  UHE	
  neutrinos	
  could	
  also	
  be	
  
produced	
  at	
  a	
  source	
  loca<on	
  
–  If	
  observed,	
  will	
  trace	
  back	
  to	
  
source	
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Large	
  Volume	
  Detectors	
  
•  Consider	
  GZK	
  models,	
  Antarc<c	
  ice,	
  earth	
  shadowing,	
  neutrino	
  cross	
  

sec<ons	
  
–  Less	
  than	
  1/km3/year/energy	
  decade	
  

•  Synop<c	
  –	
  balloons	
  	
  
–  Large	
  target	
  volume	
  -­‐	
  O(106	
  km3);	
  short	
  flight	
  <me	
  30-­‐40	
  days	
  	
  
–  More	
  limited	
  viewing	
  angles	
  à	
  less	
  solid	
  angle	
  
–  Must	
  be	
  reconstructed	
  aber	
  flight	
  and	
  “landing”	
  
–  Good	
  as	
  a	
  “discovery”	
  instrument	
  for	
  highest	
  energies	
  (>1020	
  eV)	
  

•  In	
  situ	
  arrays	
  
–  Long	
  opera<on	
  <me	
  (years);	
  smaller	
  observable	
  volume	
  -­‐	
  O(100	
  km3)	
  
–  Larger	
  solid	
  angle	
  for	
  observable	
  signals	
  
–  Environmental	
  problems	
  in	
  situ	
  –	
  measure	
  and	
  model	
  environment,	
  ice	
  
–  But	
  beeer	
  able	
  to	
  obtain	
  more	
  informa<on	
  about	
  event	
  -­‐	
  direc<on,	
  pol.,	
  etc.	
  
–  Good	
  as	
  an	
  observatory	
  –	
  long	
  term	
  stability,	
  reaches	
  lower	
  energy	
  (1017	
  eV)	
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Size	
  scale	
  of	
  shower	
  
Rmoliere	
   	
  ~10	
  cm	
  

Par<cle	
  shower	
  

Detec<on	
  technique	
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•  How	
  to	
  get	
  large-­‐scale	
  detec<on	
  -­‐ 	
  	
  
–  Brute	
  force:	
  make	
  100	
  IceCubes	
  
–  Use	
  a	
  different	
  approach	
  –	
  radio	
  Cherenkov	
  
technique	
  

•  Coherent	
  Cherenkov	
  signal	
  from	
  net	
  
“current,”	
  instead	
  of	
  from	
  individual	
  tracks	
  
– A	
  ~20%	
  charge	
  asymmetry	
  develops	
  in	
  the	
  
shower	
  (positrons	
  annihilated,	
  electrons	
  not)	
  

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

– Hypothesized	
  by	
  Gurgen	
  Askaryan,	
  1962	
  
– Effect	
  observed	
  in	
  ice,	
  water,	
  salt	
  
–  Impulsive	
  bipolar	
  signal	
  

•  Long	
  (~1	
  km)	
  aeenua<on	
  lengths	
  in	
  0.1-­‐1	
  
GHz	
  à	
  large	
  observable	
  volume	
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Radiated Signal - Results - examples
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Detector	
  Concept	
  
•  Place	
  antennas	
  in	
  ice	
  to	
  
observe	
  the	
  radio	
  signals	
  

•  Delays	
  in	
  arrival	
  <mes	
  
used	
  for	
  reconstruc<on	
  

•  3-­‐D	
  array	
  design	
  for	
  each	
  
sta<on	
  	
  
–  Varying	
  baseline	
  direc<ons	
  
–	
  not	
  localized	
  to	
  1	
  plane	
  

–  Good	
  reconstruc<on	
  in	
  
arrival	
  direc<on	
  from	
  
surrounding	
  ice	
  volume	
  

•  Observa<on	
  angle	
  determines	
  
the	
  coherence	
  of	
  the	
  signal	
  
and	
  thus	
  frequency	
  content	
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ν	
   θC	
  ≈	
  56°	
  

Par<cle	
  
shower	
  

Polariza<on	
  direc<on	
  

ARA	
  
Sta<on	
  

Air	
  

Ice	
  



EXPERIMENT	
  AND	
  DETECTOR	
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ARA	
  Collabora<on	
  

•  Interna<onal	
  collabora<on	
  with	
  12	
  ins<tu<ons	
  
•  ~50	
  authors	
  

USA:	
  
	
  Ohio	
  State	
  University	
  
	
  University	
  of	
  Delaware	
  
	
  University	
  of	
  Kansas	
  
	
  University	
  of	
  Maryland	
  
	
  University	
  of	
  Nebraska	
  
	
  University	
  of	
  Wisconsin	
  –	
  Madison	
  

UK:	
  	
  	
   	
  University	
  College	
  London	
  
Belgium:	
  	
  Université	
  Libre	
  de	
  Bruxelles	
  
Japan:	
   	
