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INTRODUCTION	
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Cosmic	Messengers	
•  Cosmic	rays	
–  Charged	-	subject	to	magnePc	
deflecPon	

–  Lose	energy	to	GZK	
•  Gamma	rays	and	other	photons	
–  AVenuaPon	

•  Neutrinos		
–  No	aVenuaPon	or	deflecPon	
– Weakly	interacPng	-	difficult	to	
observe	

–  Only	extraterrestrial	sources	
•  Sun,	Supernova	1987A	
•  new	IceCube	events	
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GZK	Process	and	Sources	
•  Greisen-Zatsepin-Kuzmin	(GZK):		

Cosmic	rays	with	E	>	1019.5	eV	interact	
with	cosmic	microwave	background	
(CMB)	photons		

•  Process	produces	BZ	neutrinos,	some	
at	ultrahigh	energies	(UHE)	

•  Neutrinos	happily	conPnue	on		
•  UHE	neutrinos	could	also	be	produced	

at	a	source	locaPon	
–  If	observed,	will	trace	back	to	source	

•  Low	Flux	at	Earth	
•  Less	than	1/km3/year/energy	decade	
•  Need	large	volume	detectors	
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After energy-rescaling.. 
• Rescaling factors within systematic uncertainties 
• Reference spectrum is (Auger+TA)/2 

Ankle @ 5x1018eV 

GZK-effect above ~4x1019eV 

Auger, TA,Yakutsk & HiRes Collaborations, Proceedings of UHECR 2012 
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Proceedings	of	UHECR	2012	



SynopPc	Detectors	
•  SynopPc	–	balloons,	satellites	–	
ANITA,	EVA,	PRIDE	

•  Large	target	volume	-	O(106	km3);	
short	flight	Pme	30-40	days		

•  More	limited	viewing	angles	à	
less	solid	angle	

•  Must	be	reconstructed	ajer	
flight	and	“landing”	

•  Good	as	a	“discovery”	instrument	
for	highest	energies	(>1020	eV)	
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In	Situ	Detectors	
•  In	situ	arrays	–	IceCube,	HEX/NGI,	RICE,	

ARA,	ARIANNA	
•  Long	operaPon	Pme	(years);	smaller	

observable	volume	-	O(100	km3)	
•  Larger	solid	angle	for	observable	signals	
•  Environmental	problems	in	situ	–	

measure	and	model	environment,	ice	
•  But	beVer	able	to	obtain	more	

informaPon	about	event	-	direcPon,	pol.,	
etc.	

•  Good	as	an	observatory	–	long	term	
stability,	reaches	lower	energy	(1017	eV)	

•  BeVer	able	to	see	unexpected	events	
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Size	scale	of	shower	
Rmoliere	 	~10	cm	

ParPcle	shower	

DetecPon	technique	
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•  How	to	get	large-scale	detecPon	- 		
–  Brute	force:	make	100X	IceCube	
–  Use	a	different	approach	–	radio	Cherenkov	
technique	

•  Coherent	Cherenkov	signal	from	net	
“current,”	instead	of	from	individual	tracks	
– A	~20%	charge	asymmetry	develops	in	the	
shower	(positrons	annihilated,	electrons	not)	

–  If	λ	>>	RMoliere	(radial	size	scale)	→		
	 	Coherent	Emission	

– Hypothesized	by	Gurgen	Askaryan,	1962	
– Effect	observed	in	ice,	water,	salt	
–  Impulsive	bipolar	signal	

•  Long	(~1	km)	aVenuaPon	lengths	in	0.1-1	
GHz	à	large	observable	volume	
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Detector	Concept	
•  Place	antennas	in	ice	to	
observe	the	radio	signals	

•  Delays	in	arrival	Pmes	
used	for	reconstrucPon	

•  3-D	array	design	for	each	
staPon		
–  Varying	baseline	direcPons	
–	not	localized	to	1	plane	

–  Good	reconstrucPon	in	
arrival	direcPon	from	
surrounding	ice	volume	

•  ObservaPon	angle	determines	
the	coherence	of	the	signal	
and	thus	frequency	content		
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EXPERIMENT	AND	DETECTOR	
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ARA	CollaboraPon	

•  InternaPonal	collaboraPon	with	12	insPtuPons	
•  ~50	authors	

USA:	
	Ohio	State	University	
	University	of	Delaware	
	University	of	Kansas	
	University	of	Maryland	
	University	of	Nebraska	
	University	of	Wisconsin	–	Madison	

UK:			 	University	College	London	
Belgium:		Université	Libre	de	Bruxelles	
Japan:	 	Chiba	University	
Taiwan:	 	NaPonal	Taiwan	University	
Israel:	 	Weizmann	InsPtute	of	Science	
Germany:	University	of	Bonn	
Australia:	University	of	Adelaide	
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ARA	layout	

•  Currently	installed:	3	design	staPons	+	1	shallow	prototype	Testbed	
–  InstallaPon	dates:	Testbed	2010-2011	@	30	m	depth;	
–  A1	2011-2012	@	100m	depth;	A2	and	A3	2012-2013	@	200	m	depth	

•  Next	installaPon	phase:	7	more	staPons	for	ARA10	
•  Total	planned	–	37	staPons	viewing	~	100	km2	of	surface	area	
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StaPon	Design	

•  4	strings	with	4	antennas	each	
–  2	pairs	(upper	and	lower)	of	1	Vpol	and	1Hpol	antenna	

•  2	CalibraPon	pulser	antennas	@	receiver	antenna	depth		
•  4	fat	dipole	antennas	at	surface	for	cosmic	ray	idenPficaPon		
•  Deployed	200m	deep	in	ice	–	minimize	effect	of	firn	layer	
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ARA – Station Design

Antennas:

– Bandwidth of
150–850 MHz

– Azimuthal
symmetry, dipole at
low frequencies

Antenna cluster deployed below firn layer of ice

Notch filter at 450 MHz to remove communications frequencies

Calibration pulser antennas allow in-situ calibration of station

Ryan Maunu (UMD) ARA: Status and Performance April 7, 2014 7 / 18

Hpol	quad-sloVed	
cylinder	antenna	

Vpol	bicone	antenna	

•  Bandwidth:	
150-850	MHz	

•  Azimuthal	
symmetry,	
dipole	at	low	
frequencies	



Importance	of	Deep	Deployment	

•  Firn	–	layer	of	compacted	snow	
–  Quickly	changing	index	of	refracPon	(~1.35	à	~1.78	within	top	~150	
m	of	ice)	

–  Causes	curvature	in	paths	of	rays	in	ice	
–  Limits	viewable	volume	and	observable	neutrino	incident	angles	
–  30	m	à	200	m	depth:	increases	effecPve	volume	by	factor	of	~3.2	
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ANALYSIS	STATUS	I:	
TESTBED	
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Testbed	Analysis	
•  Total	16	antennas,	8	

borehole	antennas	at					
150	MHz	to	850	MHz	

•  Maximum	depth	of	
antennas	~	30	m	

•  3	sets	of	calibraPon	pulsers	
-  Each	set	has	a	Vpol	and	

an	Hpol	pulser	
•  First	ARA	neutrino		
	searches	carried	out		
	with	Testbed	staPon		
	data		
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ARA	–	Testbed	Neutrino	Analysis	
•  Standard	ARA	blinding	protocol	–	examine	10%	of	data	to	characterize	backgrounds	

and	tune	cuts	
–  Thermal	Noise	
–  ConPnuous	wave	(CW)	
–  Anthropogenic	impulsive	background	

•  3	analyses	–	~330	million	events	
–  Concentrate	on	2	comparable	analyses	covering	2011-2012	

•  Interferometric	Map	(IM)	Analysis	
–  stage	1:	Feb-Jun	2012;	stage	2:	Jan	2011-Dec	2012	
–  Interferometric	reconstrucPon	from	ray-traced	cross-correlaPon	map	
–  OpPmized	cuts	for	background	rejecPon	and	signal	retenPon	

