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Abstract

This paper bundles 40 contributions by the IceCube colkzimr that were submitted to the B0inter-
national Cosmic Ray Conference ICRC 2007. The articlesrcstuglies on cosmic rays and atmospheric
neutrinos, searches for non-localized, extraterresijal, andy, signals, scans for steady and intermittent
neutrino point sources, searches for dark matter candigai@gnetic monopoles and other exotic particles,
improvements in analysis techniques, as well as futurectitextensions.

The IceCube observatory will be finalized in 2011 to form aictlometer ice-Cherenkov detector at the
location of the geographic South Pole. At the present statemstruction, IceCube consists of 52 paired
IceTop surface tanks and 22 IceCube strings with a total 86 Digital Optical Modules deployed at depths
up to 2350 m. The observatory also integrates the 19 strind\WBIA subdetector, that was completed in
2000 and extends IceCube’s reach to lower energies. Béferddployment of IceTop, cosmic air showers
were registered with the 30 station SPASE-2 surface array.

IceCube’s low noise Digital Optical Modules are very rel@tshow a uniform response and record wave-
forms of arriving photons that are resolvable with nanoedqarecision over a large dynamic range. Data
acquisition, reconstruction and simulation software arening in production mode and the analyses, prof-
iting from the improved data quality and increased oveealisitivity, are well under way.
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Abstract: The IceCube neutrino observatory is a cubic-kilometerGberenkov detector being con-
structed in the deep ice at the geographic South Pole. Afseicaessful construction season ending in
February 2007, IceCube consists of 22 strings and 26 Icefftioiss with a total of 1424 Digital Opti-
cal Modules (DOMs) deployed at depths up to 2450m. Togettir tive commissioning of the central
laboratory building and central DAQ electronics, this ai#al IceCube to begin early operations and data
analysis. The goal is to complete construction of the finafigaration of 80 strings and IceTop stations
in 2011. First results from the 22-string configuration andaerview of the project will be presented.

Overview

The IceCube neutrino observatory is a kilometer-
scale neutrino telescope currently under construc-

tion at the South Pole. The existing AMANDA-II

array, the precursor of IceCube, will be surrounded 0m
by and integrated into the IceCube array [5]. Ice- 50m f=
Cube is designed to detect astrophysical neutrino
fluxes at energies from a few 100 GeV up to the
highest energies aft® GeV [1], [2].

Project
Year

Strings
deployed

IceTop
stations

# of
Sensors|

2004/05
2005/06
2006/07

1
8
13

4
12
10

76
528
820

2007 total

22

26

1424

1450 m

The IceCube neutrino observatory at the South
Pole will consist of 4800 optical sensors - digital
optical modules (DOMSs) - installed on 80 strings
at depths of 1450 m to 2450 m in the Antarctic Ice,
and 320 sensors deployed in 160 IceTop [4] detec-
tors in pairs on the ice surface directly above the
strings. Each sensor consists of a photomultiplier
tube connected to a waveform-recording data ac-
quisition circuit capable of resolving pulses with Figure 1: Schematic view of the IceCube array
nanosecond precision and having a dynamic rangeconsisting of 80 strings with 60 sensors on each
of at least 250 photoelectrons per 10 ns. Construc-string. The surface array IceTop consists of 160
tion started at the South Pole in November 2004. detectors, two of which are associated with each
A total of 1424 sensors have been installed to date string.

2450 m &=

7
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Figure 2: Schematic view of current geometry

100000

I Run 107485
on 22 strings and in 26 IceTop surface detector sta- 10000
tions. The table below summarizes the construc-

tion status as of February 2007. S

100 |

Electrical and mechanical structure 0]

It was a design goal to avoid single point failures Yy . i s s m@ﬁ‘l

in the ice, as the sensors are not accessible once the Time Difference [ms]

ice refreezes. High reliability and ease of mainte-

nance were other design goals. A string consists Figure 4: The time difference between subsequent
of the following major configuration items: a cable events is shown for one run.

from the counting house to the string location, a

cable from the surface to 2450 m depth, and 60 op-
tical sensors. 30 twisted-pair copper cables pack-
aged in 15 twisted quads are used to provide power

and communication to 60 sensors. To reduce thetroniCS on the main board are based on a field-
’ programmable gate array (FPGA) which contains
amount of cable, two sensors are operated on the

: X terminated and termi a 32-bit CPU, 8 MB of flash storage, and 32 MB of
sa;nt; Wge.pﬁg’ one terminated an onetug frm|- RAM. A small communications program stored in
nated. IWelghboring Sensors are connected 10 €N-pan aliows communication to be established with

able fast I0<.:al <.:0|nC|dence tr|-gger|ng in the ice. the surface computer system and new programs to
A schematic view of an optical sensor is shown pe downloaded to the DOM.

in Fig. 3. An optical sensor consists of a 25-cm-
diameter photomultiplier tube (PMT) embedded in
a glass pressure vessel of 32.5-cm diameter. The
HAMAMATSU R7081-02 PMT has ten dynodes,
allowing operation at a gain of at least 107. The
average gain is set th0 - 107, providing a single
photoelectron amplitude of about 5mV. The sig-
nals are digitized by a fast analog transient wave- Data acquisition and online data pro-
form recorder (ATWD, 300 MSPS) and by a fADC cessing

(40 MSPS). The PMT signal is amplified by 3 dif- o o

ferent gains €0.25, x2, x16) to extend the dy- All digitized photomultlpller. pu_lses are to be. sent
namic range of the ATWD to 16 bits. The linear !0 the surface. A local coincidence (LC) trigger
dynamic range of the sensor is 400 photoelectrons Scheme is used to apply data compression for iso-

in 15ns; the integrated dynamic range is of more
than 5,000 photoelectrons in®. The digital elec-

The flasher board is an optical calibration device
which is integrated in each DOM. The amplitude of
the LED pulses can be adjusted over a wide range
up to a brightness o - 10'° photons at a wave-
length of about 405 nm.

8
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lated hits, which are mostly noise pulses. Every
string is connected to one server called a stringhub,
which includes 8 custom PCI cards. They pro-
vide power, communication and time calibration
to the sensors. The stringhub sorts the hits in time
and buffers them until the trigger and eventbuild-
ing process is complete. The digital architecture
allows deadtime-free data acquisition (Fig. 4) with
the exception of runstop and start times and main-
tenance times. A joint eventbuilder combines sig-
nals from the AMANDA-II array with IceCube
data. The raw data rate is on the order of 100
GB/day, which are written to tapes. An online
processing and filtering cluster extracts interest-
ing phenomena, such as all upgoing muons, high-

L AN
. i e T2
=5 g W e S )

Figure 5: The IceCube Laboratory contains all sur-
face electronics and server farms for data acquisi-
tion and online data processing.

energy events, IceTop-In-ice coincidences, cascade

events, events from the direction of the moon,

events that are interesting for dark matter search to deployment. The installation and the subsequent
and events in coincidence with GRB. The filtered freeze-in process (with temporary pressures up to
data stream (of order 20 GB/day) is then transmit- more than 400 bar) places unusual demands on
ted by satellite to the Northern Hemisphere to be the string hardware. Yet, the survival rate of op-
stored and archived in the data center. The datatical sensors is very high. For 1424 optical sen-

will then be prepared for physics data analysis by
the working groups in the collaboration.

Drilling and detector installation

The strings are installed in holes which are drilled
using the enhanced hot-water drill (EHWD). The

drill consists of numerous pump and heating sys-
tems, hoses, a drill tower and a complex control
system. It delivers a thermal power of 5 MW. The

average time required for drilling a hole 60 cm in

diameter to a depth of 2450 m was

~34 hours in the most recent construction sea-
son. The subsequent installation of a string with
60 DOMs required typically 12 hours. Overall, the
construction cycle time between two strings was
3 days, which allowed the installation of 2 strings
per week. With some optimizations in set-up time
and an improved technique for drilling through the
firn layer, we expect to install up to 18 strings be-

sors deployed to date, only 16 (1.1%) are not us-
able; another 18 (1.3%) have developed minor is-
sues, some of which are expected to be resolved.
97.6% of all sensors have been commissioned with
full functionality and are in operation to date. Only
two sensors failed after they were frozen in and
commissioned. A total of 1000 DOMyears of inte-
grated operation has been accumulated as of May
2007.

Operation and performance character-
istics

The detector electronics and software are designed
to require minimal maintenance at the remote lo-
cation. For example, the time calibration system, a
critical part of any neutrino telescope, is designed
to be a self-calibrating, integral part of the read-
out system (in contrast to the AMANDA detector,
which required manual calibration of all analog de-

tween December 2007 and January 2008. Based ortector channels). The strings are calibrated as soon
the past season, the long-term construction sched-as they are frozen in, allowing for gradual commis-

ule remains unchanged with completion expected
in January 2011.

sioning of the instrument.
All sensors have precise quartz oscillators to pro-

All sensors undergo a final acceptance test at theirvide local clocks, which are synchronized every

production sites before being shipped to the South
Pole. They are again tested briefly on the ice prior

9

few seconds to the central GPS clock. Using LED
flashers, it was possible to verify the time reso-
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lution to a precision of less than 2 ns on average.

Studies with muons and flashers have shown that Instr. Volume/kni

the timing is stable over periods of months [6]. An-

other important performance parameter is the dark- 11 a4,,./HZ
noise rate of the sensors. There is no known natural Ang. res.? (10TeV)

background of light in the deep ice other than light

- A-llIC9 1C22 IC80
.016 0.044 0.18 0.9

# of sensors (inice) 677 540 1320 4800
80 140 550 1650
2.0 2.0 0.7

generated by cosmic particles. The noise rates for Table 1: Some performance parameters for the

DOMs in the deep ice ares700Hz. The rate is
~320Hz with an applied dead time of 58. The
very low noise rates of the sensors are critical for
the detection of the low energy neutrino emission
associated with supernova core collapse.

[
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Figure 6: Azimuth distribution of atmospheric
muons observed in the 9-string array in 2006 and
the 22-string array in 2007.

The 9- and 22-string arrays trigger on atmospheric
muons at a rate of 140Hz and 520Hz, respectively.

The 22 string trigger condition requires an 8-fold
coincidence within usec. Several characteristic
figures of AMANDA-II, IC9, IC22 and IC80 are
compared in table2. The 22-string configuration
has a significantly higher effective area and overall
sensitivity. Fig. 6 shows the azimuth distribution
of cosmic-ray muons for one hour of livetime of
the 9- string array and the 22-string array for events
with at least 20 DOMs and 3 strings hit. The az-
imuth distribution for IC22 is more even, and the
overall rate is visibly higher as the detector is now
sensitive in all directions.

AMANDA-II and IceCube 9-, 22- and 80-string
detector configurations. Rates are given for cos-
mic ray muons at trigger level. The rate for the
80-string array is based on simulations [6].

Acknowledgments

We acknowledge the support from the follow-
ing agencies: National Science Foundation-Office
of Polar Program, National Science Foundation-
Physics Division, University of Wisconsin Alumni
Research Foundation; Swedish Research Council,
Swedish Polar Research Secretariat, and Knut and
Alice Wallenberg Foundation, Sweden; German
Ministry for Education and Research, Deutsche
Forschungsgemeinschaft (DFG), Germany; Fund
for Scientific Research (FNRS-FWO), Flanders In-
stitute to encourage scientific and technological
research in industry (IWT), Belgian Federal Of-
fice for Scientific, Technical and Cultural affairs
(OSTC); the Netherlands Organisation for Scien-
tific Research (NWO).

References

[1] J. Ahrenset al,, Astrop. Phys. 20, 507 (2004),
arXiv:astro-ph/0305196.
[2] IceCube  Preliminary
ment, Ahrens et al.
http://icecube.wisc.edu
[3] A. Achterberg et al. (IceCube Collaboration)
Astropart. Phys. 26 (2006) 155
[4] T. Gaisser et al. (IceCube Coll.), these proc.
[5] A. Gross et al. (IceCube Coll.), these proc.
[6] J. Kiryluk et al. (IceCube Coll.), these proc.
[7] J. Pretz et al., (IceCube Coll.), these proc.

Design  Docu-
(IceCube caoll.)

First physics analyses have already been per- [8] C. Finley et al. (IceCube Coll.), these proc.

formed using data of the IceCube 9 string array[7,
8, 9]. The start of regular science operations with
IC22 is scheduled for May 2007 and will continue
in this configuration until March 2008.

10

[9] K. Hoshina et al. (IceCube Coll.), these proc.



THE ICECUBE COLLABORATION

30TH INTERNATIONAL CosmIC RAY CONFERENCE

S E RN P ST

The combined AMANDA and IceCube Neutrino Telescope

A. GRosd, C. Ha2, C. RoTT?, M. TLUCZYKONT?
FOR THEICECUBE COLLABORATION?®

, E. RESCONI, T. DEYOUNG?, G. WIKSTROM?

L MPI fur Kernphysik, Saupfercheckweg 1, D-69117 Heidelbergn@aey

2 Pennsylvania State University, Department of Physicsy&isity Park PA 16803, USA
3 DESY, Platanenallee 6, D-15738 Zeuthen, Germany

4 Department of physics, Stockholm University, AlbaNova0&91 Stockholm, Sweden

5 see special section of these proceedings
gross@mpi-hd.mpg.de

Abstract: The IceCube Neutrino Telescope is currently under consbruat the geographic South Pole
and will eventually instrument a volume of one cubic kilosrdty 2011. It currently consists of 22 strings
with 60 Digital Optical Modules each. Additionally the AMADA detector has been fully integrated
into IceCube operation. This includes hardware synchatiois, combined triggering, common event
building and a combined data analysis strategy. Monte Ganhwlations of a combined AMANDA +
IceCube detector will be presented. The results of the sitinls were used to implement an online
filtering on data provided by the Joint Event Builder coliegtdata from both detectors. Data taken
synchronously from both detectors serve for Monte Carldfieation. We discuss the impact of the
AMANDA integration on the effective area, track reconstioiec and event selection for the muon neutrino
detection channel. In particular, we study fully and pdistiaontained events at low energy. An online
filter marks candidates for contained events using perglogtical modules as a veto against atmospheric
muons. The effective interaction volume for this filter iepented.

Introduction

In its 2007 configuration, IceCube consists of 22
strings in operation with 60 digital optical mod-
ules each. For details on its performance see [1].
With the deployment of 13 additional strings in

tor. This includes a common run control, trigger-
ing, event building and online filtering. Every time
the AMANDA detector is triggered, a readout re-
guest is sent to the IceCube detector. Since the en-
ergy threshold of AMANDA is lower, no triggering
requests from IceCube to AMANDA are needed.

the 2006/07 polar summer, the detector surroundsAs shown in Fig. 1, the Joint Event Builder (JEB)

now its predecessor AMANDA. Since IceCube has
a wide string spacing ol25 m, optimized for
muon tracks above a few TeV, the integration of
AMANDA with its denser array adds an important
part to the low energy reach of the combined de-
tector.

The implementation of a new DAQ system to the
AMANDA detector [2] in the years 2003-2005

allowed for a reduction of the multiplicity trig-

ger threshold. By this the energy threshold of
AMANDA has been lowered below 50 GeV. Hence
it is capable to complement IceCube at low en-
ergies and consequently, the AMANDA detector
has been fully integrated into the IceCube detec-
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receives data from both detectors, merges events
on a time coincidence base and provides the data
to the online filtering. The online filtering selects
events of interest for physics analyses and trans-
fers the selected data to the Northern Hemisphere.
With this filtering the relevant physics data can be
quickly analyzed despite the constraints of limited
satellite bandwidth available for data transfer from
the South Pole.

Monte Carlo (MC) studies of the performance of
the combined detector in muon neutrino channel
are presented in this paper. The combined detector
provides an improved performance at low energies:
the IceCube strings directly adjacent to AMANDA
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@ @ since their localization in space and time signifi-
TWR Dispatch DAQ Dispatch

cantly reduces the number of background events.

\ An example for such a source is LS 1+61 303 emit-
ting TeV photons periodically with a power law in-
POF diont | < p | Online Analysis dex of -2.6 [6]. Another region of high interest is

the Galactic Center which contains a TeV gamma-

. JEB +PnF . . e . .
<—> cerver | — ray source [7]. As it lies in the southern sky it was

’m‘ S not access_ible for AMANDA up to_now. I_3ut also_
the analysis of atmospheric neutrinos will benefit
l and might even allow the detection of neutrino os-

cillation effects in the energy range 10 — 100 GeV

SPADE . . .
@ and test for non-standard oscillation scenarios.

Figure 1: Data flow in the combined AMANDA ) L .

and IceCube neutrino telescopes using the JEB. Online filtering and data analysis

The processing and filtering (PnF) clients recon-

struct the combined events within a few seconds of Two filtering strategies make use of the combined
data acquisition. Online analysis is then performed detectors. The first strategy aims for an improved
before the data is transferred to the SPADE system performance for up-going muon tracks, by adding
for satellite transmission and tape archiving. a low energy online filter for combined data to the
standard IceCube filter for up-going muons. Ad-
ditionally, a filter using the veto strategy identifies
events contained in the AMANDA array and opens
a sensitivity window to the southern sky. In ad-
dition to the integration of AMANDA, the imple-
mentation of a string trigger improves the detection

enlarge the densely instrumented region, provide
a longer lever arm and thus improve the angu-
lar resolution. This reduces the background for
low energy neutrinos from point-like sources com- : :
pared to previous AMANDA analyses [3]. Since of vertical I.ow energy tracks with lceCube.
AMANDA is now completely embedded into the ~1h€ Up-going muon filter
IceCube array, the identification of starting and The low energy up-going muon track filter uses all
contained tracks becomes possible using IceCubehits from both detectors to reach a decision. It
as a veto. The identification of contained events is complementary to an up-going muon track fil-
allows a better measurement of the energy. Addi- ter defined on IceCube hits only. The JAMS re-
tionally, with this technique, the rejection of down- constructiod was chosen for the low energy fil-
going atmospheric muons is possible and thus, theter. Events with a reconstructed zenith angle larger
detector is sensitive to sources in the southern sky.than75° are selected. The combination with the
Furthermore, analyses for different neutrino flavors IceCube only filter allows to constrain the use of
will use the combined detector as well to improve this relatively slow algorithm to events with hits
the low-energy performance. in the AMANDA detector not passing the IceCube
filter and having less tha20 hits in IceCube. For

) . ) events with more hits, the additional information
Low energy physics with the combined  from AMANDA does not result in a significantly
detector better filtering efficiency.

o _ The effective area for muon neutrinos of the com-
With its enhanced performance at low energies the pined detectors using the combined online filter is
combined detector will have an improved sensi- —— M —
tivity to WIMPs (see [4]) and sources with steep 1. JAMS is based on a cluster search in the abstract

- : space spanned by the distance of the hit to the track
energy spectra or cut-offs below 10 TeV like the and the time residual. The time residual is the differ-

Crab nebula [5]. In particular, the search for time- gnce of the measured hit time and the passing time of
variable sources will profit from this enhancement the Cherenkov cone for an assumed track.

12
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shown in Fig. 2 in comparison to the IceCube only
filter. Figure 3 shows the resulting expected rate of
atmospheric neutrinos [8]. It is worth noting that
the combined detector detects atmospheric neutri-
nos over four orders of magnitude in energy be-
tween 10 GeV and 100 TeV.

The neutrino signal efficiency of the combined fil-
ter is aboved0% over the wide energy range from
10 GeV to 100 PeV. The rejection of the atmo-
spheric muon background is abo98%, where
less thar0.5% of all events are passing the JAMS
filter on combined events. That demonstrates that
the background of atmospheric muons is not sig-
nificantly increased by the AMANDA integration.

E
E [— combined
- |E= IceCube only

v, effective area [cm’]

4 4.5 5

log (E/GeV)

Figure 2: Effective area of the combined detectors
in comparison to IceCube only at online filter level.

E |— Combined
E= iceCube only

4.5
log (E/GeV)

Figure 3: Atmospheric neutrino rate at online filter
level for a generic run period of 200 days.

Afirst study of the angular resolution in the low en-
ergy regime £ < 10 TeV) was conducted. For this
study, events triggering both detectors separately
have been selected and a full likelihood reconstruc-
tion [9] has been applied. As shown in Fig. 4, a
slight improvement was found.
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L
6 8 10
Cumulative angular resolution [deg]

Fraction of events with smaller deviation

Figure 4: Cumulative distribution of the angle be-
tween simulated and reconstructed track for the
combined detectors and IceCube only.

A filter for low-energy contained events

As IceCube surrounds the AMANDA detector its
outer strings and top-layers can be used to veto
through-going tracks and especially study low en-
ergy (100 GeV —1 TeV) fully or partially contained
tracks with47 sensitivity. Figure 5 shows the ef-
fective volume for these events at filter level. The
combined AMANDA-IceCube detector is used to
reconstruct tracks and point them back to their ori-
gin. Reconstructed tracks that deposite no light
in one or more peripheral strings despite of a
high probability to do so assuming a through-going
track, are more likely to be due to muon neutrino
interactions rather than atmospheric muon back-
ground. Furthermore, the charged current interac-
tion of the muon neutrino in the detector produces
a cascade with a track attached to it. This topo-
logically differs from a through-going muon track
and can be studied in the recorded waveforms and
leading edge times. A dedicated reconstruction al-
gorithm is currently under development.

A string trigger for vertical low-energy events
in lceCube

We are currently implementing a new string trigger
for IceCube that requires 5 DOMs to be hit out of a
sequence of 7 DOMs on a single string. The upper
most part of the string isd excluded to reduce the
trigger rate on down-going muons. In comparison
to the standard IceCube trigger requiring 8 DOMs
to be hit, for energies below 100 GeV an improve-
ment by more than a factor of 10 is obtained. Fig-
ure 6 shows the string trigger efficiency as a func-
tion of the muon neutrino energy and zenith angle.
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Figure 5: Effective interaction volume of the con-
tained event filter.
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Figure 6: String trigger efficiency for muon neu-
trinos that produce at least one hit in the detector
as a function of muon neutrino energy and zenith
angle.

The good performance for vertical tracks allows to
compare the fluxes of up- and down-going atmo-
spheric neutrinos and the analysis of WIMP anni-
hilations at the center of the Earth.

Verification of MC simulations

In order to check the viability of the MC simula-

tion for the combined detector, we have compared
the distributions of various quantities between data
and simulation. The data for this comparison has

been acquired in a special integrated mode test run

in 2006. As an example Fig. 7 shows the compari-

son of the reconstructed zenith angle spectrum for

data and MC. Other distributions, including that of
the trigger rate and the number of hit channel were
also found to be in good agreement.
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Figure 7: AMANDA-IceCube (9 strings) JAMS
zenith spectrum from integrated test run 2006.

Conclusions

According to the preliminary results presented
here, the combined IceCube and AMANDA de-
tector in its current configuration provides a sig-
nificantly improved performance in the low en-
ergy regime. The effective area for up-going muon
neutrinos and the effective interaction volume for
contained down-going events at online filter level
provide improved possibilities to investigate atmo-
spheric neutrinos as well as possible astrophysical
sources emitting neutrinos with energies below 10
TeV. For the first time, the Galactic Center can be
examined with a neutrino telescope on the South-
ern Hemisphere.
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Abstract: We present an overview of the status of IceTop, which nowistsef 52 tanks at 26 stations
above the 22 deep strings of IceCube. Six months of good datta taken with the previous 16 station-9
string version of IceCube during 2006.

Introduction

During 2006, IceCube ran with sixteen IceTop sta-

tions and nine IceCube strings. Ten more sta- Surface map of IceGube 2007 (as bul)

tions and thirteen more strings were deployed in 600 ‘ ‘ ‘ ‘

the 2006-2007 austral summer, as shown in Fig 1. .78

When complete, there will be 80 surface stations ST L 04

and a similar number of deep strings in IceCube. a00 | s .
The IceTop air shower array consists of pairs of ou 065 3 =

tanks (A and B) separated from each other by 10 - 57 <58 %9

m. Each IceTop station with its pair of tanks is 2001 R M *50 1

associated with an IceCube string. Each tank is in-
strumented with two standard IceCube digital op-

. . . . E 0r ICL : ) Ogg * 1
tical modules (DOMs) operating at different gains > 38"
to extend the dynamic range of the tank. This con- o %
figuration has several advantages: 200 1 S oo |
e Local coincidence between two tanks at a
station is used to select potential air shower 13 new IceCube strings ~ ©
) A _ -400 9 IceCube strings @ T
signals from the high (typically 2 kHz) event 2olceTopAtanks
rate generated in each tank by uncorrelated AMANDAZ
photons, electrons and muons. 600 ‘ ‘ ‘ ‘
-200 0 200 400 600 800
e Comparison of signals seen by two DOMs X (m)

within a tank can be used to demonstrate
that fluctuations in tank response are much
smaller than intrinsic fluctuations in air
showers as measured by comparing signals
from the same shower in the two tanks at a
station [1].

Figure 1: Surface map of IceCube/lceTop in 2007.
When completed the array will be symmetric
around the IceCube Laboratory (ICL).

e Two identical sub-arrays (A-tanks and B-
tanks) can be used to measure shower front

15
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curvature, lateral distribution, timing and
density fluctuations, core location accuracy,
angular resolution and other properties of
showers.

=
<

[
Q

e By selecting coincident events in which an
event in deep IceCube is accompanied by
exactly one hit station in the inner part of
IceTop, we can identify and tag a set of
events that consist almost entirely of single
muons in the deep detector (as compared to L
the multi-muon events typical of showers big
enough to trigger several stations of IceTop).

Such events are useful for calibration.

=
o

Energy Deposit [VEM/tank]

Distance to shower core / m

Figure 2: Signal vs distance from shower core with

e With 52 tanks we already have a total de- fitted lateral distribution for an event with an esti-
tector area ofi40 m?, which will grow to mated energy of00 PeV.

over400 m? when the detector is complete.
The monitoring stream includes scalar rates )
of IceTop DOMs that can be used to observe Air showers in IceTop
solar and heliospheric cosmic-ray activity.
With a spacing between stations of approximately
] ) 125 m and a surface area per tank®f m?, the
Calibration of IceTop DOMs effective threshold for IceTop is abos0 TeV for
a trigger requirement of five or more stations, [3]
IceTop DOMs are calibrated and monitored with somewhat higher than the nominal threshold of
the continuous flux of muons through the tanks [2]. 300 TeV for showers near the vertical that hit four
Through-going muons give a broad peak in the dis- or more stations. (Here “effective threshold” is
tribution of signals from the inclusive flux of all  defined as the energy above which the previously
particles that hit the tank. For a vertical muon the measured cosmic-ray flux through a defined area-
signal corresponds to a track length of 90 cm in solid angle inside the array equals the observed
ice. The peak is calibrated with a muon telescope rate of events.) Figure 2 shows an example of the
and with simulations. Air shower signals are then |ateral distribution of signals in a large shower in
expressed in terms of vertical equivalent muons units of VEMs. The line is the fitted lateral dis-
(VEMSs) by comparing the integrated charge of the tribution of energy deposition, which has a shape
signal to that of a vertical, through-going muon. different from the standard NKG function. [3] The
Regular calibration runs provide monitoring infor- NKG function is appropriate for a scintillator array
mation and a data base of calibration constants, that is relatively insensitive to the photonic part of
which is updated weekly. The first 8 tanks de- the signal §{ — e* + e~). Conversion of photons
ployed in December 2004 provide a 2.5 year time- inside the tanks makes an important contribution to
line for studying stability of the response, which signals.
generally varies slowly within a range @f5%. In
half the cases (8/16) DOMs showed a sudden de-
crease in response ranging from 10% in two cases
to 33% in one. The shift_s occurred in mid-winter .o G100). The mean energy fafio = 20 is
of 2006, which was the first season that the tanks approximately 10 PeV for showers with zenith an-
experienced operation at the ambient winter tem- gle less thar$0° and~ 100 PeV for Sigo = 200.

perature. (In 2005 winter the freeze-control units A f,nctional relation forS100 as a function of pri-

were still in operation.) mary cosmic-ray energy and zenith angle for pro-
tons is given in Ref. [3], which shows a prelimi-

A convenient measure of primary cosmic-ray en-
ergy for showers observed in IceTop is the fitted
signal density in VEMs at00 m from the shower
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nary energy spectrum extending frdrto 100 TeV

tor has good energy resolution, which is important

based on this relation. Because of fluctuations on when the goal is to measure changes in composi-
the steep cosmic-ray spectrum, the mean primarytion as a function of energy. In some currently fa-

energy for a measures o, is smaller than the en-
ergy which gives the same averagg,. There are
also systematic differences in the relation for dif-
ferent primary masses (up26 % for Fe). The full

vored models [7, 8] the transition from galactic to
extra-galactic cosmic rays occurs in the decade be-
tween10'” and10'® eV. In the model of Ref. [7]
the transition would be characterized by a transi-

energy spectrum analysis will require an unfolding tion from heavy nuclei at the end of the galactic
procedure to account for fluctuations. population to nearly all protons at higher energy as

The same events can be reconstructed indepenihe extra-galactic population dominates. The de-
dently by the sub-array of A tanks and that of B tails of the transition may in principle give infor-

tanks. From the comparison one can obtain an ex- Mation about the cosmology of the extragalactic
perimental measure of the accuracy of reconstruc- COSMic ray sources if the change in composition
tion. Such a sub-array analysis indicates that core ¢@n be measured with sufficient precision and en-

location can be determined to an accuracym
and the reconstructed direction to abdtt

Primary composition from coincident
events

An important physics goal is to use the downward
moving events observed in coincidence by IceTop

and the deep IceCube detectors to study primary

composition in the knee region and above. The
idea is to measure the distribution of energy depo-
sition by muons in the deep detector as a function
of primary cosmic-ray energy and hence to mea-
sure the fraction of heavy nuclei, which produce
more muons. Previous studies of this type have
been done by SPASE2-AMANDA-B10 [4] and by
EASTOP-MACRO [5] in the knee region. Sta-
tus of this analysis with 2006 IceCube data is pre-
sented in Ref. [6].

The full IceCube detector can cover the energy
range from< 10'° eV below the knee ta0'® eV.
Showers generated by primary cosmic rays in this
energy range produce multiple muons with en-
ergy sufficient to reach the depth of IceCube. For
primary energy ofl0'® eV, for example, proton-
induced showers near the vertical produce on ave
age about 10 muons withi,, > 500 GeV and iron
nuclei about0. For higher primary energies, the
number of muons increases, and the multiplicity in

showers generated by nuclei approaches asymptot

ically a factor ofA°-3* times the muon multiplicity
of a proton shower, or 2.7 for A = 56.

As a consequence of the high altitude of IceTop,

showers are observed near maximum so the detec-
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ergy resolution [9].

Calibration of IceCube with IceTop

Events reconstructed by IceTop that are also seen
in the deep strings can be used in a straightfor-
ward way to calibrate event reconstruction in Ice-
Cube. One can, for example, compare the direc-
tions reconstructed by IceTop with the direction
of the muon core reconstructed by one of the al-
gorithms used for muon reconstruction in the neu-
trino telescope. Examples of verification of timing
and direction with IceTop are given in Ref. [1]. As
noted above, however, showers that trigger IceTop
normally produce bundles of several (at 1 PeV) or
many muons in the deep detectors.

In contrast, much of the atmospheric muon back-
ground in deep IceCube consists of single muons,
as does the target population of neutrino-induced
muons. Figure 3 shows the response function for
atmospheric muons at the top of the deep IceCube
detector,l.5 km below the surface. About 90% of
downward events consist of a single muon entering
the deep detector. Most of these events are from
cosmic-rays with primary energy10 TeV. The re-
gion under the lower curve shows the contribution
of events with multiple muons. By selecting a sam-
ple of coincident events in which both tanks at one
and only one IceTop station are hit, it is possible
to discriminate against high-energy events and find
a sample enriched in single muons. Coincidences
involving only an interior IceTop station provide a
sample in which about 75% are single muons in the
deep detector. [10] The line from the hit station to
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Muon response for IC9 As the setting of the discriminator is increased,
‘ ‘ the average signal rate decreases as the contribu-
tion from the lower energy cosmic-rays falls below
threshold. The response of a DOM to the primary
cosmic-ray spectrum can therefore be tuned signif-
icantly by changing the discriminator threshold—
even within the constraint that the threshold must
remain below a fraction of the VEM peak. This
gives the possibility of studying heliospheric phe-
nomena with unprecedented timing resolution and
‘ ‘ with significant energy resolution, as discussed
1 ) 10 100 1000 |n [13]

Primary energy, E,, (TeV/nucleon)
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Figure 3: Distribution of primary cosmic-ray nu- U.S. National Science Foundation, Grants No.
cleons that give rise to muons near the vertical at OPP-0236449 and OPP-0602679.
1.5 km in IceCube (estimated from Ref. [11]). The
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L _ Studies with IceTop/lceCube”, this confer-
The monitoring stream of IceCube includes the ence.

scalar rates of both discriminators in each DOM. [7] R. Aloisio, V. Berezinsky, et al., Astropart.
Response of IceTop DOMs to secondary cosmic Phys. 27 (2007) 76.

rays at the surface is discussed in [12]. Signals at [8] E.G. Berezhko & H.J. Volk,
the rate of~2 kHz are produced by a combina- arXiv/0704.1715 [astro-ph.

tion of photons converting in the tanks, and elec- [9] D. Allard, A.V. Olinto & E. Parizot, astro-
trons and muons that enter the tanks. Most of these ph/0703633.

particles come from primary cosmic rays with en- [10] X. Bai,
ergies in the few GeV range. Large heliospheric dences”, this conference.

events can produce sudden changes in the countTll] T. Gaisser, Cosmic Rays and Particles
ing rate. Depending on the nature and orientation PhysicgCambridge University Press, 1990).
of the event (e.g. a coronal mass ejection associ- [12] J. Clem, P. Niessen, et al., “Response of Ice-
ated with a large solar flare), one can detect either Top tanks to low-energy particles”, this con-
a decrease in the flux of galactic cosmic rays as the ference.

magnetic activity excludes the lower energy cos- [13] T. Kuwabara, J.W. Bieber & R. Pyle et al.,

mic rays from the inner heliosphere or an increase “Heliospheric Physics with IceTop”, this con-
due to solar energetic particles accelerated in the ference '

event.

et al.,, “lceTop/lceCube coinci-

18



THE ICECUBE COLLABORATION

30TH INTERNATIONAL CosmIC RAY CONFERENCE

S E RN P ST

Heliospheric Physics with IceTop

T. KUWABARA "2, J. W. BEBER!, AND R. PYLE!

!Bartol Research Institute and Department of Physics antbAsty, University of Delaware
2For the IceCube Collaboration, described in a special sattf these proceedings
takao@bartol.udel.edu

Abstract: IceTop is an air shower array now under construction at thgtSBole. It is the surface
component of IceCube, an observatory primarily focusedaamic neutrinos. When completed, IceTop
will have approximately 500 square meters of collectingaarethe form of 160 separate ice Cherenkov
detectors. These detectors are sensitive to electrongr)anuons and neutrons. With the high altitude
and low geomagnetic cutoff at the South Pole, IceTop prosrisdhave unprecedented statistical preci-
sion, coupled with spectral sensitivity that can be usedoseove solar energetic particles and transient
phenomena in the flux of galactic cosmic rays. We discuss atengial of IceCube to contribute to he-
liospheric physics in general, and present a preliminaajyais of a complex interplanetary disturbance
that occurred in August of 2006.

H . . —4
Introduction 0.020 Sgigetic Selar Moximum  elar

Neutron Neutron

Proton Proton

Electron Electron

IceTop is an air shower array now under construc- -
tion at the South Pole as the surface component of ‘¢
the IceCube neutrino telescope. When completed, ”
IceTop will have approximately 500 square me-
ters of ice Cherenkov collecting area arranged in
an array of 80 stations on a 125 m triangular grid.
Each station consists of two, two meter diameter
tanks filled with ice to a depth of 90 cm. Tanks
are instrumented with two Digital Optical Modules T e T B T AT e e TS
(DOM) operated at different gain settings to pro- Energy (GeV) Energy (GeV)
vide appropriate dynamic range to cover both large
and small air showers. Each DOM contains a 10
inch photomultiplier and an advanced readout sys-

tem capable of returning the full waveform of more th_e S_OUth Pole. Left_: Galactic solar_maX|mum.
complex events. For the present analysis we use Right: Solar flare particle event normalized to pro-

two discriminator counting rates recorded in each duce @ doubling of the count rate of a standard
DOM. For historical reasons, the two discrimina- (NM64) neutron monitor.

tors are termed SPE (Single Photo Electron), and

MPE (Multi Photo Electron). As used in Ice€Top  gjgnificant amount of information on the spectra
the SPE threshold corresponds typically to 10 pho- of the primary particles. This is illustrated in Fig-
toelectrons, and the MPE threshold to 20 photo- re 1, which summarizes the result of a FLUKA [4]
electrons. calculation of the secondary spectra due to galac-
Due to the high altitude (2835m) and the nearly tic cosmic rays at solar maximum (left panel) and
zero geomagnetic cutoff at the South Pole, sec- a typical solar flare particle event (right panel). Of
ondary particle spectra at “ground” level retain a course the solar spectrum would be superimposed

0.015

Muon
Photon/5

Muon
Photon/5

0.010

0.005

E*Flux (cm

Figure 1: Calculated secondary particle spectra at
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Figure 2: Correlation of scaler rate with pressure

for one DOM on October 8-9. 2006. Figure 3: Pressure correction coefficient for all

DOM as a function of scaler rate.

on the galactic background. It is beyond the scope function of the counting rate of the discrimina-
of this brief paper to show this in detail, but be- tor. At that time the tanks were all operating at
cause the IceTop tanks are thick enough to totally the same nominal setting, but they had not been
absorb many of the incident particles the signal dis- calibrated, so in fact the d’iscriminators were trig-
tril_aution in the tank contains.information_ on t.he gering over a range of physical light levels. The
primary §pectrum. More details are provided in a correlation of correction with light level is nearly
companion paper [2]. perfect. Those discriminators with lower count-
ing rates, corresponding to higher light thresholds,
Barometer Correction have markedly lower barometric corrections. This
is just what is expected since these signals should
As with a neutron monitor, the counting rate of result preferentially from higher energy primaries.
an IceTop detector shows a strong dependence onwe are in the process of trying to use this informa-
barometric pressure. From simulation and obser- tion, plus simulations and calculations, to establish
vation, it has been shown that barometric correc- gn energy response function for the tanks. For the
tion coefficients vary with the threshold energy of remainder of this paper we rely on the approximate
secondary cosmic rays [7] [3]. The energy sen- response functions derived from the FLUKA cal-

sitivity of IceTop detectors is nicely illustrated by  culation that produced the plots shown in Figure 1.
the barometric coefficients we derive for them. By

considering time periods in which there appears to
be little variation in the primary particle intensity,

itis possible to make a phenomenological estimate In Figure 4 we show several data sets characteriz-

of the_ appropriate pressure correction by meansing a heliospheric event in August 2006. The Ice-
of a simple correla}tlon between _detector counting Top measurements are shown in the second panel.
rate anq barometric pressure. Figure 2.sh.0\{vs thlsWe have averaged the SPE (blue) and MPE (red
correlation for the two thresholds of an individual dashed) counting rates for all 32 DOM, after in-

D.OM' Notg in particular the small b.Ut significant dividually applying the barometric corrections de-
dlfferen_ce in the slop(_e ofthe co_rrelaﬂon, andhence g iipeq in the previous section. Ten minute aver-
the derived barometric correction. ages are shown, all expressed as percent changes
In 2006 a total of 32 tanks were operational. Fig- relative to the normalization interval on August 17
ure 3 shows the derived correction for each DOM prior to the first decrease. For comparison the top

(red squares for the MPE discriminators and blue panel shows the similarly treated counting rate of
circles for the SPE discriminators) plotted as a

Heliospheric Event
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Figure 4: August 17-21, 2006. From top: (1) McMurdo monitbla¢k) and Spaceship Earth isotropic

component (green dashed). (2) IceTop SPE (blue) and MPHEl&slied) scaler rate, 32 DOM average. (3)
IceTop model prediction. (4) Interplanetary magnetic figldgnitude (black) and derivative (green). (5)

Field direction latitude (black) and longitude (blue dot®)) Plasma density. (7) Plasma temperature. (8)
Plasmag.

the McMurdo neutron monitor. While the eventis ventional pattern in which the magnitude tends to
generally similar in the two detectors, the remark- scale inversely with primary rigidity [6]. Note that
ably better counting statistics of IceTop stand out. the decrease is consistently larger in low threshold
In IceTop the total counting rate for the SPE chan- SPE channel than high threshold MPE, and also
nelis~64 kHz (2 kHz from each DOM), while the  that the higher rigidity particles tend to recover
total counting rate of the 18NM64 McMurdo neu- more rapidly.

tron monitor is~0.3 kHz [1]. In contrast, during the first decrease the higher en-
From McMurdo alone, one might characterize this ergy channel shows a (slightly) larger deviation.
event as a double Forbush decrease [5]. Both de-There is also an intriguing feature in the IceTop
creases are associated with structures in what isdata on August 18, near the time of a large change
evidently an interplanetary coronal mass ejection in the interplanetary magnetic field direction, that
(ICME) containing at least one shock and multiple is not observed in the McMurdo neutron monitor.
regions with different magnetic field and plasma The Spaceship Eartineutron monitor network [1]
parameters. However in IceTop the two decreasesmeasures a significant anisotropy during the event,
appear quite different. The second fits the con- which we can model as a dipole anisotropy with
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a time variable magnitude and direction superim- netic field structure at the time is responsible for
posed on a time varying isotropic cosmic ray flux. the unusual spectral variation of the high energy
The isotropic component of our model fit is shown cosmic rays. What is clear is that the high time res-
as the green dashed curve superimposed on theolution and energy resolution provided by IceTop
McMurdo data in Figure 4. The deviations of the will usher in a new era in the study of the propaga-
McMurdo data from this line can only result from tion of GeV particles in the heliosphere.
anisotropy since the Spaceship Earth stations have

well matched energy response. Because IceTop

has inherent spectral resolution it is possible for Acknowledgements

anisotropy to produce an apparent spectral feature.

Even though the low and high rigidity channels of This work is supported in part by U.S. NSF awards
IceTop are derived from the same physical detec- OPP-0236449, ATM-0527878 and OPP-0602679.
tor, the low and high rigidity particles will come
from somewhat different asymptotic directions.

Using calculated response functions appropriate to

the different discriminator levels, and asymptotic [1] J. W. Bieber and P. Evenson. Spaceship Earth
directions calculated as a function of rigidity, it is - An Optimized Network of Neutron Moni-
straightforward to convolute the two to make a spe- tors. In International Cosmic Ray Confer-

cific prediction for IceTop. The third panel of Fig- ence, 24th, Rome, Italy, August 28-September
ure 4 givesthe resultof such a calculationunderthe g 19’95 Cémferen’ce Pa'pers. Volumephges
simplest possible assumption, anisotropy indepen- 1’316—1’ 319 1995.

dent of energy. We have used response functions 2] J_' Clem’and’ P. Niessen. Response of Ice-
that predict the observed counting rate correspond- Top tanks to low-energy particles. Interna-

ing to thresholds of ten photoelectrons (blue curve) tional Cosmic Ray Conference, 30theNtia,
and fifty photoelectrons (red dashed curve). On the Meéxico, July 3-11, 2007, Conference Papers
spale at which the figur(_e is reproc_iuced it is not pos- page Sl;bmitted, 2607_ '

sible to _see_the small difference in t_hg curves. Our [3] L. Dorman. Cosmic Rays in the Earth's At-
conclusion is that the observed splitting of the red mosphere and Undergroundpringer Verlag
dashed and blue solid curves in the second panel 2004. ’
results from spectral variation. We note that the [4] A. Fasso etal. A comparison of FLUKA simu-
overall time structpre of IceTop data, and in. partic- lations with measurements of fluence and dose
ullar the marked d_|fference from McMurdo, IS con- in calorimeter structuresNuclear Instruments
sistent with the dipole model derived froBpace-

: ) ) _ and Methods in Physics Research Sectign A
ship Earth The amplitude predicted for IceTop is 332(3):459-468, 1993

understandably too large, particularly in the second £5] S. E. Forbush. On World-Wide Changes
decrease, because at these discriminator thresholds = ;| Cosmic-Ray Intensity. Physical Review
IceTop is observing at a higher average energy. Al- 54(12):975-988, 1938.

though IceTop is geographically further south than [6] ’
McMurdo, it is magnetically further north. Thus
McMurdo looks nearly perpendicular to the eclip-
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Abstract: Important information pertaining to the origin of high-egg cosmic rays can be gained by
studying their mass composition in the region of the knee3(PeV). Thus, air showers have been ob-
served at the South Pole using the SPASE-2 detector, whiesumes the electronic component at the
surface, and the AMANDA-II neutrino telescope, which meastthe coincident muonic component in
deep ice. These two components, together with a Monte Canldation and a well-understood analysis
method, yield the relative cosmic ray composition in theekregion. We report on the efficacy of a new
neural network technique for obtaining a composition resith the SPASE-2/AMANDA-II detectors.

Introduction located such that the center-to-center separation
between AMANDA-II and SPASE-2 is about
Cosmic ray composition studies can provide a 1730 m, with an angular offset of 122AMANDA-
greater understanding of the origin of cosmic rays, |l consists of 677 optical modules (OMs) deployed
and thus lead to an increased understanding of theon 19 detector strings at depths between 1500 and
physical processes which accelerate these particles2000 m. Each OM contains a photomultiplier tube
to Earth. At energies up to 10eV, the mass com-  which can detect the Cherenkov light emitted by
position of cosmic rays can be measured directly; particles—namely muon bundles—passing through
however, due to the low flux, the mass composition the ice. Besides a composition analysis, this coin-
above 16* eV must currently be gleaned from in-  cident detector configuration allows for calibration
direct measurements, involving the examination of as well as measurement of the angular resolution
the extensive air shower produced by the primary of the AMANDA-II detector [1].
particle in the atmosphere. By utilizing more than For this preliminary analysis, coincident data from
one component of the air shower, such as the elec-the years 2003-2005 are used, with a total livetime
tronic and muonic components, an analysis tech- of 369 days. For comparison with the data, Monte
nique can be developed that leads to a compositionCarlo simulated proton and iron showers with ener-
measurement. gies between 100 TeV and 100 PeV have been pro-
duced using the MOCCA air shower generator [5]
and the SIBYLL v1.7 interaction model [8]. These
events are then propagated through the ice, and the

) ) detector response of AMANDA-II is simulated us-
The detectors used for this analysis the South ing AMASIM. An E~! spectrum is used for gen-

Pole Air Shower Experiment (SPASE-2) and the gration, but for analysis the events are re-weighted
Antarctic Muon And Neutrino Detector Array to the cosmic ray energy spectrum of & at en-
(AMANDA-II). The SPASE-2 detector is situated ergies below the knee at 3 PeV, and® above it.

on the surface of the South Pole and is composed of g 5ty the data and Monte Carlo are then put through
30 stations in a 30 m triangular grid. Each station {ha same reconstruction chain.

contains four 0.2 rhscintillators. The AMANDA-

Il detector lies beneath the surface of the ice,

Detectors and Reconstruction

The first step in the reconstruction is to find the
incoming direction of the air shower, as well as
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the core position and shower size. The direc-
tion can be computed from the arrival times of

=15

the charged particles in the SPASE-2 scintillators, 5 [Sc

while the shower core position and shower size ‘;2 1820,
o

[y

are acquired by fitting the lateral distribution of
particle density to the Nishimura-Kamata-Greisen
(NKG) function and then evaluating the fit at a
fixed distance from the center of the shower (in
this case 30 m) [3]. This parameter, called S30,
has units of particles/fand will be referred to
throughout this paper as a measure of the electronic
part of the air shower .

The next step in the reconstruction provides a mea-
sure of the muon component of the air shower,
which is carried out using the combination of the
two detectors. The core position of the shower
measured at SPASE-2 is kept fixed as a vertex from
which 6 and ¢ are varied in the ice to obtain a
good fit of the track direction in AMANDA-II. The
expected lateral distribution function (LDF) of the
photons from the muon bundle in AMANDA-II is
then computed, fit to the OM hits, and evaluated
at a perpendicular distance of 50 m from the cen-
ter of the shower [7]. This parameter, called K50,
has units of photoelectrons/OM and will be used
throughout the rest of this paper as the measure of

the muon component of the air shower. hence have more muons per electron by the time
they reach the surface than the showers associated
with lighter primaries [4]. This means that K50,
which is proportional to the number of muons in

. the ice, will be higher for heavier primaries than for

it lighter primaries of the same S30, as is observed.

In the three-year data set used for this analysis,
105,216 events survive all quality cuts. It is in-
teresting to notice that in the previous analysis, us-
« have cores outside either the area of SPASE- ing the SPASE-2/AMANDA-B10 detector, the fi-
2 or the volume of AMANDA-II, nal number of events for one year was 5,655. Fur-
thermore, the larger detector used here is sensitive
e have too low an energy to be well- to higher energy events. The significant increases
reconstructed in both detectors, in both statistics and sensitivity are the basis for

e have an unphysical reconstructed attenua- performing a new analysis.
tion length of light in the ice.

3 3.5
Ioglo(s30)

Figure 1: The two main observables, |gfK50)

vs 10g10(S30), in the Monte Carlo simulation. The
black contour lines depict gradients in energy.
The axes along which mass (A*) and energy (E*)
change in a roughly linear way are drawn in white,
and the low-energy calibration bin is also labeled.