  Chiba	
  University	
  
Taiwan:	
   	
  Na<onal	
  Taiwan	
  University	
  
Israel:	
   	
  Weizmann	
  Ins<tute	
  of	
  Science	
  
Germany:	
  University	
  of	
  Bonn	
  
Australia:	
  University	
  of	
  Adelaide	
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ARA	
  layout	
  

•  Currently	
  installed:	
  3	
  design	
  sta<ons	
  +	
  1	
  shallow	
  prototype	
  Testbed	
  
–  Installa<on	
  dates:	
  Testbed	
  2010-­‐2011	
  @	
  30	
  m	
  depth;	
  
–  A1	
  2011-­‐2012	
  @	
  100m	
  depth;	
  A2	
  and	
  A3	
  2012-­‐2013	
  @	
  200	
  m	
  depth	
  

•  Next	
  installa<on	
  phase:	
  7	
  more	
  sta<ons	
  for	
  ARA10	
  
•  Total	
  planned	
  –	
  37	
  sta<ons	
  viewing	
  ~	
  100	
  km2	
  of	
  surface	
  area	
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Sta<on	
  Design	
  

•  4	
  strings	
  with	
  4	
  antennas	
  each	
  
–  2	
  pairs	
  (upper	
  and	
  lower)	
  of	
  1	
  Vpol	
  and	
  1Hpol	
  antenna	
  

•  2	
  Calibra<on	
  pulser	
  antennas	
  @	
  receiver	
  antenna	
  depth	
  	
  
•  4	
  fat	
  dipole	
  antennas	
  at	
  surface	
  for	
  cosmic	
  ray	
  iden<fica<on	
  	
  
•  Deployed	
  200m	
  deep	
  in	
  ice	
  –	
  minimize	
  effect	
  of	
  firn	
  layer	
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ARA – Station Design

Antennas:

– Bandwidth of
150–850 MHz

– Azimuthal
symmetry, dipole at
low frequencies

Antenna cluster deployed below firn layer of ice

Notch filter at 450 MHz to remove communications frequencies

Calibration pulser antennas allow in-situ calibration of station

Ryan Maunu (UMD) ARA: Status and Performance April 7, 2014 7 / 18

Hpol	
  quad-­‐sloeed	
  
cylinder	
  antenna	
  

Vpol	
  bicone	
  antenna	
  

•  Bandwidth:	
  
150-­‐850	
  MHz	
  

•  Azimuthal	
  
symmetry,	
  
dipole	
  at	
  low	
  
frequencies	
  



Importance	
  of	
  Deep	
  Deployment	
  

•  Firn	
  –	
  layer	
  of	
  compacted	
  snow	
  
–  Quickly	
  changing	
  index	
  of	
  refrac<on	
  (~1.35	
  à	
  ~1.78	
  within	
  top	
  ~150	
  m	
  of	
  ice)	
  
–  Causes	
  curvature	
  in	
  paths	
  of	
  rays	
  in	
  ice	
  
–  Limits	
  viewable	
  volume	
  and	
  observable	
  neutrino	
  incident	
  angles	
  
–  30	
  m	
  à	
  200	
  m	
  depth:	
  increases	
  effec<ve	
  volume	
  by	
  factor	
  of	
  ~3.2	
  

•  Cost-­‐benefit	
  analysis	
  
–  Ice	
  closer	
  to	
  surface	
  is	
  colder,	
  longer	
  aeenua<on	
  length	
  
–  Drill	
  to	
  lower	
  depths	
  to	
  gain	
  effec<ve	
  volume	
  vs	
  money	
  and	
  <me	
  to	
  drill	
  further	
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Electronics	
  
•  3.2	
  Gigasamples/sec	
  rate	
  
•  Trigger	
  –	
  	
  
–  Tunnel	
  diode	
  acts	
  as	
  a	
  
power	
  integrator	
  over	
  few	
  
ns	
  <me	
  scale	
  

–  Requires	
  3	
  excursions	
  of	
  
tunnel	
  diode	
  output	
  above	
  
threshold	
  within	
  110	
  ns	
  in	
  
antennas	
  of	
  same	
  
polariza<on	
  (3/8)	
  

–  Threshold	
  automa<cally	
  
adjusted	
  to	
  maintain	
  steady	
  
global	
  trigger	
  rate	
  

•  12-­‐bit	
  digi<za<on	
  	
  
•  400	
  ns	
  output	
  waveform	
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ATRI status 
• Rev A unusable due to 

footprint mismatch of 
USB bridge 
– Still was able to test all 

features and identify 
almost all remaining 
problems 

– Have 1 populated board 
with FX2 development kit 
attached for firmware 
development 

• 3x Rev B is currently being 
assembled (will finish this 
week) 

