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Super Kamiokande

Angular distributions for e-like (left) and µ-like (right) events, for sub-GeV (top) and multi-GeV 
(bottom) samples. The bars show the MC no-oscillation prediction with statistical errors, and the line 
shows the oscillation prediction for the best-fit parameters, sin2 2 = 1.0 and m2 = 3.5 × 10-3 eV2. 
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The plot depicts all the currently 
available data for electron 
neutrino oscillations, which 
places the mass-square around 
8×10-5 eV2, and θ at about 33.9° 
(i.e. the mixing is with high 
confidence not maximal).





Predictions of high energy νμ + νμ fluxes from astrophysical 
sources are shown. Also shown are the preliminary average 
upper limit as obtained with AMANDA-B10 (3), as well as the 
sensitivity of the proposed IceCube array after three years of 

operation. The atmospheric neutrino flux [59] in 2 × 2 degree bin 
is given as reference: (1) horizontal, (2) vertical. Models: (4) 

3C273 pp neutrinos [60], (5) Crab Nebula [61], (6) Coma Cluster 
[62], (7) 3C273 pγ neutrinos [63], (8) Supernova IC443 [64].
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Fig. 20. AGN neutrino flux models: ! !-MeV correlation for blazars [Ste05]; "

!-radio correlation for FR-II galaxies & FSQRs [BBR05a], using an optical depth
of " = 0.2; # maximum contribution from EGRET sources [MPR01]; $ upper
bound for !s from optically thick sources (upper, straight bound) and from optically
thin sources (lower, curved bound of shaded area) [MPR01]; % Optimum prediction
for High-peaked BL Lacs (HBL-opt) within the proton-blazar model [M+03b]. The
atmospheric prediction is shown as the dotted line [Vol80], data are for four years
of AMANDA-II data [M+07, Mün07], as well as the limit given in [AI+07d].

MPR01]. In such a scenario, charged Cosmic Rays (CRs) are produced in the
vicinity of the source through the decay of the escaping neutrons. In this case,
the resulting neutrino energy density would be proportional to the extragalac-
tic CR component measured at Earth. The neutrino flux from High frequency
peaked BL Lacs (HBLs) was calculated using the connection between Cosmic
Rays and neutrino emission, see [M+03b]. The neutrino emission peaks at very
high energies, i.e. E! ! 108 GeV. Due to the low intensity of the signal, it will
be di!cult to detect such a contribution. A theoretical upper bound of such a
contribution to the di"use neutrino flux was derived by Mannheim, Protheroe
and Rachen (MPR bound), see [MPR01] and Fig. 20.

As discussed in Section 3, the high-energy photon tail is absorbed by the
extragalactic background light. Therefore, only the local Universe can be ob-

71

J. Becker arXiv:0710.1557

log(E
!
 /GeV)

d
N
!
/d

E
!
 [

G
eV

-1
 s

r-1
 s

-1
 c

m
-2
]

10
-27

10
-22

10
-17

10
-12

10
-7

10
-2

10
3

10
8

10
13

-15 -10 -5 0 5 10

Fig. 1. The astrophysical neutrino spectrum including di!erent source predictions
ranging from meV up to EeV energies. Point source fluxes have been scaled by
1/(4!) in order to be comparable to di!use spectra. Figure after [Kos92, Rou00].
The individual spectra are explained and referenced in the text. The atmospheric
prediction, averaged over the solid angle, is taken from [Vol80], the atmospheric data
are from the Fréjus experiment [D+95] (red squares) and from the AMANDA
experiment (blue circles) [M+07, Mün07]. The fluxes based on mere predictions are
shown as dashed lines. The solid lines represent those fluxes already measured.
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ANTARES

First   sky view with the data taken by the ANTARES telescope. The grey 
background is correlated to the field of view of the detector : the darker the 
region, the lower the visibility; the white region is always observable. The 
centre of the map corresponds to the Galactic Centre.



IceCube - South Pole



IceCube - South Pole



IceCube - South Pole









June 26, 2009 18:44 WSPC/INSTRUCTION FILE
DeYoung˙MPLA˙IceCube

8 T. DeYoung

Fig. 3. Map of the pre-trials significances (in !) obtained from an unbinned point source search
using the full AMANDA-II data set. The most significant point has a significance of 3.38!; 95%
of randomized background skymaps include a point at least as significant.

A similar search was carried out using the 2007 IceCube 22-string data set.43

This set, collected from May 2007 to April 2008, contains 5,114 neutrino candidate
events detected in 276 days of live time, consistent with an expectation of 4600 ±

1400 atmospheric neutrino events and 400 ± 200 cosmic ray muons misreconstructed
as upgoing neutrino events. The source list was expanded in this search to include 28
candidate sources, most of which were identical to the candidates in the AMANDA-
II list. Results for selected sources are shown in Table 1, including those with the
smallest p-values in each search. In neither case are these p-values inconsistent with
the background hypothesis: one expects to obtain p ! 0.0086 for at least one of 26
sources in 20% of signal-free sky maps, and p ! 0.071 in 66%. The 90% C. L. upper
limits placed on !µ emission from the sources, assuming E!2 spectra and 1 : 1 : 1
flavor ratios, are also shown in Table 1.

In addition, unbinned all-sky searches were conducted using both data sets,
testing points on 0.25""0.25" grids from declination #5" to 83" for the AMANDA-
II data set and to 85" for the IceCube-22 data set. (Higher declinations will be
used to search for dark matter in the Earth’s core.) The results of the AMANDA-II
search are shown in Figure 3. The most significant point on the sky, at " = 54"

and # = 11.4 hr, had a significance of 3.38$ before accounting for the large number
of points tested. In 95% of randomized maps, a point with at least 3.38$ was
found, indicating that such a level is consistent with statistical fluctuations of the
background.

