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Outline 

1.  Why Ultrahigh Energy Neutrinos? 
2.  How can we look for them? 
3.  The first searches with a prototype (ARA) 
4.  Searching with a design station (ARA) 
5.  Novel Approach (ExaVolt Antenna) 
6.  Conclusions and Future 
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WHY ULTRAHIGH ENERGY 
NEUTRINOS? 
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What are neutrinos? 

“a fermion that interacts only via the weak 
subatomic force and gravity” – Wikipedia 

Neutral charge, m0 < 120 meV/c2 
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Solar flux = 
~100 trillion  
neutrinos 
per second 
through a 
human being 

νe 

νµ 

ντ 

(No proton packs!) (Really small!) 

© Sony Pictures 
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UHE Sources 
How do you produce particles at E > 1018 eV? 
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Gamma-ray 
burst 

AGN 

Bottom-up models:  
 shock acceleration via E and B fields 

Top-down models:  
 decays of ultra-heavy particles 
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UHE Neutrino Production? 

Sources can’t accelerate neutrinos  
 They don’t react to magnetic fields! 

But they can with protons (or heavier nuclei) 

2017-03-01 UA Colloquium 

NASA, ESA and the Hubble Heritage Team 
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Figure 29.9: Expanded view of the highest energy portion of the cosmic-ray
spectrum from data of the Telescope Array [104], and the Auger Observatory [105].

in discriminating between these two viewpoints, since a heavy composition above 1018

eV is inconsistent with the formation of the ankle by pair production losses on the
CMB. The HiRes and Auger experiments, however, present very different interpretations
of data on the depth of shower maximum Xmax, a quantity that correlates strongly
with the interaction cross section of the primary particle. If these results are interpreted
using standard extrapolations of measured proton and nuclear cross sections, then
the HiRes data [112] is consistent with the ultrahigh-energy cosmic-ray (UHECR)
composition getting lighter and containing only protons and helium above 1019 eV, while
Auger [113,114] sees a composition getting lighter up to 2×1018 eV and becoming heavier
after that, intermediate between protons and iron at 3 × 1019 eV. This may mean that
the extragalactic cosmic rays have a mixed composition at acceleration similar to the
GeV galactic cosmic rays. It is important to note that the measurements of Xmax may
be interpreted with equal validity in terms of a changing proton-air cross-section and no
change in composition.

If the cosmic-ray flux at the highest energies is cosmological in origin, there should be
a rapid steepening of the spectrum (called the GZK feature) around 5× 1019 eV, resulting
from the onset of inelastic interactions of UHE cosmic rays with the cosmic microwave
background [115,116]. Photo-dissociation of heavy nuclei in the mixed composition
model [117] would have a similar effect. UHECR experiments have detected events of
energy above 1020 eV [106–107]. The HiRes fluorescence experiment [102,125] detected
evidence of the GZK suppression, and the Auger observatory [103–105] has also presented

October 1, 2016 19:59

Ankle @ 5x1018 eV 

GZK suppression 
above ~4x1019 eV 

GZK Effect 
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Greisen-Zatsepin-Kuzmin (GZK) effect:   
Cosmic rays with E > 1019.5 eV  +  

 cosmic microwave background (CMB) photons 
 
 
 
 
 
 
 
 
  
Neutrinos are the only UHE particle probes at cosmic distances! 

Particle Data Book, 2016 UHECR horizon = ~100 Mpc   

Decreased energy! 
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Why UHE Neutrinos? 
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Detector 

Protons, nuclei 

Photons 

Neutrinos 

= GZK interaction 

•  Also low flux at Earth  
•  (< 1/km3/year/energy decade)  
•  Need O(100 km3) detectors 
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Extrasolar Neutrinos 

Supernova 1987A 
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IceCube 

Previous detections: E < 1018 eV 
Not Ultrahigh Energy 

(Credit: IceCube Collaboration). (Credit: Chandra and HST) 
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IceCube Neutrinos 

Dawn of neutrino astronomy! 
First events above 1015 eV 

Reconstruct energy, direction 
2017-03-01 UA Colloquium 

(Credit: IceCube Collaboration). 
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Cherenkov Radiation 

Charged particle travelling through a dense 
dielectric medium with v > c/n 

2017-03-01 UA Colloquium 
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IceCube Gen2 

