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Search for What Ought to Be

Background — Why UHE neutrinos are unique
Radio Detection of UHE neutrinos

ANtarctic Impulsive Transient Antenna (ANITA)
Physics with Extensive Radio Arrays

Tera-ton Initiatives (AURA, SalSA, ARIANNA)




Observation of UHE Cosmic rays =» predict Neutrinos

After 40 years(!) Neither
origin nor acceleration

mechanism known for cosmic
rays above 101° eV, A paradox:
— No nearby sources observed

— distant sources excluded due to
collisions with microwave bkg

Neutrinos at 1017-19 eV required

by standard-model physics

“GZK cutoff ” l
process

p,Y +Y(BK) —> pions, e+e-

GZK neutrinos
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Lack of neutrinos:
— UHECRSs not hadrons?!

— Lorentz invariance wrong?!

— New physics?

AN

World UHECR Spectrum, 2005
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END TO THE COSMIC-RAY SPECTRUM?

Kenneth Greisen

Cornell University, Ithaca, New York

(Received 1 April 1966)
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Neutrinos: The only known messengers
at PeV energies and above

Peter Gorham [UH]

||||||I IR |||||| L ||||||I LI |||||T| L |_|-1||!| Rl },'l l'|||I|' BB |'|_|.“I ST

| highest observed p energy

" ~Regioh not observable”
7 An photons or
" 77 .Charged particles’ e

highest observed 7y energy

L galaxy —_—
[ photons
local group RN
Nearby clusters [T
AGN & QS0Os I 7]
cosmology [ -

||||||| | |||||||I 1 |||||||| 1 |||||||I 1 IIIIIII| 1 IIIII|.|] 1 IIIIIuJ L1111l
0.01 0.1 1 10 102 1085 10

Observable distance (Mpc)

Photons lost above 30 TeV:
pair production on IR & uwave
background

Charged particles: scattered
by B-fields or GZK process at
all energies

Sources extend to 10° TeV !

=> Study of the highest
energy processes and particles
throughout the universe
requires PeV-ZeV neutrino
detectors

To guarantee EeV neutrino
detection, design for the
GZK neutrino flux
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Radio Observation in dense media
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Cascade: ~10m length

1960’s: Askaryan predicted that the resultant compact cascade
shower (1962 JETP 14, 144; 1965 JETP 21, 658):

« would develop a local, relativistic net negative charge excess
« would be coherent (P, ~ E?) for radio frequencies

o for high energy interactions, well above thermal noise

o detectable at a distance (via antennas)

e polarized — can tell where on the Cherenkov cone

KEK Physics Seminar
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1962: G. Askaryan predicts coherent radio
Cherenkov from particle showers in solid
dielectrics

— His applications? Ultra-high energy cosmic rays &
neutrinos

Mid-60’s: Jelley & collaborators see radio
iImpulses from high energy cosmic ray air
showers

— -- from geo-sychrotron emission, NOT radio
Cherenkov

1970-2000: Askaryan’s hypothesis
remained unconfirmed

2000-2001: Argonne & SLAC beamtests
confirm strong radio Cherenkov from
showers in silica sand

Salt (2004) & ice (2006) also tested, all
confirmed

number of model shower particles {et + e7)
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Cherenkov pulse power (arb. units)

A great idea that took a while to catch on

shower depth (rodiation lengths)
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Why so Hard?? The Flux Problem
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Where to Look?

e Salt
— Salt domes

e |ce
— In situ (RICE)
— Overflight (FORTE , ANITA-lite)

e Silica sand
— Lunar regolith (GLUE)
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Goldstone Lunar Ultra-high energy
neutrino Experiment (GLUE)

* PRL 93:041101 (2004) limits
published

ics Seminar
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cascade produces

The ANITA Concept

balloon at ~37km altitude

UHF-microwave EMP

antenna array

N__—" on payload
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~700km to horizon

observed area:
~1.5 M square km

km

Radio Echo measurements
Amundsen—Scott Station

I Average attenuation to 1200m depth
B mean T=-45C
B Errorbars show ~2 ¢ systematics

0 200 400 600 800

frequency, MHz

Typical balloon
_. _"3 of regard

lee sheet thickness (mn)

o de e s " ~4km deep ice!

Effective “telescope” aperture:
e ~250 km3sr @ 10%8° eV
e ~10* @ km?3 sr 101° eV

(Area of Antarctica ~ area of Moon)
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ANITA

Antarctic Impulsive Transient Antenna

S.W. Barwick, J.J. Beatty, D.Z. Besson, W. R. Binns, B. Cal, J.M.

Clem, A. Connolly, P.F. Dowkontt, M.A. DuVernois, D. Goldstein,
P.W. Gorham, M.H. Israel, J.G. Learned, K.M. Liewer, J.T. Link, E.
Lusczek, S. Matsuno, P. Miovcinovic, J. Nam, C.J. Naudet, R. Nichol,
M. Rosen, D. Saltzberg, D. Seckel, A. Silvestri, G.S.Varner, F. Wu
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Flight Payload Design

Areieljo el gl fl alf rad fo fiinle Apltcfetieer Go i)

Gondola design: Marc Rosen

<4—

~320ps 1

Measured

iiiiii

Quad-ridged horn antennas provide

superb impulse response & bandwidth

(200-1200 MHz)

Interferometry & beam gradiometry
from multiple overlapped antenna

measurements

Radio Detection of UHE neutrinos --
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Major Hurdles

e No commercial waveform recorder solution
(power/resolution)

e 35 thermal noise fluctuations occur at MHz rates
(need ~2.30)

