Brazilian Journal of Physics

BRAZILIAN JOURMAL OF

> ISSN: 0103-9733
luizno.bjp@gmail.com
Sociedade Brasileira de Fisica
Brasil

Klein, Spencer; IceCube
Recent Highlights from IceCube
Brazilian Journal of Physics, vol. 44, nim. 5, 2014, pp. 540-549
Sociedade Brasileira de Fisica
Séo Paulo, Brasil

Available in: http://www.redalyc.org/articulo.oa?id=46432476013

How to cite é} //._‘-

.
p .

Complete issue o .
P Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal

Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org/articulo.oa?id=46432476013
http://www.redalyc.org/comocitar.oa?id=46432476013
http://www.redalyc.org/fasciculo.oa?id=464&numero=32476
http://www.redalyc.org/articulo.oa?id=46432476013
http://www.redalyc.org/revista.oa?id=464
http://www.redalyc.org

Braz J Phys (2014) 44:540-549
DOI 10.1007/s13538-014-0224-8 SOCIEDADE BRASILEIRA DE FISICA

PARTICLES AND FIELDS

Recent Highlightsfrom I ceCube

Spencer Klein for the lceCube Collaboration

Received: 28 April 2014 / Published online: 12 June 2014
© Sociedade Brasileira dagtta 2014

Abstract The ~1 km? IceCube neutrino observatory was from around the world. | will pesent data taken with a vari-
completed in December, 2010 and is taking data on cosmiety of different IceCube configuration, denoted by ICxx,
ray muons and neutrinos, extraterrestrial neutrinos, anathere xx is the number of active strings in each configura-
setting limits on a variety of exotic phenomena. This pro-tion. Table 1 of L] discusses some of the characteristics of
ceeding will cover recent IceCube results, with an emphasithe different configurations.

on cosmic rays and on searchesdgtraterrestrial neutrinos,

with a stress on results presented at the 2013 International

Cosmic Ray Conference. 2 IceCube: Hardware and Performance

Keywords IceCube Neutrino- PeV - astrophysical The IceCube neutrino observatory is-4 km® detector that
observes the Cherenkov radiatifvom electrically charged
particles, including those produced in neutrino interactions

1 Introduction [2]. It is deployed at the South Pole, about 1 km from the
Amundsen-Scott South Pole Station. The Cherenkov radi-

The IceCube neutrino obseteay collects data on a wide ation is detected with 5,160 optical sensors (digital optical

variety of topics involving cosmic rays and astrophysics:modules, DOMs) which are mounted on 86 vertical cables

cosmic-ray air showers, including their high-energy muor(strings) emplaced in the ic&@n 78 of the strings, DOMs
content, atmospheric and astrophysical neutrinos, and ae mounted every 17 m between 1,450 and 2,450 m. These
variety of searches for exafi, including neutrinos from strings are on a 125-m triangular grid. In the DeepCore
dark matter annihilation, magnetic monopoles, and signsubarray, the string and DOM spacings are considerably
of supersymmetric particle production in neutrino interac-smaller B]. The main array has an energy threshold around
tions. This writeup presentsghlights from recent IceCube 100 GeV, while DeepCore observes neutrinos with energies
activities in these areas, with some focus on results thats low as 10 GeV.

were presented at the 2013 International Cosmic-Ray Con- In addition to the buried DOMs, IceCube incorporates a

ference. This work was performed by the250 member surface array called IceTop which consists of 162 ice-filled

IceCube Collaboration, including scientists and engineertanks that detect the Cherenkov radiation from charged par-
ticles in cosmic-ray air showerd][ The tanks are deployed

The full collaboration author list is availabletetp:/icecube.wisc. in pairs (called “stations”), with most stations deployed near
edu/collaboration/authors/current the top of the IceCube strings. The tanks are 182 cm in diam-
S. Klein (2) - for the IceCube Collaboration eter, filled to a depth of 90 cm .With ice. Two DOMs in.each.
Lawrence Berkeley National Laboratory, tank observe the Cherenkov light from charged particles in
Berkeley, CA, 94720, USA air showers. IceTop is sensitive to showers with energies
e-mail: srklein@Ibl.gov above 100 TeV. The 1-kfnsurface area is large enough to
S. Klein observe showers with energies up to 1 EeV. The top of the
University of California, Berkeley, CA, 94720, USA South Pole icecap is 2,835 m above sea level, so IceTops
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elevation is relatively close to the predicted shower maxi-
mum for PeV showers.