The results of the all-sky search using IceCube data are shown in Fig. 4. The
most significant deviation from the background expectation, with n̂s = 7.7 events,
occured at 153.4" right ascension, 11.4" declination. The pre-trials significance of
this deviation is estimated to be 7 " 10!7, but more significant deviations were
observed in 67 out of 10,000 scrambled background maps. Accounting for the parallel
search for emission from sources selected a priori was also performed on the data
set, as described above, the final p-value of the result is estimated to be 1.34%. This



with two tanks filled with ice and four phototubes at every station. Construction began at

the South Pole during the austral summer 2004-05, with 1 in-ice string and 4 IceTop stations

deployed [2]. Finally, IceCube will consist of 86 strings giving a total of 5160 phototubes and

80 IceTop stations with 4 phototubes per station.

The backgrounds to search for a flux of high-energy astrophysical neutrinos are atmospheric

muons and neutrinos from the interaction of cosmic rays in the Earth’s atmosphere [3].

Atmospheric muons can be eliminated by looking for events moving upward through the detector.

A fraction of the downgoing muon flux will be falsely reconstructed in the upward direction,

but can be removed by tight requirements on the fitted track. An event selection based on

these tight requirements results in a rather pure sample of atmospheric neutrinos. This flux of

atmospheric neutrinos seen in the IceCube array is the main background to an astrophysical

search.

2. Astrophysical Neutrino Point Source Search
Searching for resolved sources of astrophysical muon neutrinos is one of the main science goals

of the IceCube neutrino observatory. A search for point sources of neutrinos is made by looking

for an excess of events from a specific direction in the sky. After elimination of background

atmospheric muons by using the Earth as a filter and making a high energy cut, the skymap

of the arrival directions of the neutrino-induced muons is analyzed for evidence of astrophysical

neutrinos. Astrophysical neutrinos are expected to show up as an excess over background which

is found by looking at the average rate of events in the same declination band. A significance

of the observation is found by comparing the number of events in the on-source bin to that

predicted from the off-source band. A full maximum likelihood method is used to search for

an excess. The method uses the measured event by event directional likelihood resolution as a

parameter in the likelihood fit. The reconstructed event energy is also used in the fit to allow

to determine the slope of the energy spectrum of a neutrino source.

Several types of searches are performed [4]. The most general is an all-sky search where

every point across a fine grid in the sky is taken as a possible source position. The likelihood is

used to find the best fit to the number of astrophysical neutrinos and the spectral shape. Other

searches include looking for an excess amongst a pre-specified list of possible sources, or to stack

a class of objects to see if the superposition of these objects gives significant excess. The data

from the half completed detector (40 string) was analyzed to produce a sky map covering the

full sky range from 0 to 180 degrees in zenith. After analysis, no evidence for sources was seen

as shown in Fig. 1. The most significant spot in the sky had a significance consistent with a

random fluctuation.

Figure 1. Skymap for the IceCube detector in the 40 string configuration for one year of data

taken during 2008.
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The measurement of atmospheric neutrino flux 
requires a good understanding of the energy re-
sponse. The energy resolution for muon neutrinos in 
the IC22 configuration is shown in Fig. 6 8.  Over a 
wide energy range (1 – 10000 TeV) the energy reso-
lution is ~0.3 in log(energy).  This resolution is 
largely dominated by the fluctuations of the muon 
energy loss over the path length of 1 km or less. 

IV. ATMOSPHERIC NEUTRINOS AND THE 
SEARCH FOR ASTROPHYSICAL NEUTRINOS 

We have discussed the effective areas, as well as 
the angular and energy resolution of the detector.  
Armed with these ingredients we can discuss some 
highlights of neutrino measurements and astrophysi-
cal neutrino searches.  

Figure 7 shows a preliminary measurement ob-
tained with the IC22 configuration.   An unfolding 
procedure has been applied to extract this neutrino 
flux. Also shown is the atmospheric neutrino flux as 
published previously based on 7 years of 
AMANDA-II data.  The gray shaded area indicates 
the range of results obtained when applying the pro-
cedure to events occurred primarily in the top or bot-
tom of the detector. The collaboration is devoting 
significant efforts to understand and reduce system-
atic uncertainties as the statistics increases.  The data 
sample consists of 4492 high quality events with an 
estimated purity of well above 95%. Several atmos-
pheric neutrino events are observed above 100 TeV, 
pushing the diffuse astrophysical neutrino search 
gradually towards the PeV energy region and higher 
sensitivity.  A look at the neutrino effective areas in 
Fig. 5 shows that the full IceCube with 86 strings 
will detect about one order of magnitude more 
events: ~50000 neutrinos/year.  

The search for astrophysical neutrinos is summa-
rized in Fig. 8.  While the figure focuses on diffuse 
fluxes, it is clear that some of these diffuse fluxes 
may be detected as point sources.  Some examples of 
astrophysical flux models that are shown include 
AGN Blazars46, BL Lacs47, Pre-cursor GRB models 
and Waxman Bahcall bound48 and Cosmogenic neu-
trinos49.  

Fig. 7 Unfolded muon neutrino spectrum8 averaged over zenith 
angle, is compared to simulation and to the AMANDA result.  

Data from 22 strings. 

Fig. 8 Measured neutrino atmospheric neutrino fluxes from AMANDA and IceCube are shown together with a number of models for 
astrophysical neutrinos and several limits by IceCube and other experiments 

 