- Without being able to record or trigger
efficiently, there Is no experiment

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Strategy: Divide and Conguer

Cherenkov
cone

Trigger

Freq (GHz) ~ hold

IGHz BW r>

QR horn
UHE D]
v
interaction\; % RF antenna(
v ElectroMagnetic

shower

= to Global Trigger

0.2-1.2 GHz) I

—= to Data Collection

High—speed low—power
Sampling ADC
~(GSals ~MSa/s

e Split signal: 1 path to trigger, 1 for digitizer
e Use multiple frequency bands for trigger
e Digitizer runs ONLY when triggered to save power

KEK Physics Seminar
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ANITA Level 1 — 3 of 8 Antenna
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Diode detector Response

Quad-ridge ) _
horn antenna ~7ns integration
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ANITA local trigger

SINGLE ANTENNA TRIGGER HEIRARCHY

Left Circular Polarization

Right Circular Polarization

TRIGGER

Multi-band triggering essential
to ANITA sensitivity

Methods proven by FORTE,
GLUE experiments

Exploits statistical properties of
thermal noise vs. linear
polarization for signal

Signal: most or all bands;
noise: random

all 8 shown here -- 3 0of 8is
found to be enough

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Logical segmentation

(example Trigger Type = 1 shown)

Trigger Reduction a0 [0 .

Raw Signals

D D D Tzd 2If3

Level-1 Level-2 i
Level-3 Prioritizer %
Antenna Cluster (+compress)
|
|_
c
2-0f-5 m 2-0f-2 |]:> =
2
3
Few kHz 5-10Hz >
@ 36kBy/evt @ 36kBy/evt v
=36-72Mby/s = 180-360kBy/s =
100-200kHz To disk -

@ 36kBy/evt
80 RF channels = 3.6-7.2Gby/s

@ 1.5By * 2.6GSa/s
= 312 Ghytes/s

IéEK Physics Seminar
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Large Analog Bandwidth Recorder and Digitizer
with Ordered Readout [LABRADOR]

j J3BE) }1”

Straight
Shot
RF inputs

Switched
Capacitor
Array (SCA)
Massively
parallel
Wilkinson
ADC array

Random access:

+r-.....u....‘.[m..u----u-..n---“--.-.-

8+1 chan. * 256+4 samples

Common
STOP
acquisition
3.2X2.9mm
Conversion in
120ps (all
2340
samples)
Data transfer
takes 80us
Ready for
next event in
200us
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-- Radio Detection of UHE neutrinos -- KEK Physics Seminar




Output Code

3500

3000

2500

]
(=]
o
o

—
(6]
o
(=]

LABRADOR sampling & linearity

12-bit ADC

Labrador ADC Performance
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(SURF = Sampling Unit for RF)
SURFV3 Board (TYRF = Trigger Unitfor RF)

-----

Programming/
Monitor Header

Trigger Inputs R

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Bandwidth Evaluation

G600 T T T | - . | | T
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ﬂﬂl 0.2 0.4 0.6 0.8 1 1.2 1.4

Frequency [GHz]

G. varner -- Radio betection ot UHE neutrinos -- KEK Physics Seminar



ANITA-lite Prototype flight 2004

Piggyback Mission of Opportunity on the 03-
04 TIGER™* flight, completed mid-January 04

EMI Survey of Antarctic continent
— 2 dual-pol. ANITA antennas w/ low-noise amps

— 4 channels at 1 GHz RF bandwidth, 2 GHz
sampling

18.4 days flight time, set the best current
limits on UHE neutrino fluxes

Paved the way for a full-scale ANITA payload

*Trans-Iron Galactic Element Recorder

KEK Physics Seminar
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JeuIwas SAISAUd MM -- SOULIINAU JHN JO U0119313( OlIpeY -- JIsUIeA 9

ANITA Payload Assembly

(Engineering payload)




JeuIwas SAISAUd MM -- SOULIINAU JHN JO U0119313( OlIpeY -- JIsUIeA 9
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*¥ Instrument box

Key Instrument pieces




T-486 [lce!]
ANITA on the
End Station A

beamline
(June 2006)

e 32 QR horns

* 4 discones

* 4 bicones

e 8 monitor antennas

o 72 (288) channels RF
digitizer & 256 channels
trigger (self-triggered)
 Ethernet/LOS Tx only

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Cherenkov







Askaryan effect in ice
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e Impulses are band-limited, highly
polarized, as expected

e Very strong--need 20dB ‘pads’ on
inputs--signals are +95dB compared :
to Antarctic neutrino signals, since we —>| |<—
are much closer
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RF Power

Bunch current dependence
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Timing vs Angle (with Impulse Calibration Radio Signal)

TX Up
by 1.56 m

Vertical Angle

Dependency

l

TX Down

Jiwoo Nam
UC Irvine
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ANITA as a neutrino telescope

290 MHz

650 MHz

s '
a Ly
» balloon & payload

RF path

-90 -45 0 a5 90 -90 -5 0 a5 90
Up-angle 4 degrees, E=3 EeV, smooth surface

" effective field-of-view
{or given evenl direction

.
/ /
J Ay
s /

ANITA Instantaneous

€0/
Sk band |
y coverage ban; |

e Pulse-phase interferometer (150ps timing) gives
intrinsic resolution of <1° elevation by ~1° azimuth fo
arrival direction of radio pulse

G. Varher -- Radio Detection of UHE neutrinos -- KEK Physics Seminar

T Neutrino direction constrained to ~<2° in elevation
by earth absorption, and by ~3-5° in azimuth by
polarization angle