•  Coherently	Summed	Waveform	(CSW)	Analysis	–	Jan	2011	-	Dec	2012	
–  Uses	least-squares	fit	to	a	source	locaPon	
–  Examines	the	coherently	summed	waveform	for	power	

•  Template	analysis	–	IdenPfy	similar	waveforms,	Based	on	RICE	heritage	
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•  Impulsive	waveform	–	~1-10	ns	Pme	scale	
•  CorrelaPon	factor	-	ConvoluPon	of	the	two	waveforms	including	a	Pming	offset	
•  Only	Vpol-to-Vpol	comparison	and	Hpol-to-Hpol	comparison	
•  Calculate	Pming	delays	for	all	angles	of	approach	
•  Sample	correlaPon	plot	at	these	delays	
•  Many	posiPons	will	produce	the	same	Pming	delays	for	a	pair	of	antennas	
•  SoluPon:	Use	more	antennas	-	Add	up	all	the	correlaPon	values	from	all	the	

pairs	of	antennas	

Interferometric	Map	

d1	

d2	

(f ⋆ g)(t) =

+∞∫
−∞

f∗(τ)g(t + τ)dτ (1)

∆t =
(d2 − d1)n

c
(2)

1

Reconstruction

Directional fits
• Best reconstruction of RF 

direction derived from a 
fit to delays 

Cross-correlation maps
• These maps show 

direction to interaction
• Each antenna pair      

maps out a “ring”
• Reconstructed location 

at intersection of rings

Cal pulser event

Φ (deg)
θ 

(d
e
g
) C

o
rre

la
tio

n
 fa

c
to

r

Station 3:  Δθ=0.3º, ΔΦ=0.4º 



IM	analysis	-	ReconstrucPon	Quality	Cut	
Known	background	event	

reconstrucPon	map	example	
90	
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0	

-180	 0	 -180	

0.35	

0	

•  ReconstrucPon	based	on	Pming	from	ray-tracing		
–  Use	30	m	and	3	km	maps	in	Hpol	and	Vpol	

•  Requires	at	least	one	reconstrucPon	map	to	be	of	good	quality	
–  1	deg2	<	Area	of	85%	contour	surrounding	the	peak	<	50	deg2		
–  Total	85%	contour	peak	area	<	1.5	x	Area	of	85%	contour	surrounding	the	peak	

•  Depending	on	the	polarizaPons	which	pass	the	cut,	the	event	is	separated	into	Vpol	
and/or	Hpol	channels	

•  Rejects	~95%	of	noise-dominated	events	ajer	iniPal	quality	cuts	

Simulated	ν	event	
reconstrucPon	map	example	
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2nd	Vpeak	/	CorrelaPon	Cut	
•  Other	cuts	:	Data	Quality	cut,	Down	cut,	CW	cut,	Delta	delay	cut,	Gradient	cut,	

Geometry	cuts	(clustering,	South	Pole,	CalibraPon	Pulser),	periods	of	known	increased	
acPvity	at	South	Pole	

•  Expect	a	correlaPon	between	Vpeak/RMS	from	waveform	and	correlaPon	value	from	
reconstrucPon	map	for	an	impulsive	event	

•  Ajer	removing	known	background	events	with	other	cuts,	use	this	relaPon	to	get	
background	esPmaPon	

•  We	opPmized	the	cut	for	best	limit	on	maximal	Kotera	et	al.	model		
•  As	a	last	cut,	this	rejects	22%	of	Kotera	neutrino	flux	
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CSW	Analysis	ReconstrucPon	

•  Obtain	coherently	summed	waveform	(CSW):	
–  IteraPvely	find	the	best	correlaPon	between	a	waveform	and	the	CSW;	

obtains	set	of	delays	with	best	correlaPon	
•  Compare	delays	used	to	make	the	CSW	to	delays	expected	from	

putaPve	source	posiPons:	minimize	χ2	=	Σ(Texpected	–	Tobserved)2	
•  Cut	events	with	χ2	>	2.	
•  Also	cut	events	with	excess	CW	power	
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CSW	-	“Powherence”	Cut	

•  Linear	combinaPon	of:	
–  peak	power	of	the	CSW	
–  sum	of	the	maximum	correlaPon	values	of	antennas	with	the	CSW	of	
the	remaining	antennas	

•  Expect	impulsive	events	to	separate	out	from	noise,	CW	
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The Cuts – Coherence && Power Cut 
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Clustering	–	IM,	CSW	

•  Both	analyses	reject	events	reconstrucPng	to	a	locaPon	where	an	excess	of	
events	can	be	found	

•  Also	reject	South	Pole	phi	range	and	require	reconstrucPon	in	the	ice	
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Figure 9: The reconstruction directions of the events
that passed both the first and second stages of the anal-
ysis in the 30 m (upper) and 3 km (lower) maps. Events
that passed the unaltered cuts in the first stage are shown
in blue and those that passed the initial second stage
cuts are shown in red. The initial Geometric Cut re-
gions (dashed blue line) were adjusted after the first
stage (solid red lines) by after performing a Gaussian
fit to the background event distribution with a limited
set of cuts applied.

correlation. This is achieved by creating a coherently
summed wave (CSW), where individual antenna wave-
forms are added o↵set relative to one another. These
o↵sets are such that the resulting CSW is maximally
correlated with the original waveforms, as measured by
cross-correlation, and are computed using a simple al-
gorithm. The timing di↵erence between pairs of anten-
nas holds information about the arrival direction of the
radio signal and are checked against those calculated
from a simple ice model. A �2 is computed for a se-
ries of trial source locations in 1 degree bins in ✓, � and
logarithmically spaced bins in radial distance R. The
reconstructed location is that which minimizes �2 and
hence corresponds to the most likely physical location
given the measured time o↵sets.

This method has the benefit of using the rich infor-
mation contained within the digitized waveforms (cor-

relation techniques result in precision of ⇠ 150ps res-
olution in timing di↵erences between pairs of anten-
nas) as well as providing a parameter that describes the
goodness of fit in �2 upon which a cut can be placed.
As thermal signals will have essentially random o↵sets
between antennas the preferred source location will, in
general, have a relatively large �2 value associated with
it, thus a requirement for good reconstruction also will
reject a large number of thermal events.

A CSW is formed for each of the two sets of polarized
antennas and two parameters are derived that are used
to identify neutrino-like signals. The first parameter is
the peak voltage in the CSW, which acts as a measure of
power in the constituent antennas. The cross-correlation
waveform is computed for each antenna with the CSW
of the remaining antennas (since a waveform will be
maximally correlated with itself it is not included in
the CSW). The maximum cross-correlation is found in
each of these waveforms and summed to form a vari-
able called ‘sum of correlation values’, which acts as a
measure of coherence. A linear combination of these
parameters is taken to maximize the separation between
thermal events and a combination of simulated neutrino
and calibration pulser events. The resulting cut param-
eter, dubbed ‘Powherence’, is a measure of both power
and coherence requirements between antennas.

Having applied the CW, �2 and Powherence Cuts to
the vertically and horizontally polarized antennas sepa-
rately a cut is made to remove time periods producing
large numbers of passing events. The final cuts are ge-
ometric and based upon reconstruction. The CSW re-
construction achieves ⇠ degree resolution for both sim-
ulated neutrino events and calibration pulser signals,
however a conservative approach was taken in identify-
ing geometric cuts to remove anthropogenic noise sig-
nals. As a result a 50 degree region in azimuth corre-
sponding to the direction of the IceCube Laboratory, as
well as 10 degree regions around calibration pulser lo-
cations were masked o↵. In addition events are rejected
where the reconstructed source location is above the ice.
The e�ciency for all cuts can be found in Figure 10.

One event survives the final cuts in the analysis, but
upon inspection it is clearly due to an anthropogenic
CW signal that narrowly passes the dedicated CW Cut
due to the presence of two carrier frequencies, hence is
rejected as being a neutrino candidate event.

