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Ultra High Energy Cosmic Neutrinos:
Two Regimes and Two Approaches

e COSMIC
neutrinos:
energy

> 100 TeV

« atmospheric
background:
1~2 events

per year
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“GZK neutrino” must exist!

Cosmic Ray Data:
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Neutrinos at 10'7-1° eV required by standard-model physics



Unique window for UHE cosmos

> Neutron Stars
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Astrophys Potentials
- Origin of UHECR beyond the ankle:

One of 11 science questions for the new century:
(US NRC Turner Committee Report, 2003)

“How do cosmic accelerators work and what are they accelerating?

ETWETETEYE

evV
= UHECR: Top-down or bot
tom-up?

= |f bottom-up, what acceler
ates the cosmic particles?

= \Where are the sources?

= GZK neutrino spectrum an
d directions

Indispensable
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Particle Physics Potentials

Simulations indicate that ~30% cross-section measurement IS
doable with 100 v events.
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Evolution of v Flavors In-flight:
v Osclillations and Decays

Two major discoveries about neutrinos in the past 20 years

1. Neutrinos oscillate;
2. Neutrinos have mass.

_

The periodic change of neutrine flavor from one type
into ancther is referre i $ neutring oscillations.




Possible neutrino mass hierarchies

m-

in the 3-neutrino picture

atmospheric
~2x10%eV?

==}
solar~7x10eV?

1112

Inverted

golar~7x 10 Sey2

atmospheric
, . -
~2x107%eV?



Evolution of v Flavors In-flight:
v Osclillations and Decays

Two major discoveries about neutrinos in the past 20 y
ears:

1. Neutrinos oscillate;

2. Neutrinos have mass.

2. Neutrino Decay [Learned & Pakvasa (1995), Beacom et al. (2003)]

Normal Hierarchy: 2/3:1/8:5/24

Inverted Hierarchy: fE

N0 2 /5:3/5



Approach 1 for Regime 1:
Optical Cherenkov from Muon

ORCA ANITA

Deep
PINGU ) -
Core ANTARES, IceCube, ARA

KM3INeT ARIANA

Mel —/—————GeV —/————TeVV —/———PeV 3—

LENA  Super-K, Hyper-K NOvA existing
in planning




Approach 2 for Regime 2: Askaryan Effect —

Radiowave Cherenkov from nuetrino shower
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SLAC Beam Test- Mini-Antarctica (June 2006)

PHYSICAL
REVIEW
LLETTERS

Articles published week ending

gain Calibration with

Mini-Antarctica with 10 tons of ice target

28.5 GeV electron beam (109 electrons)

Tember Subscription Copy
brary or Other Institutional Use Probibited Until 2012

~ )S
Published by The American Physical Society

physis First measurement of Askaryan effect in Ice

ANITA made the cover of PRL
(SLAC beam Test setup)



ANITA as a neutrino radio telescope

45

-90 45

Up-angle 4 degrees, E=3 EeV, smooth surface

‘.‘}"-. effectiveﬂeld-,"'
| “forgiven event direc

ANITA Instantaneous
Sky coverage band

," ANITA Sky Coverage |

Galactic Longitude (degrees)

100 150
Galactic Latitude (degrees)

Brian Mercurio & Chris Williams, OSU

Pulse-phase interferometer (<30-60 ps timing) gives intri
nsic resolution of <0.3°elevation by ~1°azimuth for arri
val direction of radio pulse

Neutrino direction constrained to ~<2° in elevation by e
arth absorption, and by ~5-7° in azimuth by observed pol
arization angle of detected impulse
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Pre-launch rollout

volcano

gy mem  Dhotovoltaits :
= Launch from ~80m deep Ross Ice She

Agiennas If (floats on Ross Sea)
. Cmd/control+DAQ =  ~8 miles from McMurdo Station
2% = antenna =  Affords flat, stable 1-mile diameter la
unch pad

--- photovo?taics
- 4

Photos: J. Kowalski
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Deluxe suite...

that comes with furniture...

and pehins
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ANITA-1

w
w— First orbit
w— Second orbit
‘ Third orbit
Fourth orbit
Example Horizon

Bases 'seen’

lee DayS ?xahss’sg;;::mm

Antennas

Quality Events




Accidental Discovery of UHECR by ANITA-1

Geosynchrotron radiation induced by UHECR air shower
at Pole is horizontally polarized

ANITA?

PHYSICAL
REVIEW
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direct

H-pol Events Jiwoo Nam of NTU
Veoal] B first found such events!

