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Discovery of Neutrino
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beta particle
(electron)

Figure : beta decay could conserve energy, momentum, and angular momentum

in 1930.
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“Neu-trino”

Figure : Pauli hypothesized an undetected particle that he called a "neutron” in
keeping with convention.
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Discovery of Neutrino

Discovered in 1956

Nobel Prize in 1988

Figure : Pauli hypothesized an undetected particle that he called a "neutron” in
keeping with convention.
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How Many Generations?

Figure : When the third type of lepton, the tau, was discovered in 1975 at the
SLAC, it was expected to have an associated neutrino (the tau neutrino).
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How Many Generations?

Figure : When the third type of lepton, the tau, was discovered in 1975 at the
1t
8

SLAC, it was expected to have an associated neutrino (the tau neutrino).
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Neutrino Flux is not Conserved 7!

TYPE 1 NEUTRINO

ELECTRON-
NEUTRIND

ELECTRON-
NEUTRIND

TYPE 2 NEUTRIND MUON- OR TAU-NEUTRIND

NIGHTTIM

ELECTRON- ELECTRON MUON- OR DAYTIME o
NEUTRINOS HEUTRINOS TAU-NEUTRINOS RESULTS e RESULTS §
CREATED

v

——OSCILLATION IN SUN OSCILLATI CuUM OSCILLATION IN EARTH

Figure : Measurements of solar neutrino types were not consistent with models of

the Sun’s interior
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Neutrino Flux is not Conserved 7!

rvatory

1'»)’3] . . .
Figure’: Super-Kamiokande observed super nova neutrino and confirm the

Xyhe | . . (or--7"
Neutring=oscillation mechanism. .
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Neutrino Flux is not Conserved 7!

er-Kamiokande observed super nova neutrino and confirm th
scillation mechanism.
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Short Summary |: Unsolved Problems

Absolute mass of the neutrinos.
Neutrino decay.
Neutrino hierarchy.
How many generations?
Sterile neutrino. (right-handed neutrinos)
Dark matter, WIMP.
Mixing Angles.
e~
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-
What | Want? The Ideal UHE Messenger
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Neutrinos

mass - =2.3 MeV/c*
charge - 2/3
up
=4.8 MeV/c*
-13
12
down

0.511 MeV/c*

-1

12 e/
electron

<2.2eVic?
. D
12 9

electron
neutrino

LEPTONS

=1.275 GeV/c*

23 C
1”2 /

charm

=95 MeV/c?

-3 S
112 /

strange
105.7 MeV/c*
-1
. B
muon

<0.17 MeVi/c*

0
w Dp

muon
neutrino

=173.07 GeV/c*
23
- &
top

=4.18 GeV/c*
=13
12

bottom

1.777 GeVic*
-1

12 ,L
tau

<15.5 MeV/c*
B O
172 .

tau
neutrino

0
0
1
0
0
1

91

0
1

9
v

photon

.2 GeVic?

Z boson

80.4 GeV/c*

=126 GeVic?

0
0

GAUGE BOSONS

H

Higgs
boggn

Figure : Neutrino only involves in weak interactions.



Fundamental Forces

Fundamental Forces

z Strength Range (m) Particle
Force which

Sﬂ’()ﬂg 7.~ holds nucleus 1 10-15 gluons,

@ @tngehar (lapetarta r(nucleons)
medium sized nucleus)
Strength Range {m) Particle
Electro- <® (& 1 : photon

5 137 Infinite mass = 0

magnetic O==® spin= 1

. Strangth Range (m) Particle

}" B -18 Intermediate
Weak Mﬂ:@ Q‘@ 10 10 vector bosons

10.1% af the diameter

of a proton) wh oW,z
neutring interaction mass = 80 GeV
Induces beta decay spin =1
Strength Range (m) Particle
1 iton ?
Gravity @"'@ 6 x 10 Infinite o
spin=2
Figure : Fundamental Forces. {ffa‘f"‘*
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Cross Section of Neutrino
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Figure : Neutrino cross section. 1 barn =1072*cm?. [Phys.Rev. D83 (2011)
014014]
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Interaction Length of Neutrinos