4.3. Template-Based Analysis
One of the three analysis strategies used by ARA

traces its heritage to the RICE experiment, which de-
fined ‘background’ generically as any repetitive wave-
form or hit antenna pattern. In this approach, a sequence

12
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Analysis	Results	
•  Interferometric	Map	Analysis	
–  Stage	1:	3	events	passed	cuts	

•  Known	background	event	types,	adjusted	the	gradient	and	
clustering	geometric	cuts	to	beVer	match	those	types	

–  Stage	2:	2	events	passed	cuts	
•  Also	known	backgrounds,	slightly	expanded	clustering	
geometry	cuts	to	reject	the	events	(5%	change	in	rejected	
area)	

•  Coherently	Summed	Waveform	Analysis:	1	event	
passed	cuts	
–  CW	event	with	two	carrier	frequencies,	non-impulsive	

•  No	neutrino	candidates	
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SensiPvity	
•  First	diffuse	limits	from	
ARA	Testbed	found			
–  see	arXiv:1404.5285	
–  Accepted	by	Astropart.	
Phys.	

•  Limits	comparable	for	
the	two	2011-2012	
analyses	

•  Projected	sensiPvity	of	
37-staPon	array	extends	
to	GZK	flux	models		
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Testbed	GRB	analysis	
•  Adapt	the	Interferometric	Map	Analysis	techniques	to	search	
for	events	coincident	with	known	Gamma	Ray	Bursts		
–  Stricter	requirements	in	Pme	à	relaxaPon	of	cut	values	

•  2	unblinding	stages	–	Tune	cuts	on	10%	data	sets	à	90%	
–  1:	Background	esPmaPon	-	only	blue	period	
–  2:	Signal	search	-	+/-	5	minutes	around	GRB	event	Pme	
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• With 10% burned sample

- background time range: +- 1 hour from a GRB with +- 5 min gap

• Total ~67,000 events from 57 selected GRBs’ background analysis 
period from 10% burned data set

• Estimated number of events from 90% data set with optimized cuts 
(for entire 57 GRBs)

- Expected BG events in signal period: 0.106

- Expected BG events in background period: 1.166

- Expected ν events in signal period: 1.47e-05

3

Background Analysis

time

GRB
+1hr-1hr background 

analysis period
(55min)

signal period

+5min-5min

background 
analysis period

(55min)



GRB	SelecPon	

•  Selected	57	GRBs	based	on	livePme	and	
geometric	acceptance		

•  Get	fluences	for	each	GRB	from	NeuCosmA	
simulaPon	and	overall	

•  Tune	cuts	based	on	modeled	neutrino	fluence	
•  Relaxed	ReconstrucPon	Quality,	Peak	vs	CC,	

Delay	Difference	cuts	
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Figure 7.3: E↵ective volume as a function of neutrino travel direction plot. ✓ is the
zenith angle of the neutrino travel direction. Field of view range is defined as the Full
Width Half Maximum (FWHM) of the e↵ective volume which is �0.4 < cos(✓) < 0.05.

From the 257 GRBs that survived from good-timing cuts, we also applied an addi-

tional cut which requires that the GRB should be included in the Testbed detector’s

field of view. In order to define a sensitive field of view range from the ARA Testbed,

we used simulation set with multiple incident angles of neutrinos at 1017 eV and

obtained the e↵ective volume as a function of neutrino direction.

In Fig. 7.3, the e↵ective volume versus zenith angle of neutrino direction is shown.

The zenith angle range of greatest sensitivity is defined as the Full Width Half Maxi-

mum (FWHM) of the e↵ective area (arrow shown in Fig. 7.3). The decrease in e↵ec-

tive volume on the right hand side and the left hand side of Fig. 7.3 come from di↵erent

e↵ects. The Earth absorption e↵ect reduces the e↵ective volume at high cos(✓) (RHS
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Figure 7.4: The distribution map of 57 selected GRBs in Testbed local coordinates.
The blue band in the map is the field-of-view cut range defined in Fig. 7.3. cos(✓) in
this map is the direction of of the GRB while cos(✓) in Fig. 7.3 is the direction of the
neutrino.

of the plot) while the shadowing e↵ect from the ray tracing in ice (Fig. 5.3) causes

the cut-o↵ at low cos(✓) (LHS of the plot).

We applied this additional GRB geometric cut to select GRBs that are most

likely to be detectable with the ARA Testbed. After applying this field-of-view cut,

57 GRBs are chosen. Fig. 7.4 shows the distribution map of 57 GRBs in Testbed

local coordinates.

Fig 7.5 shows the fluences of all 57 selected GRBs with NeuCosmA software.

Among 57 survived GRBs, one GRB was brighter than other GRBs. Its fluence

was higher than the others by and order of magnitude above 1016 eV. We use this

dominant GRB event as representative of the sum of the 57 GRBs and optimized

our analysis cuts with a neutrino simulation set that used the fluence from dominant

GRB.
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Figure 7.5: The fluences of 57 selected GRBs (black curves) and the fluence from the
summation of all 57 GRBs (red curve). One GRB is brighter than other GRBs by an
order of magnitude above 1016 eV. This dominant GRB is chosen as representative
of the sum of the 57 GRBs.

For this search, we re-optimized the cuts that we used for the di↵use neutrino

search [2]. A stringent timing cut surrounding the time of each GRB dramatically

reduces the expected background events and thus we can loosen the analysis cuts

and increase the sensitivity to GRB neutrinos. Among the set of analysis cuts de-

scribed in [2], the Delay Di↵erence cut, the Reconstruction Quality cuts, and the

Peak/Correlation cut are re-optimized for this search. Three re-optimized cuts are

all based on the quality of the directional reconstruction while the rest of the cuts

are designed to reject specific type of backgrounds such as CW and calibration pulser

events. A total of four cut parameters from three cuts are changed in 4D space and
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Preliminary	Results	
•  Stage	1	(background	period	unblinding):	

–  Expected	background	events:	1.166	
–  1	event	survived	

•  Stage	2	(signal	period	unblinding):	
–  Expected	background:	0.106,	Expected	neutrinos:	1.47e-5	
–  0	events	survived	

•  One	of	the	first	quasi-diffuse	flux	limit	above	1016	eV	
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assumptions, the quasi-di↵use neutrino flux limit is:

E2� = E2F ⇥ 1

4⇡

667

NGRB

1

365 ⇥ 24 ⇥ 60 ⇥ 60
(7.2)

where E2� is the quasi-di↵use neutrino flux limit in units of [GeVcm�2sr�1sec�1],

E2F is the fluence limit, and NGRB is the number of analyzed GRBs which is 57

for this analysis. Fig. 7.7 shows the quasi-di↵use neutrino flux limit from multiple

experiments. Our limit is the first UHE GRB neutrino quasi-di↵use flux limit at

energies above 1016 eV.

