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2IceCube Detector Goal: detecting TeV-PeV astrophysical neutrinos 
Construction completed in December 2010
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3

 Digitization of PMT waveforms in 
ice, with ns precision time stamps

IceCube DOMs and Waveforms 

 Analog Transient Waveform 
 Digitizer (ATWD) waveform:  

✦ Three channels with (16x, 2x, 0.25x) 
of nominal gain 107 

✦ Time window: 422.3 ns, 128 samples 
 with 3.3ns/sample 
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4Detection Principle - Cherenkov Radiation 

•  Neutrinos cannot 
be detected directly


• Detecting light from 
neutrino interactions 
with the ice nuclei


• Sensitive to single 
photonμ

νμ
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5Neutrino Signatures in IceCube 
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Charged current ν
μ

Neutral current, Charged current ν
e

Double Bang ν
τ

● Factor ~2 energy resolution

● <1° angular resolution

● 15% resolution on the
deposited energy

● 10° angular resolution
(above 100 TeV)

● Vertex seperation ~50m/PeV

● Not yet observed
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Charged current ν
μ

Neutral current, Charged current ν
e

Double Bang ν
τ

● Factor ~2 energy resolution

● <1° angular resolution

● 15% resolution on the
deposited energy

● 10° angular resolution
(above 100 TeV)

● Vertex seperation ~50m/PeV

● Not yet observed

(1) Track: charged current νμ 

(2) Cascade / Shower: all neutral 
current, charged current νe, low-E 
charged current ντ

• <1o Angular resolution

• Factor ~ 2 energy 
resolution

• 10o Angular resolution 
above 100 TeV

• 15% energy resolution 
on deposited energy

“high degeneracy”

data

data
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5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.
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E ντ = 300 PeV

(3) Double Cascades:  
High-E ντ charged current

Neutrino Signatures in IceCube 

Simulation

• Tau decay length scales ~ 1PeV / 50m

• Not yet detected: active search ongoing
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7Diffuse Astrophysical Neutrinos: Detection Strategy 

(1) Veto method: all sky, all flavor, 
starting events

(2) Through-going events: 
northern sky, νμ CC and 

muonically decay ντ CC events
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● Veto detects penetrating muons
● Effective volume smaller than detector
● Sensitive to all flavors
● Sensitive to the entire sky
● Signal dominated above ~10-100 TeV

● Earth stops penetrating muons
● Effective volume larger than detector
● Mostly sensitive to ν

μ 

● Sensitive to half the sky
● Signal dominated above ~200 TeV E

μ
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● Sensitive to all flavors
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● Signal dominated above ~10-100 TeV

● Earth stops penetrating muons
● Effective volume larger than detector
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μ 

● Sensitive to half the sky
● Signal dominated above ~200 TeV E

μ

•Containment required, 
effective volume smaller than 
detector 

•No containment required, 
effective volume larger than 
detector 
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8High Energy Starting Event Search 
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 2: Distribution of deposited PMT charges of the events. Atmospheric muon backgrounds (estimated
from data) are shown in red. Due to the incoming track veto, these backgrounds fall much faster than the
overall background at trigger level (black line). The data events in the unshaded region at charges greater
than 6000 p.e. are the events reported in this work. Atmospheric neutrino backgrounds are shown in blue
with 1s uncertainties on the prediction shown as a hatched band. For scale, the 90% CL upper bound on the
charm component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spectra
(assuming an unbroken power-law model) are shown in gray. The dashed line shows a fixed-index spectrum
of E�2, whereas the solid line shows a spectrum with a best-fit spectral index.

IceCube Preliminary

Figure 3: Deposited energies of the observed events with predictions. Colors as in Fig. 2.
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

IceCube Preliminary

Figure 4: Arrival angles of events with Edep > 60TeV compared to predictions. Colors as in Fig. 2.

the fourth year of data (see gray dashed line in Fig. 3). The variable spectral index fit results in a
best-fit spectral index of �2.58± 0.25, softer than the corresponding best-fit index of �2.3± 0.3
obtained with three years of data. The new fit is compatible with the 3-year result within errors
(see Fig. 5); however, the lack of PeV-energy events in the fourth year of data in combination with
the comparatively high yield of events in that year has resulted in a much steeper spectral fit.

