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Abstract

Askaryan Radio Array (ARA) is a large-scale radio Cherenekov observatory which
scientists propose to develop in Antarctica, aiming for discovering the origin and
evolution of the cosmic accelerators that produce the highest energy cosmic rays, by
means of observing the ultra high energy (UHE) cosmogenic neutrinos. To deter-
mine whether it is probable to use UHE neutrinos for pointing back to the cosmic
accelerators, an assessment of the deviation angles of these neutrinos has been made,
and its conclusion is that the probabilityz of observing the neutrino deviation angle
within 1 degree is 90%. To.eptimize ARA’s-atigular resolution of the incoming UHE
neutrinos, which is also essential t6 point pack, the relatiqn between the reconstruc-
tion capabilities of ARA and its (,lesigrfi;‘_studied. Itlis found that with the noise
effect taken into account,.in order to Inz-ﬂ;ci fhis neutrino-angular resolution as good
as possible and detection efficieney és high as possible, the optimal choice for ARA
geometry would be the station spacing of+1.6-km and the antenna spacing of 40 m.

Key words: Askaryan Radio Array (ARA), UHE/GZK/cosmosgenic/cosmic neu-
trinos, radio detection of UHE neutrinos, UHE neutrino angular resolution, resolu-
tion of UHE neutrino incoming direction, simulation of event reconstruction, devi-

ation angles of GZK neutrinos
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Chapter 1

Introduction

1.1 The Mystery ofiCosmic Accelerators

There are many energetic particles (:(:)ffi'i‘n}g:{from outet space-to Earth, mainly pro-
tons, heavier nuclei, or electrons. These-f%_re named eomics rays(CRs). The energy
of cosmic rays has a wide range. Sefentists have bﬁeen trying to explain where these
particles come from, and how the sources acéelerateé them. Figure 1.1 shows the
CR energy spectrum, including protons, antiprotons, electrons, and positrons. Each
data point is the differential flux, dN/dE, multiplied by E? [1]. This spectrum
steepens around 3 x 10'° eV (where people call it the "knee") and flattens around
3 x 10'® eV (where people call it the "ankle"). Scientists have tried to explain how
these two features form.

It is believed that most cosmic rays originate from extrasolar sources within our
own galaxy such as rotating neutron stars, supernovae, and black holes. However,

the fact that some cosmic rays have extremely high energies provides evidence that
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at least some must be of extra-gala tlc@ ag. radio galaxies and quasars); the

local galactic magnetic field would not berable 'lt‘- contaiﬁﬁparticles with such a high

energy. The origin of cosmi-éé: gqy?wlth energieé ﬁp__;t_o 1014 eV can be accounted for
in terms of shock-wave acceleration 1n Suberh(;va shells.

Observations have shown that cosmic rays with an energy above 10 GeV approach
the Earth’s surface isotropically; it has been hypothesized that this is not due to an
even distribution of cosmic ray sources, but instead is due to galactic magnetic fields
causing cosmic rays to travel in spiral paths. This limits cosmic ray’s usefulness in
positional astronomy as they carry no information of their direction of origin. At
energies below 10 GeV there is a directional dependence, due to the interaction of

the charged component of the cosmic rays with the Earth’s magnetic field.
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The shapes of cosmic ray trajectories in the Galaxy result from the effect of the
chaotic and regular magnetic field, the rates of the nuclear collisions, the gas density
and other minor parameters. For a given magnetic field configuration the forms of
the trajectories, regardless of their lengths, can be either in rectilinear or tortuous,
depending on the ion energy [2]. It is shown that the ankle and the knee energies
of individual ions correspond to those particular energies of the ion traversing the
Milky Way which mark, respectively, the rectilinear and tortuous propagation.

The origin of cosmic rays with energy greater than 10'* €V remains unknown.
Since the first detection of cosmie rays with the highest energy of that time ( 102%eV)
by Yakutsk air shower array in" 198948/, the (uestion of what astrophysical object or
process can produce such“high energyspartigles, has been“puzzling scientists. There

are many models proposed, such as the t_t-;lgﬁditional bottom-up astrophysical acceler-
ation models [4], including actiye ga‘lacti‘c-" nucleil (AGN); gamma ray bursts (GRB),
and etc., as the sources, or the exoﬁc top-down paiticle physics models [5], including
annihilation of dark matter, super heavy dark-matter particles decay, topological de-
fects, and etc. However, neither of these models can easily explain how some of the
cosmic rays can get such high energy. On the other hand, the observations of ultra
high energy cosmic rays (UHECRs, CR with energy above 10'? €V) neither identify
the source well nor uniquely determine the extragalactic source distribution, i.e. the

evolution of the source co-moving density, or the source spectrum [6]. As a result,

what our cosmic accelerators are remains mysterious.
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1.2 Greisen-Zatsepin-Kuzmin(GZK) Cutoff and GZK

Process

A limit on the cosmic ray energy was suggested in 1966 by Kenneth Greisen (US) [7]
and Vadim Kuzmin and Georgly Zatsepin (Russia) [8] independently based on inter-
actions between the cosmic ray and the photons of the cosmic microwave background
radiation. They predicted that cosmic rays with energies over the threshold energy
of 6 x 10! eV would interact with cosmic microwave background photons to pro-
duce pions. This would continue wintil their energies fall below the pion production
threshold:

pT Eveum— A —>1‘”Z§f=1=7r+ or - ptie a0 (1.1)

This theoretical upper limif ol the cﬁorgy of cosmic rays from distant sources

will create a cutoff in the coémic ray_speetrutn right' at the energy level of 6 x 10
eV. And thus we call this GZK limit or GZK cutoff.

