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Abstract

The observed GZK cutoft in the cosmic ray spectrum has led to a strongly mo-
tivated expectation of an ultra-high energy (UHE) neutrino flux arising from the in-
teractions between the highest energy cosmic rays and cosmic microwave background
photons. Aside from these diffuse neutrinos, UHE neutrinos are also expected to be
produced in the same astrophysics sources producing the UHE cosmic rays such as
Gamma-Ray Bursts (GRB) and AGNs. Here, we discuss two UHE neutrino searches
using data from the Askaryan Radio Array (ARA) prototype Testbed station: one
search for a diffuse neutrino flux and another for neutrinos from GRBs. Testbed data
from 2011 to 2012 are used for the searches in the thesis. We discuss how we define
the analysis cuts, optimize the analysis cut parameters for maximum sensitivity to
UHE neutrinos, estimate the number of background and neutrino events, and set
neutrino flux constraints in the UHE region (> 10'" eV). We use an optimistic flux
model from Kotera et. al. 2010 as our baseline model and optimize our analysis cuts
for this model. The GRB neutrino search follows the same analysis technique as the
diffuse neutrino flux search with some modifications. A timing constraint for each
GRB reduces the estimated background dramatically and therefore we can loosen
some of our analysis cuts for the GRB neutrino search. We also present detailed de-
scriptions about tools that are used for the searches such as AraSim, a Monte-Carlo
simulation that we developed, and RaySolver, a code to carry out ray tracing in ice
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with a depth-dependent index of refraction model. We present constraints on the
neutrino flux from the ARA Testbed for diffuse neutrinos and GRB neutrinos sepa-
rately. These neutrino flux constraints and analysis techniques from the Testbed will
provide a benchmark for the future deep ARA stations’ analyses which are expected
to improve neutrino flux constraints by a factor of three or more due to differences

in the design of the stations.

il



To my parents

v



ACKNOWLEDGMENTS

I would like to thank my advisor Amy Connolly for helping and supporting me
for all the work I have done during my Ph.D. It would be impossible for me to finish
all the projects and researches without her support. It was my pleasure and honor
to work as her research group and also as a part of Askaryan Radio Array (ARA)
experiment.

I appreciate other group members: Carl Pfendner, Patrick Allison who gave me a
wonderful experience to work with, especially for Carl Pfendner who helped me a lot
in both research and personal life manners. His thoughtful and patience conversations
helped and supported my difficult times.

I thank my committee members: John Beacom, James Beatty, Christopher Hill
and Brian Winer. Their sincere advices helped me what I have to think about and
decide for my future plans.

I also want to thank my friends Paul Shellin, Kenji Oman and Ranjan Laha who
shared many hours with me and gave me an enjoyable life in OSU.

Many thanks to ARA collaborators: David Seckel, David Besson, Ming-Yuan Lu
and all others.

Finally T would like to thank my family, my parents and my brother. Without
their encouragements and supports, I would not be able to finish my Ph.D.

And also the one whom made my life changed forever...



VITA

2000 ... B.Sc., Korea University, S. Korea
2000 .. M.S., Korea University, S. Korea
PUBLICATIONS

Improved Performance of the Preamplifier-Shaper Design for a High-Density Sensor
Readout System, Eugene S. Hong, Eunil Won and Jaehyeok Yoo, Journal of the
Korean Physical Society, 54, 760 (2009) [!]

First Constraints on the Ultra-High Energy Neutrino Fluz from a Prototype Station
of the Askaryan Radio Array, Patrick Allison, et. al. [arXiv:1404.5285] [2]

FIELDS OF STUDY

Major Field: Physics

Studies in Experimental Astroparticle Physics: Ultra-High Energy Neutrinos

vi



Contents

Page
Abstract . . . . . . . i
Dedication . . . . . . . . L iv
Acknowledgments . . . . . . ... v
Vita . . . e vi
List of Tables . . . . . . . . . . xi
List of Figures . . . . . . . . . xiii
Chapters:
1. Introduction . . . . . . . . . .. 1
1.1 Ultra-High Energy Neutrino Source Candidates . . . . . . ... .. 4
1.2 Detecting Techniques and Experiments . . . . . . . ... ... ... 5)

vil



Motivations for Ultra High Energy Neutrinos. . . . . . . ... ... ... 8

2.1 GZK effect . . . . . . 8
2.1.1 Models for GZK induced neutrino . . . . .. . .. .. ... 13

2.1.2  Models for GZK induced neutrino with UHECR and EGRB

constraints . . . . . ... L 15
2.2 Gamma-Ray Bursts . . . .. ... ... 0o 20
2.3 Other Models (other than GZK, GRB models) . . . ... ... .. 22
Past and Present Experiments for UHE neutrino. . . . . . ... ... .. 26
3.1 Detection Methods: Optical and Radio Cherenkov Radiation . . . . 26
3.2 Radio Ice Cherenkov Experiment (RICE) . . ... ... ... ... 30

3.3 Goldstone Lunar Ultra-high energy neutrino Experiment (GLUE) . 31

3.4 Antarctic Impulsive Transient Antenna (ANITA) . . ... ... .. 32
3.5 IceCube . . . . . . . . 34
Askaryan Radio Array . . . . . . . ... 39
4.1 Testbed . . . . . . . 41
Simulation: AraSim . . . . . . . ... 47
5.1 Simulation Process . . . . . . .. ..o o0 47

5.1.1 Selecting Neutrino-ice Interaction Location . . . . .. ... 48

viii



5.2

5.3

5.1.2  Earth Absorption Effect . . . . . . ... ... ... ... .. 49

5.1.3 Showers from Neutrino-ice Interaction . . . . . .. .. ... 49
5.1.4 Ray Tracing . . . . . . .. . .. .. 50
5.1.5  Ice Attenuation Factor . . . . . . . ... ... ... .. 53
5.1.6 Antenna Response . . . . . ... ... ... .. ....... 55
5.1.7 Electronics Response . . . . . . . . .. ... L. 58
5.1.8 Generating Noise Waveforms . . . ... ... .. ... ... 59
5.1.9 Trigger Analysis . . . . . .. ... ... L. 61
Askaryan Radiation in AraSim . . . . . .. ... ... ... ... 61
5.2.1 Custom parameterized RF Cherenkov emission model . . . 62
5.2.2 Parameterized AVZ RF Cherenkov emission model . . . . . 73
Calibrating AraSim to the Testbed Data . . . . . . ... ... ... 7
5.3.1 Calibrating Thermal Noise. . . . . . . ... ... ... ... 7
5.3.2 Calibrating the Trigger Threshold . . . .. ... ... ... 82

A Search for UHE Neutrinos in the Testbed Station of the Askaryan Radio

6.1

6.2

6.3

6.4

..................................... 90
Introduction . . . .. ..o 90
Method . . . . . . . . 91
6.2.1 Testbed Local Coordinate . . . . . .. .. ... ... .... 92
6.2.2 AnalysisCuts . . . . .. ... 92
6.2.3 Background Estimation . . . ... ... ... ... ... .. 118
Survived Events . . . . . ... oo 122
Livetime Calculation . . . . . . ... ... ... ... 123

X



6.5 Results . . . . . 125

6.6 Systematic Uncertainties . . . . . . . . . ... ... ... .. ..., 129

6.7 Projections for ARA3 and ARA37 . . ... ... ... .. ..... 134

7. Gamma-Ray Burst Neutrino Search . . . . . . . ... ... ... ..... 138
7.1 Introduction . . .. . . ... ... 138

7.2 Previous GRB Neutrino Analyses . . . . . . ... ... ... .... 139

7.3 The ARA Instrument . . . . .. .. . . . ... ... ... ..... 140

7.3.1 TestBed station . . . . . ... .. ... ... .. ....... 140

7.4 Analysis Tools . . . . . . ... 141

7.4.1 GRB Neutrino Model: NeuCosmA . . . ... ... ... .. 141

7.4.2 Simulation: AraSim . . . . . ... ... ... ... 142

7.5 DataAnalysis. . . . . . ... 143

7.6 Results . . . . . .. 149

7.7 Conclusions . . . . . . . .. 151

8. Conclusions . . . . . . . .. 153
Bibliography . . . . . . . 156



Table

2.1

4.1

5.1

5.2

List of Tables

Page

Best fit parameters for HiRes UHECR data and Fermi-LAT EGRB

data from [3]. The fit results are shown with the data points in Fig. 2.5. 17

Types and positions of antennas as deployed in the ARA Testbed. See

the text for the description of antenna types. . . . . . . . .. ... .. 42

The tuned time offset between channels by comparing Testbed cali-
bration pulser waveforms and simulated calibration pulser waveforms.

Offset values are obtained with respect to Channel 0. . . . . . . . .. 83

The trigger threshold obtained from the minimum y? between the sim-

ulation and the Testbed data. The unit of trigger threshold is RMS of

tunnel diode output from thermal noise waveform. . . . . . . . . . .. 84

x1



6.1

6.2

6.3

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 survive after each cut in sequence
and how many events each cut rejects as a last 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. . . . . . . ... ..o 126

Summary of systematic uncertainties on the neutrino efficiency at 10'® eV.

Factors that bring the Testbed sensitivity to ARA37 sensitivity for

E, =108 eV using AraSim. . . . ... .. .. ... ... .. ... .. 134

xil



Figure

1.1

1.2

2.1

2.2

List of Figures

Cosmic ray flux in broad energy range. AGASA [1] didn’'t measured

the cutoff at GZK threshold energy. Image from [5]. . . . . . . . . ..

Cosmic ray flux in the UHE region. Auger and HiRes data which
detected the cosmic ray flux cutoff above 10 eV are shown. Image

from [5]. . . .

Total hadronic cross sections for vd, yp, and v~ interaction. The cross
section for the GZK interaction is the yp cross section in the plot,
which has the peak at /s ~ 1.1 GeV due to the A* resonance. Image

from [D]. ..

Probability for @ photo-production by a CR as a function of the dis-

tance of the source at AT resonance. . . . . . . . . .. ... .. ...

xiil

Page



2.3

2.4

2.5

2.6

2.7

3.1

Plotting Auger UHECR data against a model for the CR flux at Earth
with n = 3 and a = —2.6. Auger data is shown as stars and the model

is shown as red solid line. . . . . . . . . . . .. . ... ...

Intensity of GZK induced neutrino models based on Auger UHECR

data. Waxman-Bahcall constraint is shown as dash-dotted line.

GZK induced neutrino flux (green solid line : best fit model shown
in Table 2.1, green dashed line : 99% C.L. of best fit) from E;, =
10'"5 eV model shown with UHECR data from HiRes and EGRB data

from Fermi-LAT. Image from [3]. . . . ... ... ... ... .....

Expected GZK induced neutrino flux from FE.;, = 107 eV (green
solid line : best fit, green dashed line : 99% C.L., green dotted line :
without Fermi-LAT EGRB data) compared with the constraints from
experiments. Without Fermi-LAT EGRB data, expected neutrino flux
is much larger than with EGRB data (thin dotted green line). Image

from [3]. . ..o

GRB distribution plot in Galactic coordinates from 2000 GRBs de-
tected by BATSE. GRBs are isotropically distributed which indicates

that GRBs are extragalactic source. . . . . ... .. ... ... ...

Schematic of electromagnetic cascade due to electron. Image from [0].

Xiv

16

16

19

29



3.2

3.3

3.4

3.5

3.6

3.7

3.8

Basic schematic of Cherenkov radiation. Charged particle moves along

with the blue arrow, and Cherenkov radiation is shown as a red cone.

Basic schematic for detecting the Askaryan effect in the moon. Image

Constraints from GLUE, RICE, FORTE, AMANDA, and ANITA-lite
compared with TD, GZK, and Z-bust models for UHE neutrinos. Z-

burst models are ruled out by ANITA-lite. Image from [8]. . . . ..

Constraints from RICE, Auger, HiRes, ANITA-I, and ANITA-II. Satu-

rated GZK neutrino models are ruled out by ANITA-I and ANITA-II.

Image from [9]. . . . . .. Lo

Basic schematic of IceCube. Image from [10] . . . . ... .. ... ..

Constraints from IceCube (red curve) and other experiments with 1:1:1

neutrino flavor assumption. Currently, IceCube has the best neutrino

flux limit below 10 eV. Image from [11] . . ... .. ... ... ..

XV

30

32

33

35

36

37

38



4.1

4.2

4.3

4.4

Diagram showing the layout of the proposed ARA37 array, with the
location of the Testbed and the first three deployed deep stations high-
lighted in blue and black respectively, and proposed stations for the

next stage of deployment, ARA10, highlighted in orange. . . . . . . .

Diagram showing the layout of a design station and antennas. Each
station on Fig. 4.1 (one circle on the plot) has the layout shown on this
plot. There are four boreholes for receiving antenna clusters where each
borehole has two Vpol antennas and two Hpol antennas. There are two
additional boreholes for calibration transmitting antennas. Each cali-
bration pulser borehole has one Vpol and Hpol transmitter antennas.
There is central station electronics on the surface of the ice, which

includes DAQ and power supply box. . . . ... ... ... .. ...

Schematic of the ARA Testbed station. . . . . . . . . . . . . . . ...

Photos taken from Testbed deployment. Top left: bicone Vpol antenna
under test in South Pole station, top middle: bowtie-slotted-cylinder
(BSC) Hpol antenna, top right: quad-slotted-cylinder (QSC), bottom
left: string descending down a hole, bottom right: x-mark for locating

the Testbed station. . . . . . . . . . . ..

XVi

40

41

43



5.1

5.2

5.3

5.4

Basic schematic of a neutrino event. The cone at the neutrino-ice
interaction location is the Cherenkov cone from coherent radio emission
and the red curve is ray tracing between the antenna and neutrino-ice

interaction location. . . . . . . . . ..

Antarctic ice index of fraction measurements (red crosses) at the South
Pole and its fit result (green curve). The fit function is n(z) = al +
a2 x (1.0 —exp(bl - 2)) (exponential fit model) where n(z) is the index

of refraction and z is the depth. Data points are digitized from [70].

Plot showing the regions with ray-trace solutions for an antenna depth
at 25 m (top) and 200 m (bottom). The greater depth allows an

antenna at 200m depth to observe a larger volume of the ice. . . . . .

The electric field attenuation length as a function of depth from the
ARA Testbed deep pulser data. The depth of the deep pulser was
~ 2 km and the path length was 3.16 km from the deep pulser to
the ARA Testbed. From the single distance measurement, the average

attenuation length over all depths are extrapolated. . . . . . . .. ..

xXvii

48

ol

52

54



5.5

5.6

5.7

Signal receiver system’s simple schematic. Right hand part (source and
Za) are the components from antenna while left hand part (Zg) is the
signal receiver (such as DAQ). When impedance is matched, we can
let reactance X from both Z, and Zy as zero and resistance for both
Zr and Z, as the same value R, (Za = Zr = R;). V on the plot is the

actual measured voltage signal which is V = Zg - I = V heasured-

Filter’s gain response which is in use for AraSim. The filter response
consists of a high pass filter at 150 MHz, a low pass filter at 800 MHz,
and a notch at 450 MHz to avoid the electronics communication fre-

QUENCY. « « v v v v et e e e e e

Simple closed circuit with voltage source (thermal noise source) and

antenna (Z4) and load (Rp). . . . . . . ... . oo L

Xviil

57



5.8

5.9

5.10

Comparison between the full shower simulation (ZHS) and the semi-
analytic model of a 3 x 10'® eV electromagnetic shower at a viewing
angle of # = 6 —0.3°. The blue solid curve shows the result from ZHS
full shower simulation, the red dashed curve shows the result from
semi-analytic model, and the yellow solid curve shows the result from
simple 1D model. The top plot shows the vector potential R|A| in
the time domain, the middle plot shows the electric field R|E| in the
time domain, and the bottom plot shows the spectrum in the frequency
domain. All three plots show that the full ZHS simulation and the semi-
analytic method agree well. The disagreement at the high frequencies
seen in the middle and bottom plots are not important for ARA as the

bandwidth of the system only goes up to 1 GHz. Plots from [12].

Fractional excess of electrons from ZHS in-ice simulation. Horizontal
axis shows the shower depth in ice. The plot shows that fractional
excess of electrons varies from 20% at the beginning of a shower to
30% for larger depths regardless of the energy of the shower. Based on

this plot, constant 25% excess of electrons is chosen. . . . . . .. ..

Shower profiles from AraSim and ZHS simulation for 1 PeV electromag-
netic shower. The black curve is obtained from AraSim using Greisen
function (Eq. 5.13), and the red curve is obtained from [13] Fig. 3 which

is the result from the ZHS simulation. . . . . . . . . . . . ... ...

Xix

63



5.11

5.12

5.13

Vector potential obtained from AraSim for the same shower shown in
Fig. 5.10. Here, the vector potential is calculated 1 m from the shower.

Viewing angle is § = 0o+ 10°=65.8°. . . . . . . .. .. ... ..

Electric field in the time domain from AraSim compared to ZHS sim-
ulation for the same shower as shown in Fig. 5.10 and 5.11. The black
curve is obtained from AraSim, and the red curve is obtained from [13]
Fig. 3 which is the result from ZHS simulation. Even though there was
some disagreement in the shower profile (Fig. 5.10), the overall electric

field signal power don’t differ by more than 25%. . . ... ... ...

Comparison of spectra obtained from the two Cherenkov emission

modes in AraSim. The red curve is obtained from the AVZ RF model

and the black curve is the result from custom parameterized RF Cherenkov

model (Section 5.2.1). Both results have exactly same shower param-
eters (electromagnetic shower with 10 TeV energy and viewing angle
of @ = 0 — 5°). The two RF signal emission models show consistent

results. ..o

71

72



5.14 Distribution of voltages at 200 MHz and its best-fit Rayleigh distribu-

5.15

tion function. Thermal noise events from Testbed data set (software
triggered events, blue curve) and their best-fit Rayleigh distribution
function (red curve) are shown. The voltage distribution at 200 MHz,
Channel 2 (Vpol antenna) is chosen for the plot and the integral is
normalized to 1 in order of have same normalization for the Rayleigh
distribution function (Eq. 5.29). Good agreement between the distri-

bution and the fit function is shown on the plot. . . . . . ... ...

Plot of the RMS voltage distribution from generated thermal noise
waveform using the best-fit Rayleigh distribution. The red curve is the
distribution from generated thermal noise waveforms, while the blue
curve is from Testbed data. In the Testbed data set (blue curve), there
is an extended tail feature which the simulated noise doesn’t have. This
tail is coming from non-thermal background events such as CW and
anthropogenic impulsive events. Overall, the dominant thermal noise

part is well match between the data and the simulation. . . . . . ..

xXx1

79



5.16

5.17

5.18

Plot of the distribution of peak voltages from thermal noise waveforms
generated using the best-fit Rayleigh distribution and Testbed data.
The red curve is the distribution from the generated thermal noise
waveforms, while the blue curve is from the Testbed data. The part
of the distribution at low voltages shows agreement between simulated
noise and the data. Like the RMS distribution (Fig. 5.15), the extended
tail feature in the data set is due to non-thermal background events

such as CW and anthropogenic impulsive events. . . . . . . .. . ..

One example of finding the trigger-threshold sensitive variable from
8 borehole channels. The trigger-threshold sensitive variable is the
3rd highest peak square voltage among channels in trigger coincidence
window. In the plots, red box is the trigger coincidence window for
each corresponding channel. In the plots, Channel 0 has the highest
peak V2 among all channels, Channel 1 has the send highest peak V2,
and Channel 5 has the 3rd highest peak V2 which is the trigger sensitive
variable. The distribution of this trigger-threshold sensitive variable is

shown in Fig. 5.18. . . . . . . . . oo

Comparison between the simulated triggered events and Testbed RF
triggered events for Channel 2. The trigger threshold value used for the
simulation set give us the minimum y? from the Testbed data. Good

agreement between the simulation and the data is shown. . . . . ..

xxii



6.1

6.2

An example of an event waveform with a weird electronics error. The
DC component of the waveform provides the power contribution below
the 150 MHz high-pass-filter of the system and thus rejected by the

Event Quality Cuts. . . . . . . . ... ... .

Series of waveforms that show the process to obtain the correlation
function from a pair of antennas. The top two plots are two voltage
waveforms from two antennas that are chosen as a pair to produce
the correlation function. All plots are obtained from same calibra-
tion pulser event. Both plots are from horizontally polarized antennas
Channel 0 and Channel 1, respectively. The bottom left plot is the
cross-correlation waveform from the top two waveforms. The bottom

right plot is the Hilbert-transformed of the bottom left plot. . . . . .

xx1il



6.3

6.4

Examples of correlation maps and the final interferometric map from
the calibration pulser event (same event with Fig. 6.2). All maps are
obtained from 30 m source distance assumption in order to reconstruct
the calibration pulser which is located ~ 30 m from the Testbed. The
top two plots and the bottom left plot are the correlation maps from
different pair of antennas in same polarization. From the Testbed,
there are total 6 pairs for each polarization. The correlation value
on the map is the projection of the cross-correlation function (bot-
tom right plot of Fig. 6.2) with the corresponding signal travel time
difference between the antennas. The bottom right plot is the final
interferometric map obtained by summing correlation maps from all
pairs with the normalization factor 6 from the number of pairs. The
best reconstruction direction from the map (red peak region around
0° zenith and 140° azimuthal angle) is the direction of the calibration

pulser as expected. . . . . ... ..o

Distribution of calibration pulser events’ reconstructed direction. The
top plot is the distribution in zenith angle () difference between the
true direction and the reconstructed direction, while the bottom is the
distribution plot in azimuthal angle (¢). Zenith angular resolution is
approximately factor of two worse than azimuthal angular resolution

due to the error in depth-dependent index of refraction model.

XX1v

96

98



6.5

6.6

6.7

6.8

An example of a interferometric map used for reconstruction. This map
is obtained from VPol channels with a 3000 m distance assumption
from the station. The shadow region due to the ray-tracing in the
depth-dependent index of refraction yielded the empty horizontal band
in the middle of the plot. The shadow region effect is illustrated in

Fig. 5.3. The 85% contour around the peak of this plot is shown in

An example of an 85% contour around the peak. This plot of peak
area is obtained from Fig. 6.5. The red colored filled area is the 85%
contour region around the peak and the integrated solid angle of the

region is Apeax = 226.5 deg2 ........................

The distribution of 85% contour area from 2012 HPol calibration pulser
events (top) and simulated neutrino events from maximal Kotera et al.
flux model. From the calibration pulser events’ plot, we set the max-
imum allowed Apex at ~ 20 away from the mean of the distribution,
at 50 deg?. The signal plot (bottom) shows that the minimum allowed

Apeax at 1 deg? has a minimal effect on the neutrino efficiency. . . . .

All Geometric Cuts for each reconstruction map. . . . . ... .. ..

XXV

100

100

101



6.9

6.10

6.11

The distribution of gradient value G from 10% Testbed burned sam-
ple with the Event Quality Cuts applied. Our gradient cut value 3.0
is approximately 2.3 ¢ away from the mean value 1.5. Distribution

of gradient value from the selected background events are shown in

The distribution of gradient value G from the Testbed 10% burned
sample with analysis cuts to select events that should be rejected by
gradient cut. The Saturation cut, Delay Difference cut, and Geometric
Cuts are applied. The gradient cut value of 3.0 is approximately 1 o

from the mean value. . . . . . . . . ...

Distribution of the Delay Difference value ATge,, from calibration
pulser events. As expected, most events are clustered at ~0 ns delay
which means there is a strong correlation between the time difference
between waveforms and the best reconstructed direction. The small
number of events distributed at low V,e.c/RMS are caused by thermal
noise events that have leaked into the calibration pulser trigger timing
window. Our Delay Difference Cut value of 20 ns is shown as a black

vertical dotted line on the plot. . . . . . .. .. ... ... ... ...

XXVi

106

107



6.12 Distribution of the Delay Difference value AT gely from the 10% Testbed

6.13

6.14

burned sample with the Quality Cuts and Geometric Cuts applied.
The distribution shows that most of events have a Ve /RMS value
less than 7 and widely spread over Delay Difference values. Therefore
the dominant portion of events are thermal noise events and Continu-
ous Waveform (CW) events. Our Delay Difference Cut value of 20 ns

is shown as a black vertical dot line on the plot. . . . .. ... ...