Each DOM consists of a 25.4 cm(10 in) Hamamatsu
R7081 photomultiplier tube (PMT)], plus data acquisi-
tion electronics in a spherical glass pressure housing. DOMs
operate autonomously, sending packetized digital data to the
surface f], and are largely self-calibrating. The data acqui-
sition system must accurately record the arrival times of
most photoelectrons while running reliably at very low tem-
peratures with very low power consumption. Each DOM 3 2 1 (af:_aml) COSZ(BP) [3deg]
includes a precision crystal oscillator which is calibrated
by a system which exchanges timing signals between th&g. 1 Contour plot showing the deficit (in number of evenFs) as a
surface and the DOMs. It maintains timing calibrations ofguar;;tlon of the displacement from the center of the Moon, using IC59
about 2 ns, across the entire arr@y. [The hardware has
been extremely reliable. Currently, 98.5 % of the DOMs are
taking data. Of the failures, the vast majority were “infantthe actual position of the MooriP], confirming IceCubes
mortality” during deployment. Only two DOMs failed dur- pointing accuracy.
ing 2012. The detector has also run very reliably, with a Each of the three neutrino flavors,, vy, andv;, has a
typical up-time over 99 %. specific signature in IceCube. Charged currgnproduce

The data acquisition system includes two waveform diga hadronic shower, typically containing 20 % of the neu-
itizer subsystems. The first comprises a custom switchettino energy, with the rest going into an energetic muon
capacitor array (SCA) ADC, running at 300 MS/s and tak-which leaves a long track in IceCube. These events have
ing 128 samples (400 ns) per trigger. Each phototube feedg&ry good angular resolution, but, because muons can carry
3 SCA channels, with varying gains, providing 14 bits ofenergy into or out of the detector, limited energy resolution,
dynamic range. The second subsystem comprises a 10-jfpically a factor of two in energy. Energetic (above 1 PeV)
commercial ADC, running at 40 MS/s, and collecting @4 charged current, produce a characteristic “double-bang”
of data for each trigger. signature—one shower when thg interacts, and another,

Considerable effort has gone into understanding the optt00 m or so away, when the decays 13]. At somewhat
cal behavior of the active medium—the ice. The Antarc-lower energiesy, may produce a “double-pulse” signature,
tic ice is extremely pure, with typical effective scatteringwhere the two showers produce hits in the same DOMs,
lengths around 20-25 m, and absorption lengths arounigut at different times J4]. Charged current,, lower-

100 m; in the clearest ice, the absorption length is oveenergy charged current, and all flavors of neutral current
200 m. This purity allows DOMs up to several hundredinteractions produce electromagnetic or hadronic showers
meters from an interaction to collect useful data, but it alsavhich, except at energies above 10 PeV, are nearly point
challenges the calibration methods. The absorption and scaeurces of light. IceCube can acately measure the energy
tering lengths depend on the wavelength of the light, and thef these events, but the angular determination is much
position in the ice. The wavelength dependence was stugboorer.

ied in IceCubes predecessor AMANDA][ using LEDs

and lasers that emitted at different frequenc#sThe spa-

tial variation of the optical properties is studied in IceCube3 Cosmic Rays

using an ensemble of LESeach DOM contains 13 LEDSs)

and two 337-nm N lasers, plus data from downward-going IceCube has measured the cosimdy energy spectrum at
atmospheric muonslf]. We have recently found that the energies between 1.58 PeV and 1.26 EeV using data from
scattering and absorption lengths are anisotraplf, pos- 73 IceTop stationsl5]. The analysis used events where at
sibly because dust grains in tlee align along the direction least five stations recorded a hit. As FRshows, in this

of ice flow. energy range, we observe three spectral breaks. In addi-

IceCube also uses cosmic-ray muons for higher level cakion to the knee, at 4 PeV, the spectrum hardens around
ibrations. One study takes advantage of the fact that th&8 PeV, and then softens around 130 PeV. The analysis
Moon blocks cosmic rays, creating a “hole” in the sky whichconsidered five possible cosmic-ray compositions, includ-
is visible in the downward-going muon rate. Figdrehows  ing pure protons, pure iron, and three mixed compositions.
the shadow of the moon in the IC59 data; IC40 shows &he composition sensitivity was studied and constrained
similar deficit. The width and depth of the deficit match Ice- by the requirement that the measured cosmic-ray flux be
Cube simulations. The center of the hole is within®2  independent of the zenith angle. The analysis used a mixed

3, - 8y [deg]
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108 107 108 109 2 PeV. The typical intensity fluctuations were a few parts
R in 1,000, and they were present over a wide range of angu-
{ i ‘\\ lar scales. The anisotropy distribution changes with energy,
o i . but the fractional strength of the fluctuations are compara-
:TE i \*"\\ ble, within a factor of 2. This challenges current models of
% , cosmic-ray production and propagation; one possibility is
%104; that some of the variation is due to one or more relatively

