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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	
  BZ	
  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,	
  satellites	
  –	
  ANITA,	
  EVA,	
  PRIDE	
  
–  Large	
  target	
  volume	
  -­‐	
  O(106	
  km3);	
  short	
  flight	
  ;me	
  30-­‐40	
  days	
  	
  
–  More	
  limited	
  viewing	
  angles	
  à	
  less	
  solid	
  angle	
  
–  Must	
  be	
  reconstructed	
  aeer	
  flight	
  and	
  “landing”	
  
–  Good	
  as	
  a	
  “discovery”	
  instrument	
  for	
  highest	
  energies	
  (>1020	
  eV)	
  

•  In	
  situ	
  arrays	
  –	
  IceCube,	
  HEX/NGI,	
  RICE,	
  ARA,	
  ARIANNA	
  
–  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	
  beier	
  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)	
  aienua;on	
  lengths	
  in	
  0.1-­‐1	
  
GHz	
  à	
  large	
  observable	
  volume	
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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	
  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-­‐sloied	
  
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	
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ANALYSIS	
  STATUS	
  I:	
  
TESTBED	
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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	
  
–  Concentrate	
  on	
  2	
  comparable	
  analyses	
  covering	
  2011-­‐2012	
  

•  Interferometric	
  Map	
  (IM)	
  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	
  

•  Coherently	
  Summed	
  Waveform	
  (CSW)	
  Analysis	
  –	
  Jan	
  2011	
  -­‐	
  Dec	
  2012	
  
–  Uses	
  least-­‐squares	
  fit	
  to	
  a	
  source	
  loca;on	
  
–  Examines	
  the	
  coherently	
  summed	
  waveform	
  for	
  power	
  

•  Template	
  analysis	
  –	
  Iden;fy	
  similar	
  waveforms,	
  Based	
  on	
  RICE	
  heritage	
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IM	
  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	
  aeer	
  ini;al	
  quality	
  cuts	
  

Simulated	
  ν	
  event	
  
reconstruc;on	
  map	
  example	
  

90	
  

-­‐90	
  

0	
  

-­‐180	
   0	
   -­‐180	
  

0.35	
  

0	
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IM	
  analysis	
  -­‐	
  Reconstruc;on	
  Quality	
  Cut	
  
Known	
  background	
  event	
  

reconstruc;on	
  map	
  example	
  
90	
  

-­‐90	
  

0	
  

-­‐180	
   0	
   -­‐180	
  

0.35	
  

0	
  

•  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	
  aeer	
  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	
  

•  Aeer	
  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	
  aeer	
  cuts	
  applied	
   Simulated	
  1018eV	
  ν	
  set	
  with	
  cuts	
  applied	
  



CSW	
  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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CSW	
  -­‐	
  “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	
  
2014/11/10	
   JSI	
  Mul;-­‐messenger	
  and	
  PeV	
  Neutrino	
  

Workshop	
  2014	
  -­‐	
  Annapolis,	
  MD,	
  USA	
   18	
  

4 

The Cuts – Coherence && Power Cut 
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The Cuts – Coherence && Power Cut 
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Clustering	
  –	
  IM,	
  CSW	
  

•  Both	
  analyses	
  reject	
  events	
  reconstruc;ng	
  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
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Analysis	
  Results	
  
•  Interferometric	
  Map	
  Analysis	
  
–  Stage	
  1:	
  3	
  events	
  passed	
  cuts	
  

•  Known	
  background	
  event	
  types,	
  adjusted	
  the	
  gradient	
  and	
  
clustering	
  geometric	
  cuts	
  to	
  beier	
  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)	
  

•  Coherently	
  Summed	
  Waveform	
  Analysis:	
  1	
  event	
  
passed	
  cuts	
  
–  CW	
  event	
  with	
  two	
  carrier	
  frequencies,	
  non-­‐impulsive	
  

•  No	
  neutrino	
  candidates	
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Sensi;vity	
  
•  First	
  diffuse	
  limits	
  from	
  
ARA	
  Testbed	
  found	
  	
  	
  
–  see	
  arXiv:1404.5285	
  
–  Submiied	
  to	
  Astropart.	
  
Phys.	
  