Distribution of the Delay Difference value ATgesy from triggered neu-
trino events from AraSim. The simulation is run with a fixed neutrino
energy at 10'° eV. The delay Difference Cut value of 20 ns is shown as
a black vertical dotted line on the plot, rejecting only a small portion
of triggered neutrino events. The clustered events at high Vjear/RM S
and low ATge,y are due to the Saturation Cut which restricts the

maximum Viear/RMS to ~30. . . . ...

And example of CW Cut baseline and a spectrum of strong CW back-
ground event. The baseline is an average spectrum for a run data
(approximately 30 minutes period of data). The example event has a
strong CW background at ~400 MHz, which is a weather balloon com-
munication signal. The spectrum peak at 400 MHz is strong enough

to exceeds the 6.5 dB above the baseline (dashed curve). . . . .. ..

XXVvil



6.15

6.16

6.17

The distribution of 2nd highest V,eor/RMS and correlation values for
the vertical polarization channel for the left plot from the 10% exam-
ination data set and the right plot from events simulated at 10 eV.
Both plots show only events that have survived all other cuts. The red
line shows the selected cut parameter and thus all events above this
line survive the cuts and those below are removed. For the data (left
plot), no events fall above the cut line. For the simulated events (right
plot), there is a sizable percentage of events that lie above the cut line
and thus survive. These simulated events extend to a range of higher

correlation and Ve /RMS values. . . . . ... ..o

These plots are zoomed in versions of the plots above (Fig. 6.15). In
the data (top plot), the events are dominated by thermal noise and
thus concentrate around specific low correlation and Vieqr/RMS values
of 0.135 and 3.7, respectively. The simulated events (bottom plot) are
dominated by the simulated signal and thus do not tend to cluster

around a particular value for the correlation and signal strength. . . .

The differential distribution of events that pass the Peak/Correlation
Cut using the optimal slope shown in 6.15. The horizontal axis is a
measure of the vertical offset of the red line in Fig. 6.15, and is the 2nd
highest Vpeax/RMS where the red line intersects the Max Corr Value=0

axis. This distribution is fitted against an exponential function which

114

115

is used to extrapolate to the number of events expected to pass the cut.116

XXVill



6.18

6.19

6.20

Plot showing the Peak/Correlation Cut for each trial slopes. Among all
20 slopes, we choose a slope of -14 which give us a reasonable p-value

from the corresponding toy simulation set (see Fig. 6.19). . . . . ..

Distribution of minimum log likelihood from the toy simulation set with
Peak/Correlation Cut slope of -14. The red vertical line is the value
from the Testbed data set. The p-value is the ratio between the total
number in the toy simulation set to the number in the toy simulation
set that has a smaller —2log(L) value than the one from the Testbed

data. A p-value of 0.235 is close to 1o for a normal distribution.

Finding the optimal Peak/Correlation Cut value by maximizing N/.S,,,.
The red vertical line is the optimal Peak/Correlation Cut value (inter-
cept in 2nd highest Vyea/RMS in Fig. 6.15 and 6.16) which is 8.8.
Peak/Correlation Cut values smaller than the optimal value are too
weak so allow too many background events. Peak/Correlation Cut
values bigger than the optimized value are, on the other hand, too

stringent and reject too many neutrino events. . . . . . . ... ...
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6.21

6.22

6.23

6.24

The efficiency of each cut in sequence compared with the total number
of triggered events for a simulated data set generated from an optimistic
Kotera et al. 2010 flux model. After the cuts designed to reject thermal
background are applied (beginning with the Delay Difference Cut), the

efficiency turns on and plateaus for 2 highest Vpe../RMS > 6.

The reconstruction directions of the events that passed both Stage 1
and Stage 2 of the analysis in the 30 m (upper) and 3 km (lower)
maps. Events that passed the unaltered cuts in Stage 1 are shown in
blue and those that passed the Stage 2 cuts are shown in red. The
initial Geometric Cut regions (dashed blue line) were adjusted after
Stage 1 (solid red lines) based on a Gaussian fit to the background

event distribution with a limited set of cuts applied. . . . . . . . . ..

The limits placed compared with the projected ARA37 trigger-level

sensitivity and results from other experiments. . . . . . . . . . . . ..

Channel 0 waveform from a calibration pulser event. The left plot is
from the Testbed data, the middle plot is from AraSim with default
phase model, and the right plot is from AraSim with simplistic £90°
phase model. Even though the amplitude of the waveforms in two
AraSim plots are not calibrated to the Testbed, we can see that the
pulse in the simplistic phase model is too narrow while the pulse in the

default phase model is too broad compared to the Testbed waveform.
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6.25 These figures show the distribution of zenith angles of incident mo-

7.1

menta for simulated neutrinos at 10'® eV that pass the trigger in
AraSim for (left plot) Testbed at 30 m and (right plot) a design sta-
tion at a depth of 200 m. Events on the left side of each plot come
from up-going neutrinos with respect to the South Pole, while events
on the right come from down-going neutrinos. 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 Fig. 5.3 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 effect 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. . . . . . .. ... ..

Muon neutrino fluence of GRBO80603A from analytic calculation based
on WB model (IC-FC, back curve) and NeuCosmA model (NFC, red
curve). Detailed calculations in NeuCosmA yield changes in the magni-

tude and the shape of the neutrino fluence. Figure digitized from [14].
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7.2

7.3

7.4

7.5

Distribution of the reconstruction location from the neutrino source
direction from a simulated sample of 10'® eV neutrinos. The neutrino
source direction is at # = 0° and ¢ = 0°. The plot is obtained from
events with neutrino source directions pointing zenith angles from 37°
to 102°. Two circular empty bins (white bins) in the plot are caused

by the shadowing effect from the ray tracing in ice (Fig. 6.5).

Effective volume as a function of neutrino travel direction plot. 6 is
the zenith angle of the neutrino travel direction. Field of view range
is defined as the Full Width Half Maximum (FWHM) of the effective

volume which is —0.4 < cos(f) < 0.05. . . ... ... ... ... ...

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. Note that cos(f) in this map is the direction of the GRB

while cos(6) in Fig. 7.3 is the direction of the neutrino. . . . . .. ..

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 10'% eV. This dominant

GRB is chosen as representative of the sum of the 57 GRBs. . . . . .
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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 10 eV is shown with a red dashed curve. 150

7.7 The inferred quasi-diffuse flux limit from the selected 57 GRBs. The
quasi-diffuse 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-diffuse GRB neutrino flux limit for energies above
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Chapter 1

Introduction

Neutrinos are exceptional messenger particles due to their unique properties such
as their neutral charge and low cross sections. The first property, the neutral charge,
makes it possible for neutrinos, once produced at the source, to travel directly to-
wards the Earth without any influence from magnetic fields. Once we reconstruct the
direction of the neutrino, we can learn about the distribution of the source which cor-
responds to the direction of the neutrino. Neutrinos are one of the few particles that
can provide direct information about astrophysical phenomena. The second property,
the low cross section, comes from the fact that neutrinos can only interact through
the weak force. In other words, they don’t interact with other particles with high
probability and therefore neutrinos can travel cosmological distances without being
attenuated. The cross section of neutrinos in matter is approximately 1073 cm? at
10° GeV [15]. Tt is also possible for neutrinos to be produced inside of the source
and penetrate out of the source (at 10° GeV, the neutrino mean free path in water
is ~ 10% m, [5]) and thus provide us the information about the interior of the source.
This direct measurement of the inner activities of a source is only possible through
neutrinos.

These unique properties of neutrinos have made them a fascinating topic of re-

search in particle astrophysics. Searching for the source of ultra-high energy (UHE,
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Figure 1.1: Cosmic ray flux in broad energy range. AGASA [1] didn’t measured the
cutoff at GZK threshold energy. Image from [5].

> 10" eV) cosmic rays (CRs) is one of the most interesting research topics which can
be achieved by neutrino experiment. Cosmic rays in the UHE region have been ob-
served by multiple experiments, shown in Fig. 1.1, [10], [17], [18]. However, the source
of these exceptionally high energy particles is unknown. UHE neutrinos are expected
to be produced along with ultra high energy cosmic rays (UHECRs) at the source and
therefore we expect to learn about the geometrical location and the internal physics
of the sources by detecting UHE neutrinos. Another reason which motivates us to
study this UHE region is that, the center of mass of a neutrino interaction in our

detectors is higher than that of the most energetic human-made particle collisions
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(Large Hadron Collider, ~ 10 TeV) and therefore this study can extend the scope of

particle physics to higher energies [19,20)].

1.1 Ultra-High Energy Neutrino Source Candidates

There are many UHE neutrino source candidates such as GZK interactions [21,

], Gamma-Ray Bursts (GRBs) and Active Galactic nuclei (AGNs). In the 1960’s,
Greisen, Zatsepin and Kuzmin predicted UHECRs, with energies above a threshold of
5x 10 eV, would undergo 7 photo-production through their interactions with cosmic
microwave background photons (CMB) and this is known as GZK effect [21-23]. Fly’s
Eye [16], HiRes [17] and Auger [18], have confirmed the phenomenon of a break in
the cosmic ray flux above the GZK threshold energy consistent with the GZK process
(Fig. 1.1). Fig. 1.2 shows the measured UHECR, flux from the Auger, and HiRes
experiments. However, it is still possible that cosmic ray sources themselves have
injected UHECRs with a cutoff at the GZK threshold energy [21]. Detection of UHE
neutrinos can confirm that the GZK effect is the cause of the cutoff in the UHECR
flux above 10! eV. Further details about the GZK effect will be discussed in the next
section.

GRBs are one of the point source candidates that are expected to produce neu-
trinos up to 10*° eV. GRBs were first discovered in late 1960s by the Vela satellite
network. When a GRB explodes, it is the brightest «-ray source in the sky. Though
the mechanism of GRBs is not well known, measured properties of GRBs such as en-
ergetic (> 10°° ergs) in a short period of time (typically < 1 min) are extreme enough
to consider GRBs as a candidate of UHE neutrinos. Currently, the most generally

accepted model for GRBs is the fireball shock model [25,26]. In the fireball model,

protons are expected to be accelerated by shock accelerations in internal shocks. This



prompt emission process can produce neutrinos by pv interactions. There is also af-
terglow emission which caused by the interaction between the expanded shock and
external matter such as interstellar medium. The afterglow emission is expected to
produce neutrinos from py interactions. More explanations about GRBs are presented
in Section 2.2.

AGNs are another strong candidate of UHE neutrino source. AGNs consist of
an accretion disk and relativistic jets in the standard model. When there is a super
massive black hole (10° to 10'° times the mass of the Sun) at the centre of the galaxy,
surrounding materials dissipate toward the black hole and forms a disk like shape
which is called accretion disk. Some accretion disks produces jets which are narrowly
collimating toward the opposite directions from close to the disk. Similar to the jets
in GRBs, shocks in the jet are expected to produce UHECRs, UHE neutrinos and
high energy ~-rays via the shock accelerations.

The searches on two types of neutrino source, diffuse neutrinos (GZK neutrinos)
and point source neutrinos (GRB neutrinos), will be presented separately in different

chapters in this paper.

1.2 Detecting Techniques and Experiments

There are two major detection techniques for UHE neutrinos, optical and radio
electromagnetic Cherenkov radiation techniques. Cherenkov radiation is produced
when charged particles move faster than the speed of light in the medium. In order
to detect Cherenkov radiation, the medium should be a dielectric which is transparent
to electromagnetic waves. The optical Cherenkov technique uses optical light that is
radiated from individual charged particles in the cascade. On the other hand, the
Radio Cherenkov technique (also called the Askaryan effect) uses the coherent radio

signal from the charge asymmetry of entire cascade. Therefore we can say that the
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visible Cherenkov signal is a microscopic aspect of the cascade, while radio Cherenkov
signal is a macroscopic aspect of the cascade. Super Kamiokande [27], Astronomy
with a Neutrino Telescope and Abyss environmental RESearch (ANTARES) [28], and
IceCube [29] are the experiments which use optical Cherenkov technique. On the other
hand, Antarctic Impulse Transient Antenna (ANITA) [8], Antarctic Ross Iceshelf
Antenna Neutrino Array (ARIANNA) [30], and Askaryan Radio Array (ARA) [31] use
radio Cherenkov technique. More detailed descriptions about the detection techniques
are shown in Section 3.1.

UHE neutrino experiments are mostly located at extreme places such as Antarc-
tica in order to overcome some difficulties of detecting the particles. Along with
their low interaction cross section in matter (~ 1073 cm? at 109 GeV, [17]), their
low flux on Earth (<~ 10 km~2yr~!) make it difficult to for us to detect them in
ordinary laboratory environments. We need a place which can provide us a detection
material with a volume of the order of 100 km® and relatively background free envi-
ronment. The large volume of nearly pure ice in Antarctica is an ideal detector for
UHE neutrinos because of the long attenuation length of the medium. Attenuation
length for radio waves in Antarctic ice is approximately 500 m [32] while the optical
light is approximately 50 m [33]. It is difficult to build a human-made detector with
such a large volume. It is also possible to trace anthropogenic background sources
in Antarctica as they come from relatively few isolated locations. In present models
for UHE neutrinos, even with 100 km? volume of instrumented ice, we can detect
approximately 10 events in a year [31]. So, new experiments aim for detector to reach
the exposure on the order of 100 km? - yr in order to detect UHE neutrinos robustly.

The ARA is a next-generation radio Cherenkov neutrino detector deployed in the
ice at the South Pole. The ARA aims to deploy 37 stations of antennas at 200 m

depth spanning 100 km? of ice. To date, one prototype Testbed station and three full



stations have been deployed. In 2010-2011 drilling season, the Testbed station was
deployed at a depth of ~ 30 m. Full stations A1l at 100 m depth, and A2 and A3
at 200 m depth are deployed in 2011-2012 and 2012-2013 season, respectively. More
information about the ARA is shown in Chapter 4.

This dissertation presents the first neutrino flux constraint from the ARA Testbed.
The techniques that are used to optimize the sensitivity of ARA Testbed will be
used as a basis for analyses of the future ARA deep stations or other radio array
experiments in Antarctica.

This paper is organized as follows. In Chapter 2, we discuss different sources
of UHE neutrinos. In Chapter 3, past and present experiments designed to detect
UHE neutrinos will be discussed. Then in Chapter 4, we introduce the Askaryan
Radio Array (ARA) and its prototype Testbed station, the instrument which we used
to carry out our UHE neutrino searches. In Chapter 5, we describe the simulation
tools we developed for the neutrino searches. In Chapter 6 and 7, a diffuse and
GRB neutrino searches are presented, respectively. In Chapter 8, we discuss our

conclusions.



Chapter 2

Motivations for Ultra High Energy Neutrinos

UHE neutrinos can originate from the GZK interactions or astrophysical sources
such as Gamma-Ray Bursts (GRBs) and Active Galactic Nuclei (AGNs). In this
chapter, we discuss the different candidates for sources of UHE neutrinos. The GZK
effect, which is expected to be a dominant source of UHE neutrinos, is discussed first
with a detailed explanation about the interaction between proton and CMB photon.
The GRB as a UHE neutrino source is then discussed. Lastly, other candidate models

for UHE neutrinos are shown.

2.1 GZK effect

We discuss the GZK process and associated decay chains. When a UHE proton is
injected above the threshold energy of 5 x 10 eV for the GZK effect, the following

processes are possible.

p+yoemB = T +n (2.1)
n—p+e +1,
™ =+,

pt=et+u. 41,



p+yems — T +p (2.2)
™ v+
In the first process (Eq. 2.1), we can assume that daughters of the 7% (e*, v,, 7,
and v,) get approximately 1/4 of nt energy.
The threshold energy for m photo-production can be calculated from the Mandel-

stam variable s:

s = (Bt Poun)i, = (Prr + Pa)in (2:3)

= m2+2 E,Ecus(1 — cosf) = (mx +m,)* ~ (11GeV)? (2.4)
azk e+ 2-maomy,

paves ™ T L B 5% 10" eV (2.5)

where P, is a four momentum of particle z, and Ecyp ~ 3- kg T ~ 3x1074eV/K-3K ~
1073 eV. It is assumed that initial proton is relativistic and hence E, ~ P, is used.
The threshold energy is calculated when the initial proton and the CMB photon in the
lab frame are colliding with opposite momenta (0 = —) and the final state particles
(77 and n) are at rest in the center of momentum frame (CM). As both processes
(Eq. 2.1 and Eq. 2.2) have approximately the same invariant mass, their threshold
energies are same. Also the total energy of the final state particles in the center of
momentum frame is /s ~ 1.1 GeV (Eq. 2.4) which is approximately the rest mass of
the AT particle. Therefore the A™ resonance is a dominant channel and boosts the
cross section of the interaction near the threshold energies (see the Fig. 2.1).

For the second 7 photo-production process (Eq. 2.2), when a ¥ is created, it will
decay to two photons. These photons will each carry approximately half of the 7°
energy. However, these UHE photons are attenuated due to two dominant energy loss

processes while they travel to Earth. These energy loss processes are pair production



Cross section (mb)

Figure 2.1: Total hadronic cross sections for vd, vp, and v interaction. The cross
section for the GZK interaction is the yp cross section in the plot, which has the peak
at /s ~ 1.1 GeV due to the A" resonance. Image from [5].

with the CMB and pair production with optical light background (y+7pe — €T +€7)

followed by inverse Compton scattering (e + Y — v + €*). The threshold energy

for pair production with the CMB is

s = (Py+ Powm)iy, = (Per + P )éu (2.6)
= 2-E,Ecup(l — cosf) = (2:m,)?

2
EOMB  Me gy 10MeV (2.7)
7 ,thres :

Ecvs
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and, with optical light, it is

s = (Py+ Popt)isy = (Per + P ) (2:8)

= 2-E,Eou(1 —cost) = (2:m,)*
2
B~ Em © ~3x10MeV. (2.9)

opt

where final state electrons and positrons are at rest in center of momentum frame.

Energy of optical light background is taken to be E,,; = hv ~ 1 eV.

E CMB

When photons have energies above the threshold E, %

in Eq. 2.7, pair pro-
duction with the CMB is the dominant energy loss process as the number density
of target CMB photons is approximately four orders of magnitude larger than the

optical light background (ncus ~ 102 cm ™2, while ngpy ~ 1072 em™3 [34]). Once the

E CMB

energy of a photon drops below E,7 >,

pair production with optical light becomes
its dominant energy loss process. Using the results above, we can estimate that the
diffuse gamma ray background flux from the GZK effect will have a pile up just be-
low the threshold for further pair production, Eyf’gffres. With both the cascade diffuse
gamma ray background flux and UHE proton flux discussed above, we can derive
a strong constraint on the expected neutrino flux [3]. This is discussed further in
Section 2.1.2.

We can also calculate the distance over which 7 photo-production becomes im-
portant for UHECRs. The probability to interact is P = 1 —e~"* where n is number
density of target (here, the CMB), o is the proton-photon cross section, and L is
the total travel distance of proton. From the Fig 2.1 [7], at /s ~ 1.1 GeV (at
the threshold energy of the GZK interaction), the cross section o, is approximately

6 x 1072® cm?, and the target number density noyp is approximately 4 x 10? cm™3.

11
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Figure 2.2: Probability for m photo-production by a CR as a function of the distance
of the source at A™ resonance.

Therefore,

P(L) = (1— e momeoml) (2.10)

~ (1- e—4><102><6><10*28><L)‘

Fig. 2.2 shows the probability as a function of distance (at resonance). Above 20 Mpc,
7 photo-production becomes important as the probability is bigger than 80%. So,
the proton is almost guaranteed to undergo 7 photo-production when sources of UHE
protons are beyond 20 Mpc from Earth. When the energy of the proton increases, the
distance at which the m photo-production process becomes important increases since
the proton-photon cross section goes off resonance [5] and the average interaction

length of m photo-production process becomes ~ 50 Mpc [35].
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The Bethe-Heitler (BH) pair production process (p + yemup — p+e™ +e7) is
another possible interaction between UHE protons and the CMB. Above the GZK
threshold energy, compared with the 7 photo-production process, BH pair production
has a smaller cross section as it does not have a resonance. BH pair production has

a smaller proton threshold energy (ED{ ., ~ 5 x 10'" eV) than m photo-production,

E GZK

and so it will be a dominant energy loss process between EPY  and P thres-

p,thres

2.1.1 Models for GZK induced neutrino

In this section, we discuss the basic prescription for estimating the flux for neutri-
nos from GZK interactions, and models based on UHECR and gamma ray constraints.
Using minimal assumptions and some basic concepts, we can calculate the flux of

cosmic rays, or any particles from the GZK process, by the general equations [36-35],

- dNy Y
Jb(E) = m - /0 dE,LGb(E, Ez) ](El,t>, (211)
where
1 OP,(E; E;, 1) "
Gv(E,E;) = E/o dr‘a—E po[l + 2(r)]"O(z — Zmin): O(Zmaz — 2), (2.12)
(B t) = L (2.13)
v dE;dt '

In Eq. 2.12, P,(F; E;,r) is the probability of a particle b (b can be either p, v., or
v,) being detected on Earth with energy E when a proton was initially injected with
energy F; at a distance r away. I(E;,t) is the injection spectrum of the source, where
proton-only injection is assumed. N, is the number of b particles detected and A, ¢,
and () are area, time, and solid angle respectively. The constant pg is the co-moving

number density of the source of particles, z is the redshift, and n is a redshift evolution
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factor related to the evolution of source densities in redshift. The limits of the integral
in Eq. 2.12 are z,;, and z,.. Using calculated probabilities from [39], we can let

Zmin = 0 and z,,,, = 2 and calculate the distance at a given redshift with

dz = (1+2)H(z)dr (2.14)

where H(z) is the Hubble parameter H?(z) = H2[Qu(1+2)3+Q4]. Hy is the Hubble
constant at present, 70 km/s/Mpc, and the ratio of matter and critical density of
the universe (in other words, matter density for flat universe) €5, = 0.3 and ratio of
vacuum energy and critical density of universe Q, = 0.7 [5].

Eq. 2.13 describes the injection spectrum for the source. We adopt a basic power-

law injection spectrum with an upper limit on the energy, F.x,

I(E;,t) = Iy EY- O(Enax — E;). (2.15)

The authors of [10,11] provide the values for the probabilities B,(E; E;,r) for
b=p, ve, and v, at [39]. When the probability was calculated by Fodor et al. [10,11],
some methods were used to simplify the calculation. To calculate the probabilities,
first, they used the SOPHIA Monte Carlo simulation for m photo-production. They
assumed that the initially injected particle from the source is a proton and sources
were assumed to be isotropically distributed. They also assumed that the Bethe-
Heitler pair production process (p + yoemp — p + et + e7) is the dominant energy
loss process other than m photo-production, and used a continuous energy loss ap-
proximation for the energy loss process. Also, they neglected synchrotron radiation
caused by extragalactic magnetic fields, assuming these fields are smaller than 107 G.
With these assumptions, they calculated the probability P, for detecting particle b

on Earth using infinitesimal steps in distance (0.1 kpc) from redshift z = 0 to z = 2.

14



So, using these tools, we can only calculate the flux due to sources to a redshift of
z = 2. Redshift of z = 2 is approximately 3 Gpc, which can cover near the size of the
entire universe (~ 10 Gpc).

There are two unknown factors in Eq. 2.12 and 2.15. py and [y, the co-moving
source density and injection spectrum factors. If we assume that the detected UHE-
CRs in Auger [18] are entirely protons, we can use the expected proton flux with Eq.
2.11 and estimate the product of py- Iy by fitting the flux spectrum. We used a proton
flux with parameters n = 3 and a = —2.6, which are typical values as n ~ 3 accounts
for typical star formation rate (SFR) up to z = 1 [12] and o« = —2.6 is the estimated
injection spectrum for UHECRs below the GZK threshold energy [5]. Fig. 2.3 shows
the fit result of the Auger UHECR data (stars) compared with a model with n = 3,
a = —2.6, Zpn = 0.012, Fin = 10 eV, and E,.c = 3 x 10%! eV. Using the fit
values from Fig. 2.3, we can calculated the GZK UHE neutrino flux with different
models. In Fig. 2.4, we show the estimated GZK UHE neutrino flux from different
models. All three models used the same o = —2.6, zpmin = 0.012, Epin = 10'% eV, and

Eoax = 3 x 10%! eV conditions. WB model is discussed in section 2.3.