From the future analyses from two ARA deep stations, we expect to have at least

a factor of 6 improved sensitivity based on [2]. There is a factor of ⇠3 increment

140

Preliminary	



ANALYSIS	STATUS	II:	
DEEP	STATIONS	
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Deep	StaPon	Analysis	
•  First	efforts	to	examine	data	from	10	months	
of	data	from	2	design	staPons	at	200	m	depth	

•  Improvements	in		
– Data	quality	

•  Further	from		
			South	Pole	StaPon	

– EffecPve	volume	
•  3X	over	Testbed		

– Analysis	efficiency	
•  ~10%	à	~60%	
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Noise	filtering	
5	Hz	thermal	noise	trigger	rate	
à  Needs	to	be	reduced	before	applying	

sophisPcated	algorithms	

Time	sequence	algorithm:	
•  Boosted	hit	count	
•  Simple	algorithm	(possible	usage	as	trigger)	
	
1.  Generate	hit	paVern	with	threshold	on	energy	

envelope	(red	line)	
2.  Check	hit	paVern	on	conformity	with	incoming	plane	

wave		
à	quality	parameter	(similarity	to	wavefront)x(hit	count)	

For	16	antennas	
per	staPon	

Quality	Parameter	for	simulated	neutrinos	

Signal	
Noise	

2015/04/30	 OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	 30	



Vertex	reconstrucPon	
We	need:	
•  Angular	reconstrucPon	of	verPces,	to	

disPnguish	neutrinos	from	other	sources	

We	use	matrix	based	reconstrucJon:	
•  AnalyPcal	soluPon	to	linear	system	of	

equaPons	
•  Very	fast,	not	seed	dependent	

The	algorithm:	

1.	Determine	Pme	differences	

2.	Select	good	antenna	pairs,	
based	on	correlaPon	amplitude	

3.	Set	up	and	solve	system	of	
linear	equaPons	
Signal	arrival	Pme	from	
posiPons:	

Use	difference	between	
antennas	&	reorder:	

This	can	be	represented	by:	

Solve	with	matrix	inversion	tools	
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Vertex	reconstrucPon:	quality	criterion	

ReconstrucPon	error	vs	residual:	

Residual	for	signal	and	noise	
Signal	
Noise	

Other	quality	criteria	are	applied	
to	further	clean	out	bad	
reconstrucPons	
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Algorithms for the ARA data analysis

reconstructions in the t
v

scan a residual is defined as

res =

�����
~b

|~b|
� A ·~v

|A ·~v|

�����

2

· 1

N
chp

. (8.14)

This residual uses the two sides of the equation normalized. Without normal-
ization, the residual depends strongly on the distance to the event, and smaller
distances will be highly favored due to timing errors. The normalization compen-
sates the distance dependence to a certain extent and the angular reconstruction
results to be much more stable. The scan is performed in 200 timing steps be-
tween �150 ns and �22900 ns, which corresponds to a distance of roughly 4000 m.
This decreases the speed of an event reconstruction dramatically since it has to
be performed 200 times.
The found best residual of a reconstructed event is the main quality indicator for
its position determination. It can separate good from bad reconstructions very
well, as visible in Figure 8.14. The shown azimuthal reconstruction becomes very
tight with decreasing residual. In addition, the residual can also be used to dis-

Figure 8.14: The azimuthal reconstruction of simulated events versus the residual
of the reconstruction. The residual is set to 1 if the number of available channel
pairs is not su�cient for a reconstruction.

tinguish signal events from thermal noise. If the correlation amplitudes in a noise
event are su�cient to pass the threshold for reconstruction, the times will be ran-
dom and the residual thus much higher than for a timing pattern connected to
an incoming wavefront. The residual for simulated signal and simulated thermal
noise is shown in Figure 8.15. One can see that a very e↵ective separation can
be achieved by applying a residual cut. Although this is not the primary purpose
of the reconstruction algorithm, it can help to render final cuts on thermal noise
more e�cient.
A closer investigation should be dedicated to the features in the residual distri-
bution of the signal. Good reconstructions appear in the main peak at logarithmic
residuals between �6 and �8. Very weak signals, coming for example from very
distant interactions of low energy, form the noise like distribution of high residuals.
A further feature is a small bump between logarithmic residuals of �4 and �5. It
is di�cult to extract the reason for this peak from the simulated data. Investiga-
tions have shown that well shaped signal events with good signal correlation times

110

Main	quality	criterion	is	residual:	

Require	a	minimum	correlaPon	
value	to	be	included	as	a	pair	



Neutrino	idenJficaJon	=	Background	rejecJon	

Strategy:	
•  Use	10%	burn	sample		
•  EsPmate	appropriate	angular	cuts	

•  CalibraPon	pulsers,	surface	
•  Look	only	at	events	outside	the	

angular	cut	region	
à	Lejover	events	are	not	
correlated	to	known	signals,	need	
to	be	rejected	by	other	cuts:	QP,	
residual	

•  Final	cuts	at	QP=0.6,	
Log10(residual)=-4	

•  EsPmated	background:		
•  0.009+/-	0.010	ARA02	
•  0.011	+/-	0.015	ARA03	

rejected	

re
je
ct
ed

	

Thermal	noise	events	

Impulsive	events,	
misreconstructed	
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Preliminary	Results	–	2	StaPons		
•  Expected	events	=	
0.103	(Ahlers	
2010)	

•  No	candidates	
found	

•  Limit	with	
systemaPcs	
shown	in	violet	
band	

•  Considerable	
improvement	
–  analysis	
efficiency		

–  effecPve	volume		
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PROSPECTS	AND	FUTURE	
CAPABILITIES	
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Future	Expansion	

•  Expansion	of	array	will	increase	sensiPvity		
•  Improvements	in	staPon	electronics	and	analysis	techniques	
–  Have	yielded	improvements	in	sensiPvity	already	
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Improvements	up	to	ARA37	
Simulated	Improvements	

at	1018	eV	
AΩeff	[km2sr]	 AccumulaPve	factor	

Testbed	Analysis	 1.5E-4	 1	

Testbed	Trigger	 1.5E-3	 10	

ARA	One-staPon	Trigger	 4.1E-3	 28	

ARA37	Trigger	 1.3E-1	 900	
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•  Improvement	in	a	number	of	areas	-	2	basic	types	
– A:	Analysis	level	–	10%	for	Testbed	à	60%	for	A2/3	
– B:	Trigger	level	-	deeper	staPons,	staPon	design	

A	

B	



Analysis	Improvements	(TB	à	A2/3)	
•  Improvements	on	Testbed	analysis	technique	alone	
–  Further	from	South	Pole	StaPon	

•  Less	noisy,	geometric	rejecPon	region	can	be	smaller	
–  Not	taking	data	during	IceCube	drilling	period	

•  Less	noise,	no	noisy-Pme	cuts	
–  Removal	of	paVern	recogniPon	cuts	for	“strange”	repeaPng	
events	found	only	in	Testbed	

–  Removal	of	redundant	cuts	
–  Improves	efficiency	from	10%	à	40%	

•  A2/3	analysis	uses	simplified	set	of	cuts	with	higher	
efficiency	on	simulated	neutrinos	
–  Improvements	in	reconstrucPon	method	
–  40%	à	60%	efficiency	

2015/04/30	 OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	 38	



Trigger	Level	Improvements	
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•  Shallow	Testbed	staPon	à	deeper	staPons	
–  Decreased	shadow	region	(see	slide	13)	
–  Acceptance	from	a	greater	range	of	inclined	showers	

•  Currently	working	on	trigger	design	improvements	
–  Currently	use	a	simple	coincidence	trigger	(N	hits	above	threshold	within	X	

nanosecond	window)	
–  Possible	improvements:	PaVern	trigger,	two	triggers	



Future	Improvements	

•  Improved	CW	removal	
–  Developing	phase	variance	
technique	for	filter	instead	of	
cu�ng	outright	

•  Improved	trigger	
–  require	causal	Pme	sequence	
with	respect	to	known	
geometry	
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Weather	balloon	
signal	at	405	MHz	

•  ReconstrucPon	methods	
– Account	for	index	of	refracPon	and	reflecPon,	speed	

•  BeVer	idenPficaPon	of	anthropogenic	signals	from	
South	Pole	–	less	criPcal	for	deeper	staPons	
–  Improve	livePme	and	event	selecPon	during	acPve	season	



PROSPECTS	FOR	EXTRACTING	
NEUTRINO	INFORMATION	
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Observables	
•  What	informaPon	about	the	neutrino	do	we	want	
to	extract?	
– Energy,	poinPng	direcPon,	flavor	

•  How	do	we	get	there?		
–  received	radio	signals	à	informaPon	about	neutrino	
– Must	interpret	the	radio	signal	
•  relaPve	Pming,	shape,	amplitude,	polarizaPon	

– Need	refined	modeling	of	radio	Cherenkov	signal	
•  Shower	emission	model,	ice	model,	LPM	effect	

2015/04/30	 42	OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	



PoinPng	DirecPon	
•  Want	to	trace	events	back	to	a	

point	in	the	sky	
–  Source?	Diffuse?	