Analysis Details

Once the reconstruction has been completed,
is important to find and eliminate poorly recon-
structed events. Thus, as in the previous analysis
[7], events have been discarded which:

Calibration
After these cuts have been made, it can be seen

in Figure 1 that our two main observables, S30 To accurately measure the composition using both
and K50, form a parameter space in which pri- electron and muon information reconstructed as
mary energy and primary mass separate. This isdescribed above, the Monte Carlo simulations
expected, as the showers associated with the heavimust represent the overall amplitude of light in the
ier primaries develop earlier in the atmosphere and ice very well. However, the overall light ampli-
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Figure 2: The energy resolution of the neural net- Figure 3: The neural network output for particle

work for output energies between 1 and 10 PeV for type with log((Exx/GeV) between 6.0 and 6.2.

proton and iron showers. The three-year data set is compared to the Monte
Carlo generated proton and iron showers, and a

) ) ) ) ) mixing ratio is found which represents the data.
tude is subject to systematic errors in the simu-

lation. Therefore, it is important to calibrate the

composition measurement at low energies where gies. As the data set for this new analysis has more
direct measurements of cosmic ray composition statistics at high energies than previous analyses, it
are available from balloon experiments. A verti- has become important to find a technique that can
cal “slice” of events from Figure 1, corresponding resolve these events with accuracy. A neural net-
to S30 between 5 and 10T, is used to perform  work should be able to take these non-linear effects
this calibration. The K50 values of the data ad- into account.

justed by an offset, chosen such that the distribu- The neural network chosen for this analysis was
tion of K50 best matches a 5050% mixture of  the TMultiLayerPerceptron class from ROOT,
protons and iron [2, 7]. This mixture corresponds \yhich is a simple, feed-forward network, although
to <InA> =2, which is an approximation to the  gther neural networks were also tested with similar

value indicated by direct measurements [6]. results. The network configuration which best sep-
arates the pure proton from the pure iron scenarios
The Neural Network and yields the best energy resolution in the Monte

Carlo was a very simple 2:5:2 network, meaning
Similar past analyses [2] exploited the fact that the there are two input variables, five hidden nodes,
relationship between K50/S30 and mass/energy is and two output variables. In this case, the two in-
approximately linear. One can then rotate to the put variables are log(K50) and logy(S30), and
mass/energy coordinate plane, labeled as A*/E* in the two outputs are energy and particle type (O for
Figure 1, and utilize further analysis techniques to protons, 1 for iron). The network is trained on half
extract the energy and mean log mass after the ro-of the Monte Carlo and tested on the other half (to
tation. However, the relationship is not perfectly evaluate its effectiveness) before being applied to
linear, nor should exact linearity necessarily be ex- the data. Figure 2 shows the energy resolution of
pected. In fact, as seen in Figure 1, the non-linear the neural network for proton and iron showers.
effects become more pronounced at higher ener-The “type” output of the neural network for one
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energy bin is plotted in Figure 3. Notice that, since
it was trained on pure proton and iron samples, the
neural network tends to classify every event strictly
as one or the other, resulting in the strong peaks in
the data at 0 and 1. It is expected that the simu-
lation of more primary nuclei would yield a more
accurate result.

It is assumed that the data can be described by
some mixture of proton and iron showers, and a
technique is developed to find the mixing ratio in

each energy bin which best fits the data. Inorderto 20
find this proportion, the proton, iron, and data out-

puts are normalized and a minimization technique

10 Note: Error bars are statistical only

% Diff. of <InA>

—%
—5% _'—'Z(—l—%—:_*_.
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——t
Il
l

is applied. The result is one mixing ratio for each 40
“slice” in energy; an example of this is shown by I Ry Ry S
the solid black line in Figure 3 This method was log (Energy /GeV)

verified using various mixtures of proton and iron

simulations as input “data” and comparing with the

non-mixed monte-carlo results. The ratio of heavy Figure 4: The percent difference ialnA> be-

particles in each energy bin can also be expressediween two analysis techniques applied to the same

as the mean log mass. The difference betweenthree-years of SPASE-2/AMANDA-II data.

<InA> for the neural network technique described

herein and<InA> for a rotation method similar

to that used for the previous SPASE-2/AMANDA- Acknowledgements

B10 analysis is reported in Figure 4. (Note that the

same data set was used for both methods.) The authors would like to acknowledge support
from the Office of Polar Programs of the United

. . States National Science Foundation.
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Abstract: Cosmic ray showers that trigger the IceTop surface arragrgés high energy muons that
are measured by the IceCube detector. The large surfacerateigunound area of this 3-dimensional
instrument at completion guarantees significant stasigtc shower energies up to about 1 EeV. Since
the number of muons is sensitive to the type of the primarynosay nucleus, these events can be used
for the measurement of cosmic ray composition. Using tha titen in the existing array, we measure
the observables sensitive to the primary mass as a functishawer energy estimated by the surface
array. The result is compared to simulations of the cointiégents of different primary nuclei.

Introduction different PMT gains, which results in a wide dy-
namic range.

Cosmic rays follow a steep power-law spectrum
which spans a wide energy range up to a few
10%° eV. One of the interesting features in the all-
particle energy spectrum is that the cosmic ray o _
spectrum steepens around 3 PeV, which is called /c€Top/lceCube coincident data taken in 2006
the ‘knee’. The origin of the knee is generally un- Were used for this analysis. In 2006, 16 pairs of
derstood to be due to the limiting energy attained C€Top tanks and 9 IceCube strings were opera-
during the acceleration process and/or leakage oftional. Events were recorded when the following

charged particles from the galaxy. The mass com- trigger conditions were satisfied: 6 hits within:2

position of cosmic rays at the knee region provides for IceTop DOMs, and 8 hits within s for in-
important clues to their origin. ice DOMs. The coincident rate is about 0.2 Hz. A

threshold of 300 TeV allows us to measure cosmic
rays below the knee.

Data and simulation

The IceCube Observatory located at the South
Pole, a 3-dimensional instrument which consists ) )
of the IceTop surface detector and IceCube optical AIr _ Shower —events were  simulated ~ with
sensor arrays, is uniquely configured to measure CORSIKA[1], and GHEISHA[2] and SIBYLL-
cosmic ray composition. The IceTop surface array 2-1[3] were selected as the low and high energy
will consist of 80 pairs of frozen water tanks which hadronic interaction models, respectively. Proton
measure the energy deposition at the surface, and@d iron showers were generated over an area
80 strings of 60 digital optical modules (DOMs) ©f 4.5 kn? covering the IceTop array, from

in ice will measure Cherenkov photons from muon €neérgies of 50 TeV to 5 PeV, using the South Pole
bundles. The DOMs are attached to a cable every @&tmospheric model[4]. The events were generated
17 m, between depths of 1,450 and 2,450 m. A pair &ccording toF " spectrum and re-weighted to the
of the IceTop tanks separated by 10 m is located COSMIC ray energy spectrum with spectral mdgx of
above each IceCube string and a tank employs two -2-7 below the knee at 3 PeV, and -3.0 above it.
DOMs which are identical to in-ice DOMs but with
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As a first guess, the shower core is determined by

calculating the center of gravity of tank positions
by weighting with the square root of pulse ampli-
tude. The shower direction is determined on the
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Figure 2: Average charge per in-ice DOM is shown
as a function of a perpendicular distance from a
primary track for proton and iron showers [05
|Og(S100) < 13]

e The number of hit strings is greater than 1.

basis of shower front arrival times measured by the The number of hit strings is required to be equal to
IceTop tanks. The energy deposition at the surface or greater than 2 since the lateral distribution fit in

as a function of distance from the shower core is
fitted to the function given by[5]:

r ) —B—klog(r/100m) (1)

F(r) = S0 (IOOm

wherer is a distance from shower corejs 0.303
for hadronic showers, ang, o is the signal in ver-
tical equivalent muon (VEM) per tank at 100 m
from the shower core. The parameteis roughly
correlated with shower age via= —0.9453 + 3.4.
S100 IS an energy estimator and depends on pri-
mary mass, as shown in Figure 1.

The events which passed the following quality cuts
are used in this study:

e Reconstructed shower core lands 60 m in-
side of IceTop array.

e in Eq. (1) is less than 6.

e Reconstructed zenith angle is less thah.20
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ice which will be described in the next session fails
if a reconstructed track is vertical.

Cosmic ray composition

The IceCube detector is located deep in ice, so
only muons can reach the detector, and useful in-
formation about primary cosmic rays can be in-
ferred from muon bundles with the 3-dimensional
instrument. The total number of muons in a bun-
dle is dependent on the type of primary nucleus.
Cherenkov photons from the muon bundle are de-
tected by optical sensors in ice, and the photon in-
tensity is measured as a function of perpendicular
distance from a primary muon track and fitted by
an exponential function. The primary muon track
is the shower axis determined by the IceTop array.
Figure 2 shows the average charge per in-ice DOM
as afunction of the distance from a primary track to
each hit DOM in a range afy, between 0.5 and
1.3 showing separation between proton and iron
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Figure 3: Average charge vs. DOM number for Figure 4: Average charge vs. DOM number for
proton and iron showers [05 log(S100) < 1.3]. proton showers only at different distance ranges
[0.5 < log(S100) < 1.3].

showers. It was found, for the SPASE/AMANDA

detectors, that the photon intensity at 50 Ky() ergy and can affect the time residual (observed mi-
is most sensitive to the mass of primary cosmic nus expected times from the primary muon track).
rays[6]. Ranging-out of muons and depth depen- The expected time is the travel time of a direct
dence of light scattering in the ice are taken into ac- Cherenkov photon from the primary muon track
count in the lateral distribution fit. However, these to each hit DOM. The time residual distribution is
corrections are not made in Figure 2. Once we find fitted by exp(—at) from 50 to 400 ns where the
all observables sensitive to primary mass, we will tail of the distribution is straight in log scale, and
feed them into a neural network (see [7] for de- the slope,«, of the distribution as a function of
tailed description) for composition analysis. DOM number is shown in Figure 5. Separation

Figure 3 shows the average charge as a function ofbetween proton and iron showers is seen, and the
DOM number for proton and iron showers. Overall Slope varies depending on depth of DOM and rises
the average charge decreases with depth, featuring?! dusty layers.

changes in the optical properties of ice. For in-

stance, a thick dust layer observed by a dust logger ~; :

during string deployment is seen around DOM 36. Discussion
Figure 4 shows the same as Figure 3 but with three
different distance ranges only for proton showers,
and indicates that using the hits close to muon
bundles gives measurement less dependent on ic
properties. An appropriate correction for the dust
layer needs to be made, or those DOMs around the

dust layer can be removed in the analysis. . . !

B y vea! ) y I _ of ice properties can be reduced by making an ap-
In addition to charge, we looked into timing infor- propriate correction for dusty layers or by exclud-
mation to see whether or not it is sensitive to pri- ing the DOMs in the thick dust layer around DOM
mary mass. The size of the muon bundle dependszg \joreover, DOMs close to a muon bundle ap-

on the type of the primary nucleus at a given en- oo 1 e hest suited for such an analysis. Once

We investigated observables sensitive to primary
mass. In addition to charge information from the
éZ)OMs in ice, the slope of the time residual dis-
tribution seems to be sensitive to the type of the
primary cosmic ray, though it has dependence of
optical properties of ice. However the dependence
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we have all observables sensitive to primary mass, [7] K. Andeen, C. Song, and K. Rawlins for the

the neural network can be employed for cosmic ray
composition studies.
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Abstract: The South Pole Air Shower Experiment (SPASE?2) began operati 1996 and took data
until it was decommissioned in December 2006. We are cuyremialyzing those of the 205 million
reconstructed events that were taken during the last fivesytathis paper we report on a search for 100
TeV gamma-rays from three specific Southern hemispherd pources discovered by HESS. that may
have gamma-ray spectra extending to energies higher th@a\s0

Introduction c) The unidentified Te\y-ray source close to the
galactic plane named HESS J1303-631 [4] is an ex-

The SPASE?2 scintillator array at the Amundsen- tended source with a width of an assumed intrin-

Scott South-Pole station is at an altitude of 2835 sic Gaussian emission profile @= (0.16+-0.02Y.

m.a.s.l., corresponding to a year-round average The measured energy spectrum can be described

atmospheric overburden @95gcm 2. The to- by a power-lawdN/dE = Ny - (E/TeV)™®

tal area within the perimeter of the array is With a spectral index of=2.44+0.05,:4:+0.2,,;

16,000m? [1]. For this search we use data and a normalization of N=(4.3+0.3,,,,)x 102

taken during the last five years with livetime of TeV-'cm 2s !

171+167+204+307+322=1171 days = 3.21 years.

In this work, we focus on the following three HESS Energy estimate
sources:

a) The shell-type supernova remnant RX J0852.0-
4622 [2]. It has a spectrum observed in the en-
ergy range between 500 GeV and 15 TeV, which
can be well described by a power law with a spec-
tral index of 2.10.1,,,£0.2,,, and a differen-
tial flux at 1 TeV of (2.10.2,,,40.6,,5) x 10711
cm2s™! Tev~!.  The corresponding inte-
gral flux above 1 TeV was measured to be
(1.9i0.3statj:0.63yst)><10_11 cm2s L, . . .
b) The Supernova Remnant MSH 15-52. Its im- Currently a M(_)nte Ca_\rlo estimate is available for
age [3] reveals an elliptically shaped emission re- all showers with zenith angles between®2ind
gion around the pulsar PSR B1509-58. The over- 50°- For example, abs, of 3 m2, E, is about

all energy spectrum from 280 GeV up to 40 Tev 120 TeV, while £, is 180 TeV. We will perform
can be fitted by a power law with spectral in- More S|mulat|on$ to determm(_e the energy depen-
dex a=2.27+0.03,,4,40.20,,..; and a differential dence as a function of the zenith angle.

flux at 1 TeV of (5.2:0.25,:41.4,5) x107'2

TevV—'cm2s L

The particle density at 30 meters from the shower
core, S3p, is used by the SPASE2 experiment to
estimate the primary particle energy. Monte Carlo
simulations tell us that th&s, for 100 TeV~-rays

is higher than for 100 TeV proton. The Monte
Carlo simulates cascades as well as the response
of the air shower array using Corsika with the 2.1
version of the Sibyll [6] interaction model.
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Angular resolution Systematic errors

The angular resolution of an air shower array is There are several possible sources of systematic er-
much worse that that of an air Cherenkov tele- rors in the data set. One is that at the beginning
scope. We have estimated the SPASE2 angularof 2002 the electronics of the shower ray was up-
resolution in two different ways - using the exper- dated with a consequent increase of its threshold.
imental data with sub-array comparison and with For this reason we will first use the five years data
Mote Carlo calculations. taken after 2001.

In the sub-array approach the SPASE?2 array is di- A second source is that the response of SPASE2
vided into two parts. For each one the shower angle has 2% variation with azimuth. Since the array
is estimated separately. The space angle betweertypically has a lower duty cycle in the antarctic
the two sub-arrays is used to study the angular res-summer this could lead to a background that is not
olution. completely uniform in right ascension.

Monte Carlo events after the standard shower re-
construction were also used to determine the angu-

lar resolution. The results from both methods fully

agree with each other at higher energy. At thresh-
old the sub-array approach suffers from statistical
fluctuations because there are not enough detector

The background

We studied the possible anisotropies by looking at
SEhe scrambled RA distribution in different declina-

that respond to the showers, thn bins. Initially our data s.et.wdﬂlnded Scram-
) ) o bling was performed by shifting the real RA by a
Fig. 1 shows the integral distribution of the square ,5,40m amount. Figure 2 shows the rms value over

of the space angle difference between the true di- 1o Gaussian expectation in Gaussian standard de-
rection of the simulated shower and the recon- \;ations o for zenith angles from 20to 50°. In

structed directionV* for y-ray showers withs> this case the average number of entries per bin is

3m*2. The \1212 value that contains 68%2’ of all 1 37 million and the standard deviation of Fig. 2 is
eventsis (2.1)°. For showers 0Bz <3m “this 1 17,103 showers. Out of 60 bins 38 bins show

number is (3'3)_2' Proton showers in both energy  yeyjation by less thandand 3 bins have devia-
ranges show slightly worse angular resolution.

0.2

T
10=1172 events

.y

0.8

o
o
i
a

=)
=]

0.6

frac(>¥2)

=
=
o
[

=
&

0.4

fraction of bins
fraction of bins

=
i

0.05
[
0.2

=
iy

=
[

I I L
02 05 1 15 2 25 3 35

# sigma

Figure 2: Left-hand panel: Distribution of the de-
viation from the average for 60°&RA bins. Right-
hand panel: Integral distribution in numberaf

Figure 1: Integral distribution of th@? values
(in square degrees) derived from simulatiomef
induced showers.
tions of more than @ which fully agrees with a
Gaussian distribution.

We also looked at these distributions for smaller
zenith angle bins similar to those that we will use
in the source search. Fig. 3 shows the scrambled
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RA distribution in & x6° bins for the zenith angle

band of 4% to 47°, which almost coincides with HESS 11303 -631

one of the sources. The results are very similar to |
. . -60 MSH 15 -52

those for the wider zenith angle band. Ly
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tion if its spectrum does not cut off. It is, however
Figure 3: Left-hand panel: Number of events per atthe highest zenith angle of the 3 sources studied.
bin in the declination band 41 47°. The aver-  We will first look at the 2005 data set. Assuming
age is shown with a white line and the shaded areaconservatively the area of SPASE2 to bé té
represents-1o. Right-hand panel: Integral distri- and livetime in 2005 of 2.65.70s, we expect to

bution in number of for the declination band. have 321 (149) events abos#"" 100 (200) TeV.
At zenith angle of 43.8this would roughly corre-

spond toS3 values of 1 and 3 m?>. There may
be some contribution from lower energy gamma
ray showers but the array efficiency below 100 TeV

The angular bins recommended for source searchiS 1€ss than one and we need further Monte Carlo
with air shower arrays [7] correspond to an ellip- Studies to estimate it.
tical region with axes equal to 1.69 whereoy is The backgrounds estimated from the two search el-
the angular resolution of the detector. We decided lipses for RX J0852.0-46.22 (excluding the source
to use equal solid angle which means that the ma- bins) are respectively 38656 (13739) per bin for
jor axis of the ellipses are bigger at low zenith an- S5, <3 (S3g >3). The background for the
gles. We will search separately for showers with lower energy showers is higher because of the
Ss0 higher and lower than 3 iif. The angular  much steeper cosmic ray spectrum compared to
resolution forSsy >3 m2 is 2.1° and is about  the y=1.1 for the source. The expected number
3.3 for lower energy showers. The search ellipses of gamma showers thus corresponds to 6.8&
would be correspondingly wider for lower energy Sso <3 and 1.2 for S3g >3. SPASE2 is not, by
showers. The search ellipses for the three sourcesfar, the best detector fey-ray astronomy, but the
and the twoSs, values are plotted in relative RA  chance of detection is reasonable for a flat source
units in Fig. 4. Since the angular area of these bins spectrum and no cut off.
(and correspondingly the number of background The other twoy-ray sources are less intense and
events in them) is higher than those used in the pre- can produce not more than several tens of events
vious section the expected detection probability is eyen if their spectra do not cut off. For this reason
slightly different. we will present only the results for RX J0852.0-
46.22.

Angular bins

Signal expectations

Because of its flat energy spectrum the source RX
J0852.0-4622 offers the highest chance for detec-
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Results from the 2005 search this source which corresponds to a zenith angle of
43.8.

Figure 5 shows the observed number of showers

from the direction of RX J0852.0-46.22 in the 2005

data set (which we unblinded first) for the twg,

values. Note that the bins do not cover the whole

24 hours of RA in the zenith angle band because of The work is supported by the US National Sci-
the requirement for equal space angle bins. The €NCe Foundation under Grant Nos. OPP-9601950,

missing phase space is always less than one binANT-0602679 and OPP-0236449, University of

width. Both searches give negative results. In the Wisconsin-Madison, and from the U.K. Particle
Physics and Astronomy Research Council. The au-
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Figure 5: Observed number of showers from the
position of the source RX J0852.0-4622 for the two
energy bins.

Ss0 <3 sample we see -1a5rom the average ex-
pected background. In the higher energy range the
lack of events is smaller (-055.

The search for 100 TeW-ray signal from RX
J0852.0-46.22 in the SPASE2 data set for 2005
gave negative results - we did not observe any
showers above the expected cosmic ray back-
ground. However, based on the preliminary sim-
ulation used here to relatgy, to primary energy,
we find a limit based on one year data that is nearly
inconsistent with the continuation of the spectrum
of RX J0852.0-46.22 to 100 TeV without a steep-
ening of its spectrum. We therefore plan to pur-
sue this analysis and to search separately in all
five years data and then combine the results, possi-
bly using a more sensitive unbinned search. We
will use a detailed simulation of-ray and cos-
mic ray showers appropriate for the declination of
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Abstract: Withit's 1 km? area, lceCube and the associated Ice Top surface deteapeae large enough

to study highpr muon production in air showers. The muen will be determined from the muon energy
and it's distance from the core. A few thousand highmuons are expected to be observable each year
in the full array. The flux of higlv- muons may be computed using perturbative QCD calculatibes;
cross-section is sensitive to the composition of the intigarticles.

Introduction with A = 1 and A = 10 have very different parton
energy spectra.

The number of muons produced in cosmic-ray air

showers is sensitive to the nuclear composition

of the incident particles. Previous studies of the

cosmic-ray composition have used relatively low . . ) ]
(~ 1 GeV) or high & 1 TeV) energy muons. Previous studies of high-energy muons associated
These studies relied on muon counting. Relat- with air showers have involved relatively small de-

ing the muon count to the composition requires a t€ctors. AMANDA has measured muon bundles

model for the hadronic interactions; most of the Near the shower core, but did not study the muon
muons come fromr/K decay; the bulk of the lateral distribution [1]. MACRO measured the
mesons are produced at low transverse momentumMuon decoherence function for separations up to
(pr) with respect to the direction of the incident 65 M [2]. The most likely pair separation was 4m;
particle. The production of these low- particles only 1% of the pairs have a_separanon greater t_han
cannot be described in perturbative QCD (pQCD), 20 m. MACRO simulated air showers and studied

so phenomenological models must be used. the pair separation as a function of the of the
mesons that produced the muons. The MACRO

analysis established a clear linear relationship be-
tween muon separation apgh; the mearp, rose
roughly linearly with separation, from 400 MeV/c
at zero separation up to 1.2 GeV/c at 50 meter sep-
aration.

High p7 muons in Air Showers

In contrast, the production of particles wjih >~

2 GeV/c is calculable in pQCD. We label these
tracks highp particles, and consider their produc-
tion in cosmic-ray air showers. Highy muons
come from the decay of charm and bottom quarks,
and fromr/ K produced in jets. Both of these pro-

cesses can be described by pQCD, allowing for cal- IceCube will observe both high-energy muons and
culations of the energy ang spectra for differ- the associated surface air showers that accompany

ent incident nuclei. The predictions depend sen- thém. For muons with energy,, above 1 TeV, the
sitively on the composition of the incident nuclej Muon energy is proportional to the specific energy
- neglecting shadowing, a nucleus with enefgy loss @E/dx) that is measured_by Fhe deep deteg:—
and atomic numbed has the same parton distribu- tors; the muon energy resolution is about 30% in
tion asA nucleons, each with enerd@y/A. Nuclei logyo(E) [3, 4]-
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The muon energy and distance from the shower c Po
core can be used to find tipg- of a muon [6]: N
hpr
d=—. 2
5, ()

Here,h is the height of the primary cosmic-ray in- -5007

teraction in the atmosphereh follows an expo-
nential distribution and depends somewhat on the
cosmic-ray composition. A full analysis would in-
clude these effects. Here, we take= 30 km. 10001

Secondary interactions (of particles produced by
the first interaction) are expected be only a small
contribution to the high-energy flux, contributing
at most15% of the muons [7]. For muons far from
the core, multiple scattering is expected to be a
small contributiond.

-1500

Here, we consider showers where the core is inside
the 1 kn? area of IceTop, and muons following the
core trajectory are inside the IceCube physical vol-
ume. This corresponds to about 0.3 %sr total
acceptance.

IceCube will detect air showers above an energy : ;

threshold of about 300 TeV; for vertical showers, 2500 e
.. . 500 250 200 400

the minimum muon energy is about 500 GeV. The 0

rate for triggered IceTop-Inice coincidences for the fun 107866 event 2586581

9-string IceCube array is about 0.2 Hz [8], or about

-2000 §

6 million events/year. The full 80-strings sta-  Figure 1: An IceTop air shower accompanied by a
tions should produce a rate more than an order of myon bundle including an apparent well-separated
magnitude higher. track. The air shower hits 11 surface stations (top

For vertical showers with energies above 1 PeV, the of diagram). A total of 96 IceCube DOMs are hit;
core location is found with a resolution of about 84 DOMSs on four strings near the extrapolated air
13 meters, and the shower direction is measured toshower direction, plus 12 DOMs on another string,
about 2 degrees [9]. This allows the core position about 400 m from the projection.

to be extrapolated to 1500 m in depth with an ac-

curacy of about 55 meters, corresponding tera ] ] ]
uncertainty of 1.6 GeVi/c for a 1 TeV muon. source, consistent with a high- muon, about 400

Most of these air showers are accompanied by ameters from the bulk of the muon bundle. This sec-
. - ondary track hits 12 DOMs on a single string.
muon bundle. A higlyr analysis will select events y _ 9 . g.
with a muon (or bundle) near the core, and another FOr this analysis, the key performance issue is two-
muon at a large distance from it. The near-core track resolution. This remains to be determined.
muon(s) can be used to refine the core position, HOWever, the 125 m string spacing and the compa-
avoiding the extrapolation error. The muon po- rable (depth-dependent) light _absorptlon length set
sitions at a given depth can be determined within the scale for two-track resolution. Two muons 100
a 10-20 meters, allowing for bettpy resolution. ~ Meters apart in lceCube will largely deposit light
Figure 1 shows an example of an IceCube 22-string In different strings; for a DOM near one muon, the
event that contains an air shower that struck Ice- first light from the farther muon will arrive about
Top stations, plus muon bundle. Although the bulk 500 nsec after the first light from the nearpy muon.
of the bundle follows the shower direction, as pro- !f the second muon (or muon bundle) is bright
jected from IceTop, there is a well-separated light €nough to illuminate a DOM 100 meters away,
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this late light will be temporally separate from that production. LHC will provide good data on for-
from the nearby muon. A minimum ionizing muon ward particle production at the relevant energies.
is not bright enough to be visible 100 meters away, Here, we neglect this difference and ignore the mi-
but muon bundles may be. Here, we estimate that nor differences between® and=* — u* and
IceCube can reconstruct muon pairs that are sep-K+ — u* spectra. With the acceptance discussed
arated by 100 meters; smaller separations may beabove, IceCube expects to see more than 100 mil-

possible with optimized tracking.

For a muon with energy of 1 TeV, 100 meters sep-
aration corresponds to @ of 3 GeV/c. For a
fixed separation, the minimumy rises linearly
with muon energy, reachingr > 150 GeV/c for

a 50 TeV muon. The highest energy muons are

likely to come from high energy showers; the ad-
ditional light will improve position reconstruction,

lion muons/year associated with air showers, in-
cluding at least 500 of them withy > 3 GeV/c.

Overall, based on the standard cosmic-ray models,
we expect 1,000 — 3,000 muons withpr > 3
GeV/c year.

Muon spectral analysis & Composition

and may allow for reconstruction at smaller separa- Analysis

tion distances. Still, there are unlikely to be useful
events at higher energy.

Rates

High pr muons come from two sources: prompt
muons from charm/bottom decays, and non-
prompt muons from decays of high- pions and

kaons. The charm rates have been discussed pre

viously [6, 5], about 600,000 muons per year with
energy above 1 TeV are expected in the 0. km
acceptance. Only 1-2% of these muons will have
pr > 3 GeV/c. Still, this is a useful signal.

Bottom quark production in air showers has re-
ceived much less attention. Althou@h produc-
tion in air showers is only about 3% of [10], the

The ’'cocktail’ of charm, bottom and non-prompt
muons is not so different from that studied at RHIC
[13][14]; the prompt fraction is also not too differ-
ent. There, the muop, spectrum is fitted to a
mixture of prompt and non-prompt sources. In air
showers, the accelerator beam is unknown; it con-
stitutes the initial object of study.

The rate of highpy muons is sensitive to the
cosmic-ray composition. Highyr particles are
produced in parton-parton collisions, and, as Fig. 2
shows, the parton densities of@'” eV proton and

of a10'” eV A = 10 nucleus are quite different.

In contrast to the usual presentation, these are nor-
malized to the parton energies, although the per-
nucleon energies are different for the two cases.
The nuclear distribution cuts off at an energy of

higher quark mass changes the kinematics, increas-1017/A eV, limiting the maximum parton-parton

ing the importance afb production at highpr. At
LHC energies, about 10% of the muons frém
should satisfy the > 3 GeV/c cut, and, at high
enoughpr, they should be the dominant prompt
contribution [11].

Although they are far more numerous than prompt
muons, non-prompt muons have a much sagfter
spectrum. Non-prompt production may be esti-
mated by using the measurggd spectrum fromr
produced in high-energy collisions. The PHENIX
collaboration has parameterized thefrspectrum

at mid-rapidity with a power law:dN/dpr
1/(1 4 pr/po)™, wherep, = 1.219 GeVlc, and

n = 9.99 [12]; about 1 in 200,00&° haspr > 3
GeV/c. This data is at mid-rapidity, while most
muons seen in air showers come from far forward

~
~
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center of mass energy, and thereby constraining
the possible muon kinematics. Because of this,
the yield of high-energy, high particles is much
higher for protons than for heavier nuclei.

Most of the muons seen by IceCube are produced
in the forward region, where a highx: parton from

the incident nucleus interacts with a lew parton
from a nitrogen or oxygen atom in the atmosphere.
The maximum muon energy is the incident parton
energyE, = z,E. wherex, is the parton energy
fraction andE. is the cosmic-ray energy.

In the far-forward limit, the incident parton energy

inc p/Eincident ~ E;L/Eshower- SO, these
muons are quite dependent on the highpartons
that are sensitive to nuclear composition.
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rate of highp, muon production is very sensitive

S to the cosmic-ray composition; pQCD based com-
position measurements offer an alternative to exist-
ing cosmic-ray composition studies.

We thank the U.S. National Science Foundation
and Department of Energy, Office of Nuclear
Physics, and the agencies listed in Ref. [16].
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high pr muon production in cosmic-ray air show-

ers. A 100 meter minimum muon-shower core
separation would allow the study of muons with
pr > 3 GeV/c; a few thousand of these muons are
expected each year.

By measuring the energy and core separation of
muons associated with air showers, the mpen
can be inferred. The cross-sections for hjgh-
muon production can be related to perturbative
QCD calculations of cosmic-ray interactions. The
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Abstract: Atmospheric muons in IceCube are often accompanied by aivets seen in IceTop when
their trajectories pass near the surface detectors. Bgtgaleevents in which only a single IceTop station
on the surface is hit, we can identify a class of events wigfn furobability of having a single muon in
the deep detector. In this work we use this tagged samplerafsgtheric muons as a calibration beam for

IceCube.
1. Introduction 500 n
In 2006 IceCube collected data with sixteen IceTop 400 - ’ .
stations and nine in-ice strings, as shown in Fig. 1. oo
Ten more stations and thirteen more strings were ~ **[ s I
deployed in 2006-07 austral summer [1]. IceTop oo - o . & |
runs with a simple multiplicity trigger that requires g ° ¥
6 or more digital optical modules (DOMs) to have E 100t A * °F |
signals above threshold. The configuration of gain ez 40
settings and DOMs in tanks is such that IceTop °r ada * ]
triggers normally involve three or more stations ool o~ 3 |
separated from each other by 125 m. Such show- "
ers typically have energies of several hundred TeV 0| ! ,
and higher. The deep IceCube strings also have lceTop tanks  +
a simple multiplicity trigger of 8 or more DOMs B e 0 a0 700
within 5 usec. The 8 DOMs need not be on the x(m

same IceCube string. Whenever there is an in-ice

trigger’ all |CeT0p DOMSs are read out for the pre- Figure 1:Surface map of lceCube in 2006. Two tanks
vious 8ysec. This allows the possibility of identi- ~ (+) are separated from each other by 10 m at each sta-
fying small, sub-threshold showers on the surface tion. Each tank has one high-gain and one low-gain
in coincidence with muons in deep IceCube. DOM.

Events that trigger both the surface array and deep

IceCube can be reconstructed independently by thetine component of IceCube monitoring. One can
air shower array on the surface and by the in-ice also compare the two independently determined di-
detector. Such events can be used to verify the sys-rections for the same events. Showers big enough
tem timing and to survey the relative position of to trigger IceTop, however, typically have several
all active detection units, i.e. IceTop tanks or in- muons in the deep detector. One would also like to
ice DOMs. The concept has been demonstrated inbe able to tag single muons in IceCube to have a set
the SPASE2-AMANDA experiment [2]. Verifica-  of events similar to the,,-induced muons that are
tion of timing with coincident events is now a rou- the principal target of IceCube. In this paper we
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describe how a sample enriched in single muons where a(F) stands for ionization loss ang E)
can be tagged with IceTop, and we illustrate the for stochastic energy loss due to pair production,
use of this sample for verification of IceCube. photo-nuclear interactions and bremsstrahlung. As
an approximationg(F) andb(E) can be treated
as constants. For ice at the South-Pale,=
0.26 GeV mwe=! andb = 3.57 - 10~% mwe 1!,
which are claimed with the systematic error of
~ 3.7%. [5]. The least mean energy required for
a muon to reach the top (1450 m) and the bottom
1 (2450 m) of the in-ice detector is about 460 GeV
12 and 930 GeV. For cosmic-ray protons of 500 TeV,
typical of showers that trigger IceTofiy,,) ~ 6 at
1450 m andx 2 at 2450 m.
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Figure 2: The average space anglebetween muons

and air shower axis (solid circle, left vertical scale), the

mean distance of muons from air shower core (solid

square, right vertical scale) as function of primary pro- 0.001 - . P

ton energy. The error bars represent thes of ¥ and Eprimary (TeV)

r. Only muons with energy above 460 GeV on the sur-

face are counted. Proton showers were produced at theFigure 3:Response function for single station events in

South-Pole altitude by CORSIKA [4] with QGSJET as IceTop. Only four contained stations (39, 48, 49 and 58)

the high energy hadronic model. were considered. The dashed line represents the num-
ber of muons above 500 GeV at production in a proton
shower. The lower curve shows the response function

2. Muons in air showers and their en- for events with one muon in the deep detector.
ergy loss in the ice

L
1000 10000

_ _ We can select a sample of lower energy events by
The average number of high energy muons in an choosing in-ice triggers with both tanks hit at ex-

air shower can be parameterized as [3] actly one IceTop station. We also require the sin-
N _ A0~0145T6V( Ey )0,757(1_AEH)5_25 gle station is not on the periphery so that events
o> B E,cos(0) “AE, Ey with energy high enough to hit both tanks at two or

more IceTop stations are excluded from the sam-
ple. The concept is illustrated in Fig. 3 where
we show an estimate of the distribution of primary
cosmic-ray proton energies that give single station
hits above 30MeV threshold in each tank. The

inwhich A, E, andd are the mass, total energy and
zenith angle of the primary nucleus. Muons with
energy high enough to trigger the in-ice detector
are also nearly parallel with the air shower axis as

shown in Fig. 2. ) ) lower curve shows the convolution of this response

The mean muon energy loss in matter is customar- fynction with the probability of producing a muon

ily expressed as with E,, > 500 GeV. This corresponds to the distri-
dE bution of primary energy that gives rise to the sin-
ar —a(E) —b(E) - E, gle station coincident event sample. About ninety
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percent of this sample are generated by primaries
with £/ < 100 TeV, and about three quarters have
only a single muon witlt’,, > 500 GeV at produc-
tion.

3. Verification of time synchronization
and depth of the DOMs

A critical requirement for doing physics with Ice-
Cube is good time synchronization among the in-
dividual DOMs in IceCube, including IceTop to-
gether with accurate positions for the DOMs. Cal-
ibration with flashers and survey by hole logging
during deployment shows that timing synchroniza-
tion is at the level of 3 ns for a whole In-Ice string
while the depth of individual DOMs are known
with an accuracy of 50 cm [6]. By using tagged,
vertical muons we can make a global check on the
combination of time synchronization and depth of
the DOMs over a 2.5 km baseline, from the surface
to the deepest module on an IceCube string. To en-

sure that the single station events are not caused by®

tails of big air showers outside the array, only the
inner stations of the IceTop array are used together
with the in-ice strings directly below them. With
the 16 IceTop station and 9 in-ice string array in
2006, only stations 39 and 49 fulfill this require-
ment.

For these two strings the muon speed has been in-
dividually calculated for each DOM relative to the
timet, at the surface accordingte = d;/(t;—to)
whered; is the distance between the station and the
i*" in-ice DOM. Because of scattering in the ice,
there is a distribution of arrival times of photons at
each DOM relative to the arrival time in the ideal
case with no scattering. We represent the distribu-
tion of delays by an exponential with a character-
istic delayr. We then convolve this exponential
distribution with a Gaussian resolution function to
represent other uncertainties in the system. The re-
sult is a Gaussian-convoluted exponential function
as shown bellow. By fitting the distribution of ar-
rival times at each DOM, we extract a fitted value
of the arrival timet; at theith DOM in the absence

of scattering.
2
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Figure 4:The distribution of muon speed)relative to
the speed of lightd). The cut-in entry shows the time
delay on one in-ice DOM and the fit. See text for details.

Other parameters here are the effective time res-
olution, o, and the mean number of hif§. The
xpressiorerfe represents the complementary er-
ror function [7].

The distribution of the relative muon speed to the
speed of lightw; /¢, is shown in Fig. 4, where we
use the surveyed valuesdfto calculate the veloc-

ity. There are 60 DOMs on each string, 10 of which
are not fitted because of insufficient data, so there
are 110 entries in Fig. 4. Thens of 0.0015 of the
distribution ofv; /¢ in Fig. 4 reflects the uncertain-
ties in the system timing, the location of DOMs and
the true muon position on the surface. This corre-
sponds to upper limits on the uncertainty of 12 ns
or 4 m over 2.5 km. Thus, although this method
at present is not as precise as the standard survey
and calibration techniques, it is useful to show by a
complementary and independent method that there
are no significant deviation from expectation.

4. Muons in the in-ice detector

4.1 Muon direction

Small air showers trigger a single IceTop station ef-
ficiently only when the shower core is close to the
station. Since high energy muons are nearly paral-
lel to the shower axis, the line connecting the sta-
tion on the surface and the center of gravity (COG)
of triggered in-ice DOMs approximates the muon
trajectory closely. If we use half the string spac-
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subset of events in which two uncorrelated atmo-
spheric muons pass through the detector in the
same trigger window. Such events, which are esti-
mated to constitute about 3% of the trigger rate in

the full cubic kilometer IceCube [8], are of concern
el because the time sequence of hits in the combined
event can easily have an upward component. It will
be useful to tag a subset of such events with IceTop
for study and to check that they are efficiently fil-
“ tered. At present, however, with the smaller detec-
tor the fraction of accidental coincidences is much
smaller, and IceTop can only tag a very small frac-
tion of them. The rate of identified single station
coincidences in 2006 was about 0.075 Hz per sta-
tion, so 1.2 Hz over the sixteen station array. An
estimate of the rate of tagged double uncorrelated
events is therefore 10~ Hz, somewhat about one
per day. For comparison, the trigger rate of the 9-
string IceCube in 2006 was 146 Hz.
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by the US National Science Foundation under

ing to estimate the accuracy of the location of the Grant No.  OPP-0236449 (IceCube), Univer-
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Abstract: The IceTop surface detector array is part of the IceCuberiveuDbservatory that is presently
being built at the South Pole. In a triangular grid with a $pgof 125 m, up to 80 pairs of ice Cherenkov
tanks will be set up, 16 of which were already in operation @& The data from this array allows
the reconstruction of a first preliminary energy spectrunthi;range of about PeV to 100 PeV. To
reconstruct the primary energy of a cosmic ray particle, fthe lateral distribution of the air shower
signals has to be performed. We have developed a functi@sarigtion of expected lateral distributions
and of the corresponding fluctuations of the measured sigiike function and its parameters have been
tuned in a CORSIKA simulation study with parametrised psetresponses. From a detailed detector
simulation, the fluctuations could be extracted and qualély compared with experimental data. Some
performance tests and an initial energy spectrum, undedédor efficiency near threshold, are presented.

Introduction deposited energy in the tank since the Cherenkov
light and the deposited energy are both approx-
When a high energy cosmic ray hits the earth’s imately proportional to the track lengths of the
atmosphere, it induces an extensive air shower charged particles. Using atmospheric muons for
(EAS) whose axis and energy can be reconstructedcalibration, the signals can thus be converted to the
by detector arrays at ground level. In general, the detector-independent unit VEM (vertical equiva-
arrival times of the particles deliver the direction lent muon), which is equivalent to abd(i0 MeV
information while the signal strength distributionis  of deposited energy [3].
used to reconstruct the core and size of the shower.To estimate the energy of the primary particle and
The shower size is usually represented by the sig- determine the shower core, a log-likelihood fit is
nal Sk at a certain perpendicular distanBefrom  applied to the measured signals. This requires a
the shower axis (“core radius”). With the spacing lateral distribution function (LDF)(r) at a given
of IceTop, 5190 at R = 100 m proved to be a stable  core radius, and a parametrisation of the signal
and reliable quantity in the fit procedure. fluctuations. The likelihood also includes a term

The signalS of an IceTop tank is derived from the ~ for stations without trigger.
charge of two photomultipliers that are operated at
different gains § - 10* and5 - 10° in 2006) to en-

hance the dynamic range of the detector well above

10°. They collect the Cherenkov photons produced . )

by the shower particles in the.45m? of ice in 10 find an appropriate LDF for IceTop, lateral

each tank. The total signal is proportional to the distributions of CORSIKA shower simulations [6]
were analysed. The hadronic interaction mod-

LDF and Fluctuation Parametrisation
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Figure 1: Left: Derived lateral signal distributions of Tag tanks for three different simulated showers,
fitted with the DLP function described in the text. Right: Quamison between lateral electron density and
tank signal distribution, fitted with NKG and DLP respectywe

els used in all simulations are Sibyll 2.1 [4]
for energies aboves0 GeV and Fluka [5] be-
low that. Each shower particle was weighted
with an average response functiSn(E) derived
from single particle simulations that were car-
ried out with a Geant4-based detector simula-
tion [1]. The particle types considered afe=
{v,e*, u*,p,p,n,n, 7, KH01, which are the

imately a constant for all hadronic showers and
thus a fixed parameter for all fits on real data. The
parameters is roughly linearly connected to the
shower age parameter of the NKG function via
snka = —0.94 5 + 3.4 for all simulated angles,
energies and nuclei.

To study the fluctuationsg of the approximately
log-normally distributed tank signals, two analy-

most abundant in air showers. Three examples of ses were done. Figure 2 shows the comparison

the distributions that were found, and a compatri-
son to the electron density distribution described
by the NKG function [8] are given in Fig. 1. Itis

remarkable that the main feature of the NKG func-
tion in double logarithmic representation, which is
a bend with a maximal curvature approximately at
the Moliere Radius128 m at the South Pole [2]),

cannot be seen in the tank signal lateral distribu-

of the dependencies ofs on S that were found.
The points designated with “tank-to-tank” indicate
the outcome of a study of signal differences be-
tween the two tanks separated iym at each de-
tector station. Shower fluctuations were thus mea-
sured directly in data and the result is compared to
simulated data that was produced with CORSIKA
showers processed with a Geant4 detector simula-

tions. This is presumably a consequence of the fact jon of the array. The lower points are taken from

that the energy deposition is not proportional to the
particle number.

The function found to fit these distributions well
in a range between 30 and00 m is a parabola in

a double logarithmic representation (DLP), which
can be written as

R

Ry

) k)

() = i, (
with Ry = 100m being the reference core ra-
dius, 5 the slope atRy, andx 0.303 the cur-
vature of the parabola. This curvature is approx-

~
~
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a similar simulation with tanks set up in a ring-like
structure. Since the former is biased by uncertain-
ties in reconstruction and shower intrinsic correla-
tions, and the latter depends on the quality of the
detector simulation, the two methods are not fully
comparable but should yield results in the same
order of magnitude. This could roughly be ver-
ified, although the tank-to-tank fluctuations have
some features at higher amplitudes that are most
likely an artefact from misreconstructed cores that
are very close to one of the tanks. In the full ar-
ray simulations described below, the parametrisa-



THE ICECUBE COLLABORATION
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Figure 2: Dependency of the signal fluctuation -1 %
on the signalS in data and different simulations C
(the error bars are partly smaller than the markers). o 1
os designates the standard deviation@f,,(S5). L ‘1‘2‘ ‘ ‘1‘4‘ ‘ 1‘6 = ‘18 ‘ ‘2‘
The differences between the methods are discussed : : : "~ secf)

in the text. The solid line indicates the parametri-

sation that was extracted for the lateral fit. Figure 3: CORSIKA simulations dbg;,(S100) as

a function ofsec 6 for various energies. The lines
are projections of the fit that was performed on all

tion taken from the ring-like simulation delivers a  data points simultaneously?/ndf = 41.2/32).
better core and energy resolution and is therefore

used in the fit. The dependencexf on the core

radius was found to be in the orderigf % for radii ) ] ) )
above30 m and is therefore negligible. and iron showers in the simulation& {og,, Sr ~

. . . . 0.1), the systematic uncertainty on the spectral in-
W't.h the paramgtnsed CORSIKA S|mula_t|ons de- dex of the following spectrum can be estimated to
scribed above, it was found that for zenith angles beo. ~ 0.1
0 < 50°, the dependence &g onx = secf can v o
be described by parabolas (Fig. 3). Assuming that
the maximum oflog,, Sg and its positionz;,q. Performance and Results
linearly depend orog,, £, a functionSg(0, E)
was found that fits all data points and can be in- 1 penchmark the performance of the LDF, COR-
verted analytically taF(Sk, 0). For severalz be-  g|ka simulations ofl PeV vertical showers were
tween 50 and 000 m, the parameters df(Sr,0)  carried out on the 2006 array configuration, us-
were interpolated such that the conversionfi8m  jng the tank intersects of the shower particles and
to the primary energy can be done at any radius the apoves, (E) tank response parametrisations to
Rop: that might be regarded optimal for physical = gcgle the responses of the particles. The simulation
or numerical reasons. Presently, to be as indepen-gisg includes the generation of PMT responses,

dent as possible from the quality of the LD, digitisation and the behaviour of the IceCube trig-
is chosen event by eventin a way thag,, Rop: is ger devices. Thus the simulated raw data com-
the mean Iogarithmic core radius of all tanks that pletely resembles the level and format of experi-
were actually used in the fit. mental raw data. The quantities that serve to esti-

This energy conversion does not yet take into ac- mate the quality of the LDF are the core position
count the influence of the primary mass. From the resolutioro.,.., the energy resolutiom,,, , =, the
shower size differences observed between proton
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trum agrees well with the slope of~ 3.05 that is

T E e preliminary expected from other experiments, drawn as a solid
boF & = line for comparison. The absolute scale of the raw
g0 3 - spectrum is lower than the expectation, which in-
@ dicates the need for more simulations to tune the
3 1078 ¢ energy extraction and correct for efficiencies.
S| F 1
108 @ Tl
Eo 30°<0<40° .
L= — expectation COﬂC|USIOn
10° ‘_H
e With the 2006 array configuration, we will be able
1

05 0 05 1 15 2 -
l0g,(E/PeV) to measure the cosmic ray energy spectrum from

0.5 to 100 PeV. The signal distributions are well
. o ) understood, and applying advanced log-likelihood

Figure 4: Preliminary, raw energy Spectrum with- s \ve are able to reconstruct the cores and sizes of
out acceptance correction. The difference betweenthe measured showers with good precision. Since
high and low zenith range indicates the system- February 2007, already 26 stations are in opera-
atic uncertainty. Though not deconvoluted yet, the o \yhich covers a third of the total planned area.
high-energetic part is compared to the expected tpig anq the development of an unfolding proce-
spectrum and agrees well with it (solid line, [7]). gy re will enable IceTop to measure an energy spec-

trum well abovel 00 PeV at the end of 2007.

reconstruction efficiency and the mean of thg?
distribution.

Compared to a simple power I_aw and Fhe NKG [1] J. Allison et al. Geant4 developments and ap-
function, the numbers found indicate a slight pref- plications. IEEE Trans. Nucl. Scji.53:270—

erence for the DLP function, especially concern- 578 2006
ing the reconstruction efficiency. For vertical 2] ' )

1 PeV showers, the core and energy resolution are in the atmosphere: Phenomenology of cosmic

Ocore = 12.8m and oiog,, z = 0.094. How- ray air showers. Ann. Phys. 314:145-207,
ever, once a bigger array is available in the coming 2004
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Abstract: Each digital optical module (DOM) of the IceTop air showeagris calibrated by identifying
and understanding its muon response, which is measuredticalequivalent muon (VEM). Special cal-
ibration runs and austral season measurements with a tagg@scope provide the basis for determining
the VEM and monitoring its variation with time and temperatuWe also study muons that stop and de-
cay in the tank. The energy spectrum of the electrons frommaiecay is well known (Michel spectrum)
and can also be used as a calibration tool. Both spectra arpased to a GEANT4 based Monte Carlo
simulation to gain a better understanding of the tank pragser

Introduction with different pre—amplification factors to extend
the DOM'’s dynamic range (for details, cf. [3]).
IceTop is an air shower array of ice—Cherenkov
counters [1, 2]. Each of its current 26 stations . .
is made up of two IceTop tanks. The tank shell IceTop setup for calibration runs
is black, cross—linked polyethelyne, 6 mm thick, o ] o )
1.1 m high, and 1.9 m in diameter. A second layer Periodic special IceTop calibration runs are carried
of 4mm thickness, made out of zirconium fused OUt to serve two purposes: one, to calibrate the
polyethylene, is molded on the inner surface to act conyersion from integrated waveform to vertical
as a diffusely reflective liner (eight tanks deployed €duivalent muon (VEM) for each DOM in a tank,
in 2005 have Tyvek linings). Each tank is filled @nd two, to monitor the DOMs response’s time de-
with 90 cm of frozen water and then covered with Pendence.
47 glcnt of perlite to provide insulation and a bar-  The calibration run configuration differs from the
rier to light leaks around the fitted wooden tank regular one used for air shower data runs. In this
cover. so—called singles mode, the local coincidence be-
The tank ice is viewed by two standard IceCube tween DOMs and the simple majority trigger are
digital optical modules (DOMs). They consist disabled. All DOMs are set to the same nominal
of a 10" Hamamatsu R7081-02 photo multiplier 9&in of5 - 10°, while in the air shower mode, the
tube (PMT) and processing and readout electron- W0 DOMs in the same tank are set to different
ics. Two different types of digitizers are used to 9@ins (in 20065 - 10° and5 - 10, resp.) to ex-
process the PMT signal: a fast pipelined ADC tend the dynamic range of a tank. For the DOMs
(FADC) with 255 samples of 25 ns each, and two thatare operated at the lower gain, the VEM might
Analog Transient Wave Digitizer (ATWD) chips, differ due to changes in the collection efficiency of
with three channels of up to 128 samples of about the PMT. Currently, that effect is not taken into ac-
3.6ns each. The three channels are configured®ount.
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Figure 1: MC simulated charge spectrum for DOM  Figure 2: Distribution of VEMs for all DOMs.
21-63. See text for further explanations.