IceCube Gen2: 10X larger array 
 Increased sensitivity at E > 1018 eV 

2017-03-01 UA Colloquium 

Figure 15. Proposed design for the Generation-Two IceCube Neutrino Observatory. IceCube is extended by the High-Energy Array to
10 km3, similarly IceTop is extended to 10 km2. A larger surface of about 75 km2 is covered by the Surface Veto Array, which consists
of simpler detectors and used to veto air shower events for neutrino searches.
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Particle shower 

Size scale of shower 
Rmoliere  ~10 cm 

Detection Technique 
How do you bust UHE neutrinos (very low flux)? 
1.  Build the same things but bigger 
2.  Try a different detection technique – Radio! 

2017-03-01 UA Colloquium 
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Radiated Signal - Results - examples
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Where? 

Observed in Air, Salt, Sand, Ice 
Ice: large volumes naturally occurring 
Long (~1 km) attenuation lengths, Infrastructure 

2017-03-01 UA Colloquium 

16

FIG. 23: The field attenuation length over the 3.16 km path from the
deep pulser to the ARA testbed as a function of depth. The average
attenuation length over all depths is also given.

is much colder than the basal ice, the effective average atten-
uation length is nearly 1.7 km. This remarkably long field
attenuation length of the ice in this extremely cold region of
the cryosphere sets it apart from any other natural (and in
fact most man-made) dielectrics as the most transparent solid
medium on Earth. It is perhaps the single most important char-
acteristic of the ice for enhancing the performance and viabil-
ity of an array such as ARA.

2. Surface reflection

Another interesting feature observed in the deep pulser sig-
nals, which arrive at the ARA-testbed as a close approxima-
tion to a plane wave, is the surface reflection which is seen in
several antennas, most clearly in borehole bicones V1 and V2.
These differ in depths by several meters, leading to a different
delay time before the reflection arrives. In antenna V2, the
reflection is clearly phase-inverted compared to the primary
signal; V1’s record cuts off too early to observe this clearly.
To verify the presence of the reflection, the waveform (top)
and a cross-covariance estimate (bottom) of the primary and
secondary pulses with the primary pulse are shown in Fig. 22.
The cross-covariance has its highest correlation with the pri-
mary pulse at a 122 ns delay, where the peak is a 60% anti-
correlation, as seen in the Figure. V2’s signal amplitude for
the reflection is also quite close to the direct signal amplitude,
which is consistent with a total internal reflection off the top
of the ice, as expected for the estimated 57� incident angle of

direct

antenna

reflected

geometric

deep
pulser

testbed

FIG. 24: Ray paths for direct and reflected rays to antenna V2. The
red-dash line gives the geometric ray path for the direct ray.

arrival with respect to the ice surface normal.
Fig. 24 shows numerical ray trace paths for this antenna

from the IceCube deep pulser (top), and a zoom to the region
of the reflection in the bottom pane. The numerical ray tracer
uses the eikonal equation and a refractive index model devel-
oped based on radio index of refraction data from the RICE
experiment at the South Pole, and returns both the ray path
and total wave transit time along the ray. The delay observed
in antenna V2’s waveform from the direct to inverted reflec-
tion is 120.0 ns. For the ray paths from Fig. 24, the direct
path transit time is 18,724.53 ns, and the reflected ray path re-
quires 18,669.92 ns to the surface, followed by 176.6 ns from
the surface to the antenna, for a relative delay of 122 ns with
respect to the direct path, a result identical to that observed
in the data. This also independently confirms the precision of
our index-of-refraction model.

It is a generic feature of a subsurface radio array that signals
may be observed both directly and via the surface reflection,
or even via near-reflections for rays that are curved back down
near the surface; this effect is not yet incorporated into our
simulations, but will improve the detection efficiency in gen-
eral, and give some additional reconstruction power as well.