§ C local sources.
%% [ —t— Statistical errors IceCube has also measured the cosmic-ray composition
W | [ ] systematic errors at energies between 1 PeV and 1 EeV using events with
S, | —— single power-law fits showers in the IceTop array and muons in the in-ice detector.
[ R B B R RPN L For a given energy, heavier primary particles produce more

6.5 7 g Z'E’/Gev) 8 8.5 ° muons. The in-ice detector has a threshold for single muons

10 of around 500 GeV;, these muons are produced much earlier

Fig. 2 The cosmic-ray energy spectrum measured by IceTop-73. I the shower than the lower energy muons observed by sur-

addition to the knee aund 4 PeV, adtional spectral breaks are seen face detectors. IceCube measures the light produced by the
around 18 and 130 PeV muon bundle near the shower core; this light is proportional
to the total energy of the muons in the bundle, which is

composition L6 which fulfilled that criteria reasonably statistically related to the shower composition using simula-

well. The degree of flux mismatch at different zenith anglestions' The average atomic numbgt,, rises with increasing

was used to estimate systematic errors. There is also sorﬂgmary energy, up to an energy of about 100 P&${.[

systematic uncertainty due to the varying depths of snow 'C€CUDE has also studied isolated muons in cosmic-ray
atop the IceTop tanksB]. Future work will use events with &7 Showers at distances between 135 and 400 m from the

fewer hit stations, pushing the spectral measurement dow?hower COfeI‘?]- This measurement extends the'MAC.RO
t0 100 TeV. lateral separation spectrul] by an order of magnitude in
One surprising aspect of the cosmic-ray flux is that it isdistance. At distances over 100 m, most of the lateral sep-

slightly anisotropic. lceCube has measured the anisotrop ation comes from the initial t_ra_n_sverse rnomenjrgam,_
f the muon with respect to the initial cosmic-ray direction.

in the Southern hemisphere, complementing Northern sk X
studies by the Tibet air shower array, Super—Kamiokande,hepT IS
and Milagro. Separate studies were done with the IceTop

surface array and using muons observed in the in-ice detec-  dE
tor [17]. The muon channel, shown in Fig.offers much 7 =
higher statistics (150 billion events), covering the energy ) )
range from 20 to 400 TeV. The IceTop studies had lower Here,d is the lateral separation of the muon from the

statistics, but covered a higher energy range; data was ang?OWer centerl is the distance from the primary interac-
lyzed in two bins, with median energies of 400 TeV angtion (typically 30 km for vertically incident showers), and
E, is the muon energy. Figudeshows the measured lateral

separation spectrum. The minimum visible IceCube sepa-
ration of 135 m corresponds roughly jgr > 2 GeV/c,
the regime where perturbative quantum chromodynamics
(pQCD) calculations are used at colliders like the Large
— Hadron Collider or RHIC. The data exhibits a transition
-1 -0.5 0 0.5 1 from an exponential decrease, as expected for models of
soft (nonpertubative) hadron production, to a power law, as
predicted by pQCD. This opens the door to pQCD-based
studies of phenomena like the cosmic-ray composition.
IceCube also studies cosnmays from closer sources. On
May 17, 2012, an increase in the particle rates in all IceTop
‘ tanks was observed. This increase coincided with a solar
) _ _ _ flare which was observed by other ground-level neutron
Fig.3 The cosmic-ray anisotropy observed using 5 years of data, Cory, o hiyars, and the GOES-13 satelligs]. A similar increase
taining 150 billion events. Theop panel shows the intensity of the
raw anisotropy, with theottom showing the result after the dipole and Was observed on December 13, 20Pg{ The enhancement
quadrupole moments are subtract&d | is consistent with expectations from low-energy cosmic rays

1)

-1 0 1
Relative Intensity [ »107°]
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= searching for neutrinos from WIMP annihilation in the
@ E o § . .
S £ - Fit Parameters Earth 28]. Here, the capture crosection increases when
g f RS oo the WIMP mass is comparable in mass to the nuclei that
S0 C:9.44+1.40 comprise the Earth. For exane, there is an expected peak
g r NI n:-17.56£515 around 50 GeV, corresponding to iron nuclei.
= Lo B For other targets, the WIMPs annihilate “in-flight.” We
g set limits on the product of the dark matter particle den-
- sity and mean velocitypv). Figure5 compares the IceCube
10° - limits on (pv), as a function of WIMP mass, with those
g obtained by the PAMELA and FERMI experimend].
B The IceCube sensitivity increases with increasing parti-
0 1 I R R cle mass due to the increase in neutrino cross-section (in
150 200 250 300 350 400