Cherenkov light in a tank. Several tank and DOM
The data files are analyzed with an IceTop specific properties, e.g. the reflectivities of the sides and
waveform processing module written for the offi- top, ice quality, PMT quantum efficiency, are taken
cial offline software suite. Each raw waveform, into account [6].
givenin ATWD channel counts, is corrected forthe - syperimposed on the simulated total charge spec-
specific, ATWD chip—dependent pedestal pattern, trym is the contribution from only muons. Choos-
and calibrated to give charge. Further corrections jng a cut on the muons’ incident zenith angle that
include the (optional) adjustment of any residual correponds to the angular acceptance of the tag-
baseline offset and a droop correction. Finally, the ging telescope< 17 deg), the black histogram is
charge, given in units of photo electrons (pe), is optained. It gives the best estimate for the VEM,
calculated by summing up all the waveform bins.  \hich is determined as the mean of a Gaussian fit,

236 pe for this particular DOM.

Calibration using through-going muons Comparing this to the peak position of _the simu-
lated total charge spectrum, 247 pe, gives a cor-
A DOM:’s response to a vertical muon passing an rection factor pf about five percent. This is the
IceTop tank is defined to be one VEM. The en- amount by which the measured total charge spec-
ergy deposit of such a muon is around 200 Mev ra's peak positions have to be corrected to deter-
in the tank [4]. By finding the vertical muon signal Mine the VEM. Currently, it is assumed that this
in the measured total charge spectrum, the DOM— correction factor is the same for all IceTop tanks.
dependent charge-to—VEM conversion factor is The spread in VEM is shown in Fig. 2 for a run
determined. However, single IceTop tanks cannot taken on March 15, 2007. The fluctuations in the
discriminate between different particles or incident response, even between DOMs in the same tank,
angles. Therefore, the relation between the mea-are the main reason to introduce the VEM as a uni-
sured peak position of the total charge spectrum form, array—wide unit.
and the VEM must be determined with simulations The VEM response per DOM is tracked with reg-
and the tagging telescope. ular calibration runs. In Fig. 3, the VEM response
This is illustrated in Fig. 1. The measured total over time is shown for both DOMs in Tank 21b.
charge spectrum is shown in triangles. The simu- Both DOMs exhibit a rather stable VEM response,
lated total charge spectrum (light grey) is obtained except for a sharp drop in DOM 21-64 around July
with GEANT4 based simulations. Using Corsika 2006. In total, about half of all DOMs of the oldest
[5] generated hydrogen and helium air showers tanks, deployed in 2005, show a significant drop in
with primary energies between 10 and 415 GeV their VEM response in mid—2006. Though the spe-
and angles up to 70deg as input, the DOM re- cific cause of these changes in the DOM response
sponse is simulated by generating and tracking theis unknown, evidence points to seasonal effects,
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Figure 3: History of charge to VEM conversion for Figure 5: Time difference distributions between
DOMs 21-63/64 the two signals in a FADC trace. The exponential
fit yields a lifetime ofr =2.06+0.16us.

i.e. the change in temperature during the Antarc-

tic winter. lier. Configuring the DOMs in a tank to singles
mode, data were taken for six hours. Matching the
GPS time stamps from both the muon telescope
and the DOMs was done using[a2, 2] us time

window. Thus, a tagged quasi—vertical muon data
A portable, solar—powered muon telescope was de'set is obtained. Figure 4 shows the charge spec-

veloped to tag muons that have angles close to ver-y.. tor DOMs 63 and 64 in Tank 39b and super-

tical (< 17 deg) and pass through the center of the ., ,qeq the tagged muon charge spectra. If com-
tank._ Wlth this device the VEM charge can be de- pared to Fig. 1, the tagged spectra show some dif-
termined independently from simulation. ferences. This is mainly due to the fact that in the

The muon telescope is a completely autonomous simulation muons over the whole tank surface are
device, having its own data acquisition system accepted, while the tagging telescope is positioned
and power supply. It measures signals in coinci- in the tank center. When the statistics in simula-

dence between two scintillator slabs 70 cm apart tion are improved, more realistic cuts can be ap-
and records the GPS clock time stamp on a Flashplied. Still, the qualitative difference between the

Media drive. tagged and the full spectrum is well reproduced in

Measurements were taken during the polar sea-the simulated spectrum.

son 2005/2006 on tanks deployed one year ear-

Muon Telescope Measurements

Calibration using stopping muons

2 0l An IceTop tank stops muons of kinetic energies
= 300f up to 210MeV (vertical muons) and 430 MeV
5ol (muon crossing through the tank diagonally from
£ ,00f an upper to a lower corner). After stopping, the
g muon decays with its characteristic mean lifetime
of 2.19703us into an electron and an antineutrino—
neutrino pair (neglecting muon capture). The re-
sulting energy distribution of the electron is the
100 2%ar 38 (PEY “Bnar §& (PEY well-known Michel spectrum. The maximum
Figure 4: Total charge spectra (black) for tank 39b electron energy is 53 MeV, which corresponds to a
with tagged muon spectrum (blue) superimposed. range of less than 25 cmin the tank ice. Thus, most
See text for further explanation. of the decay electrons are well contained within the

nunber of events

0
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is measured and calibrated on a weekly to monthly
g 180F ] Ry Sy e —— basis and provides, in conjunction with the sin-
w 160 ++ S — gle DOM rate and temperature, a basic set of ob-
5 140F +* +# servables for monitoring the detector hardware.
° 132 - GEANT4 based simulations agree well with the
80F L measured charge spectra and the muon telescope
60f ;L - data, showing that the input parameters describe
40J:L &;L the actual tank properties rather well.
zgé L i%k&ﬂ@!‘ The stopping muon analysis has shown the feasi-
o0 T a0 e e0 0120 bility of using the muon decay signal as a supple-
Charge of second signal (pe) mentary calibration source. Already at this stage,

the GEANT4 based simulation shows a promising
agreement with the measured spectra. However,
further improvements in both the analysis and the
simulation are needed to establish it as a standard

tank volume, making them a suitable calibration Calibration method.
sample.

A feasibility study was carried out by applying the Acknowledgments
method outlined in [7] to the IceTop configuration.
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The VEM calibration of the IceTop air shower ar-
ray with through—going muons is a well estab-
lished and well understood procedure. The VEM
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Abstract:  Solar activity can cause variations in the cosmic-ray plrtilux measured at the Earth’s
surface. This manifests mostly in the low-energy electrmmesic component of cosmic ray induced cas-
cades. The IceTop experiment detects these particles lnyethission of Cherenkov light in a contained
ice volume through photo-multipliers. We give the predintbf the response to the low-energy part of
cascades and compare to experiment.

Introduction ity range of 0.5GV-20TV uniform iros?(6), 6 be-

ing the zenith angle. The atmosphere density pro-
The IceTop Air Shower Array, located close to file (23.3% oxygen, 75.4% nitrogen and 1.3% ar-
the geographical South Pole (altitude 2835 m, gon) was based on the US Standard Atmosphere
700g/cn?), consists of tanks with reflective liners 1976 model. The primary cosmic ray spectrum
using clear ice as a Cherenkov medium. Light gen- used in this calculation was determined through an
erated in the ice is observed by digital optical mod- analysis of simultaneous proton and helium mea-
ules (DOMs) which consist of a photo multiplier surements made on high altitude balloon flights
tube (PMT) and digitising electronics assembled (see refs. in [3, 4]). The outer air-space bound-
in a glass pressure sphere. Thus, energy deposi-ary is radially separated by 65 kilometres from the
tion of particles can be measured through the ob- inner ground-air boundary and a single 1*cete-
served light yield. Each tank has two DOMSs run- ment on the air-space boundary is illuminated with
ning at different gain settings to increase the dy- primaries. Particle intensity at various depths is
namic range of the observations. Two tanks, placed determined by superimposing all elements on the
at 10 metres from each other, are combined into a spherical boundary defining the depth. Due to ro-
station. Currently, 26 stations, separated by typi- tational invariance this process is equivalent to il-
cally 125 metres, forming a diamond shaped trian- luminating the entire sky and recording the flux in
gular grid are deployed. In normal operation, the a single element at ground level. Although this ap-
high gain DOMs are run in coincidence to reject proach provides a quick result, it ignores the ef-
events not associated with air showers. For this fects of multiple particle tracks entering the IceTop
work, we use data from tanks run in “single mode”, tanks simultaneously.
in which the coincidence condition is disabled. In the CORSIKA simulation, the hadronic in-
teraction model for energies above 80 GeV is
SIBYLL v2.1[5], for lower energies FLUKA is ap-
plied. The electromagnetic interactions are treated
. . . . . with EGS4[6]. Hydrogen as well as helium pri-
Two separate simulations are utilised in this anal- aries are simulated with angles between 0 and
ysis, one based on CORSIKA[1] and another on 7q gegrees. The angular spectrum is constant in
FLUKAJAIR(2, 3]. cos?(#), like for the AIR simulation. The cas-
In the AIR model, primary protons, alphas, car- cades are generated with primary energies be-
bon, silicon and iron are generated within the rigid- tween 10 GeV and 468 GeV with a power-law

Simulations
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(E/Eo)~! and are re-weighted later to the fluxes

> T
averaged from various experiments[4]. Two atmo- & ‘ ‘ ‘ ‘
spheres for the austral winter and summer (st of & '©[ ™o 7
July/31st of December) parametrised by the MSIS- N: e
90-E model[7] are used. We find that the counting & | """ ™0
rate in the austral winter is approx. 6% highercom- 2 " [ - 7 7
pared to the summer. In a second step, the cascade g 2y Yerticel Huone)
particles are inserted into the detector simulationto £, 3, |
generate the light yield in the photo multiplier. The = Histograms ~ FLUKA/AIR ° N
simulation is based on GEANT4[8] and takes into = Solid Lines = Grieder, 2001 N
account the interactions of particles and the track- E o6 Ll N Y
ing of the Cherenkov photons. This requires input & 1072 ot 109 1ot

. .. Energy (GeV)
of the optical parameters of the inside of the tank.

The reflectivity of the tank liner was measured as Figure 1: Fluxes of secondary electrons, muons
a function of wavelength in the laboratory. The @nd gammas from simulation for solar minimum,
first eight tanks of the experiment are lined with Ccompared to experiments compiled in[9].

Tyvek™, while the later tanks have an integrated

coating using zirconium as reflective agent. The magnetic cutoff, comparable to South Pole condi-
simulations are done using the optical properties tions. The muon and electron measurements were
of the TyveKMliner. made by a balloon instrument while the gamma
The tank is then modelled as a cylindrical rays were measured from a mountain top. The
polyethylene vessel of 0.93 metre radius and 1.00 2greementwith the simulations is reasonable, how-
metre height, filled with ice to a level of 0.90 me- €Vver the differences will be investigated.

tres. The tank is embedded in 0.3 metres of snow,
simulated as water of density 0.4 gftnRegard-  pogange to electrons, muons and gam-
ing the optics of the ice, a refractive index of 1.33

is assumed and the absorption length is set to 200Mas

metres, based on measurements in the deep glacial ) )
ice and on comparisons of the simulations to the The particles entering the tank are detected by the

experimental data. The ice is covered with 47 DOM either by their own Cherenkov light (if they

glen? of Perlitd™Mwhich is modelled as opaque to  are charged) or by the I!ght emitted in stochastic
light but reflective at the ice interface. The light Processes (pair production, delta electrons, etc.).
propagation in the DOM itself is simulated using The number of photo electrons seen per particle
the geometry and optical properties of the pressure
sphere, the PMT glass and the optical gel coupling
the two. The quantum efficiency of the photo cath-

ode is applied to yield individual photo electrons. 3
However, neither the amplification stages nor the wk
signal processing electronics are simulated. The fi- F
nal result of the simulation is the number of photo 10F
electrons (npe). i

[ number of pe generated per particle vs. energy |

dnpe/dE/GeV
P
om

ot : : i
Secondary pal'tIC|e Spectra 10155-__#)_' .......... e R A Ay

-4 -3 2 1 2
10 10 10 10 1 10 lo(E/GeV)

The resulting secondary particle spectra from sim- igure 2: Number of photons per particle vs. par-
ulation and experiments[9] are shownin Fig. 1. All tjcle energy.

measurements of the electrons, muons and gam-
mas took place at solar minimum and a low geo- as a function of the particle energy in the tank is
shown in Fig. 2. Itis averaged over all angles and
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NPE spectrum
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Figure 3: Contribution of secondary particles to the
overall npe signal. The experimental data for DOM
63 of station 29's TyveK'lined tank is shown as
well.

impact parameters. The light yield of the muons
turns flat at around 1 GeV, where the muons be-
come minimal ionising plus a logarithmically ris-
ing stochastic contribution. For all three particle
types, the light generation threshold is around 1
MeV.

Contributions to the photon electron
rate

The simulation allows one to study the contribu-

tion of the different cascade secondary particles to
the photo electron response from the DOM. This is
shown in Fig. 3. For different particles (gamma,

electron, muon and other), the number of pho-
tons seen by the DOM is summed up and his-
togrammed.

The dominant contributions come from gammas,

electrons and muons, however the neutron compo-

nent is significant at low primary energy. Other
particles contribute at the 1% level.

The simulation is compared to measurements.
There are some variations in the position of the
muon peak from tank to tank and a tank fitting the

Primary Cosmic Ray Single Mode Ice-
Top Yield Function

The yield functionS(P, z) describes the primary
cosmic ray detection efficiency of a full sky illumi-
nation of particles averaged over all arriving angles
(uniform in cos?()). Itis related to the count-rate
N(Pc, z, t) by

[e'e)
N(Pc,z,t) = /(S(P, 2) j(P,t))dP.
Pc
IceTop Primary Particle Yield Function for 10pe Threshold

| T T T

Total

10t

IceTop Yield Function (em?)

Fit: § = C; P % f1-exp(—CsP*)} {1-exp(-CsP%)} |
ol a0l

10! 102 108
Primary Cosmic Ray Rigidity (GV)

q7i

A
100

Figure 4: Primary cosmic ray yield function
S(P,z = 700g/cm?) for IceTop tank in singles
mode. The individual contributions made by sec-
ondary components to the yield function are sepa-
rated into different curves.

where P is the particle’s rigidity (momen-
tum/charge), z is the atmospheric depth and
t represents time. Po, the geomagnetic cut-
off, is effectively 0 at the South Pole. Using
Si(P, z), the single mode IceTop yield function,
andj; (P, t), the primary rigidity spectrum for pri-
maries of particle typé, one can decompose the
product of yield function and rigidity spectrum,
S(P,z)j(P,z)into " S;(P,z) j;(P,z). Utilising
the FLUKA/AIR model and a FLUKA Cherenkov

simulation is shown. Since the purpose of these optical model assuming a zirconium lined IceTop
data is to determine the position of the muon peak, tank, the IceTop yield function was calculated for
a threshold of about 40 npe is applied. There is a 10pe threshold (Fig. 4). The data are fit using a
good agreement between experiment and simula-variation of the Dorman Function[10]
tion.

S(P) = C, P

x (1— eXp{—C’3PC4})

x (1— exp{—C’5PCG}),
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typically used to model Neutron Monitor latitude
survey data. The fit parameters extracted from the
simulations in Fig. 4 for the total count rate as
function of PE threshold are shown in Tab. 1.

C 5pe 10pe 25pe 50pe

1| 3281 30.18 21.79 15.2(

2 | 48075 48032 4.7731 4.7408
3 | 0.0341 0.0150 .00534 .00232
4 | 1.1849 1.4696 1.8457 2.270
5| 30.588 28.323 30.874 33.54
6 | -3.6117 -3.6184 -3.6070 -3.584

Table 1: Fit values for the yield function

Integral count rates

The above information can now be used to pre-
dict counting rates above a given threshold (Fig. 5).
The agreement between experiment and simula-
tion is reasonably good for the solar minimum and

Integral pe distribution
N -

O Experiment
— GEANT4 [
— solar min

1 1 i i 1
100 150 200 250 300 350 400 450 500
npe

Figure 5: Integrated photon counting rates for var-
ious primary spectra, including—*-5-% as ex-

pected for solar activity. Note that solar minimum
and maximum give approximately the same rates.

maximum periods. The addition ap—4 =56
spectra, which are typical for solar flares, to the
galactic cosmic ray background is expected to
yield a count rate enhancement by a few per-
cent depending on the IceTop tank photo-electron
threshold setting and solar particle intensity.

Conclusion

The IceTop tanks are sensitive to low energy par-
ticles produced in cascades by cosmic radiation.
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The response of the IceTop detectors is under-
stood reasonably well in terms of the simulation,

as shown by comparison to experimental measure-
ments. This allows predictions of rate changes
induced by changes in the primary particle spec-
trum. Furthermore these prediction suggest varia-
tions greater than that induced by atmospheric vari-
ations, leading to good detectability of solar events.

This analysis ignores the effects of multiple parti-
cle tracks entering the IceTop tanks simultaneously
as each particle track reaching the ground is treated
as an uncorrelated event regardless of arrival time.
For low energy primaries this is a valid approach,
however at high energies this could be a source of
systematic errors. This effect will be investigated
in order to quantify it.
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Abstract: The AMANDA-II neutrino telescope detects upward-going aspheric muon neutrinos pen-
etrating the Earth from the Northern Hemisphere via the @fi@v light of neutrino-induced muons,
allowing the reconstruction of the original neutrino difen. Due to the high energy threshold of about
50 GeV, the declination spectrum is minimally affected by staddagutrino oscillations; however, al-
ternative oscillation models predicting subdominant@fecan be tested and constrained. Of particular
interest are models that allow one to test Lorentz invagaaed the equivalence principle. Using the
AMANDA-II data from the years 2000 to 2003, a sample3df)1 candidate neutrino-induced events was
selected. No indication for alternative oscillation effewas found. For maximal mixing angles, an upper
limit is set on both the Lorentz violation paramedey ¢ and the equivalence principle violation parameter
2|¢|dy of 5.3 x 10727 at the 90% confidence level.

Introduction and detector description modules (OMs) orl9 vertical strings, which are
arranged in three approximately concentric circles

Cosmic ray particles entering the Earth’s atmo- Of 60 m, 120 m and200 m diameter. Muons pro-

sphere generate a steady flux of secondary par-duced inv,-nucleon interactions can be direction-

ticles, including muons and neutrinos. High en- ally reconstructed by observing the Cherenkov ra-

ergy muons pass through the atmosphere and carfliation that propagates through the ice to the ar-

penetrate several kilometers of ice and rock, while ray of photosensors. To ensure that the observed

atmospheric neutrinos of energies only above muon is due to a neutrino interaction, the Earth

roughly 40 TeV start to be absorbed in the Earth. is used as a filter against atmospheric muons, and

Lower energy muon neutrinos penetrating the di- only tracks from the Northern Hemisphere (decli-

ameter of the Earth can oscillate into tau neutrinos. nationd > 0°) are selected.

However, the oscillation maxima &0 GeV [1]

and below are beneath the AMANDA-II threshold.

Departures from conventional mass-induced oscil- Ph?nomenollogy Of_ Sta}ndard and alter-

lations could emerge at higher neutrino energies Native neutrino oscillations

due to relativity-violating effects (see below). Such

mechanisms would distort the expected angular It is commonly accepted that standard (mass-

distribution and energy spectrum of atmospheric induced),, — v, oscillations are responsible for

neutrinos and could be detectable by AMANDA- the measured deficit of atmospheric muon neutri-
I. nos (seee.g. [1]). Atmospheric neutrino data can

The AMANDA-II neutrino telescope is embedded also be used to test non-standard oscillation mech-
1500— 2000 m deep in the transparent and inert ice anisms that lead to observable differences at higher

of the Antarctic ice sheet, close to the geographic 1. |n the regime of atmospheric neutrino oscillations,
South Pole. AMANDA-II consists 0677 optical it suffices to consider a two-flavor system of eigenstates

(v, vr).
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neutrino energies. Various new physics scenarios GeV. For the given set of parameters, one can ob-
can result in neutrino flavor mixing. Two of these serve a significant effect within the analyzed en-
scenarios, which can be described in a mathemati-ergy range 100 GeV — 10 TeV) and declination
cally analogous way, have been tested in this anal-range § > 20°), for certain values o®. anddc/c.
ysis. The underlying theories assume small devia-
tions from the principles of the theory of relativity

and lead to measurable neutrino oscillations: Data selection

e In theories predicting violation of Lorentz The data analyzed in this analysis are selected
invariance (VLI), a set of additional neutrino  from 7.9 x 10° events recorded from 2000 to
eigenstates with different maximal attain- 2003. Detector signals are recorded when 24 or
able velocities (MAV)c¢, /c is introduced, = more OMSs report signals within a sliding window
violating special relativity [2]. of 2.5 us. Signals from unstable OMs, electronic

and OM noise or cross-talk, as well as hits due to

uncorrelated muons coincident within the trigger
time, are rejected. Also, data periods with reduced
data quality are discarded, corresponding8Tcas
days. Thel7.3% deadtime of the data acquisition
system results in a total livetime &07.2 days
used for the analysis.

e In theories predicting violation of the weak
equivalence principle (VEP), gravitational
neutrino eigenstates are introduced which
couple with distinct strengths, to a gravi-
tational potentiab, conflicting with the uni-
versal coupling assumed in general relativity
[3, 4].

The main difference between these oscillation sce- The events are processed with a fast pattern recog-
narios and standard oscillations is the linear energy nition algorithm (A) to select tracks that are likely
dependence of the oscillation frequency, shifting to be upgoing {4 > —20°). The calculated
observable oscillation effects into the energy range track direction serves as a first guess for 16-fold
of AMANDA-II. For the sake of simplicity, we iterative maximum likelihood reconstruction algo-
will focus on the VLI scenario. As both theories rithms (B), restricted to upgoing tracks with >

are mathematically equivalent, the results can be 0°. The alternative hypothesis of a downgoing
transferred to the VEP case by simply exchang- track is tested with a two-fold iterative fit requir-
ing the relativity-violating oscillation parameters ing 6 < —10°. In order to reduce the probabil-
dc/c — 2|¢|éy and mixing angle® . — ©,. ity of wrongly reconstructed tracks due to spuri-
Combining standard and VLI oscillations, one ob- ©US hits, both fits are repeated after rejecting hits
tains three systems of neutrino eigenstates (flavor, With timing residuals larger than two standard de-
mass, and MAV eigenstates), resulting in a total Viations. Background rejection and angular reso-
of 5 oscillation parameters: the mass-squared dif- ution are further improved by a 10-fold iterative
ferenceAm?, two mixing angles,, ande,., the fit (C) incorporating the probabilities that modules

VLI parameteric/c, and a complex phase Fix- registered hits for the given track. From an ex-
ing Am? = 2.3 x 10-3eV? and®,, = 45°, the amination of the likelihood contours in declina-

tion and right ascension [5], an estimate of the

survival probability may then be written as: ) I, all :
median space angle resolutiel is obtained for

P(v, —v,) =1-sin?20 sin® (QL) (4) individual tracks. The following selection crite-
ria are applied, withLq;z = Aln L being the
20 = arctan (s/t) Q=vs*+1* (5 difference of up- and downgoing likelihood min-
L ima: (1) declination®, > —20°, 6p > 0° and
s = 292x107°|1/E, + ‘ Sc > 20°; (2) space angle differencdg A, B) <
8.70 x 10%° §c/c sin20.. E, ™|, 30°, ¥(B,C) < 7.5% (3) space angle resolutions
t = 92.54x 108 dc/c cos20. E, . (6) oy(B) < 6° andaq,(c) < 3.0°; (4) likelihood dif-

ferenceLqig (B, C) > 32.5.
Here the the muon neutrino path lengthis ex-
pressed inkm and the neutrino energy, in
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The oscillation probability depends on the neutrino
flight length {.e. declination) and the neutrino
energy. As an energy estimator, we use a corre-
lated observable, the number of OMs triggered in
an event {Vo,). Using Monte Carlo simulations,
declination- andV.,-dependent selection criteria
have been developed by dividing the distribution
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criteria improved the efficiency of the data selec-
tion by 30% compared to simple selections in the
angular resolution and the likelihood difference. | T e um‘mth
The resulting number of selected neutrino candi- “© oo 1% 200
date events i8401. From a study of the distribu-

tion of space angle difference, the background of

wrongly reconstructed atmospheric muons is esti- . . -
gy P atic errors. Also shown are the predicted distri-

mated to bel%.. o _ . butions without oscillation and withic/c=10"24,
A full simulation chain, including neutrino ab- o _ 7/4 andcosn = 0. Bottom: Ny, distri-
sorption in the Earth, neutral current regeneration, ptions of data (statistical errors only) and the pre-

muon propagation, and detector response is usedgicted distribution without oscillations, normalized
to simulate the response of AMANDA-II to at- g the data.

mospheric neutrinos [6, 7]. The expected atmo-
spheric muon neutrino flux before oscillations is
taken from Lipari [8].

of the angular resolution into equal declination and ? declination & /°
Na, bins. For each of these bins, a fixed, opti-  0° —
mized percentage&fs) of the events with pooran- =z | $ deta
gular resolution is rejected. The same was done § 0=  SoNC (nomaized)
for the likelihood difference distributions. These £ [
é 10=—
4

o
[T T

Figure 1: Top: Measured atmospheric neutrino
declination distribution with statistical and system-

Carlo (MC). The functior¥' represents the product
of functionsf,, - fi - f! which are defined as:
Analysis method and systematic errors _
Jo = 1+aq, o = ¢ -k+1,
The analysis method uses &-test to compare i = 1+2¢(0.5—sind;). (8)
the declination andv,, distributions of data with ) ) o
Monte Carlo simulations including VLI oscillation @ Parametrizes the systematic uncertainty in the

effects. The systematic uncertainties affecting the overall normalization due to uncertainties in the
Monte Carlo prediction are integrated into the detector response and theoretical uncertainties of

expression: the atmospheric neutrino flux{ = 30%). The
uncertainty due to the relative production rate be-
x> (6¢c/c, O, cosn) = tween kaons and pions, which affects the shape of

the declination distribution, is parametrized by
and is estimated as. = 6% in total [9]. The un-
J\% (NP — NBG — F . NMC (6¢/c, O, cos 77))2 certainty in the sensitivity of the optical modules is
D BG MO 2 parametrized by (x =0 for 100% sensitivity) and
=1 NP + NPS 4 (0}1) was measured to be, = 11.5%. The function
o \2 o\ 2 e\ 2 fi was derived from the changes in the declina-
+ (—) + (—) + (—) , () tion distribution generated by Monte Carlo distri-
Ta Tr e butions with different OM sensitivities. In order to
where N denotes the number events in biand  determine the optimal number of declination and
« denotes data (D), background (BG) and Monte N, bins and their optimal range, toy Monte Carlo
samples of 10000 events have been generated re-
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flecting the simulated flux and systematic uncer- 4 08 040" 04 o8 1
tainties as assumed above. The mathematical prop- A A N AR LR
erties of expression (4) were checked, and belts for " E*;“S“’;g:/egg”s "
90%, 95% and 99% confidence level were derived [ os%cL 10
from a high statistics toy Monte Carlo sample. 5 I o0%cL 5
. & 10” 10" %
The results of the toy Monte Carlo studies favoran  °© ¢
analysis using the following 4 bins:Ngn, < 49,
§ < 55°), (Nen < 49, 6 > 55°), (N > 49, 10 10
= — cos (n)=0
d < 55°), and (Ve > 49,6 > 55°).
. . . . . 107 [ T T S N 10%
The exclusion regions for alternative oscillation 06 04 02 0 02 04 06
effects are obtained by scanning through the e
oscillation parameter space. For each point p o8 04 "% 04 o8 ]
[6¢c/c,sin(20.), cos(n)] the x? expression is mini- s A
mized in the error variables, ¢ andx. Exclusion regions
10'25 - 99% CL 10'25
[] 95% CcL
Results and Outlook B B oo c o %
Cc c
The analysis of the final atmospheric neutrino sam- 10% 10%
ple finds no evidence for alternative oscillations,
and a preliminary upper limit on the VLI param- o NN e
eteréc/c is set of5.3 x 10727 at the90% con- 06 04 02 0 02 04 06
fidence level, for nearly maximal mixing angles &

O. ~ +w/4. The dependence on the uncon- Figure 2: Shown are preliminary exclusion re-
strained phase) is found to be small (see fig- gions for VLI (VEP) oscillation effects, top for
ure 2); the most conservative limit is obtained for cosn = 0, bottom forcosn = 1.

cosn = 0. The limit can also be interpreted in
the context of VEP theories, leading to an upper
limit of 2|¢|dy < 5.3 x 10727, This result im-
proves the limits obtained using data from Super-
Kamiokande [10] and MACRO [11]. However,
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Abstract: The heart of the IceCube neutrino observatory is a cubicrieter Cherenkov detector being
constructed in the deep ice under the geographic South Ra&€ube is sensitive to high-energy muon
neutrinos and muon anti-neutrinos by detecting the seegmdaon produced when the neutrino interacts
in or near the instrumented volume. The principal sourcewémmeutrinos are neutrinos from the decay
of hadrons in cosmic-ray air showers. lceCube operateahg@@®06 with 9 out of 80 anticipated strings
in the ice. | will demonstrate that IceCube can find and rerans atmospheric neutrinos with high
efficiency.

Introduction

The IceCube neutrino detector [1] is partially de-
ployed at the geographic South Pole. In 2006, the
deep-ice detector consisted of 540 light-sensitive
Digital Optical Modules (DOMs), arranged 17 me-
ters apart on 9 strings of 60 DOMs each. The de-
tector in this configuration is termed IC-9. The
strings are arranged on a hexagonal grid and L .
spaced 125 meters apart. DOMs are deployed in 300 - °° LT e 1
the deep ice between 1.5 and 2.5 kilometers below ’
the surface. Figure 1 shows the location of strings .
making up the IC-9 array along with the relative
position of the AMANDA detector.

Y position (m)
o
T
.“
° L]
Il

-300 - i
IceCube is sensitive to muon neutrinos (and anti-

R (o=
neutrinos) by observing the Cherenkov light from w0l | o To‘ta',\'i,.‘i?fg}{ o
Fhe secondary muon produced when the neutrino 900 600 300 0 300 600 900
interacts near the detector volume. Atmospheric X position (m)

neutrinos, formed in the decay of mesons result-

ing from a cosmic ray striking the atmosphere, Figure 1: Shown are the locations of strings for
dominate. Since atmospheric neutrinos are rel- the 2006 1C-9 detector, and the location of the

atively well-understood [2], they serve as a ver- strings in the completed detector. The location of
ification and calibration tool for the new detec- the AMANDA detector is also indicated.

tor. Muons from neutrino interactions are sepa-
rated from muons produced in cosmic rays by se-
lecting muons moving upward through the detec-
tor. These muons must be the result of a neutrino
interaction since neutrinos are the only particle that
can traverse the Earth without interacting.
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Data Acquisition and Filtering with an analytic approximation to the photon ar-
rival time probability density function, accounting
In 2006, we acquired 137.4 days of livetime with for the short {& 20 meter) scattering length of light
IC-9 suitable for analysis. The waveform capture inIceCube. Events that reconstruct as down-going
in a DOM was triggered whenever the DOM de- are discarded. Despite the fact that remaining
tected a signal above a threshold of about 0.3 pho- events appear up-going, they are in fact dominated
toelectrons. The DOMs were operated in Local by mis-reconstructed down-going events. These
Coincidence (LC) with their neighbors, meaning mMmis-reconstructed events are removed with quality
that a triggered DOM’s waveform was only trans- cuts and the remaining events constitute the neu-
mitted to the surface if an adjacent DOM on the trino candidate dataset.

string also triggered withig=1000 ns. The surface  The quality cuts are based on direct hits in the de-
data acquisition system set off a trigger if 8 or more tector. Direct hits are those which arrive between
DOMs were read out in s. When an eventis  _15ns and +75ns from the time expected from
formed, all DOM hits were read out withitt8.s unscattered Cherenkov photons radiated from the
around the trigger window. reconstructed muon. We cut both on the number of
Because of limited bandwidth between the South recorded direct hitsV,;,. and the largest distance
Pole and the data center in the North, the data is of such hits along the traclt,4;,-. An event with a
filtered in real time, and only candidates for up- largeNy;, and a large. 4, is a better quality event
going events are sent North. because the long lever arm of many unscattered
Hit cleaning algorithms were applied to the trig- photon arrivals increases confidence in the event
gered events to remove light from additional supri- féconstruction.

ous muons, and to remove noise hits. The photon We can fold these two cuts together into one di-
arrival times are determined by a fit to the DOM mensionless number, the cut strength, which
waveform, with a variable number of photon ar- corresponds to cuts QVgi, > Scur @and La;r >
rivals. The hit cleaning isolated the 4 window 25 - Scur Meters.

in which the most hits occur, and remaining DOM ' Table 1 shows the rates of events passing to the dif-
hits are kept only if another DOM hit occured ferent levels of the analysis, for both experimen-
within a radius of 100 meters and within a time of  tal data and simulated events. Simulated events
500 ns. At the pole, simple first-guess algorithms fall into three categories. ’Single shower’ events

were used to reject events that were down-going.
In addition, events with fewer than 11 DOMs hit
were rejected to limit the data volume. This filter
reduced the data rate by approximately 95%. The

are events from single air-shower events in the at-
mosphere above the detector. 'Double shower’
events come from two uncorrelated air showers.
Finally 'atmospheric neutrino’ events come from

remaining events were transmitted to the data cen- and K decay in the air showers in the Northern

ter via satellite for further study.

Reconstruction and Event Selection

In the North, we reconstructed the direction of
events using a maximum-likelihood technique sim-
ilar to the AMANDA muon reconstruction [3].
Only the earliest arrival times were used for re-
construction and no amplitude information was in-
cluded in this analysis. The likelihood function is
based on a parametrization of the photon arrival
time distribution without any prior assumption of
the relative likelihood of a cosmic ray muon or
neutrino event. The likelihood function is formed
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hemisphere. The CORSIKA air-shower [4] simu-

lation was used to model down-going air shower
events. An extension to high energies [5] for the
atmospheric neutrino model of [2] with the cross-

section parametrization of [6] was used to deter-
mine the expected up-going muon rate. In esti-
mating the systematic error, we have included a
30% uncertainty in the atmospheric neutrino flux

modeling [7], and a 20% uncertainty due to uncer-
tainties introduced in the modeling of the depth-

dependent ice properties and the DOM detection
efficiency.
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Criterion Experimental Single  Double Atmospheric
Satisfied Data Shower  Shower Neutrinos
Trigger Level 124.5 124.5 1.5 6.6x10~%
Filter Level 6.56 4.96 0.45 3.7x10~%
Up-going (Sc.: = 0) 0.80 0.49 0.21 3.3x10~%
Up-going S.u: = 10)  (1.97 +£0.12) - 1077 - - (1.77 - £0.63) - 10~
Up-going
(Sewr = 10@ndd > 120)  (1.19 4 0.10) - 102 - - (1.42-0.51) - 107°

Table 1: Event Passing Rates (Hz). Shown are the event gassas through different processing levels for
the simulated event categories and for experimental ddte.tfigger level comprises the events triggering
the detector after hit cleaning and re-triggering. Therfiksel comprises events which passed the online
filtering conditions. Rates are also shown for events whédwonstruct as up-going with and without the
final quality cuts applied (see the text for cut definition)otdl that the rates from air-shower events have
been multiplied by0.90 so that the simulation and data agree at trigger level. Bheonsistent with an
approximately 20% uncertainty in the absolute cosmic-na. flFor the final sample, statistical errors are
given for the data and systematic errors are given for thespimeric neutrino simulation.

Results

Figure 2 shows the number of up-going events re-
maining as we tighten cuts. The contribution of

(=]
e

the data is shown together with the expectation for — P r——
atmospheric neutrinos and the total simulation pre- L *+ . total simulation predlotion ——— 1
diction. Below a cut strength of abost,; = 10, N :

the data is dominated by mis-reconstructed down- ., 1¢° ¢ S E
going cosmic-ray shower muons. For higher cut Em“ i N\, 1
strengths, we have removed most of these mis- ‘@

reconstructed events and are dominated by atmo- £ 1¢° 1
spheric neutrinos. The accurate simulation of the & P ]
mis-reconstructed muon population requires excel-

lent modeling of the depth-dependent ice proper- 1o 7
ties and DOM sensitivity. In this initial study, we s . . .
observe a 60%-80% discrepancy between data and 0 5 1o 15 20

. . . Cut St h [arbi i
simulation for mis-reconstructed muons. Never- ut Strenfh (arbitrary units)

theless, over four orders of magitude, the back- )
ground simulation tracks the data, and we see aFigure 2: Data vs Cut Strength. Shown is the re-

clear transition to a population dominated by at- Maining number of events as the cut stren§thy
mospheric neutrinos. (defined in the text) is varied. Curves are shown for

the data and the total simulation prediction. Also

Figure 3 shows the expected energy distribution of shown is the prediction due to atmospheric neutri-

simulated atmospheric neutrino events surviving to :
S — 10. The lower threshold of about 100 Gey 108 alone. The selection from the text corresponds
cut = 2 to a cuts strength o$.,,; = 10, and is denoted by

is set by the.range of the §econdary muons, and-thean arrow. At this point, the data are dominated by
dropoff at high energies is due to the decreasing . :
atmospheric neutrinos.

flux of atmospheric neutrinos.

Figure 4 shows the zenith angle distribution for
events which survive &f,.,,; = 10. Above 120 de-
grees, for vertical events, we have good agreement
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Figure 3: The distribution of neutrino energy for Figure 4: Distribution of the reconstructed zenith

events surviving the analysis cuts, as determined angled of the final event sample. A zenith angle

by the atmospheric neutrino simulation. of 90 degrees indicates a horizontal event, and a
zenith of 180 degrees is a directly up-going event.

_ ) The band shown for the atmospheric neutrino sim-
between experimental data and atmospheric neu-y|ation includes the systematic errors; the error
trino simulation. The excess at the horizon is be- pars on the data are statistical only.

lieved to be residual air-shower muon events. This

belief is reinforced by the fact that excess data at

the horizon is typically of lower quality (as mea- demonstrating the viability of the full data acqui-
sured byNy;,, Lai» and the number of hit DOMs)  sition chain, from PMT waveform capture at the
than expected from atmospheric neutrino simula- DOM with nanosecond timing, to event selection
tion. The data above the horizon agrees well in at the South Pole and transmission of that selected
these variables with a pure atmospheric neutrino data via satellite to the North.

expectation.

In the recorded 137.4 days of livetime we measure References
234 events surviving t6.,; = 10, compared to an
expectation oR11 + 76(syst.) & 14(stat.) events
from a pure atmospheric neutrino signal. Above a
zenith of 120 degrees, where the background con-
tamination is small, we measure 142 events with an
expectation ol69 + 60(syst.) + 13(stat) events.

[1] A. Karle et al. These proceedings.

[2] G. D. Barr, T. K. Gaisser, P. Lipari, Si-
mon Robbins, and T. Stanev.Phys. Rey.
D70:023006, 2004.

[3] J. Ahrens et al.Nucl. Inst. Meth. A524:169—
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Conclusions [4] D. Heck et al. Proceedings of the 27th Inter-

national Cosmic Ray Conferengeages 233—

IceCube is partially deployed and acquiring 236, 2001-_ o

physics-quality data. During the 2006 season, we [°] G- Barr. private communication.
accumulated 137.4 days of livetime and observe an [6] H. L. Lai et al. Eur. Phys. J. C12:375-392,
atmospheric neutrino signal consistent with expec- 2000. ] _

tation. We have identified 234 neutrino candidate [7]1 G- D- Barr, S. Robbins, T. K. Gaisser, and
events. For zenith angles above 120 degrees, the |- Stanev.Phys. Rey.D74:094009, 2006.
background from misreconstructed muons is small

and the sample is dominated by atmospheric neu-

trinos. The selection of events was done within

six months of the beginning of data acquisition,
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Abstract: Data collected during the year 2006 by the first 9 strings eClabe can be used to mea-
sure the energy spectrum of the atmospheric muon neutriro Atmospheric neutrinos, an important
scientific output by itself (for instance, to understand high-energy hadronic interaction models), are
also fundamental in order to check the performance of thecttat and to estimate the background for
the extraterrestrial high-energy neutrinos searches. llAdoonstruction of the neutrino-induced muon
tracks provides both directional and energy informatione Teconstructed energy-correlated parameter,
the photon density emitted by the muon along its track, candes to calculate the energy spectrum,
which is reconstructed by using unfolding techniques. W discuss the unfolding procedure to be
applied to data from the 9-string configuration of IceCube.

Motivation tic nuclei, microquasars, etc.) Therefore, it is very
important to study the background due to neutrinos
The IceCube collaboration is building a cubic kilo- from decay of pions and kaons produced by the in-
meter neutrino telescope in the Antarctic ice. Since teraction of cosmic rays in the atmosphere. Exper-
neutrinos are neutral, stable and weakly interact- iments like AMANDA [1] have measured the neu-
ing, they are a unique probe to study the Universe trino atmospheric spectrum up t0100 TeV and
at high energies and IceCube will be the most pow- IceCube will be able to explore the region where
erful tool available for observing them. The detec- the prompt neutrino component (due to charmed
tor will be completed by 2011 and the construc- meson decays) will dominate. The atmospheric
tion goal is 80 strings with 4800 photomultipliers, muon background can be severely reduced by se-
which will detect the Cherenkov light emitted by lecting only up-going events and imposing restric-
the relativistic muons produced in the CC interac- tive constrains in the quality of the reconstructed
tions of high-energy neutrinos. IceCube can also track. On the other hand, atmospheric neutrinos
observe the cascades produced by £Gnd v, cannot be rejected in this way, so it is important
interactions and NC interactions of any flavor. to understand well the rates and spectrum of this

During the Austral summer 2006-07, a total of 22 Packground.

strings were deployed and the detector is working A detailed study of the rates of the 9-string con-
smoothly. In this paper we will study the data cor- figuration of IceCube can be found in [2]. In this
responding to the previous season, when 9 stringspaper, we will focus on the reconstruction of the
were installed. energy spectrum. This spectrum cannot be recon-
structed by just piling-up the energy of individual
events because of two factors. First, the energy res-
olution is limited because we only see part of the
muon energy (which in turn is only part of the neu-

The scientific output of neutrino astronomy is very

wide, including the search of dark matter and the
observation of astrophysical neutrinos from a large
variety of sources (gamma-ray bursts, active galac-
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trino energy) and because the muon energy loss islength of the muon track becomes proportional to
stochastic. Second, the spectrum falls very quickly its energy:

with energy (as E*7), so the events for which

the energy is overestimated would bury the events

at higher energy, distorting the resulting spectrum. Ve = 3-10'm™1(1.22+1.36-107°E/[GeV]) (9)

In order to overcome this problem, a different ap- This “photon density” along the muon track en-

proach is needed: the unfolding techniques. ters naturally into the muon track reconstruction

The structure of this paper is as follows. In the next through a term in a log likelihood function, which

correlated with the neutrino energy with the lowest py the flux function (defined as the lateral distribu-
possible spread. Among the different variables that tjon of Cherenkov photons around the muon track
have been studied (number of hit optical sensors, given as a function of the distance from the track).
total charge, photon density along the track, etc.) The flux function is easily computed in the vicin-
the best results are obtained when reconstructingity of the track, before the scattering of light alters
the energy from the photon density along the track the original direction of photons in the Cherenkov
at the point of closest approach to the center of cone around the track. At large distances one
gravity of hits in the event. In the following sec-  may yse the diffusive approximation since the pho-
tion we make a brief description of the unfolding tons observed there have sustained many direction-
procedure and test the robustness of the method.gtering scattering events. In the intermediate dis-
Finally, we show the resulting unfolded spectrum.  tance region these approximations are stitched to-
gether with a function, chosen to describe all 3 re-
gions. The shape of the function was inspired by
the eikonal small-angle scattering approximation
of light that may be used in low-scattering media,
e.g., water. The chosen flux function was verified
against data and was found to perform extremely
well.

Energy reconstruction technique

As a muon travels through ice, it emits about
3 - 10* Cherenkov photons in the spectral range
visible to the detector per meter along its track,
just from electromagnetic interaction of the bare .
muon.  In addition, the knock-on electrons, The photon density along the muon track thus be-
bremsstrahlung, electron pairs, and photonuclear ©0Mes the 6th parameter in addition to two angles
interactions caused by the muon traveling through @nd 3 parameters describing a point in space and

ice, generate short cascades along the muon traciMe &long the muon track, against which the like-
[3]. Particles created in such cascades also lihood function is minimized. One may then calcu-

emit Cherenkov radiation, increasing the “effec- late the_energy by either inverting equation (1) or
tive length” of the muon (which determines the to- performing a Monte Carlo study of the correlation

tal number of Cherenkov photons using the above ©f the calculated photon density and energy (see
factor) by the amount proportional to the energy Fi9ure 1). The second approach additionally re-
of the cascade, on average by about 4E1iGeV sults in a smearing matrix, which can then be used
[4]. The number of additional Cherenkov photons for spectra unfolding (next section). In all cases the

emitted by the passing muon due to cascades cre-£N€rgy of the muon is taken at the point of closest

ated along its path is therefore proportional to the @PProach to the center of gravity of hits left by the
total energy deposited in form of such cascades. In MuoN in the detector (which yields better energy
a well-known approximation of the muon energy €Stimates than alternatives).
losses,dE/dx = a + b - E, the second term is  Figure 2 shows the resolution of the energy re-
largely due to just such energy deposits. Above the constructed with the method described here and
critical energy & 1 TeV), the second term begins Wwith methods based on the calculation of the num-
to dominate the energy losses, and the total num-ber of hit optical channels\.;,) and total charge
ber of Cherenkov photons left by a muon per unit (Q:.:). For the isotropic fluxes in the energy range
of 10** — 107* GeV a reconstruction precision of
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Figure 1: Correlation of true muon energy and re- Figure 2: Energy reconstruction precision: blue
constructed photon density parameter (photon den-(lowest curve) for the photon-density-based ap-
sity N, times optical sensor effective PMT area). Proach of this paper, red for th@.,; and green
The red line corresponds to the application of eq. (highest curve) for theV.,,-based calculations.

(). It overestimates the value of the photon den-
sity parameter somewhat when compared to the de-

. . . lation [7]. For this analysis we have chosen the
tailed simulation.

Singular Value Decomposition algorithm [8], since
it is robust, efficient and easy to implement. The
0.3 in logo(E [GeV]) is achieved. This is close problem of unfolding can be expressed, in matrix
to the theoretically achievable (determined by the notation, by the expressioty = b, whereA is the
uncertainty related to stochastic nature of energy so-called smearing matrix (which has to be gener-
losses). For the atmospheric neutrino fluxes this ated by Monte Carlo)y is the spectrum we want
energy range increases10®¢ — 107-¢ GeV (this  to measure (in this case, the neutrino energy spec-
may also be due to somewhat reduced statistics attrum), andb is the experimental observable (recon-
lower energies). At low energies the resolution structed muon energy). Inverting the smearing ma-
worsens due to a reduced dependence of muon entrix does not give a useful solution because of the
ergy losses on muon energy below the critical en- effect of statistical fluctuations, which completely
ergy. This may potentially be improved by using spoils the result. The SVD algorithm is based on
the observed muon track length as an additional the decomposition ofi as A = USV”, where
energy-correlated parameter. At high energies oneU andV are orthogonal matrices arflis a non-
expects the nearby optical sensors to be saturatednegative diagonal matrix whose diagonal elements
leading to increased systematic uncertainties and,are called “singular values”. It can be shown that
in turn, to reduced energy reconstruction precision. this decomposition allows one to easily identify the
This will likely improve with more detailed correc-  elements of the system that contribute to the sta-
tions of the saturated behavior taken in the account. tistical fluctuations but provide useful information.
Thus, these elements can be filtered out in order to
obtain a smoother solution.

Another interesting point of this method is that in

practice we do not try to solve directly the spec-
h trum, but the deviations from a reasonable assump-
tion. This also helps to reduce the effect of statisti-
cal fluctuations.

Unfolding procedure

There are different unfolding methods used in hig
energy physics. Previous studies of the atmo-
spheric neutrino unfolding have been done both
for AMANDA data [5, 6] and ANTARES simu-
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Figure 3: True (black line) and unfolded (blue
crosses) Monte Carlo spectra (preliminary). It can

be seen that the agreement between both distribu-

tions is good. Errors include global unfolding un-
certainties.