Provides a new and efficient way to detect UHECR! 17



Energy scale, directions

(EY=157%,x10%eV
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ANITA-2 launched in Dec. 2008




One candidate GZK neutrino found!

| T T T
Limits: AMANDA- 2008
(all flavors,1:1:1) « } RICE—-20086
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Taiwan NTU team has identified
a ‘false’ event (2010).

H-pol Events

U

E FAE) (km=2 yr' ster')

GZK v Models:
- saturated
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ANITA-3 Launched in Dec. 2014




- ANITA-3 launched in Dec 2014

— Turning on H—pol trigger for UHECRSs
- Primary goal of mission

— New correlation trigger
- ~ factor 2 improvement

— Low frequency antenna
- 50% better efficiency in 180—-300 MHz

— 8 more antennas (LT
9 10% Improve - RERERTCRERRaR “

e e A A e o ot e [ o g Rt
{ = T, | gl f !

S . & B\l i Al
=i A\, T :-t\ﬁ_-r{ |

« QOverall more than factor ~2 improvement

« Flew for 22 days

« Data analysis in progress



ANITA-4 mission approved by NASA
for flight in 2017

hMiddle 16 antennas
AMNITA PVs — 1



Beyond ANITA: Exavolt Antenna (EVA)

591NT SPB

Yuksel & Kistler '07

« NASA super-pressure balloon as a
(et RF reflector—> Lower the threshold
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ARA (Askaryan Radio Array) I:l :

RF Cherenkov ‘.“".'.

“
- “

Shower ~10m length,

(20% e” excess)

l Antenna array

l l in the South Pole ice .
i 11




ARA37 (Askaryan Radio Array)

37 4-string, 16-antenna stations covering 100km?w. 3-5 v/yr
Taiwan team will contribute 10 stations, or ¥4 of ARA.

Angular resolution: ~ 6,
Energy resolution: dominated by Bjorkeny -
AEIE ~1 @ 3x10%8 eV

@® @ @ ®
ARA Station & Antenna Cluster ~ _ o
rigger processor. 7o paqipowerhub @ G |

_DAQ housing

Vpol
antenna

| Hpol

200 m | antenna

Calibration ;
antenna P Vi Lower
Dl \&/ N V4 antennd’ pair

Downhole ;-Jonfigu ?tié

. Antenna cluster '

P Chen South Pole Science Lecture 111211 26



ARA

a large radio neutrino detector at the South Pole

O Deployed ARA O
Station

Planned ARA O
Station

Areal coverage: 150km?




ARA Station Geometry

— | I\ T I:_: ‘,"l l:j S Li .:

Components in an ARA station

4 RX strings + 2 calibration strings

2 V-pol + 2 H-pol / string = total 16 antennas
Nice vertexing with interferometry technique




ARA Hardware

RF over Fiber

Low Noise Amp



ARA1 Station Deployment (Jan 2012)

Successful Deployment of the ARA-1 Station
4 strings (at ~120 m depth)

16 Antennas

< Calibration pulser events




‘Taiwan’s first major science project at
South Pole




p _Collaborators come from
\ S _7# all over the world to NTU




ARA Integration / Cold Temperature Test
(2012, NTU)




ARA Deployment (2012 2013)

ARA Drilling System

] '~.» o v K\\
Successful season k.

\P~l .

12 dry holes (~ 200 m)

Two station ARA-2,-3 deployed
—> running smoothly

Expect science results next year



ARA Deployment (2012-2013)

35



ARA 4-5 Instruments (2013-4) built at NTU
Currently constructlng ARA 6-7

All downhole Antennas (H-pol & V- poI) readyI
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ARA Deployment Strategy
-ARA10 proposal to MOST & NSF pending

® Deployed
ARA Station

Planned ARA
Station

Planned for
Year 1 -
ARA10 O

Sout
Pole

. Planned for Station

Year 2 -
ARA10




Generation and Selection of Neutrino Samples

= Acylinder 8km in radius and 2km In height iIs set
(medium: ice).

1. Generate neutrino ran
domly inside the sphere.

Science Lecture
111211

2. Trace back to its
entry point.

3. Propagate the neutrino

through the Earth and ke

ep it if it has any energy |

oss > 1PeV in the cylinder. An example of a neutrino having n
0 energy loss in the cylinder and bei

ng discarded.

39




Direction Distribution of Detected Neutrino Events

Detected Flavor Ratios

lity

0.035

(upper plot)
Station spacing:1.33km.
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probab

Neutrino flavor ratios: 1:1:1.
The flavor ratios of detected
events over all sky:

0.5850 (£ 0.0039) : 0.1527 (%

0.0016) : 0.2623 ( £ 0.0024).