Furthermore, the interaction of photons and protons does not stop at pion pro-

ductions. These pions continue to decay into neutrinos:

=ty or T — T+, (1.2)
pt—et+u, v or pm—e 4y, + 0, (1.3)
n—p+e +1. (1.4)

15
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of UHE neutrino. Figure 1.2 sio’év&th}_eygagxispe&ﬁlm of UHECR observation and
GZK neutrino prediction. The GZK neutrino models in this figure were propsed by
Kalashev [11], Protheroe, and Johnson [12] et al., and UHECR observation data are
taken from Auger [13]|, Yakutsk [14], the Fly’s Eye [15], AGASA [16], HiRes [17],
and Haverah Park [18]|. Error bars here only include statistical errors.

Because of the mean free path associated with the interaction, extragalactic cos-

mic rays with distances more than 50 Mpc (163 Mly) from the Earth with energies

greater than this threshold energy should never be observable on Earth, i.e., a hori-

16



1025

1024

1023

1022

1020

Nucleon energy, eV

102

1019 1 1 1 L 11l | 1 111l I
1 10 100
distance, Mpc

1r}'fs".i=,r

Figure 1.3: Nucleon energy:w- tmvelfmg distance.

I19].

1.3 UHE Neutrino: Key to the Mystery of Cosmic

Accelerators

To find out a proper approach to probe the nature of the cosmic accelerators, it is
beneficial to consider each kind of astrophysical messengers available to us. For the
charged messengers, protons take a dominating ratio of the cosmic rays. However,

they cannot point back to the source well because they would be deflected by the

17



magnetic field. As to the charged-neutral messengers, photons have the greatest
quantity, but unfortunately they lose energy through pair production on IR and 3K
microwave background when they have energies above 30 TeV. We can see the range
and energy limitation of photons or protons as messengers in Fig. 1.4 [20].

Luckily, a third option, GZK neutrinos, can be useful messengers because they
are the by-product from the interaction of protons or other heavier nuclei with CMB
photons. And most important of all, they are not deflected by the magnetic field
and do not lose energy after going through CMB photons. In other words, this
kind of neutrinos can keep their high energy and:thus we can identify them from
UHECRs and even use them to point hack toWhe vertex where they were produced.
Furthermore, since UHECRS very Hkély underpgo this kind of interaction after they

travel through CMB photons for distanté;é“'éf one energy l6ss length, this vertex will
look angularly very clese/to the source of UHHCRS as'long as this vertex or this
source is very distant to thé obsefver. Therangle between the line of sight of this
source and the neutrino incoming direction is-called the deviation angle of the GZK
neutrino. An assessment will be given in Chapter 2 to describe how small this

deviation angle is, in order to see the probability of utilizing cosmogenic neutrinos

to point back to the UHECR sources, the cosmic accelerators.

1.4 Detection of UHE neutrinos

Since UHE neutrinos can be a proof of the GZK process, but also a key to unveil the

mystery of the cosmic accelerator, detection of them is scientifically important. Neu-
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Vete —uv.+e, (1.5)

the charge current (CC) interaction:

w+N—=I"+X o p+N-—=I"+X, (1.6)
and the neutral current (NC) interaction:

v+N—-y+X o 7+N-—-p+X, (1.7)

+

where [* can be e*, u*, or 7F; N stands for a nucleus, and X is a nucleus in its

+

excited state. The outgoing u* or 7% would emit Cherenkov radiation and also have
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chance to cause an electromagnetic (EM) shower through Bremsstrahlung and pair
production, or a hadronic shower through photonuclear interaction. As for e*, they
would result in EM showers transiently because of their large cross sections with
matter. On the other hand, X would cause a hadronic shower.

The EM shower is less favorable for observation because the LPM effect would re-
duce the cross sections of Bremsstrahlung and pair production at high energies or in
high matter densities. In contrast, a hadronic shower would, due to Askaryan effect
[21], result in 20% excess of fast moving negative charges and produce Cherenkov
radiation, the radio band of which is coherent iniice and can be employed as the
probe for UHE neutrinos.

Askaryan Effect is named/afteyGhrgen Askaryan, ‘a-Soviet-Armenian physicist
who postulated it in 1962. It states t‘h-a%"ﬁrhigh energy particle which travel faster
than light in dense dielectric material can.-'Iead to charge asymmetry because of high
energy interactions such as Compfon, Bhabhka, and Moller scattering, along with
positron annihilation in the electron-photon part of a particle cascade. Then these
fast moving charges cause Chenrenkov radiation, the radio and microwave bands
of which are coherent. By Askaryan effect, UHE neutrinos could be observed, so
the Antarctic Impulse Transient Antenna (ANITA) collaboration, which intends to
detect cosmogentic neutrinos with the ice in the Antarctic, performed an experiment
at the Stanford Linear Accelerator Center (SLAC) in June 2006, and confirmed this

effect in ice [22]. The relation between the field strength and the frequency in radio

band, and the radiative Cherenkov power depending on the shower energy are shown
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in Fig. 1.5. The angular dependence of the Cherenkov field strength is shown in

Fig. 1.6.