Results and discussion

The event selection used in this work is guided by
one applied in the atmospheric neutrino rates anal-
ysis [2]. The variables to perform such a selec-

Conclusions

The atmospheric neutrino spectrum is an important
result both for its intrinsic physics interest and be-
cause atmospheric neutrinos are the main source
of background in most of the analysis in neutrino
telescopes. In order to reconstruct this spectrum
we have to use unfolding techniques. In this paper
we have described how to reconstruct the muon en-
ergy (at the point of closest approach to the center
of gravity hits in the event), which is the variable
found to best correlate with the neutrino energy.
Finally, the unfolded spectrum is obtained, show-
ing also that the algorithm works properly when
compared with Monte Carlo.
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Abstract: The AMANDA-II data collected during the period 2000—-2003véacbeen analysed in a
search for a diffuse flux of high-energy extra-terrestrialom neutrinos from the sum of all sources
in the Universe. With no excess of events seen, an upper 6mit2 x dN, /dE,< 7.4 x 1078
GeV cm™? s7! sr~'was obtained. The astrophysical implications of this udgmmind are discussed,
in addition to results from the search for signals with otlieergy spectra. The sensitivity of the diffuse
analysis of IceCube 9-string is presented.

Introduction pected atmospheric neutrino background would be
indicative of an extra-terrestrial neutrino flux.

High energy photons have been used to paint a
picture of the non-thermal Universe, but a more Search Method
complete image of the hot and dense regions of
space can potentially be obtained by studying as-
trophysical neutrinos. Neutrinos can provide valu-
able information because they are undeflected by
magnetic fields and hence their paths point back to
the particle’s source. Unlike photons, neutrinos are
only rarely absorbed when traveling through mat-
ter. However, their low interaction cross section
also makes their detection more challenging. The
observation of astrophysical neutrinos would con-
firm predictions that hadrons are accelerated in ob-
Jkij:rt;tsSl[ch hz? s active galactic nuclei or gamma-ray from extra-terrestrial neu'Frinos_, we use an energy-
e related observable as a final filter. This procedure
Instead of searching for neutrinos from either a 5 pased on the assumption that the signal neu-
specific time or location in the sky, diffuse anal- {inos follow a® « E~2 energy spectrum result-
yses search for extra-terrestrial neutrinos from un- jng from shock acceleration processes. The at-
resolved sources. If the neutrino flux from an indi-  mospheric neutrino flux has a much softer energy
vidual source is too small to be detected by point spectrum (typicallyp « E=37 for light meson in-

source search techniques, it is nevertheless pos-quced® « E~27 for charmed hadron induced).
sible that many sources, isotropically distributed

throughout the Universe, could combine to make a )

detectable signal. This search method assumes thahMANDA-I| diffuse muon searches

the signal has a harder energy spectrum than at-

mospheric neutrinos. When examining an energy- Searches for a diffuse flux have been per-
related parameter, an excess of events over the exformed with through-going muon events from

Cosmic ray interactions in the atmosphere create
pions, kaons and charmed hadrons which can later
decay into muons and neutrinos. The main back-
ground for this analysis consists of atmospheric
muons traveling downward through the ice. Dif-
fuse analyses use the Earth as a filter to search
for upgoing astrophysical neutrino-induced events.
Once the background muons have been rejected,
the data set mainly consists of neutrino-induced
upward events. To separate atmospheric neutrinos
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1997 AMANDA-B10 data [3] and 2000-2003 e e Dy b Snospheric v
AMANDA-II data (807 days livetime) [4]. A Barr etal. atms. v + prompty
search based on a regularized unfolding of the o R v S C
energy spectrum is also reported in these pro- £y =74 X 107 GeV ems'sr
ceedings [5]. The energy estimator used by

the 2000-2003 muon analysis was the num-

ber of optical modules (channels) that reported
at least one Cherenkov photon during an event
(Ncn)- Due to their harder energy spectrum, extra-
terrestrial neutrinos are expected to produce a flat-
ter N, distribution than atmospheric neutrinos
(see Figure 1).

The search for an extra-terrestrial neutrino compo- Figure 1: No, , the number of OMs triggered, for
nent used the number of events abOVd\Qﬂ cut, the AMANDA-II 2000-2003 diffuse muon neu-
after subtracting a calculated contribution from at- trino analysis. The data is compared to atmo-
mospheric neutrinos. The cut was optimized to spheric neutrino expectations [7, 8]. The signal
produce the best limit setting sensitivity [6]. In or- Prediction for a® oc E~2 flux is rescaled to re-
der not to bias the analysis, data above the resultingflect the upper limit derived from this analysis.

cut (No, > 100) were kept hidden from the ana-

lyzer while the lowerV,,, events were compared to

atmospheric neutrino ex.pectations from_ Bartol _[7] IceCube 9 String

and Honda [8]. The various atmospheric neutrino
calculations (Bartol and Honda models, with and
without systematic uncertainties) were normalized
to the low N, data, and the resulting spread in the
number of events predicted witN.;, > 100 was
figured as an uncertainty in the limit calculation.

Events

10?

10

atms. v rescaled

072 40 60 80 100 120 140 160
Number of OMs hit (Nch)

The IceCube neutrino observatory is under con-
struction and will be completed within the next
four years. In 2006, the first nine lceCube strings
were operated as a physics detector for 137 days.
The IceCube 9-string detector (IC9) has an instru-
The observedV., distribution is compared to the  mented volume four times larger than AMANDA-
atmospheric neutrino background calculations in || Each string contains 60 digital optical modules
Figure 1. For theNc, > 100 region, 6 events  (DOMs) in ice, spaced in 17 m intervals between
were seen, while 7.0 were expected. Using the gepths of 1450 to 2450 m. The distance between

range of atmospheric uncertainty (shaded band strings is 125 m, approximately three times greater
in Figure 1) in the limit calculation [9] leads t0  than in AMANDA-II.

an upper limit on a® o E~2 flux of muon
neutrinos at Earth o2 x dN,/dE,= 7.4 x
107® GeVem2s ' sr—!. This upper limit is
valid in the energy range 16-2500 TeV. In com- | jke the 2000-2003 AMANDA-II analysis, the
parison, an unfolding of the atmospheric neu- |cg analysis uses the number of hit DOMS, )
trino spectrum with this same data set leads 10 a5 an energy-related observable to distinguish at-
an upper limit of B x dN, /dE,= 2.6 x 10°°  mospheric neutrinos from extra-terrestrial neutri-
GeV em™ s~! sr~! for the energy range 300- nos. This method requires atmospheric muon
1000 TeV [5]. With this analysis, limits were also  packgrounds to be removed first. For IC9, the at-
placed on specific extra-terrestrial models and on mospheric muon rejection has been re-optimized to
the flux of prompt, charmed hadron neutrinos from preserve more near-horizontal signal events (now
Earth's atmosphere [4]. covering 80—180 degrees in zenith) and accommo-
Figure 4 shows the upper limit on the flux from date the new detector geometry.

sources with an E* energy spectrum. The limit  For the background study, atmospheric muons
from the AMANDA-II 4-year analysis is a factorof  \yere simulated using CORSIKA. In addition, co-
four above the Waxman-Bahcall upper bound [1]. jncident muon events were generated, in which

Muon Background Rejection
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Figure 2: Effective area after final background- Figure 3:V,, distribution in IC9 after background
rejection. The curve focos(zenith) > 0 shows  atmospheric muon rejection. The IC9 cuts raise the
an increased energy threshold because of the cutenergy threshold relative to AMANDA-II, leading
on average hit distance. to a lower atmospheric neutrino rate compared to
Figure 1. The signal curve corresponds to a test

. . flux of 1x1075E~2 GeV cnr 2 s ! sr .
muons from two independent atmospheric showers

are detected during the same trigger window. For
atmospheric neutrinod,6 x 107 v, events were  the average perpendicular distance between all hit
generated and re-weighted with the Bartol flux [7]. DOMs and the reconstructed track. The higher

Atmospheric muons can enter the sample when light yield for energetic tracks means light can
they are mis-reconstructed as upgoing or when réach far away DOMs, so a cut on the average hit
they arrive from near the horizon. One of distance distinguishes strongly against the lower
the most effective parameters for rejecting mis- €Nergy atmospheric muon events. This cut is ap-
reconstructed events is the number of direct hits Plied only for events above the horizon.

(Nair).- These are hits close to the reconstructed

track so they are assumed to result mostly from Sensitivity

unscattered Cherenkov photons. The AMANDA-

[l analysis selected well-reconstructed tracks based After the atmospheric muon rejection cuts, sim-
on an Ng;, cut and the distribution of hits along ulated events are dominated by atmospheric and
the length of the track. With its larger string spac- extra-terrestrial neutrinos. Figure 3 shows the
ing, the IC9 analysis uses a relax&;, cut com- N, distribution for these events. The bé&t, cut
plemented by new requirements on the calculated was determined to be 60 for IC9 (137 days) by op-
precision of the zenith angle reconstruction and timizing the Model Rejection Factor [6]. Assum-
the number of strings hit. Besides rejecting mis- ing no extra-terrestrial signal, the expected upper
reconstructed muons, these cuts lead to the energylimit was calculated using the Feldman-Cousins
threshold behavior visible in Figure 2. Therefore method [9], giving a sensitivity of 1,410~ "GeV
lower energy atmospheric muons as well as atmo- cm~2 s~! sr—!. Figure 4 shows the IC9 sensitivity
spheric neutrinos are further suppressed. in relation to sources with an'2 energy spectrum
Preserving signal events near the horizon is impor- @nd the AMANDA-II search. The IC9 sensitivity
tant because the effective area for high energy IS only a factor 2 above AMANDA-II 4-year, de-

is greatest there (Figure 2). This enhancement is SPite its much lower integrated livetime. Further
strengthened in IC9 by the large height to width improvements may be expected, both from longer
ratio. However, atmospheric muon tracks at these t€rm operation of the full IceCube detector and re-
zenith angles are generally well-reconstructed and finements of the analysis such as new energy re-
often survive the other cuts. Therefore another construction methods.

energy-related parameter was introduced, namely
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Figure 4: Upper limit on the, flux from sources with anE—2 energy spectrum for the 2000-2003
AMANDA-II data, and expected sensitivity of IC9 for 137 days

Conclusion [2] K. Mannheim, R.J. Protheroe, and J.P.
RachenPhys. ReD 63, 023003 (2000).

The AMANDA-II data collected during the pe-  [3] J. Ahrens et al.Phys. RevD 66, 012005

riod 2000-2003 have been analysed in a search (2002)

for a diffuse flux of high-energy extra-terrestrial  [4] A. Achterberg et al.Phys. Re\D, submitted,

muon neutrinos. With no excess of events seen, arXiv:0705.1315 (2007).

an upper limit ofE2 x dN,, /dE, < 7.4 x 1078 [5] K. Munich for the lceCube Collaboration,
GeV ecm~2 s~ ! sr~'was obtained. The sensitiv- these proceedings

ity of 9 IceCube strings for 137 days livetime was  [6] G.C. Hill and K. Rawlins,Astropart. Phys.
studied with simulated data, making use of new 19, 393 (2003).

cuts to improve acceptance near the horizon. The [7] G.D. Barr, T.K. Gaisser, P. Lipari, S. Rob-
expected sensitivity is 1410 7GeV cnT? s7! bins, and T. Stane®hys. RevD 70, 023006
sr—!. This analysis is ongoing and will be un- (2004).

blinded in the near future. [8] M. Honda, T. Kajita, K. Kasahara, and S. Mi-

dorikawa,Phys. RevD 70, 043008 (2004).
[9] Cousins R D and Highland V L 199Rlucl.
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Abstract: Extragalactic objects such as active galactic nuclei (A@hJ gamma-ray bursts (GRB) are
potential sources for the ultra-high energy cosmic ray.flAissuming hadronic processes in these sources,
a diffuse neutrino flux might be produced together with tharged cosmic ray component. To measure
this diffuse extraterrestrial neutrino flux is one of theimgoals of the Antarctic Muon and Neutrino
Detector Array (AMANDA-II). The neutrino spectrum, based a four year data set (2000-2003), is
presented. The spectrum agrees with the atmospheric metitrk predictions. Upper limits to isotropic
extraterrestrial contributions are derived.

Introduction provide 2972 upgoing muons with a lifetime of 807
days. The criteria used for the selection of events
The search for extraterrestrial neutrino sources are described in [3]. In addition a zenith angle veto
is the driving force behind the construction of at 10 degrees below the horizon is applied.
large neutrino telescopes. Though all three neu-
trino species should arrive at Earth in equal num-
ber, muons from muon neutrinos have a distinct
signature in the detector (a long path emitting

Cherenkov light) that makes them a desirable fo- [N this analysis, the problem of determining the
cus for this analysis. The drawback of this signa- €N€rgy spectrum from the observed detector re-

ture is the existence of a large background of atmo- SPONse is solved by applying a regularized unfold-
spheric muons entering the detector from the upper N9 Method. ~ The underlying Fredholm integral
hemisphere. Atmospheric muons are suppressedtduation of first kind is r_educed to a matrix equa-
by selecting only upgoing events as potential sig- 10N system. The kerngl is d_ezte_rml_ned with Monte
nal candidates. Muons from neutrinos produced in Carlo methods. Statistically insignificant contribu-

the atmosphere dominate even in this sample. tions to the kernel are suppressed by regularization
[4, 5]. The observables used must be correlated to

the neutrino energy. In total, eight observables are
found to satisfy these conditions. Because the un-
folding algorithm used for this calculation, RUN
[4], allows only three input variables, six observ-
ables are combined into one energy-sensitive vari-
able by a neural network application [5, 6]. In
Figure 1, the Gaussian response of this variable
to mono-energetic muons from the simulation is
shown. The unfolded neutrino energy spectrum is
compared to the flux expectations from [7, 1] in
Figure 2. The error bars in the plot comprise both
statistical and systematic uncertainties. The theo-
retical uncertainty of the atmospheric neutrino flux
contributes with 25% to the total systematic error

Unfolding of the energy spectrum

The search for extraterrestrial muon neutrinos
within the data sample can be performed by multi-

ple approaches, for instance by selecting local co-
incidences with proposed steady neutrino sources
(AGN) or local and temporal coincidences with

GRBs. Since the energy spectrum of extraterres-
trial neutrinos is expected to be significantly harder
than the atmospheric neutrino spectrum, another
approach relies directly on the reduction of the at-
mospheric neutrino background by energy selec-
tion [2]. The analysis described here is based
on the reconstruction of the energy spectrum of
atmospheric muon neutrinos. Data taken with

the AMANDA-II detector between 2000 and 2003
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100 TeV

arbitrary units

7
log(| Eu /GeV)

Figure 1: Neural network output for simulated
mono-energetic muons fitted with Gaussian distri-
butions.

of 30%. For a detailed error discussion see [6].
Good agreement is observed when the unfolded
four-year neutrino spectrum is compared to the un-
folded data from 2000 analysed in [5, 6] (Figure 3).

Upper limits to additional contributions
to the neutrino flux

Two properties of the unfolded spectrum in
Figure 2 should be noted. First, the variable bin-
ning with a width of about half of the resolution
was optimized by Monte Carlo to obtain the best
sensitivity to anE~2 contribution of extraterres-
trial neutrinos. The bins are statistically correlated
to each other. This is taken into account in the er-
ror calculation. However, it is not obvious which
kind of probability density function (pdf) the flux
errors obey and how upper limits to additional con-
tributions to the atmospheric neutrino flux have to
be derived. Therefore, a confidence belt construc-
tion [8] has been applied to the unfolding prob-
lem. The second remark concerns the 2000-2003
data quality. During this period, small changes
in the detector properties, such as the photomul-
tiplier high voltage, resulted in different detector

response in the observables used in this analysis.

Since only the logarithm of these variables enters
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Figure 4: The unified approach of Feldman and
Cousins has been applied to the unfolding problem
by calculating individual probability density func-
tions. 90% Feldman-Cousins confidence belts of
three unfolding energy bing0 to 100 TeV (black
dotted), 100 to 300 TeV (gray) and300 TeV to

1 PeV (red) are displayed.

the unfolding procedure, these systematic effects
concern only the low energy portion of the spec-
trum (£ < 2 TeV).

Assuming a diffuse signal energy spectrum
with an energy dependence di—2, the un-
folded response for 17 different signal contri-
butions between10—8 GeVcnr2s!sr! and
4-1077 GeVcnr?s ! sr ! has been calculated.
For each signal contribution, the complete Monte
Carlo and analysis chain has been applied. Finally,
1,000 Monte Carlo experiments each containing
the equivalent of four years of AMANDA-II data
have been used for each of the 17 signal contribu-
tions. The energy distributions of all 17,000 Monte
Carlo experiments have been reconstructed. Af-
ter applying an energy cut, the statistical weights,
which corresponds to the weighted number of
events, for a fixed signal distribution are summed,
histogrammed and normalized to get the individual
pdf. Using the pdfs for each signal contribution the
Feldman-Cousins approach is applied. The result-
ing confidence belts are shown in Figure 4. The
upper limit is obtained from the confidence belt by
reading off the flux value that corresponds to the
statistical weight of the unfolded data (Figure 5).
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Figure 5: Statistical weight of the unfolded data.

The statistical weight betwe&0 TeV andl PeV

is 0.005. The error bars can be used to calculate
an upper limit. Assuming normal distribution for
the pdfs, the 90% upper limit on the sum of atmo-
spheric plus extraterrestrial flux is given by 1.28
times the standard deviation. By subtracting the
atmospheric portion (gained by fitting the Volkova
prediction [9] to the unfolded spectrum) from the
total upper limit, an upper limit on the extrater-
restrial contribution can be calculated, see [5]. In
Figure 6 the unfolded neutrino spectrum (blue cir-
cles) for data from 2000-2003 as well as the re-
sulting upper limits are shown. The upper limits
obtained by the Feldman-Cousins procedure (blue
lines) are compared to those upper limits (pink
lines) obtained by using the normal distributed pdf
and the atmospheric fit. Since the upper limits ob-
tained from the two different methods are in agree-
ment, this is a good indication that the statistic er-
rors in the procedure have been treated properly.
The upper limits derived by calculating the individ-
ual pdfs in combination with the Feldman-Cousins
approach deliver slightly more restrictive bounds.
The resulting limits are compared with different
flux models (see Figure 6). MPR-max represents
the maximum neutrino flux from blazars in photo-
hadronic interactions. An upper bound on the flux
from AGN was estimated in [10], which is indi-
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Volkova atm. v+ \7u © AMANDA-II, unfolded

of 0 MPR-bound atm. v,+v, data from
10 R
F [0 MPR-max 2000 - 2003
- = upper limit (FC)
al — upper limit (Fit)

upper limit from [1]

®Ez2[GeVem?stsr

10
log(E, /GeV)

Figure 6: Reconstructed neutrino spectrum and re-
sulting upper limits (blue and pink lines) for data
from 2000-2003. The results are compared with
different flux models [10] and the result from [2].
For the FC upper limit we added a bin from 300
TeV to 1 PeV which is not shown in Figures 2, 3
and 5 as only.005 events were observed in this
range and the corresponding flux value is out of
the displayed flux range.

cated in the figure as shaded region (MPR-bound).
The upper border of that region represents the limit
for sources that are optically thick toy interac-
tions, 7,, > 1. The bound for optically thin
sourcest,, < 1) is given by the lower bound of
the shaded region.

Conclusion

The energy spectrum of atmospheric muon
neutrinos has been reconstructed with a regu-
larized unfolding method in the energy range
between1 TeV and 300 TeV. In this energy
range, no flattening of the spectrum is ob-
served, as would be expected if a significant
extraterrestrial neutrino contribution was pre-
sented. Upper limits to additional contributions
of ¢ -E>=4.1-1008GeVenr2stsr! to

the energy bin betweefA0 TeV and 100 TeV,
¢-E?>=33-1008Gevenr?stsrt
between 100 TeV and 300 TeV
¢-E?=26-10"8Gevenr?stsrt

and
be-
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tween300 TeV and1 PeV are obtained. This is
presently the most restrictive upper limit in this
energy range and at the given energies well below
the theoretical upper bound by Mannheim et al.
[10]. This upper limit restricts the parameter range
of the source models for AGN classes with flat lu-
minosity distributions (FRII) [11]. A comparison
of these upper limits to the upper limits obtained
with independent methods in AMANDA-II [2]
shows good agreement. All results shown here are
preliminary.
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Abstract: AMANDA-II is a high volume neutrino telescope designed tarsh for astrophysical neutri-
nos. Data from 2000 - 2002 has been searched for a diffuse flukra-high energy (UHE) neutrinos
with energies in excess of 1@GeV. Due to absorption of UHE neutrinos in the earth, the UidBal is
concentrated at the horizon and has to be separated fronathkgriound of large muon-bundles induced
by cosmic ray air showers. No statistically significant esscabove the expected background is seen in
the data, and a preliminary upper limit is set on the diffuséavor neutrino flux of B ®ggocr, < 2.4

x 1077 GeV cm 2 s7! sr ! valid over the energy range of 2 10° GeV to 10 GeV. A number of
models which predict neutrino fluxes from active galacticlauare preliminarily excluded at the 90%
confidence level.

Introduction Experimental and Simulated Data

AMANDA-II is a large volume neutrino telescope This analysis used AMANDA-II data collected be-
with the capability to search for neutrinos from as- tween February 2000 and November 2002, with
trophysical sources [2]. In a previous publication an integrated lifetime of 571 days after offline re-
[3]it was shown that AMANDA-II is able to search  triggering and correcting for dead time and periods
for UHE neutrinos (neutrinos with energy greater where the detector was unstable. Of this data 20%
than 10 GeV). UHE neutrinos are of interest be- from each year was used to develop selection cri-
cause they are associated with the potential accel-teria, while the rest, with a lifetime of 456.8 days,
eration of hadrons by AGNs [4, 5], are produced by was set aside for the final analysis. Cosmic ray air
the interactions of exotic phenomena such as topo-shower background events were generated using
logical defects [6] or Z-bursts [7], and are guar- CORSIKA [1]. The UHE neutrinos were gener-
anteed by-products of the interaction of high en- ated with energies between*GeV and 16? GeV
ergy cosmic rays with the cosmic microwave back- using ANIS [11]. For more details on AMANDA
ground [8, 9]. simulation procedures see [2, 3].

Above 10 GeV the Earth is essentially opaque to
neutrinos [10]. This, combined with the limited Method
overburden above AMANDA-II (approximately
1.5 km, for a description of the AMANDA-II de-
tector see [2]), means that UHE neutrinos will be
concentrated at the horizon. The background for

thi lysi ists of bundl fd . .
IS anayysis consis's o bundies of down-going cades from UHE neutrinos. A muon bundle with

high-energy muons from atmospheric cosmic ray h total UHE i d
showers. The muons from these bundles can . 'c SaMme lotal energy as a neutrino spreads
s light over a larger volume, leading to a lower

spread over cross-sectional areas as large as 200, o
ight density in the array. Both types of events

2
m have a large number of hits, but for the same num-
ber of hit optical modules (OMs), the muon bundle

This analysis exploits the differences in light de-
position from the background of bundles of many
low energy muons and single UHE muons or cas-
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has a lower total number of hits (each OM may
have multiple, separate hits in one event). Back-
ground muon bundles also have a higher fraction
of OMs with a single hit, while the UHE neutrino

generates more multiple hits. In addition to select-
ing on variables which correlate with energy, se-
lecting on the reconstructed direction of the lepton
track separates the primarily horizontal UHE neu-
trinos from down-going muon bundles (Fig. 1).

Reconstruction algorithms optimized for cascade

2
< — Experiment
310 . o BG Sim
- -.-.-v, Signal Sim
'g | v, Signal Sim )
o 1— ¥, Signal Sim T
g .
o
=z
-2
10
=3
10 ¢

:\ o b b e b e b e b e b e b e by
0 20 40 60 80 100 120 140 160 180
Zenith Angle

Figure 1: Reconstructed zenith angle for the exper-
iment, background muon bundle and®electron,
muon, and tau neutrino signal simulations. The
majority of signal events are expected at the hori-
zon, while the background is primarily downgoing.

light deposition [2] are also used to select UHE
neutrinos with an energy deposit from stochastic
process (i.e. bremsstrahlung or/e~ pair cre-
ation) many orders of magnitude brighter than the
depositions from background muon bundles.

Systematic and Statistical Uncertainties

The sensitivity of AMANDA-II is determined from
simulation. The dominant sources of uncertainty in
this calculation are listed below.

Normalization of Cosmic Ray Flux: The av-
erage energy of simulated cosmic ray pri-
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maries at the penultimate selection level is
4.4 x 10" GeV. Estimates of the error in the
normalization of the cosmic ray flux range
from 20% [12] to a factor of two [13]. This
analysis uses the more conservative uncer-
tainty of a factor of two.

Cosmic Ray Composition: There is consider-
able uncertainty in the cosmic ray composi-
tion above the knee [13]. The difference be-
tween background passing rates at the penul-
timate selection level for iron- and proton-
dominated spectra is 30%; this is taken as
the uncertainty due to cosmic ray composi-
tion.

Detector Sensitivity The optical properties of the
refrozen ice around each OM, the absolute
sensitivity of individual OMs, and obscura-
tion of OMs by nearby power cables can ef-
fect the detector sensitivity. Variations of
these parameters can cause a 15% variation
in the background and £ signal passing
rate.

Neutrino Cross Section: The uncertainty in the
standard model neutrino cross section is as
large as a factor of two at high energies
depending on the model assumed for the
proton structure [14]. This causes a maxi-
mum variation in number of expected signal
events for an E? spectrum of 8%.

Statistical: Due to the very demanding computa-
tional requirements, background simulation
statistics are somewhat limited. A statistical
error of 1o for a Poissonian distribution with
1 = 0 is assumed for each year at the final
selection level. The signal simulation has an
average statistical error of 5% for each neu-
trino flavor.

Summing the systematic errors of the signal simu-
lation in quadrature gives a systematic uncertainty
of 17%. Combining this with the statistical uncer-
tainty of 5% per neutrino flavor gives a total uncer-
tainty of 18%. Following a similar method for the
background simulation, the systematic uncertainty
is 105%, and the maximum background expecta-
tion is fewer than 2.1 events for three years. These
uncertainties are included in the final limit using a
method outlined in [15].
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eliminated at the 90% confidence level (see Table

~ 1).
'C AGN (P96)

(0] Lo Z—Burst

T T (Yosho8)
2] s

§ ANTA-lite -
: S »

—6 AMANDA—B10 RICE

310 ¢ Baikal ;

38 E

= D (S198)-

—~ B

) i >

~ K
3 /' PRELIMINARY

9}" AMANDA-II UHE 2000 — 2002 ‘

o i

Y

b AMAT Limit

WB x 3/2
max evol

GzK '
(Eng01)

8 9 10

1112 13

log E, [GeV]
Figure 2: Preliminary all-flavor neutrino flux limit 10 = ‘

and sensitivity for 2000 - 2002 over the range 5 6 7 8 9 10 11 12
; . ) ; logso(E, [CeV])

which contains 90% of the expected signal with

an E2 spectrum. Also shown are several repre- Figure 3: Angle-averaged neutrino effective area

sentative models: St05 from [5], P96 from [4], for 2000 - 2002 after application of all selection

Eng01 from [8], Si98 from [6], Yosh98 from [7]  criteria. The peak at10” GeV in thev, effective

and the Waxman-Bahcall upper bound [16]. Ex- area is due to the Glashow resonance.

isting experimental limits shown are from RICE

[17], ANITA-lite [18], Baikal [19], AMANDA-

B10 [3] and AMANDA-II lower energy diffuse

search [20]. Future Prospects

AMANDA-II hardware upgrades which were com-
Results pleted in 2003 should lead to an improvement

of the sensitivity at ultra-high energies [22].
The effective area after applying all selection crite- AMANDA-II is now surrounded by the next-
ria is shown in Fig. 3. After applying all selection generation IceCube detector which is currently un-
criteria two events were found in the 456.8 days der construction. The sensitivity to UHE neutrinos
of data between 2000 - 2002. The background ex- will further increase as the IceCube detector ap-
pectation for the same time period is fewer than proaches its final size of 1 khj23].
2.1 events, after including simulation uncertainties.
This yields a 90% confidence level average event
upper limit [21] of 4.74 and a preliminary upper
limit on the all-flavor neutrino flux of
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Table 1: Flux models, the number of neutrinos

of

230, 2003.

all flavors expected at the Earth at the final selec- [13] Particle Data Group. Physics Letters B
tion level and the preliminary MRFs for 456.8 days
of livetime. A MRF of less than one indicates that [14] R. Gandhi, C. Quigg, M. Reno, and |. Sarce-

the model is excluded with 90% confidence.

Model Vall

AGN [4] 20.6] 023
AGN [24] 17.4| 0.27
AGN [25] 8.8 | 0.54
AGN [26] 59| 0.80
AGN RL B [27] 45] 1.05
Z-Burst [28] 20| 2.37
AGN [5] 1.8| 2.63

GZK v norm AGASA[29]| 1.8| 2.63
GZK v mono-energetic[9] 1.2 | 3.95

GZK v a=2 [9] 1.1 4.31

GZK v norm HiRes [29] 1.0| 4.74

TD [6] 0.9| 5.27

AGN RL A [27] 0.3| 15.8

Z-Burst [7] 01| 57.4

GZK v [8] 0.06| 79.0
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Abstract: The AMANDA-II detector at the South Pole station, Antaretihbas been used in several
searches for a flux of extra-terrestrial neutrinos from thm ©f all sources in the universe. These
searches are complicated by uncertainties in the expeateesflof background neutrinos, both those
from cosmic-ray pion and kaon meson production (conveatiatmospheric neutrinos) and those from
charm-containing mesons (prompt atmospheric neutrinbs}this work, we explore the use of a full
likelihood analysis on flux sensitive distributions in orde account for the uncertainties and place si-
multaneous constraints on the fluxes of interest. The mathidldstrated using simulated data sets, with
application to the real AMANDA-II data to come.

Introduction neutrinos will make their independent identifica-
tion difficult[8]. The AMANDA-II detector data
The search for an extra-terrestrial diffuse flux is from the years 2000-03 have been searched for
one of the most challenging tasks of a neutrino de- prompt and extra-terrestrial components[13, 14].
tector. In contrast to a point source search, where Spectral differences in the neutrino fluxes would
backgrounds are measured from off-source data, amanifest themselves in different expected energy
diffuse search requires a good understanding anddistributions of detected events in the AMANDA-
prediction of the expected backgrounds. In the Il neutrino detector. The number of optical mod-
case of a diffuse neutrino search, the backgroundsules (N.,) registering at least one photon was used
are atmospheric neutrinos. There are two compo- as an energy estimator. A diffuse extra-terrestrial
nents to this flux, one thought to be well under- signal would appear as an excess of events at
stood, and another less certain. The conventionalhigher values of théV,,, parameter. In order not
atmospheric neutrinos[1, 2] are due to decay of pi- to bias the analysis, a blind analysis, and a simu-
ons and kaons produced by cosmic radiation inter- lation based unbiased optimum limit setting tech-
acting with the earth’s atmosphere. Prompt atmo- hique were used to choose the best cut appropri-
spheric neutrinos[3, 4, 5, 6, 7], from the produc- ate for each signal spectrum. The atmospheric
tion and decay of mesons containing charm quarks, heutrino background simulation was normalised
have never been identified and predictions of this to observed data below the cut in order to con-
flux span orders of magnitude. The prompt com- strain some of the uncertainties. The prompt neu-
ponent should follow the spectral index of the pri- trinos were treated in two ways, firstly, they were
mary cosmic rays, whilst the conventional compo- included as a background for the extra-terrestrial
nent has a spectrum about one power steeper. Thesearches, and secondly, they were treated as an
expected flux of extra-terrestrial neutrinos from, unknown signal, to be constrained by the ob-
for example, the sum of all active galaxies in the served data. The final limit on af~? flux was
universe, is expected to have a harder spectrum ~ set at a level ofEZ x dN, /dE,= 7.4 x 107®
E~2) than either of the atmospheric neutrino com- GeV cm™2 s~* sr™!, valid over an energy range
ponents. The low expected event rates and simi- 16-2500 TeV. This is the best limit to date on extra-
larity of the spectra of prompt and extra-terrestrial terrestrial neutrino fluxes. Despite this success, the
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cut and count method does suffer from some draw- ®y(E,6)EAY. Since the spectrum only approxi-
backs. Primarily, the shape of th€., distribu- mately follows a power-law (and this varies with
tion is not used in the analysis, only the integrated angle) we choose to fit for deviations away from
number of events above the cut value. A likelihood the actual spectrum, rather than fit for a simple
analysis can be used to take advantage of the full power law~. Fitting for Ay would allow state-
shape of theV, distribution. In addition, such an ments to made such as “the data favour a sim-
analysis can simultaneously constrain all the pa- ilar/harder/steeper spectral form than that calcu-
rameters, both those of direct interest (the numberslated theoretically,” rather than simply fitting for a
of prompt and extraterrestrial neutrinos) and those single value ofy. The parameter is an efficiency
of indirect interest - known as “nuisance parame- term reflecting uncertainties in the effective area
ters” (normalisation and shape of the conventional of the detector. While this is strictly energy- and
atmospheric neutrinos). Another key pointis thatif thus bin-dependent, with strong bin-to-bin correla-
an entire distribution is used in a likelihood analy- tions, here we simplify to a constant form for this
sis, then there is no need to optimise a selection cutinitial illustration of the method. Epsilon is con-
on that parameter, removing discussion of what is strained to a Gaussian form with width by the
the optimal cut criterion. These likelihood methods penalty term in the likelihood function, withe
with nuisance parameters are standard for neutrinobeing the difference between the tested value of the
oscillation analyses[9], and for “unbinned” astro- efficiency,¢, and the notional best fit value for the
physical point source searches[10, 11, 12]. efficiency,eg = 1. To test a given hypothesis, e.g.
that A, = 20.0 andA. = 10.0, the likelihood is
maximised, fixingA4, and A, to the desired values
Methodology and allowinge, 4. and A~ to float. This likeli-
hood, denoted:, is then compared to the likeli-
The likelihood function in this analysis is the prod-  hood £ where all parameters are free to float in the
uct over a binned version of th€, distributionof  fit. The tested hypothesis is then rejected at a con-
the bin-by-bin Poisson probabilities of events ob- figence level set by the probability of observing a

served given events expected. greater likelihood ratio, given the truth of the null
" 9 hypothesisA4,, and A., than the specific one that

P({n} | {u:)) = IL; (‘“)’ exp(—pu;) + =5 was observed. The distribution of the likelihood
ni: 0(511) ratio statistic under the null hypothesis is known

approximately from Wilks’ theorem. Asymptoti-
cally, the likelihood ratio defined by210g£/ﬁ
follows a chi-square distribution with degrees of
freedom equal to the number of fixed parameters
(12) in the £ fit. The confidence level at which the hy-
pothesis is then rejected is found from checking
where subscripts ¢, p and e stand for conventional, the ratio—2log £/£ against the appropriate chi-
prompt and extra-terrestrial neutrino fluxes respec- square value (e.g. a 90% c.l. corresponds to a chi-
tively. As an example, the term, s.; is the num- square of 4.6 for two degrees of freedom). In or-
ber of events expected in binafter convolving der to compute the exact confidence level for each
an extra-terrestrial flux, normalised to a total of null hypothesis, the likelihood ratio may be com-
A, events, with the effective area of the detector pared to its expected distribution, generated from
(which includes absorption effects in the earth). many random event distributions drawn from the
The parameted\y of the conventional atmospheric  null hypothesis[15]. In this paper, we use the chi-
flux allows for changes in the spectral shape rel- square approximation for simplicity, leaving the
ative to the prediction. Full calculations[1, 2] of full interval constuction for final analysis.
the angular and spectral dependence of the flux Having written down the form of the likelihood
have been made, here we allow for deviations away function, the details of the components must be
from the exact formb(E, 0) by using®(E, ) = determined. Here, we take the shape of the con-

For each bin, the expectatign is the sum of con-
ventional and prompt atmospheric neutrinos, and
extra-terrestrial neutrinos

fti = €(Actiei (AY) + Appipi + Actptes)
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ventional atmospheric neutrino detector response, define combinations of allowed amounts of the two
1ue.(Av) as the convolution of the Bartol flux[1], components. The 90% confidence level count on
with the detector effective area, multiplied by the the extra-terrestrial axis (25 events) corresponds
factor E~7. There are two primary sources of un- to a flux level of E2 x dN, /dE,= 1.2 x 1077
certainty in the prediction of the atmospheric neu- GeV cm~2 s~ sr~!. Since this result is just for
trino flux - the cosmic ray primary spectrum and one specific test data set, a meaningful compari-
the interaction model. Together, these manifest son to the standard analysis[13] cannot be made,
themselves as overall uncertainties in the normal- without determining a sensitivity over many re-
isation (fitted byA.), and as an increasing uncer- peated random experiments. It is expected that the
tainty in the flux as a function of energy (see fig- likelihood method will lead to an improvement in
ure 12 of [13]). This energy dependent uncertainty the sensitivity. The actual predicted level of the
can be approximately parameterised as a change ofCharmD prompt flux corresponds to 8 events in
slope in the neutrino spectrum. The prompt flux is this acceptance region.

the “Charm D” model[7], an older prediction, but

with a spectral shape similar to more recent pred-

itions. The extra-terrestrial flux follows af—2 Future work

power law. The value of the effective area uncer-

tainty, o., is taken as 10%, effectively bounding TO properly estimate the sensitivity and discovery

(95% region) it to extrema of plus/minus 20%. potential, many test sets, drawn from mixtures of
backgrounds and signals must be processed and the

acceptance regions combined. This will be done
Example fitting of a test data set using the median likelihood ratios at each point in

the plane. Required signal combinations for defi-
To demonstrate the power of the likelihood nite discovery of either or both of the signal fluxes
method, we derive a random test data set by sam-could also be determined.

pling 450 events from the BartaV., distribution.  The nature of the parameterisations of the fluxes
These event are then treated as though they are the.gn pe further developed and improved. In prin-
real data set. Figure 1 shows the result of the fitting ciple, the atmospheric neutrinos could be param-
procedure, where the data setis best fit by 446.5 at-aterised in ways more directly connected to the
mospheric neutrinos and 3.6 extra-terrestrial neu- physics of the cosmic ray fluxes and interaction
trinos. The normalisation and~y of the atmo-  models, for instance to fit for the charm production
spheric neutrinos, and the effective area parame-cross-sections, and to allow for the charm spec-
ter ¢, were allowed to float during this fit. The {31 index to float. Instead of using a2 extra-
potential to constrain the atmospheric neutrino pa- terrestrial spectrum, the spectral index of this ad-
rameters is shown in figure 2, where an acceptancegjtional component flux could be a fit parameter.
region was found while allowing the effective area The uncertainties on the detector response could be

determined allowed region is similar to the theo-

retical uncertainties of flux. This simpl&,y, fit-

ting procedure is not powerful enough to constrain Conclusions

the theory with only AMANDA-II. However, with

increased exposure (more AMANDA-II data and A likelihood ratio fitting method, incorporating
the larger IceCube detector) the experimental ob- nuisance parameters, has been developed for appli-
servations will begin to constrain the theory, al- cation to a neutrino search with the AMANDA-II
lowing for proper measurements of the flux. In detector. This method allows for the simultaneous
figure 3 the allowed regions for prompt and extra- constraint of background and signal flux parame-
terrestrial fluxes are shown. Since there is only ters. The use of an entire distribution in the analy-
background in the test data set, the allowed re- sis removes the need for optimisation of a selection
gion includes the background only corner of the cut, and allows all the available information to be
plane. The upper bounds of the allowed regions
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Figure 1: Fitting of a test data set with the like-
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Figure 3: Allowed regions of the prompt and

lihood procedure. The data set, drawn from the extra-terrestrial neutrino contributions for the
Bartol atmospheric neutrino distribution, is best fit test data set, allowing the atmospheric neu-
by a near pure atmospheric neutrino contribution, trino and detector effective area parameters to
plus 3.6 extra-terrestrial events. The allowed re- float. The 90% confidence level count on the
gions for the additional components are shown in extra-terrestrial axis (25 events) corresponds to

figure 3.
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Abstract: The Antarctic Muon And Neutrino Detector Array (AMANDA) is@herenkov detector de-
ployed in the Antarctic ice cap at the South Pole [1]. The gedscurrent interaction of high-energy
electron or tau neutrinos, as well as neutral-current autigons of neutrinos of any flavor, can produce
isolated electromagnetic or hadronic cascades. Thereeaeead advantages associated with the cascade
channel in the search for a "diffuse” flux of astrophysicaltn@os. The energy resolution of AMANDA
allows us to distinguish between a hard astrophysical spacand a soft atmospheric spectrum. In addi-
tion, the flux of atmospheric electron neutrinos is lower hyeder of magnitude relative to atmospheric
muon neutrinos, while the background from downward-goitmgospheric muons can be suppressed due
to their track-like topology. The low background in this ohal allows us to attaidm acceptance above
energies ofv 50 TeV. We present the analysis of AMANDA data collected dur200-2004. Compared

to our previous analysis, this data set is a factor of fivedargesulting in a correspondingly improved
sensitivity for the flux of astrophysical neutrinos.

Introduction ted by a charged particle which is produced in the
neutrino interaction. The signature of a charged-
There are several theoretical predictions that cos- current interaction of. andv; is an electromag-
mic neutrinos are produced by accelerated protonsnetic and a mainly lower energetic hadronic cas-
within high-energy astrophysical objects such as cade. Via neutral-current interaction, neutrinos of
Active Galactic Nuclei (AGN) and Gamma Ray any flavor can produce isolated hadronic showers.
Bursts (GRB). Neutrinos can propagate in straight This analysis is focused on a search for neutrinos
lines through the universe as they are not effected from unresolved sources (diffuse flux) which have
by magnetic fields of the galaxy and essentially do a cascade-like signature in the AMANDA detector.
not interact with particles on the way to the earth. The muon-like events are the main background for
They are expected to be produced in the sourcethis analysis. In the cascade channel the direction
with aratiov, : v, : v, ~ 1 : 2 : 0 but due to of the incoming neutrino is poorly reconstructed,
flavor-mixing during propagation & : 1 : 1 ra- however, the energy resolution of the detector for
tio is expected at the detector. However, due to the cascade reconstruction@(log(E,)) = 0.18. By
very small cross-section neutrinos are also difficult removing track-like events, one can eliminate most
to detect. In order to perform a search for galac- of the background from atmospheric muons. In ad-
tic and extragalactic neutrinos, the AMANDA tele-  dition, the flux of atmospheric electron neutrinos is
scope was installed in the antarctic ice cap at the much lower than the flux of muon neutrinos.
geographical South Pole and has been operating
since 2000. It consists of 677 optical modules
(OM) which are attached to 19 strings and buried
at depths from 1500 m to 2000 m under the ice

surface. Each optical module contains a photo- The experimental data used in this analysis were
multiplier suited to register Cherenkov light emit- collected between 2000 and 2004. After exclud-

Experimental data and MC simulation
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ing bad and unstable runs from the analysis we end
up with a lifetime of 1000.1 days, where in total
8.8 x 107 triggered events were recorded. The main
contribution are muons from meson decays in the
atmosphere.

The atmospheric muon background was simulated
with CORSIKA [2]. To reach large statistics
for the high energy part of the background spec-
trum with acceptable computing time, about 5000
days of downgoing atmospheric muons were gen-
erated with energies above 5 TeV. For comparison
a smaller sample of standard CORSIKA events
was produced.

The cascades were simulated with ANIS [3] gen-
erating all three neutrino flavors/{, v andv,,)
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Figure 1: The reconstructed energy distribution of
cascade candidate events for the five years (2000-
2004) used in this analysis.

at energies between 100 GeV and 100 PeV assum-

ing anE~! energy spectrum. The resulting muons
were further propagated using MMC (see [4] for
details). The signal spectrum was reweighted af-
terwards to a hypotheticdl 2 flux of v.. Atmo-
sphericr were simulated by reweighting the same
neutrino events to a steeperE—3-7 spectrum [5].

Analysis Optimization

The analysis consists of several filter levels includ-

pated background is rather small for these energies,
we allow an energy dependent increase of the vol-
ume abover,.., > 1.25TeV.

By this filter, the set of experimental data is re-
duced by a factor 0f0°. Fig.1 shows the recon-
structed energy of cascade candidates for the dif-
ferent years. Small variations arise from slightly
different hardware configuration for different peri-
ods.

ing reconstruction of the cascade vertex and energy at the final filter level, two additional cuts were

as well as a few quality cuts to select high quality performed and optimized for the analysis. In addi-
events. The reconstruction algorithms based on thetjon to a cut onf,.., we introduced a discriminat-

likelihood minimization method are described in
[3, 6]. The vertex resolution of cascade-like events
is about 4 m. Quality cuts were performed using
the likelihood valued vertex aNdLenergy, given by
reconstruction algorithms.

In order to reduce events with a mis-reconstructed
vertex, the cut on the vertex likelihood function
has been appliedLyctex < 7.1. The cut on
the energy likelihoodLenerey Was performed as
function of the reconstructed energy. Another
energy-dependent cut was applied on the radial
distance of the reconstructed vertex positiag.

For E.eco < 1.25TeV this cut was set such that
only events with the reconstructed vertex position
within a 100m radius from the detector center
(fiducial volume of AMANDA) were used in the
analysis. Taking into account that the higher en-

ergetic events are often reconstructed at distances

outside of the detector and the fact that the antici-
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ing paramete€), that involves the following set of
three variables:

o vertex likelihood valu€.crtex,

e cos(f,) taken from muon track likelihood
reconstruction,

» radial distancepf), between the vertex po-
sition of two likelihood vertex fits; the sec-
ond fit is thereby not using hits within a
60 m sphere around the vertex position de-
termined by the first fit.

The method to construct the discriminating param-
eter )5 is described in more detail in [7]. The
three distributions are shown in Fig. 2 for signal
and background Monte Carlo and for experimental
data. All distributions for data and background MC
are in a good agreement apart some discrepancy in
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Figure 2: Distributions of the three variables used to ammstthe discriminating parametéj, for the
experimental data, the background and the signal MC. Lefttex likelihood distribution for signal and
background. Middle:pgg distributions (see text for details). Rightos(6,,) distribution taken from the
iterative muon likelihood reconstruction.

thecos(6,,) distribution. The reason for this could
be an incorrect simulation of the ice properties and
it needs to be taken into account in the systematic
error. To maintain blindness we used oly/% of
the experimental data to perform the final cut op-
timization. However, the optimization was done
. .. . >102
assuming the statistics of the full data sample i.e. @0
the data were re-scaled by a factor of five. In Fig. 3
one sees the energy spectra for signal and back-
ground Monte Carlo and for experimental events 10
which passed through the cascade filter. Here the
background distribution was normalized to the ex-
periment.

The final cuts on the reconstructed energy were ap-
plied following the optimization method described

in [8]. This cut was performed in order to sep- 10%
arate the potential signal from the background.

%
% . Qs>092 E” signal v,

— background MC

—— experiment

Both cuts@s and E,.., were chosen to result in 35 4 45 5 55 6
the highest sensitivity to an astrophysical neutrino I0910(Ereco/ GeV)
flux. The sensitivity is defined here as the av-
erage upper limit [9] which was obtained in an
ensemble of identical experiments in absence of
the signal. In Fig. 4, the average upper limiis
shown as a function aof.; for Qs > 0.92. This
procedure was repeated for a large rangeof
values in order to obtain the optimal discriminat-
ing parameter and energy cut. To make a smooth
background interpolation possible, the background
distribution was fitted with a power-law function

Figure 3: The reconstructed cascade energy dis-
tribution F,.... Shown are experimental data as
well as background and signal Monte Carlo simu-
lation after application of all quality cuts and a cut
on the discriminating parameté} > 0.92. The
smooth line is a result of the power-law fit to the
background simulation.
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(see Fig. 3). For the discriminating parameter the of 2.7 x 10~ 7(E/GeV)~2/(GeV s sr cm?). Fig. 5
optimal cut is at@Qs > 0.92. The energy cut shows the effective areas after all selection cuts

obtained from the optimization ®g(E) > 4.65. combined for neutrinos and anti-neutrinos. The ef-
The corresponding sensitivity on the flux mf is fective area for tau neutrino is larger at high en-
2.7 x 1077(E/GeV)~2/(GeVs st cm?). ergy due to tau regeneration. Anti-electron neutri-

There is 1 event from th20% experimental data  NOS show a large increase in the effective area near
subset passing this cut. We expect 1.3 background6-4 PeV due to the Glashow resonance.

events from atmospheric muons. The expectation
for the atmospherie. andy, which passed all cuts

is 0.02 events for the0% sample. No systematic “"E
uncertainties have been estimated yet, however, the g 10¢ IL
uncertainties in the detector response and in the g 4L —
predictions of the atmospheric muon and neutrino ."2’10_‘% fﬂﬁﬁﬂw
fluxes are expected to be substantial. o F e
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Abstract: The performance of the partially(L0%) constructed IceCube neutrino detector on the search
for extremely high energy (EHE) neutrino in data taken in@R@0presented. Background event numbers
are estimated based on an empirical model which reasonablyites a part of the same experimental
sample. Following this background estimate an upper lifiiihe neutrino fluxes at 90% C.L. would be
placed atr® ¢y, 41, +v, ~ 1.6 x 107% GeV/ent sec sr for neutrinos with an energy if* GeV in the
absence of signals in the 2006 sample. The correspondirigmeaffective area is also presented.