Fig. 6 shows a fit of the spectrum using a more general model, parameterizing the astrophysical
flux as a piecewise function of neutrino energy instead of an unbroken single power law. The new
dataset presented here is also used in a global fit of several IceCube analyses, presented in these
proceedings [7].

5. Spatial Clustering

A maximum-likelihood clustering method [3] was used to look for any neutrino point source
in the sample. The test statistic (TS) was defined as the logarithm of the ratio between the maximal
likelihood including a point source component and the likelihood for the isotropic null hypothesis.
The significance of our observed TS was determined by comparing to maps scrambled in right as-
cension. As before, the analysis was run twice, once with all events and once with only shower-like
events in the sample. We removed events #32 (two coincident muons from unrelated air showers)
and #28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering analyses.
This test (see Fig. 7) did not yield significant evidence of clustering with p-values of 44% and 58%
for the shower-only and the all-events tests, respectively.

We also performed a galactic plane clustering test using a fixed width of 2.5� around the plane
(p-value 7%) and using a variable-width scan (p-value 2.5%). All above p-values are corrected for
trials.
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Science  22 Nov 2013:Vol. 342, Issue 6161 (2-yr)
Phys. Rev. Lett. 113, 101101 (3-yr)

PoS(ICRC2015)1081 (4-yr)

• 54 events in 1347 days, highest 2 PeV cascade
• Expected atmo. bg: 21.6+9.5-5.6 
• Reject pure atmo. origin at ~ 7σ
• Best fit astro. flux:

E2�(E) = 2.2± 0.7⇥ 10�8(
E

100TeV
)�0.58 GeVcm�2 s�1 sr�1
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9High Energy Starting Event Search 
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-like events
are indicated with crosses whereas shower-like events are shown as filled circles. The error bars show 68%
confidence intervals including statistical and systematic errors. Deposited energy as shown here is always a
lower limit on the primary neutrino energy.

ID Edep (TeV) Time (MJD) Decl. (deg.) R.A. (deg.) Ang. Err. (deg.) Topology
38 200.5+16.4

�16.4 56470.11038 13.98 93.34 . 1.2 Track
39 101.3+13.3

�11.6 56480.66179 �17.90 106.17 14.2 Shower
40 157.3+15.9

�16.7 56501.16410 �48.53 143.92 11.7 Shower
41 87.6+8.4

�10.0 56603.11169 3.28 66.09 11.1 Shower
42 76.3+10.3

�11.6 56613.25669 �25.28 42.54 20.7 Shower
43 46.5+5.9

�4.5 56628.56885 �21.98 206.63 . 1.3 Track
44 84.6+7.4

�7.9 56671.87788 0.04 336.71 . 1.2 Track
45 429.9+57.4

�49.1 56679.20447 �86.25 218.96 . 1.2 Track
46 158.0+15.3

�16.6 56688.07029 �22.35 150.47 7.6 Shower
47 74.3+8.3

�7.2 56704.60011 67.38 209.36 . 1.2 Track
48 104.7+13.5

�10.2 56705.94199 �33.15 213.05 8.1 Shower
49 59.9+8.3

�7.9 56722.40836 �26.28 203.20 21.8 Shower
50 22.2+2.3

�2.0 56737.20047 59.30 168.61 8.2 Shower
51 66.2+6.7

�6.1 56759.21596 53.96 88.61 6.5 Shower
52 158.1+16.3

�18.4 56763.54481 �53.96 252.84 7.8 Shower
53 27.6+2.6

�2.2 56767.06630 �37.73 239.02 . 1.2 Track
54 54.5+5.1

�6.3 56769.02960 5.98 170.51 11.6 Shower

Table 1: Properties of the events observed in the fourth year. A list of events #1-#37 can be found in [3].
The Edep column shows the electromagnetic-equivalent deposited energy of each event. “Ang. Err.” shows
the median angular error including systematic uncertainties.
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Science  22 Nov 2013:Vol. 342, Issue 6161 (2-yr)
Phys. Rev. Lett. 113, 101101 (3-yr)

PoS(ICRC2015)1081 (4-yr)

All sky post trial p-value: 58%

South

North
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OBSERVATION AND CHARACTERIZATION OF A COSMIC MUON NEUTRINO FLUX 11

Figure 7. Event view of the PeV track-like event recorded by IceCube on June 11, 2014. Left: Top and two side views. Right: Perspective view.
Shown are the IceCube DOMs as black dots. The colors indicate the photon arrival time from red (early) to green (late) and the size of the
sphere the amount of measured charge. Note that the scaling is non-linear and a doubling in sphere size corresponds to one hundred times the
measured charge. The blue line shows the reconstructed particle track. The reconstructed equatorial coordinates of this event are dec = 11.42�

and ra = 110.63�. This event deposited an energy of 2.6 ± 0.3 PeV within the detection volume.