2 

•  Notch	
  filter	
  at	
  450	
  MHz	
  
removes	
  communica<ons	
  
signals	
  

•  LNA	
  for	
  each	
  antenna	
  
improves	
  received	
  signal	
  
strength	
  above	
  background	
  



ANALYSIS	
  STATUS	
  
See	
  talk	
  by	
  Thomas	
  Meures	
  in	
  abernoon	
  for	
  further	
  developments	
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AraSim	
  
•  Official	
  collabora<on	
  Monte	
  Carlo	
  

simula<on	
  package	
  for	
  assessing	
  
sensi<vity	
  and	
  general	
  use	
  

•  Writes	
  simulated	
  events	
  in	
  data	
  
format	
  for	
  direct	
  comparison	
  

•  Simulates	
  full	
  trigger	
  and	
  signal	
  
chain	
  for	
  neutrino	
  events	
  detected	
  
by	
  ARA	
  sta<ons	
  

•  Uses	
  parameterized	
  shower	
  signal	
  
•  Takes	
  into	
  account	
  

–  Index	
  of	
  refrac<on	
  model	
  
–  Calibrated	
  noise	
  simula<on	
  
–  Antenna	
  and	
  electronics	
  	
  

	
  responses	
  
–  Trigger	
  model	
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Calibra<on	
  pulser	
  event	
  waveforms	
  

AraSim	
   Testbed	
  

Time	
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AraSim	
  
Testbed	
  

VRMS	
  Distribu<on	
  

Voltage	
  (mV)	
  

Environmental	
  
background	
  

Thermal	
  
noise	
  
calibra<on	
  
in	
  AraSim	
  



Testbed	
  Analysis	
  
•  Total	
  16	
  antennas,	
  8	
  

borehole	
  antennas	
  at	
  	
  	
  	
  	
  
150	
  MHz	
  to	
  850	
  MHz	
  

•  Maximum	
  depth	
  of	
  
antennas	
  ~	
  30	
  m	
  

•  3	
  sets	
  of	
  calibra<on	
  pulsers	
  
-­‐  Each	
  set	
  has	
  a	
  Vpol	
  and	
  

an	
  Hpol	
  pulser	
  
•  First	
  ARA	
  neutrino	
  	
  
	
  searches	
  carried	
  out	
  	
  
	
  with	
  Testbed	
  sta<on	
  	
  
	
  data	
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ARA	
  –	
  Testbed	
  Neutrino	
  Analysis	
  
•  Standard	
  ARA	
  blinding	
  protocol	
  –	
  examine	
  10%	
  of	
  data	
  to	
  characterize	
  backgrounds	
  

and	
  tune	
  cuts	
  
–  Thermal	
  Noise	
  
–  Con<nuous	
  wave	
  (CW)	
  
–  Anthropogenic	
  impulsive	
  background	
  

•  3	
  analyses	
  –	
  ~330	
  million	
  events	
  
•  OSU	
  Cut-­‐based	
  Analysis	
  –stage	
  1:	
  Feb-­‐Jun	
  2012;	
  stage	
  2:	
  Jan	
  2011-­‐Dec	
  2012	
  

–  Interferometric	
  reconstruc<on	
  from	
  ray-­‐traced	
  cross-­‐correla<on	
  map	
  
–  Op<mized	
  cuts	
  for	
  background	
  rejec<on	
  and	
  signal	
  reten<on	
  

•  UCL	
  Cut-­‐based	
  Analysis	
  –	
  Jan	
  2011	
  -­‐	
  Dec	
  2012	
  
–  Uses	
  least-­‐squares	
  fit	
  to	
  a	
  source	
  loca<on	
  
–  Examines	
  the	
  coherently	
  summed	
  waveform	
  for	
  power	
  

•  KU	
  Template-­‐Based	
  Analysis	
  –	
  only	
  Mar-­‐Aug	
  2011	
  
–  Hit	
  <mes	
  from	
  voltage	
  above	
  threshold,	
  impulsiveness	
  and	
  quality	
  cuts	
  
–  Hit	
  paeern	
  forms	
  a	
  “template”;	
  reject	
  repeated	
  templates	
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OSU	
  analysis	
  -­‐	
  Reconstruc<on	
  Quality	
  Cut	
  

•  Reconstruc<on	
  based	
  on	
  <ming	
  from	
  ray-­‐tracing	
  –	
  use	
  30	
  m	
  and	
  3	
  km	
  maps	
  in	
  Hpol	
  
and	
  Vpol	
  

•  Requires	
  at	
  least	
  one	
  reconstruc<on	
  map	
  to	
  be	
  of	
  good	
  quality	
  
–  1	
  deg2	
  <	
  Area	
  of	
  85%	
  contour	
  surrounding	
  the	
  peak	
  <	
  50	
  deg2	
  	
  
–  Total	
  85%	
  contour	
  peak	
  area	
  <	
  1.5	
  x	
  Area	
  of	
  85%	
  contour	
  surrounding	
  the	
  peak	
  