Introduction EHE events in IceCube

Extremely high energy (EHE) neutrinos are ex- At extremely high energies, neutrinos are mainly
pected to fill a key role in connecting the observed detected by secondary muons and taus gener-
EHE cosmic-rays to their birthplaces, which may ated during propagation of EHE neutrino in the
shed light on the long standing puzzles of the ori- Earth [2]. The propagation of particles has been
gin of EHE cosmic-rays. Because of their low simulated in detail by the JULIeT package [3]. Par-
intensity, the detection of EHE neutrino requires ticles are seen in the detector as series of ener-
a huge effective detection volume. The IceCube getic cascades from radiative energy loss processes
neutrino observatory [1], located at the geographic rather than bare tracks. These radiative energy
South Pole, will consist of a kfnfiducial volume losses are proportional to the energies of muons
of clean glacier ice as a Cherenkov radiator and and taus and so is the Cherenkov light deposit in
an array of photon detectors. The initial IceCube the IceCube detector. Figure 1 shows distributions
9 string array (IC-9) was deployed by February of the total number of photoelectrons (NPE) de-
2006. Each string was positioned with a spacing of tected by the 540 DOMs as function of muon and
approximately 125 m and with 60 optical sensors tau energies from the full IceCube Monte Carlo
attached to it at intervals 6£17 m. The IC-9 de-  simulation. The trigger condition of 80 or more
tector was operational from June through Novem- recorded DOM signals has been applied. A clear
ber of 2006. The high energy events sample used incorrelation between NPE and the energy of parti-
this analysis is a part of the full dataset taken with cles measured at 880 m from the IceCube center is
IC-9 satisfying the condition that a minimum of observed. The IC-9 DOM response to a large NPE
80 out of 540 IC-9 optical sensors (DOMSs) record signal is limited mainly due to its readout config-
Cherenkov pulses within wsec. The effective  uration and PMT performance. Taking fully into
livetime corresponding to this dataset is 124 days account these effects in the simulation, the visi-
after rejecting events taken during times of unsta- ble departure from linearity stems from the satu-
ble operation. ration of the detector during signal capture. Par-

We report here for the first time on the expected ticles traversing far away from the detector leave

sensitivity of this 1C-9 detector configuration for 10w NPE signals regardless of their energy. From
neutrinos with energies)” GeV and above. these observation, we use NPE as a robust estima-

tor of the particle energy - together with the zenith
angle - as main selection criterion.
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Figure 1: Event from the Monte Carlo simulation of the IC-%ador in a plane of NPE and charged lepton
energy measured at 880 meters from the IceCube center. Epassing within 880 m of the center of
IceCube are considered in the plots and more distant everrtstccontribute to the data sample. The dis-
tribution in the left plot is for muons. The plot for taus orettight illustrates the suppression of energy loss
compared to that of muons and the contributions from tawgecThe charged lepton energy distribution
is assumed to followE—! in these plots for illustrative purposes.

Background modeling 1
EHE neutrino induced muons and taus enter um
mostly from near or above the horizon with down-

going geometry because of the increase of neu- " H +
trino cross section with energy. Therefore, at- [|Jr 10 ;t;‘

10°

mospheric muon bundles, penetrating the detector | . +
from above, constitute a major background. How- %Hﬂ‘ 1
b

ever, the estimation of the atmospheric muon event

rate in the relevant energy range is highly uncer- Eﬁihﬁ
tain, as it involves poorly characterized hadronic 2

interactions and a knowledge on the primary comic Mh%
ray composition at energies where there is no direct g3l R m.
measurement available. In the present analysis, 4 45 5 55 0 02 04 06 08 1
we fit a part of the experimental IC-9 high energy log, , (event-sum NPE) cos (8)
event sample by an empirical formula to build the Figyre 2: Event distributions of data as a function
atmospheric muon background model. The model of NPE (left) and zenith anglé (right). Black

is then extrapolated to higher energies to estimate gots with error bars denote the 1C-9 high energy
background intensity in the signal region. event sample in.0 < log;o NPE< 5.0. Red and
This study used an event sample witht < NPE green histograms are from the Monte Carlo sim-
< 10° in which the bias in the high energy event ulation of the empirical atmospheric muon bundle
dataset from the filter requirement of 80 DOMs is model with two sets of parameters that gives simi-
minimal. Events are dominated by atmospheric larly good agreement with experimental data.
muons over possible cosmic neutrino events by

more than 2 orders of magnitude as shown in cosmic-ray flux which was taken from the compi-
Ref. [4]. The empirical model is based on the lation in Ref. [6]. In other words, the background
Elbert formula [5] that describes the number of muon event rate is governed by the intensity of
muons with energies greater than a energy thresh-the cosmic ray flux and depends on the fraction
old initiated in a cosmic ray air shower cascade. of energy that goes to a muon bundle in an air
The energy weighed integration of the formulare- shower. The two parameters of the model, the co-
lates the total energy carried by a muon bundle to efficient to determine multiplicity of muons in a
the primary cosmic ray energy. The relation as- bundle and the lowest energy of muons in a bundle
sociates muon bundle event rate to given primary to leave detectable signal in the IceCube detectors,

10‘1::| |

102
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Table 1. Preliminary numbers of expected Ice-
Cube EHE events of muons and taus produced
from the GZK model [8] and from the background
atmospheric muon model prediction. The predic-
tions are normalized to a livetime of 124 days
and presented for differehig, , NPE,,,, valuesin
Egs. (13) and (14). GZK + 7 indicates the num-
ber of events with muons and taus induced by the
GZK neutrino outside the IceCube detector volume
defined by a sphere of 880 m radius. GZK -
indicates contributions from charged particles cre-
ated inside the sphere.

are estimated by comparing model simulation and
experimental sample in the plane of NPE and re-
constructed zenith angle for NPE beldw’. The
comparison of the model and experimental data is
shown in Fig. 2. The black dots show a mid-NPE
subsample of the data. Colored lines indicate the
model simulation with two sets of parameters that
give similar goodness in fits in terms g /d.o. f
with respect to the experimental sample but with
extreme cases of the low muon multiplicity coef-
ficient (green line) and the low threshold energy
coefficient (red line) in a bundle. Obviously, the cutlevel 1 2 3 4

models represent the experimental NPE and decli- g%(o NPEow 3-333 3-827 3-220 (5)-811
. n+T . . . .
nation dependence well. GZK Veppsr  0.028 0024 0020  0.015
atmospherigz  0.003 <107% <107* <107?

Results

Event distributions for signal and muon-bundle
induced background are shown in Fig. 3. For search is sensitive to the neutrinos with energies on
the signal we chose a GZK cosmogenic neutrino the surface ranging betweer0” and~10° GeV.

model [7] as calculated in Ref. [8]. The plots choosing cut level number 2, the 90% C.L. up-
show that the atmospheric muon bundle model has per |imit of EHE neutrino fluxes by the 2006 IC-9

a steeper distribution in NPE compared with that gpservation would be placed &2¢,, 1., 1.
of the signal GZK model. The number of muons 1 ¢ x 10~ GeV/cn? sec sr for neutrinos at an en-

and taus originating from the propagation of the ergy of 108 GeV; the corresponding neutrino ef-

signal neutrino in the earth exceeds that of atmo- fective area with our preferred cut level 2 is also
spheric muon bundles at directions near the hori- shown on the right plot of Fig. 4.

zon as well as at the higher NPE. These observa-

tions suggest that the background can be rejectedDiscussion

by excluding events with low NPE values and ver- The sensitivity estimate has been obtained with the
tical reconstructed directions. The signal domain assumption of negligible background based on the
is defined by the following conditions: empirical model prediction. The systematic un-
certainties in the background estimation must be
further considered, however. Possible contribu-
tions from fluctuations in the hadronic interaction
processes in the air shower cascades and fluctu-
ations in the muon bundle spatial distribution at
IceCube detector depths (1450-2450 m) are disre-
) ) garded in the current study. The estimation of these
Summarized in Table 1 are the expected numberSettects must be performed before the cuts are final-
of signal and background events above cut levels j;¢4 \we would like to also remark that estimations
defined with different values dbg,, NPEj,. . of the contribution from the prompt muon in the
The resulting sensitivity to the all flavor EHE neu- present background model are uncertain. While

log1oNPE > logi1oNPEjqy, (13)

and ifcosf > 0.1,

1.1
log1oNPE > 4.7 + ﬁ(cosb’ —0.1). (14)

trinos is calculated independent of the neutrino flux
models with the quasi-differential method based on
the flux per energy decade. A similar approach
is found in Ref. [9]. The first year IC-9 sensi-

tivity curves at 90% confidence level are shown
in the left plot of Fig. 4 for the four cut levels

in Table 1 with an assumption of negligible back-
ground. It is also shown that this EHE neutrino

89

the 1C-9 high energy sample below® NPE (cor-
responding roughly td& < 10°~® GeV) shows no
indication of a significant prompt muon contribu-
tion, a potential excess of events beyond the atmo-
spheric muon bundle model could either be due to
prompt muons, cosmic neutrinos or due to events
of exotic physics origin.
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Figure 4: The 2006 IC-9 sensitivity curves at 90% C.L. on thi#EEheutrino model fluxes is shown on the
left. The fluxes of the three neutrino flavars v, v are summed up. GZK refers to the GZK model from
Ref. [8] for the lower curve and Ref. [10] for the upper curvéhe TD and Z-burst predictions are from
Ref. [11] and Ref. [12], respectively. Plotted on the righthe corresponding neutrino effective area of
three neutrino flavors for cut level 2.
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Abstract: With a volume of~1 km®, IceCube will be able to detect very high energy neutrinos
above~100 PeV. At these energies, bremsstrahlung and pair prioduate suppressed by the Landau-
Pomeranchuk-Migdal (LPM) effect. Therefore, and v, interactions in the ice can produce several
hundred meter long cascades. We present an analysis ofdees@msitivity tov. events. It includes
cascade simulation in the LPM regime and makes use of praimialgorithms for incident angle recon-
struction. We give the obtained effective area for the 2Rgtronfiguration and discuss IceCube angular
reconstruction precision.

Introduction leads to an elongation of the cascades, which in
turn could result in better angular resolution for

Different models predict a significant flux of high cascade events in IceCube.

energy neutrinos abovel00 PeV. Topologicalde-  Here, we focus on electromagnetic cascade ana-

fects, superheavy relics of the Big-Bang, the GZK |ysis for v, events at energies abovel00 PeV

mechanism or gamma ray bursts could produce where the LPM effect has to be taken into acount.

such high energy neutrinos (see [1] for a review). The LPM effect also affects hadronic cascades but

The IceCube neutrino detector is under construc- as the input energy is distributed over a large num-

tion at the South Pole [2]. Currently, it is made of ber of secondary particles, their length does not in-

22 strings each holding 60 optical detectors, instru- crease as dramatically. Hadronic cascades will not

menting a volume 0f-0.3 km?. Strings are sepa- be discussed in this paper.

rated by 125 m and modules on a string are sep- In the next section, we describe two simulation

arated by 17 m. By its completion in 2011, there tools for high energy cascades in the LPM regime.

will be up to 80 strings and the corresponding vol- The longitudinal profiles obtained are used to es-

ume will be~1 kn’. timate the Cherenkov light output in the ice. Fol-

At low energiese® produced by charged current lowing that, effective area is computed for the 22

interactions produce small cascades compared tostring detector. Finally, the precision of incident

the spacing between two optical modules. The angle reconstruction is evaluated.

produced light is emitted in the direction of the The results shown are preliminary.

Cherenkov cone but it is scattered in the ice so

that when observed from a distance, it can be con- ] ]

sidered to be emitted almost isotropically from the Simulation of high-energy cascades

centre of the cascade. Therefore, the angular reso-

lution for cascades is poor. To study high-energy cascades in ice, two simu-

However, for a 100 PeV neutrino, the secondary lation packages have been developed. One allows

particle energy is high enough for bremsstrahlung the rapid simulation of cascade profiles and uses

and pair-production to be supressed by the Landau-2 Parameterisation of bremsstrahlung and pair-

Pomeranchuck-Migdal (LPM) [3, 4] effect. This production cross sections in the LPM regime, and
a parameterisation of energy deposition for the low
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energy products of the cascade. The other package
is a full Monte Carlo simulation of cascades based Figure 3: Average longitudinal profile of one hun-
on CORSI KA. It is devoted to fine studies of the dred 1 TeV cascades. Comparison betw€gs,

development of cascades. CJB andGEANT4.

low energy particles are summed to obtain the to-
tal energy deposit profile of the full shower.

Follovxgnnglesls and Btehrtln L5]’ a §|mLIJIat|onto;th$h_ The fractional energy of the secondary particles is
cascade development has been impiemented. ISgenerated randomly from the differential cross sec-
simulation takes into account bremsstrahlung and ;' using a Metropolis-Hastings Algorithm [7]
p?‘" pro_duction interaction_s and works only in one This allows the quick generation of random sam-
dimension. The suppression of both processes byples. For instance, when the cut-off energy is on
the LPM effect is included. Parameterisations of the order of 1 TeV. ’a single cascade with energies
bremsstrahlung and pair production cross sec:tionsin the PeV range ’can be simulated in a few mil-
are taken _from [6]. F.'g.' 1 shows the dlffere_ntla_ll liseconds. A 10 EeV cascade is simulated within
cross section and radiation length parameterlsatmnIeSS than 3 minutes when the cut-off is set to
for bremsstrahlung. The increase of the mean free 50 TeV.

ath above 1 PeV is due to the LPM effect. '
P . . . . Fig. 2 shows longitudinal energy profiles of two
In the S|m_ulat|_on, high energy particles are propa- 10 EeV cascades. Their length is about 200 m.
gated until their energy falls below a cut-off energy Many different sub-cascades contribute to this pro-
on the ord_er ofl_TeV and the energy loss pr0f|le_0f file. The figure also shows that the shape and
these part!cle.s.|s computed using a parameterlsa-length of the longitudinal profile can vary signif-
tion. The individual energy loss profiles of these icantly from one cascade to another

Hybrid approach
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Monte Carlo approach

In addition to the simple hybrid approach pre- 1000
sented in the previous section, we have also devel-
oped a more realistic simulation tool, able to pro- =
vide more precise information on cascade develop- % 10¢
ment. This tool is based on the well-known atmo- <

spheric cascade simulation td@DRS| KA [8].

l
| 4
; ; ; [
As CORSI KA is devoted to cascade simulations ' PRELIMINARY

in the atmosphere, several modifications had to T T
be made in order to adapt the code to a uniform E [GeV]

density medium. This work was initially done  Figure 4: Effective area for different incident an-

CORSI KA 6204 [9]. Hereafter, this version will
be denoteTS.

We have used these modifications and taken them

a step further to get more functionality and more ) ) )
flexibility. The new modifications allow us to: Electron neutrinos with energies between 10 TeV

and 10 EeV were generated, propagated through

e switch the medium from air to ice during the the Earth and forced to interact in the vicinity of
configuration step, the instrumented detector volume using a software

package based on thNI S [11] neutrino gener-

e use the different simulation packages ator. The development of the cascades in the ice
(VENUS, QGSJET and others) available has been done with the hybrid simulation tool de-
with CORSI KA, scribed previously. The detector response includes

the simulation of light propagation through the ice,

optical module responses and a trigger simulation
requiring 8 modules hit within a time window of

Reconstruction and effective areas

e use all the other options available in
CORSI KA, whenever they are relevant to a
simulation in water/ice.

4 us.
The changes were made starting from the most re-A basic analysis method typically used to reject
cent version oCORSI KA (CORSI KA 6502). muon background was applied to the pugesam-

d ple in order to calculate the effective area, taking
CJB), we simulated 1 TeV electrons using both into account the reconstruction efficiency. The se-

versionsCJB andCTS with the same input param- lection is done by computing the ratio between the

eters and the same random generator seeds Théongitudinal and lateral size of the light distribu-
results were also compared WIBEANT4 [10] ' tion, using the fact that cascades are more spherical

. N ) than muon tracks.
Fig. 3 shows the energy deposition profiles for the i
two versions ofCORSI KA andGEANT4. The pro- The number of passing events was used to calcu-
files are very similar. The small difference between late the neutrino effective area for three different
CJB andCTS comes mainly from minor revisions zenith angle ) bands for the 22 string configura-

in the EGS4 code [12] betweeBORS| KA releases tion (Fig. 4). The effective area generally increases
6204 and6502. with energy due to the rising cross section of neu-

A 10 EeV q be simulated in | h 2trino interactions. However, for neutrinos with en-
eV cascade can be simulated in less than ergies above-1 PeV the earth becomes opaque

minutes forQefauIt va!ueg of cut-off energies, pro- and the effective area for neutrinos coming from
vided the thinning option is enabled. below the horizon (120< 6 < 180) falls off.
The peak between 5 PeV and 10 PeV is caused by

resonant; + e~ scattering at energies around 6.3
PeV (the Glashow resonance).

To check the validity of this software (denote
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Precision of incident angle reconstruc-
tion

Cascade-like events passing the trigger conditions
are reconstructed using a simfilee-fit algorithm
[13] usually used for muon track reconstruction. It

°
o

s . 0.4
uses the hit times to produce a track defined by a ¥ PRELIMINARY
vertex point and a direction. 0.2 . 1 oEo PeV] |
eV
10 EeV

Cumulative fraction of events

The difference¢ between generated and recon-
structed directions is computed. Fig. 5 shows the
cumulative fraction of events reconstructed withan ) )
arbitrary precisions. At 1 EeV, the proportion of Figure 5: _Cumulat!ve fractlo_n_of events recon-
cascades reconstructed with a precision better thanstructed with an arbitrary precisiaf for the 2007
20° is ~5%. At 10 EeV, when the LPM effectis 22 String configuration.

taken into account, this proportion4s20%.

60 80 100 120 121-0 160 180
O [deg]
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Abstract: The IceCube one kimeutrino observatory will collect large samples of newtiimeractions,
allowing for observations with small statistical erroro Miake maximum use of this statistical power,
it is also being designed to minimize systematic errors awariety of different calibration techniques.
LED and laser light sources are a key part of many of thesbredilbn techniques. To a significant extent,
they mimic cascadev() interactions, allowing fairly direct tests of cascadeorstruction techniques.
This contribution will survey the light sources and discsekected calibration studies.

Introduction

The main goal of IceCube [1] is to detect cosmic
neutrinos of all flavors in a wide energy range,
from ~100 GeV to~100 EeV and search for their
sources. When complete, the IceCube detector will
be composed of up té800 Digital Optical Mod-
ules (DOMs) org0 strings spaced by25 m. The
array covers an area of one kiftom 1.45 to 2.45
km below the surface [2].

energy resolutior).11 in log,,(E) [5]. The good
energy resolution and low background from atmo-
spheric neutrinos makes cascades attractive for dif-
fuse extraterrestrial neutrino searches [6].

Artificial light sources are of particular importance

in IceCube. Each DOM includei2 LEDs (flash-

ers) as a calibration source. As shown in Fig.1,
one string also holds a nitrogen laser with abso-
lute calibration that serves as a “standard candle”.
The flashers and standard candle (SC) are used for

High energy neutrinos are detected by observing a wide variety of purposes: timing, charge ampli-
the Cherenkov radiation from secondary particles t_ude and geometry cal!brat|ons, to measure the op-
produced in neutrino interactions inside or near the tical properties of the ice (a key problem for Ice-

detector. Muon neutrinos in charged current (CC)
interactions are identified by the final state muon
track [3]. Electron and tau neutrinos in CC interac-
tions, as well as all flavor neutrinos initiating neu-
tral current (NC) interactions are identified by ob-

serving electromagnetic or hadronic showers (cas-

cades). For example, up to10 PeV, electromag-

Cube), and to mimic cascades. The flasher light
output is comparable to cascades with energies up
to about500 TeV, while the standard candle out-
put is comparable to cascades with energies up to
about30 PeV. For the ice studies, the availability
of flashers at different depths is critical, allowing
comparisons of ice properties at different depths.

netic showers initiated by the final state electron These studies build on the lessons learned from
can be approximated as expanding light spheresAMANDA, which pioneered the use of artificial
originating from a point source. A) TeV cascade  light sources [7].

triggers IceCube optical modules out to a radius |n this report we present the results of a few se-
of about130 m [4]. Cascade reconstruction is ex- |ected studies performed with the flashers and stan-
pected to have limited pointing capability but good dard candle: geometry and timing calibrations, and
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Figure 1: Schematic of the IceCube detector show-
ing the location of the Standard Candle. For clarity, g
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Figure 3. a) Schematics of the interstring detec-
tor geometry measurement. The flasher light from
vertical (top) LEDs on DOM 39-15 is seen on a neighboring
WERE (DT-DE) string. b) The earliest hit time distribution for light
detected at DOMS8-10. c) The earliest hit time ob-
Qgg?éeggfgfm) served at DOMs on string8 shown as a function
of the relative depth between the observing DOMs
and the flashing DOM.

Figure 2: Digital Optical Module with six horizon-  G€ometry Calibration

tal and six vertical LED flashers. The LED flashers were used to calibrate the posi-

tion of the DOMs. Figure 3a) shows a schematic
the position resolution of cascade algorithms. This of one study that was used to measure the relative
work uses data collected during 2006 with 9 strings depth of DOMs on different strings. The LEDs in
that had been deployed in IceCube at thattime.  a DOM on one string were pulsed and arrival times
for nine nearby DOMs on a neighboring string
were analyzed. The time of the earliest hitwas
derived from the photon arrival time distribution,
cf. Fig. 3b), by fitting a Gaussian in the turn-on
Each DOM contains a flasher board which holds region:to = 1 — 30, wherep, ande are the mean
twelve 405 nm LEDs. Six of them point horizon-  and sigma of the Gaussian. The uncertainty is de-
tally outward and six point upwards at48 de-  termined by propagating the errors on the fit pa-
grees. They are mounted on the top and the bot-rameters. The arrival times of the earliest hits are
tom of the flasher board respectively, cf. Fig.2. converted to distances (assuming that there is no
The LEDs are individually flashed with a pro- scattering, appropriate for the first photon seen).
grammable pulse width and amplitude. Typical Figure 3c) shows these distances versus the relative
flasher runs lasi00 s with the LEDs firing at 0 Hz depth from the deployment records. This distribu-
at full brightness, with nominal width o ns. tion was fitted with a hyperbola to determine the
relative depth and lateral separation between the
two strings. The position of the minimum gives
the relative depth and is used to correct the string

LED Flashers
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Figure 4. a) DOM53 is flashing. b) Photon ar-
rival time delay at DOMb2 when DOM53 is flash-
ing. ¢) RMS variation of time delay measured with
flashers fo9 DOM pairs on an IceCube string.

Standard Candle

The Standard Candle (SC) is an in-situ calibrated
N> pulsed laser, which emits light with a wave-
length of337 nm. It is used to study cascade re-
construction, and to provide a method for calibrat-
ing the cascade energy scale which is independent
of Monte Carlo simulations. At 100 % intensity,
the SC generatdd.0 +0.4) x 10'? photons which
are emitted at an angle of 4iith respect to the
candle axis, as is shown in Fig. 1. Th&® angle
was chosen to approximately match the Cherenkov
radiation from a cascade. Although the light dis-
tribution initially matches that of a cascade, the
wavelength of337 nm is shorter than most of the
Cherenkov radiation observed in IceCube. This re-
sults in~10 % shorter absorption and scattering
lengths, and requires adjustments to the amplitude
calibrations. Pre-deployment calibration and inter-
nal power measurement contribute to 10% uncer-
tainty in light output. The light intensity is deter-

position determined from deployment and survey mined on a pulse-by-pulse basis.
data. Systematic uncertainties in the determination 1o gc is equipped with an adjustable attenuator

of the lateral separation are under study.

Timing Calibration

Flasher data are used also to verify the system tim-

ing resolution. The method is to flash an LED on a
DOM and measure the arrival time of light reach-
ing a nearby DOM, as shown in Fig. 4a). The ear-

liest photons are likely not scattered, hence the dif-

ference in timing between the two DOMs reflects
the time in ice. The distance between DOMs on
the same string £17m) is smaller than the light
scattering length in icex25m) and the light inten-
sity is high enough so that direct light is seen on
neighboring DOMs. The resolution is dominated
by electronics and timing uncertainties. A distri-
bution of the first photon arrival time for a single
receiving DOM is shown in Fig. 4b). The resolu-
tion for most DOMs was found better thams, as
shown in Fig. 4c), confirming the precision of the

that can reduce the light output down to 0.5% of the
full scale. This is used to study detector (especially
photo-multiplier tubes) non-linearities. We plan to

deploy one additional standard candle, which will

point downwards or to the side, allowing different

cascade geometries to be studied in future.

Reconstruction Results

Figure 5 shows an event with the SC at full laser
intensity. Results from the SC laser events re-
construction as cascades are shown in Fig. 6.
The dashed histogram shows the center-of-gravity
(COG)x position. The COG is calculated for each
event as the signal amplitude weighted mean of all
hit DOM positions. The mean COG position,
about512 m, is about30 meters from the actual
SCz position of544 m (shown as a dashed-dotted
line). The reason for this discrepancy is that the SC
is on a string at the edge of ti9estring array, and

time synchronization procedure. The results are (1o coG is pulled toward the center of the array.
consistent with an alternative method which uses The cOG is used as a first approximation for a full

muon tracks [2].
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maximume-likelihood reconstruction algorithm [8].
This algorithm considers the photon arrival times
at all of the other DOMs. It finds am position
(continuous histogram) within 10 m of the actual
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Figure 5: Standard Candle event display with 162 Figure 6: The reconstructectvertex position of
DOMs hit. The size of the circles is proportionalto ‘cascades’ from SC events. The dashed histogram
the signal amplitude, while the color distinguishes shows the center-of-gravity (COG) position, and

between relative photon arrival times in the DOMs.  the continuous histogram shows the reconstructed
vertex position. The dashed-dotted line is the 'true’

SC laser position in the detectar € 544.1 m).
SC position for about 99% of the events. Similar

results have been obtained fpandz vertex posi-

tions. The fact that the algorithm can find the posi- Research Foundation, and Division of Nuclear
tion so well for asymmetric events (with DOMs on  Physics-Department of Energy.

only one side of the SC) gives us confidence in the

reconstruction algorithm accuracy. References

Summary [1] IceCube, http://icecube.wisc.edu

[2] IceCube, A. Achterbergt al., Astropart. Phys.
The IceCube flasher LEDs and standard candle 26, 155(2006); A. Achterbergt al, to be sub-
laser are used for a variety of calibration and ver- ~ Mitted to Nucl. Instrum. Meth.
ification studies, including geometry and timing [3] AMANDA, J. Ahrens et al, Nucl. Instrum.
calibrations, and studies of ice properties. It has ~ Meth.A524(2004) 169.
been demonstrated that for most DOMs the tim- [4] F. Halzen, Eur. Phys. £46(2006) 669.
ing resolutions is better that ns and the DOM  [3] IceCube, J. Ahrenet al, IceCube Preliminary
positions are known to 1 m. These studies will Design Documen@001).
help IceCube reduce the systematic errors for var- [6] M. Kowalski, JCAP 05 (2005) 010.
ious physics analyses. Atrtificial light sources have [7] AMANDA, M. Ackermannet al, J. Geophys.
also been used to study the position reconstruction ~ Res.111(2006) D13203.
performance of cascade reconstruction algorithms, [8] D. Chirkin, these proceedings.
and to study the absolute energy scale of the de-
tector. In future, they will be used to study also
the energy and directional reconstruction of more
advanced algorithms.
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Abstract: Current point source searches mostly utilize only direcéind time of the reconstructed event;
furthermore, they reduce available information by grogpéwents into sky bins. In this analysis we use
a search based on maximum likelihood techniques, utilibioth event angular resolution and energy,
to enhance our ability to detect point sources. Especiadlg, of energy information allows us to fit the

spectral index of a hypothetical source simultaneousi Witx. This method improves both sensitivity

and discovery potential of the AMANDA-II array by greateath30%. The method can naturally be
applied to IceCube and allows superposition of data froraaets with different sensitivity and angular

resolution, such as the IceCube array which changes andwepmwith each season of construction.

Introduction

Pinpointing the origin of high energy cosmic rays
is one of the most important goals of neutrino as-
trophysics. Observation of a high energy neutrino
source would provide clear indication of hadronic

must be developed to better utilize data from exist-
ing experiments, or both [1].

Method

processes associated with cosmic rays. NeutrinosAn unbinned maximum likelihood search method

are neither deflected by magnetic fields nor signif-
icantly attenuated on transit to Earth, making them
excellent astronomical messengers in th&éeV
universe.

The Antarctic Muon And Neutrino Detector Array

(AMANDA), a subdetector of the IceCube Obser-
vatory, is composed of 19 strings with 677 total op-
tical modules located 1500 m — 2000 m below the

is used in contrast to previous AMANDA point
source analyses [2]. The past binned search
method makes use of a single statistic, namely
“How many events are within bin radius ‘b™ and a
background estimation to make a statement about
the existence of a source at any particular position
in the sky. It is reasonable to think the use of ad-
ditional information must enhance ability to search

ice surface at the Geographic South Pole. Muons for point sources. Additional information includes:

produced by charged-currenf, and 7, interac-
tions produce tracks aerenkov light and are re-
constructed with 1.5-2.3 median angular resolu-
tion [2]. The large background of muons from cos-

mic ray interactions in the atmosphere precludes

v, andy,, searches in half of the sky, but fér> 0

cosmic ray muons are attenuated by Earth leaving

e Events outside the search bin

e The distribution of events within the search
bin

e Event energy estimation.

a relatively pure atmospheric neutrino background. The energy distribution of a hypothetical”E

Detection of an extraterrestrial high energy neu-
trino source has so far eluded the neutrino tele-
scope community. To probe lower fluxes, either

larger neutrino telescopes must be built, more so-

phisticated point source analysis techniques [8] [5]
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source is drastically different from that of the at-
mospheric neutrino background. If high energy
events are observed, such events are not very com-
patible with atmospheric neutrino background and
enhance discovery potential. Conversely, if high
energy events are not observed, the method is able
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Figure 1: Number of hit channels (Nch) PDF for
simulated atmospheric neutrinos and various signal
spectra

to reject the signal hypothesis with higher confi-
dence. In AMANDA, the number of optical mod-
ules, or channels, hit by at least one photon during
an event correlates with event energy. By using the
difference in the distribution of number of hit chan-
nels, shown in figure 1 for various energy spectra,

combination of signal and background probabili-
tiesS andB3 over all events in the declination band
ranging+5° of the source positiom, and contain-
ing N total events:

N
Ng Ns
L= H (N-Si(xi,xo, 0, Nch,y)—i-(l—N)Bi(Nch)).

The signal and background PDF are normalized
such that the free parameter describes the num-
ber of signal events present. The quantityg(L)

is minimized with respect ta, and~, obtaining
best estimates of signal strengthand spectral in-
dex#. The logarithm of the likelihood ratio

L(is,7)
ns = 0, Atmos.v)

)\:logﬁ(

is used to determine significance and flux limits for
each observation.

Significance is calculated by comparing the ob-

events are more accurately classified as signal orserved value o to the distribution obtained from

background.

At a hypothetical source positian,, the data is
modeled as an unknown mixture of background
and events produced by the source. Each even
near the source declination is assigned a likelihood
of belonging to the source. This source PDF is the
product of probability functions describing the de-
tector point spread, which is zenith dependent, and
number of channels hit (Nch):

Si(xiaxoaevNcha'Y) P(l‘i|l‘o,9)P(Nch|’7),
where~ is the source spectral index. The detec-
tor point spread is modeled as a two dimensional
Gaussian:

_lzi—mol?
e 252 (0)

P(ZCZ'|IO,9) = W

The Gaussian width is fitted to simulation. The
background PDF depends dA(N.,|Atmos.v),
the probability of obtaining the observed Nch value
from atmospheric neutrinos, and event density
within the band. The full likelihood function is a
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randomized data. Adding a simulated signal flux
shifts the distribution of\ to higher values, cor-
responding to higher significance. Discovery po-

ttential is measured by calculating the signal flux

necessary to increasesuch that a given signifi-
cance is exceeded in a given percentage of trials.
Feldman-Cousins confidence intervals [4] are con-
structed knowing the response bfto increasing
signal flux and are used to calculate sensitivity and
flux upper limits. A 30% improvement in sensi-
tivity and discovery potential using the unbinned
maximum likelihood method is shown in both sen-
sitivity and discovery potential in figure 3.

Since signal spectral index is estimated simultane-
ously with flux, the obtained value éfserves as an
estimate of spectral index. The value -2i4¢ ap-
proximately follows a chi-square distribution with
two degrees of freedom when signal strength
and spectral indexy are simultaneously varied.
Using this approximation, confidence contours in
signal strength and spectral index are shown in fig-
ure 2. The signal strength is typically overesti-
mated by approximately 10% due to mismatch be-
tween the true point spread function and the Gaus-
sian approximation used in this analysis. This ef-
fect is measured using detector signal Monte Carlo
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Data Sample

29 90% C Data are taken during the austral winter from mid-
February 2005 through October 2005. Accounting
68% CL \ for the time the detector is down and a brief time

15

the detector is dead following each event yields
10 Q 199.3 days of detector livetime and 1.8° events.

Signal Count

Most events are recorded from a multiplicity trig-
S ger requiring at least 24 optical modules register
True Point photon hits within 2.5:s. False hits produced by
15 2 25 3 crosstalk, isolated hits caused by PMT dark noise,
Spectral Index and hits from 154 modules with either an abnormal
10 dark noise rate or position outside the main detec-
90 tor volume are removed. Remaining hits from 523
optical modules are reconstructed as muon tracks
with increasing accuracy and cpu requirements [3],
and zenith filters are applied to remove the ma-
( 65% LL jority of cosmic ray muon background. Filtering
is divided into levels to maximize CPU efficiency
40 while retaining the vast majority of neutrino events
30 True-Point [2]. 5.2 million events remain in the final filtered
20 sample, mostly misreconstructed muons. Neutrino
2ot e 48 events are chosen from this sample to minimize
] ] . ) average flux upper limit [6] based on reconstruc-
Figure 2: Confidence estimates in source strengthjon and topological criteria including a track an-
and spectral |nde>_< for a case of 8 Esignal events gular resolution estimate [7], the ratio of upgo-
(top) and 50 E* signal events (bottom) ing reconstruction likelihood to downgoing likeli-
hood, the distribution of hits along the track, and
track length. Events are divided ini6 declination
bands, and optimization is performed simultane-

=)

80,

70

90% CL

60

Signal Count

50

=

and is calibrated away. As an example, suppose
Markarian 421 § = 38.2) produces 8 events in the -
ously on all parameters for 2 and E 2-> source

detector with an E? energy spectrum. Applica- _ : X

tion of this method to the coordinates of Markarian seegctra._ﬁ;om_pr_omyse cut IS appl'Ed k?etwee” the

421 would yield a 53% chance of discovery at 5 f_E, pptlmlzat|0n. Opt|m|zeq point source
sensitivity (figure 3) shows &30% improvement

confidence level. Preliminarily,dspectral index - he binned hod unif he sk
confidence bounds for this source would be better 292INSt the binned method uniform over the sky.
Discovery potential is similarly improved. After

than+0.5 aroundy for an energy spectrum near
E-2 & gy sp the cut, 887 events remain abave- 10°, with any

. . , 1 declination band containing 50-150 events. A
Another benefit is the ability to combine data from large number of misreconstructed muons add to

detectors with different angular resolution. = A 54 pheric neutrinos in the final sample below
binned search regards each event equally and b|n5 —10°

radius must be optimized given the combination

of datasets; however, this method can recognize

which dataset the event is from and use the appro- Results

priate point spread distribution to more accurately _ ) )
describe the event. This benefit is particulary im- 1he method is applied to a catalog of candidate

portant during the construction phase of IceCube, neutrino sources including microquasars, super-
as detector resolution will improve each year. nova remnants, TeV blasars, and other objects of

interest. Results for a selected subset of objects are
summarized in table 1. A scan of the entire sky
at points spaced by 0.25s also performed using
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Candidate 0(°) oo P
Markarian 421 38.2 587 ~1
Markarian 501 39.8 18.1 0.184
Cygnus X-1 352 129 0.414
Cygnus X-3 41.0 11.0 0.458
LS 1+61 303 61.2 381 ~1
Crab Nebula 22.0 9.24 ~1

MGRO J2109+37 36.8 20.1 0.152

350
FooooE [ 2005 Binned Search
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Table 1: Preliminary flux upper limits for selected
neutrino source candidates over 199.3 days live-
time: source declinatiod in degrees, flux 90%
confidence level upper limits for 2 spectra

(B2 ¢ < pgo - 107 TeVem—2s71), probabil-

ity of observed or higher likelihood given random
chance

this method. The resulting p-value map is shown
in figure 4. The highest obtained p-value corre-
sponds to 3.6. The probability of this deviation
due to background alone is evaluated by comparing
against 100 simulated experiments with random-
ized right ascension, and is found to be 69%.
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Figure 3: Preliminary point source sensitivity to jPoer for constructive discussion regarding the un-
E—2 energy spectra (top), and discovery flux for binned maximum likelihood method. This work is
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Figure 4: Preliminary sky map of neutrino candi-
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Abstract: The Antarctic neutrino telescope AMANDA-II, part of the [€ebe observatory, can be used
for searches for cosmic point sources of neutrinos with eewahge of energy. The highest of these
energy bands spans from abd® to 10'° GeV. Several source models predict a significant neutrino
flux in this part of the spectrum, for example from active gttanuclei. Since the interaction length
of neutrinos with energies abowe: 10* GeV is smaller than the diameter of the Earth, the observable
area lies mainly in the southern sky, in contrast to pointe@gearches at lower energies. Nonetheless,
the low atmospheric muon background at these energies nsakésan analysis feasible, and it would
comprise some interesting source candidates. We presentdathods and sensitivity of this analysis as
applied to data collected with the AMANDA-II detector dugithe year2004. We comment also on the
status of an equivalent analysis being developed for data fceCube in its nine string configuration of
2006.

Introduction its the accessible neutrino spectrum due to the in-
crease of neutrino cross section with energy. For
Active galactic nuclei (AGN), and blazars in par- multi-PeV neutrinos, the interaction length is much
ticular, are promising sources of high energy neu- smaller than the diameter of the Earth and thus pre-
trinos detectable with the Antarctic Neutrino Tele- vents most of the up-going neutrinos in this en-
scope AMANDA-II, part of the IceCube observa- ergy range from reaching the detector. On the other
tory. Being candidates for the production of an ob- hand, down-going neutrinos from the southern sky
served flux of charged particles with energies up high above the horizon have only the ice above the
to a few hundred EeV, there is reason to expect detector as target material and hence a significantly
a measurable neutrino flux beyond PeV energies reduced interaction probability. Thus, a dedicated
from this class of objects. Additionally, theoretical ultra high energy neutrino analysis must utilize a
models for several of these extra-galactic sourceszenith angle band around the horizon, where the
predict their neutrino spectra to be peaked in the sensitivity of a standard search is limited by atmo-
PeV to EeV energy range, as for example presentedspheric muons. At higher energies, these muons
in [7], [8]. form a much smaller background due to their soft
An analysis with the aim to find neutrino point spectrum. Bringing part of the sky in the south-
sources in this very high energy range is differ- ern hemisphere into the field of view also gives
ent from other point source analyses, as for exam- the possibility to observe candidate objects not in-
ple [1]. The usual approach to reduce the back- cluded in other neutrino searches, thus enlarging
ground of atmospheric muons is by selecting up- the angular window where AMANDA-II is sensi-
going neutrinos only, i.e. neutrinos which have tive to point source signals.
traversed the Earth before interacting in the ice or
bedrock near the detector. This effectively lim-
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Source Candidates the year2004. The detector consists 677 opti-

cal modules (OMs) ori9 strings, most of which
The main class of objects which are expected to are deployed at depths betweeérd and 2 km
emit a comparatively large flux of neutrinos at ul- in the deep ice located at the Gepgraphic South
tra high energies are blazars, particularly the GeV- Pole. For this analysis we usd0 OMs that show
blazars detected by EGRET and the TeV-blazars a stable performance. The analysis strategy is
discovered by various aiCerenkov telescopes. based on identifying tracks from neutrino-induced
The analysis is also sensitive to the galactic center muons passing through the detector and emitting
as a possible source, lying in a region less thiagth ~ Cerenkov radiation.
above the horizon. The third EGRET catalog con- To account for photon scattering in the ice, it is
tains 39 confirmed AGN gamma ray sources with necessary to use likelihood algorithms to recon-
declinations betweenr-20° and —30° [6]. The struct particle tracks. An iterative maximum like-
strongest sources have gamma ray fluxes of the or-lihood fit of the photon arrival times in the OMs
der of 10~ photons cm? s7!, integrated for en-  finds the most probable muon track [3]. As a
ergies abové00 MeV. parametrization of the light propagation in ice we
In the final analysis, we will select a subset of use an empirical model of the ice properties. The
these objects to avoid reducing the statistical sig- standard version of this likelihood approach in-
nificance by trial factors. As a first approachto find cludes only the timing information of the first pho-
a suitable classification and identify the blazars ton hit in each photomultiplier. Monte Carlo sim-
with the highest potential as neutrino point sources, ulations show, however, that the angular resolution
we extrapolate each gamma ray flux distribution to of AMANDA-II with this reconstruction method
higher energies. The flux distribution is approxi- degrades for higher energies. A high energy muon
mated with a power law'(E) = Fy- E~F whereEl emits more photons per track length than one at
is the photon energy anfd, the flux normalization, ~ lower energies. As photons are scattered indepen-
making use of the spectral indéxas measured dently in the ice, the order of arrival of multiple
by EGRET. For our current purposes of compar- photons in one OM is not identical to their se-
ing the candidates, we assume a direct correlationquence of emission from the track. As a remedy
between photons and neutrinos. We calculate thefor this we use an improved version of the likeli-
integrated photon flux; = fE (E) dE with hood fit. The likelihood is given by the probability
E;;, = 100TeV as the lower energy threshold for that any of the detected photons in an OM arrives
this analysis. The resulting maximum values for at the time of the first hit recorded in that OM and
individual sources lie in the order d0—'° pho- all other photons arrive at a later time [3]. This
tonscnr? s requires a numerical integration over the probabil-
We work on improving this first classification by ity density function which is computationally ex-
using the parametrization of spectral energy dis- pensive. For this reason, it is not possible to run
tributions for blazars as presented in [4], with the improved fit iteratively for each event, but in-
the plan to perform a more detailed study of flux stead the track result of the standard likelihood fit
predictions by individually fitting the observed is taken as the initial hypothesis for the improved
EGRET spectra to the hadronic model used in [2]. likelihood maximization.
In addition to the GeV blazars, the source list will In Monte Carlo simulations of a signal neutrino
include the galactic center and a sample chosenflux betweenl0® and10'® GeV this method shows
from 20 objects, located in the chosen zenith band, an improvement in median angular resolution. For
from which TeV gamma rays have been observed. an E~2 spectrum the angular resolution obtained

with the improved fit is3.87°, compared t6.9° for

] the standard approach. The resolution as a func-

Reconstruction Methods tion of primary neutrino energy for the standard fit

and improved fit method is shown in Fig. 1. The
The point source analysis for neutrinos beyond whole analysis was performed using the IceCube
PeV energies we present here is developed for
data from the AMANDA-II detector taken during
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Figure 2: Ratio of late hits (hits ocurring more than
1000 ns after the first hit in that OM) to the number
of hit OMs for an E ™! signal spectrum and experi-
mental data.

Figure 1. Median angular resolution in degrees
as a function of primary neutrino energy from
Monte Carlo simulation, reconstructed with the
simple (SPE) and improved fit (MPE) account-
ing for multiple scattered photons. These resolu-

tions are based on the discussed event sample withtions show that this leads to a higher fraction of
more than140 hits and a one-photoelectron frac- very late hits. We define very late hits as hits oc-
tion smaller thar.72. curring more than 1000 ns after the first hit in the
same OM. These can be caused by scattered pho-
tons or afterpulses in the photomultipliers. Nor-
malizing the number of OMs with very late hits to
the number of hit OMs yields a useful basic dis-
crimination variable between expected signal and
Event Selection background, see Fig. 2.

Due to the long computation time of the improved
From the data collected with AMANDA-II in ca. likelihood method, this selection is also motivated

195 days of lifetime during2004 we select events Dby reducing the number of events before recon-
with a large light output that is likely to be caused struction. Hence, choosing a cut value for the after-
by high energy events. We require at le# hits pulse fraction is based on the aim to keep approx-
in the detector and a fraction of one-photoelectron imately 20 % of the (background dominated) data.
hits smaller tha.72. This results in a data sample Monte Carlo simulations of signal and background
of approximatelyl.5 - 107 events. Standard clean- show that this implies a signal passing rate of 94 %
ing procedures are applied to the sample to elimi- for an E~" spectrum and 98 % for ai~> muon-
nate isolated hits and reduce electronically induced neutrino spectrum. Therefore we select events with
cross-talk. a fraction of OMs with very late hits larger than
The main background dominating the data sam- 0-15.

ple after this first selection is intense muon bun- To estimate a sensitivity for this analysis, a num-
dles from energetic cosmic ray air showers, which ber of baCkgrOUnd-Signal discrimination variables
can fake the signature of a single muon of higher have been examined. In a first iteration three vari-
energy. However, the light from intense muon ables sensitive to the light distribution in the detec-
bundles is expected to be distributed more evenly tor and with respect to the track fit were chosen.
through the detector as it is emitted from multi- These variables are the number of photons regis-
p|e tracks instead of a Sing|e one as in the case tered outside &0 m Cylinder around the track flt,
of a signal event. A multi-PeV neutrino-induced the ratio of hit channels to the total number of hits
muon emits Signiﬁcant|y more photons through and the ratio of late hits to the total number of hits.
stochastic energy losses and Monte Carlo simula- The cuts on these variables were optimized for sen-

software framework to simplify the use and ex-
change of tools and method implementations [5].
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Figure 3: Preliminary sensitivities for this analysis fora~! (left) andE~2 (right) flux of muon neutrinos
in the energy range frort0® GeV to10'° GeV vs. zenith angle. The upper limit is shown as a limit to the
normalization constarib, of the differential fluxd®/dE = ®gE~7 ;v =1,2.

sitivity in different zenith bands, using the data as pected to improve much compared to the results
a background estimate. The achieved preliminary presented here for AMANDA-II. A significant im-
sensitivity versus zenith angle for this analysis can provement of the sensitivity for point-like neutrino
be seenin Fig. 3. For thB—! signal spectrurf0% sources with extremely high energies can be ex-
of the events over the whole zenith range have an pected with the 22-string configuration of IceCube
energy between.6 - 107 GeV and8.9 - 10° GeV in 2007.

after the cuts. At the horizon this energy range is acknowledgementswe thank the Office of Polar Pro-
5.9-107GeV 109.0 - 10° GeV. For theE 2 spec-  grams of the National Science Foundation, as well as
trum the energy range which contai®% of the DESY and the Helmholtz Association.

events extends from4 - 10° GeV to1.2 - 108 GeV

over the whole sky and from.0 - 10°> GeV to

4.0 - 108 GeV at the horizon. References
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Abstract:  The construction of the IceCube Neutrino Observatory begaing the austral sum-
mer of 2004-05, and is expected to continue through 2011.inBu006, nine of the projected 80
strings were already deployed and taking data, making lbeGan operational neutrino observatory
while still at about 10% of its final size. We present the fiesults of a point-source search based
on the analysis of this year of data, and characterize thalangesolution and effective area of the
nine string configuration. With 137.4 days of detector livet, 233 neutrino candidate events were
selected in the analysis; the sky-averaged point-sournsitiséty for an E~2 spectrum isgg =

12 x 107" TeV~'em™2s™! (E/TeV)™2. No significant point-source is found. We also discuss

how the performance is expected to improve as the detecteesrtoward completion.

Introduction

The IceCube Neutrino Observatory is a cubic
kilometer-scale detector under construction at the _
geographic South Pole. Its primary mission is the ée""’ .
search for high energy extraterrestrial neutrinos, o ° o
which may reveal the origin of cosmic rays and of- 400y 0o °
fer insight into the most energetic phenomena in o o °

the universe. The detector consists of an array of 200} ° o o ° N
digital optical modules: 60 modules are connected o ° ., > °
on one string, and a planned total of up to 80 strings ol o ° o o

are to be deployed in the Antarctic ice at depths be- o ° o« °
tween 1.5 and 2.5 kilometers beneath the ice sur- | . e ° ° .
face. Construction is limited to the austral sum- . o °

mer time, and therefore is spread over a number o ©

of years. As the detector grows, commissioning of “ o ©

the new strings and data-taking occur during the °

rest of the year. o 7»6‘00 -400 200 0 200 400 600
Nine strings were in operation during 2006, shown x [m]
in Figure 1. At about 10% of its completed size,
the partial detector configuration is not optimal:
muon tracks which traverse the long axis of the
detector can be reconstructed much more accu-
rately than those which pass through from other
directions. Nevertheless, high-quality data was ob-
tained between June and November, providing the

ready deployed and taking data in 2006.
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Figure 1: Configuration of IceCube strings; filled
markers indicate the location of the nine strings al-
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first opportunity to perform a search for extrater-
restrial neutrinos with the IceCube detector. Point

source searches like the one presented here are thi

simplest and most direct way to distinguish an ex-
traterrestrial neutrino signal from the experimen-
tal backgrounds. Discovery of point sources would
also directly indicate the sites of cosmic ray accel-
eration.

Method

An unbinned maximum likelihood method is used
to search for point sources. For a specified, hy-
pothetical source location, and total number of
eventsn, the source hypothesis is that the data
set is a mixture ofn, signal events (distributed
around the source according to their individual an-
gular uncertainty) and. —ns background events
(distributed over the sky according to the detector
background distributions). This can be expressed
as the partial probability?; of each event:

n Ng

Pi(IaI57ns) =

2 S,L(I,ZZ?S)‘F (1 -

Ntot

ntot) BZ(x)
whereS; (z, z,) is the source pdf of the event (de-
termined by its angular uncertainty) ait(x) is

the background pdf. The background pdf is deter-
mined by using the declination distribution of the
real data set.

The likelihood £ is defined as the product of all
individual event pdf's evaluated at the event and
source coordinates:

ﬁ(xsans) = H—Pi(xiaxsans)

The best estimate for the number of signal events
n is found by maximizing the log likelihood ratio
A with respect to the null hypothesis = 0:

B L(xg, M)
log A= log m

log A is the test statistic which determines the sig-
nificance of an observed deviation from the null
hypothesis.
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Figure 2: Distribution of data events in zenith
and azimuth after analysis cuts have been ap-
plied, compared with simulated atmospheric neu-
trino events. (Note: declinatioh= 6,., — 90°.)