1.5 Radio Detection Experiments of UHE Neutrino:

ARA Design Concepts

Askaryan Radio Array (ARA) is a large-scale radio Cherenkov detector which scien-

tists propose to develop in Antarctica |23, 24|, aiming for discovering the origin and
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evolution of the cosmic accelerators that produce the highest energy cosmic ray, by
means of observing the ultra high energy (UHE) cosmogenic neutrinos.
The reasons why ARA choose the Antarctic as the experiment site are following:
1. There is plenty of ice as the target for detecting neutrinos.
2. The ice is so transparent to the RF shower signal that the spacing of RF detectors
can be sufficiently large to enhance the effective volume and event rate.
3. It is more radio-quiet than other places in the world so as to reduce artificial
signals considerably.
4. The temperature is so low that the background:noise also reduces considerably.
Therefore, antarctic is a very proper siteite, do-the UHE neutrino experiment.
With such a nature givert“experimental envitonmenty the next issue would be how

- WS
e

to optimize the array geometiy so ag t(;;i‘faximize the petformance.
| h
The primary goal of this thosislworl{"is td assess and optimize the capability
of ARA, particularly the Ca[:)abilithy offreconstructing neutrino incoming directions,
by means of Monte Carlo simulations. In- the following parts of this thesis, the
simulation method will be described in Chapter 3, and results will be presented in
Chapter 4, with a summary given in the end. Note that Chapter 2 is the assessment

of the deviation angle of the cosmogenic neutrino, and the motivation of this study

can be found in Section 1.3.
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Chapter 2

Deviation Angle of Cosmogenic

Neutrino

2.1 A New Quantity to ﬁéasure the Deviation: 6,,,,

Due to their small cross-section, GZK neutrinos'propagate through the universe with
hardly any interaction, and henee.it“is possible to utilize these neutrinos to trace
back to the comic accelerators. However, the neutrino tracks do not necessarily
point back precisely to the accelerator. Because their parent particles are charged
particles, which might be ejected from the accelerator and could be deflected by the
magnetic field in the vicinity of the accelerator and then produce these neutrinos
through the GZK process, there might be an angular separation between the neutrino
directions and their parent particle directions at the source, i.e. before neutrinos are
produced and begin to travel in straight lines, there already exists deviation angles

from them. Fortunately, most of these GZK neutrinos are produced within the GZK
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sphere, i.e. the radius within which the original UHE proton would lose most of its
energy, which is roughly 50 Mpc. In the following analysis, we take the energy loss
length, L;,ss, as this radius.

As shown in Fig. 2.1, an AGN is taken as an example of the cosmic accelerator,
and protons as an example of charged nuclei. Most GZK neutrinos are produced
within a sphere of radius of L., centered at the AGN. The deviation angle of a
GZK neutrino reaches maximum when this neutrino is produced on the surface of
the sphere. For an AGN, it has a fixed angular diameter distance D 4. For a certain
energy level of a proton, it has afixed energy loss length L;,.,. Thus, keeping these
two variables fixed, the maximum deviation éngle, F7rae €an be determined. If one,
by employing cosmological knowledody conyérts D 1 to-redshift, z, then 6,,,, as a

! p—

function of z and L, cah be obtained.?’"'f
| h

Furthermore, for a certainlevel of GZR nelhing energy, if its flux as a function
of the redshift is given, thenzone aiso knows 'the probability on the Earth to receive
a GZK neutrino from a certain range of 2. The probability of receiving a GZK
neutrino within a certain range of 6,,,, can be readily acquired according to the
relation of z and 0,,,, . From this, one expects that the observed GZK neutrino
would be deviated at most for a certain angle, given a certain level of confidence.

This is the upper bound of the deviation angle of GZK neutrinos with respect to

the center of the AGN.
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Figure 2.1: [llustration of how pretons and G4k neutrings travel from AGN to the

Earth.

2.2 Proton Energy L(?SS 'Length

I |
For the propagation of protons above EeV(lOlS) energy level, there are two dominant

energy loss processes in addition to the adiabatic energy loss. These are the pair
production,

p+ +YomB — pJr +e + €+, (2.1)

and the pion production (Eq.1.1 and 1.2). However, above the energy threshold of
GZK process (>10?°eV), only pion production dominates [25] , and the analysis in
this work is also done in this pion-production-dominating domain.

The proton energy loss length is defined as [26]

L= (552) (22)



R

K,
22> (2.3)

Q“I%

R is the attenuation rate and K, the inelasticity of proton for py interaction, which

can be obtained as follows [25]:

2l pe~
1 1 dn
2F2 = dez de., / el oy (€], Kpdel, (2.4)
0
K, = AE,/E,, (2.5)
Ly = Ep/my, (2.6)

where m,, is the proton mass; &, photon energy, and @,y the cross section of py inter-
action. The inelasticity ¢an be approximated agfollows, with low pion multiplicities

[27]:

3 M‘Q-’ QmPWV
. ﬁ——— (2.7)
2(ntk -y Zmp \ :

1

To make further approximatloﬁ,_a top=hat funetionis used to describe the cross

section above [28],
opy(e) =0if ey +0 <&
=opifey —0 <€, <\ +90 (2.8)
=0if e/ <ej —0.
Here, the peak value of the cross section, at A resonance, is on ~0.5 mb. And

e ~340 MeV, § ~MeV, and K, ~0.2 when this interaction occurs nearby the

threshold. Then, one obtains the attenuation rate in the following form:

1 d
R(Ep)Nozom/E2 d"”d ~02]
0

(2.9)



where lo = 5 Mpc, and = = 1020-53eV/ E,.

In the GZK process, the proton-neutrino energy relation is [25]:
E, ~ 0.05E,, (2.10)
for the case of the pion decay which are follwed by the muon decay, or
E, ~ 0.000E,, (2.11)

for the case of the neutron decay.

In this chapter, we’ll calculate the upper.bound of the GZK neutrino deviation
angle at the energy level ofi 10 ¢V, Therefore, the proton energies can be roughly
2 x 10% eV or 2 x 10?2 e\, whieh' correspond™foitwo proton energy loss lengths.