IV. EXPECTED PERFORMANCE FOR ARA-37

We characterize the expected performance of ARA based
on an extensive suite of Monte Carlo and other simulation and
modeling tools developed over the last two decades. Several
of the investigators on this proposal have been involved in ra-

Credit: BEDMAP 
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DETECTORS 

2017-03-01 UA Colloquium 
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Synoptic Detectors 

Antarctic Impulsive Transient Antenna (ANITA)  
 4 flights, O(106 km3), 30-40 day flight time 

2017-03-01 UA Colloquium 

(Credit: ANITA collaboration)  
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In Situ Detectors 

Permanent observatory, O(100 km3) 
2017-03-01 UA Colloquium 

IceCube 

antarctic ross ice shelf antenna neutrino array (arianna)

Figure 12: ARIANNA is deployed on the Ross Ice Shelf, using the
ocean as a reflective surface for Askaryan RF pulses.
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RICE 

•  “Radio Ice Cherenkov 
Experiment” 

•  Radio antennas deployed 
along AMANDA strings 

•  Proof of concept 
•  First in-situ detector 
•  Early constraints at UHE 

2017-03-01 UA Colloquium 

Kravchenko et al, 2011 
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ARIANNA 

Surface deployed stations at Ross Ice Shelf 
Have already observed cosmic rays 

2017-03-01 UA Colloquium 

(Photo by Spencer Klein/LBNL) 

(Source: ARIANNA Collaboration) 

antarctic ross ice shelf antenna neutrino array (arianna)

Figure 12: ARIANNA is deployed on the Ross Ice Shelf, using the
ocean as a reflective surface for Askaryan RF pulses.

22
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ARA Concept 

  

2017-03-01 UA Colloquium 

ν θC ≈ 56° 

Particle 
shower 
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Station Design 

 16 Deep antennas: 4 strings of 2 Hpol + 2 Vpol 
2017-03-01 UA Colloquium 

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-slotted 
cylinder antenna 

Vpol bicone 
antenna 
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Deep Deployment 

•  Firn – layer of compacted snow 
•  Changing index of refraction  

•  (~1.35 ! ~1.78 within top ~150 m of ice) 
•  Causes curvature in paths of rays in ice? 
•  New measurements may suggest otherwise – ongoing investigation 

2017-03-01 UA Colloquium 
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ANALYSIS: ARA TESTBED 

2017-03-01 UA Colloquium 
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Testbed Station 

•  First ARA neutrino searches carried out with Testbed station data 
•  Diffuse: Astropart. Phys. 70, 2015, 62–80, arxiv:1404.5285 
•  GRB: Astropart.Phys. 88 (2017) 7-16, arxiv:1507.00100 

2017-03-01 

Calibration pulser event waveform from 
8 deep antennas in Testbed 

 
Data: January 2011 – December 2012 
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Simulation 

End-to-end simulation 
 Includes: 

•  Parameterized shower 
•  Index of refraction model 
•  Calibrated noise 

simulation 
•  Antenna and electronics  
•   responses 
•  Trigger model 
•  Event output in data 

format (first time for a 
young field!) 

2017-03-01 UA Colloquium 

Calibration pulser event waveforms 

AraSim Testbed 
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Timing delays between antennas ! 
directional reconstruction 
 
Sum up correlation map all pairs of 
antennas ! reconstruction direction 

2017-03-01 

Interferometry 

d1 

d2 

(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
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                  Reconstruction Quality Cut 

Known background event 
reconstruction map example 

90 

-90 

0 

-180 0 -180 

0.35 

0 

Ray-traced timings for maps (first time!) 
One reconstruction map (30m vs 3 km, vpol 
and hpol) to be of good quality 

•   well-defined - small area around peak 
•  unique peak – small ratio of area of rest 
of map to the peak 

Rejects ~95% of noise-dominated events 
after initial quality cuts 

2017-03-01 

Simulated ν event 
reconstruction map example 

90 

-90 

0 

-180 0 -180 

0.35 

0 

UA Colloquium 
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        Peak/Correlation Cut 

•  Impulsive event: correlation between signal 
strength and map correlation value from 
reconstruction 

2017-03-01 
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Optimization 

•  Optimize the cut parameters for best limit: 
•  Extrapolate to get expected background  
•  Supper is the 90% confidence limit on the 

signal for an expected background 

2017-03-01 
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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)

         Testbed GRB analysis 

•  Adapt method to search for events coincident 
with known Gamma Ray Bursts  
•  Stricter requirements in time ! relaxation of event 

quality cuts 
•  Timing technique adapted from ANITA (arxiv: 

1102.3206) 

2017-03-01 UA Colloquium 
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GRB Selection 

•  Selected 57 GRBs based on livetime and 
geometric acceptance  

•  Find fluences for each GRB from NeuCosmA 
simulation (collaborated with M. Bustamante) 

•  Tune cuts based on modeled neutrino fluence 
including GRB-dependent flavors (first time!) 