Event Selection

Data in this analysis first passed two levels of fil-
tering to reject down-going muon events; these
filter levels are described in [1]. The remaining
events were reconstructed using a likelihood al-
gorithm that also provides an angular uncertainty
estimate by evaluation of the likelihood function
around the direction of the best fit. After filter-
ing, the main background is still mis-reconstructed
down-going muons and muon bundles from cos-
mic ray showers. To reduce this mis-reconstructed
background, a tight cut on each track’s angular un-
certainty was used, and only tracks which recon-
structed as up-going (zenith angle greater ¥

are kept in the analysis. A second cut on the min-
imum number of modules which were hit by di-
rect Cherenkov photons (as estimated for the re-
constructed track, using a time window efl5

to +75 ns around the expected arrival time) pro-
vides additional background rejection, primarily of
down-going muons from two different cosmic ray
showers which trigger the detector in coincidence
and reconstruct as a single upward-going event.
What remains after tight cuts on both of these pa-
rameters is the “irreducible” background of well-
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107 Ll A lination to a point source with differential flux

2 3 4 5 6 7 8 _ e . .

log,, Energy/GeV 42 = ®0(E/TeV)~2. Specifically,®? is the min-

imum source flux normalization (assumirg 2
spectrum) such that 90% of simulated trials result
in a log likelihood ratiolog A greater than the me-
dian log likelihood ratio in background-only trials
(log A = 0).

reconstructed upward-going atmospheric neutrino

events, the product of cosmic ray showers in the . . .
creasingly hard to reject near the horizon. Because

northern hemisphere. o :
. i . the cut optimization was performed using scram-
To determine the final cut values, the point source pag real data, this residue of mis-reconstructed

analysis was performed on simulated data sets, oents indicates that harder cuts, which could elim-
consisting of simulated source events added to realj5te these events entirely, would ultimately de-
data scrambled in right ascension. The cuts were . a5qe the discovery potent’ial.

optimized for discovery potential: the combination Th imuth distributi f dat d simulation i
of cuts which could detect the smallest source flux ', ¢ 2£/Muth distribution ot data and simuiation 1
also shown in Figure 2. The two directions corre-

at 5 o significance in 50% of the trials. For most . ; . )
possible source declinations and a range of spectraSpondlng to t.h? long axis of the.nlne.-strm_g Fietector
4% o [ for the rangey = 2 toy = 3) the are clearly visible. For other directions, it is more

g o o
optimal cuts were the same. difficult tc_> reconstruct tracks with high accuracy
and to reject background.

The effective area to an equal-ratio fluxigf + 7,
Data Sample is shown in Figure 3. In Figure 4, the sensitiv-
ity (median flux upper limit) is shown as a func-
Data taking occurred between June and Novem- tion of declination. The sky-averaged point-source
ber 2006. The detector livetime was 137.4 days. sensitivity to anE~—2 source spectrum ig% =
The zenith distribution of data events is shown af- 12 x 107! TeV~!em~2s~! (E/TeV) 2. The
ter final cuts and compared with simulated atmo- median angular reconstruction erroRi§°.
spheric neutrino events (using the spectrum pre-
dicted by the Bartol group[2]) in Figure 2. The
final sample is restricted to events with declination Results
less tharg5°, because the right-ascension scram-
bling technique for estimating background does The analysis consists of an all-sky point source
not work near the pole, where statistics are low and search, and individual point source searches using
the events cannot be scrambled. After cuts, there @ pre-defined source list. The result of the all-sky
are 233 events in the data sample, and 227 pre_search is shown in Figure 5. The maximum upward
dicted atmospheric neutrino events. The excess ofdeviation from background is at r.a 276.6°,

data events at low zenith angles is most likely mis- dec= 20.4°, with 3.35 o significance. This is con-
reconstructed down-going muons, which are in- sistent with random fluctuations: in simulations of

Figure 3: IC-9 effective area to a flux of, + v,
averaged over different declination ranges.
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declination

: 180
right ascension

Figure 5: Sky map of the significance][of deviations from background, estimated from the maximum
likelihood point-source search. (Black points are reaaeséd event directions.)

background-only data sets (data scrambled in right apparent with the 22-string configuration which
ascension), 60% have a maximum deviation (any- began operating this year. Continued software de-
where) 0f3.35 o or greater. velopment should also deliver more advanced track

Twenty-six galactic and extragalactic objects were reconstruction algorithms and background rejec-
included in the pre-defined source list. Of these, tion techniques. The current analysis can serve
the most significant excess over background was @S @ benchmark for evaluating the performance of
1.77 o, found for the Crab Nebula. This is also these new tools. Extrapolating the present rate

consistent with random fluctuations: the prob- Of growth, the lceCube Neutrino Observatory will
ability for at least one out of 26 source di- begin to deliver results of unsurpassed sensitivity

is 65%. The 90% confidence level flux up-
per limit for the Crab Nebula istz = 22 x

10-11 TeV-1 em~2 s—1 (E/TeV)—2. Acknowledgments

This work is supported by the Office of Polar Pro-
Discussion grams of the National Science Foundation.

Nine IceCube strings (out of a projected total of

80) were operating and taking data in 2006. Anal- References
ysis of this first year of data indicates that the
point-source sensitivity of the nine string detec-
tor is comparable to an equivalent livetime of the
AMANDA-II detector. This is a promising result,
given that the configuration of the nine-string de-
tector is far from optimal. For example, as seen
in Fig. 2, more than half of the well-reconstructed
events arrive from less than 10% of the full range
of azimuth. Therefore as construction continues,
enlarging the array will not only increase the de-
tector volume, but also greatly improve the angu-
lar resolution in all directions. This should become

[1] A. Achterberg et al. Detection of atmospheric
muon neutrinos with the IceCube 9-string de-
tector. Phys. Rey.D76:027101, 2007.

[2] G. D. Barr, T. K. Gaisser, P. Lipari, Simon
Robbins, and T. Stanev. A three-dimensional
calculation of atmospheric neutrinosPhys.
Rev, D70:023006, 2004.
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Abstract: In this analysis 3329 neutrino events detected by AMANDAMIFing the years 2000-2003
are analysed for anisotropies or unexpected structuréindrrival direction. The structures could arise
due to the presence of a signal from many weak and therefoesaired cosmic neutrino sources, a few
brighter sources or extended sources (e.g. a diffuse flu fhe galactic plane). The sky-distribution of
arrival directions (sky-map) is expanded in a series of gpakharmonics and the power in each multipole
moment is calculated. Compared to previous AMANDA-II asaly, it provides a new complementary
approach, in particular in the search for very weak indigidastro-physical sources. No excess from
extra-terrestrial sources is found. Statistical errorg/el$ as systematic errors related to the uncertainty
of the angular distribution of the atmospheric neutrinasarantified using the Feldman-Cousins unified
approach. Limits for contributions from extra-terredtsiaurces to the sky-map are derived as function of
the average source strength and the spectral index of thgyesigectrum for different sky-distributions:
weak sources isotropically distributed in the northern, Squrces located in the galactic and super-
galactic plane. The tested average flux per source variegebatd,,., = 5- 107 cm 257! and
bnign = 5-1071" cm™2s™! at the earth, assuming d1 2 power spectrum in the sensitive energy range
betweenl.6 TeV and1.6 PeV. The number of sources in the sky can be limited at 90% 1G.he less
than 3524 for the assumed,., and less than 28 fap g1, .

Introduction This reduces the field of view to the northern sky.

The final event sample consists 8f = 3329
There are several proposed candidate objectsmuon neutrino events. The measured data is recon-
which could be neutrino sources in the universe, structed and filtered as described in [1]. The back-
e.g. Active Galactic Nuclei, Supernova Remnants ground of miss-reconstructed down-going muons
or Micro Quasars. in this sample is below%.

A direct measurement of these neutrinos is not
possible. However, they produce high energetic Angular Power Spectrum
muons in charged current interactions. Which
points into the initial neutrino direction. The
charged muons produce Cherenkov-Light passing
through the deep ice at the South Pole. The emit-
ted light is measured with the AMANDA-II detec-
tor [1] using photomultipliers and the direction and
energy of the muon is reconstructed.

This analysis compares the angular power spec-
trum of the measured data to the background ex-
pectation of neutrinos produced in the atmosphere.
The data is expanded by means of spherical har-
monicsY;™ (0, ¢). The multipole index charac-
terises the angular scalé & = /) andm the ori-

The AMANDA-II detector was completed in 2000  entation of the angular structures. Smiatiorre-

and is taking data since then. This analysis USeSspond to large angular scales (e.g. overall sky-
4 years of AMANDA-II data (2000 to 2003, 807 gijstribution). Small structures appear at laige
days lifetime). The main background are muons (e g. angle between sources). Orientation averaged

produced in the atmosphere. To reject these eventsppservables are the multipole mome@is(power
only up-going events are included in this sample.
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components):
1 l
C=57 m;l lai"[%,
N _
at = /Sl;6<0i,¢i>nm<97¢>dﬂ-

Q) stands for the integration over the unit sphere.
The software GLESP [3] is used to calculate the
integral.

The accuracy of the calculated; values from
GLESP is limited by the event statistics. The ob-
tained values fo€’; which are expected to be zero
are found to be non-zero but to scale about as
C; ~ Cy/N and Cy is normalised tor. The
AMANDA-II point source resolution is abowt®
corresponding td ~ 60. An estimate for the max-
imum/ is provided by the mean angle between the
data points:29 mrad corresponding tb =~ 116.

A limitation for the maximunmni is derived from the
degrees of freedom. Thislis= 57 for 3329 events.

Correlations between the multipole moments due
to the limited aperture are taken into account in the
statistical analysis.

Data and Background Simulation

The angular power spectrum for the background
(atmospheric neutrinos) and different signals is es-
timated by simulations. Each simulated data set
has 3329 events (same as the experimental sam
ple) and contains atmospheric background as well
as signal events. The neutrinos are distributed ac-
cording to the angular acceptance of AMANDA-
II. This acceptance is energy dependant. The di-
rections of all simulated neutrinos are varied ran-
domly according to the angular resolution function
of AMANDA-II.

The simulation of the atmospheric neutrinos is
done according to their angular zenith distribution.
Theoretical uncertainties are considered by vary-
ing the assumed distribution randomly within it's
uncertainties for each simulated data set. For the
azimuth angle a flat distribution is assumed due to
the rotation of the detector.

Source neutrinos are simulated with a Poisson-
distributed number of events per source at the earth
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and an power law energy spectrum. The mean
number of events varies betwegn= 0.1 (corre-
spondingtop ~ 5 - 10713 cm~2s!) andy = 10
(corresponding t@ ~ 5 - 107! cm=2s71). ¢

is the integrated flux per source at the earth in the
sensitive range betwedn6 TeV and1.6 PeV as-
suming ank 2 energy spectrum. Source locations
are simulated isotropically distributed in the north-
ern hemisphere or located in the (super) galactic
plane.

Figure 1 shows the angular power spectrum for
atmospheric neutrinos compared with an exam-
ple spectrum for extra-terrestrial neutrinos. The
steep falling of the spectrum fdr < 6 appears
due to the restriction to the northern sky while the
flat tail corresponds to the statistical limitation of
GLESP (see above). Error bars are derived from
the RMS spread found for 1000 simulated and
analysed data sets. The tested multipole moments
C; for the analysis are chosen by simulation ac-
cording to their sensitivity for a certain signal [2]:
Cs3/5 for isotropic distributed sources with a flux
below¢ = 5-10~'2 cm~2s !, C,_4 for a higher
flux andC, _15 for the (super) galactic plane. For
weak sourcesy( < 1) using onlyCy 3,5 restricts
the sensitivity to the overall distribution of the neu-
trinos.

Experimental Result

The analysis steps have been optimised using sim-
ulation without referring to the data (blind analy-

sis). The angular power spectrum of the experi-
mental data is calculated in the same way as for
the simulated data. Figure 1 shows the result. The
experimental moments are generally within the er-
rors of the background expectation and no general
deviation is observed. For further analysis

dy = (C/™7 = Cy'™) Joy
is defined as the difference between measurement
and simulation normalised to the combined uncer-
tainty from statistics and the model dependence.
The average< d; > over! for the experimen-
tal data and the purely atmospheric expectation is
< d >=02+0.14withaRMS = 1.0+ 0.3.
The valueD? 2 d2 = 57.2 is calculated.
The probability to obtain a largep? is 7% (from
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Figure 1. Expected angular power spectrum for atmosphengrimos (black) and one signal example
(gray) (both from Monte Carlo Data) compared to the expenit@lespectrum (red dots). The example data
is simulated for 110 sources in the northern sky with a fluxgeemrces = 5.23 - 10~ cm=2s7!. The
error bars include systematic errors as described in the tex

the simulations). This is the probability for con- The limits on the number of neutrinos can be con-

sistency of experimental data and the purely atmo- verted to limits on the number of sources (fig. 2).

spheric expectation. It does not show a good agree-The number of sources is decreasing with increas-

ment. However, this probability does not reject the ing strength. The tested flux per source in this

purly atmospheric assumption. analysis is chosen to be below the flux limit for re-
solved source$ = 4.38 - 10~ cm~2s~! derived

- . _ by [1]. However, limits on the number of sources

Limits on Cosmic Contributions presented here depend on the assumed sky distribu-

tion of the sources and the equal source strength.

With this analysis further limits are derived [2].
Table 1 shows limits for other power law energy
spectra.The limit on a diffuse neutrino flug(?)
is about5 - 1077 GeV-'cm2s !sr !, Thisis a

The contribution of signal events in the experimen-

tal sample is tested by means of the observable
= Y d?. Upper limits on these are derived

by constructing confident belts according to [4] as

a function of the number of signal neutrinos in the factor 2 to 3 worse compared to the actual limit

data sample. set by AMANDA-II. A diffuse flux (E—27) from
The derived upper limits for an energy range from the galactic plane is limited to be belo@?7 -

1.6 TeV to 1.6 PeV and anE—?2 energy spec- d¢/dE < 3.4-107% GeV'7cm 2s'sr! with
trum are shown in table 1 and in flgure 2. The 90% C.L.. Cy 3 are sensitive to atmosphenc neu-
limit on the total number of Slgnal neutrinos in the trino oscillation. F|gure 1 shows no difference be-
data sample is almost independent of the sourcetween the expectation and the experimental result.

strength. We limit the contribution from isotrop- e derive a limitAm2,,,. < 5-1073 eV (90%
ically distributed sources to be less than about 300 C.L.) for maximum mixing.

events total and less than about 200 events for the

(super) galactic plane. As expected the results for )

the galactic and super galactic plane are nearly Conclusion

identical. The step in the limits for the isotropi-

cally distributed sources corresponds to the changeFor the first time the technique of a multipole anal-
in the used (see above). ysis, well known from CMBR, is applied to the
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Figure 2: 90% CL upper limits on the number of neutrinos frodmnaterrestrial sources in the data sample

(full'lines) and on the number of sources in the northern glagkied lines) for different distributions assum-

ing anE~2 energy spectrum. Complementary to this analysis the déestch for point sources excludes

any source above a flux gf= 4.38 - 10! cm~2s~! [1]. This restriction is indicated as the shaded region

in the graph.
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Abstract: We present here a method to search for clusters of high emenglyinos from pre-defined
directions, a study of the background rate over short tinagesc and report novel results obtained from
AMANDA data from years 2004 to 2006. The time structures warae for must indicate an occasional
deviation from the background hypothesis while not conttaty observations from time-integrated
searches. In the context of the multi-messenger approdurenthe information from high energy neu-
trinos and different electromagnetic wavelengths (e.igh lenergy gamma-rays) is combined, we look
for correlations between the high energy neutrinos and $iigtes ofy-ray emission of selected sources.
This test is performed before the cluster search in ordereegmt a posteriori findings of coincidences of
neutrino events with-ray flares once a significant cluster is found.

Introduction ~v-ray astronomy) [1]. This method however fails
when applied to short time scales due to the limited
Different observations of some candidate neutrino event statistics. To address this problem we devel-
sources indicate that their electromagnetic emis- oped a parametrization of the background which
sion is very variable and often shows a flare-like reduces its statistical uncertainty. In the next sec-
behavior. According to several models one can ex- tion we describe in more detail the principle of this
pect that the neutrino emission from those sources analysis, discuss its performance in comparison to
have a similar character. Time integrated analyses previous analyses and give results obtained on data
[1] [4] [3] are not always sensitive to this behavior: collected with AMANDA-II in 2004 to 2006.
if signal events are emitted in flares, for an equiva- The analysis presented here is realized in two steps.
lent signal efficiency the integrated background is In order to prevent a posteriori observations of
higher over longer exposures. We therefore devel- coincidences withy-rays we first test the event
oped a dedicated time variability analysis with the sample for a coincident-ray emission for those
goal of improving the discovery chance. sources and periods when theay data is avail-
Using a time-clustering algorithm, we look for able. The outcome of this test is declared posi-
time structures (clusters) in the time distribution of tive if an excess significance equal or higher than
the neutrino events from certain directions. This 5o is found. If in the first step none of the ob-
approach has the advantage of being independenservations shows a significance of ®r higher
of any a priori assumption on the time structure of (or if there are not enough-ray data for a coin-
the potential signal, but is affected by a high trial cidence study) we apply the time-clustering algo-
factor. An issue for this type of analysis is the re- rithm to the whole analysis period for a set of se-
liability of the background estimation over short lected sources. Three types of sources were cho-
time scales. So far the background was estimatedsen for this analysis: blazars, XRBs and radio laud
from the event density as a function of the decli- AGNSs [2]. The selection criteria required: a vari-

nation (similar to the ON/OFF-source approach of able character of the source in one or more wave-
lengths and indications of non-termal emission.
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NED DIRECTIONS

Time-clustered search for neutrino

bursts

For each preselected direction all combinations
(clusters) of the arrival time of events within a
certain angular bin are constructed. For each
cluster its multiplicity (n) is compared to the
expected backgroundg‘f) and the significance of
the cluster §y,) is calculated. The cluster with the
highest significanceS@;St) is chosen as the "best”.
The overall probability P, trial factor corrected)

to observe a cluster of significanS@;st or higher

is calculated based on 10,000 Monte Carlo (MC)
experiments. The main difference between this
analysis and what was presented in [2] is that in
this work no assumption is made on the duration
of signal flares. Moreover, a correct background
estimation over short time scales is necessary, in
order to properly calculate the cluster’'s signifi-
cance and its compatibility with the background
hypothesis. The method used previously in the
time integrated analysis [1] is simple and fast.
However due to the low statistics it is affected by
large uncertainties in a case of short time scales
(e.g. At < 10 days).

A different approach for a background estimation
has been developed for this work. We first tab-
ularise the detector up-time development. This
takes into account the inefficiency periods and
data gaps after the data quality selection. Once
corrected for the detector exposure we calculate
the expected neutrino rate from the whole northern
sky! by fitting the event rate versus time. We
obtained 4.130.13/3.74-0.13/4.3@:0.13 events
per day fi;,“") for 2004/2005/2006 respectively.
For each sky angular bin the number of expected
events in the whole data period (i.e year 2004,
2005 or 2006) is then calculated as:

Nband X Abin (15)
Nait X Apand

where: Ny.qa the number of events in the dec-
lination band in the sky defined by the bin size,
Ny, the number of all events in the sample for the
analysed yeard,,;, the area of the angular search
bin, andA;,..q the area of the declination band de-
fined by the size of the angular search bin. The
ratio Nyqna/Nay allows to account for the differ-
ent background density at different declinations.

loc year

Mbg = :ubg
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The result of equation (1) is what we expect when
we neglect the variation of the efficiency with the
azimuth angle caused by the asymmetrical shape
of the detector, (shown in 1) and assume a continu-
ous up-time. The variability averages out for long
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Figure 1: The normalized azimuth distribution of
the data sample reported in [1].

periods of data. However, it plays a role for very
short periods of integration. We therefore correct
the value estimated in equation (1) for the effec-
tive azimuth exposure, calculated for each individ-
ual time cluster. The correction applied is given
by the integral of the azimuth efficiency over the
time period of a cluster, taking into account the ef-
fective time coverage (up-time) of the azimuth bin.
The overall error in the background estimation is
a combination of a statistical uncertainty, the error
of the fit and the uncertainty introduced by the az-
imuth corrections.

A comparison of the outcome of this method to
previous results shows that for short time scales
the new method yields much smaller uncertainties
while for longer time periods they are in very good
agreement. For example fakt 3 days, we
could achieve in this analysis an error of 20% com-
pared to 30% in previous works.

Fig. 2 shows a study of the neutrino flare detec-
tion chance depending on the strength and dura-
tion of the signal. We produced about 10,000 MC
experiments simulating a variable neutrino point-
source of different signal strengths and durations,

1. We did not observe any dependency of the results
for different choices in the binning of the event rates or
angular regions of the sky (e.g. estimating the expected
rate for different declination regions).
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on a backgroundgs;,, characteristic for a chosen
region of the sky. Positions in the sky of the

on-source events were generated randomly, corre-

sponding to the Point Spread Function, while the

number of signal and background events were gen-

tion of neutrinos with high state of-ray emission
for a sub-sample of objects for whicprray data
for the years 2004 to 2006 are published. For each
selected source we established a flux threshold for
the selection of periods of interest. The number of

erated using corresponding Poisson averages. Weneutrino events observech,, - in the whole pe-

performed this study for the cases of fixed and vari-

riod was compared to the expected background -

able angular search bin size (chosen among the sefu;, - and the significance of this observation was

of angular distances of the events relative to the sky
positions of the pre-selected sources). We found
that the best detection chance is obtained with a
variable bin size.

The results of the cluster search for neutrino flare
for 2004 to 2006 are reported in Table 2.

7= 1.418630
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- At=5weeks
- At=10weeks
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Figure 2: Probability of detecting a neutrino flare
with a significance of 99.87% or higher in one year
of data (2004 in this example). The X-axis shows
the signal strength (mean number of signal events).
The curves indicate different time duration of the
signal (1, 3, 5 or 10 weeks).

Search for neutrino events in coinci-
dence with~-ray flares

Observations of strong variability in the high en-
ergy (TeV)~-ray emission exist for various TeV
neutrino candidate sources. However, often there
is no long coverage of their flux and also a very
limited knowledge exists on the frequencyefay
flares, as well as on their eventual time correlation
with neutrino flares. Nevertheless, a search for co-
incidences between high energy neutrinos and

rays can possibly increase the discovery chance.

calculated.

The threshold to the gamma-ray flux was chosen
based on an analysis of combined light-curves [5].
For each source we considered the integral flux
above variable thresholds (S) and optimized the
latter for the best S/sqrt(B), where B is propor-
tional to the time coverage of the periods above
threshold. We exclude periods of measurement
gaps longer than one week as well as periods with
upper limits on the flux only. In a case of Cygnus
X-1 only one day of significant measurement was
available so we took the sensitivity of the experi-
ment as the flux threshold.

The results of the search for neutrino events in co-
incidence withy-ray flares are reported in Table 1.
No significant excess was found.

Table 1: Results of the search for neutrino events in
coincidence withy-ray flares. Column "Selected
periods” give the year and integrated up-time of the
detector in days.

Source |Sel. periods Nobs | fibg

Mkn421 2004 (7.6)| 0/0.05#0.007
2005 (1.0)| 0 /0.006'4-0.0008

2006 (10.8) 0/0.078:0.009

Mkn501 |2005(21.1) 1/0.13:0.02

1ES1959+6502005 (0.95) 0/ 0.004G:0.0007

BL Lac 2005 (2.0)| 0/0.008t0.001

H1426+428| 2006 (3.0)| 0/0.018:0.002
Cyg X-1 2006 (1.0)|0/0.0070:0.0008

M87 2005 (4.7)| 0/0.033+0.004

Results

The input data sample for this analysis for 2004
and 2005 was taken from [1] and [3] respectively.
For 2006 we used the results of the AMANDA on-
line event reconstruction and filtering chain, which
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[1]. After excluding periods of IceCube calibration
with an artificial light source and selecting high
quality data we used 247.5/199.9/239.5 effective
days of data taking for the year 2004/2005/2006.
Table 2 reports the results of the cluster search
for neutrino flares for combined data sets of 2004,

between the high energy neutrinos and high states
of v-ray emission of selected sources. In both
cases no significant excess was found above
the expected background. To accomplish the
time-clustered search we have developed a new
background estimation method which allows to

2005 and 2006. The highest excess observed (forreduce the statistical uncertainties as compared

Cygnus X-3) corresponds to 3586 The overall
probability to observe a cluster of this significance
or higher at any time in the whole periods analyzed
equals 5.9% (not including the trial factors due to
looking on several sources) and is well compatible
with the background hypothesis.

Table 2: Results of the search for neutrino clusters:
durationAt [days], angular bin siz&1) [deg], sig-
nificance of the best cluster fouﬁtﬁ;st [o]and the
overall probability to observe a cluster of this sig-
nificance or higher at any time in the whole periods
analyzedP [%] .

Source At | Ay |Spest| P
Mkn 421 39 52| 1.6 [95.0
Mkn 501 26.5| 4.8| 3.2 |14.5
Mkn 180 0.35| 2.2|2.92|30.0
1ES 1959+65(0 11.2| 2.8 | 2.82(29.0
1ES 2234+514 42.2| 3.4 | 2.7 |35.0
1ES 1218+30.4 5.0 | 6.0| 1.4 |95.0
BL Lac 51.6| 4.6 | 2.45|46.0
H1426+428 | 4.4 | 5.2| 1.5 [92.0
3C 66A 7.7 | 5.0|2.45(44.0
3C 454.3 8.1 |4.8| 2.7 |33.0
GRO J0422+32 19.5| 5.8 | 1.75(90.0
GRS 1915+150 94.4| 2.0| 3.2 | 8.4
LSI+61303 | 0.2 | 45| 2.9 |31.0
Cyg X-1 27.5|6.37| 3.2 |15.0
Cyg X-3 8.8 | 4.3|3.56|5.9
XTE J1118+48() 31.1| 4.5 | 2.25|64.0
3C 273 194.5 6.1]2.88] 9.1
M87 11.1|16.6| 2.0 |69.0
Summary

We have presented the first search for neutrino
flares from pre-selected sources in AMANDA-II
with no a priori assumption on the time structure
of the signal. In order to prevent a posteriori
findings of coincidences withy-ray flares a
pre-test was performed, to look for correlations
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to the classical ON/OFF-source approach. The
method here presented also properly takes into
account the effects due to the detector asymmetries
arising from a non-homogeneous detector. This

approach becomes relevant when analysing data
for IceCube, a detector under construction with

a non-homogeneous distribution of the strings

before completion.

Acknowledgments We thank the Office of Polar
Programs of the National Science Foundation, DESY
and the Helmholtz Association, as well as MAGIC,
HESS and VERITAS Collaborations which provided us
with the necessary VHE-ray data.

References

[1] A. Achterberg for the IceCube Collaboration.
Phys. Rev. D accepted for publicatja2007.
arXiv:astro-ph/0611063.

[2] M. Ackerman et al. for the IceCube Collabora-
tion: Contributions to the ICRC, Pune, India,
Aug. 3-10. pages 24-27, 2005.

[3] J. Braun et al. for the IceCube Collaboration:
Contributions to the ICRC, Merida, Mexico,
Jul. 3-11. 2007.

[4] C. Finley et al. for the IceCube Collaboration:
Contributions to the ICRC, Merida, Mexico,
Jul. 3-11. 2007.

[5] M. Tluczykont et al. J. Phys.: Conf. Ser.
60:318-320, 2007.



THE ICECUBE COLLABORATION

30TH INTERNATIONAL CosmIC RAY CONFERENCE

S E RN P ST

All-Sky Search for Transient Sources of Neutrinos Using Fie Years of AMANDA-II
Data

RODIN PORRATA! FOR THEICECUBE COLLABORATION
LUniversity of California at Berkeley, Department of PhysiBerkeley, CA 94270, USA
porrata@berkeley.edu

Abstract: Up to now, analyses of AMANDA data have been limited to seesdor diffuse astrophysical
sources, time-integrated searches for point sources, eardhes for flares and bursts from preselected
sources (AGN and GRB) over very limited timescales. Howewaiti-wavelength studies have shown
that AGN and GRB emissions generally occur in exponentiaé$lar bursts with strengths that can be
much greater than that of the corresponding quiescent Emjsand that the timescales for these violent
outbursts can vary from milliseconds to months. Therefare,are performing an all-sky search for
transient sources of neutrinos with AMANDA data taken frdra years 2000 to 2004 [1], surveying the
largest range of timescales for which an improved signabisaratio can be obtained. In this report we
describe a new analysis technique that utilizes an unbitwegboint correlation function which separates
pairs of signal events from the atmospheric neutrino bamkg by taking into account the probabilities
for observing the given spatial separation, time separagod total number of hit channels (NCH) of
the events given both signal and background hypothesesiefdhortest timescales probed, this analysis

achieves a differential fluence sensitivitf® = (t2)” %, to flaring FR-I galaxies that is almost a

factor of three better than the 5-year stacked point sownsitivity, assuming a spectral index,= 2,
and aF,,+s,/F..+o, flavor ratio of one. If they produce events in the detectorllaflaences from

such sources must be critically close to the detection loldsto avoid having been observed in other
surveys, thus a pair search could provide the earliest tilmtexf astrophysical neutrinos.

Introduction trino triplet will be counted as 3 pairs, with com-
parable significancé.

Studying the space-time-energy properties of pairs

of neutrinos has several advantages over otherthe Time Variability of AGN and GRB

methods of searching for astrophysical sources.

1. We can search the whole sky for astrophysi- |n  summary, the activity of AGN and

cal sources_in disregard of the scarcity c_>f mul_ti— GRB [2][3][4][5][6][7][8], the primary astro-
wavelength information that could potentially aid physical candidates associated with theorized
such a search, allowing the possible detection of hadronic processes inducing neutrino emission,

source classes that are dark at other wavelengthssuggests that we could observe astrophysical
2. Since the search utilizes the energetic informa- neutrinos arriving in bursts with almost any
tion that can be inferred from NCH data, it uses the jmaginable time difference. We assume that on
same advantage that a diffuse search does to ob4 logarithmic scale, flare timescales are uniform.
serve a faint astrophysical signal, however, unlike ———

a diffuse analysis, correlated event searches are un-an%j- Jsfla?)st)?:c?; F\)/Siil?tbseog;erse;vsig ?;lletnhtiss D:rf‘ ;Ogir:eas
.aﬁecte.d. by a Charm component. 3. If the number. N, = ;VSNJE(Ne —-1)/2 pairz, e.g., ifa source Iikg Mrk

is sufficient, a pair search has the greatest S€NSI-421, for which there is 7 events observed in the inte-
tivity to detect very weak classes of astrophysical grated point source analysis, emits those neutrinos on a
point sources, and is more powerful than search- timescale less than one day, then it will appear in this
ing for other multiplicities, e.g., pairs probe 84 % analysis as 21 pairs — a situation that has a chance better

more space than triplets, while if present, a neu- tan 50 % of producing a b-discovery.
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However, considering the differences in the mospheric neutrino spectrum. Times are sampled
astrophysical processes over different timescales,from a list of all possible detector on-periods for

the pair search is separated into searches overthe entire 5 year analysis. Having obtained a map
several different timescales based upon the classeof the ZEN, AZ, and time of the events according

of objects that might be observed. Tab. 1 lists a to the efficiencies of the detector, the RA is calcu-

possible way to construct the search categories.lated using the transformation

Optimization of the search strategy and calcu-

lation of the significance of the search results is ~ RA = (MJD - 24.06571 - 15 — AZ)%360

conducted separately for each search timescale. which is valid for a pair analysis performed on data

obtained at South Pole. MJD is the Modified Ju-
lian Date. This method, comparabledect inte-
gration [10], keeps all detector efficiencies intact,
while producing a randomized sky-map of the data
that is complete.

Flare Category T, /T,

GRB/TeVSN/TeVAGN 1s/2hr
GRB afterglow/ TeV AGN 2 hr/ 3 dy
Large scale AGN flare 3/30dy

Table 1: Timescales over which we will search

for various astrophysical categories: (1) category

of objects, (2) minimum/maximum time between Search Technique
events (1/T,,), (3) label for this discussion.

O m@>rr

All pairs of neutrino events are compared. For

each pair that falls within the minimum and max-
Constraints and Background imum time differences given by the search class

(see Tab. 1)( is calculated and if its value sur-
The diffuse analysis [9] imposes the most stringent passes a predetermined threshgld the count of
limit on the total number of neutrinos from all as- observed events is incremented. Once the tally
trophysical sources integrated over the entire sky is complete, the significance of the observation is
that could possibly be observed. For the 2000- determined using the Poisson p-value. To derive
2004 point source dataset, this translates-t80 ¢, consider the likelihood ratio for thih pair of
neutrinos assuming an source spectrum. We events:
have _used this numper as the maximum number of , P(NCH;|S) P(log,[At:]|S) P(1]S)
neutrinos that we simulate for any of the source Ri= P(NCH,|B) P(log,0|AL][B) P(ur[B)
classes we consider.

While studying the response of the detector to Where:

background and potential astrophysical sources, P(NCH;|B) - The probability distribution for
the time-integrated point source analyses are ableNCH, given a pair of background events. This is
to average the detector efficiencies over time obtained by calculating the distribution of all com-
and right ascension (RA). However, this analysis binations of NCH values from the data itself. Be-
probes the detector down to timescales of a sec-fore this distribution is calculated, the values are
ond or less, so it can be strongly affected by the standardized across 8 different declination bands
asymmetries of the detector. A new method of by subtracting the median of the distribution and
randomizing the data was developed that properly dividing by the inter-quartile difference, both dec-
takes into account the asymmetries in the com- lination dependent quantities. The standardization
bined zenith (ZEN) and azimuth (AZ) distribution process removes to first order the geometric com-
of events, the preferential occurrence of NCH val- ponent of the variation of NCH values as a function
ues from certain AZ and ZEN directions, and the of ZEN, leaving the spectral energy dependence in-
granularity of the detector on-periods. The ZEN tact.

and AZ of background events are sampled from P (log,oAti|B) - The distribution of the logarithm

the data itself and a smearing function is applied. o ime differences of background pairs of events.
The smearing function, determined by MC, is the Thjs is obtained by fitting time differences of the
point spread function of the detector given an at- 4aia from 0.001 to 30 days with a power law. The
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result of the fit give® (log,,[AT]|B) oc AT, oo P N 1
This is in agreement with expectations that it *g | a )/ = \/\\'.__.

should increase proportionally with the time dif- 8 | ™ "' ANV \po dos
ference. The fit is used to obtain the probability of <10 - i ! 'l VRN Y

observing pairs of events that occur 0.01 days apart % g N Y

or less. For longer timescales the randomized time g, ,' N '\ ‘i\ it 406
distribution is used directly. Syl R AN VL o
P(¢;|B) - The probability of observing a given @ , I \ ) Y los 8
spatial separation of background events ~s ' BRI o
Pug Sin1Y/2, wherep,, is the local spatial density 01 H / R Y ?U
of background events. Since the background does i J o028
not vary too quickly, and since an average over i / "\._\_\ 3 &
all directions is obtained when moving away from 0.01 A | | ') E
the point in question, this approximation is good 1 2 3 4 5 6
enough. {~threshold

P(NCH;|S) - The probability distribution for ~ Figure 1:Preliminary probabilities for (from top
NCH given a pair of signal events. This is obtained 0 bottom) 3, 4, and % detections are plotted
from source MC, weighted according to ar®E  (units on r.h.s.) for a 2 hour search as a function
spectrum. This probability distribution is standard- ©f cuton¢. The monotonically decreasing curve is

ized using the same quantities used to standardizeth® expected counts from background only. The
P(NCH|B). time distribution of the signal is logarithmically

uniform, 5.5 source pairs pérg;,(AT/Days) ex-

P(log,oAt;|S) - Based upon reviews of AGN and tending from 10 seconds fo 2 hours.

GRB activity, the central assumption of this work
is that the distribution of flare/burst timescales is

the scale invariant Jeffrey’s prior [11], i.e.can-  cylated. Then the median signficance is calculated
stantfor logarithmically sized bins. from the set of experiments and this is used to de-
P(v¢5|S) - The probability of observing a given termine the best evidence threshold. For a search
separation in space of a pair of signal events from for GRB-timescale flares (A in Tab. 1), where the
the same source. This is obtained from source MC signal consists 0f-16 sources distributed isotropi-
data, weighted according to amEspectrum. The  cally on the sky and distributed log-uniformly from
PSF takes into account both the intrinsjc — 10 seconds to two hours, each source contributing
mismatch angle and the mismatch angle betweentwo events to the dataset, the expected background
the reconstructed muon and its true direction. Note is plotted in Fig. 1, as are the 3, 4, andr5de-
that the PSF is evaluated at an angle,which is tection probabilities. Here it is seen that ther5-
half the separation anglé, between the events. detection probability is maximal @ = 3.6 where

According to the Neyman-Pearson Lemma, the its value is better than 80%.
quantity,(; = log,(LR;), represents one of the

best poss@le ways pf utilizing all th.e mformauon Results and Conclusions
we have discussed in order to provide evidence to
decide whether théth pair of events is an obser-
vation of signal or background. The choice of the
value of (. is optimized in the following manner: _o  Jigo g
The analysis is run on 10,000 simulated experi- FrL= ", Fs

ments with pure background and 1000 simulated

experiments that contain a small amount of simu- whereF? is the normalization constant on the dif-
lated signal. For each experiment, the background ferential fluence (the differential flux integrated
and signal pairs are counted as a function of the cut over the duration of flaring events) of the sig-
on ¢ and the significance of the observation is cal- nal model studiedn, is the number of neutrino

The fluence sensitivity is given by
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events that would be observed given such a flu-
ence, andigg is the Feldman-Cousins average
upper limit given the background and no source
events [12]. For classes of objects with more
than one member,, is the sum of contributions

from each. Preliminary differential fluence sen-
sitivities, as well as detection probabilities, are
presented in Tab. 2 for two classes of objects
that meet the requirements of the diffuse anal-
ysis. In Fig. 2 we plot the differential fluence

Cat[N; [N, FY IPs_o
A [20] 2 [0.78[2.70/ 99.6

B |27 3 |0.44/8.2| 86

Table 2:Preliminary differential fluence sensitiv-
ities and detection probabilities for representative

ET

0.01 )

0.001 |

.
-

0.0001 - e .
i 1 1 1 1 1 1 1 -|-"
W=1 2 3 4 5 6 7 8 9 10

[o]

source classes: (1) Category of objects, (2) no. of Figure 2: Preliminary fluence sensitivities for
sources, (3) no. of neutrinos per source, (4) signal Cat. A objects characterized hy and y,. The

efficiency, (5)v, + v, fluence sensitivity in units
of 10~* Tev—! cm~2, (6) 5 detection probabil-
ity (%), excluding ourN = 4 trials factor.

curves, from top to bottom, are far=2toa =0
in steps 0f).25, assuming:. = 50.
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Abstract: Kilometer scale neutrino telescopes are now being cortstiuiceCube) and designed
(KM3NeT). While no neutrino flux of cosmic origin has beenadigered so far, the first weak signals
are expected to be discerned in the next few years. Multsereger (observations combining different
kinds of emission) investigations can enhance the disgasteaince for neutrinos in case of correlations.
One possible application is the search for time correlatmhigh energy neutrinos and established sig-
nals. We show the first adaptation of a Target of Opporturtittegy to collect simultaneous data of
high energy neutrinos and gamma-rays. Neutrino eventsamidthdinates close to preselected candidate
sources are used to alert gamma-ray observations. Theidateta positive coincidence can enhance
the neutrino discovery chance. More generally, this schehaoperation can increase the availability of
simultaneous observations. If cosmic neutrino signalsbeaestablished, the combined observations will
allow time correlation studies and therefore constraimshe source modeling. A first technical im-
plementation of this scheme involving AMANDA-1I and MAGICak been realized for few pre-selected
sources in a short test run (Sept. to Dec. 2006), showingetwability of the concept. Results from this
test run are shown.

Introduction reducing the trial factor penalty arising from ob-
servation of multiple sky bins and over different
The major aim of neutrino astrophysics is to con- time periods. In a longer term perspective, the
tribute to the understanding of the origin of high multi-messenger approach also aims at providing
energy cosmic rays. A point-like neutrino signal a scheme for the phenomenological interpretation
of cosmic origin would be an unambiguous sig- of the first possible detections. The Antarctic
nature of hadronic processes, unlikeays which ~ Muon and Neutrino Detector Array (AMANDA)
can also be created in leptonic processes. Neutrinowas built with the aim to search for extraterrestrial
telescopes are ideal instruments to monitor the sky high energy neutrinos [2]. The Major Atmospheric
and look for the origin of cosmic rays because Gamma Imaging Cherenkov telescope (MAGIC)
they can be continuously operated. The detec- is a current generation-ray telescope that oper-
tion of cosmic neutrinos is however very challeng- ates in the northern hemisphere at a trigger energy
ing because of their small interaction cross-section threshold of 60 GeV [5].
and because of a large atmospheric background.
Parallel measurements using neutrino and electro-Neutrino Target of Opportunity test run

magnetic observations (multi-messenger) can in- i i
crease the chance to discover the first signals by TN€ neutrino target of opportunity (NToO) test run
described here was defined as a cooperation be-
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tween the AMANDA (neutrinos) and MAGICy¢
rays) collaborations [3]. Each time a neutrino event
was detected from the direction of a predefined list
of objects, a trigger was sent to theray tele-
scope. MAGIC then tried to observe the object
within a predefined time window after the neutrino
trigger. The primary goal of the NToO approach
is to achieve simultaneous neutrineray observa-
tions. This can be realized by triggering follow-up
observations of interesting neutrino events, such
as multiplets within a short time window or very
high energy events, therewith assuringay cov-
erage for these neutrino events. Multiplets are very
seldom in AMANDA-II observations (low statis-
tics). We therefore implemented a test run based
on single high energy neutrino events from pre-
defined directions. These events are most likely
due to atmospheric neutrino background. The test
run took place between 27th of September and 27th
of November 2006 and its purpose was to test the
technical feasability of the NToO strategy. The
AMANDA-II DAQ data at the South Pole passed
through an online reconstruction filter that selected
up-going muon tracks and provided a monitoring
of the data quality. Whenever a neutrino event was
reconstructed within a few degrees of one of the
selected sources and passed the data quality crite
ria, a message was sent via e-mail to the MAGIC
shift crew. The message contained the time of the
event, the source name and the reconstructed angu
lar distance from the source. If possible (day/night
duty cycle), the object was then observed with the
MAGIC telescope within 24 hours for a duration
of 1 hour. A coincidence is counted whema

ray high state (flare) is measured in these observa-
tions. A~-ray flare can be defined as an observa-
tion above a predefined threshold fli&k,,.. The
individual thresholds were chosen either based on
the MAGIC sensitivity or in case of Mrk421 to a
conservatively low value for which the probability
to observe a high state as defined above would be
of the order of few percent.

An example analysis: Blazars

of neutrino events in coincidence with gamma-ray
high states can be an indication for a neutrino/
ray correlation. If this correlation is incompatible
with the chance probability for coincidence with
atmospheric neutrinos such an observation would
be evidence at the same time for a cosmic origin
of the neutrino events and a hadronic nature of the
gamma-ray signal. In this scheme for the inter-
pretation of data a statistical test was defined be-
fore the measurements. Under the hypothesis that
all the neutrinos detected from the direction of the
source are atmospheric, the chance probability of
detecting at least,,s heutrinos and observing at
leastn., coincident gamma-ray flares is given by:

S

1=MNobs

i

>

J=ny

P — (ank)l e—nbck l'
i!

)
(16)

where the first term describes the Poisson prob-
ability of observing at least,,s neutrinos with
npck €xpected background events, and the sec-
ond term describes the probability of observing
at leastn., coincident gamma-ray flares out of the

J > nobs triggers. p, is the probability to observe

a gamma-ray high state above a certain threshold
Fyp,- within a given time window. P defines the

post-trial significance of a set of coincidences ob-
served from one source. Trial factors to account
for the number of sources considered can be eas-
ily included using Binomial statistics. For illustra-
tion of Equation 16, let us assume that we observe
nebs = 10 neutrinos with a background expectation
of npe = 10. In itself this measurement would
not be significant. However, if coincidences with
~-ray high-states are observed the significance in-
creases as shown in Figure 1 for differentay
probabilities. So far, limited knowledge is avail-
able onp, . Efforts are on-going to address the
issue of estimating an upper limit gn, for a few
interesting sources, from a compilation of gamma-
ray observations [6] and from random or long term
monitoring observations (e.g. performed by the
VERITAS and the MAGIC telescopes). We notice
that a compilation of existing data is likely biased
from the availability of measurements triggered by

A stand-alone neutrino analysis can only yield a pjgh states of emission observed at different wave-
significant result if an excess above the expected lengths, which would tend to give an overestima-

atmospheric background is observed. In the multi- tion of 5, and therefore an underestimation of the
messenger framework, the observation of a numbergjgificance of the coincidences. The probability
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ntegral 432
X2/ ndf 49.62145
Constant 4.144 +0.126
Slope -1.043 £ 0.090

Significance [c]
# observations

! Cosincid%nt h7igh-s%atesgNy s FVHlEO>30016.2eV [Cerab]
Figure 1: Significance of simultaneous Figure 2: Distribution of flux states above 300 GeV
neutrino/gamma-ray observations vs. the number of 15 years of VHE observations of Mrk 421 [6].
of observed coincidences, given for different
values ofp, (Equation 16). Herep,ps = npek = 10 R
was assumed.

6

1

Relative high-state rate of Mrk 421
i

1

1

10"

p~ IS, on average, equal to the average high-state

rate of an object. One method for the estimation 107
of the high-state rate is based on the flux frequency

distribution of the object, shown in Figure 2 for L ,
Mrk421. This distribution can be interpreted as a PosTT s T Es e s "B Crab]
stochastic flux-state distribution and can be well fit Figure 3: High-state rate calculated by applying
by an exponential. The high-state rdtg s (Fip.-) equation 17 to the fit of the distribution of fluxs-

above a thresholdy,,. is then given by tates in Figure 2.
foo ebdy bFipr
Rizs(Fipy) = —odr S (17) :
HS\Fthr] = [ ebede b known or expected to be variable were chosen for
0

the test run. Other criteria are the minimal im-
where F; is the baseline flux of the object and pact on the scientific plans of MAGIC and the

b is the slope of the flux distribution. The rel- possibility to efficiently organize the independent
ative high-state rate of Mrk421 as derived from observation plans. Target sources are therefore
this formula is shown in Figure 3 as a function preferably selected among those which are al-
of the chosen thresholfl;;,. Due to the bias to  ready included in the scheduled observation pro-
high states of the available Mrk 421 observations, gram (MAGIC). Further criteria are their potential
the high state rate is systematically overestimated for high-energy neutrino emission, good visibility
here. These results will be described in detail in for MAGIC during the time period of the test run
[6]. The estimation fomp. can be used in Equa- (September—December) and previous detections at
tion 16 in the case of Blazars, for whighray data  high-energyy-rays or high probability fory-ray

exist and long-term lightcurves have been com- emission. Sources meeting these requirements are
piled. The expected background rate is the rate of Blazars and X-ray binaries. For these sources the
atmospheric neutrinos in the sky bins around the |evel of correlation between high energy neutri-
selected sources. Depending on the source decli-nos and gamma-rays can be different under differ-
nation and on the choice of the bin size, this rate ent scenarios (see for example the cases discussed
ranges from about 1 to 4 events per year and perin [7]).

source based on the AMANDA-II event informa-
tion and according to the current scheme of event

reconstruction and selection [1]. Results and Interpretation

During the two months of data taking for the NToO
program a total of 5 neutrino event triggers were
initiated by AMANDA-II and sent to the MAGIC

observatory. In two cases follow-up observations

List of selected sources

The first criterion for the selection of sources for
the NToO test run is their variability. Only sources
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A R g

q & 4 U s
Mok 0.86 1.26 0.99 0.92 151
Nobs 0O 1 1 0 3
Follow ups 0 0 1 0 1
n. - - 0 - 0
Fuy,[CU] 02 02 05 1.0 4.0
D - - - <015 <0.05
P, T0 0.7 06 1.0 0.2

Table 1: List of selected sources for the NToO
test run. Given are preliminary numbers for ex-
pected {, ) and observedr{(,,s ) neutrino trig-
gers, the number of observed coincidences)(
the~-ray high-state probability and the probability
P, for observing,,s neutrinos or more. The error
onny is typically 0.1.

were performed with the MAGIC telescope last-
ing for 1 hour each. For the remaining 3 triggers,
the source was not observable with MAGIC within
24 h following the trigger due to unfavourable as-
tronomical, moon or weather conditions. In Ta-
ble 1 the individual neutrino event counts,s are
given along with the number of expected neu-
trino background events,,. , the number of co-
incident observations with MAGIC, the number
n~, of observed coincident-ray flares (as defined
above) and they-ray flare probabilityp, derived
from Equation 17. The MAGIC follow up ob-
servation data has been analyzed with the stan-
dard MAGIC analysis chain [4]. The sensitivity
of MAGIC is sufficient to detect g-ray flux level

of 30% Crab Units (C.U.) with 5 sigma signifi-
cance within 1 hour. It is therefore enough to de-
termine whether the 2 triggered sources Mrk421
and 1ES2344 were in flaring state (according to
the definition of flaring state in Table 1) during the
NToO observations. The analysis yielded an upper
limit for 1LES2344 (16% C.U.) and a low flux state
for Mrk421 (30+10% C.U.). No coincideny-ray
flaring state has thus been observed.