The longer energy loss length, i.c. thie one assodiated with 2x 102%V, will be taken
- ’_-—,'

-

because we intend to calculate the uppef'ibol,md ofithe eutrino deviation angle.
Due to the expansion offthewnliverse, thel @M B photons have higher number
density and higher energy at the eatlier epoch anmd thus the proton energy loss

length varies with the redshift, z. The scaling relation has the following form [29]:
Lioss(E,2) = (14 2) 3 Ligss[(1 4 2) E, 0], (2.12)

where the (1 + 2)™3 factor can be attributed to the density increase of the CMB
photons, and the (1 + z) factor in Ljs[(1 + 2)E, 0] can be attributed to the energy
increase of the CMB photons. Figure 2.2 shows the proton energy loss length, L;.ss,
as a function of z + 1, where the proton energy is set as 2 x 10*°eV. This figure

results from Eq. 2.9 and 2.12.
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Figure 2.2: Proton energy loss, length; L. as-a function of z + 1, where the proton

energy is set as 2 x 10%%e Vi whiere™s is the redshiff.

2.3 Angular Diameter #istance

[ |
Angular diameter distance:ef;an_astrophysical object is defined by its transverse
physical size and angular size:

Da-0 = Ly (2.13)

In this analysis, the distance of UHECR source is the angular diameter distance.
Its transverse physical size is the diameter of the sphere with L;,ss as its radius, and
its angular size is twice as large as the neutrino deviation angle.

The angular diameter distance can be described by the redshift of that astro-

physical object, z:

1 c
Dy = — 2.14
A 1+2/Hdz’ ( )

H = Ho[Q(0)(1 4 2) + Q,(0)(1 + 2)* + Qu(0) + Qx (0)(1 + 2)%)/2,  (2.15)
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Figure 2.3: Angular diameter distance as a function of z + 1.

where the Hubble constant Hj is 70 ki j’ll\’lpc’l7 density 'parameter of matter 2y, =

o
e

-

0.27, density parameter of Cosmologica“}‘_z:!gnstant Oq = 0.73, density parameter of
radiation Qp = 8.57 x 10, and (,1¢n$ity pré,ra,meter of the curvature Qr =1—Qy —
Qg — Q). Figure 2.3 shows angular diameter distatice in units of Mpc as a function
of z+ 1. This results directly from Eq. 2.14. Since the explicit forms of the angular
diameter distance, D4(z), and the proton energy loss length, L;,ss(2), are obtained,
the maximum deviation angle of the neutrino, 6,,.., as a function of z can be easily

derived:

). (2.16)
Figure 2.4 shows the maximum deviation angle of neutrino, 6,,,., in unit of degree,

as a function of z + 1.
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2.4 GZK Neutrino Hlux fron Proton Propagation

For a certain energy level of-GZIE acutrings, its flux as-a function of the redshift can

be obtained from the integration of the'source distribution function, L, and neutrino

yield function, Y. To simplify the problem, a homogeneous source distribution with

identical proton injection spectra is employed. The local GZK neutrino flux per

redshift with flavor ¢ and energy E, is [30]:

dF,(E,) c dE?
i) L(z E)Y(E’.E, P
dz 47rEW/ (2 EQY (B B 2) E;

The neutrino yield function is described as

dN,,

Y(ES, By, 2) = Ew—dE E
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which is evaluated with Monte Carlo for a 200 Mpc source using SOPHIA [31]. The

scaling relation is
Y(ES E,,2) =Y((142)E;, (1+ 2)°E,,,0),
and the source function per unit redshift is
L(z, E;) = H(z)n(z) Lo Ey.

The cosmological evolution of cosmic ray sources :
H(z) = (1 £2)Psifaist.9,
— 1+ 190 < 1< 00

AL 1 A8) 3 P T 2T IO TN E
The metric element for Einstein-de Sittg"gmiverse is defined as
. i
it a=  |)

’I’](Z) rlr E = MHO(I'—% 2)5/27

and the source proton function per unit redshift [32]'s given as

1021
dN -1 dN
s\ __ 44 s S S
Lo(E;) = (4.5 x 10 erg/Mpc/yr)(/ EpdEngp> dE;, dE;
1019

AN, o F52p—Ep/10% eV
dEs p
P

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

Figure 2.5 illustrates the local GZK neutrino flux per (z+1) at the energy of 10%V.

Since the maximum deviation angle of GZK neutrino is determined for a specific

cosmological epoch, and the GZK neutrino flux from this epoch is also obtained from

a homogeneous UHECR source model, one can acquire the neutrino flux histogram

with respect to its maximum deviation angle. Figure 2.6 shows the GZK neutrino

32



(2]
]

Y
S,

&2
@

—

S,
(=]
w

dFlux/d(z+1) (GeV 'cm?s-'ster™)
T TTTT I|

-
L=
-l
3 IIII|

z+1
Figure 2.5: The local GZK neutrino_flurper (2+1) at the energy of 10%eV

flux histogram (in unit of per cm?-s-sher) fvithl respact to its maximum deviation
|| ==

angle (in unit of degree). Thigufigura implies the relagive probability with which the

observed neutrinos of 10!%V..ave heen deviated. As.can be seen from this figure,

the neutrinos which had been deviated Dy at most 2 degrees have the largest flux or

the highest probability. The full width at half maximum (FWHM) of the maximum

deviation angle is 0.031 degree.