Nov. 2006, Antarctica: Putting it together

e The Long Duration Balloon Base at Williams field
— ~7 miles out on Ross Ice shelf, smooth, flat ice, 80m deep

e a first-class field operation, run by NASA’s Columbia Scientific
Balloon Facility (Palestine Texas)

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Life in Payload Bay 1

= s

o v Y 3 T
PRSP s T
i e # l-‘- oy T

= - A - :

Barely fit out door
Room dropped 45C in 30 s
4-5 hours to recharge

Go outside to warm up

—y
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ANITA “hangtest,”
Sunday 12/3/06

Final pre-flight checkout
Payload is ready for launch
3 Payloads in queue (BLAST, BSI)

Few hundred Giga-bytes of
Redundant Storage

e Solid-state drives

e External USB drives

e Large HD (pressurized)
2x GPS (+1 CSBF)

Diff. GPS, magnetometer
and sunsensors

TDRSS, Iridium phone (via
NASA CIP)

KEK Physics Seminar
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Launch: December 15, 2007
(after almost 2 agonizing weeks of waiting)

A flawless launch
— CSBF truly professional

— After day after day after day of
false starts, we were really
ready to go

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Visiting South Pole Station

e ANITA at float (123Kft)

— Seen through amateur
telescope from the South
Pole

— Size of the Rose Bowl!
— (thanks to James Roth)

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



After 35 days landing...—~360 miles from S.Pole

e Quch!
e What a
drag...

e But
iInstrument
& data OK

KEK Physics Seminar
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ANITA flight path

Ice Depth {km)

4

3
2
1

About 8.2M Triggered Events logged

35 days, 3.5 orbits

Anomalous Polar
Vortex conditions

Stayed much further
“west” than average

In view of stations
(Pole & MCM) ~30%
of time

— =" All LDB flights
e AVETAZE

©  December launches

MchMurdo =

KEK Physics Seminar
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Flight sensitivity snapshot (preliminary)

820

800 |

780 |

760 | T AT~ 50K (Sun+Gal. Center)]
| | . 14 | | | 16 | | | 18 .

average RF power, ADC units

38—

altitude, km

| 1 1 1 I 1 1 1 |
14 16 18
payload time, days from launch

T anti-correlated to altitude:
e higher altitude at higher sun angle
e sun+GC higher = farther off main antenna beam

ANITA sensitivity
floor defined by
thermal (kT) noise
from ice + sky

Thermal noise floor
seen throughout
most of flight—but
punctuated by
station & satellite
noise

Significant fraction
(>40%) of time
with pristine
conditions

KEK Physics Seminar
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Quiet, but are we sensitive?

Ground pulser

Ice 80m thick
and messy

Bore hole pulser

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Validation data: borehole pulser

Control Raw data Flight data DB data Help |
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Event ns: 4294967295 m 4 W G 22 W et lusbintOl gy PV:

Event#: 195597 +12V, IPRF1:

Run #: 124V IPAF2

Location 78.9579:4170.1310:437.2477 +558:

Orientation +198.12; -0.44:-1.45 T

Speed [ki@deg]: +4.9@+216.2 1 5V: 0.006 5V

Last command : 2 Ox5a 0x00 L 9V:5URF1CH1 x| +3aV: -2V
Arlemnasot:  Nore 7 votage [ FFT [ Pouer RS 3160 v nne 104 e 1+ [ - Py
Fhi2iM i14/ Fhi 16/15 +12v: 05391 IPRF1: 5.399
+24V, IPRF2: 5.088
Afin Ih ||| X .
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”H'\’l Uy ||| ||.
o \ i Neviend -c'|"p\'!.l"{-‘ﬂ'u“.fﬂ'l'llllr’ e

Temperatures [deg C]

18V : SURF 2 CH 3 x | IR ‘l‘.q'w.w.'ﬂm'u'wl' iy

RMS: 56.99 mV
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etdbetl7eilSe08etl Oetl Letl 2et] 3etldetls
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il o

10V : SURF3CH 1
[¥ Vottage [~ FFT [ Power RMS: 39.78 mV MMNR: 0.90

551552 553 554 acl ac? cpul cpu2
Auxilary Info

Press [torr]: 421

Press [PSI: 0.12

fu‘ﬂiuh il M! ||I||L||||Ii'u5~m1'ﬂ’ i

A [Ty Lyt ) 5 SunSensor 1:
1h'|||.}ul'|,mlu~m \hp W _|N||""‘-"'f"['r”"'“1'|4"”{‘“";”’1""{"1'"!' R I i M L consor 2 1704044312120
SunSensor 3: +80.168:446.841

:SURF3CH 3 SunSensor 4: +75.608:4116.170
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4:31:05 PM: Welcome to Aview - ANITA Data Digplay Utility y = |_| |!| || ||”|| = e r———
Fek Type utc |Prev|Mext| Au
Rt (o00p-12-15 103025 <| »| st | select |
WV 195597 Commecten o datanal Mea%T [pozao26 ozsnzs < »| st | ssect |

RF Impulses
from borehol
antenna at

Williams field
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Detected at
payload out
to 300-400
km,
consistent
with expected
sensitivity

Detection of UHE neutrinos --

Will allow
trigger &
pointing
calibration

G. Varner -- Radio



Trigger pattern, borehole pulser

Trigger pattern requires L2 from 2-of-3 L1 (3-0f-8) in both
upper and lower 16-antenna rings for same phi sector