Discussion and Perspectives
The NToO strategy was implemented in a test run

involving the AMANDA-II and the MAGIC tele-
scope for a time period of two-months. No coinci-
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dent events have been observed during this test run.
However, the technical feasibility of a NToO strat-
egy was successfully tested. The neutrino trigger
information sent via e-mail has initiated follow-
up observations, whenever the sources were visible
and the weather and astronomical (moon/sun) con-
ditions allowed the operation of the MAGIC tele-
scope. At the end of the test run, a different com-
munication infrastructure was also implemented,
based on a test client/server connection, which al-
lows the queuing of follow-up observations using
a similar pipeline as that already used by MAGIC
to follow-up GRB alerts. Perspectively, different
event selections will be developed for IceCube.
A search for multiplets with pre-defined signifi-
cances will provide a means for the selection of
flare-like neutrino events. Furthermore, work is in
progress for the analysis of high-energy neutrino
events with the IceCube 22-string detector (2007)
and with extensions in subsequentyears. These an-
alyzes will possibly be implemented in an IceCube
NToO program in 2008.
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Abstract: We present a summary of AMANDA results obtained in searcbeadutrinos from Gamma-
Ray Bursts (GRBs). Using simulations, we show how the Ic&Cdistector, which is currently being
constructed at the South Pole, will improve the sensitieftthe search. In order to improve the prospects
for detections of gamma-ray dark bursts (e.g. choked Questsvell as core collapse Supernovae (SNe),
we discuss a novel follow-up scheme of high energy neutnrents from IceCube. Triggered by neutrino
events from IceCube, a network of small optical telescopaneant to monitor the sky for SNe rising
lightcurves and GRB afterglows. The observing program tired and its status discussed.

Introduction malization of 1.35%10~% GeV cnt 2 s7! sr ! at

1 PeV at the Earth for all neutrino flavors com-
GRBs have been proposed as one of the most plau-bined, a break energy of 100 TeV and a syn-
sible sources of ultra-high energy cosmic rays [12] chrotron break energy of 10 PeV. Finally, we as-
and high energy neutrinos [13]. In addition to be- sume that the Waxman-Bahcall GRB model corre-
ing a major advance in astronomy, detection of sponds to 670 GRBs per year over the full sky re-
high energy neutrinos from a burst would pro- sulting in an average neutrino fluence per burst of
vide corroborating evidence for the acceleration of Fyurst = 1.3 x 107° erg/cnt for all flavors com-
ultra-high energy cosmic rays within GRBs. It has bined. However, it should be noted that fluctua-
been noticed that so-called long GRBs are often tions in the characteristics of GRBs, notably red-
accompanied by SNe type Ib/lc [6]. The preva- shift andy-ray fluence, lead to significant fluctu-
lent interpretation is that the progenitors of these ations in the expected number of neutrinos from
SNe and GRBs are very massive stars that undergoburst to burst [8].
core collapse that leads to the formation of a black |ceCube is a high energyE( > 1TeV) neu-
hole. The material accreted by the black hole can trino telescope currently under construction at the
form highly relativistic jets which then produce the  South Pole [9]. When completed, the deep ice
observed burst ofi-rays and accelerate particles component of IceCube will consist of 4800 dig-
to high energy. The connection between SNe and ital optical modules (DOMs) arranged in up to
GRBs has inspired the speculation that a fraction 80 strings frozen into the ice, at depths ranging
of core collapse SNe which do not lead to GRBS from 1450 m to 2450m. Each DOM contains a
may still be the source of TeV neutrinos [4]. photomultiplier tube and supporting hardware in-
For the purposes of establishing the sensitivity of side a glass pressure sphere. The total instru-
IceCube to GRBs we will use the Waxman-Bahcall mented volume of IceCube will be 1km®. The
GRB [13] model as a benchmark. We will as- DOMs indirectly detect neutrinos by measuring
sume a flavor flux ratio of 1:1:1 at Earth moti- the Cherenkov light from secondary charged par-
vated by neutrino oscillations. We use a flux nor- ticles produced in neutrino-nucleon interactions.
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AMANDA-II [5], now integrated in IceCube as a
sub-detector, was commissioned in the year 2000
and consists of a total of 677 optical modules.

bright nearby GRB is key for the detection of neu-
trinos, the ideal satellite has a very large field of
view (FoV). GLAST's FoV is~9 sr and Swift's

These are arranged on 19 strings with the sensors at~1.4 sr. In our calculations we assume a yearly

depths ranging from500 m to 2000 m in a cylin-

der of 100 m radius. Its instrumented volume is
about 70 times smaller than that of the deep ice
component of IceCube.

The two main channels for detecting neutrinos
with IceCube and AMANDA are the~-induced
muon and the-induced cascade channels. For the
muon channel the detectors are mainly sensitive to

up-going muons as the Earth can be used to shield

against the much larger flux of down-going atmo-
spheric muons. Searches for neutrinos from GRBs
in the muon channel benefit from good angular res-
olution (~ 1° for £, > 1 TeV) and from the long
range of high energy muons. For cascade channel
the detectors are sensitive to all neutrino flavors
through various interaction channels. Here, anal-

S

detection rate of 200 GRBs by GLAST which are
distributed uniformly over the sky. lceCube can
be operated while being built. By the end of 2008
the accumulated exposure will be 0.75 %y,
1.3 kn?-yr by 2009 and 1.9 kryr by 2010. Ice-
Cube is currently taking data with 22 strings.

IceCube sensitivity to muon neutrinos

In order to calculate the sensitivity of the IceCube
detector to muon neutrinos from GRBSs, bursts are
simulated uniformly distributed over the northern
sky. Each burst is assumed to produce a muon neu-
trino fluence ofl /3 Fy,...s¢. The muon neutrino ef-
fective area as a function of neutrino energy and
zenith angle is obtained from a full Monte Carlo

ses benefit from good energy resolutien.1 in ) o2 ) . .
y g g9y Q simulation including a detailed ice and detector

log,, F) and from 4 sr sensitivity to high energy . . ) R )
nel}'?rinos. The number of expected detected eventss'mmat'on' Displayed in Fig.11s the efiective area

can be calculated by convoluting the neutrino flux ii;:'ggﬁirtrl]e;ﬁélzz :bgjgjl(()ﬁpoéoei:g;geyu'?r\i/necgz)ged
® with the corresponding effective neutrino area . 3 '
Aeft: P g Past searches with AMANDA [2] have shown that

25-75% efficiency can be obtained with respect
to trigger level once selection criteria are applied
to data in order to remove the down-going muon
background. IceCube has the potential of even
higher efficiency. Thus we consider trigger level

Searches for neutrinos in coincidence with GRBs effective area representative (upper limit) of what
have been conducted with the AMANDA detector the detector will be able to achieve.

in the muon and the cascade channels. The mMuoNThe parrow constraints on the position and the tim-
search was performed on over 400 bursts reporteding of neutrinos from a GRB combined with the

by BATSE and IPN3 between 1997 and 2003 [2]. 504 angular and time resolution of IceCube lead

Additionally, a dedicated search for neutrinos in ;, 5 very low expected background. For this first
coincidence with GRB030329 was performed [11]. gensitivity estimate we therefore assume a back-

do

E.0
dE(?)?

Neyis =T / dQAEAT(E, 6) (18)

whereT is the observation time.

Using the cascade channel, one analysis [3] fo-
cused on 73 bursts reported by BATSE in 2000

and another analysis searched for a statistical ex-

cess of cascade-like events during a rolling period
of 1s and100s for the years 2001-2003 [3]. So
far no evidence for neutrinos from GRBs has been
found. With the muon search the 90% c.l. limit set
by AMANDA is 1.3 times higher than Waxman-
Bahcall’s prediction as defined above.

The main source of GRB data to be studied by Ice-
Cube will be GLAST, but also other satellites, e.g.
Swift, will contribute. Since finding an unusually
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ground free observation.

In the following we estimate the number of GRBs
required to reach the GRB flux predicted by
Waxman-Bahcall and exclude it at 99.73% C.L.
(30). With the observation of no events and a mean
expected background of zero events the Feldman-
Cousins method [7] yields an event upper limit
of 6.0. In order to reach this number about 70
bursts in the northern hemisphere must be observed
which can be expected after about 1 year of opera-
tion of the full detector.



THE ICECUBE COLLABORATION

o < r
12—
E10E ST
5, F 8 [o
< § 1
21— g r .
10°E S 08 singlet
= S F o o
L o [e o o
[ C06; O ] o o
10 g “F ® o o
E 3 « * ° e o
= C .
B 20-4, doublet *
1 C
E 0.2~
r C 1 P R E S B RS IR
L S R S R AR 00— 08 06 04 02 0
4 5 6 7 8 cos(6)

10g10(E, (GeV))

Figure 1: IceCube’s effective neutrino area as a Figure 2: Median angular mismatch for single neu-
function of the neutrino energy at trigger level for trino events and neutrino doublets (with¥ <

v, (solid) andv, (dashed). The, effective area  3°). Quality cuts have been applied.

is the average for neutrinos from the northern sky

(27 sr) whereas that for, is averaged over the
whole sky (4 sr). The peak at 6.3 PeV is the number of expected events [3]Thus the number
Glashow resonance. of bursts required is- 280 or 1.5 yr of satellite

coincident observations.

IceCube sensitivity to electron neutri- _ '
nos An optical follow-up for neutrino events

Forv,-induced cascades the effective neutrino area S0 far we have discussed the search for a neu-
A is calculated for a uniform distribution of, trino signal in coincidence with a GRB identified
and 7, over 4r sr. We have taken into account through satellites. For the future, we plan to com-
charged current and neutral current interactions asPlement this by performing an automated optical
well as the Glashow resonance. The effective area.follow-up observations of selected neutrino events
averaged over an equal mixture @f and 7., can from IceCube [10]. First, the direction of neutri-
be seen in Fig. 1. As with the muon channel, the NOS detected with IceCube is reconstructed online
effective area presented here is at trigger level. ~ @nd if energy or multiplicity pass a certain thresh-
old, a notice is sent to a network of optical tele-

from a GRB combined with the good cascade en- Scopes. Then, within m|n.utes after reception .Of
the notice, automated optical telescopes monitor

ergy and time resolution of IceCube lead to a very the corresponding part of the sky. Transient ob-

Ipv_v expecteq background. We calculate the SenSI'jects are thereby identified, e.g. through detection
tivity supposing a background free search.

of GRB afterglows (on a timescale of minutes to
In the following we estimate the number of GRBs  hoyrs) or rising SNe light-curves (on a timescale of
required to reach the GRB flux predicted by days). These multi-messenger observations signif-
Waxman-Bahcall and exclude it at 99.73% c.l. icantly improve the discovery potential of IceCube
(30). With the observation of no events and amean py providing a chance to detect and identify the
expected background of zero events the Feldman-goyrce of the high-energy neutrinos. In what fol-
Cousins method yields an upper limit of 6.0. In |ows, we discuss the IceCube neutrino-burst trig-
order to reach this number about 560 bursts must

be monitored. This can be expected after almost 1. Given the improved capabilities of IceCube it may
3 yr of operation of IceCube in coincidence with be possible to treat high energy-induced events as a
GLAST. Including the contributions from,, and separate channel.

v,-induced cascades would roughly double the

The narrow constraints on the timing of neutrinos
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ger and the corresponding telescope requirementsWithin a few years IceCube will be able to detect
for the optical follow-up observations. the neutrino flux predicted by Waxman-Bahcall

The rate of atmospherig, events observed in the ~ With high significance or set limits well below any
full IceCube detector is too high to perform in- current prediction. Follow-up observations with

dividual follow-up observations: the trigger rate OPtical telescopes as suggested in this paper will
of neutrinos with zenith angle= 80° will be further enhance and complement the satellite trig-

~ 7 x 10° events per year. After imposing qual- gered searches by enabling IceCube to observe the
ity cuts similar to those used in Ref. [1], the rate is Potentially large fraction of bursts where neray

~ 7 x 10* per year but remains high. However, signal is detected by satellites (dark GRBs). An
the background rate can be significantly reduced ©OPtical follow-up program for IceCube will possi-
by triggering on multiplets, i.e. two or more neutri-  bly be implemented in 2008.

nos detected within a short time window¢, and Both in the case of detection or in the case of the
within a spacial windowA(). Here At is deter- derivation of an upper limit, the results from Ice-
mined by the typical burst duration. An adequate Cube will boost our understanding of GRBs, one
time scale which covers the duration of most GRBs of the most puzzling phenomena in our universe,
and SNe models is 100 s. The optimal six@ is and contribute to the resolution of the mystery of
determined by the pointing resolution of IceCube, the origin of cosmic rays at the highest energies.
which is of the order of one degree. Using simu-

lation, the rate of doublets for a maximal angular

separation of° as well asAt — 100 s is 30 per Acknowledgments
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Abstract: If non-baryonic dark matter exists in the form of neutraina neutrino flux is expected
from the decay of neutralino pair annihilation productsdesheavy celestial bodies. Data taken with the
AMANDA neutrino telescope located at the South Pole can ke irsa search for this indirect dark matter
signal. We present the results from searches for neutsatinoumulated in the Sun using AMANDA data
from 2001, and improved new limits on the flux of muons fraM-250GeV /¢? neutralino annihilations

in the Earth obtained with data fro2®01—2003.

Introduction (20012003 data set) and the Sua(Q1 data set).
Cosmological observations have suggested theWe also discuss current improvements and pre-
presence of non-baryonic dark matter on all dis- liminary results from ongoing analyses on higher
tance scales. The WMAP results [1] confirmed statistics data samples accumulated during recent
our current understanding of the Universe, summa- years.

rized in the concordance model. In this model the The AMANDA detector [4] at the South Pole uses
Universe contains abow3% non-baryonic cold  the polar ice cap as a Cherenkov medium for the
dark matter, but nothing is predicted about the na- detection of relativistic charged leptons produced
ture of this dark matter. A massive, weakly in- in high energy neutrino interactions with nuclei.
teracting and stable particle appears in Minimally The500m high and200m wide detector was com-
Supersymmetric extensions to the Standard Model pleted in2000 and totals677 light sensitive de-
that assume R-parity conservation. Indeed, the su-vices distributed onl9 strings. The detector is
persymmetric partners of the neutral electroweak triggered when at leagtt detector modules are hit
and Higgs bosons mix into a dark matter candidate, within a sliding2.5..s window. Since2001 an ad-
the neutralino, whose mass is expected in the GeV- ditional, lower multiplicity, trigger (referred to as
TeVrange [2]. On their trajectory through the Uni-  string trigger) is operational that exploits not only
verse these particles will scatter weakly on normal temporal information but also the space topology
matter and lose energy. Eventually, dark matter of the hit pattern. This lowers the energy threshold
particles will be trapped in the gravitational field of the detector and is especially beneficial for the
of heavy celestial objects, like the Earth and the sensitivity to neutralinos withn,, < 200GeV /c2.
Sun [3]. The particles accumulated in the center of pocqnsiryction of muons, with their long range,
these bodies V_V'” annihilate pairwise. The neutri- offers the angular resolution required to reject the
nos_p_rod_uced in the decays of the Standard Model background produced by cosmic ray interactions
annihilation products can then be detected with a with the atmosphere and search for a neutralino-
high energy neutrino detector as an excess OVerinduced signal, which, due to the geographic lo-
the atmospheric neutrino flux. In. this paper We cation of AMANDA, yields vertical upward-going
present the results of searches with the Antarctic (Earth) or near horizontal (Sun) tracks in the instru-

Muon And, Neutrino Detector Array (AMANDA) mented volume. Indeed, it is possible to eliminate
for neutralino dark matter accumulated in the Earth 4 0 inant background, downward-going atmo-
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spheric muons. However, upward-going and hor- First, we reduce the total background by selecting
izontal atmospheric neutrinos will always con- events with upward-going signature. Then the data

taminate the final, selected data sample.

Signal and background simulation

We have used the DARKSUSY program [5] to
generate dark matter induced events for seven
neutralino masses:, between50GeV /¢ and
5000GeV /c?, and two annihilation channels for
each mass: théV™W~— channel produces a
hard neutrino energy spectrumt(r— for m, <
myw ), while bb yields a soft spectrum. The cos-
mic ray showers in the atmosphere, in which

are tested against reconstruction criteria to remove
events unlikely to be correctly reconstructed. Af-
ter this, the search is limited to the events with
reconstructed angle differing less thdf° from
straight upward-going. At this level (cut num-
ber4 in Fig. 1a), the sample is still dominated by
misreconstructed atmospheric muon events, more
than10? times more abundant than the atmospheric
neutrino background. The background is then fur-
ther reduced by a series of sequential cuts on re-
construction quality parameters and energy param-

downward-going muons are created, are genera-eters.

ted with CORSIKA [6] with a primary spectral
index of v=2.7 and energies betwe&0GeV
and 10''GeV . The atmospheric neutrinos are
produced with ANIS [7] with energies between
10GeV and325TeV and zenith angles abo®e°.

Search for low mass neutralinos in the
center of the Earth

A neutralino-induced signal from the center of the
Earth is searched for in AMANDA data collected
betweer2001 and2003, with a total effective live-
time of688.0 days. This search focuses onimprov-
ing the sensitivity for low mass neutralinos, with
m, < 250GeV /c?, and includes events triggered
with the string trigger. The complete data set of
5.3 x 102 events is divided in 20% subsample,
used for optimisation of the selection procedure,
and a remaining0% sample, on which the selec-
tion is applied and final results calculated. Detector
data are used as background for the optimisation,
and compared to simulated background events to
verify the understanding of the background and
the simulation. The simulated atmospheric muon
sample containd.6 x 107 triggered events (equiv-
alent to an effective livetime of.5 days). The
sample of atmospheric neutrinos totald x 10°
events, which corresponds 5 x 10* triggers
when scaled to the livetime of the data sample used
for calculation of the final results.

After about ten cuts (depending on mass and anni-
hilation channel), the data sample is dominated
by atmospheric neutrinos. All of the data from
the three years are combined at this analysis level,
and the final selection is applied on the three
years together. With no significant excess of ver-
tical tracks observed, the final selection on recon-
structed zenith angle is optimised for the average
lowest possibl&90% confidence level upper limit
on the muon flux. From the number of observed
events and the amount of estimated background in
the final angular search bin, we infer th@&% con-
fidence level upper limit on the number of signal
events for each of the considered neutralino mod-
els. Combined with the effective volume at the fi-
nal cut level and the livetime of the collected data,
this yields an upper limit on the neutrino-to-muon
conversion rate, which can then be related to the
muon flux [8], see Fig. 1b.

Search for neutralino annihilations in
the Sun

The data collected ir2001 is also used for the
search for solar neutralinos and corresponds to
143.7 days of effective livetime. The total event
sample containg.7 x 108 events, but doesot in-
clude events triggered only by the string trigger.
In contrast to the neutralino search in the Earth,
the background level can be reliably obtained from

The characteristics of the signal differs depending randomization of the azimuthal angle. The ad-
on the neutralino model under study. Hence, the yantage of this procedure is that it allows the use
selection criteria are tuned separately for each neu-y the full data set for cut optimisation. The azi-
tralino model. Betweer001 and2002 the detec-  mythal angles are restored once the optimisation is
tor was upgraded and the trigger settings changedfinalised and results are calculated. The simulated

slightly. The event selection is therefore developed atmospheric background sample at trigger level to-
separately foR001.
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Figure 1: (a) Detection efficiencies relative to triggedkor the differentfilter levels in an Earth neutralino
analysis fn, = 100GeV /c?, soft spectrum) foR001-2003 data. (b) As a function of neutralino mass,
the 90% CL upper limit on the muon flux from hard (bottom) and soft (toputralino annihilations in the
center of the Earth compared to the limits of other indirepisgiments [9] and the sensitivity estimated for
a best-case IceCube scenario [10]. Markers show predictmncosmologically relevant MSSM models,
the dots represent parameter space excluded by XENON10 [11]

tals 1.6 x 10® muons (equivalent t82.5 days of tion. Combining this with the number of observed
effective livetime) and..9 x 10* neutrinos. events, the effective volume and the detector live-
The solar neutralino analysis suffers the same time, we obtaird0% confidence level upper limits
backgrounds as the terrestrial neutralinos, but the ©n the muon flux coming from annihilations in the
signal is expected from a direction near the hori- Sun for each considered neutralino mass [12], as
zon, due to the trajectory of the Sun as seen from Shown in Fig. 2b.

the South Pole. This analysis was only possible ~: .

after completion of the full detector, who8e0m Discussion and outlook
diameter size provides enough lever arm for robust
reconstruction of horizontal tracks.

A similar analysis strategy as in previous section
is adopted. First, events are selected with well-
reconstructed horizontal or upward-going tracks.

The remaining events are then passed through a,qing the known energy spectrum of the neutrali-
neural network that was trained separately for the ,,< = Also shown are the cosmologically relevant

neutralino models under study and used data asy;ssv models allowed (crosses) and disfavoured
background (filter levelt). Although a data re- (dots) by the direct search from XENON10 [11].

duction of ~ 10~ compared to trigger level is . _
achieved, the data sample is still dominated by mis- Compared o the previously pubhshegl AMA_‘NDA
results from searches for neutralinos in the

reconstructed downward-going muons, see Fig. 2a.E th 181 th Ivsis 020012003 data benefit
Finally, these are removed by cuts on observables arth [8] the analysis - ata benents
from the larger detector volume and the addition

related to reconstruction quality. . . o
) i oo of the string trigger with its lower energy thresh-
There is no sign of a significant excess of tracks ;4 This makes it possible to improve the sen-

from the direction of the Sun in the final data gjsyity especially for low energy Earth neutralino

sample. The background in the final search bin models; for masses abo2s0GeV /2 the effect

around the Sun is estimated from off-source data j5 expected to be less pronounced. The new limits
in the same declination band, which eliminates

e X on the neutralino-induced muon flux are up to a
the effects of uncertainties in background simula- ¢5.4r60 stronger than our earlier result

Figures 1b and 2b present the AMANDA upper
limits on the muon flux from neutralino annihila-

tions in the Earth and the Sun (only hard chan-
nel) respectively, together with the results from
other indirect searches [9]. Limits have been
rescaled to a common muon thresholdiétel
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Figure 2: (a) Detection efficiencies relativVé to triggerdifor the different filter levels in a Sun neutralino
analysis {n,, = 500GeV /c?, hard spectrum) fo2001 data. (b) As a function of neutralino mass, &%

CL upper limit on the muon flux from hard neutralino annitidat in the center of the Sun compared to
limits of other indirect experiments [9] and the sensitivéstimated for a best-case IceCube scenario [10].
Markers show predictions for cosmologically relevant MS8iddels, the dots represent parameter space
excluded by XENON10 [11].
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Abstract: The IceCube neutrino telescope, under construction at dlhSPole, currently consists of
22 IceCube strings and 19 AMANDA strings. Combining the twmags leads to a large instrumented
volume with AMANDA as a dense core, an ideal situation foriiedt detection of WIMP dark matter
annihilations in the Sun. From simulations we calculatectimeent detector’s sensitivity for solar WIMP
neutrinos and find that it improves considerably compare&iIMANDA-II. The improvement is due to
a combination of reduced trigger thresholds and largercti@terolume which permits the use of veto
against muonic background.

Introduction The 2007 IceCube detector [1] consists of 41
strings of which 19 constitute AMANDA [2]. The
We investigated the possibilities of detecting a neu- two arrays have separate trigger and data aqui-
trino signal from neutralino WIMP dark matter sition systems (DAQs) which record events au-
annihilations in the Sun. The studied neutralino tonomously. However, a trigger in AMANDA will
masses weren, = 50, 100, 250, 500 and 1000 force a readout of the IceCube strings, even if Ice-
GeV and the annihilation channels wdiet 1/ — Cube did not have a trigger.
(hard channglandbb (soft channgl Form, = 50 To reject atmospherig background we searched
GeV ther "7~ channel is defined as the hard chan- for contained events, i.e. neutrino events with the
nel. Neutrinos produced in the Sun from the de- CC vertex inside a fiducial volume, as defined in
cay and interactions of the neutralino annihilation figure 1. We demanded the events to either have
products can reach the detector and produce muonsho OMs hit in the veto region or that the first OM
in CC reactions/,(7,) + N — p~(u*) + X. hitin the veto region came later than the OM hits in
These signal muons traversing the ice sheet pro-the fiducial region. This aimed at ensuring that the
duce Cherenkov light, detectable by the Optical muon was created inside the detector, and did not
Modules (OM) of the IceCube detector. The come from the atmosphere. To reduce the number
WIMP neutrino zenith angle will follow the Sun’s  of atmospheriq: events leaking in between veto
position over the yeal, € [67°,113°], and the  strings, we also demand that the average down-
mean muon energy will be aroudd,) ~ m,/3  wards motion of hits should be less than 50 m.
for hard channels an@®,,) ~ m, /6 for softchan-  Events that did not fulfill these conditions were still
nels. accepted provided that they had track reconstruc-
Muons produced in cosmic ray interactions in tions with,.. > 70° and more than 10 hit OMs.
the atmosphere have a zenith angle range of These conditions together constitute the low-level
0, € [0°,90°] since muons cannot traverse the filtering that will run at South Pole.
whole Earth. Thesatmospheriq: constitute the
main background. Another background is that of
muon neutrinos produced in the atmosphateo-
sphericv,, which have a near-isotropic angular
distribution.
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Figure 1: Top view of the 2007 IceCube detec-
tor consisting of 41 strings. The inner strings
(dots) define the fiducial region, surrounded by
veto strings (squares). Uppermost OMs of the fidu-
cial strings belong to the veto region.

Simulations

A sample of atmospherig: background events
corresponding to~ 1 hour of detector livetime
(2.3 - 10° events triggering) was simulated using
CORSI KA [3] with the Horandel CR composition
model [4]. For the atmospherig, background, a
sample corresponding t& 0.5 years of detector
livetime (4.2 - 10* events triggering) was generated
according to the Bartol spectrum [5].

The solar WIMP signals were simulated with
W nmpSi m [6], which usesDar kSUSY [7] and
PYTHI A [8] to calculate annihilation rates and
neutrino production. The neutrinos were propa-

gated through the Sun and to the Earth with stan-

dard full flavour oscillations [9]. A charged lepton

and a hadronic shower were then generated in the

ice. For this analysis only simulated muon events
with the Sun under the horizoflg, € [90°,113°],
were used.

Muon propagation through the ice was simulated
with MMC [10]. Cherenkov light propagation
through the ice to the OMs, taking into account the
ice properties [11], was done witBhot oni cs

Filtering

Events were first selected based on a log-likelihood
(LLH) reconstruction, by demanding..y €
[90°,120°]. Half of the atmospherig: and the
WIMP events passing this cut were then used to
train and half to test a neural network (NN) us-
ing two hidden layers and eight event observables
based on hit topology as well as the LLH recon-
structed track parameters. A cut was made on the
NN output value, the hit multiplicity and the re-
construction quality. This cut removed all simu-
lated atmospherig background, and only WIMP
events and atmospherig; background remained.

Among the remaining events we selected the neu-
trino candidates originating from the Sun'’s direc-
tion within a cone with half opening angle varying
between3® and 10° depending onn, and anni-
hilation channel. At this final analysis stayiey

for the observation of WIMP signals were calcu-

lated as
Ndet . qun

Ngen '
where Ny, is the number of generated CC inter-
actions,Vy.,, is the generation volume, antlg.;

is the number of WIMP events in the search cone.
Results are given in figure 2 (squares).

Veg = (29)

Sensitivity

From the expected number of surviving atmo-
sphericy,, eventsy;, we calculated the mean ex-
pected Feldman-Cousing®” (n.gys, 1) [13] sig-
nal upper limit from all possible outcomes;s as
the Poisson weighted sum

oo
=S

Tobs =0

)nubs

nobs!

('ub e kb

Nobs, /Lb)

(20)
From the WIMPV.;; andji2°” we then calculated
the mean expected upper limit on the neutrino to
muon conversion rate

~90%
pg
ot

f90% _
Vegr

v—pu

(21)

wheret is the analysis livetime, which here is 0.5

[12]. The detector response was simulated with the years. These values (one for each WIMP signal)

IceCube simulation packageesi m
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Figure 2: WIMP effective volume as a func- Figure 3: Expected sensitivity to muon flux from
tion of neutralino mass for hard (solid) and soft neutralino annihilations in the Sun as a func-
(dashed) annihilation channel, for analysis done on tion of neutralino mass for hard (solid) and soft
IceCube-22 + AMANDA (squares) and IceCube- (dashed) annihilation channel for this analysis us-
22 only (circles). ing lceCube-22 and AMANDA (squares), com-
pared to the 2001 AMANDA analysis [16, 17] (cir-

cles). Systematic uncertainties are not included.
were then used to calculate the mean expected up-

per limit on the muon flux from neutralino anni-

hilations in the Sun®9°” [14, 15], which is a  Outlook

measure of the detector’s WIMP sensitivity. Com-

paring these values with the mean expected val- This sensitivity estimation demonstrates the fea-

ues from an earlier analysis with AMANDA-II  sibility of a WIMP analysis on experimental data
[16, 17], we see improvements of an order of mag- from 2007 using the combined IceCube-22 and
nitude for lower WIMP masses, see figure 3. AMANDA detector.
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Abstract: Cherenkov emissions of magnetic charges moving througtemaill exceed those of electric
charges by several orders of magnitude. The AMANDA neuttélescope is therefore capable of effi-
ciently detecting relativistic magnetic monopoles thagptarough its sensitive volume. We present the
to date most stringent limit on the flux of relativistic magjnpenonopoles based on the analysis of one
year of data taken with AMANDA-II.

Introduction to the intensity radiated from a particle with elec-
tric chargee and the same speed.

The existence of magnetic monopoles is manda-
tory in a large class of Grand Unified Theories.
Predicted monopole masses range fronf 10
10'7 GeV, depending on the symmetry group and . _
unification scale of the underlying theory [1]. The The AMANDA-II neutrino telescope consists of
monopole magnetic charge will be an integer mul- 677 light sensitive optical modules (OMs) embed-
tiple of the Dirac Chargegp = ¢/(2a), wheree ded in the ice under the geographic South Pole at
is the electric elementary charge and= 1/137 depth_s between 1500_ ar_wd 2000 meters. Each OM
is the fine structure constant. Since magnetic Ontains a photomultiplier tube (PMT) and sup-
monopoles are topologically stable, they should porting electronics enclosed in a transparent pres-
still be present in today’s universe and can be Sure sphere. The OMs are deployed on 19 verti-
searched for in cosmic radiation. Once created, cal strings arranged in three concentric circles (see
monopoles can efficiently be accelerated by large Figure 1). The inner ten strings are read out elec-

scale magnetic fields. Monopoles with masses be- trically via coaxial or twisted-pair cables, while the
low ~ 1014 GeV are expected be relativistic [2] outermost strings use optical fiber transmission.

and neutrino telescopes could detect their direct FOr €ach triggered event, leading and trailing edges
Cherenkov emissions. The number of Cherenkov Of UP to €ight PMT pulses and one peak amplitude
photonsN,, emitted per path lengtiz and pho- can be recorded per OM. AMANDA-II has been
ton wavelengthi\ radiated from a monopole with
magnetic charge passing through matter with in-
dex of refractiom is [3]

dN., 2ma [ gn 2 1

= —(— 1- 22
dzd\ N2 (e) ( 52n2>’ (22)
where is the speed of the monopole as a fraction
of the speed of light in vacuum. The Cherenkov _
light intensity in ice radiated from a relativistic ~Figure 1: Arrangement of the 19 strings of the

magnetic monopo]e Carrying one Dirac Charge is AMANDA-II detector in the horizontal plane.
enhanced by factdiyp - n/e)? = 8300 compared

Search Strategy
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taking data since the beginning of the year 2000.
This analysis concerns data taken between Febru-3 B monopoles;
ary and November 2000. © ['] corsika '

We have simulated the detector response to rel- .3 = 20%€xp.
ativistic magnetic monopoles carrying one Dirac
Charge with four different speeds? = v/c =
0.76,0.8,0.9, and 1.0. Down-going atmospheric
muons, which form the principal background to
this search, were simulated with the air-shower
simulation package€ORSI KA [4]. Following a
“blind” analysis procedure, the data selection chain
is optimized on simulated data, and only a subset
of 20% of the experimental data is used to verify
the simulation of the detector response. This 20% Figure 2: Cosine of the reconstructed zenith an-
is later discarded, and the developed selection cri- gle for simulated atmospheric muon background
teria applied to the remaining 80% of the data. The (light black histogram), 20% experimental data
blinded data comprise about 154 days of livetime, (black markers), and simulated monopole signal
after correction for dead-time and rejection of pe- (heavy grey histograms). Each of the four grey
riods of low data quality. histograms corresponds to one of the simulated

A relativistic magnetic monopole passing through Monopole speeds from = 0.76 (lightest grey) to
the detector’s sensitive volume will stand out as £ = 1.0 (darkest grey). A zenith angle 6f = 0°
an extremely bright event relative to the atmo- Ccorresponds to vertically down-going.

spheric muon background. Observables that pro-
vide a measure of the light yield in the detector are
the number of OMs hit during an event, the total
number of pulses (drits) recorded, the fraction of
OMs which registered only a single hit (as opposed
to those which recorded multiple hits), and the sum
of the recorded PMT pulse amplitudes. These ob-
servables are used to reject the bulk of low energy
atmospheric muons, either as one-dimensional cut
parameters or as input to a discriminant analysis

3=0.8 B=0.9 p=1.0

going
1 05 5 05 1
cos@) (iterative)

ure 2 shows the zenith angle distribution of recon-
structed particle tracks obtained from an iterative
likelihood reconstruction [7] for simulated signal
and background as well as for 20% of the experi-
mental data. For the up-going monopole search we
reject all events for which the reconstructed zenith
angle is smaller than 90 degrees. The background
of misreconstructed atmospheric muon bundles is
rejected by a final cut on the sum of PMT pulse

[5]. amplitudes £ADC). At this level of the analy-
sis, an excellent simulation of the OM response to
Up-going Monopoles large amounts of light is required. This involves

an accurate modeling of the sensitivity of indi-
¢ vidual OMs as well as the probability with which
OMs “overflow”, i.e., record more than eight hits
during one event (in which case a fraction of the
hits is discarded by the data acquisition system).
These requirements dictate that we use the ampli-
tude sum of only a subset of OMs as final cut pa-
rameter, including only those OMs for which the
detector simulation provides an exact description.
However, track reconstruction algorithms some- This is the case for the OMs which are read out via

times fail to identify large atmospheric muon bun- fIP€r optics and which are located at depths below
dles as down-going, and those misreconstructed 1630 M. The fiber OMs have a substantially bet-
events will remain as residual background. Fig- ter time and double pulse resolution than the elec-

tronically read-out OMs. Thereby the simulation

Magnetic monopoles with masses in excess o
10'* GeV can cross the entire earth and enter
the detector from below [6]. The search for up-

going relativistic magnetic monopoles is in princi-

ple background free, since up-going charged lep-
tons induced by atmospheric neutrinos from the
northern hemisphere will produce significantly less
Cherenkov light than would magnetic monopoles.
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Figure 3: Sum of the PMT pulse amplitudes mea- Figure 4. Expected background from atmospheric
sured in the outer strings below a depth of 1630 m. muons in thecos(©) — X ADC plane before plac-
The final cut (dashed line) requires the amplitude ing the final cut (dashed line).

sum to be bigger than 476 photo electrons.

Down-going Monopoles

of their response to multiple photons is more reli-

able. Using only this subset of OMs does not affect The search for down-going magnetic monopoles is
sensitivity, since the fiber OMs are attached to the subject to a much higher background rate. In or-
outer nine strings of the array and define the sur- der to preserve sensitivity ovetr sr, we use lin-
face area of the detector. Rather, the obtained flux ear combinations of the reconstructed zenith an-
limit improves as a result of the reduced systematic gle and observables that are sensitive to the light
error. deposition in the detector as cut parameters. The

Figure 3 shows the distribution of the final cut pa- coefficients of each observable are found by a dis-
rameter. The exact value of the final cut is deter- Criminant analysis. This optimization naturally re-
mined by optimizing theensitivityof the analysis, ~ Sults in cuts that require a greater light deposition
i.e., the cutis placed where we expect to obtain the for vertical tracks (smaller zenith angles), while the
most stringent flux limit. The background simu- requirementis relaxed towards the horizon.

lation predicts 0.23 events from misreconstructed The final cut parameter for the down-going
atmospheric muons to remain in the 80% data set. monopole search is a linear combination of the
After unblinding the data, no events are observed. cosine of the reconstructed zenith angtes©)
The 90% C. L. flux limits in units of and the sum of pulse amplitudes recorded by the
10~6cm2s~!sr! obtained for monopoles OMs on the outer strings at depths below 1630m
with various speed§ are listed in Table 1. (XADC). Figure 4 shows the expected distribu-
The limits are valid for monopoles with masses tion of background events in thes(©) — ZADC

greater tharl 0! GeV. A systematic uncertainty of plane. The final cut parameter is shown in Figure 5.

20% in both background rate and signal efficiency !_ike ‘!‘ the up-going monopole search, the final cut
is incorporated into the calculation of the confi- is optimized such that we expect to obtain the most
dence belts according to [9] stringent limit. The background simulation pre-

dicts 2.6 events to remain in the experimental data
set, and three events are observed after unblind-
I} 0.76 0.8 0.9 1.0 ing the data. The limits on relativistic monopoles
Dgoc.r.. 8.6 0.66 0.42 0.37 with various speeds obtained from this observation
Table 1: 90% C. L. upper limits in units of are listed below (Table 2). The limits are valid for
10~ 6cm~2s'sr! on the flux of relativistic mag- ~ Monopoles with masses greater thafh GeV. Sys-

netic monopoles with masses10'! GeV.
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Figure 5: Final cut parameter (obtained from a dis-
criminant analysis usingos(©) and XADC as
input observables) for the unblinded 80% experi-

mental data (black markers), expected atmospheric

muon background (black histogram), and simu-
lated monopole signal (grey heavy histograms).
The dashed black line marks the final cut.

tematic uncertainties are accounted for according
to [9].

Ié; 0.8 09 1.0

Dgonc.r,. 16.33 4.1 2.8
Table 2: 90% C. L. upper limits in units of
10~ '%cm=2s7!'sr! on the flux of relativistic
magnetic monopoles with masses greater than
108 GeV.

Conclusions

The analysis of data taken with the AMANDA-
Il neutrino telescope during the year 2000 per-
mits constraint of the flux of relativistic mag-
netic monopoles with speeds = v/c > 0.76.
For monopole speeds greater than= 0.8 and
monopole masses greater than 10! GeV, the
flux limit is presently the most stringent experi-
mental limit. The search for lighter monopoles
is possible, but less sensitive. With the analysis
of one year of AMANDA data, the flux of mag-
netic monopoles with masses as low @8 GeV
and speeds close = 0.8 can be constrained to
a level below the Parker Bound [10]. Figure 178
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shows the flux limits set by AMANDA compared
to those set by some other experiments.

,_I;a 15| PARKER BOUND "% N
5 0"
g
2,
— 'MACRO
;i 10 “”:
)
<
S
10—17 L 1
0.5 0.6 0.7 0.8 0.9 1

Figure 6: Limits on the flux of relativistic mag-
netic monopoles set AMANDA-II (this work), by
MACRO [11], and by BAIKAL [12].

Acknowledgments

This work was supported by the National Science Foun-
dation - Office of Polar Programs, and the German Min-
istry of Education and Research (BMBF).

References

[1] G. 't Hooft, Nucl.Phys.B79, 276 (1974);
[2] S.D. Wicket al, Astropart. Physl18, 663 (2003).
[3] D. Tompkins, Phys.Re\B138 248 (1965).
[4] D. Heck and J. Knapp, Forschungszentrum Karl-
sruhe, Institut fur Kernphysik (2000).
[5] R. A. Fisher, Annals Euger, 179 (1936).
[6] J. Derkaouiet al. Astropart. Phys9, 173 (1998).
[7] J. Ahrenset al, Nucl. Instrum. MethA524, 169
(2004).
[8] G. C. Hill and K. Rawlins, Astropart. Phy4.9,
393 (2003).
[9] J. Conradet.al Phys. RevD67, 12002 (2003).
[10] M. S. Turner, E. N. Parker, and T. J. Bogdan, Phys.
Rev.D26, 1296 (1982).
[11] M. Ambrosioet. al, Eur. Phys. JC25, 511 (2002).

[12] The BAIKAL Collaboration, Proc. of 29 Inter-
national Cosmic Ray Conference (2005).



THE ICECUBE COLLABORATION

30TH INTERNATIONAL CosmIC RAY CONFERENCE

S E RN P ST

Subrelativistic Particle Searches with the AMANDA-II detector

A. PoHLY2, D. HARDTKE® FOR THEICECUBE COLLABORATION*

I Division of High Energy Physics, Uppsala University, S-Z6Uppsala, Sweden

2School of Pure and Applied Natural Sciences, Universityalfitér, S-39182 Kalmar, Sweden
3Department of Physics, University of California, Berkel@p 94720, USA

4see special section of these proceedings.

arvid.pohl@hik.se

Abstract: Supermassive particles like magnetic monopoles, Q-balisraiclearites may emit light at
subrelativistic speeds through different suggested mmesims. One of them is nucleon decay catalysis
by magnetic monopoles, where the decay products would eh@tébkov radiation along a monopole
trajectory. The emitted secondary light from subrelativiparticles could make them visible to the
AMANDA-II neutrino telescope, depending on the resultingninosity. We present first experimental
results from a search with AMANDA-II for events of this kind.

Introduction trajectory. Each burst would be Cherenkov radia-
tion from an electromagnetic shower whose energy
The Grand Unified Theories (GUT) predict the ex- is close to the proton mass.
istence of magnetic monopoles with expected mass Other massive particles have also been hypothe-
of the order of10'® — 10'7 GeV[1]. These su-  sized to exist in cosmic radiation. Two that might
permassive monopoles might become acceleratedpe detectable with neutrino telescopes are: Nucle-
above virial velocities due to magnetic fields, but arites (nuggets of strange dark matter) [8] and Q-
not relativistic [2]. balls (supersymmetric coherent states of squarks,
Rubakov and Callan have indepentendtly proposed sleptons and Higgs fields, predicted by supersym-
a mechanism by which SU(5) GUT monopoles are metric generalizations of the standard model) [9].
able to catalyse nucleon decay with a detectable Electrically neutral Q-balls would dissociate nu-
cross section [3, 4]. The main decay channels cleons, emitting pions, which give them the same
would bee*r®, ptK" for protons andetn—, experimental signature in a neutrino telescope as
pt K~ for neutrons, see [5] and refs. therein. catalyzing monopoles. Their cross section for nu-
The catalysis cross section has been suggested t@leon dissociation is their geometric size. By lim-
bes = oo~ [3] or, at sufficiently low speeds, itations given in [10], it ranges from 1026 cm?
o =0037? [6, 7], whereo is a cross section  and many orders of magnitude upwards.
typical of strong interactions. Nuclear attenua- \ clearites and charged Q-balls might also be de-
tion factors have also been proposed, expressinggiapie, as, travelling through matter, they would

nuclear spin effects on the decay catalysis [7]. generate a thermal shock wave which emits black-
The expected mean distance between nucleon de’Ioody radiation at visible wavelengths [8, 11]. Their

cays catalysed along a _m_onopole trajectory in _ice, luminosity as given by [8] is determined by their
reaches down to submillimeter scales (following geometric size, which is atomic or larger, and

tEe c.rossl ?e;l:tl(t))nls abovezj. Above ;he rr?eﬁjer scale.q1d exceed that of magnetic monopoles and neu-
the signal falls below our detector threshold. tral Q-balls by several orders of magnitude.

In a neutrino telescope, the signature of these cat-g4 far we have only considered magnetic mon-
alyzing monopoles would be a series of closely poles

spaced light bursts produced along the monopole
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The AMANDA-II Neutrino Telescope

914
AMANDA-II is a neutrino telescope located at a gjé Background event
depth between 1500 m and 2000 m under theiceat 5 g
the geographic South Pole. A cylindrical volume 56
of roughly 200m diameter of the Polar ice was €4
instrumented with a total of 677 optical modules 2 2

(OMs), consisting of a photomultiplier tube (PMT) 5 0 5 10 15 20 25 30 35
and supporting electronics enclosed in a transpar- Time in window (is)
ent pressure sphere. The OMs were deployed on
19 vertical strings.

A variety of triggers are used. First, the 24- 3
fold multiplicity trigger requiring a minimum of b

24 OMs hit within a fixed coincidence window

of 2.5us, and second, a so-called correlation trig- : ﬂﬂ ﬂm‘“
ger, requiringn OMs to be hit in any group oifn 50 5 10 15 20 25 30 35
adjacent OMs on the same string(n typically Time in window (us)
~6,9). For each triggered event, PMT pulse data

is recorded over a time window of 33 us. The Figure 1: Upper: a background event with a
vast majority of triggers are due to down-going non-triggering muon (left) and a triggering muon
atmospheric muons, yielding an average event rate(right). Lower: a simulated signal event from a
of roughly 90 Hz. particle traveling at speed = v/c = 0.01.

Signal event

Number ot pulses
O = N W H» O D

Simulation cay channep — etz® (with a branching ratio

of 0.9 or higher [12]). It creates an electromag-
The detection of slow particles builds on the fact netic shower with energy close to the proton mass,
that relativistic muons emit light during 3 us, whereas other channels lose some of their shower
whereas slow particles emit during a large fraction energy to neutrinos.
of the 33s time window. A comparison is shown |f a slow particle would approach the detector,
in Fig. 1. The upper picture shows a background atmospheric muons would cause contributing hits

event with the triggering muon at time 8, and  and possibly fire a trigger. These muons were in-
an accidental early non-triggering muon at$9 cluded in the simulation.

The Iqwer picture §hows a simulated S|gna| event. 1o catalysis cross sectionsthat correspond to
T_he S|gnal separation f_rom backgrlound. is based on the chosem are 3 - 10-25 cm2 — 9 - 10-23 em?2.,
hits at times when no light from triggering muons
is expected, thearly and late hitsoutside the in-
terval 16-24us.

In the simulation of sub-relativistic particles, all

light output was expressed as Cherenkov radia- Data analysis and results

tion from electromagnetic showers arising from

nucleon decay. All slow particles were sim- A period of 113 days in 2001 when a constant cor-
ulated with isotropic directions and with speed relation trigger definition was used, is considered
B =wv/c=1072. In the simulations, the luminos- here. It required a multiplicity of 6 within any
ity was expressed as the mean distahdetween 9 adjacent OMs in four strings and a multiplicity
two electromagnetic showers. So far, the simulated of 7 within any 11 adjacent OMs in the remaining
A were in the range 2 mm - 60 cm. strings. The simulations show that the correlation

For monopoles, only the decay of hydrogen pro- triggerwas substantiallly more gensitive to this type
tons was considered, and only the catalysis de- ©f signal than the multiplicity trigger.

These are at the upper edge of what appears to be
allowed by theoretical considerations.
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Figure 3: Flux limits (90% C.L.) and preliminary
sensitivity (expected flux limit) at varying catalysis

Figure 2: Number of early hits.Solid Exper- _
cross section.

imental data after first level filtering and clean-
ing. Dashed Experimental data after second level

filtering with an exponential fit. Dotted Simu- ground events at varying cuts in the number of
lated signal after second level filtering & 102, early hits.
A =2cm).

We optimized the final cut following the scheme
described by [13] in order to achieve the optimum

The background properties and a preliminary ex- sensitivity, which is_ the 90% CL flux upper limit

pected sensitivity was determined using 20% of the that we would obtain if no true signal were present.
data. A first filter reduced the data by 99%, requir- The optimal final cut for the 80% sample requires
ing a total of at least 14 early and late hits. > 27 early hits. The resulting sensitivities, without

Non-triggering muons contribute largely to early systematic uncertainties, are given in Fig. 3. For

and late hits. The aim of the final filtering was to comparison, limits at similar particle speed are in-
separate them from possible signal events. Hits cluded: the MACRO limit based on nucleon catal-

from non-triggering muons arise within a short YSiS from [5] and the IMB limit from [14]. Limits
time span compared to hits from slow particles, as at lower \_/elocmes have been presented by Baikal
can be seen in Fig. 1. We defined hit clusters as &1d Kamiokande [15, 16].

collections of early hits that were separated by less

than 2us. Each eventwas characterized by its clus- Discussion and Outlook
ter with most hits.

After trigger cleaning, we performed second level The AMANDA neutrino telescope is an excel-
filtering using two cluster based cuts and one based |ent instrument to search for several postulated su-
on the events’ geometries, as signal events aréper heavy exotic particles. In this document, we
fairly well localized. The remaning events after fil- present first studies of the sensitivity of AMANDA
tering have an exponential distribution in the num- 15 syp-relativistic particles. The given sensitiv-
ber of early hits. Itis shown in Fig. 2, along with ities are still preliminary. Specifically, system-
an exponential fit. atic uncertainties are not yet included. So far, we
About 80% of signal events would be expected to have used relatively small sub-sets of the available
have more than 20 early hits (cf. Fig. 2). Since AMANDA data in order to outline our analysis
none were found in the filtered data, the data must strategies. The sensitivity of the analysis will im-
be almost signal free. Thus, the fit parameters prove substantially with more data.

are suitable for background estimation. They were

used for calculating the expected number of back-
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This analysis used data from the original
AMANDA data acquisition system (DAQ).
For each channel, the analog signal from the PMT
is recorded using Time To Digital Converters
(TDCs) and Peak Sensing Analog to Digital
Converters (ADCs). The original AMANDA DAQ
system is unable to precisely characterize multi
photoelectron events. In addition, the DAQ suffers
from a ~ 1 millisecond dead time after each
triggered event while the ADCs/ TDCs are read
out. For events with slowly moving particles, this
means that the DAQ system is unable to record the
bulk of the signal.

Beginning in 2003, the AMANDA data acquisi-
tion system was upgraded to include full waveform
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Abstract: The IceCube neutrino observatory, currently under constm at the South Pole, offers a
novel environment to search for particles beyond the Staiidadel. With IceCube nearly 20% complete
it is currently the largest operating neutrino telescopke Targe instrumented volume and clear glacial
ice allows for a big improvement of the sensitivity to manpesg of exotic cosmological relics. Exotic
particles that IceCube is sensitive to include magneticopoles, nuclearites, and Q-balls. Estimated
sensitivities for these particles will be presented.