•  Limits	
  comparable	
  for	
  
the	
  two	
  2011-­‐2012	
  
analyses	
  

•  Projected	
  sensi;vity	
  of	
  
37-­‐sta;on	
  array	
  extends	
  
to	
  GZK	
  flux	
  models	
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Testbed	
  GRB	
  analysis	
  
•  Adapt	
  the	
  Interferometric	
  Map	
  Analysis	
  techniques	
  to	
  search	
  
for	
  events	
  coincident	
  with	
  known	
  Gamma	
  Ray	
  Bursts	
  	
  
–  Stricter	
  requirements	
  in	
  ;me	
  à	
  relaxa;on	
  of	
  cut	
  values	
  

•  2	
  unblinding	
  stages	
  –	
  Tune	
  cuts	
  on	
  10%	
  data	
  sets	
  à	
  90%	
  
–  1:	
  Background	
  es;ma;on	
  -­‐	
  only	
  blue	
  period	
  
–  2:	
  Signal	
  search	
  -­‐	
  +/-­‐	
  5	
  minutes	
  around	
  GRB	
  event	
  ;me	
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• With 10% burned sample

- background time range: +- 1 hour from a GRB with +- 5 min gap

• Total ~67,000 events from 57 selected GRBs’ background analysis 
period from 10% burned data set

• Estimated number of events from 90% data set with optimized cuts 
(for entire 57 GRBs)

- Expected BG events in signal period: 0.106

- Expected BG events in background period: 1.166

- Expected ν events in signal period: 1.47e-05

3

Background Analysis

time

GRB
+1hr-1hr background 

analysis period
(55min)

signal period

+5min-5min

background 
analysis period

(55min)



GRB	
  Selec;on	
  

•  Selected	
  57	
  GRBs	
  based	
  on	
  live;me	
  and	
  
geometric	
  acceptance	
  	
  

•  Get	
  fluences	
  for	
  each	
  GRB	
  from	
  NeuCosmA	
  
simula;on	
  and	
  overall	
  

•  Tune	
  cuts	
  based	
  on	
  modeled	
  neutrino	
  fluence	
  
•  Relaxed	
  Reconstruc;on	
  Quality,	
  Peak	
  vs	
  CC,	
  

Delay	
  Difference	
  cuts	
  

2014/11/10	
   JSI	
  Mul;-­‐messenger	
  and	
  PeV	
  Neutrino	
  
Workshop	
  2014	
  -­‐	
  Annapolis,	
  MD,	
  USA	
   23	
  

NNU angle cos(theta)
-0.8 -0.6 -0.4 -0.2 0 0.2

 s
r]

3
Ve

ff 
[k

m

-210

-110

1

10

Veff vs. NNU theta, 17.0eVVeff vs. NNU theta, 17.0eV

Field of view

Effective Volume versus Neutrino’s Zenith Angle

Neutrino Direction cos(θ)

Figure 7.3: E↵ective volume as a function of neutrino travel direction plot. ✓ is the
zenith angle of the neutrino travel direction. Field of view range is defined as the Full
Width Half Maximum (FWHM) of the e↵ective volume which is �0.4 < cos(✓) < 0.05.

From the 257 GRBs that survived from good-timing cuts, we also applied an addi-

tional cut which requires that the GRB should be included in the Testbed detector’s

field of view. In order to define a sensitive field of view range from the ARA Testbed,

we used simulation set with multiple incident angles of neutrinos at 1017 eV and

obtained the e↵ective volume as a function of neutrino direction.

In Fig. 7.3, the e↵ective volume versus zenith angle of neutrino direction is shown.

The zenith angle range of greatest sensitivity is defined as the Full Width Half Maxi-

mum (FWHM) of the e↵ective area (arrow shown in Fig. 7.3). The decrease in e↵ec-

tive volume on the right hand side and the left hand side of Fig. 7.3 come from di↵erent

e↵ects. The Earth absorption e↵ect reduces the e↵ective volume at high cos(✓) (RHS
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Figure 7.4: The distribution map of 57 selected GRBs in Testbed local coordinates.
The blue band in the map is the field-of-view cut range defined in Fig. 7.3. cos(✓) in
this map is the direction of of the GRB while cos(✓) in Fig. 7.3 is the direction of the
neutrino.

of the plot) while the shadowing e↵ect from the ray tracing in ice (Fig. 5.3) causes

the cut-o↵ at low cos(✓) (LHS of the plot).

