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Cosmic Rays and Neutrino Sources

Cosmic rays exist at highest energies:

The puzzle
No nearby (<50Mpc) sources observed.
More distant sources are not observable in
cosmic rays due to collisions with microwave
background.

Neutrinos above 10'7-1% eV, GZK or cosmogenic
neutrinos are at some level guaranteed.

However, fluxes will be small, requires

very large detectors

p+voms = AT = p+n°
—>n—|—7r+

Gaisser 2005

Energies and rates of the cosmic-ray particles
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Energies and rates of the cosmic-ray particles
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Neutrinos as messengers

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

Existence of extragalactic neutrinos inferred from CR
spectrum, up to 10?2°eV, and similarly, Galactic up to
108 eV

Need gigaton (km3) mass (volume) for TeV to PeV
detection, and teraton at 101° eV

Neutrino detection associated with EM sources will ID
the UHECR sources

“EM Hidden” sources may exist, visible only in
neutrinos.

Neutrino eyes see farther (z>1), and deeper (into
compact objects), than gamma-photons, and straighter
than UHECRs,with no absorption at (almost) any energy



The cosmic energy frontier, 10’ to 10! GeV
Cosmogenic or GZK neutrinos
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The cosmic energy frontier, 10’ to 10! GeV
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ASKARYAN EFFECT



Detection mechanism proposed by G. Askaryan (1962):
Measure the coherent RF signal generated by neutrino interaction in

dielectric media (such as ice)

charge asymmetry in particle
shower development results in a
20% excess of electrons over
positrons in a particle shower

moves as a
compact bunch, a
few cm wide and
~lcm thick >
Moving net
charge ina
dielectric

wavelengths shorter than the
bunch length suffer from
destructive interference

nucleus
L is the
A4 >* == length of
Particl the bunch

E>10YeV

electric field strength
proportional to the square
of the shower energy

=— A S>>/

Add coherently!



Askaryan Effect

In electron-gamma shower in matter, there will
be ~20% more electrons than positrons.

Compton scattering: vy + € atrest) —= Y + €
Positron annihilation: e+ € 3t rest)y = Y + Y

In dense material Ryoliere™ 10cm.
A<<Rwmolicre (Optical case), random phases=

A>>Ruoliere (Microwaves), coherent =

dPCR
dv

X vdv




Validation at SLAC

ANITA | beamtest at SLAC (June06): proof of
Askaryan effect in ice

= Coherent (Power ~ E?)

= Linearly Polarized
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Natural target material?

Lunar regolith (20m attenuation length)
Parkes Telescope; GLUE; WSRT; ...

lce (100-1500m attenuation lengths)
Forte (satellensaltedite); ANITA (balloon); ARA

Salt (100-500m attenuation lengths)
SalSA (proposed,)

Air is too thin

Water is RF lossy, natural, outdoor, sand (as
opposed to pure silica) is also lossy



INSTRUMENTATION



107 to 101! GeV: Radio ice Cherenkov detection

Askaryan Radio Array (ARA) heritage:
Existing and previous instruments using radio in Polar ice

Members of all three efforts are currently involved with ARA

Special radio detect
arr:jcgzls::rs"?n Iieegtft:: AN ITA

RICE

\
£ |
9] ‘
-array of single dipole antennas L E é
deployed between 100 and 300m near SN
the Pole Al *balloon payload of horn antennas
: . | ssurveys the ice cap from high altitude
-much of the instrumentation was | for RF refracted out of the ice
deployed in AMANDA holes f = high fidelity data acquisition
- Pioneered technique in the ice " system >Gs/sec waveform capture
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107 to 101! GeV: Radio ice Cherenkov detection
Askaryan Radio Array (ARA)

- a very large radio neutrino detector at the South Pole

Ref: Allison et al., Astropart.Phys. 35 (2012) 457-477,
arXiv:1105.2854 (Design and performance paper)

Deployed ARA
Scientific Goal: .Station c o 0O © ARA37

* Discover and determine the flux of QfemedA"o O O O O

highest energy cosmic neutrinos.

* Understanding of highest energy south
cosmic rays, other phenomena at ©c o0 o0 0 0 oTesth?.cecube Poleg

highest energies. o 3 1 sout
Method:

Station
Monitor the ice for radio pulses
generated by interactions of O,kmO O O
cosmic neutrinos with nuclei of

the 2.8km thick ice sheet at the
South Pole Areal coverage: ~150km”2

O O O o 2

Skiwav



107 to 101! GeV: Radio ice Cherenkov detection

ARA station geometry

Design goals and choices:

* Every stationis a fully
functioning detector.

- Lower energy threshold:
nearby events (300m) can
be reconstructed.

Background rejection:

- Embedded strings: Allow
good vertex resolution
and high vertical

resolution for background
rejection
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Why strings?