Negligible accidentals, but ~4-5Hz from thermal noise
— But Thermal noise is incoherent in spatial & temporal character

KEK Physics Seminar

Radio Detection of UHE neutrinos --

G. Varner --



99.99+% of triggers: incoherent thermal noise

Control Raw data Flight data DB data Help

Current UTC:  2007-02-23 00:22:19 Trigger Condition Disk Space [ME]

Event UTC: 2006-12-15 10:30:26 Priority: 6 -~ (Jim B) zzus1
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Voltages [Volts]

+15W -BV:

+3.3V: -12V:

+5V: s

+12v: IFRF1:

+24V: IPRF2:

+556:

Currents [Amps]

+15V: 0.008 BV

+3.3V: -12v:  0.008
'

+12V: 0591 IPRF1: 5.389

+24N: IPRF2: 5.088
+55E: Battery:

Temperatures [deg C]
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etlBet] 7etlBet] Ot 0et? 1et?2et? Jet2det2 §
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Auxilary Info

Press [torr]: 4.21

Press [PSI): 0.12

SunSensor 1:

SunSensor 2: +17.040:4312.120
SunSensor 3: +80.168:+46. 841
SunSensor 4: +75.608:+115.170
Aocal 1: -0.004:+0.003:-0.982
Beca| 2: +0.021:40.032:+1.007

Mag: -0.010:4+0.091 :-0.578

4:31:05 PM: Welkome to Aview - ANITA Data Display Utility _ Database Control Panel
Fck Type | uTc |Prev|Next| Au
RF event |o006-12-15 10:30:26 <| 5| ast| skt |

WV 185599 Connected to databaj ™®39€T 1o023.05-25 02:58:28 <| 5| st | siect I
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log,, E dN/dE, km=2 yr=! ster-!)

ANITA’s potential science impact

107 Limits: $—%% AMANDA—cascades
6 “ &—¢6 RICE-2003
10 4. 4—& ANITA-lite
; A p— GLUE-2003
10 N #—# FORTE-2004
104 Q| O ANITA-(projeet@d)
108 ’ -
06-07 flight
102 ~ee (preliminary)
10 ;:/;*‘:_ o A
1 ' ] 7;‘\ & 13&
. i \"-"-‘
0.1 - ax...! >
Models: /o /; ' n-i,_#_ P
0.01 F === - TD:M,=1e16GeV 2t -.\*_l i N
e TD:M,=Te15GeV . PO
103 ====. TD:Mirror AL “ i
——————— - GZK:maximal ‘ ‘J |
107% e - GZK:minimol / \ "
10-5 = == Zburst1 ‘% I' R
—+— Zburst2 % ||‘ |lll & Ig
-6 1 L
10 ] | 1 1 1 | 1 ] ] | )//1 ||| | |l‘ 1 1
8 10 12 14

log,,(energy, GeV)

Strongest limits: all radio

ANITA-lite: 18.4 days of data, net
40% livetime with 60% analysis
efficiency for detection

— Z-burst UHECR model (vv

annihilation -->hadrons) excluded:
e expect 6-50 events, see none

— Highest Toplogical defect models
also excluded

ANITA projected sensitivity (3
flights):
" VeV, V. included, full-mixing
assumed

= 45 days exposure at 67% efficiency
assumed

= We are roughly within a factor of 2
with 15t flight

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



ANITA Plans

ANITA may have first glimpse of the ultra-high energy neutrino
universe already on disk

— Data disks returned from Antarctica a couple of weeks ago
Two independent blind analyses just getting started
— Preliminary results by late summer?

ANITA proposed to fly again in 2008

In Antarctica, everything
has to be recycled!

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



A first peek over the next few years...

e IceCube
— Discovery of bottom-up * ANITA: * Auger
sources Discovery of ~10 GZK — Disco_very of a few GZK
— Discovery of ~ 3 GZK neutrinos neutrinos
neutrinos
Y i! —a——— Sunrotator

SIP omni directional

.‘n'h PV array 1
ANITA h"&“\ . . PR g
directional = / two 8 horn AT ! \,'\_' — i g e, D L
PV array 'I_- % /" clusters Rk e S

—

charge controller
and batteries

SIP

ANITA electronics

G. Varner -- Radi'o Detection of UHE neutrinos -- KEK Physics Seminar

8 horn nadir cluste'f {folds in)

langing frame

=|

- ~5m



Requirement for compelling science

e Difficult to increase effective

volume -- we are already 107 F o Limits: 5% AMANDA—coscodes
’ . . ©—0O RICE-2003
seeing all of Antarctica we 00 +— ANTA-ite
can 108 I X+ roRte-2008
| Q- ANITA—(projected)

104
108
102

10

— Projected ANITA sensitivity
(2-3 flights) just barely
constrains model space

— Larger Veff moves curve
down

— Small # of events at best 01

Models:

log,, E dN/dE, km=2 yr=' ster~')

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar

0.01 === - TD:M,=1e16GeV | Xy
« To improve: need to lower T S 50 )
energy threshold 10+ | D Semoximal % ‘{ S
— Lower Ethresh moves curve jos % Eo¥
tO the rlght 10-° L .Zburswu T T | % I.lll | .ll“‘ L
— Gain nearly quadratically in 8 10 12 14
event rates log,,(energy, GeV)

Peter Gorham - UH



ANITA 11 (MidEX)

Control/ T

To get 10x lower Ethresh: we need
factor of —100 in antenna area

— Implies of order 400 m”™2
Use large suspened array of antennas
with cylindrical symmetry