2.1.2 Models for GZK induced neutrino with UHECR and

EGRB constraints

In the previous section, Auger cosmic ray data is used to find the normalization
factor to estimate the GZK induced neutrino flux. It is possible to use gamma ray
data along with cosmic ray data to get more strict estimates for the neutrino flux
from GZK interactions. Using Fermi-LATS’ extragalactic gamma ray background
(EGRB) data and HiRes’ UHECR data, M. Ahlers et al. calculated constraints on
GZK induced neutrino flux models [3]. In order to do this, they first used similar

assumptions as in section 2.1.1 to model UHECRs, GZK induced neutrinos, and the
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Figure 2.3: Plotting Auger UHECR data against a model for the CR flux at Earth
with n = 3 and a = —2.6. Auger data is shown as stars and the model is shown as
red solid line.
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Eoim | 1079 eV [ 108 eV | 1019 eV | 10" eV
n 3.50 3.20 4.05 4.60
a -2.49 -2.52 -2.47 -2.50

Table 2.1: Best fit parameters for HiRes UHECR data and Fermi-LAT EGRB data
from [3]. The fit results are shown with the data points in Fig. 2.5.

diffuse y-ray background. They assumed that the UHECRs are only protons. They
used a continuous energy loss model for Bethe-Heitler pair production. Unlike in
section 2.1.1, they included cascade processes for the diffuse gamma ray background,
such as an inverse Compton scattering, e* + 7, — €* + 7, and pair production,
Y+ Yogr — et +e~. They fitted the simulation result with both Fermi-LAT’s EGRB
data and HiRes’” UHECR data. In Fig. 2.5, the best fit model for the Fermi-LAT
EGRB and HiRes’s UHECR data from E,;, = 10'7° eV is shown as an example.
The maximal cascade line in Fig. 2.5 is obtained through two steps. First, they made
models which meet the lower uncertainty bound on the highest energy data point of
Fermi-LAT. These models are shown in Table 2.1. Second, they found the maximum
value of E?J for the given model. Fig. 2.6 shows the predicted neutrino fluxes and
constraints on total diffuse neutrino flux from AMANDA [13,

|, Auger [18], Baikal

[15], HiRes [16], ANITA [3], and IceCube [17,18]. The IceCube limit is shown for 5 o
sensitivity after 1 year of observation. It is notable that, without using Fermi-LAT
data, they calculated a flux limit approximately an order of magnitude weaker (thin
dotted line in Fig. 2.6) than using Fermi-LAT data for fitting the EGRB flux (solid
. best fit, dashed : 99% C.L. range in Fig. 2.6). This means, with Fermi-LAT data,

they can get a more stringent neutrino flux limit than without by approximately an

order of magnitude.
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Figure 2.5: GZK induced neutrino flux (green solid line : best fit model shown in
Table 2.1, green dashed line : 99% C.L. of best fit) from Ep;, = 1017 ¢V model shown
with UHECR data from HiRes and EGRB data from Fermi-LAT. Image from [3].
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3.
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2.2 Gamma-Ray Bursts

Gamma-Ray Bursts (GRBs) were first discovered in 1967 by Vela satellite net-
work. These military based satellites detected bright v-ray signals coming from space
which was not expected. Multiple satellites with different spectrum responses have
confirmed that these strange photon signals peaked in the gamma-ray range [19,50].

GRBs have been monitored by many satellites which are dedicated to study GRBs.
Beginng in 1991, the Burst and Transient Source Experiment (BATSE) aboard the
Compton Gamma Ray Observatory (CGRO) collected GRB data [25]. The GRB dis-
tribution map from BATSE shows that GRBs are isotropically distributed (Fig. 2.7).
This distribution indicates that GRBs are originated from cosmological distances, in
other words, they are located outside of our galaxy [51]. It was an astonishing discov-
ery to notice that GRBs are extragalactic sources as it was difficult to imagine such
an energetic astrophysical event, so energetic that we can measure the strong signal
from such a far distances (~ Gpc). In 2004 NASA’s Swift satellite began to search
GRBs with small sky coverage (~ 1/3 of BATSE’s field of view) but much more
precise measurement in spectrum and wavelengths than BATSE. In 2008, the Fermi
Gamma-ray Space Telescope (FGST) launched and it is currently collecting GRB
events while performing an all-sky survey. Based on the measurements from many
GRB telescopes, the understanding about the GRB phenomenon has been expanded
and more GRB models that describe the measurements are developed.

The Fireball shock model is widely accepted as a standard GRB model where
relativistic plasma in a jet collides to produce high energy prompt emission. The
Fireball model decouples the inner engine of the source from the mechanism of the
gamma-ray emission from the source. It assumed that the unknown inner engine is a

compact energy source that can initiate the ultra-relativistic outflow.
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2000 events

Figure 2.7: GRB distribution plot in Galactic coordinates from 2000 GRBs detected
by BATSE. GRBs are isotropically distributed which indicates that GRBs are extra-
galactic source.
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The outflow consist of multiple layers, and when the two layers of outflow collide,
it generates an internal shock. The shocks will produce gamma rays by synchrotron
radiation and inverse Compton scattering. Protons are also expected to be accelerated
during this process by shock acceleration. When there are high energy protons and
photons (gamma rays), neutrinos can be produced via p — ~ interactions (Eq. 2.1 but
replacing yomp with photons from the jet). This early stage of emission from internal
shocks are called prompt emission and the measured gamma ray signals are expected
predominantly from this prompt emission.

After the prompt emission, there is a second stage of emission from the Fireball
model which is called afterglow. When the outflow expanded far enough (> 10'® cm)
to interact with external matter such as interstellar medium, the collision between
the outflow and the external medium produces shocks. These external shocks will
generate photons down to radio frequencies due to the deceleration of the outflow.

Waxman and Bahcall (WB) have created an analytic GRB neutrino production
model [20] based on the Fireball model. For our GRB analysis, we chose to use a
numerical calculation to obtain GRB neutrino fluences instead of the simple analytic

(and outdated) WB GRB neutrino fluence model.

2.3 Other Models (other than GZK, GRB models)

There are many models which estimate the UHE neutrino flux without the GZK
process or GRBs. In this section, AGNs [52, 53], the Waxman-Bahcall (WB) bound
[54], Topological Defects (TDs) [55,50] and Z-burst models [57,58] are introduced as
examples of UHE neutrino models or constraints from sources other than the GZK
process and GRBs.

The emission lines in the nuclei of galaxies were recognized in early 1900s [52].

However the theory of AGNs took decades to be considered as a serious research
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topic until the discovery of quasars and supermassive black holes (10° to 10 times
the mass of the Sun) in the center of galaxies. In the current standard AGN model,
an AGN consists of an accretion disk and relativistic jets. An accretion disk will form
when surrounding material is dissipated toward the center of a supermassive black
hole. Also two highly relativistic jets are aimed toward opposite directions from close
to the disk. When the jet is pointing toward the observer, this specific type of AGN
is called blazar [59]. Although the analyses in this paper don’t include an AGN
neutrino search, AGNs are expected to be the most luminous and distant object in
the universe. Once we figure out reliable AGN neutrino flux models, we can expand
our UHE neutrino flux limit to AGNs in future analyses.

In 1998, Waxman and Bahcall proposed a highly intuitive model which defines
the limit for the UHE neutrino flux. The Waxman-Bahcall bound assumes that
the sources are optically thin to 7 photo-production. This means that, when high
energy protons are produced inside the source, they assumed that there is only one
interaction to create neutrinos. After this one interaction, protons can travel to Earth
as a cosmic rays. Using these assumptions, Waxman and Bahcall could calculate the
neutrino intensity (E2.J,) based on cosmic ray data. They set the injection spectrum
of protons from the source as dNgg/dEcr x EEIQ%, which is the typical spectrum for
Fermi acceleration [60].

Fermi acceleration occurs when charged particles get boosted by a magnetic mir-
ror, or shock. AGN jets, for example, have continuous impulsive magnetic shocks, and
when charged particles get reflected between two shocks, they will boosted to ultra
high energies. Using the energy production rate for protons between 10 — 10%! eV

in [60], the cosmic ray generation rate is given by

~ 10" erg Mpc yr . (2.16)
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Using Eq. 2.16, we can calculate the present day energy density of muon neutrinos
under this model considering of a few other factors. First, we can get the total muon
neutrino energy density (for v, and v, summed) by

2 dN;, Yu
Y dE,,

(2.17)

max

where factor 0.25 is obtained from a factor for the probability of a proton yielding a
muon neutrinos and ¢z is a Hubble time factor, tz ~ 10'° yr [5] in order to account
present-day energy density. There is a factor of 1/2 for the probability that a charged
pion is produced (by p+~ — 7 + n) instead of a neutral pion (by p+ v — 7° + p).
After the 7 is produced, 7+ will eventually decay into four different leptons including
muon neutrinos, 7t — et +v.+v,+7,. And another factor of 1/2 for the probability
of 7 decaying into v, and 7, which combination of two 1/2 factors make 0.25 factor
shown in Eq. 2.17. Eq. 2.17 is the maximum total muon neutrino energy density as
it assumes entire proton energy transferred to 7 in one m photo-production process.

With the maximum total muon neutrino energy density in Eq. 2.17, the maximum

expected total neutrino flux (for all v., v, and 7,,) is

, dN
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where the factor 3/2 is the ratio between v, + 7, and v, fluxes, and the quantity &
is a factor for redshift evolution. In [51], they calculated the redshift evolution factor
&z for a quasi-stellar object source (which has rapid redshift evolution) and for non-

redshift evolution, and came up with £z ~ 3 and &z ~ 0.6 respectively. In Fig. 2.4,
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calculated WB constraints are shown. The upper dash-dotted line is a constraint
with rapid redshift evolution ({7 ~ 3) and lower dash-dotted line is a constraint with
non-redshift evolution (£ ~ 0.6).

TD models postulate that there was a very massive unknown particle produced in
the early universe [55,56] which decayed into UHECRs that we now observe. From
Grand-Unified Theories (GUTs), the mass of this unknown particle is required to be
~ 10%* eV. So, the spectrum of UHECRs decayed from this unknown massive particle
should extend to the rest mass energy of the particle.

The Z-burst model predicts that the relic neutrino background, produced in the
early epoch of universe, interacts with UHE neutrinos, resulting in annihilation of
both through the v + v — Zy process [57,58]. The Z; then decays into hadronic
secondary particles which include UHE neutrinos. The Z-burst model, however, is

ruled out by ANITA experiment (Fig. 3.5).
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Chapter 3

Past and Present Experiments for UHE neutrino

In this chapter, we discuss experiments in the past and on-going that are searching
for UHE neutrinos. Before going through the list of experiments, we first define two
detection methods, the optical and radio Cherenkov radiation techniques, and discuss
what is complementary between the two methods. The Radio Ice Cherenkov Exper-
iment (RICE), Goldstone Lunar Ultra-high energy neutrino Experiment (GLUE),
Antarctic Impulsive Transient Antenna (ANITA), Antarctic Ross Iceshelf Antenna

Neutrino Array (ARIANNA) and IceCube are introduced.

3.1 Detection Methods: Optical and Radio Cherenkov Ra-
diation

There are two main methods for detecting neutrino signals: optical and radio

Cherenkov techniques (radio Cherenkov radiation is induced by what is also called

the Askaryan effect [61,02]). When a UHE neutrino passes through a high density

dielectric medium such as ice, either charged current (CC) or neutral current (NC)

26



scattering from nucleon occurs:

CC: y+n—=1"+p, py+p—=I1t+n (3.1)

NC : v+ N — N+, v+ N— N+ (32)

where v, can be either v, v, or v;, and the nucleons N in Eq. 3.2 can be either p or n.
In Equation 3.1 and 3.2, while charged current scattering produces an electromagnetic
cascade and/or hadronic cascade, neutral current scattering only produces a hadronic
cascade from a target nucleon (N in Eq. 3.2). In an v, charged current interaction,
the final state electron will produce an electromagnetic cascade (Fig. 3.1), while the
target nucleon will produce a hadronic cascade. Charged current scattering from
a v, will produce only a hadronic cascade as the final state p will penetrate the
medium without producing any electromagnetic cascade up to energy approximately
1 TeV [5]. Above a TeV, the dominant energy loss process for ;1 becomes radiative
loss and through radiation, there will be an electromagnetic cascade. So, in the UHE
regime, p will produce an electromagnetic cascade. A 7 created through charged
current scattering by a v, can produce electromagnetic and/or hadronic cascades
through its decay and/or subsequent interactions.

When charged particles produced in an electromagnetic or a hadronic cascade
move faster than the speed of light in the medium, they can create Cherenkov radia-
tion. Cherenkov radiation is emitted preferentially at an angle 6 with respect to the
direction of the charged particle, where the angle depends on the speed of the particle
(Fig. 3.2) and the medium. The relation between the angle 6 and the speed of the
charged particle is cos@ = 1/(n 3), where [ is the speed as a function of the speed of

light (8 = v/c), and n is the refraction coefficient of the medium.
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Experiments that use the optical Cherenkov technique detect the Cherenkov ra-
diation produced as optical light with optical light detectors such as photo-multiplier
tubes (PMTs). Optical Cherenkov radiation is emitted from individual charged par-
ticles in an electromagnetic or a hadronic cascade. Detecting optical light with a
PMT is a very straight forward, well-established technology. The only disadvantage
of detecting optical light is that it is very costly to make an extremely large detector
(larger than 1 km?) using the optical light detecting technology currently available.
Optical light can travel through the medium (e.g. ice) for only ~ 10’s meters due to
the attenuation length of ~ 50 m [33], so a few 10’s of meters is the maximum allow-
able distance between PMTs. Radio Cherenkov detectors overcome this disadvantage
of optical Cherenkov detectors.

The radio Cherenkov technique uses the coherent radio emission from the charge
asymmetry of entire cascade. Pair annihilation (et 4+ e~ — 7+ ), Compton scatter-
ing (y+e~ — e~ +7), and the photoelectric effect (y+A — e~ + A’) would induce a
charge asymmetry of approximately 20% during shower development. This is because
positrons in the cascade will annihilate with target electrons in the medium (pair an-
nihilation), and high energy photons will scatter off target electrons in the medium
(Compton scattering) which then become part of the shower. The photoelectric ef-
fect will remove an electron from an atom in the medium. Hence, an electromagnetic
cascade will be negatively charged by processes which increase the number of elec-
trons (Compton scattering and photo electric effect), and a process which decreases
the number of positrons (pair annihilation). The negatively charged electromagnetic
cascade produces Cherenkov radiation which is coherent in radio frequency. As the
Cherenkov radiation is a short impulse in the time domain, the signal will have a wide
bandwidth in the frequency domain. The Moliere radius (the radius at the maximum

cascade shower) for a cascade in ice is approximately 10 cm and it sets the minimum
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Figure 3.1: Schematic of electromagnetic cascade due to electron. Image from [0].

wavelength where coherence occurs as ~ 10 cm in the ice and the corresponding fre-
quency is ~ 3 GHz. So, we can use frequencies up to 3 GHz as a coherent signal from
the cascade due to the radio Cherenkov radiation in ice.

The coherent radio Cherenkov signal will have a stronger amplitude and longer
attenuation length compare with the optical Cherenkov signal. Attenuation length
for radio waves in ice is approximately 700 m [32] while the optical light is as high as
approximately 10 m [33]. Along with the strong amplitude of the signal, long atten-
uation lengths make it possible to use the radio Cherenkov technique for extremely
large detectors at relatively low cost. For the next subsection, we examine some past
experiments which used the radio Cherenkov and optical Cherenkov techniques. We

will first look at experiments that have used the radio Cherenkov technique.
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Figure 3.2: Basic schematic of Cherenkov radiation. Charged particle moves along
with the blue arrow, and Cherenkov radiation is shown as a red cone.

3.2 Radio Ice Cherenkov Experiment (RICE)

RICE was an experiment which sought to detect UHE neutrinos interacting in
the ice in Antarctica [63]. It used the radio Cherenkov technique to search for radio
frequency signals from neutrinos, and was composed of a 16 channel array of antennas
deployed along a string of the AMANDA detector, a predecessor of IceCube. With
these antennas, RICE monitored over 15 km? of ice to search for radio emission
from neutrinos. Antennas were deployed within a 200 m x200 m x200 m cube at
100 — 300 m depth. RICE triggered when the signal in four antennas exceeded a
threshold in a 1.2 us time window, which is the time for a radio signal to cross a
200 m detector length at the speed of light. When the trigger was satisfied, signals
were saved through the Data Acquisition Module (DAQ) for event reconstruction. In

August 2000, RICE was operated with a livetime of ~ 333.3 hrs. Although they did
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not detect any UHE neutrino candidates, they did set a bound on the neutrino flux
(see Fig. 3.5 and 3.6), and demonstrated that the radio Cherenkov is a promising
technology for detecting UHE neutrinos. The neutrino flux limit from RICE was the

best limit at energies above 10* eV before ANITA.

3.3 Goldstone Lunar Ultra-high energy neutrino Experiment

(GLUE)

The GLUE experiment also used the radio Cherenkov technique [7]. GLUE, how-
ever, used a much larger detection medium, namely the Moon, to search for radio
Cherenkov emission. They used the Deep Space Network antennas in Goldstone,
CA [64]. In particular, they used the shaped-Cassegrainian 70 m antenna DSS14, and
34 m beam-waveguide antenna DSS13. The two antennas are separated by 22 km, and
the DSS14 antenna can receive right and left circular polarization (RCP and LCP)
waveforms, while the DSS13 antenna can operate at two different frequencies (high
frequency, ~ 300 MHz and low frequency, ~ 150 MHz). With these two antennas,
they were sensitive to radio emission from UHE neutrinos. RCP and LCP signals
detected in coincidence would indicate that the waveform is highly linearly polarized,
which is expected for Cherenkov radiation. Also, they selected broadband signals by
requiring a coincidence between high frequency and low frequency signals. Despite
this well-developed technology, however, with the small effective solid angle and the
short livetime (120 hours), GLUE did not detect any UHE neutrino candidate signals

and set a limit on the UHE neutrino flux above 10% eV (Fig. 3.5).
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Figure 3.3: Basic schematic for detecting the Askaryan effect in the moon. Image
from [7].

3.4 Antarctic Impulsive Transient Antenna (ANITA)

ANITA is a current UHE neutrino experiment using the radio Cherenkov tech-
nique. It uses a NASA long duration balloon to fly antennas in high altitude over
the Antarctic ice. From approximately 37 km altitude in the sky, ANITA can scan
~ 1.6 Mkm? of ice. The basic schematic for detecting radio Cherenkov by ANITA is
shown in Fig. 3.4.

In early 2004, a prototype experiment called ANITA-lite [3], flew with a livetime
of ~ 10 days. Using only two antennas, ANITA-lite placed stronger constraints than
GLUE in the same energy regime and ruled out Z-burst models (Fig. 3.5). ANITA-1
flew for 35 days (livetime ~ 17.3 days) looking for radio waveforms in December 2006.

ANITA-1 included 32 antennas which could detect vertical and horizontal polarized
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Figure 3.4: Basic schematic of detecting Askaryan effect by ANITA.

waveforms, and each antenna had a 200—1200 MHz bandwidth. In the trigger, they
divided the full bandwidth into four different sub-bands, and required coincidences
between the four bands to trigger candidate signals, so that triggered signals are
broadband. Also as candidate signals are produced inside the ice and ANITA detects
the top of the Cherenkov cone (Fig. 3.4), the candidate signals are required to be
vertically polarized. However, ANITA-1 also did not detect any candidate neutrino

signals during its flight, but set stricter limits on the neutrino flux (Fig. 3.6).
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ANITA-II [9], which flew in January 2009 for 31 days (livetime ~ 28.5 days), had
an improved sensitivity to UHE neutrinos. Compared to ANITA-1, ANITA-2 reduced
the front-end system noise by ~ 20 %, had 8 more antennas for a better angular
resolution and a lower trigger threshold. After data analysis, they detected one [9]
candidate neutrino signal during the flight. In their background estimation, however
they expected 0.9740.39 events due to thermal and anthropogenic background events.
Thus, one candidate signal was consistent with the background estimation, which
means we can not say whether the detected signal is a real neutrino signal or not.

ANITA-3 is in preparation as a next flight, and it will be launched in the 2014-2015

season.
3.5 IceCube
IceCube [29] is, so far, the largest optical Cherenkov experiment for detecting

UHE neutrinos. It is monitoring ~ 1 km? of ice with photo-multiplier tubes (PMTs)
deployed at a 1450—2450 m depth in the ice (Fig. 3.7). IceCube detects optical
Cherenkov radiation, instead of the radio Cherenkov. They have deployed strings
in the ice with inter string spacing of about 125 m on which PMTs are attached
about 17 m apart. It took approximately 7 years (from 2005 - 2011) to deploy all
86 strings. Even before deploying all 86 strings, IceCube had gathered an enormous
amount of experimental data with its large size. Fig. 3.8 shows the neutrino flux
limit from IceCube [11] which is currently the best limit below 10! eV range. After
full 86 strings have been deployed, IceCube started to detect extraterrestrial origin
neutrinos. From the three years data set with livetime of 988 days, IceCube detected
37 neutrino candidate events with energies between 30 and 2000 TeV [065]. These
IceCube starting neutrinos events are a milestone in astrophysics as they are the

first detected extraterrestrial neutrino events other than the neutrino events from
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compared with TD, GZK, and Z-bust models for UHE neutrinos. Z-burst models are
ruled out by ANITA-lite. Image from [8].
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Figure 3.7: Basic schematic of IceCube. Image from [10]

SN 1987A. The energies of detected neutrino events from IceCube are approximately

two orders of magnitude lower than ARA’s energy threshold.
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Chapter 4

Askaryan Radio Array

The contents of this chapter are largely taken from [2].

The first radio array in ice to search for UHE neutrinos, RICE, was deployed
along the strings of the AMANDA detector, an IceCube predecessor, and placed
competitive limits on the UHE neutrino flux between 10'" and 10% eV [(6]. Next-
generation detectors are under construction aiming to reach the 100’s of km?® target
volume of ice. The Askaryan Radio Array (ARA) [31] is one such detector being
deployed in the ice at the South Pole and the first physics results from a prototype
station of this detector are presented in this paper.

ARA aims to deploy 37 stations of antennas at 200 m depth spanning 100 km? of
ice as shown in Fig. 4.1. A schematic of a design station is shown in Fig. 4.2. A design
station consists of eight horizontally polarized (HPol) and eight vertically polarized
(VPol) antennas at depth and four surface antennas for background rejection and
cosmic ray detection via the geomagnetic emission in the atmosphere. The 200 m
design depth was chosen because it is below the firn layer, where the index of refraction
varies with depth due to the gradual compacting of snow into ice down to ~ 150 m
depth. The trigger and data acquisition are handled by electronics at the surface of

the ice at each station.
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Figure 4.1: Diagram showing the layout of the proposed ARA37 array, with the
location of the Testbed and the first three deployed deep stations highlighted in
blue and black respectively, and proposed stations for the next stage of deployment,
ARAT10, highlighted in orange.

To date, one ARA prototype Testbed station and three full stations have been
deployed in the ice. The Testbed station was deployed at a depth of ~ 30 m in the
2010-2011 drilling season. The first full station, A1, was deployed at a depth of 100 m
in the 2011-2012 drilling season. The next two stations, A2 and A3, were deployed
at the 200 m design depth during the 2012-2013 season. At the time of publication,

station A2 and A3 are operational.
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Figure 4.2: Diagram showing the layout of a design station and antennas. Each
station on Fig. 4.1 (one circle on the plot) has the layout shown on this plot. There
are four boreholes for receiving antenna clusters where each borehole has two Vpol
antennas and two Hpol antennas. There are two additional boreholes for calibration
transmitting antennas. Each calibration pulser borehole has one Vpol and Hpol
transmitter antennas. There is central station electronics on the surface of the ice,
which includes DAQ and power supply box.