•  Depending	
  on	
  the	
  polariza<ons	
  which	
  pass	
  the	
  cut,	
  the	
  event	
  is	
  separated	
  into	
  Vpol	
  
and/or	
  Hpol	
  channels	
  

•  Rejects	
  ~95%	
  of	
  noise-­‐dominated	
  events	
  aber	
  ini<al	
  quality	
  cuts	
  

Simulated	
  ν	
  event	
  
reconstruc<on	
  map	
  example	
  

90	
  

-­‐90	
  

0	
  

-­‐180	
   0	
   -­‐180	
  

0.35	
  

0	
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OSU	
  analysis	
  -­‐	
  Reconstruc<on	
  Quality	
  Cut	
  
Known	
  background	
  event	
  

reconstruc<on	
  map	
  example	
  
90	
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•  Reconstruc<on	
  based	
  on	
  <ming	
  from	
  ray-­‐tracing	
  –	
  use	
  30	
  m	
  and	
  3	
  km	
  maps	
  in	
  Hpol	
  
and	
  Vpol	
  

•  Requires	
  at	
  least	
  one	
  reconstruc<on	
  map	
  to	
  be	
  of	
  good	
  quality	
  
–  1	
  deg2	
  <	
  Area	
  of	
  85%	
  contour	
  surrounding	
  the	
  peak	
  <	
  50	
  deg2	
  	
  
–  Total	
  85%	
  contour	
  peak	
  area	
  <	
  1.5	
  x	
  Area	
  of	
  85%	
  contour	
  surrounding	
  the	
  peak	
  

•  Depending	
  on	
  the	
  polariza<ons	
  which	
  pass	
  the	
  cut,	
  the	
  event	
  is	
  separated	
  into	
  Vpol	
  
and/or	
  Hpol	
  channels	
  

•  Rejects	
  ~95%	
  of	
  noise-­‐dominated	
  events	
  aber	
  ini<al	
  quality	
  cuts	
  

Simulated	
  ν	
  event	
  
reconstruc<on	
  map	
  example	
  

90	
  

-­‐90	
  

0	
  

-­‐180	
   0	
   -­‐180	
  

0.35	
  

0	
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2nd	
  Vpeak	
  /	
  Correla<on	
  Cut	
  
•  Other	
  cuts	
  :	
  Data	
  Quality	
  cut,	
  Down	
  cut,	
  CW	
  cut,	
  Delta	
  delay	
  cut,	
  Gradient	
  cut,	
  Geometry	
  

cuts	
  (clustering,	
  South	
  Pole,	
  Calibra<on	
  Pulser),	
  periods	
  of	
  known	
  increased	
  ac<vity	
  at	
  South	
  
Pole	
  

•  Expect	
  a	
  correla<on	
  between	
  Vpeak/RMS	
  from	
  waveform	
  and	
  correla<on	
  value	
  from	
  
reconstruc<on	
  map	
  for	
  an	
  impulsive	
  event	
  

•  Aber	
  removing	
  known	
  background	
  events	
  with	
  other	
  cuts,	
  use	
  this	
  rela<on	
  to	
  get	
  
background	
  es<ma<on	
  

•  We	
  op<mized	
  the	
  cut	
  for	
  best	
  limit	
  on	
  maximal	
  Kotera	
  et	
  al.	
  model	
  	
  
•  As	
  a	
  last	
  cut,	
  this	
  rejects	
  22%	
  of	
  Kotera	
  neutrino	
  flux	
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Testbed	
  10%	
  data	
  set	
  aber	
  cuts	
  applied	
   Simulated	
  1018eV	
  ν	
  set	
  with	
  cuts	
  applied	
  



UCL	
  Analysis	
  Reconstruc<on	
  

•  Obtain	
  coherently	
  summed	
  waveform	
  (CSW):	
  
–  Itera<vely	
  find	
  the	
  best	
  correla<on	
  between	
  a	
  waveform	
  and	
  the	
  CSW;	
  

obtains	
  set	
  of	
  delays	
  with	
  best	
  correla<on	
  
•  Compare	
  delays	
  used	
  to	
  make	
  the	
  CSW	
  to	
  delays	
  expected	
  from	
  

puta<ve	
  source	
  posi<ons:	
  minimize	
  χ2	
  =	
  Σ(Texpected	
  –	
  Tobserved)2	
  
•  Cut	
  events	
  with	
  χ2	
  >	
  2.	
  
•  Also	
  cut	
  events	
  with	
  excess	
  CW	
  power	
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a source at a particular position 
 
Projection in theta, phi at 10km then find the best radial distance 

3 

Tweaked Reconstruction 
Next 

Prev.

First 

Last.