•  PoinPng	direcPon	of	incoming	
neutrino	needs	
–  Reconstructed	posiPon	
–  PolarizaPon	
–  Known	Cherenkov	angle	(~56°)		

•  Cherenkov	ring	depends	on	
direcPon	of	shower/incident	
neutrino	

•  RejecPon	of	known	sources	and	
clusters	of	events	
–  South	Pole	StaPon,	weather	
balloons,	etc.	
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ν	 θC	≈	56°	

ParPcle	
shower	

PolarizaPon	direcPon	

OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	

ARA	



2015/04/30	 OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	 44	

•  Impulsive	waveform	–	~1-10	ns	Pme	scale	
•  CorrelaPon	factor	-	ConvoluPon	of	the	two	waveforms	including	a	Pming	offset	
•  Only	Vpol-to-Vpol	comparison	and	Hpol-to-Hpol	comparison	
•  Calculate	Pming	delays	for	all	angles	of	approach	
•  Sample	correlaPon	plot	at	these	delays	
•  Many	posiPons	will	produce	the	same	Pming	delays	for	a	pair	of	antennas	
•  SoluPon:	Use	more	antennas	-	Add	up	all	the	correlaPon	values	from	all	the	

pairs	of	antennas	

PosiPon	ReconstrucPon	

d1	

d2	

(f ⋆ g)(t) =

+∞∫
−∞

f∗(τ)g(t + τ)dτ (1)

∆t =
(d2 − d1)n

c
(2)

1

Reconstruction

Directional fits
• Best reconstruction of RF 

direction derived from a 
fit to delays 

Cross-correlation maps
• These maps show 

direction to interaction
• Each antenna pair      

maps out a “ring”
• Reconstructed location 

at intersection of rings

Cal pulser event
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Station 3:  Δθ=0.3º, ΔΦ=0.4º 



Concerns	for	ReconstrucPon	
•  Anything	that	affects	Pming	delays	will	

affect	the	correlaPon	map	
•  The	index	of	refracPon	of	the	ice	
–  The	values	themselves		
–  How	they	change	in	the	ice	

•  First	150	m	“firn”	–	rapidly	changing	n	
•  Changing	n	->	Snell’s	law	
•  Curvature	in	path	
•  Some	areas	excluded	

•  Electronics	delays	-	measure	them	
•  Use	calibraPon	pulser,	surface	pulsers,	ICL	

pulser	to	get	addiPonal	Pming	informaPon	
•  Geometric	assumpPons	-	plane-wave	vs	

spherical	vs	other	(ray	tracing)	
•  Also	noise	over	the	signal	can	severely	

wash	out	the	correlaPon	
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Eugene Hong1 for the ARA Collaboration
1Department of Physics, Ohio State University, Columbus OH 43210

Abstract: AraSim is a software package used by the Askaryan Radio Array (ARA) collaboration to simulate the detector response to radio Cherenkov 
emission from ultra-high energy (UHE) neutrino interactions. We provide details of simulated neutrino events in AraSim, including neutrino absorption in the 
Earth, the radio Cherenkov signal spectrum, determining the signal’s propagation through the Antarctic ice, and modeling properties of the detector. We also 
present the results of calibrating AraSim to TestBed data and the expected UHE neutrino sensitivity of data from different deployment stages of ARA detector.

Introduction
•The cosmic ray flux cut off above primary cosmic ray 

energies of 1019.5 eV leads us to expect a UHE neutrino 
flux from Greisen-Zatsepin-Kuzmin (GZK) interaction

•UHE neutrino interactions result in particle cascades 
and due to a charge asymmetry in the shower, there will 
be Cherenkov radiation

•ARA is an antenna array located at the South Pole 
which aims to detect the radio Cherenkov signal from 
neutrino interactions in the ice

•AraSim is a Monte Carlo (MC) simulation which models 
neutrino events and the ARA detector response

TestBed Station•Currently have deployed a shallow TestBed (Jan 2011) and 
three deep stations (2011-2012, 2012-2013 seasons)

•An ARA design station consists of 16 radio frequency 
antennas in drilled boreholes with frequency range of  
200 MHz to 800 MHz

•The full proposed ARA detector would consist of 37 
stations spaced 2 km apart at a depth of 200 m

•The ARA TestBed station is a prototype station of the 
ARA detector

•Maximum depth of antennas in TestBed is ~ 30 m

•Four different types of antennas in TestBed

ARA Detector

Simulating Neutrino Events

Antenna Properties

Simulation procedure in AraSim
1) Selects a neutrino interaction location in the ice
2) Models the Cherenkov radio spectrum with a parametrized 

model (see “Parametrized Cherenkov Signal” box)
3) Traces rays from the interaction location to the antennas
4) Simulates the detector response
5) Models the trigger
6) Stores voltage waveforms in the same format as in real data

Selecting Neutrino-Ice Interaction 
Location

Ray Tracing

Parametrized Cherenkov Signal

Electronics Properties

Generating Noise Waveforms Trigger Analysis

Calibrating AraSim to Data

•Force neutrinos to interaction within 3 km-radius 
cylindrical volume of ice centered around the detector

•Neutrino travel directions are randomly distributed 
over 4π solid angle

•Once the neutrino interaction location and travel 
direction are chosen,  AraSim weights the event by a 
factor that accounts for the Earth screening

p = ⇧i e
�li/Li

•Model the electric 
field strength of the 
shower in the ice 
by parametrized 
model for radio 
Cherenkov signal 
from Alvarez-Muñiz 
et al* 

•The Antarctic ice has a depth-dependent index of refraction 
within ~ 200 m of the surface

•This property results in bending of the direction of the 
emitted ray

•Can be two ray trace solutions

•ARA stations are designed with boreholes of 200 m depth to 
avoid the region where bending effect is large

•Obtain various pieces of information such as viewing angle, 
polarization of signal at the antenna, and ray travel time to 
each antenna from ray trace solutions

Radio Cherenkov Signal 
Spectrum at the cone, 1m
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•Antenna 
models are 
from NEC2 
antenna 
simulation

•From the ray 
trace solution, 
we have the 
ray receiving 
angle for each 
antenna

Elevation Angle (deg)

Quad-slotted Cylinder 
Antenna’s Gain from NEC2

Filter Gain

•Apply entire 
electronics chain 
such as low noise 
amplifier (LNA), 
filter, fiber optic 
amplifier (FOAM)

•The frequency domain responses of these 
electronic components are measured in the lab1018 1019 1020

Energy (eV)

•Generate noise waveforms for each channel if 
any ray trace solution exists for a specific 
neutrino event

•Noise waveforms follow the calibrated noise 
spectrum (see “Calibrating AraSim to Data” box)

•The time length of noise waveforms are long 
enough to add all neutrino signals with proper 
time delay

Pure Noise Waveform

Pure Signal
Waveform

UHE Cosmic Ray Flux

•Model the ARA trigger

- Convolve voltage waveforms with power detector 
response

- Scan through the convolved waveforms of all 
channels with 100 ns trigger coincidence window

- Global trigger occurs when three or more 
channels pass the trigger threshold

•Use trigger threshold that was calibrated with data 
(see “Calibrating AraSim to Data” box)

• Store the triggered event’s waveform information

Thermal Noise Calibration 

Trigger Threshold Calibration

•Thermal noise events are the 
dominant background events from 
the ARA detector

•We sampled thermal noise events 
from TestBed data

• Fit sampled data with Rayleigh 
distribution for each channel, each 
frequency bin separately

TestBed data

Rayleigh 
distribution fit

TestBed
AraSim

Rayleigh Distribution Fit at 
One Channel, 200 MHz

RMS Voltage Distribution 
from TestBed and AraSim

•AraSim generates noise waveforms from the fitted Rayleigh distributions along with random phase

•We find a trigger sensitive variable from digitized waveforms

•Since trigger requires at least three channels pass the trigger 
threshold, trigger sensitive variable : third highest peak square 
voltage among channels in the trigger window

•Calibrated trigger threshold for each channel separately by 
finding the minimum       of histogram fits from different trigger 
thresholds

�2

Calibration Pulser 
Waveform from AraSim

Calibration Pulser 
Waveform from TestBed Data

Neutrino Constraints from 
Various Experiments

Trigger level 
sensitivity

•AraSim can be used for various different methods

- We can apply same analysis cuts to AraSim results and 
obtain optimized cut parameters

- We can obtain neutrino constraints from different 
deployment stages of the ARA detector

•AraSim is currently used by collaborators for various detector 
optimization studies and to produce criteria for data analysis
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•We plan to work on adding more functionality to AraSim

- Semi-analytic model of radio Cherenkov signal generation

- New physics scenarios such as microscopic black hole, 
monopole events

Ray Tracing with Different Depth

*J. Alvarez-Muñiz, Phys.Rev.D 62, 063001 (2000)

Results from AraSim / Summary
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Find	the	Incoming	DirecPon?	