Introduction radiation. If the catalysis cross-section is suffi-
ciently high, the supermassive magnetic monopole
In 1931, Dirac [2] quantified the charge of a Wwill appear as a slow moving track in the detector.

magnetic monopole by demonstrating that= A similar signature would accompany the passage
Ne/2a, wherea is the fine structure constant. of a electrically neutral supersymmetric Q-ball
Forty-three years later, tHooft and Polyakov in-  though the IceCube array. A Q-ballis a soliton pro-
dependently found solutions to certain groups of duced during the decay of the proposed Affleck-
Grand Unified Theories (GUTSs) that matched the Dine condensate in the early universe. Sufficiently
charge of the Dirac Monopole [10, 13]. This massive Q-balls would be absolutely stable and
allowed estimates for the masses of magnetic could account for some or all of the required dark
monopoles to be- A/a, whereA is the symmetry  matter in the universe. A neutral Q-ball passing
breaking scale. This results in a mass range from near a nucleon will absorb the baryon number and
10% GeV to10'” GeV for various GUT models. A emit ~1GeV of energy in the form of pions [5].
lower limit is set by choosing\ to be the electro-  The cross-section for this process is governed by
weak unification scale, leading to a massi6f  the size of the Q-ball and can therefore be quite
GeV. IceCube will expand the search for magnetic |arge [3].

monopoles in two regimes. A magnetic monopole i i 456 possible that novel forms of nuclear
traveling through the detector above the Cherenkov matter could be absolutely stable for very large

threshpld 6 > 0.76) will emit radiation roughly baryon number [12]. Strangelets are a hypothet-
8300 times that of the bare muon [14]. ical state of nuclear matter with nearly equal up,

At very large masses, monopoles may move with down, and strange quark content. If such a state is
virial velocities (3 ~ 107?). A slow-moving,  the ground state of dense nuclear matter, cosmic-
super massive magnetic monopole will not emit ray strangelets (aka nuclearites) could be produced
Cherenkov radiation, but may be observed in other in neutron star collisions. These heavy strangelets
ways. Rubakov proposed that supermassive mag-would have atomic sizes but nuclear densities. As
netic monopoles will catalyze nucleon decay. The they pass through the South Pole ice, they would
nucleon decay products (primarily pions) will pro-  produce a thermal shock emitting black-body ra-

duce relativistic electrons that produce Cherenkov diation. This black-body radiation would register
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in the IceCube photomultiplier tubes and cause the Magnetic monopoles are generated uniformly on

strangelet to appear as a slowly moving track. a disk located 600m from the center of the detec-
tor pointing back towards it at various orientations.
For this study, 10,000 monopole events were gene-

Detector rated at binned angles theta and phi of 45 degrees,
for a total of 260,000 events per dataset. A dataset

IceCube is a kilometer-scale neutrino telescope was generated for four different speeds; 0.99,
currently being built between 1450 to 2450 me- (.9, 0.8, and 0.76.

ters below the Antarctic ice surface. It is de-
signed for up to 80 strings of 60 Digital Optical
Modules (DOMSs), spaced out in a hexagonal pat-
tern. For the data presented, we use the configu-
ration of lceCube as of 2006, that is a total of 540
DOMs in 9 strings. The instrumented volume is

~0.625km?, compared to the AMANDA instru- ] o
mented volume of0.016%km3 The DOM is the The light output and propagation is modeled by a

cornerstone of the detector [4]. It is configured Version ofPHOTONI CS [6] specifically generated

to detect photon signals via a Hamamatsu 10 inch to work with cone angles ass_omated Wlth th_e differ-

Photomultiplier Tube(PMT). Onboard electronics ent speeds simulated. The Ilgh.t amplitude is scaled

contain two waveform digitizers, a fast Analog to UP using the formula of Tompkins [14].

Digital Converter (FADC) and an Analog Tran-

sient Waveform Digitizer (ATWD). The FADC has  Background

a nominal sampling rate of 25 ns/sample and can

read up to 256 samples of the incoming wave- For this study, a 20% sample of the data for 2006

form produced by the PMT. The ATWD digitizes is used as the background. This sample consists of

the wavefrom across 3 channels representing dif- every fifth data event that passed the online high

ferent gain values. It runs with the nominal sam- energy filter, in place to reduce the data rate over

pling rate of 3.3 ns/sample and can read up to 128 the satellite. The filter is set to accept events with

samples. In 2006, the number of samples was lim- the number of hit DOMs greater than 80. This filter

ited to reduce bandwidth. The highest gain ATWD reduced the number of triggered data events from

channel was set to keep all 128 samples, while ~ 3.5 * 108 to ~ 3 * 10°.

the two lower gains were only set to record the

first 32 samples. Meanwhile, the FADC only kept . . .

the first 50 samples for a time window of 1,25 Estimated Sensitvity to Relativistic

Since monopole events are extremely bright, their Monopoles

waveforms largely saturate the highest gain and

hence information from the ATWD beyond 100 ns The brightness of the magnetic monopole is the

is greatly reduced. Though the FADC saturates primary distinguishing feature. Therefore, we

before any ATWD channel, the longer time scale use parameters associated with the light yield

provides greater distinction between the signal and in the first level of cuts. The two chosen are

background. Hence, this study uses data providedthe number of hit DOMs (NDOM) and the to-

by the FADC. tal integrated FADC waveform (FCHARGE). The
event rates are normalized to the expected rate
for the 137.4 days of live time recorded by Ice-

Energy loss of the magnetic monopoles as they
pass through the ice is modeled using the Bethe-
Bloch formula as adapted by Ahlen [1]. Future
plans are to extend this to include delta electrons,
which will add to the overall light deposition in the
detector.

Signal and Background Simulations Cube in 2006. For the monopole signal, a flux of
o _ 5% 107 "em 25~ str—! is used, representing the
Relativistic Magnetic Monopoles lowest limit set by BAIKAL [7]. To get a conser-

) ) S ) vative estimate on the sensitivity of the detector,
The simulation of relativistic magnetic monopoles 4 tight cut is made to eliminate all the 20% data

is done in three stages. sample. Figures 1 and 2 plot the signal and data for
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Figure 1. The effect of applying the linear cut Figure 2: The effect of applying the linear cut
to the integrated charge versus the number of hit to the integrated charge versus the number of hit
DOMs distribution. Shown are the monopole sig- DOMs distribution. Shown are the monopole sig-
nal simulation forg = 0.99 and data. The dark nal simulation for = 0.76 and data. The dark
grey dots are signal events that pass the cut while grey dots are signal events that pass the cut while
the light grey signal dots and data (black) are re- the light grey signal dots and data (black) are re-

jected. jected.
B |Aecss(km?) Exp Signal  ®gg _
0.99 03 19.05 7103 the mean eventlengthis1-2:s, whereas a slowly
0.9 0.26 16.34 7%10-18 moving particle will last hundreds of microseconds
0.8 0.08 492 3%10-17 or even milliseconds. IceCube DOMs run as au-
076l 10-3 009 2%10-16 tonomous data collection devices and events are

selected using a software trigger based on the indi-
vidual DOM data. This makes IceCube very sen-
sitive to slowly moving particle events. As long

as the light output remains sufficient, the trigger

FADC vs NDOM at the largest and smallest values Will continue to add the DOM data to the trig-

of 3 studied. The following linear cut is chosen: ~ gered event. Currently, the IceCube sensitivity to
Q-balls, Rubakov monopoles, and supermassive

Table 1: Passing rates for linear cut. Expected sig-
nal and sensitivity for a full year of data.

(FADC > 10° 4+ 7500 * (NDOM — 125)) strangelets is limited by the high trigger thresh-
old (8 DOMs in &us). Investigations are underway,

OR however, of topological and tracking algorithms in
(FADC > 3% 10°) the IceCube trigger system. Such a trigger will

Table 1 shows the effective area of the signal re- improve the sensit_ivity to slowly moving particles
sulting from this cut for each of the four monopole that produce less light.
speeds. Assuming no events are seen, the flux senfFigure 3 shows the expected flux sensitivity to

sitivity is calculated for the 90% C.L. slowly moving massive particlegi(~ 10~3) for
the 2007 IceCube configuration (1320 DOMs in 22

. o L strings) and the eventual full IceCube array. With
Estimated Sensitvity to Subrelativistic  the full IceCube array, we expect sensitivities more
Particles than two orders of magnitude better than the cur-

rent experimental limits.
Slowly moving particles that traverse IceCube will
appear as a connected series of small electromag-
netic showers. The defining characteristic of the
events is the length of time that photons remain in
the detector. For a typical downgoing muon event,
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€ 101k ARG Ronopas, AL [6] J. Lundberg et. al. Light tracking for
gm,u; glaciers and oceans — Scattering and absorp-
T - tion in heterogeneous media with Photonics.
1070 arXiv:astro-ph/0702108, submitted to Nucl.
P Instr. and Meth. A2007.
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Mass (GeV/c?) TelescopeProc. of the First Workshop on Ex-
otic Physics with Neutrino Telescopes. C. de
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Sensitivities for Slowly Moving Massive Particles uary 2007. ISBN 978-91-506-1913-3 astro-
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[8] M. Ambrosio et al. Final results of magnetic
. monopole searches with the MACRO experi-
Outlook and Conclusion ment. Eur. Phys. J. C25:511, 2002.
[9] V. Takenaga et al. Search for Neutral Q-
Each year, IceCube’s capability to search for ex- balls in Super-Kamiokande II.arXiv:hep-
otic particles will increase dramatically. With the 9 ex/06080572006.
string detector alone, competitive limits on the flux [10] A. Polyakov. Spektr tschastiz w kwantowoi
of relativistic magnetic monopoles are achievable. teorii polya. Pisma Zhournal ETP20:430,
However, these results are preliminary and will 1974.
be refined. Background simulation will start with  [11] p.B. Price and M.H. Salamon. Search for Su-
cosmic ray air showers produced IORSI KA. permassive Magnetic Monopoles using Mica

Since only the high energy events are considered, Crystals.Phys. Rev. Lett56:1226, 1986.

weighting methods will be used. The asymmetry [12] A. De Rujula and S.L. Glashow. Nuclearites
of the detector will require further analysis of the - a novel form of cosmic radiationNature

signatures produced at different angles. Finally, a 312:734, 1984.
log likelihood or neural network analysis may be [13] G. tHooft. Magnetic Monopoles in Unified

employed to refine and optimize the cuts. With the Gauge TheoriedNucl. Phys. B79:276, 1974.
additional analysis for slow moving exotics, Ice- [14] D. Tompkins.  Total Energy Loss and
Cube will become a valuable tool in the search for Cherenkov Emission from MonopoleBhys.
these particles. Rev. B 138:248, 1965.
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Abstract: The IceCube data acquisition system is capable of recoiidiiogmation about all photons
registered by its photomultiplier tubes for up to 13 micias®ls for each sensor with high precision. A
time resolution of 3 ns and charge resolution of 30% of all phetoelecton pulses within each sensor’s
event record is achieved. The improvement in quality of thadeconstruction due to the improved
design of the experiment is estimated and its effect on te€ube capabilities as a neutrino detector is
discussed.

Introduction recorded photons leads to the correspondingly im-
proved separation of signal and background and al-

The ability of IceCube optical sensors to record lows one to to achieve the required background re-

information about all photon registered by their duction while retaining a higher signal yield.

PMTs has not yet been fully utilized in the data

analysis (see, e.g., [1]). While the much im- g 002y

proved timing and energy resolution are beingused 3 i

to improve upon the energy resolution of the de- '¢0-015 |

tected muon events [2], this contribution attempts S

to demonstrate the improvement in muon neutrino 8 o0.01 |

analysis due to the ability to separately detect in- §

dividual photoelectrons with their respective times 5 0.005 \ A

and charges (shown in Figure 1). = /\ Jk
The goal of selecting muon neutrinos in the pres- < ok | N {\ LN
ence of al0° times higher background of atmo- — 0 0 80 100 120
spheric muons is to maximize the signal yield at sample number

a low background level, while achieving the best

ppssible resolution with least mis-reconstruction of Figure 1: A typical PMT signal trace recorded by
signal events. the faster digitizer of an IceCube optical sensor.
In this preliminary study we present the analysis of The trace contains 128 samples, 3.3 ns. per sample.
one month of data collected by a 9-string IceCube Results of 2 different photon deconvolution meth-
detector configuration in year 2006. Data recon- ods shown agree well. Blue vertical lines denote
struction algorithms using only the first photon per  the hit times of the first method. The black fit line
sensor were compared with those incorporating the with colored lines denote deconvolved pulses of

full multi-photon information. The angular resolu- the second method. The data is shown with a red
tion achieved in both cases is very similar; how- gashed line.

ever, the number of badly mis-reconstructed sig-
nal events is lower for multi-photon reconstruction. A new method of combining cuts to optimize back-
Using the additional information available fromall ground reduction is presented. First, a robust
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10°F to vary during the reconstruction, and whether all
1040 recorded photons or only first recorded photons
10°L were used.
102 7 For each reconstruction several quantities have the
“cut property” defined above: minus reduced log
10 likelihood of the reconstructed result, closest ap-
P et PR PR sl i RPN I I proach distance from the reconstructed track to the
-1 -08-06-04-02 0 02 04 06 08 1 center of gravity of hits, relative uncertainty and
cos(solid angle between true and reconstructed track) variation of the energy measure, and uncertainty

in the zenith and azimuth angles (defined as the
Figure 2: Distribution of the deviation of the re- range in the parameter in which the log likelihood
constructed from the true direction for the studied stays above its maximum minus 0.5). Additionally
simulated data sample shown after some cuts. the differences in the direction of different recon-
struction results were formed. One more parameter
o ) appeared necessary: 1 over the total length of the
definition of angular resolution of reconstructed rack defined as the distance between two farthest
muon direction in s_lmulated da_\ta_ is introduced. from each other projections of hits on the recon-
The cuts are optimized to maximize the angular gicted track. Parameters with similar distribu-

resolution of the remaining events, and then are jjons were grouped together, resulting in 7 groups.

tightened to remove the background of misrecon- |, each group the maximum value of the parame-

structed events. ters in the group was chosen as the parameter of
the group.

Angular resolution and cut optimization Cutsc;, i = 1,...,7 were applied to the parameter

o _ groups defined above in such a way as to maximize
The precision of the track reconstruction meth- 4 angular resolution for each given fraction
ods is determined from the deviation of the recon- f events left after the cuts. The fastest decent
structed result from the true track direction from approach was chosen to optimize the cuts: start-
the simulation (typical distribution shown in Fig- ing with a full dataset, at each step reducing the
ure 2). It was not possible to describe all such dis- fraction of the events left by the amouéit the

tributions at different reconstruction quality levels - is were adjusted by the amount proportional to
with a single shape depending only on the distri- da/dc;.

bution width. Therefore the following very gen-
eral definition was introduced instead: tuegular
resolutiona of a given simulated data sample is
chosen so that 2/3 of the data have reconstructed
result deviate from the true track direction by less
than the resolution, and 1/3 by more. This simple
definition allows one to calculate the angular reso-
lution « easily for all data quality levels, providing

a good measure of the effectiveness of the quality
cuts.

Since the relative and overall cut strength depends
on the number of degrees of freedom available dur-
ing the reconstruction, cuts were optimized indi-
vidually for event groups with different number
of sensors with signal (here called channés),
from the simulated dataset. This resulted in a set
of cuts, one representation of which, describing
achievable efficiencies (fractions of events leff)

for givena and N, here calleckfficiency matrix

is shown in Figure 3. In order to determine the cut
The cut parameters were chosen to have the follow- gets needed to achieve a certain angular resolution

ing property: as the value of the cut on the param- , {he efficiency matrix is consulted to determine
eter is lowered (i.e., the cut becomes stronger), the the fractions of events,, with givenn = N.
angular resolution, as defined above, improves.  The set of cuts strong enough to leave only a frac-
Several reconstructions were performed in succes-tion r,, of events that were used in the efficiency
sion. These differed by the ice description used matrix evaluation are then the cuts that reduce the
in the calculation of the photon scattering proba- data to a set with the desired angular resolution
bilities, by whether the muon energy was allowed
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Figure 3: Efficiency matrix shows for eaé¥y.;, the
best achievable angular resolutiarat each given
fraction of events left after applying cuts (this def-
inition is equivalent to that given in the text).

Atmospheric neutrino search

To study the improvement in data analysis due Figure 4 shows the zenith angle distribution of
to the availability of information about multiple  reconstructed tracks in real and simulated data.
pulses from each sensor the parameters corre-The data remaining after the cuts on the zenith
sponding to the multi-photon reconstructions were gngle for all reconstructions are applied contains
removed from the cut groups defined above. The mostly poorly reconstructed downgoing back-
resulting efficiency matrix looks nearly identical to ground events that fall into the tail of events re-
the one shown in Figure 3 except that points on the constructed with wrong direction shown in Fig-
lines correspond to somewhat more constrained cut e 2. The data shown in Figure 2 is at the cut
values as compared to the multi-photon-enabled |eve| corresponding to an angular resolutiomf
efficiency matrix. Therefore the first-photon-only 4 degrees; misreconstructed events are suppressed
cuts are just as effective as the complete cut set in by more than 4 orders of magnitude at this cut
improving the angular resolutianfor a givendata  |evel. Without any cuts the level of misrecon-
reduction fraction. This, however, is to be expected strycted events is higher, about 2 orders of mag-
for a self-sufficient cut set, meaning that more cuts pityde below the peak, matching the level of mis-
do not improve the angular resolution for a given (econstructed events in Figure 4. By applying suc-
fraction with the used angular resolution definition. cessively stronger cuts corresponding to lower val-
Nevertheless, as shown in the following section, at ues of angular resolutiam the background of mis-
the final neutrino selection cut levels there is a sub- reconstructed events can be reduced until most of
stantial improvementin both the angular resolution the events reconstructed as upgoing are, indeed,
« of the final sample and the fraction of events re- upgoing.
tained, indicating that the outliers of the angular 15 determine the angular resolutien required
distribution are reduced in the analysis employing to suppress the background of misreconstructed
the full cut set, showing the clear advantage of the gyents below the signal of upgoing events succes-
method utilizing all recorded pulses. sively stronger cuts are applied. At each cut level
the data left after the cuts is compared to simula-
tion of both background and signal, as shown in
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simulation. Upper curves are for full cut set; lower
curves are for first-photon-only cut set.
imize signal over background, cuts are first opti-

) ) ) mized to maximize the angular resolutiarof sin-
Figure 5. The cut level required to achieve the de- gle muon tracks while retaining as many of the

sired signal purity can thus be selected. The 50% eyents as possible. Then the cuts corresponding
purity is achieved at the intersection points of sim- 4 gyccessively better values of angular resolution

ulated background and neutrino lines in Figure 5. , 5re applied until the desired signal purity is
at angular resolution=3.7 with 96 events left for  5-pieved.

the full cut set, and at angular resolutian4.9 de-
grees with 90 events left for the first-photon-only
data set. At the same signal purity level the angu-
lar resolution of neutrino events in the remaining

This approach allowed us to study the effect of
including the complete information on all pulses
recorded by the optical sensors of the detector. The
. 0 number of signal events retained at the highest pu-
sample is 30% better for the full set. rity levels doubled (important for diffuse analysis),

Itis more difficult to estimate the purity and num-  yhjje the angular resolution at somewhat relaxed
ber of events left as the cuts are tightened more, ¢ ts improved by 30 %.

due to the limited amount of simulated data at the
time this paper was written. However, following
the lines of Figure 5, one could estimate the angu-
lar resolutiony and number of events left at90%
purity level of 3.4 degrees and 46 events (shown in
Figure 6) for the full cut set, and 3.6 degrees and References

22 events for the first-photon-only cut set. This in-
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Conclusions

A new approach to background rejection in Ice-
Cube is taken: instead of optimizing cuts to max-
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Abstract: In the field of neutrino astronomy, optically transparentiadike glacial ice or deep ocean
water are commonly used as detector medium. Elementariclpaitteractions are studied using in
situ light detectors recording time distributions and flxé faint photon fields of Cherenkov radiation,
typically generated by ultra-relativistic muons. For slations of such photon fields, the IceCube col-
laboration uses a versatile software packageyRONICS which was developed to determine photon flux
and time distributions throughout a large volume with sgiBtivarying optical properties. Photons are
propagated and time distributions are pre-calculated rarpiphoton tables for fast and transparent ac-
cess from event simulation and reconstruction. This is tamrool by which IceCube event simulations
take into account how depth and wavelength dependent ien$adf the optical properties of the South
Pole glacier distort the footprints of elementary partiokeractions.

Introduction Photon flux simulation technique

In optical high energy neutrino astronomy, light At any location throughout the medium, the local
from charged particle interactions is observed us- optical properties for a given wavelength are de-
ing a large number of sensors (photomultipliers) scribed by the absorption length, the geomet-
placed in transparent natural media like glacial ice, rical scattering length, and the scattering phase
lake water, or deep ocean water. Successful sim-function which is the probability density function
ulation and reconstruction of such events relies on for angular deviations at each scatter. For ice, the
accurate knowledge of light propagation within the Henyey-Greenstein (HG) phase function[2] is used
detector medium. The typical scattering lengths in to describe the strongly forward peaked scattering.
these detector media are of the order of tens to hun-It is completely characterized by a single parame-
dreds of metres. Since this scale is comparable toter, the mean of the cosine of the scattering angle,
the typical sensor spacing for neutrino telescopes, = (cos). For most physical media, a strong
scattering effects can not be ignored, and analyt- correlation betweer\s and 7 is observed. One
ical calculations do not suffice. The problem is therefore considers the effective scattering length,
further complicated by the anisotropy of the light X, = \s/(1 — 7).

emitted in particle interactions and the heterogene- ppotons are generated according to emission spec-
ity of natural detector media. tra specific for the given light source (particle
The software package H®TONICH1] contains physics events or calibration light sources) and
routines for detailed photon simulations in het- propagated throughout the medium in accordance
erogenous media like the South Pole glacier. Pho- with the heterogeneous propagation medium de-
ton simulation results are pre-calculated and used scription. Each photon’s spatial and temporal path
in event simulation and reconstruction through in- is calculated and its contribution to the overall light
terpolation of lookup tables for fast and accurate field is recorded in a cellular grid throughout a user
access to photon signal timing and amplitude prob- defined portion of the simulation volume. The lo-
abilities. cations of sensors are not fixed, but can be dynam-
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ically specified when accessing the simulation re-
sults.

The detector efficiency as function of angle and
wavelength, as well as the effects of absorptior — T ‘

. . . . — Single histogram model
is accounted for by applying appropriate weight: ;42| _ — Heterogeneous model
during the photon recording. )

The local photon flux is calculated in each recorde,
ing cell with one of two independent methods§ 107
In the volume-density method, photons are prop3
gated in small (typically equidistant) steps betweeZ
scattering points, so that the contribution to eacs
recording cell is related to the number of photor“é 10
steps taken in that particular cell. In the surfacé=
crossing method, photons are instead interrupte

only at scattering points and recording cell bound 0 100 200 300 400 500
aries. The flux contribution is then related to the Residual time [ns] . .

number of cell boundary crossings, taking into ac- (2) Nd:YAG laser, 532 nm in ice

count the projected cell surface area of each ce ‘ ‘ " [— Single histogram model

boundary crossing. The two methods typically
give compatible results at a comparable simulatig— 10"
speed, depending slightly on the layout of the sim2.
ulation grid and the optical parameters. &

To improve the speed of the Monte Carlo simula§ 107 f
tion, importance-weighted scattering is supporte@
Photons can be propagated using scattering parag
eters Q./,7’), different from those of the phys-é
ical scattering situation at hand. For example
straighter paths can be oversampled by choosir : : : : : : :

. . 0 250 500 750 1000 1250 1500 1750 2000
scattering angleg from a HG phase functiorf, ) )
with 7" closer to0, while applying a weight of (b) B|uefﬁ%d€§$ém§[ﬂ% nmin ice

F=(0)/ 1 (9). _ o o Figure 1: Residual time distributions of simulated
The result of the photon simulation is multidimen- light pulses in deep glacial ice. In (a), for a 532 nm

sional binary photon tables, containing the expec- Ng:yAG isotropic laser pulse, emitted at a depth of
tation number of photo-electrons produced at pho- 1855 meter, as seen from a horizontal distance of

tomultiplier tubes and the corresponding differen- 75 1, | (b), for an upward pointing 470 nm LED
tial or cumulative time distributions. emitter located at a depth of 1580 m as seen from a
horizontal distance of 140 m. The black dots show
two time distributions of glacial ice surveys[3],
with vertical Poissonian error bars. The thick black
lines show our results using the scattering and
absorption parameters of these particular source—
receiver combinations, and thin dashed lines rep-
resents the model uncertainty. The thin (red) lines
show the simulation results with the heterogeneous
ice model[3] which was constrained by other data.

—— Heterogeneous model

(o]

10H

Modeling of glacial ice and applications
to neutrino astronomy

A detailed study of the properties of the glacial
ice at the South Pole has been performed by the
AMANDA collaboration[3]. The ice is very clear
in the optical and near UV region with absorption
lengths of 20-120 m, depending on wavelength.
The effective scattering lengths are around 25 m,
less for shorter wavelengths. Both scattering and
absorption are strongly depth dependent. The vari-
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Figure 2: A snapshot of the light distribution produced bynawdated ultra-relativistic muon which entered
from below, at an angl®, = 135° diagonally towards the glacier surfag@s(= 180° would be straight
upwards) passing through the origin at a depth of 1730 m b#ievglacier surface. Stronger flux@st)

are observed both above and below the particularly dusfpmesyound: = —350 m which has stronger
scattering and absorption. Scattering causes a bendihg @herenkov light cone, most easily seen in the
differential probability distributiory,a¢(¢), whose time integral is by definition normalized to unity atlke
spatial location. Inhomogeneities in the optical progsrtf the medium cause the additional structure seen
in the figure, especially around -350 m.
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Figure 3: The figures show the simulated light fléxt) and the probability distributiotfyq(t) of the
light emitted from an idealized shower placed 1730 m belogvglacier surface. The snapshot is taken
t = 100 ns after light emission at the origin. The shower directis®i = 135°, as for the muon in
figure 2.
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ations at depths greater than 1450 m, where air energy. Atthe same time, light may propagate hun-
bubbles no longer exist, are explained by changesdreds of meters into glacial layers with very differ-
in climatic conditions which correlate with concen- ent optical properties. Shower-like event are more
trations of insoluble dust deposits. At each 10 m dependent on a complete implementation of vari-
depth interval, the effective scattering and absorp- ations in ice properties with depth since the local-
tions lengths ). and )\, as function of wavelength  ized light emission makes it harder to reconstruct
were determined. As an example, the time distribu- the lepton direction. The use oHBTONICS with
tions corresponding to two different wavelengths heterogeneous ice models makes it possible for
and light source—receiver positions were calculated IceCube to adequately handle such events.

and compared with experimental distributions, see
figure 1.

The photon propagation and recording methods
were applied to various idealized event types,
such as the light emission from minimum ion-

Conclusion

New photon propagation methods were imple-
mented, and are in use in the simulation and re-

izing muons, and from electromagnetic showers Ut f varticle ohvsi ts for lceCub
generated when ultra-relativistic electrons inter- construction of particie physics events for ice.ube.
The RHOTONICS program is used for calculat-

act with the detector medium. Using a charged . d tabulating liaht distributi ¢ calibrati
particle propagator such as MMC[4], the pho- INg and tabutating fight distributions ot cafibration

ton tables of idealized events types are dynam- sources and ultra-relativistic charged particles, as
ically combined to describe realistic composite a function of t|m.e and space in the heterogeneous
events. The RoTONICS photon simulation re- South Pole glacier. The full depth and wavelength
sults are accessed directly throughoT compli- dependent ice description of [3] was implemented.
ant c++ interfaces. The IceCube simulation pro- Shower-like events (induced by ultra-relativistic

grams query these interfaces and apply detectoreleCtronS) are more sensitive to depthwise ice prop-

specific details such as simulation of electronics, grty variations than are muons. This is increasingly

data acquisition and triggers. For event recon- mportapt for_higher ener_gies, as light propagates
struction, RIOTONICS provides individual photon further into different glacial layers. The IceCube

probability density functions (pdfs), and the ex- simulation can fully take into account how depth

pected number of detected photons. These are use&md Wavele_ngth dependent varlatlon_s of _the opti-
by track-fitting algorithms, for example maximum- cal properties of the South Pole glacier distort the

likelihood routines. The interface also delivers footprints of elementary particle interactions.

photon arrival times randomly drawn from the cu-

mulative arrival time distributions. References

Figure 2 shows the light distribution of a simulated
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Abstract:

We present a method to reconstruct the geometry and energiglofenergy muon tracks in IceCube.
Through a log-likelihood optimization procedure, an evhypothesis is obtained by maximizing the
agreement of the expected amount of light (as function oé}im the optical modules with the shapes
of the pulses recorded in the optical modules. This recootn method aims to use all information
contained in the waveforms recorded in the IceCube digitdical modules (DOMs), by comparing

those waveforms directly with the expected arrival timeribstion of Cherenkov photons at the DOM

after emission from a hypothetical track, taking into actidhe optical properties of the South Pole ice.
We expect that this method will be effective in particularfi@ghly energetic events in which a significant
fraction of the DOMs records many photo-electrons. Culyefdr simulated events within an energy
range ofl007'eV to 32 PeV which were reconstructed as throughgoing, we obtain arggmesolution

of 0.34 in Log(E/GeV) and an angular resolution 6f62°.

Introduction

The IceCube telescope is being deployed in
the Antarctic ice with its main goal to detect

high energy neutrinos arriving from astrophysical
sources. Nearly one third of the detector is in-
stalled and currently operational [1]. When fully

deployed, the instrumented volume will be approx-
imately 1 km?.

When a neutrino interacts in the ice in or near
the detector, it produces a track or cascade sig-
nature. Some of the Cherenkov light emitted by

operating on different gains. Each channel has up
to 128 bins with a bin witdh 08.6 ns. The main
purpose of the fADC is to measure pulses with a
wider time distribution from a further away track
or cascade. It has 256 bins with a bin width of
25 ns, giving a total time window 06.4 us.

Given that the IceCube neutrino observatory
records the full waveform information, a new like-
lihood reconstruction technique to exploit the full
waveform information is the goal of the research
described in this paper. Conventional reconstruc-
tion techniques [3] ported to IceCube from its

the charged lepton and secondary charged particlegoredecessor, AMANDA, do not use the complete

triggers the DOMs. A DOM digitizes the signal
from a10 inch photo-multiplier in two ways: with

an analog transient waveform digitizer (ATWD)
and with a fast analog to digital converter (fADC)
[2].

The main purpose of the ATWD is to record pre-
cise timing information of photons arriving in
DOMs relatively close to the track or cascade.
Therefore, it reads the same signal in 3 channels
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waveform. This is a reflection of the original
AMANDA data acquisition system which recorded
only the leading edge time of the pulse, the total
charge of the pulse, and the total time over thresh-
old of the pulse. These conventional reconstruction
techniques in IceCube utilize this information by
extracting pulse shapes from the ATWD or fADC
waveforms and reconstruct a cascade or a muon
hypothesis based on this information.
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In this paper, we focus on the likelihood re-
construction of high energy muon tracks arising
from extremely high energy (EHE) neutrinos with
energies up ta0''GeV . EHE neutrinos should be
produced when EHE cosmic rays interact with the
cosmic microwave background [4]. The significant

background due to atmospheric muons presents a

major challenge, however. Since the zenith and
energy distributions are different for signal and
background, good geometry and energy recon-
struction are vital for signal detection.

We hope that with the waveform-based event re-
construction method a significant improvement
in sensitivity can be achieved for events at a
wide energy range from- 107¢V up to highest
energies,~ EeV. At energies abové PeV we
expect to increase the sensitivity by effectively re-
construction the energy of non-contained events.

Method

We define a function which gives the likelihood
that the observed waveforms in the DOMs are the
result of a given muon track. Using a standard
minimizer algorithm, the track’s position, direction
and energy are found for which the likelihood has
a maximum.

Expected photon arrival time distribution at a
single DOM

A crucial element in the likelihood function is the
descriptionu(t) of the expected number of photo-
electrons as a function of time in a given DOM for
a given muon track. This description consists of
the expected total number of photo-electrong
together with a probability density function (PDF)
p(t) of the arrival time distribution of a single pho-
ton: u(t) = ptor - p(t).

The 4, and PDF depend on the energy, direction,
and the distance of the track to the DOM, the rel-
ative orientation of the DOM with respect to the
track, and the optical properties of the ice between
the track and the DOM.

At energies of a few hundred TeV and higher,
most of the Cherenkov light is not emitted by the
muon itself, but by its many secondaries and by
the stochastic showers. For our reconstruction of
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Figure 1: Comparison of the expected photo-
electron distributionu(t) (thick line) from photon-
ics tables with some actual waveforms from the
full MC simulation of high energy muons (thin
lines). Upper figurel PeV at53 m, lower figure:
100 PeV at147 m.
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a high energy muon track, we assume that the
muon track with stochastic showers can be approx-
imated by an "infinite cascade” which is a string of
equidistant average showers each with an energy
deposit corresponding to th&#/dX energy loss

of the track in the ice.

For the results in this paper, we togk,; and the
PDF from a table generated using the "photon-
ics” light propagation code [5]. An alternative ap-
proach uses a parametrization of the average wave-
forms obtained from the full IceCube simulation.

Fig. 1 shows the comparison between the expected
photo-electron distribution(t) as obtained with
photonics and individual waveforms as obtained in
the full MC simulation.

It should be remarked that the individual wave-

forms may resemble the expected average wave-
form only at very high energies and in DOMs close
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enough to the track. In most events, the individual
waveforms in various DOMs will look different, as
shown in Fig. 1. First, individual stochastics near
the DOMs may produce fluctuations beyond the
statistical (Poissonian) fluctuations from the aver- Taking the log of the Poissonian probability gives
age as modeled by the infinite cascade approxima-us:
tion. Second, when the(t) times the width a of a

The first term is a sum over all waveform bins.

single photoelectron pulse is less than 1, then the of

course the individual waveforms of the occasional
Each term in the sum;log ‘tt corresponds to
the normalized timing probability of observing a

individual photoelectrons will not follow that low
PDF.
photo-electron in theéth waveform bin weighted
. by the number of observed photo-electrons in the
to only a few photo-electrons. High energy muon

events on the other hand are characterized by alth bin.

large amount of deposited light and therefore pro- We evaluate Eq. 24 for all DOMs in the ice and
duce wide, complicated waveforms with many Sum these values as our log-likelihood function
photo-electrons. Reconstructing the geometry of Which we then maximize with respect to the free
a high energy muon track would benefit from the Parameters of the track. This amounts to fitting the
complete waveform information, as the width of Shape of the PDF to the measured waveform. This
the observed waveforms scales with the distance allows the reconstruction of not only the geometry
between the muon track and the DOM. A likeli- Of the muon, but also its energy.

hood reconstruction of the muon energy would also One feature that needs to be addressed is the issue
require the complete waveform in order to measure regarding the saturation of the waveform which the
the total amount of light deposited in the IceCube likelihood formula does not take into account. Cur-
detector since this correlates with the energy of the rently, saturation is taken into account by simply

e_/"/i

1 (23)

K
P(f@)EE) =]
=1

K

> <n log

i=1
+ Npe 1Og Htot — Htot

Hi

log P(f(1)|7, E) Htot

(24)

Poissonian likelihood for waveforms

The conventional reconstruction strategy described
in the introduction works well for lower energy
muon events in which the total charge corresponds

muon.

The likelihood function using the complete wave-
form is formulated as follows. What is the prob-
ability of observing a waveformyf(¢) given an
expected photo-electron distributignt)? The
waveformf(t) is measured from the ATWD or the
fADC, and the expected photo-electron arrival dis-
tribution is given by the PDF. The expected photo-
electron arrival distribution depends on the hypoth-
esis parameters, namely the geomatrfposition

of the muon at = ¢, and its direction) and the
energy,E. If you bin the waveformf(t) into K
bins, the probability of observing; photons in the
ith waveform bin given an expectation pf pho-
tons in theith bin is given by Poissonian statistics.
The overall probability for a single OM is given by
the product over all waveform bins:
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truncating both the PDF and the measured wave-
form at some level close to the actual saturation
level of the hardware, while sticking to the formal-
ism of Poissonian statistics.

Fitting strategy

When reconstructing the muon track, there are in
general six free parameters to fit (the vertex, di-
rection, and the energy). Fitting the geometry and
energy separately in three stages turns out to be
more efficient than fitting them all at once. We
seed the first stage of the reconstruction with a first
guess of the geometry and the energy and proceed
to fit the geometry only (five free parameters). We
then seed the second stage with this result, fitting
the energy only (one free parameter). Finally, we
use this second stage result to seed a third fit, which
refits the geometry again (five free parameters).
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The waveform based reconstruction as currently
implemented performs reasonably well. With a
sample of simulated high energy events, we obtain
an angular resolution comparable or better than
conventional reconstruction methods.

We have identified several aspects of the algo-
rithm and its implementation which can still be
improved, including a proper way to use the

Figure 2: Reconstructed muon energy versus sim- information of saturated DOMs.  This should
ulated energy for reconstructed tracks that go further improve the energy resolution (currently
through the IceCube detector (see text). The di- 0.34 in Log(E/GeV)) and extend the energy

agonal lineE, .., = E; . is added to guide the range beyond 1EeV. The results of this paper
eye. are only for throughgoing muon tracks; we hope

to present similar results for high energy non-
contained events as well.

The method is in principle not limited to track-like
events; it can be applied to events of any signature,

The energy reconstruction results are shown in g;,ch as showers and possibly also muon bundles.
Fig. 2 for a MC event sample simulated with an

E~! spectrum and an energy range frai’ eV’

to 100 EeV with 47 coverage in the full 80-string
IceCube geometry. Only reconstructed through-
going muon tracks are selected, which are muon The authors would like to acknowledge support
tracks whose point of closest approach to the ge- from the Office of Polar Programs of the National
ometrical center of the IceCube detector is within Science Foundation and the Japan Society for the
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Results

Acknowledgements

the IceCube array.

At energies above- 30PeV, the reconstructed
energy is systematically low due to saturation in
the DOMSs, which is currently not taken into ac-
count. The slope of the distribution for energies be-
low 30 PeV may be improved by adjusting the "in-
finite cascade” model, in particular the relation be-
tween the energy of the muon track and the energy
in an average shower of the infinite cascade. For
energies belov80 PeV, approximately31% of the
events are reconstructed as throughgoing.

For throughgoing muon tracks anfl;c <

30 PeV , the angular resolution (defined as the me-
dian of the distribution of angular differences of the
reconstructed and simulated muon tracks) is found
to be0.62°. Our obtained energy resolutionis34

in Log(E/GeV). With the traditional AMANDA
style reconstruction abo@5% of the events are re-
constructed as throughgoing, with an angular reso-
lution of 0.63°.
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Abstract: The excellent radiofrequency transparency of cold polar @mbined with the coherent
Cherenkov emission produced by neutrino-induced showbenwiewed at wavelengths longer than a
few centimeters, has spurred considerable interest intamaik, large-scale radiowave neutrino detector
array. A statistically compelling GZK signal will requiré east an order of magnitude improvement in
the product of (livetime)x(Effective volume) over exigjifRICE, ANITA, e.g.) neutrino detection ex-
periments. Correspondingly, the AURA (Askaryan Underieali® Array) experimental effort seeks to
take advantage of the opportunity presented by IceCubkndrthrough 2010 to establish the radiofre-
quency technology needed to achiew® — 1000km? effective volumes. We discuss three test strings
co-deployed with IceCube in 2006-07 which combine fastcm-digitization with an efficient, multi-
tiered trigger scheme. Ultimately, augmentation of Ice€ubith large-scald1000km?sr) radio and
acoustic arrays would extend the physics reach of IceCubetir EeV-ZeV regime and offer substantial
technological redundancy.

Introduction and Detection Principle cal photons. They are sensitive to neutrinos with
energies betweeh0?GeV — 101°GeV. In order

The Astrophysical high energy neutrinos hold to survey the extreme high energy regime of more

valuable information about their sources, either a than10'°GeV/, larger detectors are needed.

point source like GRBs, AGNs, and SGRs, or high |n 1968, G.A.Askaryan [1] suggested that cascades
energy cosmic rays (through the GZK process). generated by high energy charged leptons mov-
Consequently they can also teach us EHE particle ing through matter, produce an excess of negative
physics in energies unreachable by earthbound ac-charge moving at relativistic speed, thus emitting
celerators. Cherenkov radiation. For radiation with shorter
As the energy of the neutrino increases the atmo- wavelength, like optical photons, the phase is ran-
spheric neutrino background flux decreases and thedom and the electric field is proportional to the
interaction cross section of the neutrino increases, square root of the net negative charge developed
which favors the detection of HE neutrinos over in the cascade. But for photons with wavelengths
low energy ones. On the other hand, the estimatedlonger than the transverse dimensions of the cas-
fluxes of those high energy neutrinos exhibit an cade, like RF photons, the radiation is coherent
overall decrease with energy. The combination of and the electric field is proportional to the nega-
a small flux, low neutrino interaction cross section, tive charge in the cascade. It is expected that neu-
and limited life span of humans require the con- trinos with energy of 10'®¢V or more will pro-
struction of large scale detectors to improve the de- duce cascades with transverse dimensions of order
tection probability. ~ 0.1 meters, thus emitting coherent RF radiation.
Thekm? scale detectors like IceCube, AMANDA, Radio-frequency neutrino detectors are therefore
NEMO and Antares are (will be) made of thou- MOre sensitive to such high energy events than op-

sands of photo-multiplier tubes, sensitive to opti- tical detectors..
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This effect was demonstrated in an accelerator board(Trigger Reduction And Communication for
measurement where coherent linearly polarized RF RICE) that controls the calibration signal and the
radiation was measured from the interaction of a high triggering level, the SHORT board (SURF
beam dumped into RF transparent matter (sand,High Occupancy RF Trigger) that provides fre-
salt and ice)[2]. The simpler installation of radio quency banding of the trigger source, the ROBUST
detectors, the long attenuation length of RF in ice card (Read Out Board UHF Sampling and Trigger)
and the sensitivity to EHE events makes the RF re- that provides band trigger development, high speed
gion a useful probe for EHE neutrino detection. digitization and second level trigger discrimina-

Several experiments are already using the tion, the LABRADOR (Large Analog Bandwidth
Askaryan effect for neutrino detection in Antarc- Recorder And Digitizer with Ordered Readout)[5]
tica: The RICE array was deployed with the digitization chip, and a Motherboard that controls
AMANDA neutrino telescope near the South the power,communicationand timing.

Pole at depths of 100-300 m. The array consists A 260-capacitor Switched Capacitor Array (SCA)
of 20 dipole antennas covering a volume of continuously observes the input RF channels (two
200 x 200 x 200m?, and is sensitive between channels per antenna) and an additional timing
200 to 500 MHz. RICE established limits on high channel. To reduce power consumption and dead
energy neutrino fluxes as well as investigated the times, the information is held and digitized only

radio-glacial properties of the deep ice [3]. The
ANITA experiment, air borne at 40km, observed
the Antarctic ice searching for RF emission. The
high altitude makes the volume that ANITA covers
large (1.5 millionkm3), but the short flight time
and the refraction of RF photons in the transition
from ice to air limits the exposure time and the
angular coverage of this experiment [4].

Detector design and 2006/2007 Deploy-
ment

In the austral summer of 2006-2007, three Radio
Clusters were co-deployed with the IceCube opti-
cal array as part of the AURA (Askaryan Under-

ice Radio Array) experimental effort. Each cluster .

consists of up to four broadband dipole antennas,
centered at 400MHz, and four metal tubes hold-
ing the front-end electronics including filters and
amplifiers supporting these antennas: specifically,
a 450 MHz notch filter to reject constant noise
from the South Pole communication chann&lpa
MHz high pass filter and & 45dB amplifier. An
additional~ 20dB amplification is done at later
stage, for a total of~ 65d B amplification. An ad-
ditional antenna is used as a transmitter for calibra-
tion.

The DRM (Digital Radio Module) within a 13

when a trigger is received. The sampling speed
is two Giga-Samples Per Second, with a 256 ns
buffer depth. A 300 MHz on-board Advanced
Transient Waveform Digitizer is used for precise
trigger timing. A Wilkinson type ADC converts
the measured voltage into a count value with a 12-
bit dynamic range.

Six cables are connected to the DRM. One for
power and communication with the surface and
five for the transmitter and receiver antennas. The
spacing between the antennas is 13.3 meters, and
the total length of the cluster is 40 meters. The
AURA cluster is shown in figure 1.

The fast and broadband nature of the Askaryan RF
signal is exploited for background reduction. Once
the voltage measured on an antenna crosses an ad-
justable threshold, the digitization is triggered and
the signal is split into four frequency bands (200-
400 MHz, 400-650 MHz, 650-880 MHz and 880-
1200 MHz). If enough frequency bands are present
in the signal, the channel associated with this an-
tenna will trigger. In the current settings, at least
two out of four bands are needed for triggering to
happen. The cluster will trigger if enough channels
trigger (current setting requires at least three out of
four antennas).

The digitized data is sent to the surface using the
IceCube in-ice and surface cables.

inch diameter glass sphere contains the trigger- /cC€CuUbe on-going construction activity made it
ing, digitization and communication electronics as POssible to deploy clusters down to 1400 meters
well as a power converter. It holds the TRACR deep, adepth thatis usually less favored by RF de-
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tectors due to warmer ice and high drilling cost.
The clusters were deployed on the top of IceCube
strings, at depths of 1400 or 400 meters.

Table 1 summarizes the depth and location of the A A
three units. Out of the 8 receivers deployed, 7 re-
ceivers are operational. One channel was tested
fine before deployment, and most likely damaged
during the freeze-in of the water surrounding the
cluster after deployment. The data being taken
consists of ambient and transient background stud-
ies, calibration runs using the AURA transmitter
and the in-ice RICE transmitters.

The proximity of the South Pole station and espe-
cially the lceCube and AMANDA detectors may
cause significant RF noise in the AURA sensitive
band o0f200 — 1200 MHz. This noise pattern is be-
ing carefully studied and the amplified background
noise frequency has a clear enhancement between
200 —400 MHz, with an amplitude of abou)mV
corresponding to 7 ADC bits depth. The noise
spectrum and intensity depends on the location of
the antenna relative to the DRM and the type of
front-end amplifier used. Background studies were
also performed with the lceCube and AMANDA
detectors turned off. Figure 2 shows sample wave-
forms taken for background studies with and with-
out the transmitter antenna on for a single antenna.

_-_-_-_-_'_‘—-—-
13.33m
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2008 Deployment and beyond Y

The concept of a GZK radio frequency detector,
deployed in shallow depths or in a surface array
had been suggested more than 20 years ago [6]. A
future large scale GZK00km? scale detector will

be a hybrid of different Cherenkov radiation de-
tection techniques, allowing composite trigger and
coincidence and can be built around IceCube. The
long attenuation length of the ice (hundreds of me-
ters), makes the South Pole ice a natural choice for
deploying a RF detector.

In the next season (2007-2008) we plan to continue
our efforts to design and build a shallow GZK neu- L J L J
trino detector. We will continue to use the IceCube EE—

deep holes and existing deployment and DAQ in-
frastructure for deploying additional clusters. We
will investigate different depths 00, 200, < 100
meter and surface) and study the noise in lower fre-
guencies £ 200MHz) since the acceptance is ex-

____#______
13.33 m

Figure 1: The radio cluster, made of a DRM (Digi-
tal Radio Module), and 5 antennas (4 receivers and

165 a transmitter).



AURA - RADIO GZK DETECTOR

Clusten num. Transmittersnum. ReceivergLocation (x,y,z) in i} Front end amplifier brand
1 1 4 (50,500, —1400) Miteq
2 1 4 (220, 210, —250) LNA-SSA
3 1 0 (195,120, —1400) None

Table 1: Locations of the deployed clusters. Coordinateselative to IceCube center array at surface.

25 50 75 100 125 150 175 200 225 250
ns

Figure 2: Wave form signals for a single antenna for backgdand calibration runs. (a) Background only
(b) In ice transmitter pulse.

pected to increase with wavelength, albeit at the Once completed, IceCube is expected to measure
expense of timing resolution. about 1 GZK event per year. A sucessful GZK de-
A cluster will also be deployed- 1km away tector deployed on surface or in shallow depth will
from the IceCube array to study the ice and en- have to measure atleast10GZ K events a year.
vironment away from the IceCube array, and in- A hybrid of the RF array and IceCube will give
vestigate possible solutions to communication and SUP-samples of coincidences events with cross-
power distribution challenges that a large scale calibration capabilities and unique signal signa-
array presents. A surface array of radio detectors tUres.

is relatively easy to deploy, but the refractive in-
dex difference between the ice, firn (soft ice layers
on top of the glacier) and air decreases the angular
acceptance of a surface detector due to total reflec-
tion of rays propagating between the layers. On

Summary

Three radio clusters were deployed at the South

the other hand, deeper deployments in depths of Pole as an extension to the IceCube array. In the

tens to hundreds of meters increases the technicalnext year, We.pllan to deploy add|t|0nal clusters
difficulties and cost of such an array. to have a sufficient 3D array for vertices recon-

) ) o struction, make radio-glaciological measurement
The design of the cluster will be similar to last o qifterent depths and distances from the Ice-
year's clusters with possible minor changes to the - pe array, and check the suitability of the Ice-
antennas and electronics. By deploying at differ- e environment for RF detection. These are the
ent depths and locations the RF properties of the g« steps toward building 200km? GZK detec-
ice, the suitability of ice for such of detector and y, it around IceCube. Such a detector will be
studies of different cluster designs will be checked, powerful tool in investigating the EHE neutrino
while building a sub-GZK detector that will be able
to detect HE events, reconstruct vertices, and look
for events coincident with IceCube.

world.
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