The two-dimensional contours of the profile likelihood as a
function of the signal parameters are shown in Fig. 6. While
the fitted astrophysical flux normalization is strongly corre-
lated with the astrophysical spectral index, these astrophysi-
cal signal parameters are found to be largely independent of
the prompt flux normalization.

The model assumes an unbroken power-law for the astro-
physical signal. We estimate that neutrinos in the experimen-
tal data sample with energies mainly between 191 TeV and
8.3 PeV contribute to this observation. This energy range is
shown in Fig. 5. It defines the central range of neutrino ener-
gies that contribute 90% to the total observed likelihood ratio
between the best-fit and the conventional atmospheric-only
hypothesis. Note that this definition is different from Aartsen
et al. (2015c,b).

4.3. Multi-PeV track-like event
The selected data include one exceptionally high-energy

muon event that is shown in Fig. 7 (Schoenen & Raedel
2015). The deposited energy has been measured to (2.6 ±
0.3) PeV of equivalent electromagnetic energy Aartsen et al.
(2014a). Assuming the best-fit atmospheric energy spectrum
from this analysis (see Fig. 5) the p-value of this event be-
ing of atmospheric origin has been estimated to be less than
0.005%, strongly suggesting an astrophysical origin.

The segmented energy loss reconstruction described in
Aartsen et al. (2014a) can be used to reconstruct the direc-
tion of through-going muons. This includes the timing of not

only the first photon but all photons as well as the total num-
ber of photons. The reconstructed direction of the event is
given in Tab. 4 and discussed in Sec. 5.1.

In order to estimate the angular uncertainty and the most
likely muon and neutrino energy we have simulated events
with energies according to our best-fit energy spectrum with
directions varying by 1� around the best-fit direction. Addi-
tionally, the position where the muon enters the instrumented
volume has been varied within 10 m. Systematic uncertain-
ties due to the lack of knowledge about the optical ice prop-
erties are taken into account by varying the ice model param-
eters within their uncertainties during the simulation.

Based on these simulations we evaluate the muon energy
at the point of entrance into the instrumented volume, that
results in the observed deposited energy. The obtained me-
dian muon energy is (4.5 ± 1.2) PeV where the error range
corresponds to 68% C.L.

For the estimation of the median expected neutrino energy
we have taken into account that high energy muons arise
not only from ⌫µ charged current interactions but also from
muonic decay of charged current ⌫⌧ interactions and muonic
W� decays in ⌫̄e + e� ! W� interactions. Here, we as-
sume the best-fit astrophysical spectrum and an equal flux of
all flavors but include the effects of the Earth’s absorption for
the specific declination of the event. Under these assump-
tions, we find 87.7% probability of a primary ⌫µ, 10.9% for
a primary ⌫⌧ and 1.4% for a primary ⌫̄e. The respective prob-

106 Year Through-going Tracks
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South Pole

Using the Earth as 
a shield for cosmic-ray

 induced muons

Phys. Rev. Lett. 115, 081102 (2 yr)
https://arxiv.org/abs/1607.08006 (6 yr)
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Figure 5. Best-fit neutrino spectra for the unbroken power-law
model. The line widths (blue, red) represent the one sigma error
on the measured spectrum where the green line represents the up-
per limit on the prompt model (Enberg et al. 2008). The horizon-
tal width of the red band denotes the energy range of neutrino en-
ergies which contribute 90% to the total likelihood ratio between
the best-fit and the conventional atmospheric-only hypothesis. The
black crosses show the unfolded spectrum published in Kopper et al.
(2015).