We applied this additional GRB geometric cut to select GRBs that are most

likely to be detectable with the ARA Testbed. After applying this field-of-view cut,

57 GRBs are chosen. Fig. 7.4 shows the distribution map of 57 GRBs in Testbed

local coordinates.

Fig 7.5 shows the fluences of all 57 selected GRBs with NeuCosmA software.

Among 57 survived GRBs, one GRB was brighter than other GRBs. Its fluence

was higher than the others by and order of magnitude above 1016 eV. We use this

dominant GRB event as representative of the sum of the 57 GRBs and optimized

our analysis cuts with a neutrino simulation set that used the fluence from dominant

GRB.
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Figure 7.5: The fluences of 57 selected GRBs (black curves) and the fluence from the
summation of all 57 GRBs (red curve). One GRB is brighter than other GRBs by an
order of magnitude above 1016 eV. This dominant GRB is chosen as representative
of the sum of the 57 GRBs.

For this search, we re-optimized the cuts that we used for the di↵use neutrino

search [2]. A stringent timing cut surrounding the time of each GRB dramatically

reduces the expected background events and thus we can loosen the analysis cuts

and increase the sensitivity to GRB neutrinos. Among the set of analysis cuts de-

scribed in [2], the Delay Di↵erence cut, the Reconstruction Quality cuts, and the

Peak/Correlation cut are re-optimized for this search. Three re-optimized cuts are

all based on the quality of the directional reconstruction while the rest of the cuts

are designed to reject specific type of backgrounds such as CW and calibration pulser

events. A total of four cut parameters from three cuts are changed in 4D space and
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Preliminary	
  Results	
  
•  Stage	
  1	
  (background	
  period	
  unblinding):	
  

–  Expected	
  background	
  events:	
  1.166	
  
–  1	
  event	
  survived	
  

•  Stage	
  2	
  (signal	
  period	
  unblinding):	
  
–  Expected	
  background:	
  0.106,	
  Expected	
  neutrinos:	
  1.47e-­‐5	
  
–  0	
  events	
  survived	
  

•  First	
  quasi-­‐diffuse	
  flux	
  limit	
  above	
  1016	
  eV	
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Figure 7.7: The inferred quasi-di↵use flux limit from the selected 57 GRBs. The quasi-
di↵use flux limit is obtained from the fluence limit (Fig. 7.6 with the assumptions
that 57 analyzed GRBs can represent the average GRB over the year and average
number of GRBs in a year is 667. This is the first quasi-di↵use GRB neutrino flux
limit for energies above 1016 eV.

from the shallow Testbed station to the 200 m deep station and another factor of ⇠2

for the number of deep stations currently operating. In addition to the improvements

from the number of deep stations, we expect to have improved livetime, and analysis

e�ciencies from the deep stations.

7.7 Conclusions

Using ARA Testbed data from January 2011 to December 2012, we have searched

UHE GRB neutrinos. Analysis cuts have been re-optimized with reduced background

from the coincidence time window for the 57 selected GRBs. The GRB neutrino
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Figure 7.6: The limit on the UHE GRB neutrino fluence from 57 GRBs. Total fluence
from 57 GRBs is shown with a red solid curve and the limit from the ARA Testbed
above 1016 eV is shown with a red dashed curve.

assumptions, the quasi-di↵use neutrino flux limit is:

E2� = E2F ⇥ 1

4⇡

667

NGRB

1

365 ⇥ 24 ⇥ 60 ⇥ 60
(7.2)

where E2� is the quasi-di↵use neutrino flux limit in units of [GeVcm�2sr�1sec�1],

E2F is the fluence limit, and NGRB is the number of analyzed GRBs which is 57

for this analysis. Fig. 7.7 shows the quasi-di↵use neutrino flux limit from multiple

experiments. Our limit is the first UHE GRB neutrino quasi-di↵use flux limit at

energies above 1016 eV.