— ~5 string x 16 antennas per triangle
arm

— deployable discone antennas shown

— deployable “venetian blind” of
printed-circuit antennas is probably
better)

Each antenna cluster has local PV
LNA, digitizer

Digital signals sent to central
processor

Digital beamforming for triggers

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Particle Physics: Energy Frontier

: I N IR IR I I
e GZK v spectrum Is an energy- o7 R
frontier beam: ] f
arge extra
105 dimensions —~
— up to 300 TeV center of .

momentum particle physics e P
S ___,.Std.'”model h
— Search for large extra dimensions | ]
and micro-black-hole production 103 GZK v i
at scales beyond reach of LHC , :
9 g Anchordoqui et al. Astro-ph/0307228 7
10 I IIIII.I.I| L1 llI.I.I] I lllll.l.l] 1 IIIIIII| I IIIII.I.I] 1 llllll.l] I IIIIII.I| IE

] v Lorentz factors of y=1018-21 10 108 ol0  gol®

E, (GeV)
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Particle Physics: Neutrinos

e GZK neutrinos are the
“longest baseline” neutrino

experiment: "Normal" hierarchy
— Longest L/E (proper time) for: Am232
sterile v admixtures & (atm.)
anomalous v decays '
A2 (EL I
« SUN: L/E ~ 30 m/eV (SO]E}IZ) ey o
e GZK: L/E ~ 10° m/eV oy e,
VeiV,iV,

e Measured flavor ratios of (1:1:1)t (5-6):1:1

Ve V.V can identify non- Neutrino decay leaves a strong
standard physics at source Imprint on flavor ratios at Earth

KEK Physics Seminar

Radio Detection of UHE neutrinos --

G. Varner --



Partlcle ID — subthreshold detection

< ~2 km : ; Charged current Neutral current
(SM: 80%0) (SM: 20%0)
25% hadronic + Single hadronic

e 75%0 EM shower at shower at
primary vertex; LPM | vertex
on EM shower

25%0 hadronic at Single hadronic
M primary, 2ndary shower at
lepton showers, vertex
mainly EM
secondary 52,':;1” 25%0 hadronic at Single hadronic
showears - :
| : - T | vertex, 2ndary shower at
- PR S S ’ lepton showers, vertex
1018 eV Vu ' mainly hadronic

Charged/neutral current & flavor ID enhanced with subthreshold samples
Coincidence with optical (lower E threshold [PeV])

Phased array — can push well down into the noise

Challenge: for multi-k antenna array, multi-Terasamples/s

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Tera-ton Detector Physics Menu

Astro-physics
— Detection/observation of HE v sources

Cross-section
— Test with precision SM well above LHC cm energies
— Deep inelastic v-n probing = high energy v “beam”

Particle ID
—1:1:17

— CC/NC ratio ?
Others ?

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Saltdome Shower Array (SalSA) concept
ﬂ\ﬁ P e e i

Antenna array

Halite (rock salt)

* L,(<1GHz) > 500 m w.e.
* Depth to >10km

* Diameter: 3-8 km

* Vgt ~ 50-350 km? w.e.

* No known background

* >27 steradians possible

e Rock salt can have extremely low RF loss, as radio-clear as Antarctic ice
e —~2.4 times as dense as ice
e typical: 50-100 km3 water equivalent in top ~3.5km =>300-600 km?3sr w.e.

G. Varner -- Radio Detection of UHE ngutrinos -- KEK Physics Seminar



Basic string architecture

Ty— NEMA 3R
l 38" x 21" x17"

String re ::mut : ~ .... —~ armor
12 nodes Y
Ping .:.: .‘r‘:..-.:e e
o A Insulated
e ’,F | B conductors
%)— Stainless tube

Fibers

Node = 12 antennas
and center housing

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



GEISER Data flow [nim As54 (2005) 437-443]

(Giga-bit Ethernet Instrumentation for SalSA Electronics Readout)

e GEISER approach:
— Digitize the “mud” in
downhole

— ‘Pan for gold’ at the
surface

e Node/string time stamps
— Allow global trigger

— Initiate full array data
dump

ics Seminar

Phiz

Digital Cell syste
for data collection

K

Trigger packets
sent via FM/local

radio

| { |
antennas " e Hold &=
event if

. 2.4
RF In —ea0

Continuous Internal FPGA:
Logic, Buffer

G. Varner -- Radio Detection of UHE neutrinos -- KE

64kb/event
1.6kHz (100baseT)
16kHz (Gbit
Ethernet)
v—
Central control &
Global Trigger
station
In
------- » Node/String Time stamps

salt

—
— Final Data Transfer



SalSA simulations

Shower energy = 1018 eV neutrino direction: alt=43°, az=216° Shower energy = 1019 eV neutrli)gp direction: alt= 8 °, az=1340°
Degih, m .