1012
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Figure : The neutrino interaction length (in centimeters water equivalent
distance) [Astropart.Phys. 35 (2012) 383-395]
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N
UHE Neutrino & GZK Effect

At energies above ~10"9-5%eV cosmic
rays will interact with CMB photons
producing neutrinos

Process is known as the GZK effect

log ‘ ﬂ(E/eV)
205

18 185 19 195
r\: T ¥ T T L T » T
o I o
B TR
5 pis]
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Auger and HiRes measurements of = |
UHE cosmic rays consistent with e | 2";”
GZK cut-off [ oo powerlaws
E — power laws + smooth function
Guaranteed GZK neutrino flux, but o O e
how large? Boegy V1
The Pierre Auger Collaboration (2010): Phys. Lett. B 685 (4-5): 239-246. HiRes
copy from Jonathan’s slides Collaboration, Astropart. Phys. 32 (2009) 53.
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N
GZK Radius

AGN, GRB

GZK radius ~50 Mpc™

Figure : The UHE neutrinos can point back to the original UHE source without
bending of B field.
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-
Short Summary II: The UHE Neutrinos

@ Trace particle UHECR hyper-accelerators to very early epochs

Even at z710 or more, GZK neutrino energies peak at 10-100 PeV
they all point back directly to the UHECR sources

@ Their flux is constrained by UHECR sources, once determined

Can become a quasi-isotropic “test beam” of UHE neutrinos
@ Neutrino Flavor physics

Can encode source information by flavor ratio, even new physics
(neutrino decay? )
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I. ANITA at 40km

The ANtarctic Impulsive Transient Antenna (ANITA)

UFFO ~550km, Gamma Ray Burst

ANITA ~40km Cosmic Rays, Neutrino

. ARA - -200m, Neutrino

TAROGE ~1km, Cosmic Rays

Googleearth
RiHIT 15026.38 A €




UHE Neutrino Interact with Earth

“107%V
neutrino

~1nAl9
10 eV
neutrino

~1 Al9 .
10 eV
neutrino

Figure : The interaction length of neutrino with 5 % 10'3 eV is close to diameter
of Earth. The interaction length for 10!° eV neutrino is 6 x 10" g/cm?
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I. ANITA at 40km

Take a Break

Let's us see some photos f
Anta_rctlca |

Y/
5 )
/ 1o
i/
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I. ANITA at 40km

The ANITA Concept

Cerenkow
radiation
cone

The Cerenkov radiation
from a ruon producad
by a muon newtrino event

v yields a well defined circular |
uw fing in the photomultipier |
Hiuon delector bank. an
neutrine =
ANITA-II
The Cerenkov raciation
fom the electron shower . r
produced by an electron .
Ve | neutrino avent produces j k k
""" muliple cones and res SN
thersfore a diffuse ring N .
i S Ol C\;\e(e“ko : 38 km altitude
ta‘“ﬂ E
o \d Cherenkov cone
- \imemction & particle shower
)
o

Antaretic Ice Sheet (Lots of ice, radio transparent)

from A. G. Vieregg

Figure : Cherenkov radiation is electromagnetic radiation emitted when a charged

particblé:wﬁ;/ses through a dielectric medium at a speed greater than the ve

locity of
light in“that medium.

< 4

23/70



I. ANITA at 40km

Coherent Radio Emission (Askaryan Radiation)

Coherent radio emission
(Askaryan Radiation)

Neutrino
interaction

RF Antennae

C

Charge

v ¥ excess

Incoherent optical

Cherenkov I

Fig%ge_b%@etect radio emission from neutrino induced particle cascades in ice
A N4
&Lg W

-




Askaryan Radiation Experiment in SLAC

PHYsICAL
REVIEW
LETTERS

PRL 98, 171101 (2007)

see also:
— T —————— PRE 62, 8590 (2000),
marmettosein 40 s | BB,
sand(2000) s © d e sy :
rock salt(2003) H ; ) P l‘ ) i gl ] | P G
wd fcolo00e) P e -
A e 2 nm:: ns B s % copy from Ryan's slides
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I. ANITA at 40km

Signal Type (neutrino VS. EAS)

 RF Cherenkov by Askaryan Effect
- Low Fresnel coeff. for transverse
ﬁw&—»‘ electric waves at the air-ice boundary.
Shower ~10m H-pol signal suppressed
length
(20% e excess)

Geomagnetic Field
AAAA ;

!