2.5 Conclusion of the Assessment

To quantitatively describe the confidence level with which the observed neutrinos
had been deviated within a certain angle, one can use the accumulative probability
of observing neutrinos under the maximum deviation angle ranging from zero to a

certain angle. The result is in Fig. 2.7. Tt shows that, at the confidence level of 90%,
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one observes neutrinos to i €. L = 1° (90% confidence

level).
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Chapter 3

Simulation Method

3.1 Setting Array Geéometry

The radio-based neutrino detector a,rrayé.‘“%BA, will coyer about 80 km? at the South
Pole. There will be 37 antenna station-sj{@n thel complete ARA. These 37 stations
are located on a hexagonal lattice:, as shown i1 Fig. 3.1, with a station spacing of
1.33 km. Note that the coordinate in this figure and in this analysis has its origin
defined at the center of ARA, on the surface of the ice, and the z axis points to the
sky.

Each station is composed of a triad of boreholes with depths of 200 m, on the cor-
ners of an equilateral triangle. Each borehole has four antennas, two of which are the
horizontal-polarization (Hpol) antennas and the other two the vertical-polarization
(Vpol) antennas, as shown in Fig. 3.2. A pair of antennas, a Hpol one and a Vpol
one, can detect the strengths of electrical field projected to horizontal plane (2D)

and vertical line (1D) respectively, and the find the possible direction of the elec-
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Figure 3.1: The geometry ofdhe distgibution. and their coordinates.

tric field. The side length of the equtateral fviangle and the distance between two

i

-

Vpol antennas in a borehole, are set the-‘s_ame, at 30 m. The location coordinate of

ant
1 #

antenna 7 is denoted as x

3.2 Event Production

In the simulation, the shower events resulted from the CC or NC interactions are
generated in the ice. This event generation does not differentiate neutrinos or anti-
neutrinos, and flavors are not considered, either. In each event, 6 parameters are
generated, including the shower location, %" %", 2%, the moving direction of
neutrino: 69", ¢9°", and the intensity of the radio Cherenkov radiation induced by

v )

the shower followed by this interaction, V5. We treat the shower location the

37



Antenna spacing
30 m

Anten nm

30m

Figure 3.2: ARA antenna cluster geometry in a station, where there are twelve

antennas, indicated by green squares.

same as the neutrino interaction vertexbeecause of the small shower size in ice. The

generated shower locationsjarg inifornly disteibuted 6ver a cylinder volume, where

the center of the cylinder,volume is loc%gd{at the centeryof ARA. This volume has
%

an axis along the vertical direction ‘pa,ssiﬁg through thecenter of ARA, and has a

radius of 6 km and a height from =" -2Km to > = 0. Therefore, we have

0 < /22 2HEEST* < 6km, (3.1)

—2km < z5" < 0. (3.2)

The reason why we set the height of this event cylinder as 2 km is that the thickness
of the ice in Antarctic is approximately 2 km. The choice of 6 km for the radius is
due to the following reason. For the events with shower locations far away from ARA
detectors, its radio radiation can not reach ARA because of attenuation. Therefore,
the farthest distance for the radio signal of the event to travel to the ARA center
is approximately estimated as 1km + 1.33km x 3 = bkm. For safety reason, we set
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Figure 3.3: The shower location field and the 37 ARA stations.

it as 6 km rather than 5 k. The shower Jocation field and the 37 ARA stations
are shown in Fig. 3.3. Black dotstare the generated shower locations, distributed

uniformly in this field. Red dircles r¢ptesentiiha 37 stations. The moving directions

R
e

of the neutrinos are also set uniformily digtributed over-4.m solid angle. That is,

|

Ol . (3.3)

0 < gl (3.4)

Furthermore, the outcome of a recorded waveform has been converted into volt-
age from electric field through the readout electronics and thus we set the initial

intensity of the Cherenkov radiation in terms of the voltage, Vi", as

0 < V" < 5V. (3.5)

At this stage, we generate six parameters for each event: z%", y%", 29", 69" pIen,

Vi". The first three are also denoted as the shower location vector, x%". The next
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two can also be described by a unit vector, p”. There are 300 simulation events
generated in each simulation.
And these six event parameters are to be determined through y? fit in the next

few sections.

3.3 Radio Cherenkov Wave from the shower loca-

tion to Antennas

The Cherenkov radiation is set-as 'a point souree radiation because the shower size
is of the order of ~m andthe propagation length before being received is ~km. The

radiation wave front has a“cone shape with thic Apex at the interaction location, with

| —

the axis along the neutriho moving dii';a‘l'@m and the span angle of the RF wave
S
from 55 degree to 57 degrée. The yoltagdiwaveform of this adiation signal is set as

|

a bipolar wave:

y=mx-e /% (3.6)

where y is voltage and x stands for time. Its shape looks like Fig. 3.4.
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- sinaf®™ fo{'}fpel'.ahﬁéﬁrfa or cosaf™ for Vpol antenna,
(3.7)
where Dy is the distance from the shower location to the location where V5" is

measured, 1 km, 07" is the separation angle between the vector p2“* and the vector

ant gen gen
ot —x7", and o

X 77" is the separation angle between the direction vector of the

antenna i, (x,y,z) = (0,0,1) and the direction vector of the electric field, (x¢™ —

x%") x [(X?m —x7") X p;‘ﬂe"]. Figure 3.5 illustrate angles 67" and of*".
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Figure 3.5: Illustration of a radie \Cherenkov-wave, from the shower location to the

antenna.
The travel time of this signal i3 = L
c1 aniif2
( —1¢"9

Teal | sh
i e

C

(3.8)

where c is the speed of light divided by the tefraction dndex of ice.