Detected Flavor Ratios

=
=}
@

aI\I\‘I\I\‘HI\‘I\I\|HI\‘\IH|

probability

(lower plot) comparison of cur
ve shapes (the scale of y-axis is
arbitrary.)

Tau neutrino has a different
shape from the other two.

P Chen South Pole Science Lecture 111211



Cherenkov Radiation in Near-field

= At ultra-high energy scale ( > 10%eV), EM showers will b
e extended due to the Landau-Pomeranchuk-Migdal effe
ct.

= The shower size (I) becomes comparable to the detection d
istance (R): | ~50m at 108eV, 300m at 10%%V; R ~ 500m.

= The common far-field approximation fails in this case.
=> need to consider the near-field effect!!

Chiayu Hu
b outh Pole Science Lecture 111211 41




Squeezing Effect

= Peculiar behavior of Cherenkov radiation:
Signal emitted from 7, arrives the detector first!!

detector

Radiation emitted from this region arrives
the detector almost simultaneously

=> Largely enhances the signal!!
P Chen South Pole Science Lecture 111211 42




Generic Feature of the Waveform

= |PM-elongated showers have
a stochastic multi-peak structure
(can be viewed as superposition
of many sub-showers).

» Due to the enhancement of squeezirim
effect, the waveform displays a
feature,
regardless of the difference
of multi-peak structure from
shower to shower.

P Chen South Pole Science Lecture 111211 43




SLAC T-510:
Radio-Synchrotron Emission by
Shower (2014)

. ‘ %— No Magnetic Field Waveforms at Cone Peak

—@— 1 kG Magnetic Field 0.5
L 0.0

. =0.5

44 46 48 50 52 54 56
Emission Angle w.r.t. Beam Axis, degrees

A



TAROGE (X&)

Taiwan Astroparticle Radiowave Observatory for
Geo-synchrotron Emission

Antenna

* Radio Antenna Arrays on top of high mountain
* Looking toward the ocean

—> Many high mountains (2-3km) on the East Coast
* Searching air-shower induced radio pulses
—> Large coverage (up to the horizon) -
- High Duty Cycle (~100%) =
Smaller coverage than ANITA but lower threshold O e




ANITA

e ANITA vs. TAROGE

Parameters ANITA-I»
Detection Areas 1.1x10° kan<e
Operation Times 30 days / 3 vears+

Reflected - Dmmﬁ.ﬂmdp

Integrated Signal Powers

Geo-magnetic Fields

Observation Height+

Shower Height+

Fadio Path Length~

Energv Threshold+

CR integrated Flux (E-27)

Net Factore

Number of Events+

46



TAROGE Station

e Dual polarized LPDA Antennas (100-300 MHz)

* 3 masts and 6 antennas (interferometry available)
e Use affordable commercial digitizer

* Funded for initial study (NSC frontier prog.)

e Prototype 2013 - Full station 2014



Front end Electronics
V-pol I I | T 1
B =
H-pol G Fowwe etectol
H+H-

12 Antennas i .

& H-pol and 6 V-pol | | Control i
| A | Main DAQ Control
| i Computer
1 Data

Remote Power Control

1
1
1
1
1
1
1
1
1
1
[8

-

Control

Control
/Data

12 LPDA antennas (6 H-pol 6 V-pol)
NTU LNA

Multi-band, Multi-antenna trigger
Commercial Digitizers



TAROGE Prototype (2014)

1000 m altitude site in
HePing (T-Cement)

12 LPDA Antennas
6V-pol, 6 H-pol
100-300 MHz Band
4 Multi-band trigger

In-house LNA, Commecial
digitizer (made in TW)

Commissioning July 2014
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TAROGE-1 Station

* Prototype station at 2km height @ Heping
12 Antennas (6 V-pol + 6 H-pol)

* DeployedinJuly 2014

* Minor damage when typhoon hit

» Steady operation so far




TAROGE-1 Validation / Calibr

Ground Pulser Event

Interferometry map

-F H-pol |

Same scope

nter-scope

Time Resolution (ns)

T

T

|"I'|I[l|'

"II[["

Same scope

T 7 1. ] 1

S50 -100 50 0 5 100
Horizontal Angle (Deg)

Noise survey [ Detailed calibrations for
Sensitivity / Anthropogenic noise rejection
Studies in progress



TAROGE Plan

TAROGE-2 station got funded, to be built in Summer 2015
Site survey in progress

-~ 2 km elevation

- Costal mountain site & deep mountain site (tau neutrinos)

TAROGE-15 proposal submitted to MOST Vanguard program



TAROGE 10+5




Site Survey
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LeCosPA Experlmental Group

Pisin Chen
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