- H-pol predominate RF signal by
geosynchrotron emission

-V-pol component is further
suppressed in the reflection




Setup of T-510 (Geo-Synchrotron Radiation)

I 396cm L=12.79m

4.5GeV h'=8m
e beam

h,= 1.997m

Figur%‘”i'f.:ﬁfgctron beam creates secc.)ndary casca-des_ ina 4 m long high—deW .
polyetMe(HDPE) target placed in a magnetic field(up to 1000G).
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ANITAs

A\

&
= 7 —.
ANITA - lite ANITA-II
2003 2006-2007
LDB,Texas Antarctica

2008-2009
Antarctica
Figure : Before 2010, we already launched 2 balloons in Antarctica.




Flight Path of ANITA & ANITAII

» Over 65 days of flight over « Over 35 million triggered
Antarctica (noise) events

Avg comrelation coefficient

£
%= o



FoV of ANITA

Satellite Inage Map of Antarctica
AVHRR Mosaic

7 ] I.S. = Ice Shelf
)i

Figure : The radius of FoV is about 500km.
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Man-Made EVENTSs of ANITA

= 300k events pass thermal cuts
m  Cluster with:
o Other events
o Known bases of activity
o “Hot-Spots”
" Neutrinos are single,
isolated events!

Ice Depth (km)
-
3

|
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I. ANITA at 40km

Event Reconstruction

- Angular reconstruction is a crucial

part in the ANITA data analysis.

- Powerful background rejection
incoherent thermal events (99% of data set)

anthropogenic RF events from existing bases
air shower RF events.

* Neutrino reconstruction
neutrino direction information

provides R and refraction angle for energy
measurement.

- Angular reconstruction using timing.
* time resolution; 40-60 ps

(time difference between channels)

* Achieved angular resolution;
0.2° (zenith) and 0.8°(azimuth.)

from jiwoo Nam

Plane wave
~

RF direction




I. ANITA at 40km

Ground Pluser System

RF(200-300km)

Borehole TX

Borehole had discone TX

(not pictured)

borehole pulse event

- Two Ground Pulser Systems
@Williams Field and Taylor Dome

© System Verification

© Trigger Test

* Propagation and Surface

* Timing / Angular Resolution

il7a 202005
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I. ANITA at 40km

Angular Resolution

“‘9’*&2

ANITA Flight Path

Ground Pulser Events Recon. Period

Reconstructed RF Source Position

Payload position

During this
segment
J\ Minna Bluff
\)wmy Field (TX)
ROSS ICE SHELF /
ss Island
Reconstructed R
source positions
0 39.8km ROSS SEA

zenith

Constant 187.161

Mean

| Sigma

-0.029
0.199

]

do

racon-willy

zimuth......

&

Constant 90.966

Mean

‘| sigma

0.120
0.810

0=0.8]

o
recon-willy

34/70



L AVTAE O
Results of ANITA | & Il (cosmic rays)

FRL 1TH1 (010) « A combination of vxB
- and Fresnel coefficients

result in air shower
emission being
horizontally polarised at
the payload

* ANITA-I detected 16
isolated H-pol candidate

Grid North, kmn

UHECR events
e » ANITA-II did not trigger
& on the H-pol channels
1 —Doh!!

« Still detected 5 UHECR
candidate events



Results of ANITA | & Il (Neutrino)

* ANITA-Il Results

Isolated v-pol 1
events
Expected
background events 0.97 £0.42

« Combine with
efficiency to extract
world’s best limit on
UHE neutrino flux
above 109V

Sl

E F(E) (km-2 yr ster)

107 Limits: =% AMANDA-2008 'é
{all flavors,1:1:1) &—=& RICE-ZO0DB
108 +— puger—2008 E
4—% HiRes-2008 3
108 4 ANITA-I-Rev.-2010 3
5 S ANTA-I—2010 q
10 ';
102 E
10 _;
1 3
0.1 E 62K v Models: 3
0.01 [ o soturates K 3
10-2 _;
104 minirmal ]
1078 L '

=] 10 12 14
l0g,4(neutring enerqy E /Gev)