Separation between Bundle and LS Muon [m] IceCUbe) and increasing muon range.
Fig. 4 Lateral separation spectrum of high transverse momentu Although indivjdual neutrios with energies of order
mgé)ns observed in IceCube. The data points are fit to an exponenr"ill-O MeV do not trigger IceCube, a short burst, such as th_at
tial, expected for muon production in soft hadronic interactions, plus 4"0M & nearby supernova, could be observable as a collective
power law, as expected at large separations in perturbative Q@D [ increase in the single photoelectron rates in all photo-
tubes. Because the dark meirates in the IceCube DOMs
are low (286 Hz), the 5,160 DOMs operating together
coming from the Sun. Fits to ¢hdetector rate increase ver- become a sensitive detector for MeV neutrinos, sensitive
sus tank threshold indicate that most of the cosmic rays hawe supernova in all of the Milky Way, with more thaw 5
energies below 1 GeV. significance. There is also s@rsensitivity to supernovae
in the Magellanic Clouds. Although IceCube cannot deter-
mine the supernova energy spectrum, the time evolution
4 WIMPsand Other Physics of the signal can be measured with millisecond precision.
We are in the process of implementing two new techniques
In addition to neutrinos and cosmic rays, lceCube studieto boost our sensitivity. The first is an improved analy-
many other physics topics, including searches for particlsis that will remove hits from observed muons, reducing
dark matter, bursts ef10 MeV neutrinos from supernovae, the fluctuations in the measured PMT rates, and the sec-
magnetic monopoles, and searches for signatures of neand is an improved data acquisition systedf][ which will
physics, such as pairs of upward-going particles. save all of the individual hits in the event of a suspected
In many models, dark matter particles are their ownsupernova.
antiparticles, so are self-annihilating. They may be captured
in gravitational wells. There, their density increases over

time until the rate of self-annihilation equals the capture = coee = Icro et e sensitvty
rate, and equilibrium is reached. The products of the annihi- 22 1539 Virgo chser ettt 2 Fermibwartonasy
lation depend on the details of the model. IceCube considers 107 ‘ IceCube Preliminary

the following channelsW W~ (z+r~ below threshold), 2 G E
bb, and sometimeg ™~ andvv. Thevv produces the hard- —10%F \//
est neutrino spectrum ard the softest. We have searched 3 \\
for neutrinos from WIMP annihilation coming from the 3
Sun 2], the galactic center and halo, and nearby dwarf
galaxies.

The Sun is a particularly interesting target since it is 1075, o ‘3 .
composed mostly of hydrogen. This is the ideal material 10 Y e 10
to attract WIMPs with spin-dependent couplings to matter.

WIMPs passina through the Sun scatter and are ravite{:-ig's Limits on the product of the WIMP annihilation cross-section
P 9 9 9 and mean velocity,pv), for different IceCube analyses, for annihila-

tion_a|_|y captured .by it_- Their density rises and they pegmtion into the final statgt™ . Limits are shown for annihilation in the
colliding and annihilating. Based on our nonobservation otalactic halo (“Halo”), galactic center (“GC”; limits from three differ-
neutrinos coming from the Sun, we have set limits on varent searches are shown), nearby dwarf galaxies, and the Virgo cluster

ious models for weakly interacting dark matt€g]. These [23]. Also shown is the limit from the Fermi observatorg4], along
’ with the expectations if the Pamela excess is interpreted as being due

"mits C_0r15train many variants of supersymmetry that pres gark matter25). The lower, light gray band shows the naturalness
dict spin-dependent WIMP-matter couplings. We are alsGcale, at which WIMPs may be present as thermal relics

interpreted for DM [Meade et al. (2010)] _]
natural scale
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IceCube has completed two types of searches for maghe sample is estimated to be 99.6 %. Multiple methods for
netic monopoles. The first are searches for relativisthe unfolding (and the required regularization) were tried;
tic monopoles, which are moving fast enough to emitthey all gave consistent results. The error bars are dominated
Cherenkov radiation. Since monopoles are electromagnetdy the systematics, which were estimated with the “pulls”
cally similar to electrically charged particles wigh= 67.5  method that examined how changes in individual systematic
e, these tracks produce abundant light. We have set flugffects changed the overall result.
limits that are a small fraction of the Parker bound for IceCube has also measured the atmospheiiicix from
monopoles with velocities larger than 0.7631]. We also 80 GeV to 6 TeV. This analysis selected contained events
searched for slower monopoles, with velocities approxi-and found that the cascade flusas/consistent with conven-
mately in the range 1@ to 10~ ¢ [32]; these monopoles tional expectations3g].
will only be visible if they catalyze proton decay. We set At energies below 50 GeV, neutrino oscillations affect
limits on the flux versus catalysis cross-section. thev flavor composition, primarily turningy, into v; which

