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COSMIC RAYS

Cosmic ray flux observed
across 11 orders of
magnitude

Most energetic events:
several * 10"V

Puzzles: origin &
acceleration mechanism
for such ultra-high
energy (UHE) cosmic rays

10° [ 'n‘m If”?lT“ T'TTT LRALLILT 'H'm‘] 1!”'!‘“ TTTITN T roTmy T ITrmy !HI'H’] IR R R

J. Beatty and S. Westerhoff, Ann. Rev.
Nucl. Par. Sci. 59 (2009)

€ 1 particle / m?sec

A LEAP
Proton
AKENO
KASCADE
* Auger SD
% Auger hybrid 1 particle / km? year
A AGASA
+ HiRes-1 monocular
0 HiRes-ll monocular
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‘NEUTRINO-COSMIC RAY CONNECTION

Neutrinos and gamma rays are produced when cosmic
rays interact with ambient matter/radiation field

Cosmic rays ~<10"eV bent by magnetic fields in flight.
Gamma rays absorbed/cascade down ~>TeV

Neutrino are immune to both
-
\\

Y

Astrophysical &
beam dump “
Y Y

_+_

+ D

T —>,u+yu—>e

VeV, Vy
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COSMOGENIC NEUTRINOS

Photohadronic interaction

>
betV\qggn UHE cosmic rays 5
(>10 eV)and CMB ‘f
ohotons =

O HiRes

® Auger

P+vcmB = A" > n+ 7"

n—>p+e +‘

-+ power laws

— power laws + smooth function

T — /.L+@ 10"8 10" 10°° Energy [eV]

it e

This is the Greisen-Zatsepin-

Kuzmin (GZK) process - a
‘guaranteed” neutrino flux
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RADIO DETECTION

e Estimated event rate: ~<1/km3/yr
e Demands for detector ~100km?

Radio transparency inice The Askaryan Effect

O = 8y Rl l 1 L L ] | | I | | | I T ] Interaction Vertex
- 300 MHz ; '

small A add
destructively

- Top 1.5 km:

2 O +255 3
- (Lglicis00 = 16604232 AL

llllllll

large A add
coherently

~20% charge
asymmetry

./ Al ice:

(Lo)acasso = 82052 m

llllllllllllllll[ll

/
947 \\
N | | NI B A T B B L1 |

500 1000 1500 2000 2500 i ~ '/
attenuation length, m Peak emission 0.1~1GHz
P~N.~E?

Highly polarized broadband signal
Confirmed detection in ice, SLAC 2006
(Phys. Rev. Lett. 99:171101)
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Kilometer-scale attenuation length
for radio signal in South Pole ice




ASKARYAN RADIO ARRAY

Amundsen-Scott
South Pole Station

ARA station

Firn (50 m) - /
P
= 56" 1

O Deployed ARA O
Station

OPIanned ARA O
Station

South

<:) (:> Poke<>

Tést&gd IceCube

<>s't'h
3‘.’ - 1“" Pole

iy Station

Full ARA37 covers ~100km?
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HARDWARE

ARA Instrumentation

Central Station

Calibration
antennas

Antenna
clusters

A 4
Deployed ~40m from station
center, allows in-situ calibration

450MHz notch filter
removes SP comms

\

Optical
fibres from
in-ice
antennas

[ 3

FO

| transmitter

‘ I‘ Hpol

!
Vpol %

For each
string (4 X)

ATRI board

Band filters

| 150~850MHz

Antenna
requirements:
1. Broadband

2. Azimuthal
symmetry
3. Fit in the hole
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ARA DATA

3 ARA stations operational

String 1 String 2 String 3 String 4

SNg3.aned ty syingt.ants ypet

STATION2 -- Run 5495

Event: 3282 -- Time: 2015-04-29 23:56:50 -- Trigger: 254.00000
S3 S4

400 ns
High signal/noise in all 16 antennas

ARAO2 Vpol calibration pulser event Simulated on-cone 10"V event 1.2km away
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CALIB