The ANtarctic Impulsive Transient Antenna (ANITA-III)

llom Antannas for i
Detectms Signal

. )l AR

Figure : ANITA-III instrument, 2014-1015.
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Flight Path of ANITA-III 2014-2015

NASA Long Duration Balloon (LDB) Site at Willy Field, McMurdo Station
2014-2015 Antarctica Operations
(With Support from NSE and USAP)

Balloon Tracking

ANITA I ANITA HI-CAL SPBICOSI SPIDER
Flight 2

I

Flight e ete F Complete
Total Flight Time ht Time Tot light Time
days r a ours a 12 hours

5 ours 1

Figure : Flight path of ANITA IIl.

http://www.csbf.nasa.gov/antarctica/payloads.htm
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I. ANITA at 40km

Time for video

Time for Video !l
—
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Il. ARA at -200m

ARA at -200m

UFFO ~550km, Gamma Ray Burst

ANITA ~40km Cosmic Rays, Neutrino

ARA ~ -200m, Neutrino

TAROGE ~1km, Cosmic Rays

Google-earth

iR




ARA at -200m

The Askaryan Radio Array (ARA)
Detecting Neutrinos in Antarctica
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The ARA Collaboration

THE UNIVERSITY

% ADELAIDE

DA
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Il. ARA at -200m

The Askaryan Radio Array (ARA) is an Ultra High Energy
(UHE) Neutrino Detector at the South Pole

At energies above ~10'%-5eV cosmic
rays will interact with CMB photons
producing neutrinos

Process is known as the GZK effect

log p ﬂ(EJeV)
20 205

18 185 19 195
r\; T T T T f T
- " P ) /fo,,.(E::zz%
3 10*F IS
L i ‘
b < Jl
Auger and HiRes measurements of =
UHE cosmic rays consistent with Tis e
GZK cut-off [ e powerlaws
[ — power laws + smooth function
Guaranteed GZK neutrino flux, but o [T —
how large? Energy V1
The Pierre Auger Collaboration (2010): Phys. Lett. B 685 (4-5): 239-246. HiRes
copy from Jonathan's slides Collaboration, Astropart. Phys. 32 (2009) 53
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Il. ARA at -200m

ARA-37

Askaryan Radio Array

G
P ’ ’ .-\‘

3

Station Controller 1, DAQ/power hub

S
~50-80 m . ‘
- 2 g ; Optical
T transceiver ot :
\ madule T e
\ Vpol o . R LR T
o ' antenna y s ¥ E )
| S\ Hpol -2 fh e s dpie g
| N : \ i
200m | " antenna | Pz VU Zo V)
Calibration } 4 & i‘* ) .~
antenna Lower 131 AL
/7 antenna pair, i
s g e .
g Downhale configuration '2km;
Legend

...Antenna cluster ;
Power/comms cable

® Power/comms/calib. station

@ Testbed station

< Production Station

Figure : ARA 37 Layout, 37 Stations 200m below the surface~200km? coverage
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DAQ System and Antenna Cluster

Station Cortroter

ARA Sub-Station - DAQ

= 150-850 MHz
bandwidth

g * 3.2 GSals sampling
¥ (4x Nyquist)

- Low power
consumption

= Autonomous data
taking

| Low Noise Amplifiers |

Notdh Fiilters
RF Qver Fiber

Electronics and Computer

Data Acquisition

Figure : Each station has 4 string with 16 channels
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DAQ System and Antenna Cluster
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Build & Test in Taiwan

Figure : Building ARA2 & ARA3 last year
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Delivery

Figure : delivery for 2 stations
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Drilling and Deployment

Hot water drill creates 6" wide holes

Holes are pumped dry

Approaching ~ 8hrx ~ 1 drill crew
per 200 m hole

@ Instrumentation deployed from
greenhouse sled
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Il. ARA at -200m

Simulation & Expected Sensitivity

@ In-house tool called AraSim

o Simulates
— neutrino interaction
— radio emmission
— radio propagation
— instrument response
— thermal, instrument noise
— hardware trigger
— digitized waveforms

@ Has been used to calculate
trigger-level neutrino
sensitivity

E F(E) (cm®s'sr)