2017-03-01 
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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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Diffuse Results 

First diffuse limits 
from ARA Testbed 

  
Projected sensitivity 
of 37-station array 
extends to GZK flux 
models  

2017-03-01 UA Colloquium 
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GRB Results 
First quasi-diffuse flux 
limit above 1016 eV  

  
First time expected GRB-
dependent flavor ratios 
were included in the limit 
determination 
 
Further improvements 
expected: 

 Directional constraints 
 Trigger improvements 
 Analysis efficiency 

 
 
(Astropart.Phys. 88 (2017) 7-16, 
arxiv:1507.00100) 
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ANALYSIS: DEEP STATIONS 
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Analysis 

First efforts: 10 months of data from 2 deep 
stations from 2013 
Improvements in  
data quality: 
•  Further from South Pole 
•  More antennas 
•  Effective volume 

3X over Testbed Analysis  
•  Efficiency 

~10% ! ~60% 

2017-03-01 UA Colloquium 
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Noise filtering 
5 Hz thermal noise trigger rate (~300 million events per year per station) 
! Needs to be reduced before applying sophisticated algorithms 
 
•  Time Sequence Quality Parameter – “boosted” hit count with agreements in timing 
•  >99% efficient against thermal noise 

For 16 
antennas per 
station 

2017-03-01 UA Colloquium 
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Reconstruction 

Reconstruction error vs residual: 

2017-03-01 UA Colloquium 

•  Reconstruct interaction position with linear algebra  
•  Matrix inversion 

•  Main quality criterion is residual 
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Tim
e 

S
equen
ce 

Q
uality 

P
aram

e
ter 

Background rejection 

Strategy: 
 
•  Use 10% burn sample  

•  Estimate angular cuts 
•  Calibration pulsers, 

surface 

•  Apply time sequence and 
reconstruction residual 
cuts 

rejected 

re
je

ct
ed

 

Thermal noise events 

Impulsive events, 
misreconstructed 

2017-03-01 UA Colloquium 
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Results – 2 Stations  

No candidates 
found 
 
Improvements 
over Testbed 

•  Analysis 
efficiency 
(~6X) 

•  Effective 
volume 
(~3-10X) 

 
 
 

2017-03-01 UA Colloquium 
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ARA Filter Technique 

2017-03-01 

= similar pairs 

UA Colloquium 

= A-type pairs 
= B-type pairs 

t1 

t2 

t3 

t4 

θA,i 

θA,ii 

•  Interferometry = computationally complex 
•  Filter >99% of noise before reconstruction 
•  Deep stations have regular geometry 
•  Assume plane-wave geometry 



41 

Wavefront Similarity 

•  Decrease noise fluctuations, use an integrated power 
window of 5 ns 

•  Two highest peaks ! potential “hit times” for that channel 
•  Find how well the delays between similar pairs agree 
•  Use RMS of delays between pairs – “Wavefront RMS” 

2017-03-01 

Calibration 
pulser 
event 

UA Colloquium 

Time (ns)
-50 0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-800

-600

-400

-200

0

200

400

600

800

Channel 0Channel 0

Time (ns)
-50 0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-250

-200

-150

-100

-50

0

50

100

150

200

Channel 1Channel 1

Time (ns)
-150 -100 -50 0 50 100 150 200 250 300

Vo
lta

ge
 (m

V)

-1000

-500

0

500

1000

1500

2000

Channel 2Channel 2

Time (ns)
-50 0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-1000

-500

0

500

1000

Channel 3Channel 3

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-800

-600

-400

-200

0

200

400

600

800

Channel 4Channel 4

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-600

-400

-200

0

200

400

600

Channel 5Channel 5

Time (ns)
-200 -150 -100 -50 0 50 100 150 200 250

Vo
lta

ge
 (m

V)

-1000

-500

0

500

1000

Channel 6Channel 6

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-800

-600

-400

-200

0

200

400

600

Channel 7Channel 7

Time (ns)
0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-200

-100

0

100

200

Channel 8Channel 8

Time (ns)
0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-100

-50

0

50

100

Channel 9Channel 9

Time (ns)
-100 -50 0 50 100 150 200 250 300

Vo
lta

ge
 (m

V)