-1500
-1000 500 3
500

X,m
alt=65°, az=15°

Depth, m

0r
500 F

1000 -

Depth, m

500
-1000
-1500
-2000
-2500
-3000

1500 1000 §00 O 500 -1000 1500

alt=28°, az= 59 °©

iLm
alt=659, az=193° alt=19°, az=266°

A 2.5 km3 array with 225 m spacing, 122=144 strings, 123=1728 antenna nodes, 12
antennas per node, dual polarization ==> Ve Q2 = 380 km3 sr w.e. at 1 EeV

Threshold <1017 eV, few 100s antennas hit at 1 EeV, >1000 hits at 10 EeV
Rate: at least 20 events per year from rock-bottom minimal GZK predictions

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



log,,(N(8)). events/mrad

log,o( 0, degrees)

103

102

10

10 T

0.1
0.01
10-3

10-4

Angular resolution

e Of order 1 degree angular resolution
—— required for neutrino cross section

E,= 8x10'6 eV

Contained measurements

wpdiez L. Non—contained
e Studied in detail for 12x12 string
array, using Chi-squared minimization

S e

. . 13 e For GZK energies:
— 0.1° achieved for contained events--

inside the array

— 1° achieved for external events,
parallel to face, 250 m outside of
array (partial Cherenkov cone seen)

A I e Polarization information +

1015

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar

oo (shawer energy, &) unscattered Cherenkov cone leads to
excellent angular resolution!
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GZK neutrino sensitivity details, 1 yr

- ! I H ! I 1 | 1 I ! | ! L . .
I — Kal2004, EGRET maximalr 2 independent MC calculations:
I " cutoff at 10 Zev -
- — == "', minimal GZK' . UCLA & UH
i e 0L B e UCLA: Saltzberg 2002 SPIE; also
Lo \ R T :
i ~ AT . 2005 Nobel symposium
I i — Simplified 10x10 strings, 10
7 gl - antenna nodes per strin
7 P g
eI - — Did not truncate dome, so high
il e L T energies extended
PSS E&JQ?bfZ(;(Zr;inimgl | \ \%\‘\ ; i
= ramou4, maximal ' . .
_ s \ ﬁ}x \*- ¢ UH: Gorham et al. PRD 200_5
- oG \ }\\ \ — 12x12 strings, 12 nodes with
: A---A SalSA, this work, 4 strings \\\ 1‘{--‘_‘-‘\\ \_\ : realistic trigger sims

A——A SalSA, this work, 12x12 strings AT ]
" a——+ SalSA, Saltzberg 2003 \ é%\ \.\ . — Even 4-string array sees GZK
PR N P B W A | A events in 1 year

6 8 10 12

log,,(neutrino energy, GeV)

“Rock bottom” min. of 20 events/year

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Cote Blanc Measurements

1 170 m ¢
I 1
| ] | ] | ] | ]
X X
L CT
C
X
I: 220 m
x [
X Transmitting Station E
X Receiving Station X 1

0 50 100 150

450-150 MH
5150-250 M#
4250-350 Mk

Distance

300

Attenuation Length:
Bl 30.8m
e 267 m
B 25.1m
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Hubbard’s Peak?

g _"a

WORLP OIL DEVMAND

WINGUINC) YO @ PRF-000Z SO0V12

“If we don’t change course, we’ll end up where we’re headed”
-- Chinese Proverb

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar
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ARIANNA - A New Concept for
Neutrino Detection




Satellite Image of Victoria Land and Ross
Ice Shelf "‘-
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Ice Thickness
~500m
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Reflected and Direct Events

S. Barwick, 3rd
NOVE Workshop

(Venice, 2006)

Direct Reflected
(much greater solid angle)

KEK Physics Seminar
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Testing SM Cross-section

s ° 0 50—

= Overburden: 500 m S ARIANNA - 10 years

5 2% E 40 t I

I , o — o from GQRS l
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= 20 |
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5 05| 158
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cos(0,) cos(6,)
[A. Connolly]

100 events: measure L, = 400 km * 33%
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Protostation

. Solar Panel
|| Array

Electronics
Module

Battery &
Charge
Controller

o &

Block Diagram of Electronics
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i | onfoff Buoard Vicor +5
RE : Circuit (U
e .- el dePomes Caners Modwerucy
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ATISONS
RF Lightningé
Fower Limit
iter ARIANNA Protostation Layout
DC Surge diode Steven Barwick, UC Irvine
Protection and filter pin 8/22/06
Version 1.2

ANITA & AUGER technology

Will run over the winter, test “awakening” on its own

K Physics Seminar



Amplitude (mV)
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Data Taking — Test “wake up”

Thermal Noise
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Panel Temp (C)
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RICE started late ’90’s

e Deployed with AMANDA
 Challenging EMI backgroun

South Pole - .
Station I e ™

ds

RICE readout

ircuit Gain for
r

BRx6)
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IceCube Opportunity

t 1-2km
DRM Deployment
A = Detail 0
. « e e T ﬂ - - ‘-':' ‘ . . A A
m . o S R IC Main cable @
que llThiCkll .8 %
grp coax to = ©
antenna g
f\»J SIF ¥
Tape c
[/. 1.5m RG58 - |E
| Digital equivalent g; =)
Nsﬂmh. ¢ ROC“O ' -
Module r)
(DRM) AC,U‘r
A
DRM I
&
™
o
[sp]
. 3 que -
e lgrlp r Yy v

. = Bl
Eiffeltornet ‘ ‘ -

i

Utilize IC DAQ/Control Infrastructure
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Digital Radio Module (DRM)

To

antenna % Modified glass sphere 6 Penetrators:
4 Antennas

1 Surface cable

1 Calibration unit

Quad cable

Interface

foMB —

=

“ROBUSTBoard | [ SHORT boards (2] |

infrastructure,

SEIFPGA]  [LAB

Radio Boards
UHF Sampling, Triggering, Digitizing, data
processing, trigger banding, interface to the mb

‘ E FF’GA] ”,”
4 _ TRACR Board I .
: [': DOM Motherboard _ MB (Maln board)
g EeiaE ot - Communication, timing, connection to IC DAQ
_ Al/Cu metal plate ]
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ROBUST

TRACR

DOM-MB

Metal Plate

v e e
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a| can /\Y.els
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Data Streaming North