4.1 Testbed

The ARA prototype Testbed station differs from the layout of the design stations
for the full array. A more complete description of the design and operation of the
Testbed station can be found in [31].

Table 4.1 summarizes the antenna types and deployed positions in the Testbed

which are depicted in Fig. 4.3. Here we use the Testbed-centric coordinate system
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channel X y Type, Pol Depth
Hole
number | (m) (m) (m)
0 BSC, H 20.50
BH 1 3 842 | 440 Bicone, V 25.50
5 BSC, H 27.51
BH 2 2 -042 | -11.13 Bicone, V 22.51
7 BSC, H 22.73
BHS |y 922 015 pione, v | 2773
1 BSC, H 30.56
BH 5 6 3.02 1 1041 Bicone, V 25.56
QS, H 26.41
BH 6 -9.07 | 3.86 Qs o 2041
Discone, V 1.21
>l -248 | L7 Batwing, H 2.21
S2 4.39 | -2.41 | Batwing (H) 1.19
S3 1.58 | 3.80 Discone (V) 1.19
S4 Fat Dipole (H)
H 17.50
Cal 1 -23.18 | 17.90 v 99 50
H 34.23
Cal 2 -2.25 | -29.81 v 99.93
27.67 | 13.57 H 1.13
Cal 3 28.69 | 12.35 % 1.13

Table 4.1: Types and positions of antennas
the text for the description of antenna types.

with the origin at the southeast corner of the DAQ box on the surface of ice, +&

pointing along the direction of ice flow and the # — y plane tangent to the earth’s

geoid shape at the surface.

As with the deep stations, the Testbed antennas deployed in boreholes were de-
signed to be broadband, with a mixture of HPol and VPol, subject to the constraint
that they must fit down the ~ 15 ¢m diameter hole in the ice. For VPol, a wire-
frame hollow-center biconical design was chosen with an annular-shaped feed with

the string cable running through the center. These “Bicones” have a bandwidth of
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Figure 4.3: Schematic of the ARA Testbed station.

150-850 MHz, and four were deployed in boreholes and two near the surface. For
HPol, two designs were used in the Testbed, the bowtie-slotted-cylinder (BSC) and
the quad-slotted-cylinder (QSC). The BSCs were used in four borehole antennas and
a pair of QSC’s in the fifth borehole. Photos for bicone, BSC, and QSC antennas are
shown in Fig. 4.4.

Larger antennas were deployed at the surface. Two discone antennas (VPol)
and two Batwings (HPol) were deployed 1-2 m from the surface. Additionally, two
fat dipoles with a bandwidth of 30-300 MHz were deployed within a meter of the
surface to assess the feasibility of detecting geosynchotron RF emission from cosmic
rays, which has a lower frequency content than the Askaryan emission expected from

neutrinos.
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Figure 4.4: Photos taken from Testbed deployment. Top left: bicone Vpol antenna
under test in South Pole station, top middle: bowtie-slotted-cylinder (BSC) Hpol
antenna, top right: quad-slotted-cylinder (QSC), bottom left: string descending down
a hole, bottom right: x-mark for locating the Testbed station.

Within 1 m of the antennas, a filter and low noise amplifier (LNA) prepare the
signal for transmission to the electronics box at the surface. A notch filter at 450MHz
removes the South Pole communications from the Land Mobile Radio handheld UHF
systems. A bandpass filter sits just after each antenna and blocks power outside
of our 150 MHz to 850 MHz band before amplification. The filtered signal in each

antenna is then input to a low noise amplifier and transmitted to the surface. At the
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surface, a second stage ~40 dB amplifier boosts the signals before they are triggered
and digitized. After arriving at the electronics box at the surface, the signals are
split into a path for the trigger, which determines when a signal is to be stored, and
another path to the digitizer, which reads out the waveforms.

There are two different trigger modes in the Testbed, an RF trigger and a software
trigger. An event passes the RF trigger when the output of a tunnel diode, a few-
ns power integrator of the waveforms from each antenna reaching the trigger path,
exceeds H5-6 times the mean noise power in three out of the 8 borehole antennas
within a 110 ns coincidence window. Due to the differences in responses between
channels, each antenna has a different power threshold and thus has different trigger
rate between channels. The software trigger causes an event to be recorded every
second to monitor the RF environment.

Once the station has triggered, the digitization electronics, which are descended
from those developed for ANITA [67], process the waveforms and output them to
storage. Here, in the digitizer path, the signal undergoes an analog-to-digital con-
version using the LAB3 RF digitizer [07], and stored in a buffer (in the Testbed, the
buffer was trivially one event deep). The signals from the “shallow” antennas are
sampled at 1 GHz, while the signals from the eight borehole antennas were sampled
twice, with an time offset of 500 ps for an effective sampling rate of 2 GHz. The
digitized waveforms are ~250 ns long and are centered within approximately 10 ns of
the time the station triggered.

Three calibration pulser VPol and HPol antenna pairs were installed at a distance
of ~30 m from the center of the Testbed array to provide in situ timing calibration and
other valuable cross checks related to simulations and analysis. An electronic pulser
in the electronics box produces a ~250 ps broadband impulsive signal at a rate of

1 Hz. This pulser is connected to one of the three calibration pulser antenna pairs and
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can transmit from either the VPol or HPol antenna in each pulser borehole. Having
multiple calibration pulser locations provides a cross check for the timing calibrations
of each channel. Also, the observation, or non-observation, of the constant pulse rate
by the station provides an estimate of its livetime.

For the Testbed, an event filter selects one event from every ten events at random
to be transmitted to the North by satellite and the remaining data is stored locally
and hand-carried during the following summer season. For the other ARA stations,
this filter is now optimized to select events that exhibit a causal trigger sequence and

thus are more likely to be events of interest.
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Chapter 5

Simulation: AraSim

The contents of this chapter are largely taken from [2].

The official simulation program for ARA is called AraSim, and is the one we
developed and used for the analysis presented in this paper. AraSim is used for
multiple other analyses at other institutions, including a neutrino search in deep
stations. AraSim draws on ANITA heritage, but much of the program was custom
developed for ARA. In this Chapter, we describe each step of the simulation process in
AraSim in Section 5.1. In Section 5.2, in-depth description about the radio Cherenkov
emission models in AraSim is given. In Section 5.3, we show how we calibrated AraSim

using data from the Testbed.

5.1 Simulation Process

AraSim simulates neutrino events in multiple steps. Simulation processes include
selecting neutrino interaction location in the ice, modeling neutrino absorption in
the Earth, emitting the radio Cherenkov signal, determining the signal’s propagation
through the Antarctic ice, and modeling properties of the detector. A schematic plot
of a neutrino event is shown in Fig. 5.1. Each individual simulation step is presented

in following subsections.
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ice surface
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o:Hpol antenna |_direction
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Figure 5.1: Basic schematic of a neutrino event. The cone at the neutrino-ice inter-
action location is the Cherenkov cone from coherent radio emission and the red curve
is ray tracing between the antenna and neutrino-ice interaction location.

5.1.1 Selecting Neutrino-ice Interaction Location

AraSim generates neutrino events independent of each other, with interaction
point locations chosen with a uniform density in the ice. For computational ease,
neutrinos are generated within a 3-5 km radius around the center of a single station
for neutrino energies from £, = 1017 eV-10%' eV, with the larger radii used for higher
energies. For simulating multiple stations, neutrino interactions are generated up
to 3-5 km beyond the outermost stations. For the diffuse neutrino search, AraSim
randomly distributes the travel directions of the neutrinos over a 47 solid angle.
AraSim can also set neutrinos to travel in certain directions for simulating point

sources such as GRBs.
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5.1.2 Earth Absorption Effect

Once the neutrino interaction location and travel direction is chosen, AraSim
calculates the probability of the neutrino to reach the interaction location and not be

absorbed by the Earth. The probability is calculated by

P=]Je"" (5.1)

L= _”;I{u_d;m (5.2)

where L; is the interaction length at the layer of the Earth, [; is travel distance at the
layer of the Earth, mpuceon is the mass of nucleon (~ 1.67 x 10727 kg), p; is the mass
density of the Earth layer i (~ 0.917 km/m? for ice), and o is the neutrino-nucleon
cross section. The parameters of each Earth layer are obtained from the Crust 2.0
Earth model and the energy-dependent cross sections are from [68]. We weight each

event by this factor (P in Eq. 5.1) to account for absorption in the Earth.

5.1.3 Showers from Neutrino-ice Interaction

The primary shower comes from the initial neutrino-ice interaction. The energy
for the electromagnetic and hadronic showers from the primary interaction are ob-
tained from the inelasticity distributions from [65]. In addition to the showers from
the primary interaction, AraSim considers any secondary interactions from p or 7
leptons that are generated from neutrino-ice charged current interactions. Electro-
magnetic and hadronic shower energies for the secondary showers are calculated from
interaction probability tables obtained from the MMC particle generation code [69].
AraSim calculates the total energy of the primary showers, hadronic and electromag-

netic if there is one, and the energy of the secondary showers and generates the RF
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signal from the interaction among them that produces the most shower energy as a
first order estimation. From the energies of the electromagnetic and hadronic showers,
we model the radio Cherenkov emission in AraSim. The detailed description about

the radio Cherenkov emission models in AraSim is shown in Section 5.2.

5.1.4 Ray Tracing

After AraSim selects a neutrino interaction location in the ice and models the
showers in ice, it obtains ray tracing solutions from the neutrino interaction location
to each antenna. Ray tracing is not a trivial calculation as the Antarctic ice has a
depth dependent index of refraction within ~200 m of the surface.

There are two depth-dependent index of refraction models in AraSim. The one
which we call the exponential fit model is used as the default index of refraction model
if not stated. The exponential fit model is based on Besson et. al. [70,71] measure-
ments at the South Pole fit to an exponential function (Fig. 5.2). The alternative
index of refraction model in AraSim is called the inverse exponential fit function.
More detailed information and the systematic error on our result due to choice of
index of refraction model is shown in Section 6.6.

Based on the depth-dependent index of refraction model, RaySolver, a in-ice ray
tracing code [72], derives multiple ray-trace solutions between source and target. For
depths within the firn (<150 m), this curvature effect is significant and large regions
of the ice beyond ~1 km away have no ray-trace solutions to the antennas as can be
seen in Fig. 5.3.

RaySolver has a multi-step processes to optimize the computation time. For the

first step, it uses an equation, which is driven from Snell’s law, that is not analytically
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Figure 5.2: Antarctic ice index of fraction measurements (red crosses) at the South
Pole and its fit result (green curve). The fit function is n(z) = al+a2 x (1.0 —exp(b1 -
z)) (exponential fit model) where n(z) is the index of refraction and z is the depth.
Data points are digitized from [70].
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Figure 5.3: Plot showing the regions with ray-trace solutions for an antenna depth
at 25 m (top) and 200 m (bottom). The greater depth allows an antenna at 200m
depth to observe a larger volume of the ice.

solvable but can be solved numerically (see Appendix):

2 2.2 AQ_ 2 9 A
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where A is one of the parameter values from the index of refraction model (n(z) = A+
Be®#), n and ng are the index of refraction at the source and the target respectively,
x — xo is the horizontal distance between the source and the target, and oy = sin 6,
which give us the information about the launch angle 6, at the source location. From
this equation, we find an initial launch angle at the source location that makes the left-
hand-side of the equation smaller than 104, This first semi-analytic approach is much
faster than the ordinary “trial and error” method as we don’t need to trace the ray
step-by-step for multiple trials. If RaySolver couldn’t find the solution with the first
semi-analytic method, it uses a “trial and error” technique to find the solution. This
second trial of ray-solution calculation insures that we don’t miss any possible ray-
solution from the first semi-analytic method. Once RaySolver finds a first solution, it
moves on to the next possible solution which is either a U-turned (or highly bent) in-
ice trace or a surface reflected trace. It uses only a traditional “trial and error” method
to search for a second solution. For the first and second solutions, the minimum
distance between the ray and the target should be less than the required accuracy
parameter which is 0.2 m.

From RaySolver, we obtain the travel distance and time from the shower to each
antenna, the polarization of the signal and the receiving angle at each antenna so

that we can apply the antenna responses to the signal.

5.1.5 Ice Attenuation Factor

After the travel distance of the ray is obtained from RaySolver, AraSim applies
factors to account for ice attenuation to the signal. In AraSim, there are two ice
attenuation length models. The default model uses a South Pole temperature pro-
file from [73] folded in with a relationship between field attenuation length and ice

temperature given in [74] as used in ANITA simulations and described in [75]. The
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Figure 5.4: The electric field attenuation length as a function of depth from the ARA
Testbed deep pulser data. The depth of the deep pulser was ~ 2 km and the path
length was 3.16 km from the deep pulser to the ARA Testbed. From the single dis-
tance measurement, the average attenuation length over all depths are extrapolated.

alternative ice attenuation length model is based on the ARA Testbed measurement
from IceCube deep pulser events published in [31]. The alternative model from ARA
Testbed deep pulser data was measured with one depth location of the pulser which
was ~ 2 km deep. From the data measured from a single distance, we deduced the ice
attenuation length as a function of depth. Fig. 5.4 shows the ice attenuation length
versus depth of ice with the mean value shown as a red line, while the error range

shown as blue band.
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The ice attenuation factor applied with no frequency dependence, using the dis-
tance along each ray-trace path through the ice and the attenuation factor to the

electric field is:

FIceAtten = e_Dtravel/Latten (54)

where Dy v is the ray travel distance from RaySolver and Loy, i the ice attenuation

length.

5.1.6 Antenna Response

When the rays arrive at each antenna, we apply the antenna’s properties to the
signal. Antenna models in AraSim are obtained from NEC2 simulation software [76].
In NEC2, we can run an antenna simulation with information about a known antenna
shape used in ARA. The vertically polarized antennas (Vpol) and horizontally polar-
ized antennas (Hpol) have different shapes, and therefore different NEC2 simulations
are performed. For both, we took a bandwidth from 83 MHz to ~ 1 GHz with 60 steps
in frequency. The angular response was calculated in 5° steps in both azimuth and
zenith angle. Both gain and phase are obtained at each frequency and angle, for each
antenna. For Vpol antennas, NEC2 simulation result is obtained with the geometric
information from antenna’s CAD design sheet. For Hpol antennas, however, due to
the difficult in modeling slotted antennas in NEC2 we have two different methods to
imitate Hpol’s polarization.

The first method uses a simple dipole antenna model with a similar length and
thickness as the slot of the actual Hpol antenna to reproduce the slot. In order to
imitate the slot, we manually swapped the electric field (E-field) and magnetic field
(B-field) response from the NEC2 simulation result which makes the antenna have a

horizontally polarized response.
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The second method uses exactly the same gain and phase response as Vpol but
again manually changes the polarization by switching the E-field and B-field re-
sponses. By default, AraSim uses the second method for the Hpol response as it
is found out that the simple dipole response is too optimistic in terms of gain and
phase response based on the comparison between the simulated and measured cali-
bration pulser events. A later version of AraSim will include more realistic antenna
responses by using measured antenna properties.

Once the antenna gain and phase values are obtained from the NEC2 model, the

effective height of the antenna is obtained by:

Acys
G =A4r 12
[ Z
hepr =24/ Aegp——
Ge2Z,
=9 5.5
\/47rf2-n2-Zair/n (5:5)

where G is the gain of the antenna at a specific receiving angle and frequency, Agyy is
effective area of the antenna, Z, is antenna radiation resistance which is 50 €2, Z;, is
resistivity of free space which is 377 €2, f is frequency and n is the index of refraction
of the medium at the antenna. In case of impedances matched between the antenna
and the load, the voltage measured by the antenna (see the schematic Fig. 5.5) is
Vant = heff - Ebefore, Where Epefore is the E-field strength right in front of the antenna.
In Fig. 5.5, when impedance matched, Z, and Zy have zero reactance, and the same
resistance. When we let the resistance for both Z, and Zgr be R, (Zyx = Zr = Ry),

the actual signal we measure (the voltage across the load R,., which is V' in Fig. 5.5)
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Figure 5.5: Signal receiver system’s simple schematic. Right hand part (source
and Zj) are the components from antenna while left hand part (Zgr) is the signal
receiver (such as DAQ). When impedance is matched, we can let reactance X from
both Z, and Zgr as zero and resistance for both Zg and Z, as the same value R,

(Zn = Zr = R;). V on the plot is the actual measured voltage signal which is
V= ZR 1= Vmeasured-
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Figure 5.6: Filter’s gain response which is in use for AraSim. The filter response
consists of a high pass filter at 150 MHz, a low pass filter at 800 MHz, and a notch
at 450 MHz to avoid the electronics communication frequency.

is then:

Vmeasured

Ebefore : heff (56)

I
( Vant )
1
T2

where [ is the current through the circuit and V},cqsureq is the voltage we can actually

measure over the load R,.

5.1.7 Electronics Response

After the antenna, neutrino signals will pass through entire electronics chain such
as a low noise amplifier (LNA), filter and fiber optic amplifier module (FOAM). The

measured filter gain response which AraSim uses is shown in Fig. 5.6 as an example.
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The phase response is derived from a Qucs Studio [77] model of filters with similar
characteristics. Other components in the electronics chain (LNA and FOAM) do not
have strong phase responses, so we only applied the gain response of them which is
simply a multiply of gain to the signal spectrum. Once the received signal is convolved

with the detector response, noise is added to the signal.

5.1.8 Generating Noise Waveforms

If any ray trace solution exists for a specific neutrino event, AraSim generates noise
waveforms for each channel. Channel numbers shown in this chapter are introduced
in Table 4.1. There are two thermal noise waveform generation models in Arasim,
the nominal non-calibrated thermal noise model and calibrated thermal noise model.
The nominal noise model is used as a first order estimation of the noise in AraSim
while an accurately calibrated noise model is applied for all of the data analyses in
this paper. A detailed explanation of how the noise model is calibrated can be found
in Section 5.3.1.

The nominal noise model in AraSim starts with Johnson-Nyquist theory. From
[78], one-sided (or single-sided) frequency band mean square noise voltage due to

thermal noise from a open circuit is given as:

<V?>=4-kg-T Ry -BW (5.7)

where BW is the bandwidth (only one sided bandwidth, meaning bandwidth in only
positive frequencies), Ry, is the resistance of the load, T" is the temperature, and kg
is the Boltzmann constant.

Now, with the open circuit consisting of a antenna and a load, mean voltage in

Eq. 5.7, we can calculate the measured voltage in our system. In Fig.5.7, Z4 is the

59



Figure 5.7:  Simple closed circuit with voltage source (thermal noise source) and
antenna (Z4) and load (Ry).

antenna internal impedance, and Ry is the load resistance. In the case when the
impedance is matched, the inductance of Z4 is zero (X4 = 0), and the resistance of

both antenna and the load are same (R4 = Ry ). Then the measured mean power is:

V2. R, &
P=1I*-R, = = 5.8
T (Ri+R.)? 4-Ry (5:8)
V2
«P>="Y"7 . T .BW. (5.9)
1 Ry

Therefore, in order to get the result in Eq. 5.9, mean power spectral density value
inside the bandwidth should be kg - T in W/Hz.

Our default temperature value in AraSim is 325 K, found by assuming a 230 K
average environmental temperature and a 95 K noise temperature for the low noise
amplifier (LNA). From this perfectly flat noise spectrum, AraSim applies the band

pass filter response to limit the bandwidth of the system to approximately 150 —
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850 MHz (shown in Fig. 5.6). From the power spectrum that we produce, we apply a
0 — 27 random phase to each frequency bin and then obtain the time domain thermal
noise waveform by taking the Fourier Transform.

Generated noise waveforms are required to have a long enough time length in order
to add all time domain neutrino signals with proper time delay between channels.
AraSim typically produce a ~ 6 us noise waveform to encompass the arrival times for
all ray solutions. The time-domain signal waveform is added to this noise waveform

at its arrival time at the antenna from the ray tracing.

5.1.9 Trigger Analysis

Once the noise has been added from the previous step, the signal is split into
the trigger and digitization paths. For the trigger path, the time-domain signal
is convolved with a model of the tunnel diode power integrator which integrates
the input waveform power over ~ 10 ns (Section 4.1). This convolved time-domain
response is then scanned for excursions above the power threshold. For the Testbed
simulation, the power thresholds were calibrated against RF triggered events for each
antenna as described in Section 5.3.2. When the trigger finds 3 such excursions
among the 8 borehole antennas within a 110 ns window, the event is considered to
have triggered. Once the trigger condition is met, waveforms are read out in 256 ns
waveforms just like the data, and written into the same format as the data so that

the simulated events can be analyzed with identical software.

5.2 Askaryan Radiation in AraSim

The contents of this section are in progress to be published.
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In this section, two models for generating Askaryan signals in AraSim are de-
scribed. The default mode in AraSim is one that produces a custom parameterized
RF Cherenkov emission for each event. This technique was developed based on an ap-
proach suggested by [12,79]. This mode will generate the radiated signal with proper
phase information for corresponding frequencies. The second alternative mode is
based on the Alvarez-Muniz, Vazquez and Zas (AVZ) model [80]. This second mode
is the signal generation mode from icemc, a ANITA simulation software. In this mode,
Askaryan signals are calculated with a simple 90° phase assumption which makes an

ideal impulsive waveform without dispersion.

5.2.1 Custom parameterized RF Cherenkov emission model

Approach of Alvarez-Muniz, et. al. In Alvarez-Muniz, et. al. [12], the authors sug-

gest to generate Askaryan signals using a semi-analytic method which can maintain
outcomes that agree well with results from a full shower simulation without adding
too much computational time. The semi-analytic method consists of two separate

steps for each event.
1. Generate 1D shower profiles from a full shower simulation

2. Use generated shower profiles to calculate Askaryan signals using analytic func-

tions

In the first step, one obtains the shower profiles, which describe the charge excess
as a function of shower depth. Alvarez-Muniz, et. al. suggest to generate shower
profiles using the ZHAireS shower simulation software which is the ZHS software
modified to simulate showers in various media including ice [31]. Shower profiles for
electromagnetic and hadronic showers are obtained separately as they have different

properties. Obtaining the 1D shower profile for a shower is relatively quick and cheap
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Figure 5.8: Comparison between the full shower simulation (ZHS) and the semi-
analytic model of a 3 x 10'® eV electromagnetic shower at a viewing angle of 0 =
Oc — 0.3°. The blue solid curve shows the result from ZHS full shower simulation,
the red dashed curve shows the result from semi-analytic model, and the yellow solid
curve shows the result from simple 1D model. The top plot shows the vector potential
R|A] in the time domain, the middle plot shows the electric field R|E| in the time
domain, and the bottom plot shows the spectrum in the frequency domain. All three
plots show that the full ZHS simulation and the semi-analytic method agree well.
The disagreement at the high frequencies seen in the middle and bottom plots are
not important for ARA as the bandwidth of the system only goes up to 1 GHz. Plots
from [12].
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in computational time compared with the full shower simulation that calculates the
emitted electric field.

The Askaryan signals are calculated in the second step. The vector potential
from the shower is obtained from the parameterized Green’s function solutions to
Maxwell’s equations. These analytic functions have form factor equations which are
fitted to the profiles from the full shower simulation for electromagnetic and hadronic
shower separately, for different media.