Play

Rev 

Stop

Reset Avg

Go to Event

Elec. View

RF Chan#

Antenna

Int. Map

Waveform

FFT

Hilbert

Average FFT

Azimuth (Degrees)
-100 0 100

El
ev

at
io

n 
(D

eg
re

es
)

-50

0

50

210

310

410

VPol at 10km

Azimuth (Degrees)
-100 0 100

El
ev

at
io

n 
(D

eg
re

es
)

-50

0

50

1

10

210

310

410

° -95φ ° -50θVPol at Best R 38m 

Radial Distance (meters)
210 310 410

2 χ

1

10

210

310

2χVPol 

Azimuth (Degrees)
-100 0 100

El
ev

at
io

n 
(D

eg
re

es
)

-50

0

50

410

HPol at 10km

Azimuth (Degrees)
-100 0 100

El
ev

at
io

n 
(D

eg
re

es
)

-50

0

50

410

° -94φ ° -64θHPol at Best R 32m 

Radial Distance (meters)
210 310 410

2 χ

310

410

2χHPol 

Run: 3032
TestBed Event: 2

Time: 2011-05-20 23:20:57

Sub: 0.000414

PPS Num 18953
Trig Type 001
Pattern 00001011

Form a chi-squared using measured delta ts (from last slide) and those expected from 
a source at a particular position 
 
Projection in theta, phi at 10km then find the best radial distance 



UCL	
  -­‐	
  “Powherence”	
  Cut	
  

•  Linear	
  combina<on	
  of:	
  
–  peak	
  power	
  of	
  the	
  CSW	
  
–  sum	
  of	
  the	
  maximum	
  correla<on	
  values	
  of	
  antennas	
  with	
  the	
  CSW	
  of	
  
the	
  remaining	
  antennas	
  

•  Expect	
  impulsive	
  events	
  to	
  separate	
  out	
  from	
  noise,	
  CW	
  
6/12/14	
   ARENA	
  2014	
  -­‐	
  Annapolis,	
  MD,	
  USA	
   21	
  

4 

The Cuts – Coherence && Power Cut 

sumCorrVals

0.05 0.1 0.15 0.2 0.25

CS
W

Pe
ak

V

0

50

100

150

200

250

300

1

10

210

 Cuts Applied2χ2011 MinBias - CW and 

sumCorrVals

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

CS
W

Pe
ak

Vo
lta

ge

0

200

400

600

800

1000

1200

0

100

200

300

400

500

 Cuts Applied2χeV - CW and 1910

sumCorrVals

0.05 0.1 0.15 0.2 0.25

CS
W

Pe
ak

V

0

100

200

300

400

500

600

700

800

900

1000

0

500

1000

1500

2000

2500

3000

3500

4000

4500

 Cuts Applied2χ2011 CalPulser - CW and 

Top left – MinBias 
Bottom left – calpulser for reference 
Top Right – 10^19eV nu 
 
(all have passed CW and chi squared cuts) 

4 

The Cuts – Coherence && Power Cut 
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Clustering	
  -­‐	
  OSU,	
  UCL	
  

•  Both	
  analyses	
  reject	
  events	
  reconstruc<on	
  to	
  a	
  loca<on	
  where	
  an	
  excess	
  of	
  
events	
  can	
  be	
  found	
  

•  Also	
  reject	
  South	
  Pole	
  phi	
  range	
  and	
  require	
  reconstruc<on	
  in	
  the	
  ice	
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Figure 9: The reconstruction directions of the events
that passed both the first and second stages of the anal-
ysis in the 30 m (upper) and 3 km (lower) maps. Events
that passed the unaltered cuts in the first stage are shown
in blue and those that passed the initial second stage
cuts are shown in red. The initial Geometric Cut re-
gions (dashed blue line) were adjusted after the first
stage (solid red lines) by after performing a Gaussian
fit to the background event distribution with a limited
set of cuts applied.

correlation. This is achieved by creating a coherently
summed wave (CSW), where individual antenna wave-
forms are added o↵set relative to one another. These
o↵sets are such that the resulting CSW is maximally
correlated with the original waveforms, as measured by
cross-correlation, and are computed using a simple al-
gorithm. The timing di↵erence between pairs of anten-
nas holds information about the arrival direction of the
radio signal and are checked against those calculated
from a simple ice model. A �2 is computed for a se-
ries of trial source locations in 1 degree bins in ✓, � and
logarithmically spaced bins in radial distance R. The
reconstructed location is that which minimizes �2 and
hence corresponds to the most likely physical location
given the measured time o↵sets.

This method has the benefit of using the rich infor-
mation contained within the digitized waveforms (cor-

relation techniques result in precision of ⇠ 150ps res-
olution in timing di↵erences between pairs of anten-
nas) as well as providing a parameter that describes the
goodness of fit in �2 upon which a cut can be placed.
As thermal signals will have essentially random o↵sets
between antennas the preferred source location will, in
general, have a relatively large �2 value associated with
it, thus a requirement for good reconstruction also will
reject a large number of thermal events.