-100

-50

0

50

100

Channel 10Channel 10

Time (ns)
0 50 100 150 200 250 300 350 400

Vo
lta

ge
 (m

V)

-80

-60

-40

-20

0

20

40

60

80

100

Channel 11Channel 11

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-150

-100

-50

0

50

100

Channel 12Channel 12

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-100

-50

0

50

100

Channel 13Channel 13

Time (ns)
-200 -150 -100 -50 0 50 100 150 200 250

Vo
lta

ge
 (m

V)

-150

-100

-50

0

50

100

Channel 14Channel 14

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

Vo
lta

ge
 (m

V)

-80

-60

-40

-20

0

20

40

60

Channel 15Channel 15

Time (ns)
-50 0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

500

1000

1500

2000

2500

310×

Channel 0Channel 0

Time (ns)
-50 0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

20

40

60

80

100

120

140

160

180

310×

Channel 1Channel 1

Time (ns)
-150 -100 -50 0 50 100 150 200 250 300

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

1000

2000

3000

4000

5000

6000

7000

8000

310×

Channel 2Channel 2

Time (ns)
-50 0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

500

1000

1500

2000

2500

3000

3500

310×

Channel 3Channel 3

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

500

1000

1500

2000

2500

310×

Channel 4Channel 4

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

200

400

600

800

1000

1200

310×

Channel 5Channel 5

Time (ns)
-200 -150 -100 -50 0 50 100 150 200 250

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

500

1000

1500

2000

2500

3000

3500

4000

4500
310×

Channel 6Channel 6

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400
310×

Channel 7Channel 7

Time (ns)
0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

20

40

60

80

100

120

140

160

180

200

310×

Channel 8Channel 8

Time (ns)
0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

2000

4000

6000

8000

10000

12000

14000

16000

Channel 9Channel 9

Time (ns)
-100 -50 0 50 100 150 200 250 300

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

10000

20000

30000

40000

50000

Channel 10Channel 10

Time (ns)
0 50 100 150 200 250 300 350 400

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

5000

10000

15000

20000

25000

30000

Channel 11Channel 11

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

Channel 12Channel 12

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

5000

10000

15000

20000

25000

Channel 13Channel 13

Time (ns)
-200 -150 -100 -50 0 50 100 150 200 250

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

10000

20000

30000

40000

50000

Channel 14Channel 14

Time (ns)
-100 -50 0 50 100 150 200 250 300 350

In
te

gr
at

ed
 P

ow
er

 (a
rb

 u
ni

ts
)

0

2000

4000

6000

8000

10000

12000

Channel 15Channel 15

Time (ns) Time (ns) 

Vo
lta

ge
 (m

V
) 

In
te

gr
at

ed
 P

ow
er

 (A
rb

. u
ni

ts
) 200 

-200 

0 

600 

-600 

0 

1.8E5 

0 

1.2E6 

0 



42 

1

10

210

310

-5 -4 -3 -2 -1 0 1 2 3 40

5

10

15

20

25

30

35

40

1

10

210

310

-5 -4 -3 -2 -1 0 1 2 3 40

5

10

15

20

25

30

35

40

Preliminary Results - Data 

•  More event pass threshold in Hpol antennas 
•  use separate thresholds for Vpol and Hpol 

2017-03-01 

Log10(Wavefront RMS) Log10(Wavefront RMS) 

Station A2, Run 1798 
Threshold = 2.5 

Events that don’t 
pass threshold 

Calibration pulsers 

Thermal noise 
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Radial Interferometry 

•   Arrival times depend on path through ice 
•  Curvature will change those times 
•  Solution: maps for different radii + find best map 
•  Could improve reconstruction accuracy and cuts 

2017-03-01 UA Colloquium 

d3 
d4 

d1 
d2 

VS 
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Efficiency 

•  Same noise rejection, improvement in efficiency vs SNR 
•  Expect further improvements from: 

•  Full optimization of cuts 
•  Improved reconstruction based – remove noise contribution on maps 

2017-03-01 
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= Time Sequence 
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AraSimQC/IcemcQC 
•  Simulation Monitoring Tool – ARA and ANITA 
•  Helps us identify the effect of changes to simulation code  
•  Quickly bring up results of different configurations 

2017-03-01 UA Colloquium 

  

monte-carlo simulations and machine-learning

Figure 18: Undergraduates have helped us track online the physics
modifications to the simulations: AraSimQC. Pictured: UHE-ν with
different energies for the same detector. 28

monte-carlo simulations and machine-learning

Figure 19: (Top row, left to right) Kaeli Hughes, Jude Rajasekara,
Hannah Hasan. (Bottom row, left to right) Jorge Espinosa, Chris
Persichilli.