The vector potential equation under a far field assumption with a parameterized

form factor F,, from [12] is:

sin9~f)/oodz’Q(z’)-Fp (t—n—R—z’ F_ncos@}) (5.10)

Alb,1) = 4:1%
where p is the permeability of the medium, R is the distance between the shower and
the receiver, p is the unit vector pointing along the direction of vector potential, 2z’ is
the shower depth in meters, Q(z’) is the shower charge excess as a function of depth
(Eq. 5.17), n is the index of refraction of the media, ¢ is speed of light, v is the shower
propagation velocity, and 6 is the angle between the shower axis and the RF signal
propagation direction (viewing angle). The form factor F, is a key term in Eq. 5.10
which determines the shape of the radiated signal. The form factor F, equation at
the Cherenkov angle is obtained by fitting to the vector potential at the Cherenkov

angle to the ZHS full shower simulation. For the case of an electromagnetic shower
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in ice, the form factor equation at the Cherenkov angle [12] is:

nR 47T 1 FE
F(t——) = —4.5 x 107" —
g ( c ) LQ otal SiN O¢ % % TeV

( ) F(1E287)7P, ift>0
(5.11)

( ) (1+3.05[L)5, iftt<0

where LQqotq is integrated shower charge excess (LQioa = [ d2'Q(2))), Oc is the
Cherenkov angle, E is the energy of the shower, R is the distance between the shower
and the observer, and t is the time at the observer frame. The time ¢ is defined that
t = 0 is when the observer is at a viewing angle of 6 and a distance of R, receives
the peak vector potential from the shower. For a hadronic shower in ice, the form

factor equation is:

nR 47r 1 1 FE
F(t—— —32x 107 —
b < c ) 1 LQiorar Sin O % % TeV

exp (—%) (14 2.9208)732, if ¢ >0

(5.12)
exp <_L> + (14 3.0[¢))~2%5, ift <0.

0.065

With the far field assumption, the equation for the vector potential becomes Eq. 5.10
with either Eq. 5.11 or 5.12 being substituted for F,, with a proper time offset term
accounting for the viewing angle (2/[1/v —ncos@/c] in Eq. 5.10).

After inserting the form factor equations, the electric field as a function of time
is the time derivative of the vector potential. This method uses a 1D approximation
of the shower profile but yields consistent results with the full 3D shower simulation
(Fig. 5.8, [79]). Fig. 5.8 shows the comparison between ZHS [$2] full shower simulation
result and the semi-analytic model result. They agree well between each other up to

few GHz range which is fine for ARA’s 200 MHz to 850 MHz bandwidth.
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Customized Approach in AraSim The default mode for generating Askaryan sig-

nals in AraSim uses a custom parameterized RF Cherenkov model which is a modified
approach from the method suggested by Alvarez-Muniiz, et. al. [79] in order to reduce
the computational time even more. Generating a shower profile from a full shower sim-
ulation software takes ~hour while our custom parameterized RF Cherenkov model
takes ~second to calculate the RF signal. Among the two steps described in the be-
ginning of Section 5.2.1, the first step, the full shower simulation, has been replaced by
parameterized shower profile functions. The Greisen function [33] and Gaisser-Hillas
function [81] are used to produce electromagnetic and hadronic shower profiles [35],
respectively. The next step, calculating Askaryan signals using analytic functions,
is the same. AraSim, however, has a custom time binning method to optimize the
computational time of the second process, which is described in the next paragraph.
This alternative method is a quick and easy way to produce a first order estimation
of the shower profiles.

Detailed Description of the AraSim Custom Parameterized RF Cherenkov Model Our

custom parameterized RF Cherenkov model calculates shower profiles from parame-
terized functions. For the electromagnetic shower, we chose the Greisen function [%3]
with proper parameter values for in-ice radiation. The Greisen function used in

AraSim gives us the total number of electrons and positrons:

Noggat(X) = 0.31 | X —L5X In ((3X)/(X+21n (Eo/Ee)) (5.13)
111 (E(]/EC)
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where Ny is total number of electrons and positrons, E. is a critical energy, 0.073 GeV
in ice, Fjy is the energy of the shower in GeV, and X is shower depth in units of ra-

diation length. Fractional excess of electrons (AN) is given by:

N(e™)— N(e")
AN = ~ 0.25 5.14
N(e=)+ N(et) ( )
and the number of excess electrons (Nexcess) 1s:
Nexcess = Ntotal - AN (515)

Based on the ZHS in-ice shower simulation (Fig. 5.9), a constant 25% fractional excess
of electrons in the shower is chosen.

For hadronic showers, a Gaisser-Hillas function [31] is used to obtain shower pro-
files. As for the electromagnetic shower case, parameter values for the Gaisser-Hillas

function are chosen for in-ice radiation:

where Sy is 0.11842, )\ is 113.03 g/cm?, Xj is 39.562 g/cm?, E,. is 0.17006 GeV, Ej
is the energy of the shower in GeV, and X is shower depth in g/cm?. As for the
electromagnetic shower case, we use a constant 25% charge excess over the entire

shower. For both electromagnetic and hadronic showers, the charge excess is then:

Q(X> =q- Nexcess- (517)

where ¢ is an electric charge of an electron.
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Figure 5.9: Fractional excess of electrons from ZHS in-ice simulation. Horizontal
axis shows the shower depth in ice. The plot shows that fractional excess of electrons
varies from 20% at the beginning of a shower to 30% for larger depths regardless of
the energy of the shower. Based on this plot, constant 25% excess of electrons is
chosen.
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We defined a bin size in time for calculating the vector potential in Eq. 5.10 to
obtain proper length of the signal with 64 bins. This constant number of bins give us
a constant computation time to calculate the signal. In Eq. 5.10, we must integrate
the right-hand-side of the equation over the length of the shower for each time bin ;.
The time duration of the signal change as a function of the viewing angle 6 [79] and in
order to include entire signal waveform in constant 64 bins, we change the size of the
time bin as a function of the viewing angle (in Eq. 5.19). While the duration of the
signal is minimal when the viewing angle is at the Cherenkov angle, § = 0, the signal
gets stretched in time when the viewing angle is further away from the Cherenkov
angle. This is due to the fact that all signals radiated from charged particles in the
shower arrive at the receiver at the same time when the receiver is located right at
the Cherenkov angle relative to the shower axis. We define a factor that is a measure

of how off the Cherenkov angle the observer sits:

Joftcone = 1 —n - cos . (5.18)

And using this factor, we define the total duration of the signal:

T'total = |f0ffcone| : Tshower : AO + 2 ns (519)

where Tiower 18 the total travel time of the shower in the medium in ns, and Ay is
a constant parameter value which changes the total length of the signal. The A,
value is chosen such that Ti. at 6 = 0c £ 10° give us a long enough length of time
to include the entire signal (Ay = 1.2). If the receiver is located at the Cherenkov
angle relative to the shower axis, then fogcone becomes zero and Tio, will be 2 ns.

We calculate the RF Cherenkov signal with 64 time bins for all cases. Therefore, the
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time domain bin size is:
At = Tiota1/64. (5.20)

Our custom parameterized RF Cherenkov emission mode in AraSim shows con-
sistent results with results from the ZHS simulation. Fig. 5.10 shows a shower profile
for a 1 PeV electromagnetic shower from AraSim and ZHS simulation. Since it is
an electromagnetic shower, AraSim uses a Greisen function (Eq. 5.13) to generate
the shower profile. From the shower profile, AraSim calculates the vector potential
(Fig. 5.11). From the time derivative of the vector potential (E = —dA/dt), the
electric field is obtained in Fig. 5.12. Again, the plot shows the result from AraSim
and the ZHS simulation which agree well with each other. This example shows that
our custom parameterized RF Cherenkov emission mode in AraSim generates the RF
signal which agree well with ZHS full shower simulation.

This custom parameterized RF Cherenkov emission model produces the electric
field in the time-domain directly from a custom shower profile. This way, we have
improved phase information for each signal compared to the former RF emission
model (Section 5.2.2).

Limitations of Custom Parameterized RF Emission Model One drawback of the

current version of this method is that we cannot account for the Landau-Pomeranchuk-
Migdal (LPM) effect [30,87] in the shower as we use the parameterized shower profile
functions.

The LPM effect becomes significant when the energy of the particle in the shower
is larger than the LPM threshold energy (Erpy = 2 x 10" eV in ice). Then, the
Bethe-Heitler radiation length and the mean free path for the pair production become

comparable. This means there is an interference between a radiated photon and
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Figure 5.10: Shower profiles from AraSim and ZHS simulation for 1 PeV electro-
magnetic shower. The black curve is obtained from AraSim using Greisen function
(Eq. 5.13), and the red curve is obtained from [13] Fig. 3 which is the result from the
ZHS simulation.
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Figure 5.11: Vector potential obtained from AraSim for the same shower shown in
Fig. 5.10. Here, the vector potential is calculated 1 m from the shower. Viewing angle
is 0 = 0 + 10° = 65.8°.
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Figure 5.12: Electric field in the time domain from AraSim compared to ZHS simula-
tion for the same shower as shown in Fig. 5.10 and 5.11. The black curve is obtained
from AraSim, and the red curve is obtained from [13] Fig. 3 which is the result from
ZHS simulation. Even though there was some disagreement in the shower profile
(Fig. 5.10), the overall electric field signal power don’t differ by more than 25%.

a subsequent interaction (or in other words, interference between Bremsstrahlung
interaction and pair production). This interference increases the interaction length
in the shower.

We will revise the method in order to account for the LPM effect in the future.
One quick-and-dirty way to account the LPM effects is to simply stretch the shower

profile by factor of:

Erpm 03
F(Ey) = 5.21
(Eo) (0.14-E0+ELPM> (5:21)

where Eppy is the LPM effect threshold energy which is 2 PeV for ice, and Ej is the
energy of the shower [35]. When we stretch the shower profile by F(Ey), we have to

conserve the total number of produced particles in the shower (LQyota = [ d2'Q(2")).
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Therefore, we have to apply a factor 1/F(Ep) to the shower charge excess:

(5.22)

Another method which is more sophisticated is to use shower profile, that are gener-
ated from a shower simulation that includes the LPM effect. In order to reduce the
computation time of the simulation, we can first generate a library of shower profiles
for different shower energies using a shower simulation such as ZHAireS. While run-
ning the AraSim simulation, we can choose one of the shower profiles from the library
for the corresponding shower energy. These improvements will be added to AraSim
as a separate simulation mode in near future. For now, we found the amount that the
sensitivity changed due to the LPM effect using the old parameterized AVZ model
(Section 5.2.2) turned on and off. We accounted the same factor to the sensitivity

obtained using our custom parameterized RF Cherenkov emission mode.

5.2.2 Parameterized AVZ RF Cherenkov emission model

The second mode for generating Askaryan signals in AraSim is based on the fully
parameterized RF Cherenkov emission model by Alvarez-Muniz, Vazquez and Zas
(AVZ model) [80]. While the default Cherenkov emission model in AraSim (Sec-
tion 5.2.1) produces the electric field with improved phase information, the second
mode calculates the electric field with a trivial 90° phase in positive frequencies and
—90° phase in negative frequencies. From the AVZ model, which is a fully param-
eterized model of the frequency spectrum using a 1D approximation of the shower,

the electric field spectrum at the Cherenkov angle is:

— 1 _7 E() 14 1
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where vy = 1.15 GHz, Ej is the energy of the shower, and the unit of the equation
is V/MHz. The very first 1/2 factor is added to the original Eq. 5 in [30]. This
is due to the fact that the AVZ model is based on the ZHS model [32] which uses
an unconventional Fourier transform equation (Eq. 8 in [82] contains a factor of 2

compared to the conventional Fourier transform equation:

—

E(w,X) =2 / dte™ E(t, %) (5.24)
while Fourier transforms in AraSim follows conventional transform:
E(w,X) = / dte™ E(t, %). (5.25)

Also, one point to note is that both [80] and [32] calculate a double-sided electric
field spectrum, which means even if there is only a spectrum for positive frequencies
shown in the plots, there is the same amount of power in the negative frequencies.
As the Fourier transform in AraSim assumes a double-sided spectrum, there is no
additional factor needed to account double-sided spectrum in Eq. 5.23.

In this model, the electric field spectrum at a viewing angle away from the
Cherenkov angle is obtained by applying a parameterized factor. This factor depends
on the width of the Cherenkov cone, which depends on the length of the shower.
The longer the length of the shower, the narrower the width of the Cherenkov cone
become.

The width of the Cherenkov cone for the electromagnetic shower [35] in AraSim

1s:

U ELPM 0.3
Ao (v) =27 2 2
(V) 7 v (014E1, + ELPM) (5 6)
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where vy = 1.15 GHz, Erpy is the LPM effect threshold energy which is 2 PeV for
ice, and E, is the energy of the electromagnetic shower. Eq. 5.26 above shows that the
width of the Cherenkov cone depends on the LPM threshold energy. Since the LPM
effect shows up predominantly in electromagnetic showers, AraSim only accounts for
this lengthening effect in electromagnetic showers.

The width of the Cherenkov cone for hadronic showers is parameterized for dif-

ferent shower energies in [89]. The angular width of the Cherenkov cone is:
(
¥(2.07 — 0.33€ + 0.075€?), it0<e<?2
“0(1.744 — 0.0121¢), it2<e<5
Abnaa = 4 .(4.23 — 0.785¢ + 0.055¢2), if5<e<T (5.27)

%(4.23 —0.785 x 7+ 0.055 x 7%)

v

x[1.0 + (¢ — 7.0) x 0.075], ife>7

\

where € = log,, E,/TeV.
The electric field at a viewing angle 6 depends on the signal strength at the
Cherenkov angle 6 and the width of the Cherenkov cone Af [88,89]. The equation

is:
sin 0

E9) = E0) -
() sin O (0c) - exp

0—0c\
- — 5.28
(Aeem,had> ] ( )
where the signal strength at the Cherenkov cone, F(0¢), is from Eq. 5.23, and the
width of the Cherenkov cone for electromagnetic and hadronic showers are given at
Eq. 5.26 and 5.27, respectively.

The default custom parameterized RF emission model and the AVZ RF emission

model show results comparable with each other. Fig. 5.13 shows an example spectrum
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Figure 5.13: Comparison of spectra obtained from the two Cherenkov emission modes
in AraSim. The red curve is obtained from the AVZ RF model and the black curve
is the result from custom parameterized REF Cherenkov model (Section 5.2.1). Both
results have exactly same shower parameters (electromagnetic shower with 10 TeV
energy and viewing angle of § = 6 — 5°). The two RF signal emission models show
consistent results.

from the two models with the same shower parameters. Overall the maximum electric
field signal difference between the two modes for various shower conditions we tested
was 70% where as for most cases the difference was ~ 40%. Considering that the
two models use a significantly different approach, we think the difference between
two models is reasonable. For the analysis presented in this paper, we use the first
custom parameterized RF Cherenkov model as a default model while we considered
the AVZ emission model with a simple model for the detector phase response to

estimate a systematic error in Section 6.6.
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5.3 Calibrating AraSim to the Testbed Data

Calibrating the simulation to data is very important as we are modeling our
sensitivity to neutrinos with our simulation. Here we will show how we calibrated

thermal noise waveforms and trigger thresholds.

5.3.1 Calibrating Thermal Noise

Thermal noise events dominate the triggered background events from the ARA
detector. Therefore, calibrating our thermal noise model to measured data is essential.
There are multiple steps for calibrating thermal noise which are going to be explained
in following paragraphs.

Thermal Sample We first have to select events that are minimally contaminated

by anthropogenic noise. The software trigger causes an event to be recorded every
second to monitor the RF background. While there is a chance that an event was
triggered by both the software trigger and RF triggers, we selected events that are only
triggered by the software trigger in order to avoid contamination from anthropogenic
backgrounds such as continuous wave (CW) and impulsive signals.

Make Waveforms have Consistent Binning As the thermal noise calibration will

be done for each frequency bin separately, it is crucial to make each channel and event
have the same binning in the frequency domain. From the collected software triggered
sample, we make the waveforms in all channels and events have the same number of
bins and bin size in time. Due to the limitation in the Testbed DAQ, the number
of bins of the waveform varies ~ +10 between events and bin size is not constant.
This can be achieved by making time domain waveforms with the same number of
bins and the same bin size. We force the waveforms to have the same number of bins

by zero-padding them. We made all waveforms have 1024 bins by filling up the first
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~512 bins with the original waveform data and setting the rest of the bins to zero.
After that, we make the zero-padded waveform to have a constant 0.5 ns bin size
by interpolating. We use the interpolation function in the ROOT software with the
“AKIMA” option, which uses a continuously differentiable sub-spline interpolation
function.

Make Frequency Domain Spectrum Using the waveforms that are processed up to

the previous step, we produce the frequency domain spectrum from the time domain
waveform using a Fast Fourier Transform (FFT). As all channels and events have the
same time binning, the frequency domain spectrum will also have the same binning
between channels and events.

Fit Normalized Plots with Rayleigh Distribution Function We fit the normalized

distribution plot with the Rayleigh probability density function:
: _ L e?/(20%)
f(xa U)freq,ch = —¢€ (529)

where x is the voltage at specific frequency (freq), channel (ch) and o is the only fit
parameter value which is called the scale parameter. We obtained the fit parameter
o for all channels and frequency bins separately. We apply a normalization factor to

each plot such that
/ f(l‘, O-)freq,chdx = 1. (530)
0

The normalization is done by multiplying by a normalization factor:

1

78



o
N

Normalized Events

o
w

0.25
0.2
0.15
0.1
0.05
0

TENENENEN BRSNS ETETE BV RN SR A S B PR B R SRR

0 1 2 3 4 5 6 7 8
Spectrum Magnitude [Volts/Hz]

1
—A[TTTT

Figure 5.14: Distribution of voltages at 200 MHz and its best-fit Rayleigh distribution
function. Thermal noise events from Testbed data set (software triggered events, blue
curve) and their best-fit Rayleigh distribution function (red curve) are shown. The
voltage distribution at 200 MHz, Channel 2 (Vpol antenna) is chosen for the plot and
the integral is normalized to 1 in order of have same normalization for the Rayleigh
distribution function (Eq. 5.29). Good agreement between the distribution and the
fit function is shown on the plot.

where N is the normalization factor, n; is the number of events in 7" bin, and Ay, is
the bin size of the distribution plot. Fig. 5.14 shows a example of the voltage distri-
bution and its Rayleigh distribution fit result for Channel 2 at 200 MHz (Channel 2
shown in Table 4.1).

Generate Thermal Noise Waveforms We use the fit results to generate thermal

noise waveforms. A noise waveform for a channel is generated by selecting a voltage
for each frequency bin from the fitted Rayleigh probability density function. Each
frequency bin has a random phase chosen between 0 and 27. Figs. 5.15 and 5.16

show the comparison between simulated thermal noise waveforms and the waveforms
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Figure 5.15: Plot of the RMS voltage distribution from generated thermal noise
waveform using the best-fit Rayleigh distribution. The red curve is the distribution
from generated thermal noise waveforms, while the blue curve is from Testbed data. In
the Testbed data set (blue curve), there is an extended tail feature which the simulated
noise doesn’t have. This tail is coming from non-thermal background events such as
CW and anthropogenic impulsive events. Overall, the dominant thermal noise part
is well match between the data and the simulation.

from Testbed software-triggered events. Both plots show that the thermal noise part
of the distribution (lower voltages) agree well between each other, while the Testbed
data has extra non-thermal anthropogenic background events, which make up the
extended tail on the plot. Those non-thermal backgrounds are not reproducible with
the fitted Rayleigh distribution as only the pure thermal noise will follow the Rayleigh

distribution.
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Figure 5.16: Plot of the distribution of peak voltages from thermal noise waveforms
generated using the best-fit Rayleigh distribution and Testbed data. The red curve is
the distribution from the generated thermal noise waveforms, while the blue curve is
from the Testbed data. The part of the distribution at low voltages shows agreement
between simulated noise and the data. Like the RMS distribution (Fig. 5.15), the
extended tail feature in the data set is due to non-thermal background events such
as CW and anthropogenic impulsive events.
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5.3.2 Calibrating the Trigger Threshold

The trigger threshold is directly related to our sensitivity to neutrinos. The best
situation to calibrate the trigger level in the simulation would be one where the
actual hardware trigger level is well understood which is not the case for the Testbed.
Therefore we had to find the variable the most sensitive to the trigger threshold and
use it to calibrate the simulation.

Our calibration procedure relies on two properties of the trigger in the Testbed.
First, a tunnel diode is used in the detector which means the trigger is sensitive
to power. Second, the TestBed station requires three or more channels pass the
trigger threshold within a 100 ns coincidence window. Combining the first and second
conditions, we decided to use the third highest peak square voltage among channels
in the trigger coincidence window as the variable sensitive to the trigger threshold
(3rd highest V2).

We found the timing of the trigger coincidence window with respect to the stored
waveform for each channel separately (red boxes shown in Fig. 5.17). Using calibra-
tion pulser events in the data and the simulation, we reproduced calibration pulser
events in the simulation and tuned the time difference between the trigger coincidence
window and the timing of actual stored waveforms (result shown in Table. 5.1). For
this, the unknown trigger threshold level is not crucial as the calibration pulser signal
is a strong impulsive signal. Once we set the trigger threshold level high enough
to avoid any trigger contamination from the thermal noise, this trigger coincidence
window search is good to go.

Using the known distribution of trigger coincidence window timings with respect
to the waveform, we found the 3rd highest V2 inside the trigger coincidence window,
which is the variable sensitive to the trigger threshold. One example of finding the

3rd highest V2 from a calibration pulser event data is shown in Fig. 5.17. In order
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Figure 5.17: One example of finding the trigger-threshold sensitive variable from 8
borehole channels. The trigger-threshold sensitive variable is the 3rd highest peak
square voltage among channels in trigger coincidence window. In the plots, red box
is the trigger coincidence window for each corresponding channel. In the plots, Chan-
nel 0 has the highest peak V2 among all channels, Channel 1 has the send highest peak
V2, and Channel 5 has the 3rd highest peak V2 which is the trigger sensitive variable.
The distribution of this trigger-threshold sensitive variable is shown in Fig. 5.18.

Channel Number

01 2 3

4

5

7

Waveform Time Offset (ns)

0] +50|-10 | +20

+30

+20

-10

+10

Table 5.1: The tuned time offset between channels by comparing Testbed calibra-
tion pulser waveforms and simulated calibration pulser waveforms. Offset values are
obtained with respect to Channel 0.
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Channel Number | 0 1 2 3 4 5 6 7
Trigger Threshold | -6.1 | -5.4 | -5.8 | -5.5 | -5.1 | -5.9 | -5.5 | -5.9

Table 5.2: The trigger threshold obtained from the minimum x? between the simu-
lation and the Testbed data. The unit of trigger threshold is RMS of tunnel diode
output from thermal noise waveform.

to calibrate the trigger level for each individual channel, we generated numerous
thermal noise simulation sets with different trigger threshold levels. For each channel
separately, we obtained the distribution of the 3rd highest V2 from the thermal noise
simulations and Testbed data (see Fig. 5.18) with different trigger threshold values.
The unit of trigger threshold is RMS of tunnel diode output from thermal noise
waveform. As tunnel diode is a power integrator, trigger threshold is proportional
to the power of the input waveform over ~ 10 ns (Section 4.1). For the Testbed
data, we applied quality cuts and a stringent CW cut to remove CW contamination
from the data set. From the distributions, we found the threshold which gave us the
minimum y? between the simulation and the Testbed data. The trigger threshold
values that gave the minimum y? between the simulation and the Testbed data are
shown in Table. 5.2. After the calibrations on the thermal noise and trigger threshold

are done, we generated numerous neutrino simulation sets for our data analysis.

Appendix: First estimation on Ray Tracing

RaySolver in AraSim uses a semi-analytic approach to obtain the first estimated
launching angle at the source location given the horizontal distance to the source
and indices of refraction at the source and target. Here, we provide the derivation of

Eq. 5.3 for the exponential index of refraction model. The index of refraction model
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Figure 5.18: Comparison between the simulated triggered events and Testbed RF
triggered events for Channel 2. The trigger threshold value used for the simulation
set give us the minimum y? from the Testbed data. Good agreement between the

simulation and the data is shown.
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is given as:

n(z) = A+ Be®* (5.32)

where n is index of refraction value, z is the depth, and A, B, and C' are fitted
parameter values from the South Pole measurements. From the above equation, we

can obtain:

dn

~ —RB C-z
7 Ce

dn BCeC*

— = —dz,. .
W T A+ B 2, (5.33)

Now we take 6 to be the launch angle of a signal with respect to the normal to
the surface. Taking n, and sin @ for the index of refraction and refracted angle with

respect to normal, we can derive using Snell’s law:

nsinf = n,sin 6,

dn = &211;91‘ cos 6df

Sin

d?n = —cot 0df (5.34)

where 6 is the direction of the ray with respect to the direction normal to the surface.
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Using Eq. 5.33 and 5.34 and integrating from the source location to the target

location, we obtain:

/z BCeCz /0 o
—_— = — CO
20 A + Becz 0o

In(A+ Be®)|? = —In(sin /)],
A+ Be®*  sinf,

A+ BeCz  ginf

g_ o sing A+ BeC
— arcsin | sin oty A_|_ Beo'z

(5.35)

where 6, is the launch angle at the source location with respect to normal to the
surface and zg is the depth at the source.