At the signal receiving end, the os¢illoscope has time bin of 0.39 ns, and the time
window is 100 ns. Noise before circuit has Gaussian distribution with mean voltage
of 0 and 0,45 0.035 mV, whereas the trigger thresholds are that the Cherenkov cone
intersects with the antenna and the attenuated signal must be larger than 70,.;sc.
An sample waveform is shown in Fig. 3.6: an originally bipolar waveform (like Fig.
3.4) magnified by a factor of signal strength V/°® shifted to the right by a time lag

of t;, and then added with noise.
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Figure 3.6: Anwexample waveform with noise.

3.4 Determination.of Arrival Time Difference and

—

Pulse Voltage =

To do the reconstruction of:tire évents 1n tha next stage, we have to extract ar-
rival time difference, At “and the pulse Voltage,r Vb, from the waveform of each
triggered antenna.

The time when the signal arrives at the antennas should be precisely determined,
and then with the difference of arrival time between any two antennas, and with
the requirement that at least four antennas must be triggered, the shower location
can be obtained through the process of fitting. One way can be applied to calculate
arrival time, t2%, for each antenna is the use of the point where V = 0 between the
maximum and the minimum amplitudes, as shown in Fig. 3.6.

From the procedure described in the previous paragraph, for each antenna we
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can obtain an arrival time. Arrival time difference, which is the information actually
used in the reconstruction, is the arrival time subtracted by the reference of the
obs

arrival time, ¢J”°, which is defined as the arrival time for the antenna receiving the

strongest signal among all antennas. Therefore,
AL = ¢obs — obs, (3.9)

As for V% it is either the maximum point or the minimum point, depending

on which one arrived at the antenna first.

3.5 Reconstruction of Nentrino:Moving Directions

Our event reconstruction procedure is.dividedsinto two stages. The first stage is the

s

1=
reconstruction of shower location, x{,". Tt this 4tages the needed information is the
1 A ]

| o T
arrival time difference, At?-for cach antenna.| Weset:up a x? formula:

) (B — At™)
Xi= > = , (3.10)
1 for all triggered antennas t

where At?y” is the hypothesized arrival time difference, defined as

hyp __ ,hyp hyp
Ati =t —t

(3.11)

h h
=Xl

C C

By minimizing x%, the best fit x7% can be found, where a grid search is employed.

Local minima of x? value in the hypothesized-variable space is a serious problem

and prohibit us from using other efficient ways to find the global minimum.
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In the second stage of reconstruction, we still use y? to find the best-fit. In
this stage, the moving direction of neutrinos, p9°", is to be reconstructed, and the
needed information is the pulse voltage received in each antenna. Furthermore, we
also have to input the reconstructed shower location, x7;°, which is obtained in the
first stage of reconstruction. Otherwise, we have to treat it as an unknown parameter
to be reconstructed and this would intensively increase the computing time. The x?

formula in the second stage is given as

(V;obs _ V;hyp)Q
Y2 = e . : (3.12)

) . Oy,
i, for all triggered. antennas

where V;hyp is the hypothesized pulse voltage. 'which is defined as

hyp(rec 1, hyp _hyp\ _ 1/ hup
‘/i (X8h7 0 7py )_%

e 2/ L

- éf(o,ﬁ”wks(su)z/zaf

- sina;® for Hpol antetina, or cosa,”® for Vpol antenna.
(3.13)
where p™? is (1,677 ") in spherical coordinate, 8/ is the separation angle be-
tween the vector p/#” and the vector x¥ — x7¢¢. and o’ is the separation angle
between the direction vector of the antenna ¢, (x,y,z) = (0,0, 1) and the direction
vector of the electric field, (x¢™ — x75¢) x |(x%" — x"¢¢) x pMP|. By minimizing x3,

the best fit pIe© = (1, 67¢,07°°) can be found.

v rYv Y Yv
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Chapter 4

Results

4.1 Resolutions of 'Asrival Thime Difference and Pulse
Voltage =

Figure 4.1 shows the resolution of ;ti[me, :V:V—here;Af ¥ Atfé’s — Atreal = (pobs — pobs) —
(Atreal — Atreal) where antenna index i can be any triggered antenna, and index 0
stands for the reference antenna, the‘one receiving the strongest pulse in an event.
On the other hand, resolution of voltage is presented in Fig. 4.2, where AV =
Vebs — yreal - These two studies demonstrate that the code for the determination of
arrival time differences and pulse voltages are correct, which play important roles in

the reconstruction of the shower locations and neutrino moving directions.
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Figure 4.2: Resolution of voltage.
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Figure 4.3: Illustration of the reconstructed shower location (in red) and the gener-

ated one (in green). -

4.2 Resolutions of Shziyfeﬁ};i':ocatib:n, RF Wave Di-

= | |
L
rection, and Netr rlr_lrE:I_;- Moving Direction
e . F . N
ol W i !I | 7
With Eqgs. 3.10 and 3.11, the shower location can’ be reconstructed. Figure 4.3
illustrates the relation between the reconstructed shower location (in red) and the
generated one (in green). The obtained resolutions of the shower location, 0.143 km
in x axis, 0.098 km in y axis, 0.07 km in z axis, are shown in Figs. 4.4 to 4.6, which
are the distributions of Ax = z75¢ — %", Ay = yoe¢ — %" and Az = 2l — 25",
Once the reconstructed shower locations are obtained, these reconstructed loca-
tions are taken as input in Eqs. 3.12 and 3.13 for the reconstruction of neutrino

moving directions.