•  ReconstrucPon	direcPon	rotated	so	that	the	
neutrino	incoming	direcPon	is	at	(0,0)	

•  Useful	to	restrict	the	possible	source	direcPon	
•  Compare	events	to	parPcular	astrophysical	

events	(GRBs,	etc.)	
•  Add	polarizaPon	informaPon,	narrow	incoming	

direcPon	even	further	

2015/04/30	 OSU	Workshop	-	Making	Sense	of	the	UHE	
Sky	 46	

W
ei

gh
t

0

20

40

60

80

100

120

140

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

H30 recon wrt srcH30 recon wrt src

W
ei

gh
t

0

20

40

60

80

100

120

140

160

180

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

V30 recon wrt srcV30 recon wrt src

W
ei

gh
t

0

50

100

150

200

250

300

350

400

450

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

H3000 recon wrt srcH3000 recon wrt src

W
ei

gh
t

0

100

200

300

400

500

600

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

V3000 recon wrt srcV3000 recon wrt srcRF Source Distribution in Vpol 3000 m Map

W
ei

gh
t

Phi (deg)

T
he

ta
 (

de
g)

RF Source Distribution from Vpol 3000 m Map

Su
m

 o
f  

W
ei

gh
ts

W
ei

gh
t

0

20

40

60

80

100

120

140

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

H30 recon wrt srcH30 recon wrt src

W
ei

gh
t

0

20

40

60

80

100

120

140

160

180

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

V30 recon wrt srcV30 recon wrt src

W
ei

gh
t

0

50

100

150

200

250

300

350

400

450

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

H3000 recon wrt srcH3000 recon wrt src

W
ei

gh
t

0

100

200

300

400

500

600

phi (deg)
-150 -100 -50 0 50 100 150

th
et

a 
(d

eg
)

-80

-60

-40

-20

0

20

40

60

80

V3000 recon wrt srcV3000 recon wrt srcRF Source Distribution in Hpol 3000 m Map

W
ei

gh
t

Phi (deg)

T
he

ta
 (

de
g)

RF Source Distribution from Hpol 3000 m Map

Su
m

 o
f  

W
ei

gh
ts

θ	



Energy	of	Primary	
•  Primary	à	shower	development	à	viewing	angle	
à	received	radio	signal	

•  Energy	reconstrucPon	will	depend	on		
–  Signal	strength,	signal	shape	
–  PosiPon	reconstrucPon	

•  Shape	and	amplitude	of	the	signal	depend	on		
–  Energy	of	primary	–	proporPonal	to	charge	in	shower	
–  Charge	excess	profile	of	parPcle	shower		
– DeviaPon	from	Cherenkov	angle	

•  Also	dependent	on	ice	model	
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	Cherenkov	angle	

•  Viewing	angle	relaPve	to	the	
Cherenkov	angle	changes	the	shape	
and	magnitude	of	the	signal	
–  Faster	signal	at	Cherenkov	angle	
–  Can	also	be	examined	in	frequency	
domain	
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LPM	effect	
•  At	sufficiently	high	energies,	

interacPon	length	increases	
dramaPcally	

•  Hadronic	showers	
–  For	Eν	>	1	EeV,	LPM	effect	

becomes	important		
•  ElectromagnePc	showers	

–  ELPM,E-M	=	2.4	PeV	
–  EeV	neutrinos	will	show	

lengthening	of	shower	profiles	
•  Shower	profile	à 	 	

	charge	excess	profile	à	
	radio	signal	

•  Developing	models	for	including	
LPM	effect	in	radio	pulse	profile	
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Primary Proton Pion Kaon
S0 0.11842 0.036684 0.0298

X0 (g cm−2) 39.562 36.862 36.997
λ (g cm−2) 113.03 115.26 119.61
Ec (GeV) 0.17006 0.052507 0.048507

Table I: Values of the parameters for the fit to expression 1 of the longitudinal development of hadronic
showers in ice.

We have studied hadronic showers initiated in neutrino interactions in ice for energies up to 100 EeV.
We have chosen to simulate several quantities that are relevant for Cherenkov emission such as the fraction
of energy going into electromagnetic subshowers, which is seen to increase with shower energy reaching
values as high as 94% at EeV energies (Alvarez 1998), and the total and excess charge tracklengths, which
are respectively dominated by the contribution of electrons and positrons and by the excess of electrons over
positrons. For the latter purpose we have used parameterizations obtained in (Zas 1993).
In Fig. 2 we show the longitudinal development of hadronic showers. Below 1 EeV the longitudinal de-

velopment ”scales” with
shower energy and it is
not affected by the LPM
effect in agreement with
the interpretation given above.
This is not surprising. Due
to the high multiplicities
involved in hadronic in-
teractions the energy of
the π0’s is considerably
reduced with respect to
the primary energy. The
average energy of the π0’s
(as produced by SIBYLL)
in a proton-proton colli-
sion at 1019 eV in the
LAB frame is of the order
of 17 PeV. Moreover we
have obtained that only
about 10% of the π0’s of
energy greater than 20 PeV,
produced in proton-ice in- Figure 2: Longitudinal development of hadronic showers initiated by neutrino interactions in ice.

teractions, are expected to decay in ice producing photons of energy above 20 PeV. As a conclusion showers
are not elongated despite being produced by primaries with energies well above ELPM.
We have found that a fraction of showers above 1 EeV have deep tails characteristic of LPM showers. These

tails are produced by the electromagnetic decays of resonances with short lifetimes that are created in early
interactions in the shower. In particular we found that the η and η′ contribute most to this effect. Although the
result is model dependent, it is very interesting since if these showers are ever observed, they would provide
experimental information on the production of resonances and their decays in electromagnetic particles.
The probability of having a neutrino hadronic shower with an LPM tail can be computed with the aid of Fig-

J.	Alvarez-Muniz	and	E.	Zas,	ICRC	1999,	
arXiv:astro-ph/9906347	
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Flavor	determinaPon	
•  νe	produces	prompt	hadronic	and	electromagnePc	showers	
•  νμ	and	ντ	produce	iniPal	hadronic	shower,	stochasPc	losses,	final	hadronic	shower,	

different	lengths	for	produced	μ	and	τ	
•  Each	shower	produces	a	radio	Cherenkov	signal	

–  For	νμ	and	ντ,	mulPple	radio	pulses	with	observable	delays	
–  Useful	to	have	a	large	array	for	this	

•  One	staPon	is	not	likely	to	see	both	bangs	because	of	directed	Cherenkov	emission	
•  Analyses	of	ANITA	data	look	for	repeated	triggers	with	short	delays	for	magnePc	

monopoles	too	(Phys.Rev.D83:023513,2011)	
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νe	
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ντ		 Double-bang	
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Summary	
•  ARA	is	conPnuing	to	be	built	
•  First	limits	from	Testbed	analysis	

–  Diffuse	flux:	arXiv:1404.5285,	accepted	in	Astropart.	Phys.	
–  GRB	flux:	quasi-diffuse	limits	above	1016	eV	