Using Eq. 5.35 and the relation dx/dz = tan:

_ . A+ BeC
dx = tan [arcsm (Sln Hom)] dz (5.36)

and integrating the equation from the source location to the target location, we obtain:

z C-zo
T —xy = / tan {arcsin <sin Hoiﬂ dz
20

A+ Be®#
- in 0y (A + BeC ™
:/ sin (A + Be™™) 2 (5.37)
20 ! sin 0 (A+Be€ #0)
A+ Be€ \/1 - (W)
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In order to make above Eq.5.37 more manageable, we let:

oo = sin b,
n=A+ Be®*
dn = BCe%*dz
dn
de = ——— )
z o= A) (5.38)

and with these substitutions, Eq. 5.37 becomes:

x_xozaono /” dn’
C Jng n'(n’ — A) 1—(M)2

n/

¢ (I—xo):/n dn’ — . (5.39)

o (' — A)y/n? — oin?

Now substituting n with m = n — A, the equation becomes:

C

Oono

(x — xp)
[ dm’ (5.40)
mo M!\/M’2 + 2Am’ + A2 — g2n3’ '

From Eq. 5.40, we can make the equation more compact with an additional sub-
stitution X = a + bm’ + em™ where a = A? — o3n?, b = 2A, and ¢ = 1. With the

replacement, the equation is now:

¢ (x—xo)z/m dm’_ (5.41)

With the condition that a > 0 due to the fact that A is the index of refraction

value at the deep ice and oy = sinfy > 0, the integration of the right-hand-side of
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the Eq. 5.41 can be solved using [90]:

/ dx :_—lln 2a + bxr + 2vaX ‘ (5.42)
X Ve T
After the integration from Eq. 5.40, the equation becomes:
C\/A? — oin )
p— (xg —
(/07— o) (47— o) + An — o3
=1In
n—A
~In (\/ (ng — ogng) (A2 — oin%) + Ang — 03n3> , (5.43)
ng —

This is Eq. 5.3, and all values are given parameters from the index of refraction model
and the source and target locations except the launching angle oy which is the single

unknown.
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Chapter 6

A Search for UHE Neutrinos in the Testbed Station of the

Askaryan Radio Array

The contents of this chapter are largely taken from [2].

The Askaryan Radio Array (ARA) is an ultra-high energy (UHE, > 10'7 eV)
cosmic neutrino detector in phased construction near the South Pole. ARA searches
for radio Cherenkov emission from particle cascades induced by neutrino interactions
in the ice using radio frequency antennas (~ 150-800 MHz) deployed at a design
depth of 200 m in the Antarctic ice. A prototype ARA Testbed station was deployed
at ~ 30 m depth in the 2010-2011 season and the first three full ARA stations were
deployed in the 2011-2012 and 2012-2013 seasons. We present the first neutrino search
with ARA using data taken in 2011 and 2012 with the ARA Testbed and the resulting

constraints on the neutrino flux from 10'7-10%! eV.

6.1 Introduction

The Askaryan Radio Array (ARA) aims to measure the flux of ultra-high energy
(UHE) neutrinos above 10'” ¢V. While UHE neutrinos are so far undetected, they

are expected both directly from astrophysical sources and as decay products from the
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GZK process [21,22], as first pointed out by Berezinsky and Zatsepin [91,92]. The
GZK process describes the interactions between cosmic rays and cosmic microwave
and infrared background photons above a ~ 109 eV threshold.

The interaction of a UHE neutrino in dense media induces an electromagnetic
shower which in turn creates impulsive radiofrequency (RF) Cherenkov emission via
the Askaryan effect [01,062,93-06]. In radio transparent media, these RF signals can
then be observed by antenna arrays read out with ~ GHz sampling rates.

Currently, the most stringent limits on the neutrino flux above 10*° eV have been
placed by the balloon-borne ANITA experiment sensitive to impulsive radio signals
from the Antarctic ice sheet [9]. Below 10'? eV, the best constraints on the neutrino
flux currently come from the IceCube experiment, a 1 km?® array of photomultiplier
tubes in the ice at the South Pole using the optical Cherenkov technique [11]. Ice-
Cube has recently reported the first cosmic diffuse neutrino flux, which extends up
to ~ 10' eV. This is two orders of magnitude lower energy than ARA’s energy
threshold [97].

Due to the ~ 1 km radio attenuation lengths in ice [31,98], radio arrays have the
potential to view the 100s of km® of ice necessary to reach the sensitivity to detect

~ 10 events per year from expected UHE neutrino fluxes.

6.2 Method

Our analysis reconstructs events using an interferometric map technique. For this
analysis, we consider RF triggered events from January 8%, 2011 to December 315",
2012 and use a set of optimized cuts using AraSim calibrated against Testbed data
to eliminate background events from our final sample. This analysis is performed
in two stages. Stage 1 was a complete analysis on a limited data set that had been

processed at an early period of data processing. This Stage 1 analysis is carried on
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data from February-June of 2012 only, optimizing cuts on the 10% set before opening
the box on that time period alone. Then, in Stage 2 the analysis is expanded to the
remainder of time in the two year period once more processed data became available.
In Stage 2, the cuts were re-optimized on the 10% set for the two year period but

excluding February-June 2012 which had already been analyzed.

6.2.1 Testbed Local Coordinate

All the correlation and interferometric maps shown in this analysis are based on
the Testbed local coordinate system which is defined with the +2 along the direction
of the ice flow. The x — y plane is a tangent to the geoid at the time the Testbed is
deployed and Z is defined as 2 = & x y. The origin of the coordinate is the mean of
the antenna positions which is ~ 20 m deep in the ice for the Testbed. The azimuthal
angle at ¢ = 0° is the direction towards +2, and ¢ = 90° is +¢ direction. The zenith
angle § = 0° the horizontal direction from the origin, while § = +90° and 6§ = —90°

are +Zz and —2 direction, respectively.

6.2.2 Analysis Cuts

Here we begin a description of all of the cuts applied in the Interferometric Map
Analysis. In both stages of the analysis, first we apply Event Quality Cuts to reject
anomalous electronics behavior. Due to the increase in radio backgrounds during the
summer season at the South Pole, we only allow events from February 16'" to October
22" ip each year to pass our cuts. This period is selected based on the IceCube drilling
periods in the 2011 to 2013 seasons. The period from April 6 to May 12} 2012 was
characterized by consistent instability in the digitization electronics and thus this
period is excluded as well. We remove calibration pulser events with a timing cut of

width 80 ms centered around the beginning of the GPS second, which is when the
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Figure 6.1: An example of an event waveform with a weird electronics error. The
DC component of the waveform provides the power contribution below the 150 MHz
high-pass-filter of the system and thus rejected by the Event Quality Cuts.

calibration pulser signal is expected to arrive. We also remove events with corrupted
waveforms, which comprise ~ 1% of the entire data set. We also reject an event if,
in two or more channels, the power in frequencies below the high-pass-filter cut-off
frequency of 150 MHz is greater than 10% of the waveform’s power. This cut is
designed to eliminate specific electronics errors that are otherwise difficult to identify.
Fig. 6.1 is an example waveform which is rejected by this cut. The percentage of
simulated neutrino events rejected by this cut is less than 1%.

We attempt a directional reconstruction for each event using the relative timing
information and maximizing a summed cross-correlation over a set of hypothesized
source positions. We perform a cross-correlation on the waveforms from each pair
of antennas of the same polarization. This cross-correlation function measures how
similar the two waveforms are with a given offset in time. For each pair of antennas,
we calculate the expected delays between the signal arrival times as a function of the

position of a putative source relative to the center of the station. The center of the

93



station is located at the mean of the antenna positions ~ 20 m deep in the ice. These
signal arrival times account for the depth-dependent index of refraction in the firn
layer and the abrupt change at the ice-air interface (Section 5.1.4). If there are two
ray trace solutions, only the direct one is considered. For a given source position, the

cross-correlation value for an antenna pair is given by:

Nbyins

Z ‘/I,i . ‘/2,z'+n
=1

(6.1)

where V) ; is the voltage in the ith bin at the first antenna in the pair and Vaitn
is the voltage in the (i +n)™ bin at the second antenna where n is the number of
bins corresponding to the expected time delay between the antennas for a signal from
the putative source position. Then, for each source direction, the correlation values
for each pair of antennas of the same polarization are weighted by the inverse of
the integrated power of the overlap between the waveforms (denominator of Eq. 6.1)
and Hilbert-transformed before being summed together to make the summed cross-
correlation. The Hilbert-transformation is done in order to interpret the correlation
power. Fig. 6.2 shows an example of obtaining the correlation function from a cali-
bration pulser event. The top two plots are the voltage waveforms from two chosen
channels to make the correlation function. The cross-correlation waveform from these
two waveforms, using the Eq. 6.1, is shown in the bottom left plot of Fig. 6.2. The
final correlation function, which is the Hilbert-transformation of the bottom left plot

of Fig. 6.2, is shown in the bottom right plot of Fig. 6.2.
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Series of waveforms that show the process to obtain the correlation
function from a pair of antennas. The top two plots are two voltage waveforms from
two antennas that are chosen as a pair to produce the correlation function. All plots
are obtained from same calibration pulser event. Both plots are from horizontally
polarized antennas Channel 0 and Channel 1, respectively. The bottom left plot is
the cross-correlation waveform from the top two waveforms. The bottom right plot

is the Hilbert-transformed of the bottom left plot.
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Figure 6.3: Examples of correlation maps and the final interferometric map from
the calibration pulser event (same event with Fig. 6.2). All maps are obtained from
30 m source distance assumption in order to reconstruct the calibration pulser which
is located ~ 30 m from the Testbed. The top two plots and the bottom left plot are
the correlation maps from different pair of antennas in same polarization. From the
Testbed, there are total 6 pairs for each polarization. The correlation value on the map
is the projection of the cross-correlation function (bottom right plot of Fig. 6.2) with
the corresponding signal travel time difference between the antennas. The bottom
right plot is the final interferometric map obtained by summing correlation maps
from all pairs with the normalization factor 6 from the number of pairs. The best
reconstruction direction from the map (red peak region around 0° zenith and 140°
azimuthal angle) is the direction of the calibration pulser as expected.
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Summed cross-correlations for each polarization for each event are summarized in
maps with 1°x1° bins in zenith and azimuth for source distances of 3 km and 30 m
only. We use the 30 m map to determine if the event is a calibration pulser signal that
has not been properly flagged, and the 3 km map to determine the reconstruction
direction of sources hypothesized to be from far away, such as neutrino events. The
two top plots and the bottom left plots in Fig. 6.3 are the examples of correlation map
from a pair of antennas for a calibration pulser event (same event as in Fig. 6.2). Each
1°x1° bin value in the correlation map is the correlation function (bottom right plot
of Fig. 6.2) at the expected signal delay difference between antennas for that source
direction and distance. The final interferometric map is obtained by summing all
correlation maps with the additional normalization factor 6, which is the number of
pair of antennas (bottom right plot of Fig. 6.2). We define the reconstruction direction
to be the location of the peak in the interferometric map. Based on the calibration
pulser events, our pointing resolution on the RF direction is ~ 1° (Fig. 6.4).

Based on the reconstruction map generated by the interferometric reconstruction
technique just described, we decide whether the map is of good quality in terms of
pointing directionality. When the signal is coming from one specific location and gen-
erates a consistent pattern of waveforms across multiple channels, the reconstruction
map will point back to the direction of the source location. A set of Reconstruction
Quality Cuts ensure that the event can be characterized by a single well-defined point-
ing direction that does not have an overly broad spot size on the map. Thermal noise
events will not exhibit this strong well-defined peak in an interferometric map. The
Reconstruction Quality Cuts also require that any strong correlation is not found in
only a single 1°x1° bin on the map with no other comparable sized correlation values
nearby. This would not be consistent with the antenna and electronics responses of

the detector.
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Figure 6.4: Distribution of calibration pulser events’ reconstructed direction. The top
plot is the distribution in zenith angle (6) difference between the true direction and the
reconstructed direction, while the bottom is the distribution plot in azimuthal angle
(¢). Zenith angular resolution is approximately factor of two worse than azimuthal
angular resolution due to the error in depth-dependent index of refraction model.
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The Reconstruction Quality Cuts are based on an area surrounding the peak
correlation where the correlation remains high, Ap..x, and the total area on the map
showing high correlations, A, We first find the 85% contour surrounding the point
of peak correlation and the area of that contour in square degrees, which we call Apeay.
The choice of the 85% level for the contour was somewhat arbitrary. A different choice
would have led to a different maximum allowed A,c.k. Fig. 6.5 and 6.6 are examples
of an interferometric map and its 85% contour area plot, respectively. The total area
on the map that shows a correlation higher than 85% of the maximum correlation
value is called Aiotal.

The first Reconstruction Quality Cut condition requires the size of A,cax to be
greater than 1 deg? and less than 50 deg?. The minimum of that range is the area of
a single bin on the map, due to individual time bins in the waveforms and in Fig. 6.7
bottom plot shows that this Apeax >1 deg?® cut doesn’t dramatically affect the neutrino
efficiency for the maximal Kotera et al. flux model. The 50 deg? was chosen because
in a distribution of Ape.x from calibration pulser events shown in the top plot of
Fig. 6.7, it was ~ 20 away from the mean of the distribution at ~ 36.8 deg?. Note
that the area of the 85% contour around the peak is not the same as the resolution
of the reconstruction. Instead, the area of the contour is related to the width of the
readout impulse.

The second condition for the Reconstruction Quality Cut requires the ratio be-
tween Ayorar and Apeax to be less than 1.5. This means that only one reconstruction
direction dominates the map.

Each event is separated into VPol and HPol channels based on which polarizations
pass the Reconstruction Quality Cuts. A VPol or HPol channel is required to pass
both Reconstruction Quality Cuts in the 3000 m maps. If an event passes both VPol

and Hpol Reconstruction Quality Cuts, that event will be analyzed in both VPol and

99



Theta (deg)

Correlation Value

PR [T TN TN W AN T SO ST N S TN T S AT ST SN TN TN AN TN T S T T SO SN T M AN
-150 -100 -50 0 50 100 150

Phi (deg)

Figure 6.5: An example of a interferometric map used for reconstruction. This map
is obtained from VPol channels with a 3000 m distance assumption from the station.
The shadow region due to the ray-tracing in the depth-dependent index of refraction
yielded the empty horizontal band in the middle of the plot. The shadow region effect
is illustrated in Fig. 5.3. The 85% contour around the peak of this plot is shown in
Fig. 6.6.
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Figure 6.6: An example of an 85% contour around the peak. This plot of peak area is
obtained from Fig. 6.5. The red colored filled area is the 85% contour region around
the peak and the integrated solid angle of the region is Ape.x = 226.5 deg?.
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Figure 6.7: The distribution of 85% contour area from 2012 HPol calibration pulser
events (top) and simulated neutrino events from maximal Kotera et al. flux model.
From the calibration pulser events’ plot, we set the maximum allowed Ape.x at ~ 20
away from the mean of the distribution, at 50 deg?. The signal plot (bottom) shows
that the minimum allowed Apeac at 1 deg? has a minimal effect on the neutrino

efficiency.
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Figure 6.8: All Geometric Cuts for each reconstruction map.

HPol channels. For the purpose of tabulating results, the rest of the cuts are applied
to VPol and/or HPol channels separately after the Reconstruction Quality Cut. The
cuts applied to each polarization are the same and for any event, one or both channels
may pass the cuts.

A set of Geometric Cuts reject events that reconstruct to locations where back-
ground due to anthropogenic noise is expected to be high, either where there is known
human activity or where signals reconstruct to the same location repeatedly. See
Fig. 6.8 for all Geometric Cuts for each reconstruction map. The reconstructed direc-
tions used for this cut are derived using the interferometric reconstruction technique
described above. Events that reconstruct to South Pole Station (SPS) are rejected.
This area covers a region from -153° to -119° in azimuthal angle. Events that re-
construct to within a box in zenith and azimuth centered around the location of a

calibration pulser are also rejected. There are two calibration pulsers for the Testbed
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and therefore two box regions for each of them. The first calibration pulser box in-
cludes zenith angles of —23° < 6 < —15° and azimuthal angles of —96° < ¢ < —88°
in VPol 30 m map (calibration pulser 1 in Fig. 6.8). The second calibration pulser
box is centered at 3° zenith angle and 139° in azimuthal angle in the HPol 30 m map,
and stretches in both zenith and azimuthal angles in +10° (calibration pulser 2 in
Fig. 6.8).

Additionally, we reject regions where multiple events reconstruct after the Event
Quality Cuts, Reconstruction Quality Cuts, Continuous Wave (CW) Cut, and Delay
Difference Cut have been applied (the CW Cut and the Delay Difference Cut are de-
scribed in following paragraphs). These applied cuts reject known backgrounds (CW
backgrounds) and poorly reconstructing events and make us look at the distribution
of the direction of the events. Thermal noise events will isotropically distribute over
the map while events that are originated from specific locations will cluster toward
to source direction. As neutrino events are not expected to originate from the same
position repeatedly, we reject events that reconstruct to the repeating source loca-
tions. From the distribution maps after the set of cuts, we calculated the expected
background events for each repeating location using the Gaussian functional fit in
azimuth and zenith angles. We defined the size of the box for the repeating loca-
tions so that the total expected background events from the clustering Geometric
Cuts are same with the background expectation from the final Peak/Correlation Cut
(Section. 6.2.3).

Three repeating locations were identified in the Interferometric Map Analysis, two
in the VPol 30 m map, and another on the VPol 3 km map (Fig. 6.8). The events
reconstructing to either repeating location in the Vpol 30 m map are characterized
as “near surface” events as they appear to come from a point near the surface of the

ice at 0 ~ +40° relative to the station center. The two locations in the VPol 30 m
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map reject the “near surface” events where the best reconstructed location for these
type of events can be either of two locations depending on the strength of the signal.

The first of these two reconstruction locations for “near surface” events is centered
at a zenith angle of 40° and an azimuth of -140°. We reject any events whose VPol
30 m reconstruction peak points to within a box that is 10° in zenith and 40° wide in
azimuth and centered on that location. The second of the two reconstruction locations
for “near surface” events is centered at a zenith angle of -57° and an azimuth of -100°.
We reject any events whose VPol 30 m reconstruction points within a 30°x 30° box
in zenith and azimuth surrounding that point.

One repeating location was identified in the VPol 3 km map and these events are
characterized by an excess of power in a ~ 50 MHz band around 200 MHz, and as
such are labeled “200 MHz” events. This “200 MHz” repeating region from the VPol
3000 m map is centered at a zenith angle of -40° and an azimuth of -99° with the
rejection region being 20° wide in azimuth and 34° high in zenith. As with the “near
surface” events, there is a secondary reconstruction point but it is located within the
SPS reconstruction region and thus events that reconstruct there are already rejected.
These events from repeating locations are expected to be more effectively rejected by
other means after improving the reconstruction method in a future analysis.

A Saturation Cut rejects events where the saturation of the amplifier induces dis-
tortion of the waveform. When the signal strength is strong enough to saturate the
amplifier and change the linearity of the amplification factor, we may have mislead-
ing reconstructed information from the event and thus we want to remove it from
consideration. As the maximum dynamic range of the amplifiers of the borehole an-
tennas is ~ £1 V, we set the saturation point of the output voltage to £995 mV and
when two or more channels” waveforms have maximum voltage values that exceed the

saturation point, we reject the event.
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The Gradient Cut is a pattern recognition cut to reject “200 MHz” background
events which have a strong gradient in signal strength across the Testbed in one
direction. The Geometric Cut for “200 MHz” was not sufficient to reject this specific
type of background event because the Geometric Cuts are effective for sources located
at ~ 30 m or > 1 km distance from the Testbed, while only a closer source can give
us such a large gradient in signal strength across the station. We first check whether
there is a gradient in signal strength in the direction that matches that of these
background events, where one of the two VPol channels facing SPS has the strongest
Vpeak/RMS value for these events while one of other two VPol channels have the
weakest signal strength. When the above pattern matches for an event, we calculate

the gradient value, G, given by

| Vmax - Vmin |

G =
2 2
\/VRMS,max + VRMS,min

, (6.2)

where Vi,ax is the peak voltage of the channel with the highest Vieca/RMS, Vi, is the
peak voltage of the channel with the lowest Vpea/RMS, and Vius max and Vams min
are the RMS voltages of those same channels respectively. If the gradient value is
greater than 3.0 we reject the event. Fig. 6.9 shows the distribution of gradient values
from events that pass the Event Quality Cuts, while Fig. 6.10 shows gradient values’
distribution after applying the Event Quality Cuts, the Saturation Cut, the Delay
Difference Cut and the Geometric Cuts. The goal of the Gradient Cut is to reject
events in Fig. 6.10 (target background events) and allowing events in Fig. 6.9 (other
backgrounds which are not meant to be rejected by the Gradient Cut). A Gradient
cut value 3.0 gives us ~ 2.3 ¢ and ~ 1 ¢ from the mean value for Fig. 6.9 and 6.10,

respectively.
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Figure 6.9: The distribution of gradient value G from 10% Testbed burned sample
with the Event Quality Cuts applied. Our gradient cut value 3.0 is approximately
2.3 0 away from the mean value 1.5. Distribution of gradient value from the selected
background events are shown in Fig. 6.10.
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Gradient Value from 396 Events
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Figure 6.10: The distribution of gradient value G from the Testbed 10% burned
sample with analysis cuts to select events that should be rejected by gradient cut.
The Saturation cut, Delay Difference cut, and Geometric Cuts are applied. The
gradient cut value of 3.0 is approximately 1 ¢ from the mean value.

107



The Delay Difference Cut ensures that the reconstruction direction derived from
all of the borehole antennas of the same polarization is consistent with the delay
observed between the signals in the two antennas with the strongest signals. In the
case of an impulsive signal like one coming from a neutrino event, we expect this
correlation to exist whereas a thermal noise event in general should not exhibit this
behavior in general. We calculate the time delay At; 5 peax between the peak voltages
Vpeak/RMS in the two channels with the highest peak voltages. We also find the
time delay that would be expected between those two channels based on the direction
of reconstruction, Aty 2 eco. We then find the difference between these two values,
ATdelay = At12peak — At125eco- 1 [ATdelay| > 20 ns, we reject the event. The
distribution of |ATgelay| from calibration pulser events, 10% burned sample with the
Quality Cuts and Geometric Cuts applied, and simulated neutrino events are shown
in Fig. 6.11, 6.12, and 6.13. Both calibration pulser events and simulated neutrino
events (Fig. 6.11 and 6.13) show that most of events are clustered at ~0 ns delay. On
the other hand, Fig. 6.12 from the 10% burned sample with the Quality Cuts and
Geometric Cuts applied, shows most of events distributed at a 2" highest Ve /RMS
less than 7 and widely spread over Delay Difference values. This is because both
thermal noise and CW background events don’t have impulsive signals (small 2°¢
highest Vpeax/RMS) and correlation between the direction of reconstruction and the
peak voltages in the waveforms (large Delay Difference values).

An In-Ice Cut rejects events that reconstruct to directions above horizontal as
viewed by the Testbed. This cut is made because we are searching for neutrino
events that are coming from the ice.