29

monte-carlo simulations and machine-learning

Figure 19: (Top row, left to right) Kaeli Hughes, Jude Rajasekara,
Hannah Hasan. (Bottom row, left to right) Jorge Espinosa, Chris
Persichilli.

29



46 

Facilities 

CART (CCAPP Antarctic Radio Testing facility) 
2017-03-01 UA Colloquium 

Prototyping  
Electronics 

Cold-testing 

RF-quiet testing 
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EXAVOLT ANTENNA (EVA) 

2017-03-01 UA Colloquium 
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ExaVolt Antenna (EVA) 

•  Idea for a next generation synoptic detector (e.g. ANITA) 
•  Balloon above ice observes interactions from ~100 km away 
•  Use balloon surface as part of antenna 
•  Aim to improve gain to achieve better sensitivity  

2017-03-01 UA Colloquium 
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1:20 Scale Hang Test 

2017-03-01 UA Colloquium 

Wallops Flight Facility, September 2014 

Reflector 

Receiver 

Transmitter 
Dish 

dual-ridge 
horn 
antenna 

•  Assembled impulsive signal transmitter to test 1:20 EVA 
•  Tested and characterized using facilities at the OSU ElectroSciences Lab (ESL)  
•  Worked with U Hawaii, GWU, NASA’s JPL 
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1:20 Scale Hang Test 

2017-03-01 UA Colloquium 

Wallops Flight Facility, September 2014 

•  Assembled impulsive signal transmitter to test 1:20 EVA 
•  Tested and characterized using facilities at the OSU ElectroSciences Lab (ESL)  
•  Worked with U Hawaii, GWU, NASA’s JPL 
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Hang Test Simulation 

Time-domain simulation using XFdtd 
2017-03-01 UA Colloquium 

Incoming 
plane wave 

(propagation 
direction) 

Reflective 
Balloon 
Surface 

Receiver 
Antenna 
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Hang Test Simulation 

Time-domain simulation using XFdtd 
2017-03-01 UA Colloquium 

Incoming 
plane wave 

(propagation 
direction) 

Reflective 
Balloon 
Surface 
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Hang Test Simulation 

Time-domain simulation using XFdtd 
2017-03-01 UA Colloquium 

Incoming 
plane wave 

(propagation 
direction) 

Reflective 
Balloon 
Surface 

Receiver 
Antenna 
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Hang Test Results 

2017-03-01 UA Colloquium 

polyethylene film we plan for the full-scale article, as the latter film is still under development, as
an element of this proposal. The microwave reflectivity of the panel material, coated with about
500 nm of vapor-deposited Aluminum, was measured using a waveguide reflectometer and found
to be excellent, consistent with theoretical expectations [51]. A view of the fully-deployed balloon
during the test is shown in Fig. 7.
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Figure 8: Direct and focused pulse as measured
in our 1/20th scale EVA test, both received
voltage (top) and intensity (bottom).

Prior to inflation of the balloon, we inserted a scale-
model of the antenna feed array membrane through the
top cap of the balloon, which was flanged with a 1 m
opening. The feed array was folded to accommodate in-
sertion, and was married to internal support lines which
drew it out of its folded position during inflation, and
eventually provided both support and a slight outward
tension to give a fully deployed feed array. The feed ar-
ray membrane was instrumented with dual polarization
sinuous patch antennas over a portion of its circum-
ference, and four of these antennas were also instru-
mented with microwave receivers coupled to RF-over-
fiber transceivers which inserted the RF signals into op-
tical fiber, as shown in Fig. 7. The fibers passed through
the top cap bulkhead, and then to an external receiver,
which allowed us to capture the received signals at the
balloon focal plane with minimal transmission losses.