4.2. Astrophysical flux
The best-fit for the unbroken power-law model of the as-

trophysical flux results in

�⌫+⌫ =
�
0.90+0.30

�0.27

�
· (E⌫/100 TeV)�(2.13±0.13) (4)

in units of 10�18 GeV�1 cm�2 sr�1 s�1. The statistical sig-
nificance of this flux with respect to the atmospheric-only hy-
pothesis is 5.6 standard deviations. The fit results are shown
in Fig. 5 and summarized in Tab. 3. The quoted errors are
based on the profile likelihood using Wilks’ theorem (Wilks
1938) and include both statistical and systematic uncertain-
ties. No contribution from prompt atmospheric neutrinos is
preferred by the best-fit spectrum and an upper limit, based
on the profile likelihood is shown in Fig. 5. For more infor-
mation about the upper limit for prompt atmospheric neutri-
nos see Sec. 6.

Table 3. Best-fit parameter values for
the unbroken power-law model. �

astro

is the normalization of the astrophysical
neutrino flux at 100 TeV and is given
in units of 10�18 GeV�1 s�1 sr�1 cm�2.
�

prompt

is given in units of the model in
Enberg et al. (2008). The normalizations
correspond to the sum of neutrinos and
antineutrinos.

Parameter Best-Fit 68% C.L.

�
astro

0.90 0.62 � 1.20

�
astro

2.13 2.00 � 2.26

�
prompt

0.00 0.00 � 0.19
Figure 6. Two-dimensional profile likelihood scans of the astrophys-
ical parameter �

astro

, �
astro

and the prompt normalization �
prompt

in units of the model in Enberg et al. (2008). The contours at 68%,
90% and 95% CL assuming Wilks’ theorem are shown.
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Figure 16. Arrival directions of events with a muon energy proxy above 200TeV. Given the best-fit spectrum the ratio of astrophysical to
atmospheric events is about two to one. The horizontal dashed gray line shows the applied zenith angle cut of 85�. The curved gray line
indicates the galactic plane and the dashed black line the supergalactic plane (Lahav et al. 2000). The multi-PeV track event is shown as a red
dot and the energy proxy value listed in Tab. 4.

Table 4 (continued)

ID MJD Signalness Energy Proxy (TeV) Decl. (deg) 50% C.L. 90% C.L. R.A. (deg) 50% C.L. 90% C.L.

24 56666.50 0.90 850 32.82 +0.16
�0.14

+0.39
�0.41 293.29 +0.18

�0.40
+0.55
�1.08

25 56799.96 0.73 400 18.05 +0.75
�0.63

+1.94
�1.80 349.39 +1.13

�1.75
+2.89
�4.12

26 56817.64 0.66 340 1.29 +0.33
�0.29

+0.83
�0.74 106.26 +0.86

�0.74
+2.27
�1.90

27 56819.20 0.995 4450 11.42 +0.07
�0.08

+0.17
�0.17 110.63 +0.16

�0.28
+0.46
�0.55

28 57049.48 0.46 210 4.56 +0.19
�0.12

+0.68
�0.50 100.48 +0.23

�0.34
+0.95
�1.87

29 57157.94 0.52 240 12.18 +0.19
�0.18

+0.37
�0.35 91.60 +0.10

�0.37
+0.16
�0.74

aThese events were included in Aartsen et al. (2014c).
b These events were included in Aartsen et al. (2015c).
c This event is identical to Event 38 in Kopper et al. (2015).

5.2. Test for anisotropies related to the galactic plane
As discussed in Sec. 4.6 the measurement in this paper

confirms the observation of an all-sky diffuse high-energy as-
trophysical neutrino flux. However, a tension exists between
the measured spectral index of this analysis with the starting
event data which originates mostly from the Southern hemi-
sphere. Furthermore, Neronov & Semikoz (2016) claim in-
consistency of the previously published starting event data
with an isotropic signal with a preference of a galactic lati-
tude dependency. As the comparison to the Southern hemi-
sphere is subject to different energy thresholds and detector
systematics, we perform a simple, self-consistent test for a
dominant signal from the galactic plane.

We split the sample in two right ascension regions,
one containing main parts of the galactic plane: ↵ 2
[0.0�, 108.9�) [ [275.0�, 360.0�) and one excluding it: ↵ 2
[108.9�, 275.0�). These intervals are chosen such, that the
two split samples are of similar statistics, resulting in 162363
and 189931 events respectively. Both samples are fitted in-
dependently and the aforementioned systematics can be con-
sidered identical as they are equalized by the daily Earth ro-
tation.