A CSW is formed for each of the two sets of polarized
antennas and two parameters are derived that are used
to identify neutrino-like signals. The first parameter is
the peak voltage in the CSW, which acts as a measure of
power in the constituent antennas. The cross-correlation
waveform is computed for each antenna with the CSW
of the remaining antennas (since a waveform will be
maximally correlated with itself it is not included in
the CSW). The maximum cross-correlation is found in
each of these waveforms and summed to form a vari-
able called ‘sum of correlation values’, which acts as a
measure of coherence. A linear combination of these
parameters is taken to maximize the separation between
thermal events and a combination of simulated neutrino
and calibration pulser events. The resulting cut param-
eter, dubbed ‘Powherence’, is a measure of both power
and coherence requirements between antennas.

Having applied the CW, �2 and Powherence Cuts to
the vertically and horizontally polarized antennas sepa-
rately a cut is made to remove time periods producing
large numbers of passing events. The final cuts are ge-
ometric and based upon reconstruction. The CSW re-
construction achieves ⇠ degree resolution for both sim-
ulated neutrino events and calibration pulser signals,
however a conservative approach was taken in identify-
ing geometric cuts to remove anthropogenic noise sig-
nals. As a result a 50 degree region in azimuth corre-
sponding to the direction of the IceCube Laboratory, as
well as 10 degree regions around calibration pulser lo-
cations were masked o↵. In addition events are rejected
where the reconstructed source location is above the ice.
The e�ciency for all cuts can be found in Figure 10.

One event survives the final cuts in the analysis, but
upon inspection it is clearly due to an anthropogenic
CW signal that narrowly passes the dedicated CW Cut
due to the presence of two carrier frequencies, hence is
rejected as being a neutrino candidate event.

4.3. Template-Based Analysis
One of the three analysis strategies used by ARA

traces its heritage to the RICE experiment, which de-
fined ‘background’ generically as any repetitive wave-
form or hit antenna pattern. In this approach, a sequence

12
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KU	
  Analysis	
  –	
  Template-­‐based	
  

•  Template	
  matching:	
  take	
  remaining	
  events	
  and	
  find	
  the	
  cross	
  
correla<on	
  between	
  the	
  events	
  
–  If	
  events	
  have	
  high	
  CC,	
  they	
  are	
  alike	
  and	
  are	
  thus	
  rejected	
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Ini4al	
  Requirements:	
  
CW	
  filter	
  
4	
  antennas	
  have	
  peaks	
  in	
  excess	
  of	
  	
  

	
  6X	
  RMS	
  
	
  
	
  

Minimum	
  waveform	
  power	
  requirement	
  	
  
well-­‐reconstructed	
  single	
  source	
  vertex	
  
non-­‐pulser	
  reconstruc<on	
  loca<on	
  



Analysis	
  Results	
  
•  OSU	
  analysis	
  
–  Stage	
  1:	
  3	
  events	
  passed	
  cuts	
  

•  Known	
  background	
  event	
  types,	
  adjusted	
  the	
  gradient	
  and	
  
clustering	
  geometric	
  cuts	
  to	
  beeer	
  match	
  those	
  types	
  

–  Stage	
  2:	
  2	
  events	
  passed	
  cuts	
  
•  Also	
  known	
  backgrounds,	
  slightly	
  expanded	
  clustering	
  geometry	
  
cuts	
  to	
  reject	
  the	
  events	
  (5%	
  change	
  in	
  rejected	
  area)	
  

•  UCL	
  analysis:	
  1	
  event	
  passed	
  cuts	
  
–  CW	
  event	
  with	
  two	
  carrier	
  frequencies,	
  non-­‐impulsive	
  

•  KU	
  analysis:	
  1	
  event	
  passed	
  cuts	
  
–  Consistent	
  with	
  calibra<on	
  pulser	
  event,	
  misiden<fied	
  by	
  
template	
  matching	
  

•  No	
  neutrino	
  candidates	
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Sensi<vity	
  
•  First	
  limits	
  from	
  ARA	
  
Testbed	
  found	
  	
  
	
  (see	
  arXiv:1404.5285)	
  

•  Limits	
  comparable	
  for	
  
the	
  two	
  2011-­‐2012	
  
analyses	
  

•  Projected	
  sensi<vity	
  
of	
  expanded	
  array	
  
extends	
  to	
  GZK	
  flux	
  
models	
  	
  

6/12/14	
   ARENA	
  2014	
  -­‐	
  Annapolis,	
  MD,	
  USA	
   25	
  

E (eV)
1510 1610 1710 1810 1910 2010 2110 2210

 )-1
 s

r
-1

 s
-2

E 
F(

E)
 (c

m

-1910

-1810

-1710

-1610

-1510

-1410

-1310

-1210
ANITA II '10

Auger '11

IceCube '12 (2yrs)