No physical background for ca

Man-made calibration source:
| ocal cal pulser

ceCube rooftop pulser

Mobile surface pulser

expected/deg

- 195

- 206
230.0
2340

reco/deg
- 151+ 0.3
— 160+ 0.4
231.0+ 0.2
2350+ 0.3
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238

ceCube Deep pulser(~1.5km deep)
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After improved geometry
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2 STATIONS ANALYSIS

e Data from station 2 & 3 in 2012-13 season was used in neutrino search
 No candidate found in 10 month period.
Expected neutrino: 0.11 +- 0.002
Expected background: ARAO02 0.009+-0.010, ARA03 0.011+-0.015
(Allison et al. arXiv:1507.08991)

| H— ANITA 11 2010 limit Yesk ARA2 (10 m) limit

[[¢=¢ Rice 2011 (12 yr) limit ==  ARA37 (3 yr) projected sens.
. | @=@ Auger (9 yr) limit x3 w Kotera 2010

expected L | = lcecube (2 yr) limit o Ahlers 2010 best fit

SP station | |W=l TestBed 2014 (1.5 yr) limit +HHH IceCube 2013 meas.

[| mm  ARA2 (10 m) trigger

calibration calibration
Pulser D6 Pulser D5

ARAO3 Summer

~50 100 450 200 250 300 350
Azimuth D / deg

:il_'-rl.:l.—r_ﬂﬂmhz-h:l:!: _- . T
surface cut -

O

-—
<

T

surface cut

expected
SP station

B

calibration calibration
Pulser D6 Pulser D5

ARAO3 Winter

“50 900 180 200 250 300 350
Azimuth ? . / deg

1

O
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INTERFEROMETRIC RECONSTRUCTION (PRELIMINARY)

In principle, Askaryan signals should behave similarly in time-domain across registered

receiving antenna
Cross correlating a pair of different waveforms indicates the signal “delay” between two

channels
For reconstruction, set of delays associated with each point in the sky is computed. Cross

correlation values are computed per these delays and summed

1 A : :
PP =77 [, 2 2 di v+ B +7,()

[=] j=|

"COHERENCE", CONTAINS
VERTEX POSITION INFO
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ANGULAR RECONSTRUCTION -CALIBRATION PULSER

Cross Correlation Coefficient Cross Correlation Coefficient

B 4 e
0.520155 13.6566

e 2013 ARAO3 March filtered events -D6BV pulser
e Pulser distance fixed as known (42m)

2013 Mar. A3 D6BV Pulser Radiospline Zenith Reconstruction 2013 Mar. A3 D6BV Pulser Radiospline Azimuth Reconstruction
i recoAziDist
Entries 554

Mean 63.5
RMS 0.1893

True Reco Mean DiIff.

Zenith 106.3° 106.2° -0.1°
Azimuth 63.8° 63.5° -0.3°

40 60 80 100 120 140 Z1€6n9th 130
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ANGULAR RECONSTRUCTION - SIMULATION (PRELIMINARY)

e Data set: 10"V neutrinos vertices randomly scattered around single ARA

station, up to Skm Example Event

True Reco Diff.

Zenith 102.74° 102.94° 0.2°

Azimuth 222.69° 222.89° 0.2°

10'%eV Single Solution Events M__>5 10°eV Single Solution Events M__>5
510° S0
o

=

>

O ntries
@)

7 Max Coherence > 5
107
Gaus. Fit
Mean: 0.0049° ‘ Mean: 0.0049°
Sigma: 0.35° Sigma: 0.35°
10 0

- 10 20 30 -10 -5 0 S 10 . . :
Reco Zenith - True Zenith [°] Reco Azimuth - True Azimuth [°] S INERAUIaItIR e (18}



SUMMARY

2 ARA stations taking data for more than 3 years.
Analysis of 2 stationsXyear data finds no neutrino
candidate. Analysis chain established and detector
largely understood

New analysis techniques to be applied to recent
data.
Coherence cut v: 0,:1.3° g,:0.31°

Funded 2017/18 for 2 more stations (5 total). GZK
discovery potential ~ lceCube

Full ARA37 will be most cost-effective determining
cosmic neutrino flux > 100PeV, complementary to

lceCube

Very young field. R&D to be done to lower energy
threshold, cost

THE UNIVERSITY

E)) ADELAIDE
RN 2

11 EIZMANN B3¢
INSTITUTE
OF SCIENCE ¥ { '3

14

UNIVERSITY JOF UNIVERSITE
Nebiaska  vis LS

Lincoln DE BRUXELLE

THE UNIVERSITY OF

CHICAGO
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THANK YOU

Published:
TestBed Performance: Astroparticle Physics 35 (2012) 457 (arXiv:1105:2854)

TestBed Diffuse Limit: Astroparticle Physics 70 (2015) 62 (arXiv:1404.5285)
TestBed GRB limit: arXiv:1507.00100 (subm to Astrop. Phys.)