The fit results, shown in Fig.17, is a small but not statis-
tically significant larger flux and softer spectrum from the
region including the galactic plane. The p-value for both re-
sults being compatible is at about 43%. In conclusion, the
observed flux is not dominated by the galactic plane. How-

2.6 PeV deposited, 
most probable 

neutrino energy ~ 9 PeV

29 events > 200 TeV

• 352, 294 events, highest 2.6 PeV

• Reject pure atmo. origin at 5.6σ 

• No point sources, no clustering

• Astro. flux best fit:
�⌫+⌫̄ = (0.90+0.30

�0.27) · ( E⌫

100TeV
)�(2.13±0.13) · 10�18 GeV�1cm�2sr�1s�1

astro : atmo ~ 2 : 1

https://arxiv.org/abs/1607.08006
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113 Year Astrophysical Tau Neutrino Double Cascades 

5.2.4 Double Cascades

At energies above 1 PeV, a ⌫⌧ undergoing CC interaction in IceCube produces a hadronic cascade

and a ⌧ lepton that can penetrate tens of meters through the ice before decay. A ⌧ will decay

to hadrons 64.8% of the time, to electrons 17.8% of the time and to muons 17.4% of the time.

Hadronic and electronic tau decays will produce a second cascade. These two subsequent deposi-

tions of energy would form the distinctive pattern of a “double bang” signature for ⌫⌧ in IceCube

[2], see right panel of Figure 5.8. To date, this signature has not been observed in IceCube. This

work looks for a double cascade which can be resolved by a single IceCube sensor, as described in

Chapter 6.

Figure 5.8: Left: a simulated track made by a 117 TeV muon in IceCube. Middle: a simulated
cascade event made by a 3.61 PeV ⌫⌧ CC event, the ⌧ lepton decays to hadrons of 2.92 PeV. A
⌫e CC interaction and NC interaction of all neutrino flavors will be of this event shape. Right:
a simulated double bang event made by a 328 PeV ⌫⌧ CC event, the second “bang” is from the
⌧ lepton decay to 119 PeV hadrons. The time sequence is indicated by rainbow colors with red
representing early and blue late.

5.3 Simulations

Physical processes in IceCube are simulated in a chain of Monte Carlo simulations, which model

the particle interactions and propagations occurring both in the air and in the ice, and the detector

response when photons register at the detector. To meet the challenge of computational expense, a

scheme of weighting is employed in IceCube’s particle simulations.
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Signal: 

Background: 

Figure 6.5: Top: a double pulse waveform made by a CORSIKA event (simulated atmospheric
muon). Bottom: first derivative of the ATWD waveform from the top.

6.2 Double Pulse Waveform Identification Algorithm

The goal of the double pulse algorithm (DPA) is to identify waveforms with double pulse features

that are consistent with a ⌫⌧ double pulse waveform while rejecting waveforms with features that

are consistent with late scattered photons from a single cascade event such as a NC or ⌫e CC

interaction. Since double pulse waveforms from atmospheric muon background events are very

similar to those from a ⌫⌧ , such events are eliminated at a later stage discussed in Section 6.3.2.

The DPA identifies events with at least one hit DOM that has a substantial double pulse feature

which is consistent with two consecutive energy depositions near the DOM.

6.2.1 The Algorithm

The double pulse algorithm uses 7 parameters to characterize a waveform that has substantial

double pulse features:

97

Figure 6.6: Top: a double pulse waveform made by a simulated ⌫µ CC event. Bottom: first
derivative of the ATWD waveform from the top.

• Waveforms from the ATWD digitizer in the lowest gain channel available are used, since

higher gain channels are generally clipped for high-amplitude waveforms. The integrated

amplitude is called wf qtot. Waveforms with integrated amplitude less than 10000 mV·ns

are rejected. With base impedance of 47 ohms and nominal gain of 107 [185], this translates

to ⇠ 432 PE. FADC waveforms are not used since they do not have multiple gain channels

available and since they have coarser timing, causing double pulse features to be blended

together or clipped.

• The beginning of the waveform is detected by a sliding time window of 3.3 ns equal to one

ATWD bin size which searches for a monotonic increase in the waveform amplitude within

a time span of 19.8 ns (6 ATWD bins).