•  PublicaPon	in	preparaPon	
•  Deep	staPons:	

–  Preliminary	diffuse	limit	from	2	staPons	
•  PublicaPon	in	preparaPon	

•  Deep	staPons	see	marked	improvement	in	sensiPvity	
–  Deeper	staPon,	more	antennas,	beVer	quality	data		
–  Improved	(2nd	generaPon)	analysis	techniques	
–  Expect	even	more	refined	analysis	and	trigger	in	future	

•  Capable	of	extracPng	informaPon	about	neutrino	
–  poinPng	direcPon	–	some	addiPonal	work,		
–  energy	–	lots	of	addiPonal	systemaPcs	to	study	
–  flavor	(?)	–	shower	type	(CC/NC),	possibility	of	seeing	a	double	bang	
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QuesPons?	
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Backup	Slides	
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ReconstrucPon	results	
Simulated	neutrinos	 CalibraPon	source:	distance	40m	

Can	not	handle	surface	reflecPons	 RMS	<	1°	

This	causes	
efficiency	loss	
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Skymap	A02	

CalibraPon	Pulser	LocaPons	
Rejected	
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Preliminary	

Rejected	



Skymap	A03	
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CalibraPon	Pulser	LocaPons	
Rejected	

Preliminary	

Rejected	



ARA	CollaboraPon	

•  InternaPonal	collaboraPon	with	12	insPtuPons	
•  ~50	authors	

USA:	
	Ohio	State	University	
	University	of	Delaware	
	University	of	Kansas	
	University	of	Maryland	
	University	of	Nebraska	
	University	of	Wisconsin	–	Madison	

UK:			 	University	College	London	
Belgium:		Université	Libre	de	Bruxelles	
Japan:	 	Chiba	University	
Taiwan:	 	NaPonal	Taiwan	University	
Israel:	 	Weizmann	InsPtute	of	Science	
Germany:	University	of	Bonn	
Australia:	University	of	Adelaide	
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Electronics	
•  3.2	Gigasamples/sec	rate	
•  Trigger	–		
–  Tunnel	diode	acts	as	a	
power	integrator	over	few	
ns	Pme	scale	

–  Requires	3	excursions	of	
tunnel	diode	output	above	
threshold	within	110	ns	in	
antennas	of	same	
polarizaPon	(3/8)	

–  Threshold	automaPcally	
adjusted	to	maintain	steady	
global	trigger	rate	

•  12-bit	digiPzaPon		
•  400	ns	output	waveform	
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ATRI status 
• Rev A unusable due to 

footprint mismatch of 
USB bridge 
– Still was able to test all 

features and identify 
almost all remaining 
problems 

– Have 1 populated board 
with FX2 development kit 
attached for firmware 
development 

• 3x Rev B is currently being 
assembled (will finish this 
week) 

2 

•  Notch	filter	at	450	MHz	
removes	communicaPons	
signals	

•  LNA	for	each	antenna	
improves	received	signal	
strength	above	background	



AraSim	
•  Official	collaboraPon	Monte	Carlo	

simulaPon	package	for	assessing	
sensiPvity	and	general	use	

•  Writes	simulated	events	in	data	
format	for	direct	comparison	

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

•  Uses	parameterized	shower	signal	
•  Takes	into	account	

–  Index	of	refracPon	model	
–  Calibrated	noise	simulaPon	
–  Antenna	and	electronics		

	responses	
–  Trigger	model	
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CalibraPon	pulser	event	waveforms	

AraSim	 Testbed	

Time	(ns)	 Time	(ns)	

Vo
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	(m

V)
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	(m

V)
	

AraSim	
Testbed	

VRMS	DistribuPon	

Voltage	(mV)	

Environmental	
background	

Thermal	
noise	
calibraPon	
in	AraSim	
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Total Quality Cut Reco. Qual

Events ~330,000,000 157,019,347 3,265,047

Pass Events

Reco.Qual Vpol 1,839,348

NoisyTime 1,354,670

Geom Cuts 1,122,083

Gradient Cut 1,120,713

Delta Delay 178,796

CW 177,944

Down 16,894

Rcut 0

Pass Events

Reco.Qual Hpol 1,443,303

NoisyTime 1,095,497

Geom Cuts 904,099

Gradient Cut 903,036

Delta Delay 145,196

CW 142,581

Down 19,394

Rcut 0

Passed	Events	Table	from	2011-2012	TestBed	Data	

Vpol	channel	 Hpol	channel	
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Cut	Efficiencies	

	 	 	IM	 	 	 	 	 	 	 	 	CSW	
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Analysis	Cut	Efficiencies	from	Trigger	level	

2nd	PeakV	/	RMS	

Effi
ci
en

cy
	

SNR

2 4 6 8 10 12 14 16 18 20 22

Ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

UCL CSW Efficiencies

SNR

2 4 6 8 10 12 14 16 18 20 22

Ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

CW
MPROB
CHISQ
POW
GEOM
AllCuts



62	

Neutrino	Limit	from	2011-2012	Testbed	Data	

•  Ajer	finalizing	all	the	cuts,	we	looked	at	remaining	90%	of	data	
-  ~	0.06	expected	thermal	background	events	and	~	0.02	neutrino	events	from	1.5	
years	of	Kotera	flux	from	TestBed	

-  Analysis	cut	efficiency	on	Kotera	model	~	40%	for	Vpeak/RMS	from	7	to	20	
•  From	first	2012	4	months	analysis,	we	had	3	survived	events	and	from	
2011-2012	analysis,	we	had	2	survived	events	(total	livePme	~	285	days)	

-  Both	survived	events	are	anthropogenic	backgrounds	(rejected	by	modifying	
geometric	cuts)	

•  Zero	neutrino	candidate	event	

Effective Area at 
1019 eV [km2sr]

Accumulative Factor 
from Testbed Analysis

Testbed Analysis 7.37E-04 1

Testbed Trigger 4.08E-03 6

ARA one station 
Trigger 1.70E-02 23

ARA two stations 
Trigger 2.98E-02 40

ARA 37 Trigger 4.04E-01 550
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RejecPng	CW	Background	

•  Design	cut	based	on	ANITA	experience	

•  Make	average	spectrum	for	each	run	(1	run	=	18000	evts	~	30	
minutes)	

•  Reject	events	whose	Fourier	transformed	voltage	waveform	exceeds	
3.5	dB	baseline	anywhere	in	frequency	space	

•  Will	opPmize	the	cut	using	AraSim	and	10%	not	blinded	testbed	data	
2015/04/30	 OSU	Workshop	-	Making	Sense	of	the	UHE	
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Event	Cut	Table	(IM)	
Total 3.3E8
Cut Number passing (either polarization)
Event Qual. 1.6E8
Recon. Qual. 3.3E6

VPol HPol
Rejected Rejected

In sequence as last cut as first cut In sequence as last cut as first cut
Recon. Qual. 1.8E6 1.4E6
SP Active Period 1.4E6 125 4.9E5 1.1E6 13 3.5E5
Deadtime < 0.9 1.4E6 0 3.2E4 1.1E6 0 9.2E3
Saturation 1.4E6 0 1.4E4 1.1E6 0 618
Geometric, except SP 1.3E6 7 9.9E4 1.0E6 0 4.6E4
SP Geometric 1.1E6 0 2.9E5 9.0E5 1 2.0E5
Gradient 1.1E6 0 1.4E4 9.0E5 0 4.6E3
Delay Di↵erence 1.8E5 0 1.5E6 1.5E5 0 1.2E6
CW 1.8E5 0 1.3E4 1.4E5 1 3.4E4
Down 1.7E4 15 1.6E6 1.9E4 1 1.2E6
Vpeak/Corr 0 1.7E4 1.8E6 0 1.9E4 1.4E6