In publication:
Recently the first paper submitted on ARA design station result:

ARAZ2 Diffuse Limit: arXiv:1507.08991
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CALCULATION OF COSMOGENIC

NEUTRINO FLUX

F(E,) =

C

4

primary energy

5

-

source
function

neutrino
yield

db?

Y(E, E,,2)—2dz.

S
p

R. Engel, D. Seckel. T.
Stanev
Phys.Rev.D64:093010,2001
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FLUX DEPENDENCIES

IIIIIIIIIIIIIIIIIIIIIKIIII\IIIIIIIIIIIIIIII‘l'I'//IIII II/I/IIII
1078 lceCube—-22 \ — ) _
/
| \////, g
| v //
Ll Auger - -
- 10 1 —= = = =~ N
' ' lceCube—-380 -7 =<, JEM-EUSO
(7)) 1 ’z/, \~\‘
crm 1078
-
O
>
o 107°
L
©
~
prd
© 107'°
T
10—11
10_12IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII‘;“IIIIII\IIIII
5 6 7 8 9 10 11 12
log E [GeV]

A. Olinto, K. Kotera, D. Allard
arXiv: 1102.5133 (2011)

Dash-dotted: FRII strong source
evolution, pure proton composition

Grey region: A range of SFR
source evolutions, mixed
composition

Solid: grey + uniform source
evolution

Dotted: uniform source evolution,
iron-rich composition, low Ez

max

Dash: uniform source evolution,
pure iron composition, high Ez__,

Measurement of the neutrino flux:

1. Correlation with astrophysical sources
2. Implication on cosmic ray composition

3. Constrain source distribution

4. Particle physics at the highest energies
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ASKARYAN SIGNAL MODELING

MR AR LR R A | '-'V_VW"T——V_T—T-“W"WYMW—-""W

Parametrization 8=6¢

\
|

R x E(v) (V/MHz)

RE(v)/E, [ (V/MHz)/ TeV]

Eg=10 Tev- A
Ep™ ! Pev”

\

\

P | PLUEPTY ™ | - P |
102 103 104
Frequency (MHz) Observation angle (°)

-~ Sondend.

aaaaal
101

Detection in silica sand (Phys. Rev. Lett. (2001) 86.2802)
Detection in rock salt (Phys. Rev. D72(2005) 032002
Detection in ice, SLAC (Phys. Rev. Lett (2007). 99:171101)

Peak emission 0.1~1GHz
P ~ Ne¢? ~ E?
Highly polarized broadband signal

Time (ns)
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ASKARYAN SIGNAL POLARIZATION

Electric Field Polarization

shower

M.-Y. Lu 2016 Lake Louise Winter Institute



LPM EFFECT & NC/CC INTERACTIONS

LPM Energy threshold ~ several PeV PHYSICAL REVIEW D 61 023001

v=100 MHz
- RE(v) Unit [2.2 107 V/MHz]

\ E,=10 EeV

\

L 1

‘100 200 800 60
Depth (Unit=X,=36.08 g cm™?) Observ. angle (°)

FIG. 1. Left: longitudinal development of electromagnetic (solid
lines) and hadronic (dashed lines) showers in ice for different ener-
gies. Right: angular distribution of the electric field amplitude emit-
ted by the showers shown on the left. Shown is the value |E(v)R)|
where R 1s the distance to the shower, normalized to its maximum
at the Cherenkov angle (6,-=56°). The units, that is the precise
values at the maximum, are marked in the figure. For the 1 PeV
case the electric field amplitude obtained in a complete simulation
[13] (dot-dashed line) is also shown to compare with the approxi-
mation used [Eq. (3)].
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LPM EFFECT & NC/CC INTERACTIONS

LPM Energy threshold ~ several PeV

J. ALVAREZ-MUNIZ, R. A. VAZQUEZ, AND E. ZAS

1010

] 108
| 108
104

102

\
L

60 80 100 100 150

Depth (Unit=X,=36.08 g cm™?)