== ANITAIl
-+ Auger
& lceCube2012 (2yrs)
- RICE

GZK, Kotera '10
GZK, ESS '01

¥ TestBed (3yr)
=%+ ARA3 (1yr]
=#s ARA3 (3yrs)
- A~ ARA3T (3yrs)

10'° 10" 107 10" 10" 10® 10" 10%

E (eV)
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Ill. Future Plans

Future Plans

ANITA-4 (2017): Neutrino & cosmic rays
SWORD(TBD) :cosmic rays

ARA37 (within 10 years): Neutrino

TAROGE-10 (within 4 years): Neutrino & cosmic rays
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Ill. Future Plans

Outline: The Distribution of Experiments

UFFO ~550km, Gamma Ray Burst

ANITA ~40km Cosmic Rays, Neutrino

. ARA - -200m, Neutrino

.. TAROGE ~1km, Cosmic Rays

Google-earth

RABINEE 18326.38 B8 Q




Ill. Future Plans

Taiwan Astroparticle Radiowave Observatory for
Geo-synchrotron Emission(TAROGE)
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TAROGE | at He-Ping
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TAROGE at 1200°2000m

55/70



Reflection Test of TAROGE

i Receivers
Transmitter

~
n s 350m

Antenna 1 Antenna 2
- | direct k3
- reflect iy
> >
& £ Y
] - - !
=1 e e B e
£ Rl S =
i Antenna 3 _ Antennad
o -
z = a— ot e |
T NS
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The Synoptic Wideband Orbiting Radio Detector
(SWORD)

RE [lluminat

Pulser Antenna in LEO

CHIRP

Figure 1: The top figure outlines the SWORD mission con-
cept. The UHECR interacts in the atmosphere to produce
an extended air shower. The geo-magnetic field separates

ha mnciteans and alanteans in tha shivar ta nendins & man

e 6U Cubesat
ubeS5al
R Including impulse e e
ops,
£ 112155 MHz. attitude control
H |t i ontrg
g -—’& systems
3 ()
[ 30-300 MHz
! i Deployable
L T2 L\_)g-pencd:c
i dipole array
¥ ® B 0 B 8

time, pseconds time, pseconds

Figure2: An example of a simulated 2 x 10°” eV cosmic
ray induced geo-synchrotron radio impulse after propaga-
tion through an ionospheric profile with 14 TECU. The spec-
trogram of the signal (left) shows the effect of dispersion
and birefringence (Equation 1) for a signal detected by a
linearly polarized antenna. Waveforms (right) for the bands

nead in SWORD chaw the nraerecsively laroer amannt of

Figure 4: The CHIRP satellite consists of a deployable log-
periodic dipole antenna that is 4.7 meters in length with
3.7 meter longest dipole element. The antenna is stowed in
a 1.5U volume of the 6U CubeSat bus, which contains all
the major subsystems needed for the mission.
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Ill. Future Plans

Future Plans

@ ANITA-4 (2017): Neutrino & cosmic rays

e SWORD(TBD) :cosmic rays

e ARA37 (within 10 years): Neutrino

e TAROGE-10 (within 4 years): Neutrino & cosmic rays
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Ill. Future Plans

Cosmic Background Flux
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Cosmic ray spectra of various experiment
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Building Antenna

Summer intern student from FJU and NCTU makeing the antenna.

60/70



Testing Antenna

Figure : Summer intern students measure the antenna response. 61/70



Ill. Future Plans

LNAs of TAROGE




Ill. Future Plans

Lightning Detecor of TAROGE




Ill. Future Plans

Muon Detecor
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Ill. Future Plans

Muon Detecor




Ill. Future Plans

Muon Detecor

Tour Guide
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Ill. Future Plans

Cosmic Background Flux
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Askaryan Effect

@ Askaryan effect: Neutrinos with
energy above ~ 30 PeV most
efficiently detected with radio

@ Delta-ray production, Compton
scattering and positron
annihilation give charge excess

@ Compact bunch moves together

@ Long wavelengths add
coherently

The South Pole has the perfect combination of ice volume, ice
RF-transparency, and existing science infrastructure for this experiment.

~ excess in shower

large A add coherently
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Ill. Future Plans
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Ill. Future Plans
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