We are also searching for events with unusual topologieappear as cascades. For vertically upward-going neutrinos,
which are not expected in the standard model. One exanthe first oscillation minimum occurs at 24 GeV. Several
ple of this is a pair of parallel upward-going particles. ThesdceCube analyses are studyingdisappearance, using con-
events are predicted in some models of supersymmetry. fained events observed in DeepCo88][ Figure 7 shows
neutrino interaction 1,000 km below IceCube can produc¢he allowed regions in si20,3) and Am%2 for three stud-

a pair of heavy charged supersymmetric particles, whicles, along with the results from other experiments. The three
propagate upward, separating as they3f).[The standard analyses use different teclguies to select and reconstruct
model backgrounds for these processes appear to be smallents, and determine the neutrino energy and zenith angle,
[34]. with different tradeoffs between accuracy, efficiency, and

systematic uncertainties.

Looking ahead, an expanded collaboration is develop-

5 Atmospheric Neutrinos, Oscillations, and PINGU ing a proposal for a higher density infill array—Precision

IceCube Next Generation Upgrade (PINGU), which will
IceCube observes a large number of atmospheric neutnieduce our neutrino energy threshold to a few Gdg].[
nos each year. Besides being a background to searches INGU will consist of 20—40 new strings, with a roughly
extraterrestrial neutrinos, they are of considerable physic80-m spacing. Each string will support 60—100 optical mod-
interest in their own right. ules, spaced a few meters apamstrumenting an effective

IceCube has measured the energy spectrum), dfom
100 GeV to 1 PeV 35|, extending our previous mea-

surement of the spectrun8€]. The spectrum is deter- > =

mined ba_sed on measuremt_ents of muon—_specmc energy lo e MINOS 2012. 50%
(dE/dx) in the detector, with an unfolding procedure to 45 ... Super-K 2012, 90%
account for the measurement resolution and the steep | - ANTARES, 90%

= |ceCube-79 2012, 90%
lceCube-79 2013, 90%, prel.
lceCube-86 2013, 90%, prel.

falling spectrum. Figuré compares the measured spectrum  a.0f
with two theoretical models, with and without a prompt

component. Neutrino events were selected using a Randox 35
Forest machine learning approach. It selected 27,771 ne_»

3

trino events in 346 days of data with 1C59; the purity of = 5,
‘7: 10_4; IceCube Preliminary a 25 wa. K f 0 BT
Y =
5 0 F 0 S TR T,
N
c 2.0
o
o
.(2. 10 + Data stat. + syst. ] 1.5
.e. — Barretal. (conv.)
ﬁ-l 10_10 ; vl Hond‘a etal. fconv.). ‘Enbergle& al. (p‘romm)‘
2.0 3.0 4.0 5.0 6.0 1860 o065 o070 075 080 08 090 095 1.00
log;o(Energy/GeV) sin? (26,3)