FIG. 3. Longitudinal development of hadronic (dot dashed lines)
and mixed showers (solid lines) initiated by neutrino interactions in
ice (see text) for different values of neutrino energy and y as
marked.

PHYSICAL REVIEW D 61 023001

1‘00:- T
0.50

0.20
0.10}

0.05F

e y=0.2 i
' RE(v) Unit [0.021 V/MHz] | %02F
NP PN PP EMEEPEPE I R, ) B
45

b
o
(=
[rrg

40 60 60

Mod[RxE(»)]

T T ] L.00F
1 o.50¢F

J 0.20

[ RE(v) Unit [0.020 V/MHz] | ®'°F RE(v) Unit [0.203 V/MHz] ]

E E,=1 EeV 3 005" B =10 Eev ]

- y=0.8 1 o02F y=08 .
1

1 I Ll .01 1 1 I
40 50 80 70 46 60 60 a5

Observation angle (°)

FIG. 4. Interference pattern for =100 MHz corresponding to
the showers of Fig. 3. The figure plots |E(v)R| following the con-
vention of Fig. 1.
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DRILLING AND DEPLOYMENT

Hot-water drilling

Water pumped out and leaves dry hole
Hole diameter ~15cm

Design depth 200m (8 hr)
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ANTENNA DESIGN

Vertically Polarized (Vpol)

short cable
with Alminum Wrap ———
with Pyramid Absorber

Power [dB]

Angle [deg]
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ANTENNA DESIGN

Horizontally Polarized (Hpol)

Azmuthal angle ¢

VSWR . Measured - Simulated

4 E+08 6.E+08 8.E+08 1.E+09
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DELAY COMPUTATION

lce index of refraction varies
with depth. Change is most
drastic near surface (firn) -> EM
waves travel in curved paths -
raytracing

|deal direction/distance
reconstruction need to take
account raytracing effect

Semi-analytical approach to
compute ray paths. Tabulate
and fit with B-Spline the delays
thus computed

firn index vs. depth

RICE+asymptotic n=1.79 —+—

1.3250 + a1*(1.0-exp(-b1*x))

index of refraction
vs. depth

10
Depth (meters)

Distance

Il Solution 0
B Solution 1

500 1000 1500 2000 2500 3000 3500 4000
Horizontal Distance (m)

nter Institute



RETRACE SHADOW BOUNDARY

Region with raytrace solutions

Antenna depth: 25m

2 25 3 35 4
XY Distance (km)

nna depth: 200m

2.5 3 3.5 4
XY Distance (km)

27 M.-Y. Lu 2016 Lake Louise Winter Institute



C. Weaver

Ray Tracing

® The problem is a system of ODEs so one can use
standard ODE techniques, such as Runge-Kutta

® |n particular, such methods can use an adaptive step
size to move very quickly where the ray varies slowly

dx . do , 1 dn
o) g =m0 G

ds
dt  n(z) dr T

£_ C E_A(Z,f)

(where T is amplitude and A(z,f) is attenuation length as a function of depth and frequency)

M.-Y. Lu 2016 Lake Louise Winter Institute



- . C.W
|dentifying Solutions™

® |n general, we have two endpoints, and we

want to know the properties of the ray(s)
which connect them

Solving the differential equations requires an
initial angle which is unknown

In general, must use trial and error to find a
ray which travels from the source to the
target, within some margin of error

Allowing for reflections complicates matters

M.-Y. Lu 2016 Lake Louise Winter Institute



aver

Semi-Analytical Approac

Casting lots of test rays is expensive!

Sohda et al.:“Image formation in an optically
stratified medium: optics of mirage and

looming” (1967)

For the case of a pure exponential index of
refraction, the authors derive a functional
form for the direct ray path

Our index of refraction is a very similar form:

Sohda, et al.: South Pole Ice:

n(z) = Be®? n(z) = A+ Be®?