Our goals in this test were to demonstrate that it
was possible to deploy a feed membrane antenna array
within a super-pressure balloon, and that the optics of
the balloon and patch antennas would function as pre-
dicted by antenna models when subject to an external impulsive plane-wave stimulus. To create this
stimulus, a 2.6 meter offset parabolic dish was used as an RF collimator, with a broadband dual-
ridge horn at its feed position giving microwave impulses. The impulse used was short enough that
it could be observed both as it passed by the feed patch antenna initially, and then as it returned
again after being focused by the reflective panels. We made several compromises on the scalability
for the sake of the test: The number of gores was set at 28 for this balloon, rather than 280, to keep
construction simple; and the width of the collimation dish was much smaller than the receiving
width of the reflective panels due to constraints of portability of the dish. These compromises were
understood and incorporated in the models. The results of the microwave test are summarized in
Fig. 8. In the upper pane, the received amplitudes are seen, both for the low-gain feed, and after
focusing by the reflective panels; the bottom pane shows the corresponding intensity of the signals.
It is evident that the temporal coherence of the arriving impulse is preserved in the focused pulse.
The observed pulse gain also matches our model estimates within about 2 dB, a solid validation of
the simulation tools and our methodology. We have thus improved the credibility of the estimates
for the full-scale article.

3 Impact of EVA supporting technology.
The EVA mission has potential to make a profound impact on the field of ultra-high energy neu-

trino and cosmic ray astrophysics, and the supporting technology we propose in this phase II effort
will lead us to a stage where a flight proposal is feasible. The technology development we plan
to undertake will advance capabilities for suborbital investigations using the new superpressure
balloon technology, and the large RF feed arrays we plan to validate will be a unique contribution

13

Direct 
pulse Reflected 

pulse 

•  Data: increased gain (~11.4 dBi), coherent pulse 
•  XF7 simulation predicts 10.0 dBi 
•  EVA concept is credible: consistent within ~2 dBi 
•  Full-scale detector predictions >24 dBi: needed to reach target sensitivity 

Time (ns) 

dBi = decibels 
above isotropic 
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CONCLUSIONS 
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Future 

Radio detection of UHE neutrinos 
• Can reach ultra-low fluxes expected 
• Cost-effective (~ $8 Million for ARA37) 

Collaboration between ARIANNA and ARA 
• In-Ice simulation improvements 

• Framework, ice model, radio signal model 
• Developing consensus for the field 

2017-03-01 UA Colloquium 
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Conclusions 
•  Beginning of Neutrino 

Astronomy! – IceCube 
•  UHE neutrino astrophysics  

•  developing field  
•  exciting insights into the 

nature of UHE sources! 
•  Expect to detect (bust) a 

UHE neutrino (ghost) in the 
next several years! 

•  Needs expansion of current 
detectors and innovative 
new designs to reach low 
flux 

2017-03-01 UA Colloquium 

Source: Jovian Archive 
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Questions? 

2017-03-01 UA Colloquium 

® Sony Pictures 
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BACKUP SLIDES 
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CHEAPR 

Computing in High Energy Astroparticle Research (CHEAPR 
2016) 
Workshop devoted to how to use machine learning to identify 
Askaryan radio pulses  
http://ccapp.osu.edu/workshops/CHEAPR2016/workshop.html  
 
 

2017-03-01 UA Colloquium 

monte-carlo simulations and machine-learning

Figure 20: Computing in High-Energy Physics Research (CHEAPR)
2016. Workshop devoted to exploring how machine-learning can
improve our Askaryan signal recognition
http://ccapp.osu.edu/workshops/CHEAPR2016/workshop.html.

30
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Electronics 
3.2 Gigasamples/sec rate 
Trigger –  

Tunnel diode acts as a 
power integrator over few 
ns time scale 
Requires 3 excursions of 
tunnel diode output above 
threshold within 110 ns in 
antennas of same 
polarization (3/8) 
Threshold automatically 
adjusted to maintain steady 
global trigger rate 

12-bit digitization  
400 ns output waveform 

2017-03-01 UA Colloquium 

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 communications 
signals 

•  LNA for each antenna 
improves received signal 
strength above background 
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Optimized Cut Values 

•  All optimized cut parameters relaxed for GRB neutrino search 
when compared with diffuse neutrino search 