(rather than surface antennas) _Ray traces 200m

* Acceptance: x2

— Embedded detectors have larger
acceptance due to shadowing
caused by gradual change of index
of refraction in the upper 200m of
ice.

Depth [lkm]

N

— @Gain at 200m depth compared to

1 . 2 3
Distance [km]
surface: > x2 event rate

Horizon for 3 different receiver depths

* Background rejection: T B ——
— Transient backgrounds, man made =
and natural come from surface! =06
— Neutrino events generate vertex in ?
the ice and the signal can be 12
uniquely separated by basic event
reconstruction. 18 , . , .
0 0.5 1 15 2 2.5

Horizon [km]



T Station Controller _
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Signal Chain

Physics: Neutrino interacts in the ice, charged particles
generate shower, Askaryan radio pulse

Antennas: Radio pulse wave-front arrives, superimposed
on thermal (background) noise

LNA: Amplify the delicate signal with minimum additional
noise, close to the antenna

RFoF (transmitter & receiver): Transmit signal to the
surface without cable distortions, and then return optical
to electrical signal

Trigger: Diode detectors (“square law”) followed by
combinatorial logic (e.g., 5/16 or in the future something
more complex)

Readout: Analog capacitor storage, triggered readout,
digitization, transfer to station computer, fiber to IceCube
Lab building, hard drive storage, & satellite to North



RECENT WORK



@ Deployed ARA O O @) O ARA37

Station Rev 2/4/15
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ARA field activities on the ice




ARA field activities on theice

Deep calibration pulsers deployed with IceCube
2011-12: ARA1 prototype deployed: ~70m due to drill limitations
2012-13: Drill upgrade,
Built and Deployed two more stations, now at 200m depth
3 stations Comparable to sensitivity of IceCube at 10'%eV
2013-14: Calibration activities
= 2014-15: Calibration activities, repairs on ARA1
2015-16: Calibration activities, another repair on ARA1

T"*.‘:.’ﬁ's
{ 4 . '




lceCube Laboratory

ARA equipment base and shop
(former IC equipment) \

IceCube mfrastructure
helpful as a lab to host the ARA DAQ

and facilitate ARA operations
(similar data flow mechanisms)

Two IceCube wmter -overs
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N
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First results & summary

*Demonstration of analysis
chain

*Good sensitivity above 10/
eV

*Relatively low energy
threshold

*Many improvements
possible to hardware,
processing

1072

||-— ANITA 11 2010 limit

Yeske ARA2 (10 m) limit

¢—¢ Rice 2011 (12 yr) limit == ARA37 (3 yr) projected sens.

=@ Auger (9 yr) limitx3 oo Kotera 2010
= |cecube (2 yr) limit e Ahlers 2010 best fit
| |0 TestBed 2014 (1.5 yr) limit

i IceCube 2013 meas.

== ARA2 (10 m) trig.




The Future...

* NSF funding has been slow/difficult

 Three similar, competing projects (ARA,
ARIANNA, GNO)

* Looking ahead for a four year deployment
push to complete the ARA-37 design

— Electronics updates

— Better trigger algorithms
— Data reduction at on-line & off-line

* Farther out, even larger detector in concert
with the rest of Generation 2 IceCube
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Opticaul
ZONU
transmitter

In-ice:

ARA DAQ

— Notch filter at 450 MHz (anthropogenic noise)

— Low noise amplifiers

— Optical Zonu RF over fiber

Surface:

— Band filters: 150-850 MHz

— IRS2 digitizing chip: sampling up to 4 GHz, 10 us
buffer

— Trigger on 3 out of 8 antennas in 170 ns

Optical
fibres from
in-ice

antennas

For each
string (4 X)

Xilinx Spartan6 FPGA:

ATRI board

Band filters
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Vpol calibration pulser event in ARAO3

* Trigger rates:
— ~5HzRF events
— 1 Hz Calibration pulser
— 0.5 Hz Forced software trigger

K. Mase @ ICRC: Calibration of the ARA
frontend, 1/8, 1136



From the South to the North

Nghannel ﬁltﬁer

Filtering at Pole to reduce data
volume

~80 GB/day/station -> 250 MB

over satellite =+ R T
Remainder is picked up by hand ) . - =
once a year

Currently 3 filters: b ;:EFW* ¢ -
— Nchannel filter: calculate threshold : .

from recorded waveforms, allow TimeSequence filter
events that exceed threshold 12

Top-view on ARA 1— transversal
station 2 — parallel

3 diagonal 1

— TimeSequence: calculate compatibility

< ° 10 4 diagonal 2
of hit timing with plane wave q . ’; Pesk position
— Minbias: random selection of 1 event e °
6
per 200
Side-view :
. 4 :
A\ R A b i
. -40 -20 40 60