C. Weaver
Schematic

(Base figure from Sodha et al.)

Sketch of Derivation

From Snell’s law: n(z0)sin(6y) = n(z)sin()

Substituting n(z) and solving for O gives:

@ = arcsin | sin @ A+ Be®
- O A + BeC-
. dz
Also, we have: - = tan(6)

Substituting and rearranging gives:

‘ A + BeC%o
T —Xp = / tan (arcsin (sin 0, " __t BZCZ’ )) dz'
20
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W
Condition for Direct ﬁ o

® Ve arrive at:
C\/ A2 — g2n? (2o — 7) =In (\/n2 o2n2 + +/A? — o2n? N A )

JoNo n—A \/Az _ Ugng

(\/no_ffo +\/A2—aong+ A )

ng — A VA2 — 02n?
where 0¢ = sin(6y), no = n(20),n = n(2)
® This cannot be solved analytically for Gy, but
it can be done numerically

® This is much faster than doing the same
thing (root finding), but using a ray-cast for
each evaluation

M.-Y. Lu 2016 Lake Louise Winter Institute



DISCOVERY POTENTIAL

Model & references Ny: ANITA-II, ARA,
(2008 flight) 3 years

Baseline cosmogenic models:

Protheroe & Johnson 1996 [27] 0.6 59

Engel, Seckel, Stanev 2001 [28] 0.33

Kotera,Allard, & Olinto 2010 [29] 0.5
Strong source evolution models:

Engel, Seckel, Stanev 2001 [28] 1.0

Kalashev er al. 2002 [30] 5.8

Barger, Huber, & Marfatia 2006 [32] 3.5

Yuksel & Kistler 2007 [33] 1.7
Mixed-Iron-Composition:

Ave et al. 2005 [34] 0.01

Stanev 2008 [35] 0.0002 1.5

Kotera, Allard, & Olinto 2010 [29] upper 0.08

Kotera, Allard. & Olinto 2010 [29] lower 0.005 4.1
Models constrained by Fermi cascade bound:

Ahlers et al. 2010 [36] 0.09 20.7
Waxman-Bahcall (WB) fluxes:

WB 1999, evolved sources [37] 1.5 76

WB 1999, standard [37) 0.5 27

ARA collaboration
arXiv:1105.2854
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I CECUBE 6YRS EHE LIMIT

GZK v Yoshida et al. m=4 Zmax = 4 y=2
GZK v Ahlers et al. best fit with 3 EeV transition
GZK v Ahlers et al. 99% CL range with 3 EaV transition

GZK v Kotera FRII, Emax 316 EaV ANlTA-”(201 0)

RICE(2012)

PAO(2015) v, ,, limit x3
[2004-2013]

/ e
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»
N
3
o~
)

'l
[
o
-
~
<~

lceCube(2012)
[2010-2012]

this work
[2008-2014]

Y
¥

) [C

O(E

N2
\

Sensitivity
— 90%CL Upperlimit

lceCube Preliminary

A. Ishihara for the

lceCube collaboration, TAUP “15 , _ _
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ATTENUATION OF RADIO SIGNAL IN ICE

Dielectricconst. &€ = &' —i&"

Index of refrac. n = \/E = \/RG(E)

Loss(dB/m) = 8.686——[¢' tand

2c,
Loss tangent  tano = €''/ ¢’
Attenuation length [, ~ (1/f)8'/8”

Here, ¢ is the electromagnetic wavespeed in vacuum, and w (=27 f) is the angular frequency. The
absorption of radioirequency electromagnetic radiation can result in either bulk conductivity (in
ice, due to the mobility of proton defects (Petrenko, 1999), and growing with frequency) or po-
larization of the medium itself (due to rotation of the ice molecules at their fixed sites, having a
resonance pole at f ~ 107 Hz and a magnitude decreasing with frequency away from the resonance

pole). In the frequency regime 0.1-2 GHz, due to the dominant polarization and lattice vibration

~ "" ~
effects, we expect that €" ~ 1/f, or L, ~constant.
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ATTENUATION OF RADIO SIGNAL IN ICE
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