RICE '11

2011-2012 limit (224 days)
ARA TestBed

ARA37 (3yrs)

GZK, Kotera '10



Future	
  Improvements	
  

•  Improved	
  CW	
  removal	
  
–  Developing	
  phase	
  variance	
  
technique	
  for	
  filter	
  instead	
  of	
  
cu�ng	
  outright	
  

•  Improved	
  trigger	
  
–  require	
  causal	
  <me	
  sequence	
  
with	
  respect	
  to	
  known	
  
geometry	
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•  Reconstruc<on	
  methods	
  
–  Account	
  for	
  index	
  of	
  refrac<on	
  and	
  reflec<on	
  	
  
–  Reconstruc<on	
  quality	
  parameters	
  

•  Beeer	
  iden<fica<on	
  of	
  anthropogenic	
  signals	
  from	
  South	
  Pole	
  
–  Improve	
  live<me	
  and	
  event	
  selec<on	
  during	
  ac<ve	
  season	
  



Summary	
  
•  ARA	
  is	
  con<nuing	
  to	
  be	
  built	
  
– Drilling	
  and	
  installa<on	
  planned	
  for	
  this	
  season	
  

•  End-­‐to-­‐end	
  calibra<on	
  using	
  TA	
  LINAC	
  planned	
  
–  See	
  talk	
  by	
  Keiichi	
  Murase	
  in	
  the	
  second	
  session	
  

•  First	
  limits	
  from	
  Testbed	
  analysis	
  
–  arXiv:1404.5285,	
  to	
  be	
  submieed	
  to	
  Astrophysical	
  Journal	
  

•  Further	
  sta<ons	
  will	
  see	
  marked	
  improvement	
  in	
  
sensi<vity	
  
– Deeper	
  sta<on,	
  more	
  antennas	
  
–  Improved	
  (2nd	
  genera<on)	
  analysis	
  techniques	
  
–  See	
  talk	
  by	
  Thomas	
  Meures	
  in	
  the	
  second	
  session	
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Total	

 Quality Cut	

 Reco. Qual	



Events	

 ~330,000,000	

 157,019,347	

 3,265,047	



Pass Events	



Reco.Qual Vpol	

 1,839,348	



NoisyTime	

 1,354,670	



Geom Cuts	

 1,122,083	



Gradient Cut	

 1,120,713	



Delta Delay	

 178,796	



CW	

 177,944	



Down	

 16,894	



Rcut	

 0	



Pass Events	



Reco.Qual Hpol	

 1,443,303	



NoisyTime	

 1,095,497	



Geom Cuts	

 904,099	



Gradient Cut	

 903,036	



Delta Delay	

 145,196	



CW	

 142,581	



Down	

 19,394	



Rcut	

 0	



Passed	
  Events	
  Table	
  from	
  2011-­‐2012	
  TestBed	
  Data	
  

Vpol	
  channel	
   Hpol	
  channel	
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Cut	
  Efficiencies	
  

	
   	
   	
  OSU	
  	
   	
   	
   	
   	
   	
   	
   	
   	
  UCL	
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Analysis	
  Cut	
  Efficiencies	
  from	
  Trigger	
  level	
  

2nd	
  PeakV	
  /	
  RMS	
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Neutrino	
  Limit	
  from	
  2011-­‐2012	
  Testbed	
  Data	
  

•  Aber	
  finalizing	
  all	
  the	
  cuts,	
  we	
  looked	
  at	
  remaining	
  90%	
  of	
  data	
  
-  ~	
  0.06	
  expected	
  thermal	
  background	
  events	
  and	
  ~	
  0.02	
  neutrino	
  events	
  from	
  1.5	
  
years	
  of	
  Kotera	
  flux	
  from	
  TestBed	
  

-  Analysis	
  cut	
  efficiency	
  on	
  Kotera	
  model	
  ~	
  40%	
  for	
  Vpeak/RMS	
  from	
  7	
  to	
  20	
  
•  From	
  first	
  2012	
  4	
  months	
  analysis,	
  we	
  had	
  3	
  survived	
  events	
  and	
  from	
  
2011-­‐2012	
  analysis,	
  we	
  had	
  2	
  survived	
  events	
  (total	
  live<me	
  ~	
  285	
  days)	
  

-  Both	
  survived	
  events	
  are	
  anthropogenic	
  backgrounds	
  (rejected	
  by	
  modifying	
  
geometric	
  cuts)	
  

•  Zero	
  neutrino	
  candidate	
  event	
  

Effective Area at 
1019 eV [km2sr]	



Accumulative Factor 
from Testbed Analysis	



Testbed Analysis	

 7.37E-04	

 1	



Testbed Trigger	

 4.08E-03	

 6	



ARA one station 
Trigger	

 1.70E-02	

 23	



ARA two stations 
Trigger	

 2.98E-02	

 40	



ARA 37 Trigger	

 4.04E-01	

 550	
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Rejec<ng	
  CW	
  Background	
  