30



Simulation: AraSim

Official collaboration Monte
Carlo simulation package for
assessing sensitivity and general
use

Simulated events written in data
format for direct comparison

Simulates full trigger and signal
chain for neutrino events
detected by ARA stations

Takes into account:
— Index of refraction model
— Calibrated noise simulation
— Antenna and electronics responses
— Trigger model
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First Analyses: ARA 2/3

Azimuth error vs residual

Matrix based event reconstruction 0 IS I ._
(Bancroft’s Method) ;5 ™ - TR T i

— System of equations based on arrival time J i 10"
differences from correlation f “ | ?_

— Causality for 1 antenna: : 100 ! 0
Ot -1) =(r-x) +(n-n) +(emn) i

-6 -4
Log10(residual)

— Difference for 2 antennas:

. . . _ . 2 _ 2_ 2_ 2 2 _ 2
X, 2dx;+,  2dy; + 2, 2dz; — 1,27ty = 17 =1} = ¢ (di], , — i}, )

— Write as vectors: A*v=b,v=(x_ v,y v,z Vv,t V)

10" Neutrino events
— Linear algebra: scan over t_v, minimize residual
2 102
b Axvy
bl |A*v]
ot Noise event?

6 -4 2 0
Log10(residual)
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First Analyses: ARA 2/3

1
30
160 ARAO2 skymap o5 .
140 —25
2 stations, 10 months of data (2013) 120 / calibration pulsers ==—j, ..
Cut on: 100 D6
15
— Reconstruction quality (residual) % %0
N
— TimeSequence algorithm 60 LCIS/ Surface 10
No neutrino candidates, set upper O -;,«,,;» tw”"’t'*ﬁ-hwa_.. 5
T . LIRS T Y T T s T, sl T
limit with systematic errors A e T wREL L
% so 100 150 2 “as0 a0 aso O
Expected (total): Azimuth o,/
180
— 8.(1)2nzut:<|nos, ; 160; ARAO3 skymap .10
- 0. ackgroun o) s
Further information: 20! o8 os |
° | 10*
— ICRC proceedings: 1115 3 100! %
— arXiv:1507.08991 £ 0| 8 10’
60 ice Surface - 10?
a0l Sky e L . e cot
j . " it Mg g Ittt T oR e S L L L,
20. . . ) ~ LI e te, .* - . ® 10
06' 50 100 150 200 250 300 350 '

Azimuth 9 eco /°
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The final limit compared to ARIANNA
limits and sensitivity

What is our sensitivity:

Projected from the ARA2 trigger
level of 2013: multiplied by (37/2)
- for 37 stations 3.0%(365/224): 3
years of 100% lifetime as opposed
to 224 days collected in 10 months.
(actually 220 for A3 and 228 A2)

Included loss from semi-
optimized trigger settings <10%

Loss due to coincidences is
partly included: Coincidences
between 2 stations

This is trigger level scaling!
Analysis efficiency is NOT
accounted for

ANITA 11 2010 limit = -u ARIANNA HRA7 (4m) limit

o—e Auger (9 yr) limit x3 -=-- ARIANNA (3yr) proj. sens.
— Icecube (2 yr) limit Kotera 2010
*=% ARA2 (7m) limit e Ahlers 2010 best fit

 ARA37 (3 yr) projected sens. +++ IceCube 2013 meas.
L)




The final limit compared to ARIANNA
limit

10'2 — ANITA 11 2010 limit = -u ARIANNA HRA7 (4m) limit
o—e Auger (9 yr) limit x3 Kotera 2010
— lcecube (2 yr) limit o Ahlers 2010 best fit
10-3 s=% ARA2 (7m) limit +H+F IceCube 2013 meas.
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The final limit and sensitivity (ARA
only)

= ARA37 (3 yr) projected sens.
Kotera 2010
------- Ahlers 2010 best fit
+H+F IceCube 2013 meas.

1072|[— ANITA 11 2010 limit
o—e Auger (9 yr) limit x3
— Icecube (2 yr) limit
*=x ARA2 (7m) limit

21

14 15 16 17 18 19 20
log1(E/eV)



The final limit with the trigger level
(ARA only)

10'2 —— ANITA 11 2010 limit ==+ ARA37 (3 yr) projected sens.
o—e Auger (9 yr) limit x3 Kotera 2010
— lcecube (2 yr) limit o Ahlers 2010 best fit
10 3|| ==+ ARA2 (7m) trigger +H+F IceCube 2013 meas.
%= ARA2 (7m) limit

=
o
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=
<
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=
S
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Deployment setup










Cutting main trench
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Hole qualifier







lce Attenuation Length

« Most radio transparent material on Earth!

« Depends on ice temperature. Colder ice at the top.

« Reflection Studies (2004) (Down to bedrock, 200-700MHz):
“normalize” average attenuation according to temperature

profile.
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