A Continuous Waveform (CW) Cut rejects events that are contaminated with nar-
rowband anthropogenic noise. This cut rejects events that show a narrowband peak

above an expected noise spectrum. To apply this cut, we need to first find the average
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Figure 6.11: Distribution of the Delay Difference value AT e,y from calibration pulser
events. As expected, most events are clustered at ~0 ns delay which means there is
a strong correlation between the time difference between waveforms and the best
reconstructed direction. The small number of events distributed at low Vpea/RMS
are caused by thermal noise events that have leaked into the calibration pulser trigger
timing window. Our Delay Difference Cut value of 20 ns is shown as a black vertical
dotted line on the plot.
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Figure 6.12: Distribution of the Delay Difference value AT ey from the 10% Testbed
burned sample with the Quality Cuts and Geometric Cuts applied. The distribution
shows that most of events have a Viea/RMS value less than 7 and widely spread over
Delay Difference values. Therefore the dominant portion of events are thermal noise
events and Continuous Waveform (CW) events. Our Delay Difference Cut value of
20 ns is shown as a black vertical dot line on the plot.
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Figure 6.13: Distribution of the Delay Difference value ATgesy from triggered neu-
trino events from AraSim. The simulation is run with a fixed neutrino energy at
10* eV. The delay Difference Cut value of 20 ns is shown as a black vertical dotted
line on the plot, rejecting only a small portion of triggered neutrino events. The
clustered events at high Vje.r/RMS and low AT e,y are due to the Saturation Cut
which restricts the maximum V.., /RMS to ~ 30.
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Figure 6.14: And example of CW Cut baseline and a spectrum of strong CW back-
ground event. The baseline is an average spectrum for a run data (approximately
30 minutes period of data). The example event has a strong CW background at
~400 MHz, which is a weather balloon communication signal. The spectrum peak at
400 MHz is strong enough to exceeds the 6.5 dB above the baseline (dashed curve).
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spectrum for each data run to serve as a “baseline” for comparison against individual
events. Then for each channel, we compare the individual event’s waveforms against
the baseline. A frequency bin is flagged as containing CW if that bin in one channel
exceeds 6.5 dB above the baseline, and two other channels also have a bin within
5 MHz of the first that exceeds the threshold. In order to maintain a high efficiency
for neutrinos, we require that this excess is narrowband before rejecting the event.
Fig. 6.14 shows an example of baseline, a 6.5 dB above the baseline, and a strong
CW background event at one of the channels. We define a signal to be narrowband if
less than 50% of frequency bins in a 40 MHz band around the peak are above 6.0 dB
above the baseline.

Before a baseline is determined to be an acceptable representation of the average
background for a given run, we examine the characteristics of the run overall to
determine if it is contaminated by a large number of CW events. To do this, we
calculate the maximum correlation between waveforms of neighboring events. If a
significant number of CW events are found, they will be highly correlated with each
other. We do not use baselines in which more than 10% of neighboring events are
well correlated (contain a correlation between waveforms from any two of the same
antennas between events > 0.2). In this case, we use the nearest acceptable baseline
from £10 run files (approximately +5 hours) instead.

As a last cut, a Peak/Correlation Cut is applied. Since we expect impulsive
events to exhibit a correlation between the Viea/RMS values from the waveforms
and maximum correlation value from the reconstruction map, we designed a cut
using these two values, as in [9]. CW-like events tend have high correlation values
but low Vpea/RMS values. Conversely, thermal noise events may fluctuate to high

Vpeak/RMS values but not correlate well in any particular direction.
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Figure 6.15: The distribution of 2nd highest V,.qr/RMS and correlation values for
the vertical polarization channel for the left plot from the 10% examination data set
and the right plot from events simulated at 10'® eV. Both plots show only events that
have survived all other cuts. The red line shows the selected cut parameter and thus
all events above this line survive the cuts and those below are removed. For the data
(left plot), no events fall above the cut line. For the simulated events (right plot),
there is a sizable percentage of events that lie above the cut line and thus survive.
These simulated events extend to a range of higher correlation and Vpea/RMS values.

The Peak/Correlation Cut is based on a 2-dimensional scatter plot that has the
2" highest Vea/RMS on the vertical axis and the maximum correlation value on the
horizontal axis for the corresponding polarization (see Fig. 6.15 and Fig. 6.16). The
maximum correlation value is defined as the peak correlation value of a interferometric
map which passed the Reconstruction Quality Cuts (for example, peak z-axis value on
bottom right plot of Fig. 6.3). We choose the 2°¢ highest Ve../RMS value from the
waveforms in order to ensure that the value represents the signal strength in at least
two channels and not a random fluctuation from thermal noise. First, we set constant
cuts at 2°¢ highest Vpear/RMS > 4.0 and maximum correlation value > 0.13. After
this, we define a cut as a line on the plot of Ve /RMS vs. maximum correlation as
shown in the figures. Events located to the upper right this line will pass the cut.

We choose the Peak/Correlation Cut that gives us the best expected limit on the

maximal Kotera et al. flux model [99] (pink dot-dashed line in Figure 9). First we pick
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Figure 6.16: These plots are zoomed in versions of the plots above (Fig. 6.15). In
the data (left plot), the events are dominated by thermal noise and thus concentrate
around specific low correlation and V.. /RMS values of 0.135 and 3.7, respectively.
The simulated events (right plot) are dominated by the simulated signal and thus do
not tend to cluster around a particular value for the correlation and signal strength.

a slope for the straight line cut (red curve in Fig. 6.15 and 6.16). We tried 20 different
slope values (Fig. 6.18) and for each slope value, we obtained an exponential function
fit for the expected background events. Fig. 6.17 shows the differential distribution of
events from Peak/Correlation Cut slope of -14. We obtained a similar differential dis-
tribution of events and its exponential fit function for each slope value. For each cut
slope, we generated 10000 toy simulation sets which have the same number of events
as the Testbed data and follows the fitted exponential function’s distribution. We
calculated the likelihood value from each toy simulation set (—2log(L)) for the expo-
nential fit and obtain the p-value from the distribution (Fig. 6.19). Peak/Correlation
Cut slope of -14 gives us a reasonable p-value at 0.235 which is close to 1o of normal
distribution. This slope choice was not a unique result but just one of the possible
choices with reasonable p-value.
After the slope for the Peak/Correlation Cut is decided, we find the Peak /Correlation

Cut value (vertical offset) which give us the best expected limit. We assume that there

115



Events

10?

10

—
HH‘

8 9
Peak/Correlation Cut Value

Figure 6.17: The differential distribution of events that pass the Peak/Correlation
Cut using the optimal slope shown in 6.15. The horizontal axis is a measure of the
vertical offset of the red line in Fig. 6.15, and is the 2nd highest Ve, /RMS where the
red line intersects the Max Corr Value=0 axis. This distribution is fitted against an
exponential function which is used to extrapolate to the number of events expected
to pass the cut.
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are zero signal event in the Testbed data set due to the low sensitivity to neutrinos
compared to other experiments such as ANITA which didn’t detect neutrino events.
We use Bayesian statistics to find the upper limit on the number of neutrino events
with 90% confidential level. In a poisson distribution, the likelihood to detect events

L(nl|s) = Me_(s+b) (6.3)

where L(n|s) is the likelihood to detect n events with s mean signal events expected,
and b is the expected number of background events. Therefore, we let n = b in
Eq. 6.3. With 90% confidence level, the upper limit on the number of signal events
can be obtained by:

_ [ _ o L(nls)ds
l—a= /o p(sln)ds = W (6.4)

where 1 — a is the confidence level (1 —a = 0.9 for 90% C.L.), S, is the maximum
allowed signal events, and p(s|n) is the probability to have mean signal events s when
we detected n events from the experiment. From Eq. 6.4, we can obtain .S, for each
Peak/Correlation Cut value.

The Peak/Correlation Cut value which give us the best limit is determined from:
Sup=N=fx> Acsri- Tive - F; - AE (6.5)

where N is expected neutrino events with a factor f applied to our detector’s sensi-
tivity, Aessq is a effective area at energy bin 4, T, is a livetime of the detector, F' is
a flux at energy bin ¢, AFE is the energy bin size, and f is a constant factor applied

to our detector to have S,, expected neutrino events from the detector. The best
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Figure 6.18: Plot showing the Peak/Correlation Cut for each trial slopes. Among
all 20 slopes, we choose a slope of -14 which give us a reasonable p-value from the
corresponding toy simulation set (see Fig. 6.19).

limit is achieved when we have maximum 1/f = N/S,, (or minimum f = S,,/N).
Fig. 6.20 shows how we found the optimized Peak/Correlation Cut value to be 8.8

where N/S,, is maximum.

6.2.3 Background Estimation

To estimate the background, we use the 10% data set and fit the differential
number of events rejected by the Peak/Correlation cut as a function of the vertical
offset to an exponential function, shown in Fig. 6.17. We use the fit function Ngg =
e®* where x is the 2nd highest Vpe../RMS where Max Corr Value=0, Ny is the

differential number of events rejected by the Peak/Correlation cut when it is vertically
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Figure 6.19: Distribution of minimum log likelihood from the toy simulation set with
Peak/Correlation Cut slope of -14. The red vertical line is the value from the Testbed
data set. The p-value is the ratio between the total number in the toy simulation set
to the number in the toy simulation set that has a smaller —2log(L) value than the
one from the Testbed data. A p-value of 0.235 is close to 1o for a normal distribution.
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Figure 6.20: Finding the optimal Peak/Correlation Cut value by maximizing N/.S,,.
The red vertical line is the optimal Peak/Correlation Cut value (intercept in 2nd
highest Vpeax/RMS in Fig. 6.15 and 6.16) which is 8.8. Peak/Correlation Cut values
smaller than the optimal value are too weak so allow too many background events.
Peak/Correlation Cut values bigger than the optimized value are, on the other hand,
too stringent and reject too many neutrino events.
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Figure 6.21: The efficiency of each cut in sequence compared with the total number
of triggered events for a simulated data set generated from an optimistic Kotera et al.
2010 flux model. After the cuts designed to reject thermal background are applied
(beginning with the Delay Difference Cut), the efficiency turns on and plateaus for
2" highest Vpea/RMS > 6.

offset by dz, and a and b are two fit parameters in the exponential function. From
the fit, we obtained a = —4.29 4+ 0.26 and b = 31.70 4+ 1.67 where the deviation
of each parameter is the one sigma error from the best fit result. The optimal cut
gives us 0.06 estimated background events and 0.02 expected neutrino events from
the maximal Kotera et al. flux model in the 90% data set in the Stage 2 analysis.
Fig. 6.21 shows the efficiencies of each analysis cut in sequence for triggered events
as modeled in AraSim for the Interferometric Map analysis. For this plot, we use the

274 highest Vpeak/RMS on the horizontal axis as in the Peak/Correlation Cut. The

121



analysis efficiency for the maximal Kotera et al. flux model is ~ 40 % for signal
strengths between 7 and 20 in 2" highest Vjea/RMS. The first noticeable cut on
the plot is the Saturation Cut which rejects most of events above 20 Vpea/RMS
signal strength. After that, the Geometric Cuts reject ~ 20% of the events mostly
due to the SPS Geometric Cut and are consistent across all signal strengths. The
Delay Difference Cut and the Reconstruction Quality Cut reject poorly reconstructing
events, bringing the efficiencies to the ~ 40 % for high SNR. The remaining cuts, such
as the Down, CW and Peak/Correlation Cuts, don’t significantly affect the total

efficiencies.

6.3 Survived Events

In Stage 1 of the analysis, we had three events survive all cuts from 0.0285 expected
background events and 0.00362 expected neutrino events. These three events were
all believed to be known types of anthropogenic impulsive events (“200 MHz” and
“Near Surface” type events). Among them, one event appears to be a “200 MHz”
type event, and we had intended to reject those with the Gradient Cut and so this cut
was modified slightly to better match the pattern that it was trying to identify. The
original definition of the cut required that the highest Vea/RMS value came from a
VPol channel before the gradient condition was checked for the event. Through what
appears to be an aberrant single-bin fluctuation, this event had its highest Ve /RMS
in an HPol channel. Since the requirement that the highest Vie../RMS value be from
a VPol channel is not a necessary condition for the pattern recognition, it was removed
from the definition of the cut. The altered cut just checks that the gradient among
the VPol channels matches the pattern and using this adjusted definition, the event

was then rejected.
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Remaining two survived events are rejected by alternating the Geometric Cut
regions. The Geometric Cut region for “200 MHz” and “Near Surface” type events
in Stage 1 analysis was initially defined as a box which contains all those type events
from 10% data set. The altered “200 MHz"” and “Near Surface” Geometric Cuts were
defined by Gaussian fits to the azimuth and zenith distributions of the events with
only the Event Quality, Reconstruction Quality Cut, Delay Difference and CW Cuts
applied (See Fig. 6.22). The edges of each cut region were defined by the criterion
that one would expect a total of 0.04 background events to reconstruct outside the
region based on this Gaussian fit with only these four cuts applied. This modification
increased the total size of the Geometric Cut area, including the SPS, Calibration
Pulser, and Clustering Cuts, by ~ 14%. After these modifications, zero neutrino
candidate events survived from Stage 1 analysis.

Using these new Geometric Cut regions, two events survived from Stage 2 analysis.
These two events that passed were again leaked anthropogenic impulsive events that
were intended to be rejected by the “200 MHz” Geometric Cut (See the bottom plot
on Fig. 6.22) and thus were removed by slightly expanding the Geometric Cut region
in the 3 km map. The alterations to the Geometric Cut regions increase the total
acceptance of the Geometric Cut (which includes the South Pole region) by less than
5%. After these modifications, zero neutrino candidate events survived. In future
analyses, we plan to design cuts to reject these type of events by other means, with

less reliance on the Geometric Cuts.

6.4 Livetime Calculation

A livetime is obtained for each analysis, defined as the total amount of time
covered by the data set where the trigger is available, excluding any periods of time

that were rejected by the analysis.
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Figure 6.22: The reconstruction directions of the events that passed both Stage 1
and Stage 2 of the analysis in the 30 m (upper) and 3 km (lower) maps. Events that
passed the unaltered cuts in Stage 1 are shown in blue and those that passed the
Stage 2 cuts are shown in red. The initial Geometric Cut regions (dashed blue line)
were adjusted after Stage 1 (solid red lines) based on a Gaussian fit to the background
event distribution with a limited set of cuts applied.

For each analysis, the trigger deadtime is calculated by accumulating the number
of 10 MHz clock cycles N, during one GPS second when the trigger was not available
due to the waveform readout process after the trigger or any other issue that would
cause the Testbed to be unable to trigger. This counted number of clock cycles N,
gives us the livetime fraction of that second as 1 — N./107. The total livetime of the

Testbed is obtained by accumulating the livetime fraction from each second over the

124



entire data set while avoiding double counting of the livetime from same GPS second.
If any second has a deadtime > 10%, the entire second is rejected.

We conservatively reject the events from October 22" to February 16" for both
2011 and 2012 data set which is the summer season at the South Pole. Additionally,
the calibration pulser timing cut reduces the livetime by ~ 8%. This strict timing cut
requirement will be able to be relaxed in future analyses. The CW Cut also requires
the identification of a good baseline and if this baseline is not found in a nearby time
period, that run period is rejected. This requirement reduces the livetime by ~ 15%
but better CW analysis techniques will be able to remove this requirement as well.

The overall livetime from the 2011-2012 Testbed data is 224 days.

6.5 Results

No neutrino candidate events were found and the results from this analysis are
used to derive constraints on the neutrino flux.

The effect of the successive cuts in Stage 2 of the Interferometric Map Analysis
is summarized in Table 6.1. After the Event Quality and the Reconstruction Quality
Cuts are applied, for this table the events are examined in HPol and VPol channels
separately. While a single event can pass the HPol and VPol Reconstruction Quality
Cut simultaneously and be considered in both channels, only a small number of events
(~ 100) did so.

After finding no neutrino candidate events passing all cuts, we set limits on the
neutrino flux given the effective volume of the Testbed derived from AraSim and the

total livetime of the period examined. The effective volume, Vg, is found for each
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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 In sequence as last cut

Recon. Qual. 1.8E6 1.4E6
SP Active Period 1.4E6 125 1.1E6 13
Deadtime < 0.9 1.4E6 0 1.1E6 0
Saturation 1.4E6 0 1.1E6 0
Geometric, except SP 1.3E6 7 1.0E6 0
SP Geometric 1.1E6 0 9.0E5 1
Gradient 1.1E6 0 9.0E5 0
Delay Difference 1.8E5 0 1.5E5 0
CW 1.8E5 0 1.4E5 1
Down 1.7E4 15 1.9E4 1
Vpeak/Corr 0 1.7E4 0 1.9E4

Table 6.1: 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 survive after each cut in sequence and how many events each
cut rejects as a last 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.

energy bin by simulating a large number (~ 10°) of events:

Npassed

‘/c inder
Vg = y]lvd > (6.6)
i=1

Each event is given a weight w; equal to the probability that the neutrino was not ab-
Npasscd
sorbed in the earth, given its direction and position of the interaction. Then Y  wj
i=1

is the weighted sum of the number of events that triggered and passed all analysis
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cuts, and N is the total number of events thrown. The neutrino interactions are
thrown in a cylindrical volume centered around the detector, denoted Viyiinder-

The effective area is then calculated from the effective volume by the following:

v,
A~ — (6.7)

l interaction

where [ipteraction 1S the interaction length.
The 90% differential flux limit on the number of events in each decade in energy

then be calculated from this equation:

1 2.3
47 AT In(10)

E F(E) (6.8)

where T' is the total livetime of the examined period, the factor of 2.3 is the 90%
Poisson confidence level upper limit on number of expected signal events with zero
events observed, and the In(10) is a correction factor for the log-scale binning. Using

2.3 as a number of detected events from the flux F'(E) in AE bin, we can let:

2.3 = F(E) - AgdrT - AE (6.9)
= E F(E) - AgdnT - % (6.10)
= E F(E) - Ag4nT - Aln(E) (6.11)
= E F(E) - Ag4nT - In(10)Alog(E). (6.12)

We set our limit at 2.3 events in one decade of energy (Alog(F) = 1) and obtained
Eq. 6.8. Fig. 6.23 shows the limit obtained from our Testbed with 224 days of livetime.
The projected limits for ARA37 shown in Fig. 6.23 are derived from trigger-level

sensitivities only, with 100% analysis efficiencies assumed for simplicity.
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6.6 Systematic Uncertainties

In this section, we will discuss the systematic uncertainties in the Interferometric
Map Analysis. We considered systematic uncertainties in both the background esti-
mation and analysis efficiency. While the uncertainty on our background estimation
is derived solely from the errors on the best fit line used to extrapolate the back-
ground estimate described in Section 6.2.3, for the analysis efficiency we consider the
effect of the antenna model, ice index of refraction model, ice attenuation model, and
neutrino cross section model. Each systematic error is obtained by changing only one
parameter value at a time from the default and estimating the impact on the result
from each.

The systematic uncertainty on the background estimation is derived from the
errors on the best fit exponential function used in the extrapolation described in
Section 6.2.3. Recall that the best fit to Ngyg = e*** gave a = —4.29 + 0.26 and
b = 31.70 & 1.67. We moved each fit parameter alone by one standard deviation in
both the positive and negative directions, and obtained the maximum deviation in
the background estimate in each direction. We find the number of background events
to be 0.06 1052 events in the 90% data set in the Stage 2 analysis.

Modeling the expected frequency-dependent phases of the neutrino-induced mea-
sured pulses contributes an important systematic error to our analysis efficiencies.
We use two different techniques for modeling the phases, and they put upper and
lower bounds on our limit and projected sensitivity for ARA37, which are based on
our current trigger and given the effects so far included in our simulations. Conserva-
tively, our main result in this paper (the red line in Fig. 6.23) uses our default model,

while we believe that a more accurate model would give an improved limit.
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We model the phase of a received pulse from a neutrino interaction using two
different methods, the first being the default and the second for comparison. We
believe that the “true” phases would give a result that is in between the two. The
first, default approach models the frequency-dependent phase of the RF emission, as
well as the phase response of antennas, filters and amplifiers as described in Chapter 5.
The second model for the phase, used for comparison, is quite simplistic, with the
phase of the radio emission being +90° for positive frequencies and -90° for negative
frequencies, and the phase response of antennas and electronics being flat.

While the second, simple model of the phase response produces a received pulse
that is too narrow, we have found by comparing simulated and measured calibration
pulser waveforms that our default method simulates pulses that are too broad (see
Fig. 6.24). The narrow pulses from the second method result in analysis efficiencies
that are too high, and the broader pulses from the default method fail our cuts more
often than they should. This excessive broadening of the pulse is believed to be
dominated by the antenna response model, and future measurements of the phase
response of our antennas are expected to greatly reduce this systematic uncertainty.

The second model gives a trigger level sensitivity that is approximately 65% larger
than the first model at 107 eV, 50% larger at 10'® eV and 20% larger at the highest
energy simulated, 10%! eV. At low energies, the dispersion of the signal has a more
dramatic effect on the trigger efficiency whereas at higher energies the dispersion has
less of an effect due to the the strength of the signal.

The choice of model for the depth dependence of the index of refraction in the
firn, both for event generation and for event reconstruction, provides another source
of systematic uncertainty in our analysis efficiency since it determines the path taken
through the ice and the arrival direction at the antennas, and also impacts the in-

terferometric maps that are used in analysis. By default, we used the exponential fit
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Figure 6.24: Channel 0 waveform from a calibration pulser event. The left plot is
from the Testbed data, the middle plot is from AraSim with default phase model, and
the right plot is from AraSim with simplistic £90° phase model. Even though the
amplitude of the waveforms in two AraSim plots are not calibrated to the Testbed,
we can see that the pulse in the simplistic phase model is too narrow while the pulse
in the default phase model is too broad compared to the Testbed waveform.

function for the index of refraction as a function of depth:

n(z) = 1.78 — 0.43 - ¢~ 001322 (6.13)

where n is the index of refraction and z the depth of ice (positive value for deeper loca-
tion). The alternative index of refraction model we tested was an inverse exponential

fit function:
0.86

n(z) =0.92 + W-

(6.14)

Both functions gives an index of refraction of 1.35 at the surface and 1.78 in deep
ice. The exponential model has a more shallow firn layer (~ 200 m) compared to
the inverse exponential model (~ 250 m), and thus shows a more dramatic change

in index of refraction as a function of depth. The exponential model is chosen as the

131



default since it fits better with measurements [71], and we use the same model for
both event generation and reconstruction in the analysis.

This strategy of course assumes perfect knowledge of the index of refraction when
carrying out the reconstruction. In order to estimate the systematic error due to
imperfect knowledge of the depth-dependence of the ice, we try using each of the
two models for event reconstruction and/or reconstruction, giving four combinations
including the default combination, and find the largest excursions from the baseline
result in either direction. We find the efficiency can increase by 4.9% or decrease by
16.4% at E, = 10'® eV compared to the default due to imperfect knowledge of the
depth-dependence of the index of refraction in ice.

Likewise, we assess the systematic uncertainty due to in-ice field attenuation by
comparing our results when two different models are used. The default model uses a
South Pole temperature profile from [73] folded in with a relationship between field
attenuation length and ice temperature given in [74] as used in ANITA simulations
and described in [75]. The alternative ice attenuation length model is based on the
ARA Testbed measurement from IceCube deep pulser events published in [31].

By default, our modeling of the effect of ice attenuation is based on ANITA
simulations [75], where profiles of ice attenuation vs. depth are considered, and for
each event, the ice attenuation length is averaged over depth from the neutrino-ice
interaction location to the surface and the result is denoted (L,iten). The attenuation
length is assumed to remain a constant (Lagen) over the entire path of the ray in the

ice, and an ice attenuation factor,

total — o~ Dtraver/(Latten)
FlceAtten,default =e e e (615)
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is then applied to the electric field. Here, Fltc‘;fiten7default is the ice attenuation factor
and Dy, ave 1S the ray travel distance between the neutrino-ice interaction location and
the antenna.

The second calculates the total attenuation factor every few 10 m along the path

of the ray for each event, and uses the ice attenuation lengths measured by the ARA

Testbed [31]. The total ice attenuation factor from this method is then:
N
FIE:(Z}Z}cten,alter = H eiDi/Latmn(Zi) (616)
i=1

total
where FIceAtten,alter

is the ice attenuation factor applied to the electric field strength
from the alternative model, N is the total number of ray tracing steps from the
neutrino-ice interaction location to the antenna, D; is the ray travel distance for
the corresponding ray trace step i, and Lagen(2;) the ice attenuation length at a
corresponding ray tracing step’s depth z;. Due to the fact that the second technique
gives us longer attenuation lengths near the surface, it gives a ~ 10% larger efficiency
at £, = 10'® eV compared to the default model.