•  Design	
  cut	
  based	
  on	
  ANITA	
  experience	
  

•  Make	
  average	
  spectrum	
  for	
  each	
  run	
  (1	
  run	
  =	
  18000	
  evts	
  ~	
  30	
  
minutes)	
  

•  Reject	
  events	
  whose	
  Fourier	
  transformed	
  voltage	
  waveform	
  exceeds	
  
3.5	
  dB	
  baseline	
  anywhere	
  in	
  frequency	
  space	
  

•  Will	
  op<mize	
  the	
  cut	
  using	
  AraSim	
  and	
  10%	
  not	
  blinded	
  testbed	
  data	
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Event	
  Cut	
  Table	
  (OSU)	
  
Total 3.3E8
Cut Number passing (either polarization)
Event Qual. 1.6E8
Recon. Qual. 3.3E6

VPol HPol
Rejected Rejected

In sequence as last cut as first cut In sequence as last cut as first cut
Recon. Qual. 1.8E6 1.4E6
SP Active Period 1.4E6 125 4.9E5 1.1E6 13 3.5E5
Deadtime < 0.9 1.4E6 0 3.2E4 1.1E6 0 9.2E3
Saturation 1.4E6 0 1.4E4 1.1E6 0 618
Geometric, except SP 1.3E6 7 9.9E4 1.0E6 0 4.6E4
SP Geometric 1.1E6 0 2.9E5 9.0E5 1 2.0E5
Gradient 1.1E6 0 1.4E4 9.0E5 0 4.6E3
Delay Di↵erence 1.8E5 0 1.5E6 1.5E5 0 1.2E6
CW 1.8E5 0 1.3E4 1.4E5 1 3.4E4
Down 1.7E4 15 1.6E6 1.9E4 1 1.2E6
Vpeak/Corr 0 1.7E4 1.8E6 0 1.9E4 1.4E6

Table 2: This table summarizes the number of events passing each cut in the Interferometric Map Analysis, in Phase
2 (2011-2012, excluding Feb.-June 2012). We list how many events each cut rejects as a last cut, and how many are
rejected by each cut if it is the first cut. After the Event Quality and Reconstruction Quality Cuts are applied, VPol
and HPol and considered as two separate channels for the purpose of tabulation, independent of one another.
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Figure 13: These figures show the distribution of zenith angles of incident momenta for simulated neutrinos at 1018

eV that pass the trigger in AraSim for (a) Testbed at 30 m and (b) a design station at a depth of 200 m. The viewable
arrival direction zenith angles are generally limited to less than 120� for the Testbed and less than 150� for a design
station. This limited range of observable arrival directions is due to the combination of the limited viewing region
seen in Figure 3 and the requirement that the coherent signal is emitted near the Cherenkov angle, which is relative
to the arrival direction. When one adds in the screening e↵ect of the Earth (red lines), almost all events with zenith
angles less than 90� disappear as well and thus the observable range of zenith angles is limited by the geometry of the
Testbed by a factor of about 2.

factor of 3.2 improvement in sensitivity. This is because
a shallow station is limited in the angle of incident RF

emission that it can observe, and neutrinos that produce
RF emission that is steep enough to be observable are

16
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Reconstruc<on	
  Error	
  -­‐	
  Simula<on	
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Reco Theta - Corrected 

Entries  23411
Mean   -0.470
RMS     1.377

 / ndf 2χ  320.538 / 37
Constant  6.975± 433.937 
Mean      0.017± -0.487 
Sigma     0.011±  1.104 

interaction pointθ-reco correctedθ = θΔ
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 Corrected VPolθCSW Reco 

Plotted are the residuals using this corrected theta (using the fit from the 
previous page). 
 
I expect the majority of our effective volume to come from this region (see 
colour scale on slide 5), so we do surprisingly well in our most sensitive region 

They look like this…. 
 

Entries  24914
Mean   -0.022
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Constant  5.063± 269.105 
Mean      0.026± -0.068 
Sigma     0.017±  1.402 
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 Corrected HPolθCSW Reco 



Reconstruc<on	
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  Calpulser	
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CalPulser Reconstruction - Phi 

Entries  2358571
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 CalPulser 2011 VPolφCSW Reco 

Entries  208111
Mean   5.084e-01
RMS    1.531e+00

truth
φ-recoφ = φΔ

-20 -10 0 10 20
N

um
be

r o
f E

ve
nt

s
1

10

210

310

410

510
Entries  208111
Mean   5.084e-01
RMS    1.531e+00

 CalPulser 2012 HPolφCSW Reco 
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CalPulser Reconstruction - Theta 

Entries  2358571
Mean   -2.492e+00
RMS    1.686e-01

truthθ-recoθ = θΔ
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 CalPulser 2011 VPolθCSW Reco 
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