•  Factor of 2.4 improvement in efficiency against a simulated GRB 
flux 

2017-03-01 

 
Cut 

 
Reconstruction Quality Cut 

Peak/Correlation 
Cut 

Parameter Apeak Apeak/Atotal Peak/Correlation 
Cut Value 

Diffuse Neutrino 
Search 

50 deg2 1.5 8.8 

GRB Neutrino 
Search 

70 deg2 16.2 7.5 

UA Colloquium 
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Filter-level Algorithm 

•  100’s of millions of events – too many to efficiently use 
complex reconstruction methods 
•  Need < 0.1% thermal acceptance to be efficient 

•  Can we create an adaptable, efficient filter-level algorithm 
•  Goals: 

•  Computationally simple 
•  Easily differentiates between signal and noise 
•  Decrease volume of data to then use more computationally 

intensive techniques (ray-tracing, etc) 
•  Single understandable output 
•  Easily optimizable 

•  Ultimate goal is a deep station analysis of current data 
•  Perhaps use algorithm as a trigger or filter to the North? 

2017-03-01 UA Colloquium 
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Planar Signal Wavefront 

ΔtA,i = t3-t1 

ΔtA,ii = t4-t2 

ΔtA,i ≈ ΔtA,ii  
 
 

2017-03-01 

= A-type pairs 
= B-type pairs 

t1 

t2 

t3 

t4 

•  Divide array into faces 
•  Difficult to directly  compare timing 

from different sets of pair-types – 
what to do? 

= similar pairs 

UA Colloquium 
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Angle of Incidence 

•  Use the angle from the baseline 
•  Comparable between different 

pair types 

2017-03-01 

θA,i 

θA,ii 

ΔtA,i =
n
c
cos θA,i( )ΔdA,i

cos θA,i( ) =
cΔtA,i
nΔdA,iθA,i ≈θA,ii

cos θA,i( ) ≈ cos θA,ii( )
UA Colloquium 
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Angular Variation - RMS 

•  Similar time differences ! small variation 
•  Find the “RMS” around their average 

 
•  RMS(cos(θ)) < 0.1 if the arrival directions 

agree  
•  Also corrects for differences in baseline lengths 

2017-03-01 

cos θA( ) =
cos θA,i( )+ cos θA,ii( )

2

UA Colloquium 

RMS cos(θA )( ) =
cos θA,i( )− cos θA( )( )

2
+ cos θA,ii( )− cos θA( )( )

2

2
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Find “hit times” 

•  To decrease noise fluctuations, scan an integrated power window of 5 ns 
•  Find the two highest peaks, use these as “hit times” for that channel 
•  Apply a threshold:  

•  Find the face with the timing that agrees best with incoming signal (lowest face 
RMS) 

2017-03-01 
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Preliminary Results - Simulation 

•  Simulated 1019 eV neutrino events generated with AraSim simulation package 
•  Good separation at high signal strength 
•  Reasonable separation at lower signal strength 
•  Noise starts to dominate over low SNR signals – difficult to reconstruct anyway 

2017-03-01 
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Noise filtering 
5 Hz thermal noise trigger rate 
!  Needs to be reduced before 

applying sophisticated algorithms 

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

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

wave  
! quality parameter (similarity to wavefront)x(hit 
count) 

For 16 
antennas per 
station Quality Parameter for simulated neutrinos 

Signal 
Noise 

2017-03-01 UA Colloquium 
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Vertex reconstruction 
We need: 
•  Angular reconstruction of vertices, to 

distinguish neutrinos from other sources 

We use matrix based 
reconstruction: 
•  Analytical solution to linear system 

of equations 
•  Very fast, not seed dependent 

The algorithm: 

1. Determine time differences 

2. Select good antenna pairs, 
based on correlation amplitude 

3. Set up and solve system of 
linear equations 
Signal arrival time from 
positions: 

Use difference between 
antennas & reorder: 

This can be represented by: 

Solve with matrix inversion tools 

2017-03-01 UA Colloquium 
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Quality Criterion 

Reconstruction error vs residual: 

Residual for signal and noise 
Signal 
Noise 

Other quality criteria are 
applied to further clean out bad 
reconstructions 

2017-03-01 UA Colloquium 

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 correlation 
value to be included as a pair 
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Background rejection 

Strategy: 
•  Use 10% burn sample  
•  Estimate appropriate angular 

cuts 
•  Calibration pulsers, surface 

•  Look only at events outside the 
angular cut region 
! Leftover 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 

•  Estimated 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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