Figure 4.7 illustrate an example of the reconstructed RF wave direction (in red)
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Figure 4.5: Resolution of shower location in y axis.
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Figure 4.6:1 Resolution”of shower location in z axis.

and the real one (in green). The obtaip(id fesolutions, in @ direction 1.45°, and in
¢ direction 3.69°, are shown in Figs. “'Z‘Izgcand 4.9 _awhich are the distributions of
AOpp = 055 — 0%y, and Agpe = 1(_;)}’;"’1{: - o et The.@ and ¢ here are the zenith
angle and the azimuthal angle ofithe.spherical coordinate with origin defined as the
location of the antenna receiving the'strongest signal, and z axis as before.

After the shower location and the RF wave direction are obtained, one can com-
pute the neutrino direction according to Eqs. 3.12 and 3.13. Figure 4.10 illustrates
the reconstructed neutrino moving direction (in red) and the generated one (in
green). The obtained resolutions, in 6 direction 4.88°, and in ¢ direction 3.76°, are
shown in Figs. 4.11 and 4.12, which are the distributions of Af, = 6,°° — 69" and
A¢p, = ¢ — ¢9". The average of the separation angle between the generated v

v

direction and the reconstructed one is shown in Fig. 4.13, which is 2.38°.
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Figure 4.9: Resolution of RF wavedirection in azimuthal angle.

The average of this anglg is taken Yor the ComparisOH of the neutrino angular

o
e

=

resolution in this analysis beeause thé '{g;;ération angles are always positive, and
thus the RMS value may not représentr:a, proper indication of resolution. Note
that # and ¢ here are the zenith angle and.the aziniuthal angle of the spherical
coordinate with the origin defined as the/location of ARA center, and z axis as
before. As mentioned before, the results presented so far have employed the ARA

array geometry of station spacing as 1.33 km and antenna spacing as 30 m.

4.3 Optimization of ARA

To optimize the ARA, 16 different antenna spacings and 10 different station spacings
are selected for the study on the resolution of the neutrino moving direction and

the detection efficiency along with studies of noise effect.The optimum would be
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achieved when the resolution of the neutrino moving direction, i.e. (A©,), is as
good as possible, and the detection efficiency is as high as possible. The detection
efficiency is defined as the number of triggered events that pass the trigger threshold
divided by the total number of generated events in the cylinder volume, where the

threshold applied to the pulse voltage is 7 0,0se-
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Figure 4.14: Resolutions of meutrino directioh., (AO,), wersus antenna spacings and

station spacings.

The antenna spacing Varies [rom 1@??3@t@ 1072 il steps of 0.1 in the power
index of 10. The station spacing th_ ngesfrom 1.33km /5 te 1.33km x 2 in steps of
=0 ! | 1 1 :
1.33km/5. Note that the antenna hsﬁacing meaﬁsl the distance from the top antenna
to the bottom one. The vertical spaéings between any two antennas are the same,
and the center of the four antennas in a borehole is located at the depth of 200 m.
In addition, the side of the equilateral triangle in a station is set the same as the

antenna spacing.
The mean value of the separation angles (A©,) versus the antenna spacings are
shown in Figs. 4.14 and 4.15 in different displays, whereas the detection efficiencies

versus the antenna spacings are given in Fig. 4.16.

Figs. 4.14, 4.15, and 4.16 suggest that (A©,) can be less than 5° if the station
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spacing is set in the range of 1.33 km to 1.9 km and the antenna spacing is set in
the range of 40 m to 100 m. One may notice that the detection efficiency reach a
saturated value, ~ 70%, when the station spacing is grater than ~ 1.5km.

To finalize the optimal choice for the ARA geometry, the effects of different noise
levels added to the original waveform and different trigger thresholds are studied,
too. The value of 0, is set at 0.035 mV for all analysis presented so far with
VF" varying in the range of 0 to 5 V. In the following studies of how the noise

levels would affect the resolution of the neutrino moving direction, in each case a

/
noise

different level of noise added tothe waveforni is assumed, i.e. o = QO0ppise, With

« greater than one, whereas Vi’ igifixed at4h, V.. -Different trigger thresholds are

applied: Vi"bs > 3.50,.488, P > Sfo, Y”’,I-””s S T0, 00 For these studies, only 100

1

events are generated in edch gase. [The pestiiet of (AG)y) and the detection efficiency

versus the noise level under differcnt‘triggé'r thresholds are presented in Figs. 4.17 to

4.34 for different antenna spacings andidifferent station spacings. It was found that

/
noise

the larger o added to the waveforms, the worse the resolution of the neutrino
moving direction, which is as expected. In addition, the higher the trigger threshold,
the lower the detection efficiency.

In summary, with the noise effect taken into account, in order to make the reso-
lution of the neutrino moving direction as good as possible and detection efficiency

as high as possible, the optimal choice for ARA geometry would be 1.6 km for the

station spacing and 40 m for the antenna spacing.
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Figure 4.17: Resolutions of neutrino'direction, (AO,), versus different noise levels
and antenna spacings, where the. station sparc'ing wseset at 1.33 km and the trigger

threshold is 3.50 0ise- ; : -

|
-
Il R

20 — a mo— -
B 5t§azticn Spééing: 1.60 km: : | 8
16} Trig. Threshold: 3156 i .
B Antenna Spacing ]
o - = =100 m -

- 12 — 79.4328m
A B 63.0057 m ]
@ = —— 50.1187m .
< sk — 39.8107m * 5
v L Ve TN .
- /! \ ]
B 3 - /"'"-__"'""\ Y 1