From the future analyses from two ARA deep stations, we expect to have at least

a factor of 6 improved sensitivity based on [2]. There is a factor of ⇠3 increment
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DEEP	
  STATIONS	
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Deep	
  Sta;on	
  Analysis	
  
•  First	
  efforts	
  to	
  examine	
  data	
  from	
  10	
  months	
  
of	
  data	
  from	
  2	
  design	
  sta;ons	
  at	
  200	
  m	
  depth	
  

•  Improvements	
  in	
  	
  
– Data	
  quality	
  

•  Further	
  from	
  	
  
	
  	
  	
  South	
  Pole	
  Sta;on	
  

– Effec;ve	
  volume	
  
•  3X	
  over	
  Testbed	
  	
  

– Analysis	
  efficiency	
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Noise	
  filtering	
  
5	
  Hz	
  thermal	
  noise	
  trigger	
  rate	
  
à  Needs	
  to	
  be	
  reduced	
  before	
  applying	
  

sophis;cated	
  algorithms	
  

Time	
  sequence	
  algorithm:	
  
•  Boosted	
  hit	
  count	
  
•  Simple	
  algorithm	
  (possible	
  usage	
  as	
  trigger)	
  
	
  
1.  Generate	
  hit	
  paiern	
  with	
  threshold	
  on	
  energy	
  envelope	
  

(red	
  line)	
  
2.  Check	
  hit	
  paiern	
  on	
  conformity	
  with	
  incoming	
  plane	
  

wave	
  	
  
à	
  quality	
  parameter	
  (similarity	
  to	
  wavefront)x(hit	
  count)	
   For	
  16	
  antennas	
  

per	
  sta;on	
  
Quality	
  Parameter	
  for	
  simulated	
  neutrinos	
  

Signal	
  
Noise	
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Vertex	
  reconstruc;on	
  
We	
  need:	
  
•  Angular	
  reconstruc;on	
  of	
  ver;ces,	
  to	
  

dis;nguish	
  neutrinos	
  from	
  other	
  sources	
  

We	
  use	
  matrix	
  based	
  reconstrucJon:	
  
•  Analy;cal	
  solu;on	
  to	
  linear	
  system	
  of	
  

equa;ons	
  
•  Very	
  fast,	
  not	
  seed	
  dependent	
  

The	
  algorithm:	
  

1.	
  Determine	
  ;me	
  differences	
  

2.	
  Select	
  good	
  antenna	
  pairs,	
  
based	
  on	
  correla;on	
  amplitude	
  

3.	
  Set	
  up	
  and	
  solve	
  system	
  of	
  
linear	
  equa;ons	
  
Signal	
  arrival	
  ;me	
  from	
  
posi;ons:	
  

Use	
  difference	
  between	
  
antennas	
  &	
  reorder:	
  

This	
  can	
  be	
  represented	
  by:	
  

Solve	
  with	
  matrix	
  inversion	
  tools	
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Vertex	
  reconstruc;on:	
  quality	
  criterion	
  

Main	
  quality	
  criterum	
  is	
  residual:	
  
	
  

Reconstruc;on	
  error	
  vs	
  residual:	
  

Residual	
  for	
  signal	
  and	
  noise	
  
Signal	
  
Noise	
  

Other	
  quality	
  criteria	
  are	
  applied	
  
to	
  further	
  clean	
  out	
  bad	
  
reconstruc;ons	
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Algorithms for the ARA data analysis

reconstructions in the t
v

scan a residual is defined as

res =

�����
~b

|~b|
� A ·~v

|A ·~v|

�����

2

· 1

N
chp

. (8.14)

This residual uses the two sides of the equation normalized. Without normal-
ization, the residual depends strongly on the distance to the event, and smaller
distances will be highly favored due to timing errors. The normalization compen-
sates the distance dependence to a certain extent and the angular reconstruction
results to be much more stable. The scan is performed in 200 timing steps be-
tween �150 ns and �22900 ns, which corresponds to a distance of roughly 4000 m.
This decreases the speed of an event reconstruction dramatically since it has to
be performed 200 times.
The found best residual of a reconstructed event is the main quality indicator for
its position determination. It can separate good from bad reconstructions very
well, as visible in Figure 8.14. The shown azimuthal reconstruction becomes very
tight with decreasing residual. In addition, the residual can also be used to dis-