Table 2: This table summarizes the number of events passing each cut in the Interferometric Map Analysis, in Phase
2 (2011-2012, excluding Feb.-June 2012). We list how many events each cut rejects as a last cut, and how many are
rejected by each cut if it is the first cut. After the Event Quality and Reconstruction Quality Cuts are applied, VPol
and HPol and considered as two separate channels for the purpose of tabulation, independent of one another.
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Figure 13: These figures show the distribution of zenith angles of incident momenta for simulated neutrinos at 1018

eV that pass the trigger in AraSim for (a) Testbed at 30 m and (b) a design station at a depth of 200 m. The viewable
arrival direction zenith angles are generally limited to less than 120� for the Testbed and less than 150� for a design
station. This limited range of observable arrival directions is due to the combination of the limited viewing region
seen in Figure 3 and the requirement that the coherent signal is emitted near the Cherenkov angle, which is relative
to the arrival direction. When one adds in the screening e↵ect of the Earth (red lines), almost all events with zenith
angles less than 90� disappear as well and thus the observable range of zenith angles is limited by the geometry of the
Testbed by a factor of about 2.

factor of 3.2 improvement in sensitivity. This is because
a shallow station is limited in the angle of incident RF

emission that it can observe, and neutrinos that produce
RF emission that is steep enough to be observable are

16
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ReconstrucPon	Error	-	SimulaPon	
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Reco Theta - Corrected 

Entries  23411
Mean   -0.470
RMS     1.377
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Mean      0.017± -0.487 
Sigma     0.011±  1.104 

interaction pointθ-reco correctedθ = θΔ
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 Corrected VPolθCSW Reco 

Plotted are the residuals using this corrected theta (using the fit from the 
previous page). 
 
I expect the majority of our effective volume to come from this region (see 
colour scale on slide 5), so we do surprisingly well in our most sensitive region 

They look like this…. 
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ReconstrucPon	-	Calpulser	
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CalPulser Reconstruction - Phi 
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ReconstrucPon	-	Calpulser	

•  a	
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CalPulser Reconstruction - Theta 
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KU	Analysis	–	Template-based	

•  Template	matching:	take	remaining	events	and	find	the	cross	
correlaPon	between	the	events	
–  If	events	have	high	CC,	they	are	alike	and	are	thus	rejected		
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IniJal	Requirements:	
CW	filter	
4	antennas	have	peaks	in	excess	of		

	6X	RMS	
	
	

Minimum	waveform	power	requirement		
well-reconstructed	single	source	vertex	
non-pulser	reconstrucPon	locaPon	



Noise	filtering	

Signal	event	

Histogram	projected	Jme	differences	

Noise	event	

Quality	Parameter:	Sum	of	peak	maxima	
Result	on	simulated	
neutrino	events	and	
noise	(solid	lines)	
	
Compared	to	simple	hit	
count	(dashed	lines)	
	
Normalized	on	99%	
noise	cut	

Signal	
Noise	
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IRS2	calibraPon	
Sample	Jming:	
•  Sampling	with	Switched	Capacitor	Array	
•  Average	speed	can	be	tuned	up	to	4	GS/s	
We	need:	
•  calibraPon	of	average	speed	
•  CalibraPon	of	singe	delay	elements		

(128	per	channel)	

Use	sine	wave	inputs	for	calibraJon	

•  Correct	average	speed	through	
fit	frequency	
	

•  Correct	Pming	for	individual	
samples	at	+/-	30	ADC	counts	

MulJple	
iteraJons	

MulJple	
iteraJons	
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IRS2	calibraPon	
Sample	voltage:	
•  Samples	are	stored	on	32768	buffer	

elements	/	channel	
•  DigiPzed	via	Wilkinson	method	
We	need:	
•  ADC	to	voltage	conversion	for	the	full	

sampling	chain	of	each	buffer	element	
•  1.3	M	calibraPons	àNeeds	to	be	automated	

Use	Jming	calibrated	sine	waves	

•  Fit	waveform	with	2	X	nominal	
input	amplitude	

•  take	calibraPon	data	for	samples	
at	peak	values:	
Amplitude	of	fit,	ADC	counts	

•  Fit	the	resulPng	curve	(mulPple	
Pmes	with	random	seed)	
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Results	

Unsolved	problems:	
•  Asymmetry	in	voltage	
•  Non	linearity	in	voltage	
•  Slope	dependence	in	Pming	
•  (Frequency	response)	

Check	cross	correlaJon	
Jmes	

Timing	precision:	~100	ps	

Further	calibraJons:	
•  Temperature:	No	dependence	found	
•  Frequency	response:	Not	enough	

informaPon	
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Geometrical	calibraPon	
4	calibraJon	sources	per	staJon	(D5,	D6)	
à  28	independent	equaPons	from	Jme	differences	dt		
à  80	unknowns		
	
àNeed	iniJal	assumpJons:	
strings	are	perfectly	verPcal,	
internal	structure	and	Pme	delays	are	perfectly	known	

Fihng	
•  String	X,Y,Z	posiPon	

	+	relaPve	cable	delay	

Reference:	One	string	and	one	pulser	
à  17	fijed	parameters	per	staJon	(added	as	correcJons)	

k	=	calibraJon	source	
ref	=	reference	string	
i,j	=	measurement	antennas	
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Geometry	calibraPon	

Fit	result	ARA03	

Cross	check:	ICL	roof	pulser	reconstrucJon	

BEFORE	

AFTER	
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Background	esPmaPon	

IteraPve	search,	to	have	the	sum	of	all	
backgrounds	<<1	
•  Each	cut	produces	background:	EsPmated	

by	fit	to	cumulaPve	distribuPon	

•  For	QP:	10*f(0.6)	

•  For	Residual:	Perturb	Pmings	and	repeat	
reconstrucPon	10	Pmes	to	get	an	
extrapolaPon	

•  For	angular	cuts:	Same	as	residual	

10*f(0.6)	=	0.004	

Time	sequence	QP	cut	example:	
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Preliminary	Results	
•  Stage	1	(background	period	unblinding):	

–  Expected	background	events:	1.166	
–  1	event	survived	

•  Stage	2	(signal	period	unblinding):	
–  Expected	background:	0.106,	Expected	neutrinos:	1.47e-5	
–  0	events	survived	

•  First	quasi-diffuse	flux	limit	above	1016	eV	
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Figure 7.7: The inferred quasi-di↵use flux limit from the selected 57 GRBs. The quasi-
di↵use flux limit is obtained from the fluence limit (Fig. 7.6 with the assumptions
that 57 analyzed GRBs can represent the average GRB over the year and average
number of GRBs in a year is 667. This is the first quasi-di↵use GRB neutrino flux
limit for energies above 1016 eV.

from the shallow Testbed station to the 200 m deep station and another factor of ⇠2

for the number of deep stations currently operating. In addition to the improvements

from the number of deep stations, we expect to have improved livetime, and analysis

e�ciencies from the deep stations.

7.7 Conclusions

Using ARA Testbed data from January 2011 to December 2012, we have searched

UHE GRB neutrinos. Analysis cuts have been re-optimized with reduced background

from the coincidence time window for the 57 selected GRBs. The GRB neutrino
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Figure 7.6: The limit on the UHE GRB neutrino fluence from 57 GRBs. Total fluence
from 57 GRBs is shown with a red solid curve and the limit from the ARA Testbed
above 1016 eV is shown with a red dashed curve.

assumptions, the quasi-di↵use neutrino flux limit is:

E2� = E2F ⇥ 1

4⇡

667

NGRB

1

365 ⇥ 24 ⇥ 60 ⇥ 60
(7.2)

where E2� is the quasi-di↵use neutrino flux limit in units of [GeVcm�2sr�1sec�1],

E2F is the fluence limit, and NGRB is the number of analyzed GRBs which is 57

for this analysis. Fig. 7.7 shows the quasi-di↵use neutrino flux limit from multiple

experiments. Our limit is the first UHE GRB neutrino quasi-di↵use flux limit at

energies above 1016 eV.

From the future analyses from two ARA deep stations, we expect to have at least

a factor of 6 improved sensitivity based on [2]. There is a factor of ⇠3 increment
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