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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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IceCube - construction status and performance results of th 22 string detector

ALBRECHT KARLE!, FOR THEICECUBE COLLABORATION?
LUniversity of Wisconsin-Madison

2See special section of these proceedings
karle@icecube.wisc.edu

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.

[
o
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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].
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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



THE ICECUBE COLLABORATION

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
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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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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 P

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 R T AT v 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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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
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. . 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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Figure 1: Ratio ofS{i¢ to ST, as a function of the
total energy per nucleugy)).

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.
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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 IceCub