Finally, we estimate the uncertainty due to our v — N cross section model. The
vN cross section model in our simulation is from Connolly et al. [68] which gives
us the central values and upper and lower bounds for the v — N cross section as a
function of v energy. At E, = 10'® eV, the uncertainty in the v — N cross section
give us up to ~ 30% variance from the central value (from the upper bound on the
neutral current cross section). A higher cross section will lower the sensitivity due
to the increased Earth screening effect. However, there’s also a counter effect from a
higher cross section which increases the probability to interact between neutrino and

nucleon in the ice, and thus increases the sensitivity. At 10'® eV, the lower bound on

the vN cross section gave a ~ 6.2% higher neutrino efficiency while the upper bound
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Systematic

uncertainties at 10'® eV + (%) — (%)
Index of Refraction 4.9 16.4
Ice Attenuation Length 10.2 N/A
vN Cross Section 6.2 N/A
Phase Response 50.9 N/A
Total 52.5 16.4

Table 6.2: Summary of systematic uncertainties on the neutrino efficiency at 108 eV.

From the Testbed to ARA37 at 10!® eV

AQeq Accumulative
[km?sr] factor
Testbed analysis 2.8E-4 1
Testbed trigger 1.5E-3 5
ARA one-station trigger 4.0E-3 14
ARA3T trigger 1.3E-1 464

Table 6.3: Factors that bring the Testbed sensitivity to ARA37 sensitivity for £, =
108 eV using AraSim.

on the v N cross section gives a negligible change to the efficiency in comparison to
the baseline model.
Overall, we estimate that we expect 0.06 + 0.52 — 0.05 background events with

uncertainties of +52.5% and —16.4% on our neutrino efficiency.

6.7 Projections for ARA3 and ARA37

The ARA collaboration aims to build an array of 37 stations to gain enough sensi-
tivity to measure of order 100 UHE neutrinos and exploit the physics and astrophysics
information that they carry. In this section we illustrate the factors that bring us

from the sensitivity of this Testbed analysis to the expected ARA37 trigger sensitivity
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Figure 6.25: These figures show the distribution of zenith angles of incident momenta
for simulated neutrinos at 10'® eV that pass the trigger in AraSim for (left plot)
Testbed at 30 m and (right plot) a design station at a depth of 200 m. Events on the
left side of each plot come from up-going neutrinos with respect to the South Pole,
while events on the right come from down-going neutrinos. 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 Fig. 5.3 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 effect 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.

in Fig. 6.23. For future detector configurations we compare sensitivities at the trigger
level only. We do not know what our analysis efficiencies will be at those stages but
expect that they will improve.

Table 6.3 lists the factors that bring the Testbed sensitivity in this paper to that
expected for an ARA37 array at E, = 10'® eV, where, for many cosmogenic neutrino
flux models, we expect to measure the largest number of neutrinos. The factors in
Table 6.3 are all derived from the AraSim simulation and we use the effective areax
solid angle AQ.qs as the figure of merit to compare the sensitivity of the detector at

different stages. The effective area at the Testbed trigger level is a factor of 5 higher
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than at the analysis level at 10'8 eV. Going from the Testbed trigger level to an ARA
deep station, we find a factor of 3.2 improvement in sensitivity. This is both because a
shallow station is limited in the angle of incident RF emission that it can observe, and
also because neutrinos steep enough to produce observable RF emission are subject
to more earth absorption (see Fig. 6.25). From one ARA station to ARA37, the
sensitivity scales as the number of stations since at these energies, events tend to be
seen by only one station and each station serves as its own independent detector.

In addition to the improvements in sensitivity expected from increasing the num-
ber of deep stations as listed in Table 6.3, we expect that our livetime, analysis
efficiencies, and background rejection will all improve in the next neutrino searches
in deep stations. Future improvements to the trigger (from a 3/8 coincidence to one
based on pattern recognition, for example) will improve how efficiently we record
neutrino signals in the first place.

Livetime improvements will come from two factors. The A2 and A3 stations have
been running since February 2013 with ~ 95% livetime, without the intermittent
periods of deadtime we encountered with the Testbed. In addition, we expect to be
able to remove the cut on the period when the South Pole is active and recover 3
months per year of livetime. We find that the number of events rejected by the cut
on the period of South Pole activity (125 VPol, 13 HPol) is manageable and at a level
that we can reasonably expect to reject by other means. Also A2 and A3 data will
not have as strong anthropogenic backgrounds as Testbed 2011-2012 data set during
the summer season at the South Pole since the full IceCube 86 strings have finished
deploying. Note that only one event in Table 6.1 was rejected by the SP Geometric
Cut and not rejected by any other cut.

Another expected improvement from A2 and A3 is the increased field-of-view

from SP Geometric Cut. As the Testbed is the closest station to the SP station and
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IceCube array, the increase distance from SP station and IceCube array to A2 and A3
make the size of the SP Geometric Cut smaller than the Testbed. In case we use the
same definition of the SP Geometric Cut, A2 and A3 will have ~44% of SP Geometric
Cut region compared with the Testbed. Therefore we expect to have approximately
10% improvement in the analysis efficiency from the new SP Geometric Cut for A2
and A3.

We expect analysis efficiencies for deep stations to improve compared to the
Testbed due to the better uniformity of deep ice, the increased number of bore-
hole antennas (four to eight), and analysis experience. The deep ice and increased
number of antennas bring improved event reconstructions. This leads to improved re-
jection of backgrounds (which allows for looser analysis cuts) and a higher maximum

correlation value for improved separation between signals and noise.
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Chapter 7

Gamma-Ray Burst Neutrino Search

The contents of this chapter are in progress to be published.

We searched for ultra-high energy (UHE) neutrinos from Gamma-Ray Burst (GRB)
with the Askaryan Radio Array (ARA) Testbed station’s 2011-2012 data set. Among
~ 600 GRBs monitored by the Gamma-Ray Coordinate Network (GCN) catalog from
Jan. 2011 to Dec. 2012, 57 GRBs were selected to be analyzed. These GRBs were
chosen because they occurred during a period of low anthropogenic background and
high stability of the station, and fell within our geometric acceptance. We searched
for UHE neutrinos from 57 GRBs and observed 0 events, which is consistent with
0.106 estimated background events. With this result, we set the limits on the UHE
GRB neutrino fluence and quasi-diffuse flux from 10® to 10! eV. This is the first

limit on the UHE GRB neutrino quasi-diffuse flux limit at energies above 106 eV.

7.1 Introduction

As Gamma-Ray Bursts (GRBs) are among the most energetic events in the uni-
verse, GRBs are candidates for the sources of UHECRs and neutrinos [100, [01]. In
the standard Fireball shock model, relativistic plasma in the series of jets produce

high energy gamma-rays from synchrotron radiation and inverse Compton scattering
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inside the jet. Neutrinos will be also produced via p— interactions from gamma-rays
and protons that are accelerated in a jet through the shock acceleration [102].

So far many experiments have searched for neutrinos from GRBs using different
techniques [103-105], but most of these experiments are sensitive at energies lower
than 10'® eV. In this paper, we present the fluence limit from 57 selected GRBs and
the first limit on the UHE GRB neutrino quasi-diffuse flux from 10'6 to 109 eV.
GRB neutrino fluences are obtained from Neutrinos from Cosmic Accelerators (Neu-
CosmA), a full numerical calculation software package [100] using parameter values

from the Gamma-Ray Coordinate Network (GCN) catalog [107].

7.2 Previous GRB Neutrino Analyses

There are multiple UHE or very-high energy (VHE) GRB neutrino searches from
IceCube [103], ANTARES [104], and ANITA [105] and they are complementary. Ice-
Cube uses the optical Cherenkov technique, located at the South Pole (Southern
hemisphere) and searches up-going neutrinos. Recently IceCube reported the most
stringent GRB neutrino limit from 10* to 10'® eV (the VHE region) [103]. An
IceCube GRB neutrino search, previously using a Waxman-Bahcall (WB) GRB neu-
trino flux model [108] has been updated to a new result using a numerical GRB
neutrino flux model [103]. ANTARES is an optical Cherenkov experiment similar to
IceCube but located in the Mediterranean Sea and therefore uses water as a detection
medium. As ANTARES is located at Northern hemisphere, the field of view of Ice-
Cube and ANTARES do not overlap significantly. Using the same optical Cherenkov
technique, ANTARES is sensitive to a similar region of neutrino energy as IceCube.
ANTARES’s GRB neutrino analysis is based on NeuCosmA, a numerical GRB neu-
trino flux model [106], and its GRB neutrino flux limit is approximately an order of

magnitude weaker than the limit from IceCube [109].
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ANITA is a balloon-born Antarctic experiment that uses the radio Cherenkov
technique. At its ~ 37 km altitude, ANITA can monitor an extremely large volume
of Antarctic ice (~ 1.6Mkm?® at once [9]). Although ANITA provided the first GRB
neutrino limit in the UHE region, there are some limitations. First, the ANITA GRB
neutrino analysis was based on a simple model that used an £~* spectrum, which is
based on the analytic WB GRB neutrino flux model [54]. The GRB neutrino fluence
from the WB model shows approximately an order of magnitude difference when
compared to numerical calculation models such as NeuCosmA [106]. Secondly, the
~ 30 day livetime of a balloon experiment limits the number of analyzable GRBs to
approximately 30 events as GRBs occur ~ once per day. Compared to the ANITA
analysis, our analysis uses the NeuCosmA package to obtain GRB neutrino fluences

and benefits from a 224 day livetime [2].

7.3 The ARA Instrument

The full proposed ARA detector would consist of 37 stations spaced 2 km apart at
a depth of 200 m. The first three design ARA stations were deployed in the 2011-2012
and 2012-2013 seasons, while an ARA prototype TestBed station, which we use for

this GRB neutrino search, was deployed in the 2010-2011 season [2].

7.3.1 TestBed station

The ARA TestBed station is a prototype station of ARA detector. It contains 16
antennas: four bicone vertically polarized (Vpol) antennas, four bowtie-slotted cylin-
der horizontally polarized (Hpol) antennas, two discone Vpol antennas, two batwing
Hpol antennas, two quad-slotted cylinder Hpol antennas and two surface located an-

tennas. Most of the components in the TestBed are similar to the ARA stations.
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However, the maximum depth of the borehole antennas in the TestBed is approxi-
mately 30 m while ARA design stations are at 200 m depth. Each borehole in the
TestBed has one Vpol and one Hpol antenna with bandwidth from 150 MHz to 1 GHz.

A more detailed description about ARA Testbed can be found in [2,31].

7.4 Analysis Tools

In order to get the expected neutrino spectra and the ARA Testbed efficiency
for GRB neutrinos, we use NeuCosmA GRB neutrino model and AraSim, the ARA
detector simulation software. Highlights for NeuCosmA and AraSim are described in

the following sections.

7.4.1 GRB Neutrino Model: NeuCosmA

NeuCosmA is a Monte Carlo GRB neutrino fluence calculation code. It provides
detailed calculations for primary pions, kaons and secondary particles production
modes using current Standard Model particle physics as shown in [11]. These detailed
calculations in NeuCosmA yield a significant difference in the neutrino flux by an order
of magnitude compared to the full analytic WB model and add spectral shape content
to the neutrino flux (Fig. 7.1). We expect NeuCosmA to deliver more reliable GRB
neutrino fluences compared to analytic models.

NeuCosmA uses measured parameter values such as Ty, the time in which 90 % of
the fluence is emitted, a and 3, the first and second gamma-ray spectral indexes, and
redshift z in order to obtain the neutrino spectrum that is consistent with a measured
gamma-ray spectrum. We use parameter values for each GRB taken from the Gamma-
Ray Coordinate Network (GCN) catalog. If some of the parameter values are missing

for a GRB, default values are used instead. The GCN catalog provides default values
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Figure 7.1: Muon neutrino fluence of GRB080603A from analytic calculation based
on WB model (IC-FC, back curve) and NeuCosmA model (NFC, red curve). De-
tailed calculations in NeuCosmA yield changes in the magnitude and the shape of
the neutrino fluence. Figure digitized from [1].

for the parameters that are missing or incomplete from the measurements and we

used the same default values as inputs into NeuCosmA.

7.4.2 Simulation: AraSim

AraSim is a software package used within the ARA collaboration to simulate neu-
trino signals as they would be observed by the detector. It simulates the full chain
of neutrino events such as the neutrino’s path through the Earth, radio Cherenkov
emission, the path and response of the emitted signal in the ice, and the trigger and
data acquisition mechanisms of the detector. It uses custom parameterized radio
Cherenkov emission model inspired by [12], which generates the signal with proper
phase response. In AraSim, neutrino efficiencies as a function of source direction

are properly accounted through modeling of two main effects, neutrino absorption
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by the Earth and the path through the ice of the emitted radio Cherenkov signal.
With AraSim, we can study the radio Cherenkov emission with respect to the source
direction. Fig. 7.2 show the distributions of the reconstructed RF signal source’s di-
rection from various neutrino travel directions from Vpol channels and Hpol channels.
For each neutrino event, the reconstructed RF source direction with respect to the
neutrino source direction is calculated and plotted on the map (Fig. 7.2). These dis-
tribution plots could be used to make a the stringent geometric cut for point sources
such as GRBs. However, as the thorough study of the relationship between the re-
constructed direction and the source direction has not been carried out, we did not

utilized this technique in this GRB neutrino search.

7.5 Data Analysis

We first selected 57 GRBs from a total of ~ 600 GRBs from Jan. 2011 to Dec.
2012. We used the IceCube GRB catalog, which is a database based on the Gamma-
Ray Coordinate Network (GCN), to find GRBs during the time period of interest.

From ~ 600 GRBs from Jan. 2011 to Dec. 2012 in the catalog, we rejected
GRBs that failed good-timing cuts which leave us 257 GRBs. The good-timing cuts
consist of three cuts which require a low background level and stable data-taking. The
first cut is a simple time window cut which rejected GRBs that occurred during the
summer season at the South Pole in order to avoid strong anthropogenic backgrounds.
For each year, we rejected GRBs that occurred from October 22" to February 162

We also require that the data is not contaminated by any strong continuous wave-
form (CW) source by rejecting any GRBs that occurred within an hour of any run
where 10 % or more events are highly correlated with each other.

The last timing cut is a livetime cut which requires the detector to be running

and stably storing data during the GRB period. The livetime represents the fraction
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Figure 7.2: Distribution of the reconstruction location from the neutrino source direc-
tion from a simulated sample of 10'® eV neutrinos. The neutrino source direction is at
0 = 0° and ¢ = 0°. The plot is obtained from events with neutrino source directions
pointing zenith angles from 37° to 102°. Two circular empty bins (white bins) in the
plot are caused by the shadowing effect from the ray tracing in ice (Fig. 6.5).

of a second that trigger was available. If there was any instance when the livetime of
the detector was lower than 10 % during the hour before or after a GRB, we reject
that GRB from our analysis.

From the 257 GRBs that survived the 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 range of sensitive field of view for the ARA Testbed,
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Figure 7.3: Effective volume as a function of neutrino travel direction plot. 6 is the
zenith angle of the neutrino travel direction. Field of view range is defined as the Full
Width Half Maximum (FWHM) of the effective volume which is —0.4 < cos(#) < 0.05.

we used simulation set with multiple incident angles of neutrinos at 10" eV and ob-
tained the effective volume as a function of neutrino direction.

In Fig. 7.3, the effective 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 effective area (arrow shown in Fig. 7.3). The decrease in effec-
tive volume on the right hand side and the left hand side of Fig. 7.3 come from different
effects. The Earth absorption effect reduces the effective volume at high cos(6) (RHS
of the plot) while the shadowing effect from the ray tracing in ice (Fig. 5.3) causes
the cut-off at low cos(f) (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,
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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. Note that
cos(f) in this map is the direction of the GRB while cos(f) in Fig. 7.3 is the direction
of the neutrino.

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 106 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.

For this search, we re-optimized the cuts that we used for the diffuse 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 Difference cut, the Reconstruction Quality cuts, and the
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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 10' eV. This dominant GRB is chosen as representative
of the sum of the 57 GRBs.

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
we obtained a set of cut parameters which give us the best limit on the dominant
GRB event from the NeuCosmA model. All three cuts become looser than the dif-
fuse neutrino search [2] and the overall analysis cut efficiency for the dominant GRB

fluence increased by factor of ~2.4.
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The expected number of neutrino and background events are obtained from re-
optimized cuts. The number of expected neutrino events is calculated for each GRB.
For each GRB, the analysis level effective area as a function of energy is obtained
from corresponding geometric information of the GRB. The total expected number

of neutrino events is:

57

Niotal = Y ( / dlogE - EF(E) - Alg...(E) - In 10) (7.1)

i=1

where i is a index number of GRB (total 57 GRBs), F(E) is the fluence [GeV'cm™2]
of i® GRB, and Al . (E) is the effective area of the Testbed for the neutrinos from
i'" GRB direction. The expected number of background events is obtained from an
exponential function fit at the final Peak/Correlation cut, which is described in [2].

We use a blinding technique that draws from both the one used for the ARA
diffuse neutrino search (Chapter 6) and the ANITA GRB neutrino analysis [105].
Our analysis consists of three stages. First, we use a 10 % subset from the full ARA
Testbed data set for the preliminary background analysis. We consider a background
analysis window to be the hour on either side of each GRB time, minus the closest 5
minutes. The 55 minutes on either side of a GRB (total 110 minutes) is a background
analysis window and 5 minutes before and after the GRB is selected as a neutrino
signal window. This is the same method used in ANITA GRB analysis [105].

With the events in the background analysis window, we optimize our analysis
cuts to give us the best limit. From our optimized cuts, we expect to have 1.166
background events in the 57 GRB background windows and 0.106 background events
in the neutrino signal windows from the remaining 90 % data set. Expected number

of neutrino events from 57 GRBs is 1.47 x 107°.
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After the first stage of analysis, we look at the events in the 90 % data set back-
ground analysis windows. In this stage of analysis, we make sure our background
estimation from the 10 % subset is consistent with what we see in the remaining 90 %
of the data. We have one survived event from 90 % data set’s 57 GRB background
analysis windows which is consistent with the 1.166 expected events.

In the final stage of the analysis, we search for neutrino events in the neutrino
signal windows for each GRBs with the 90 % data set. With the same optimized
analysis cuts defined in the first analysis stage, we search for events that pass our

cuts within the 57 GRB signal windows over a total of 570 minutes.

7.6 Results

There were no events in the 90 % data set signal region which is consistent with
0.106 background events. With a 90% confidence interval from expected background
and estimated GRB neutrino events, we placed a limit for the combined fluence from
the 57 GRBs. Fig. 7.6 shows the fluence of each GRB, the total fluence from 57 GRBs
with NeuCosmA model, and the GRB neutrino fluence limit from 10'¢ to 10!° eV.

In order to compare the limit from other experiments which have different set of
GRBs for their analysis, we also provide the inferred quasi-diffuse neutrino flux limit
with two assumptions. First, we assume that the 57 analyzed GRBs can represent the
average GRB over the year. The second assumption is to let 667 GRBs as an average
number of GRBs that are detected by satellites in a year [54, 110]. With these two

assumptions, the quasi-diffuse neutrino flux limit is:

1 667 1

E*® = E?’F x —
A1 Narg 365 % 24 x 60 x 60

(7.2)
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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 10 eV is shown with a red dashed curve.

where E2® is the quasi-diffuse neutrino flux limit in units of [GeVem™2sr~sec™!],
E?F is the fluence limit, and Nggp is the number of analyzed GRBs which is 57
for this analysis. Fig. 7.7 shows the quasi-diffuse neutrino flux limit from multiple
experiments. Our limit is the first UHE GRB neutrino quasi-diffuse 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
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

efficiencies from the deep stations.
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Figure 7.7: The inferred quasi-diffuse flux limit from the selected 57 GRBs. The quasi-
diffuse 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-diffuse GRB neutrino flux
limit for energies above 1016 eV.

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
spectra are based on the NeuCosmA code, an advanced Monte Carlo cosmic neutrino
accelerator code. We found zero neutrino candidate events from the analysis which is
consistent with the expectation. We present the GRB neutrino fluence limit and the
first quasi-diffuse GRB neutrino flux limit for energies above 10'¢ eV. Future analyses

from ARA deep stations are expected to have at least a factor of 6 improvement. This
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ARA Testbed analysis will serve as a guideline and benchmark for the future ARA

deep stations’ analyses.
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Chapter 8

Conclusions

In this thesis, we described two different searches for UHE neutrinos using ARA
Testbed data from 2011 to 2012. With the Testbed data and the simulation set
produced by the simulation that we developed, we present diffuse (GZK) and point
source (GRB) neutrino searches.

In Chapter 6 we present a diffuse UHE neutrino search from the Testbed. We
use an interferometric map technique for our analyses. From interferometric maps,
we apply geometric cuts that reject events that reconstruct to known background
sources and clustering directions. We also reject events that have a low quality re-
construction based on the interferometric maps. The overall analysis efficiency for
a 10'® eV neutrino was ~20%. We found zero neutrino candidate events on an ex-
pected 0.06 7002 background events. We set limits on the neutrino flux above 107 eV
given the effective area of the Testbed derived from AraSim and 224 days of livetime
examined from the data.

A GRB neutrino search from the Testbed is presented in Chapter 7. Among
~600 GRBs monitored by the GCN catalog from January 2011 to December 2012,
57 GRBs were selected to be analyzed by a set of cuts that rejects high anthro-
pogenic background periods, unstable station periods, and GRBs located outside of

our field-of-view. We only analyze events that occurred during the hour on either side
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of the time of each GRB. This timing constraint reduced the estimated number of
background events and we re-optimized the analysis cuts to get the best limit on the
dominant GRB event using the NeuCosmA modeling program. Three analysis cuts
that are related to the quality of the directional reconstruction become looser than
in the diffuse neutrino search and the overall analysis cut efficiency for the fluence of
the dominant GRB increased by a factor of ~2.4. There were no neutrino candidate
events passing all cuts on 0.106 estimated background events. We set a limit on the
GRB neutrino fluence and the first quasi-diffuse GRB neutrino flux limit for energies
above 10 eV.

Although neutrino flux and fluence constraints set by our Testbed analyses are
not the best limits in the UHE regime due to the shallowly deployed antennas, anal-
ysis techniques from our analyses can provide a benchmark for future deep stations’
neutrino searches which are expected to be improved. For the neutrino search in the
two operational deep ARA stations, we expect to have at least a factor of 6 improved
sensitivity to UHE neutrinos. This includes a factor of three for due to increased
depth, and another factor of two for two operational stations instead of one.

Aside from the effect of deep station, we also expect to have improvements in
analysis efficiencies due to the increased number of antennas. For each station, the
number of antennas that are buried in the ice increases from 8 to 16 by using deep
stations instead of the Testbed. With more antennas, we can require more trigger
coincidences between antennas which reduces the noise rates and allows us to reduce
the trigger threshold. Lower trigger threshold increases the sensitivity of the detector
to neutrinos. Also, the quality of the directional reconstruction will be dramatically
improved as the total number of pairs of antennas making an interferometric map

increase from 6 to 28. This increased number of pairs of antennas will help us to
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identify the direction of the source more reliably and distinguish between anthro-
pogenic background events and neutrino candidate events.

Preliminary research from two deep stations shows consistent result with our ex-
pectations that described above. The neutrino sensitivity from two deep stations is
improved by factor of ~20 from our Testbed analysis. This improvement includes a
factor of 6 from two deep stations as described above and another factor of 3 from
the analysis efficiency. This preliminary research is currently under preparation to be
published in near future.

Seven more deep stations are proposed to be deployed in two deployment seasons
(Fig. 4.1) and we are looking forward to deploying a full detector with 37 stations.
The proposed ARA3T is expected to detect UHE neutrinos robustly [31] and help us

to understand UHE astrophysical phenomena.
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