Figure 8.14: The azimuthal reconstruction of simulated events versus the residual
of the reconstruction. The residual is set to 1 if the number of available channel
pairs is not su�cient for a reconstruction.

tinguish signal events from thermal noise. If the correlation amplitudes in a noise
event are su�cient to pass the threshold for reconstruction, the times will be ran-
dom and the residual thus much higher than for a timing pattern connected to
an incoming wavefront. The residual for simulated signal and simulated thermal
noise is shown in Figure 8.15. One can see that a very e↵ective separation can
be achieved by applying a residual cut. Although this is not the primary purpose
of the reconstruction algorithm, it can help to render final cuts on thermal noise
more e�cient.
A closer investigation should be dedicated to the features in the residual distri-
bution of the signal. Good reconstructions appear in the main peak at logarithmic
residuals between �6 and �8. Very weak signals, coming for example from very
distant interactions of low energy, form the noise like distribution of high residuals.
A further feature is a small bump between logarithmic residuals of �4 and �5. It
is di�cult to extract the reason for this peak from the simulated data. Investiga-
tions have shown that well shaped signal events with good signal correlation times

110

Main	
  quality	
  criterion	
  is	
  residual:	
  

Require	
  a	
  minimum	
  correla;on	
  
value	
  to	
  be	
  included	
  as	
  a	
  pair	
  



Neutrino	
  idenJficaJon	
  =	
  Background	
  rejecJon	
  

Strategy:	
  
•  Use	
  10%	
  burn	
  sample	
  	
  
•  Es;mate	
  appropriate	
  angular	
  cuts	
  

•  Calibra;on	
  pulsers,	
  surface	
  
•  Look	
  only	
  at	
  events	
  outside	
  the	
  

angular	
  cut	
  region	
  
à	
  Leeover	
  events	
  are	
  not	
  
correlated	
  to	
  known	
  signals,	
  need	
  
to	
  be	
  rejected	
  by	
  other	
  cuts:	
  QP,	
  
residual	
  

•  Final	
  cuts	
  at	
  QP=0.6,	
  
Log10(residual)=-­‐4	
  

•  Es;mated	
  background:	
  	
  
•  0.009+/-­‐	
  0.010	
  ARA02	
  
•  0.011	
  +/-­‐	
  0.015	
  ARA03	
  

rejected	
  

re
je
ct
ed

	
  

Thermal	
  noise	
  events	
  

Impulsive	
  events,	
  
misreconstructed	
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Preliminary	
  Results	
  –	
  2	
  Sta;ons	
  	
  
•  Expected	
  events	
  =	
  
0.103	
  (Ahlers	
  
2010)	
  

•  No	
  candidates	
  
found	
  

•  Limit	
  with	
  
systema;cs	
  
shown	
  in	
  green	
  
band	
  

•  Considerable	
  
improvement	
  
–  analysis	
  
efficiency	
  	
  

–  effec;ve	
  volume	
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Summary	
  
•  ARA	
  is	
  con;nuing	
  to	
  be	
  built	
  
•  First	
  limits	
  from	
  Testbed	
  analysis	
  
– Diffuse	
  flux:	
  arXiv:1404.5285,	
  submiied	
  to	
  Astropart.	
  Phys.	
  
– GRB	
  flux:	
  first	
  quasi-­‐diffuse	
  limits	
  above	
  1016	
  eV	
  

•  Publica;on	
  in	
  prepara;on	
  
•  Deep	
  sta;ons:	
  
–  Preliminary	
  diffuse	
  limits	
  from	
  2	
  sta;ons	
  

•  Publica;on	
  in	
  prepara;on	
  
•  Deep	
  sta;ons	
  see	
  marked	
  improvement	
  in	
  sensi;vity	
  
– Deeper	
  sta;on,	
  more	
  antennas,	
  beier	
  quality	
  data	
  	
  
–  Improved	
  (2nd	
  genera;on)	
  analysis	
  techniques	
  
–  Expect	
  even	
  more	
  refined	
  analysis	
  and	
  trigger	
  in	
  future	
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