Fig. 6 The atmospheric neutrino spectrum measured using IC59ig. 7 The allowed regions for different IceCube atmospheric neu-
compared to two theoretical predictions, one with and one without drino oscillation analyses, shown along with limits from MINOS),
prompt component. The prompt component is the central valu&7pf[ Super-K B1], and ANTARES B2]
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mass of about 10 megatons. The optical modules will béor a source with an assumeii? spectral index45]. We
similar to those used in IceCube. have also performed dedicatedarches for neutrinos from
The physics focus for PINGU is to use atmospheric neueosmic-ray production in blazars, the Cygnus region (iden-
trinos to determine the neutrino mass hierarchy by determirtified by MILAGRO as a source of TeV gamma rays) and
ing which neutrino species is heaviest. It is sensitive to th@pen star clusters4p], and from flares of active galactic
mass hierarchy through the Mikheyev—Smirnov —Wolfen-nuclei [47].
stein (MSW) effect, whereby; (the mass eigenstate that We have also performed a vajef searches for episodic
is largely v.) traversing the Earth can resonantly interactsources, including searches for gamma-ray bursts (GRBS)
with the electrons and be converted to another flavor. Thand for periodic or flaring sources. The GRB study searches
details of this conversion depend on whether the mass hiefer events in temporal and spatial coincidence with GRBs
archy is “normal” (withvy the lightest) or “inverted” (with  observed by different satellites and reported by the Gamma-
v1 the heaviest). A definitive measurement of the massay Coordination Network (GN). A search using 4 years
hierarchy will require stringent control of the systematicof data found no significant correlation, and set limits a
uncertainties. factor of two tighter than our previous searet8]. Recent
theoretical calculations preditower neutrino fluxes; the
new experimental limits are comparable to the newer
6 Extraterrestrial Neutrinos calculations.
IceCube is also pursuing multimessenger astronomy, cor-
Many methods have been proposed to detect extraterreselating neutrino arrival times and directions with data from
trial neutrinos. These include point source searches, botbptical and gamma-ray telescopes. We also send out alerts
continuous and episodic and multiple approaches to searth these telescopes when neutrino pairs (within a selected
for diffuse neutrinos. IceCube is pursuing most of thesdime/space window) are observetd]. Currently, we have
methods. arrangements with ROTSE, the PTF survey at the Palomar
Figure8 shows a neutrino sky map with 390,000 events Observatory, MAGIC and VERITAS. To date, no signifi-
collected over 4 years of detector operatidd][ The distri-  cant correlations have been observed. A future enhancement
bution is consistent with background expectations withoutill send triggers when very high energy or v, events are
any statistically significant excesses. In the North, aboubbserved.
90 % of the events are atmospheric neutrinos, while in Searches for diffuse extraterrestrial neutrinos depend
the South, the triggers are mostly muons. We perform aon finding a clear excess over the expected atmospheric
unbinned maximum-likelihood search and set declinationbackground. There are several handles for differentiating
dependent upper limits to the flux from possible pointatmospheric and extraterrestrial neutrinos. For example,
sources. In the most sensitive region (near the horizon}hey are expected to have a harder energy spectrum. Fermi
these limits reach the level @2¢ < 10712 TeVcm2s 1  shock acceleration predicts afi—? spectrum, compared

Fig. 8 A neutrino sky map +85
containing 390,000 events, ICECUBE PRELIMINARY _——
collected over 1,371 live days, ,/// s e

with the full and partially
completed IceCube detectors.
There are no statistically
significant excesses. In the
Northern Hemisphere, about
90 % of the events are from
neutrinos, while in the Southern
Hemisphere, they are mostly
cosmic-ray muons
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to E-37 and E~*9 for conventional atmospheric neutri- energy spectrum of selectedesis was fit to a mixture of
nos above and below the knee of the spectrum (abowtmospheric muons and neutrinos (with separate compo-
400 TeV for neutrinos), an&=27 and E~39 for prompt  nents for prompt and conventiongland an extraterrestrial
neutrinos. The flavor composition is also different, with component. The data was compatible with the combined
extraterrestrial neutrinos expected to hev,:v; = 1:1:1, atmospheric expectation, and a 90 % confidence level flux
while atmospheric neutrinos are mostly. Finally, ener-  limit was set for anE~2 spectrum, atE%¢ < 1.7 x
getic downward-going atmospheric neutrinos are expectetio—8 GeV/cnt/s/sr B5]. A limit was also set on the prompt

to be accompanied by an air shower, including energetifiux, at nine times the ERS central value. Similar searches
muons. are now underway using IC79 and IC86.

A recent search for extremely high energy neutrinos in A follow-on to the EHE analysis discussed above
IC79 and IC86 found Bert and Ernie, two neutrino-inducedsearched for additional neutrinos with energies around
cascades (showers) with energies above 1 P#}/ These 1 PeV in the same 2 years ohtd. It incorporated sev-
events are incompatible with an atmospheric origin at theral new features, including a method for determining the
2.8 level. They are also too low in energy to be plau-atmospheric muon background directly from the data and a
sible Greisen—Zatsepin—Kuzmin (GZK) neutrinos from thecalculation of the probability that a downgoing atmospheric
interaction of ultra-high energy (above abouk410'° eV)  neutrino will be accompanied by muons which will cause
protons with cosmic microwave background radiation phothe event to be rejected as a neutrino candida®g [This
tons. We set the differential limits shown in Fig.on the search divided the detector into a central active region and
flux of ultra-high energy neutrinos, following an assumedan outside veto region and required that the event originate
GZK spectrum. The differential limit includes Bert and in the 400-megaton active region. It selected events con-
Ernie, which cause the decrease in the limits around 1 Pe\taining more than 6,000 obsed photoelectrons, without