3
=
e
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n
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e
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y (km)

10-km Scale array

. o.0:0 .00 ;| - lceCube
fooseecde | w0 pptical

¢ ¢ © © o ¢ o radio/acoustic

4 -3 -2 4 0 1 2 3 4 5
x (km)

>= Tera-ton
Array

Radio, acoustic have long
reach, can be much sparser,
shallower, and smaller
diameter holes

R&D Emphasis

1. Lower amplifier costs
Lower trigger costs
3. Extend sensitivity

N

IceCube construction complete: 2011
Askaryan Observatory thereafter

KEK Physics Seminar
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Summar

T

An exciting year:

« ANITA will open the box hopefully by summer
 Successful ice-target calibration run in June
e First flight in Dec/Jan, another possible in 2008

 Tera-ton Detector prototype developments:
e SalSA
e Salt mine attenuation measurements
* AURA
* Deployed 3 antenna clusters this year, data flowing
* ARIANNA
* Deployed prototype station this year, MRI proposal
being seriously considered

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Sem
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Askaryan Confirmation: SLAC T444 (2000)

MICROWAVE
TOP VIEW BUH'E&DW’% /ABSDRBEH
e - N e 1.l.r"' . -5"‘“‘ '}'-.‘ Lml
0.6 L ——
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K
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o x o o 5 B K
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e e = 5 ¥ N
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- - ar a -
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S i - - s at s
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7 o 5 A B -
- L - IR o ok e
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- o EaY - r 1
s W ! POLYPRO.
s »
P e o aem” FACE
i G

-3 GeV
PHOTONS

MEASUREMENT HORM (MOVABLE) 3PS

BUNCHES

36m |

SIDE VIEW BACKGROUND HOHN%

o ':[i SILICA SAND (3.6 tons) Saltzberg, Gorham, Walz et al PRL 86 2802 (2001)
L E.M. SHOWER

T MICROWAVE ABS. — ¢ i
%_/r o . ~. k ) :. : _:: | .__- ]

- TODUMP ~15m

» Use 3.6 tons of silica sand, brem photons to
avoid any charge entering target

==> no transition radiation
» Monitor all backgrounds carefully

e but signals were much stronger!
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408

D 0®

number of madel shower particles (et

Shower profile observed by radio
(—2GHz)

shower depth

{radiation lengths}
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il 10 £ =
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0 100 200 300 400 itime (na)
Sub-ns pulse,

distance along shower axis {cm)

Ep-p~ 200 V/m!

:a—Reerction from side wall

» Measured pulse field strengths follow shower profile very closely
» Charge excess also closely correlated to shower profile (EGS simulation)
» Polarization completely consistent with Cherenkov—can track particle source
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Askaryan In Salt: SLAC T460

200 cm
(antenna layer shown)

I10degregs| T T, | - |'| "

trinos -- KEK Physics Seminar

46 cm Bremsstrahlung target

gamma-ray beamline

70 cm

antenna
% LZOcm
i SIDE ELEVATION VIEW ~20cm
e Target: 6 tons of Morton brick salt B 8 feet +— e

e Provide shower volume and
embedded antenna matrix

beamline

84 cm

Bremsstrahlung target
gamma-ray beamline

e Antennas sample 21 grid-points
along shower, dual polarization

plywood table

To beam dump

JHW

i

Deflected electron beam



RF Coherence vs. energy & frequency

150_ BB . . | ....... . X || |
102 SLAC T464 June 2002 : ‘ ‘ ' : :
S g A00f i ... 6pS edge
~ 10 Tomof e TR Y S _
g 1 ?% 0 : : :
E " _sof
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] |
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10_7 ||||I 1 |||||||I 11 ||||||I 1 |||||||I 1 |||||||I _g)_ 2_. I: ‘
1015 1018 1017 1018 1019 - e . : o :
electromagnetic cascade energy (eV) 1000 10000

frequency, MHz

Much wider energy range covered than previously: 1PeV up to 10 EeV

Coherence (quadratic rise of pulse power with shower energy) observed over
8 orders of magnitude in radio pulse power

Differs from actual EeV showers only in leading interactions==> radio
emission almost unaffected
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LAB3 Architecture Detalls

LABRADOR(3) architecture

SCA bank: 4 rows x 260 column

Wilkinson ADC

—= D=
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 No missing codes

e Linearity as good as
can make ramp

e Can bracket range of

Interest
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/
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Wramp
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Do 11)

A1z

Clock

Gray Code Coonler
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Buffered LABRADOR (BLAB1) ASIC

3mm x 2.8mm, TSMC 0.25um

w £y 431 [o2] ~l @

Sampling Speed (GSa/s)

[\+]

-—

64k samples deep
Multi-MSa/s to Multi-GSa/s
Local/Global readout mode
32-64us to form Global trigger
See WGY7 for detalils

o

ROVDD versus ADC sampling speed

1.55 1.8 2.05 2.3
ROVDD (volts)

Just to show not
“pie In the sky”

2.55

2.8

G. Varner -- Radio Detection of UHE neutrinos -- KEK Physics Seminar



Buffered LABRADOR (BLAB1) ASIC

BLAB1 in 16 bit ADC mode: AVTECH pulser

Measured Noise

Two Rows of 512 cells | GCK w/ CMPBIAS 200kohm
Entries 1024
200— Mean 1.452
180 RMS 0.1373
160 Constant 1816+ 7.6
= Mean 1.446 + 0.004
140
Sigma 0.1316 + 0.0037
120
100
80—
60f
40F
20F
T [P R
00 2 25 3
Noise [mV]
1.8V dynamic range

10 real bits of dynamic range

A few fixes (lower power,
higher BW)

BLAB2 when have money

voltage (mV)

80

60

40

20

N s

S

¢ v\N\M

-20
-40
-60

0 20 40 60 80 100

BLABI1 RE atenuation with R6=1kohm
0
*

2 . P

4 ++| -3dB ~300MHz

i .