4 a e s
¥ . S .
L E -
. : 1
1 \ 10 102
o
noise

Figure 4.18: Resolutions of neutrino direction, (AO,), versus different noise levels
and antenna spacings, where the station spacing is set at 1.60 km and the trigger

threshold s 3.50 1pise-

29



20 — a
- Station Spacing: 1.86 km a
16 ¥rig. Threshold: 3.5 ;..
B ;&ﬁtenna Spacing ]
o - - = 100 m -
- 12 — 79.4328 m
A B 63.0057 m ]
@ = —— 50.1187m .
<] sb — 39.8107 m yd 2
v = : .
- J Y -
i /// # ]
4 > it
- g H -
| 3 ,—/;L/ ]
0
1 , 10 10?
o
noise

Figure 4.19: Resolutions of neutrino'direction, (AO,), versus different noise levels
and antenna spacings, where the. station sparc'ing wseset at 1.86 km and the trigger

threshold is 3.50 0ise- ; : -

g
-
Il R
20 — a mo—
i Statian Spééing: 1.33 km : | ]
s Trig.. ThresheldySo . -
15

- Antenna Spacing ' - i
o - B — 100 m —
~ B — 79.4328 m -
A B 63.0957 m .

@ 10 — 50.1187m ;
< B — 39.8107m ]
v B ]
- * —
B 3 N * 1
n ’{*ﬁ"“‘ \"-._, #* ]
i ¥ i

| HE H
0
1 \ 10 10?
(8
noise

Figure 4.20: Resolutions of neutrino direction, (A®,), versus different noise levels
and antenna spacings, where the station spacing is set at 1.33 km and the trigger

threshold 1s 50,0550 -

60



20 T
i Sfaiicn Spacing: 1.60 km: 1
= Trig.. Threshold:; 55, .
15 - Antenna Spacing —
o - B = 100 m -1
~ B —— 79.4328m 1
A - 63.0957 m .
@ 10 — 50.1187 m 3
<] B — 39.8107 m 1
v i ¥ ]
: YN
5 S P A
i e s ]
| i >_<a / |
| 4 -t - a
0 H
1 , 10 10?
O
noise
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threshold is 70 ,0;se -

1 B —3
> | i
Q 0.8
S B *, ]
-2 - E e |
Q - # 7]
= 06
E B s—" 1
: — Antenna Spacing -
o 4afF —— 100 m n Spacing: 1.33 km: |
= AL — 79.4328m i i 1
Q - 63.0057 m Trig. Threshold: 3.50, .
2 B — 50.1187m ]
3 0.2 — 39.8107m

D B —3

1 . 10 102
(9
noise

Figure 4.26: Detection Efficiencies versus different noise levels and antenna spac-

ings, with the station spacing of 1.33 km and the trigger threshold is 3.50 ;s -

63



1 - —
= = 1
Q 0.8
S B ; . .
2 f e v — 1
o B ‘-\_*__,,— = —— ‘?% 1
= osf e § .
[10] B Antenna Spacing i
- B — 100 m .
9 0.4 B — 79.4328m Station Spacing: 1.60. km. | ]
' = 63.0857 m i
8 - — 504187 m Trig. Threshold: 3.5¢, . -
- B — 39.8107 m 1
8 o2 :

0

1 . 10 102
O
noise
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Figure 4.28: Detection Efficiencies versus different noise levels and antenna spac-

ings, with station spacing as 1.86 km and the trigger threshold is 3.50,0isc-
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Figure 4.29: Detection Efficiencies-wversus different moise levels and antenna spac-

ings, with the station spacing of .35 km and thestrigger threshold is 50 p0;se-
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Figure 4.30: Detection Efficiencies versus different noise levels and antenna spac-

ings, with station spacing as 1.60 km and the trigger threshold 1s 50,0
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Figure 4.31: Detection Efficiencies-versus different moise levels and antenna spac-

ings, with station spacing as 1.86°km and the trigger threshold 1s 500 -
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Figure 4.32: Detection Efficiencies versus different noise levels and antenna spac-

ings, with the station spacing of 1.33 km and the trigger threshold is Top;se-
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Figure 4.34: Detection Efficiencies versus different noise levels and antenna spac-

ings, with station spacing as 1.86 km and the trigger threshold s To ;e
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Chapter 5

Summary

Angular Resolution of NeutringMoving-Pirection: *Qné of the main goals of ARA is
to point back to cosmic aceelerators through the determination of the UHE neutrino
moving directions, so the resolution of: ii%‘ls‘_iparticularly important.

To optimize the ARA-both the resol&t_ion of the newtrino moving direction and
the detection efficiency should be considercd ! *Basically, the detection efficiency
increases as the station spacing gets larger. Fromi Fig. 4.16, however, it reaches a
plateau of ~ 70% detection efficiency when the station spacing is grater than ~1.5
km where the regions which each station can cover no longer overlap. With the noise
effect taken into account, in order to make the resolution of the neutrino moving
direction as good as possible and detection efficiency as high as possible, the optimal
choice for ARA geometry would be 1.6 km for the station spacing and 40 m for the
antenna spacing.

In the simulation of angular resolution of neutrino direction for Antarctic Ross

Ice Shelf ANtenna Neutrino Array (ARIANNA) experiment, the resolution in 6
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Figure 5.1: Resolution of neutrino moving. direction in 0 direction in the simulation

for ARIANNA.

direction is 1.1°, as shown“in"Fig. 5T [34]. Héwaver, o teach such a good resolution,

| —

ARIANNA has to build its atray up t’d:ﬁ%tatimm per Km? which means that its
i
antenna density has to be 13 fimes greaér than ARA if twe set the station spacing

as 1.33 km. Based on this comparing, the desigh of ARA is in a better balance point
between the resolution and the cost.

In the future, if ARA can get more funding to increase the density of the antenna

number, a much better resolution of neutrino moving direction can be achieved.
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