We have also searched for extraterrestvjalising data  differentiating between event topologies. The search found
from IC59 [b4]. This search looked for a hard component28 events in 2 years of dataciading the previously iden-
to the v, energy spectrum visible above the softer atmo-ified Bert and Ernie. Figuré0 shows the observed charge
spheric neutrino flux. Finding none, a 90 % confidencedistribution, in photoelectrons, for the selected events.
level flux limit was set for anE—2 spectrum atE2¢ < The background from cosmic-ray muons was estimated
1.4x 1078 GeV/cnt/s/sr. A 90 % confidence level limitwas from the data by using an expanded double-layer veto. By
also set at on the prompt flux, at 3.8 times the central valueounting the number of events tagged in one-veto layer but
of the prediction in 37] (“ERS”). not the other, the cosmic-ray muon background was esti-

Another search of the same data set selected events thaated to be ® + 3.3 events. The atmospheric neutrino
were contained within the detector and had a topology com-
patible with a electromagnetic or hadronic shower. The

Charge Threshold

7 i Bkg. Atmospheric Muon Flux (Tagged Data)
10 B Bkg. Atmospheric Neutrinos (/K)
L I T _\_l_ Bkg. Uncertainties (All Atm. Neutrinos)
. M . 5 6 —
10+ [-IceCube Preliminary g 10 Ll | = Semerpren Neutinn 5% L chr L~
RICEQOID) 5 Signal+Bkg. Best Fit Astrophysical £-> Spectrum
& \ 10 —  All Events (Trigger Level)
=10t \ eee Data
L X kb E) ceCube Preliminary
i & y a
wi N T Q
2 8
) , 3
g 107 TeeCube2012 2
> 5
i 10° &
f-'\\> Cosmogenic v models
= "rv ----- Engel ef al. 1
F wo Kotera et al. (FRIT)
m:ﬂ.m . e e Ahlers et al. (max) -
R [ Ahlers et al. (best)
" f.{f-" ——  Yoshidaetal.
10 A Total Collected PMT Charge (Photoelectrons)
: P I -
6 8 10 Fig. 10 Total event charge in photoelectrons (a proxy for energy) for
logm{EvfGeV) the 28 contained events. Tipeints with error bars are the data. The

blue shows the atmospheric neutrino background, with the hatched
Fig. 9 Differential limits on the flux of GZK neutrinos, set with area showing the uncertainty due to the prompt neutrino flux.rétte
2 years of IceCube data, and compared with limits from RI6H,[  curve shows the atmospheric muon background, whilegtay curve
the Pierre Auger Observator$d], and ANITA [53]. Also shown are  shows the background plus an astrophysical signal. Only events with
several theoretical calculations more than 6,000 photoelectrons were used in thetifative analysis
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background was estimated based on IceCube measurements B9 Background Amospheric Muon Flux

at lower energies, where any extraterrestrial contamination ' Backqround i, and Sye. Unceraites
was expected to be minimab4]. This number was scaled . Rimospenc Neutsnos (600 1 enarm L)
by the probability that the atmospheric neutrino would not O

be accompanied by an atmospheric muon or bundle. This
probability was estimated from a Monte Carlo calculation,
with a “floor” added, requiring that there was at least a
10 % probability of being uaccompanied. With this, the
estimated background from conventional atmospheric neu-
trinos was 1(Bj§:8 events. Since this was extrapolated from
lower energy measurements, it does not include prompt neu-
trinos. The prompt flux was estimated to be 1.5 events, 102 100
based on the central ERS valug7], with an adjustment Deposited EM-Equivalent Energy in Detector (TeV)
to include an improved, composition-dependent cosmic-ragig 12 visible energy deposition for the 28 contained events assum-
knee. Because of the large uncertainties in the prompt fluxng that all of the energy is electromagnetic. Hadronic showers produce
we also considered a background model with the prompt0-15 % less light, depending on energy. The points witbr bars
flux at the 90 % confidence level limit given above. We are the data. Theed show§ the atmospheric muon background, which
. o L is concentrated at energies below 60 TeV. Bhe shows the mostly

also considered a priori andu@steriori signficance calcu- upgoing atmospheric neutrino background, with the hatched region
lations, using, respectively, the 26 events first observed iagain showing the uncertainty due to the prompt neutrino flux, while
this analysis (i.e., excluding Bert and Ernie, which promptedhegray includes an astrophysical flux
the study), and on all 28 events. From these studies, we
have observed evidence for extraterrestrial neutrinos at thdgowngoing than upgoing becauskneutrino absorption in
4o level. the Earth, but still less asymmetric than the data. The dis-