.
g 6 .
= *
g -8 .
2 .
Z .10 .
a8 *
12 .
*
-14 * -
@
-16 *
|18 :
0 200 400 600 800 1000 1200

Frequency (MHz)
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High Speed sampling

Amplitude [V]
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radio vs. optical

Detected cascade photons at 100m,

RF/Optical complementarity
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radio: 0.1=1 GHz, T, =300K
dipole antenna '
Lymen = 500M
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77°45'S

Bore hole pulser at Taylor Dome

159°E 158°E 157°E
W \

- Taylor Dome Ice Core Site & 1991 Ra¥ar Lines

Proposed 2006 i
.NASA Core Site

']Q:Iylor Glacier

\\ 4
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10 20 30 40 50 South Polar Sterographic Projection
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relative amplitude
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Askaryan Signature
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=50

E(V m7' at 1m)

—-100

— 07 polarization

100

Measured e

7 lin. pol.

T 0 2

—10

0

10 20

time, ns

Time (ns)

- Significant signal power at large frequencies

- Strong linear polarization (near 100%)
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(Ultra-)High Energy Physics of
Cosmic rays & Neutrinos

Ultra High Energy Cosmic Ray Spectrum, 2005

LI L L B LR B
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~ 1

— No nearby sources observed 5 E galactic E
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Ultra High Energy Cosmic Ray Spectrum

Expectations: 5
1. Greisen, Zatsepin, -
Kuzmin (GZK) 5 _g
calculated a cutoff: T
P*Yy2A2>2n+n=2v \§
O N7

2. These interactions %%\
produce a
corresponding
neutrino flux

-8

-9

log (E2(dl/dE))

3. Provides a handle on
what is going on for ——]

AFly's Eye
OAGASA

2 Haverah Park

B i

these “extra-GZK”

—-10
events

17 18 19 20 21
log (Primary Cosmic Ray Energy) (eV)
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Field strength, Volts per m per MHz, at 1 m

0.1 |

June 2006, SLAC T486: “Little Antarctica”

Cherenkov
cone \

100 | -5& - .
: .1 < Stanford Linear accelerator

T 1 e Particle (e-) bunches with

A composite energy same as UHE
EF BT S neutrinos
A upper harn ® i , ] ] . .
L e 13 [/ ] e« Best possible calibration for ANITA
[ (O bicone 1 i ff’(E/ED)z-'*"-“ |
[ E,=2.8x10' eV ] L # 1
100 — IH%&JIOO : -””:II#I[I)“ - 1EI)=°

Frequency, MHz Shower Energy, eV
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Cherenkov polarization tracking

Cerenkov cone

e Radio Cherenkov:
polarization measurements
are straightforward

plane of
polarization

s e Two antennas at different
parts of cone:

S — Will measure different
projected plane of E, S

Cherenkov radiation predictions: — Intersection of these
e 100% linearly polarized planes defines shower
e plane of polarization aligned track

with plane containing Poynting
vector S and particle/cascade
velocity U

KEK Physics Seminar
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transverse position (cm)

-

normalized p(e-—e*) or E

40
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~40
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Polarization tracking
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EGS simulation
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measured amplitudes
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50 100
antenna longitudinal position (¢cm)

150

E—vector projected direction (degrees)

10

-10

1

calculated from beam geometry

SLAC T460 June 2002

RF data: 0.3—1.2GHz

/
/

I 1 1 1 I 1 1 1 l 1

-20 0 20
antenna offset from beam axis (cm)

Measured with dual-polarization embedded bowtie

antenna array in salt
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log(Receiver Voltage)

0.1

0.01

o
I
[}

o
»

o
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<
=]

Estimated SalSA Energy threshold

E 300

- 100
E 30
C 10
= 6.4
- PeV

1 10 102
log(distance, m)

Ethr < 300 PeV (3 x 10'8 eV)
best for full GZK spectral
measurement

Threshold depends on average
distance to nearest detector an
local antenna trigger voltage
above thermal noise

— Vnoise = k T Af
— Tsys = Tsalt+Tamp = 450K
1 Af of order 200 MHz

225 m spacing gives 30 PeV

Margin of at least 10x for GZK
neutrino energies
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Upper limits (Hussain)

_ 107
B
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Cautions: 1) presented upper limits can float’ horizontally (no energy
resolution), 2) different model parameters used for different modes, 3)
90% vs. 95% C.L. limits, 4) results depend on binning
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T460 rock-salt target
N

2cm

e Beam exit point shown above

e Depth ~ 15 radiation lengths

rock-salt bricks _
— Shows some deposits from

(density=rock salt) _ ot
_ spallation, good indicator of
* -+ some filler from local transverse size of shower!

grocery store...

e 4lb high-purity synthetic
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log4g (vE) V/Im/MHz at 1m
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‘10100 :10600

Ultra-wideband data on Askaryan pulse

frequency, MHz

2000 & 2002 SLAC
Experiments confirm
extreme coherence of
Askaryan radio pulse

60 picosecond pulse
widths measured for
salt showers

Flat spectrum radio
emission extends well
into microwave
regime
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