Figure 11 shows the zenith angle distribution of the 28 tribution of 24 downward-going events and 4 upward-going
events, along with the expected signal and background dignes is about 16 away from expectations for an isotropic
tributions. The atmospheric muon background is entirelyexcess, as expected from a diffuse astrophysical signal.
downward-going. Because many downward-going atmo- Figurel2shows the visible energy distribution of the 28
spheric neutrinos are vetoed, and energetic upward-goirgyents, assuming that the deposited energy is electromag-
neutrinos may be absorbed in the Earth, the convemetic in origin. Most of the muon background is at energies
tional atmospheric neutrino background is concentratetlelow 60 TeV, since the muon energy spectrum is very
around the horizon. The fitted extraterrestrial signal is mor&oft, and muons are increasingly unlikely to pass the veto
selection with increasing energy. The conventional atmo-
spheric neutrinos have a soft spectrufit&/49), while the

10 % + TceCube Preliminary
7

Events per 662 Days

[Southern Sky (downgoing)] [ Northern Sky (upgoing)l

B Background Atmospheric Muon Flux

10+ I Bkg. Atmospheric Neutrinos (7/K)

Background Stat. and Syst. Uncertainties

—— Atmospheric Neutrinos (Benchmark Charm Flux)
—— Atmospheric Neutrinos (90% CL Charm Limit)
gl Signal+Bkg. Astrophysical E-* Spectrum

eee Data

IceCube Preliminary

Events per 662 Days

S0 —05 0.0 0.5 1.0
sin(Declination)

Fig. 11 Zenith angle distribution for the 28 contained events. The
points with error bars are the data. Theed region shows the atmo-
spheric muon background; these are mostly downgoing. dbe
shows the mostly-upgoing atmospheric neutrino background, with
the hatched region again showing the uncertainty due to the promgiig. 13 Event display showing Big Bird, with 378 optical modules
neutrino flux, while thegray includes an astrophysical flux. The sig- hit. Each sphere shows a hit optical module. The size of the spheres
nal excess is almost entirely downgoing, inconsistent with an excesshows the number of photoelectrons observed by the DOM, while the
atmospheric neutrino flux but consistent with an extraterrestrial signatolor indicates the time, witned being earliest, antlue latest
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prompt flux is harder £=27/39), pbut still softer than the Acknowledgments We thank the organizers for putting together a
expectedE—Z astrophysical flux. We have fitted the data atVvery enjoyable conference. This work was supported in part by the

energies above 60 TeV, where the atmospheric muon bacg—
ground should be negligible. At energies up to 1 PeV, the
excess over the atmospheric neutrino flux is roughly com-
patible with anE 2 spectrum, at a level about2l+ 0.4 x
108 GeV/cnt/sr/s. The absence of events at energies much
above 1 PeV requires that either tiie2 spectrum is cut
off at an energy below 10 PeV, or that the spectrum is
softer thanE—2C, An E—22 spectrum would fit the data
adequately.

We have studied the arrival directions of the 28 eventsg,

and find no statistically significant clustering. We also

observe no statistically significant association with the >

galactic plane.
Looking ahead, we are starting to examine the data col-

lected in 2012. One very high energy event, Big Bird, 7.

appeared in the 10 % of the data that we use to tune our
cuts. Itis shown in Figl3. A total of 378 DOMs were hit,
making it the brightest neutrino event seen yet.

11.
12.
13.
14.

7 Conclusions

Since its completion in December, 2010, IceCube has

been running smoothly, with 98.5 % of the deployed!®:

DOMs collecting data, and a typical up-time of 99 %.
tion, IceCube is studying a wide variety of topics involv-
ing cosmic-rays, searchesrfaeakly interacting massive
particles, exotic physics, and atmospheric and extrater;g

of the cosmic-ray energy spectrum at energies between

1.58 PeV and 1.26 EeV, and measured the cosmic-ragP:

anisotropy and composition. Weave searched for neutri-
nos from dark matter annihilation in the Sun, galactic center

and halo, and dwarf galaxies, and set limits on magnetie2.

monopoles.

We have made detailed measurements of the atmospheﬁ%‘

v, spectrum up to 6 TeV, and thg flux up to 1 PeV. We

observe an excess over the egfed atmospheric neutrino
background, with a significance at the 4evel. The excess
is compatible with anE—2 extraterrestrial flux at a level
about 12 + 0.4 x 108 GeV/cnt/sr/s, with a cutoff energy
above 1 PeV; alternately, it is compatible with a somewhat
softer spectrum.

Looking ahead, the PINGU subarray will extend Ice-

Cube’s threshold down to a few GeV, allowing for the 31.

observation of resonance conversion of electron neu-
trinos (the MSW effect), and, systematic uncertain-3

hierarchy.
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16.
Using data gathered beforendh after detector comple- 17

24,
25.

26.
27.
28.

. . —— 9.
We have observed atmospheric neutrino OSCIIIatlonsgo_ Papers 0444 and 0446, these proceedings; R. Abbasi et al. [Ice-

S National Science Foundation under grant 0653266 and the US
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