• Once the beginning of the waveform is found, the waveform is divided into 13.2 ns segments

(4 ATWD bins) and the first time derivative is calculated for each segment . The bottom panel

98

Figure 6.8: Left: single energetic waveform from a simulated ⌫⌧ NC event with long bumpy
trailing edge that was identified as double pulse by DPA. Right: single energetic waveform from
a simulated ⌫⌧ NC event with second pulse being late pulse responding to the saturated first main
pulse. Late pulses in data have a different (smoother) shape and do not trigger the DPA.

Figure 6.9: Left: double pulse waveform from a Glashow resonance event simulated ⌫̄ee ! ⌫̄µµ
from OM (39, 51). Right: double pulse waveform from the same Glashow resonance event ⌫̄ee !
⌫̄µµ from OM (39, 52).

when they became available months later. The E�1 samples have many more high energy events

simulated than the E�2 samples, and hence more double pulse waveforms are identified from those

newer samples. However, the total (misidentified) double pulse event rates from these cascade-

like backgrounds are nearly two orders of magnitude lower than the event rates from signal. This

indicates that the optimization of DPA settings are extremely efficient in cascade-like background
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Atmospheric μ νμ CC

ντ NC: single cascade

ντ CC

Most important to reject 

at waveform level
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FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.
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FIG. 7. Neutrino flux upper limits and models as a function
of the primary neutrino energy. The thick red curve is the ⌫⌧
di↵erential upper limit derived from this analysis, including
systematic and statistical errors. In computing the di↵erential
upper limit, values of the flux limit were calculated for each
energy decade with a sliding energy window of 0.1 decade.
The thick black error bars depict the all-flavor astrophysical
neutrino flux observed by IceCube [2]. The thick dashed line is
the di↵erential upper limit derived from a search for extremely
high energy events which has found the first two PeV cascade
events in IceCube [40, 41]. The blue dotted line is the Auger
di↵erential upper limit from ⌫⌧ induced air showers [26]. The
orange dashed line is the Waxman-Bahcall upper bound which
uses the UHECR flux to set a bound on astrophysical neutrino
production [42]. The dash-dotted line (magenta) represents
the prompt neutrino flux predicted from GRBs; prompt in
this context means in time with the gamma rays [43]. The
dash-dot-dot line (grey) indicates the neutrino flux predicted
from the cores of active galaxies [44]. The thin dash-triple-
dot line (red) shows the neutrino flux predicted from starburst
galaxies, which are rich in supernovae [45].

events are consistent with atmospheric muons interacting453

near the edge of the detector, producing a double pulse454

waveform in a cascade-like event but failing the subse-455

quent containment cut at Level 6. The observation of 3456

events in 914.1 days of livetime matches the CORSIKA457

prediction at level 5 as discussed in Section III B. The458

events and their corresponding double pulse waveforms459

are shown in Figures 8, 9 and 10.460

Based on zero observed events, an integrated astro-461

physical ⌫⌧ flux upper limit is set to be E2�⌫⌧ = 5.1 ⇥462

10�8 GeV cm�2 sr�1 s�1. A ⌫⌧ flux di↵erential upper463

limit in the energy range of 214 TeV to 72 PeV, which464

contains 90% of the predicted ⌫⌧ CC events, is also ex-465

tracted following the procedure that was employed in de-466

riving quasi-di↵erential upper limits from previous EHE467

cosmogenic neutrino searches in IceCube [40, 46, 47]. In468

this procedure, flux limits were computed for each en-469

ergy decade with a sliding energy window of 0.1 decade,470

assuming a di↵erential neutrino flux proportional to471

1/E2 [48]. Since zero events were found, the 90% C.L.472

event count limit in each energy decade is 2.44 based473

on the Feldman-Cousins approach [49]. The dominant474

sources of systematic error in this analysis are indepen-475

dent of energy. Therefore, all the sources of systematic476

and statistical error are incorporated in the limit cal-477

culation by uniform scaling of the e↵ective area. The478

di↵erential upper limit is plotted in Figure 7.479

VI. CONCLUSION480

The double pulse search method is shown to be robust,481

with the observed background from cosmic ray induced482

muons matching prediction. The search is more sensi-483

tive to tau neutrinos between 214 TeV and 72 PeV than484

to any other flavor. Given the astrophysical neutrino485

flux observed by IceCube, fewer than one tau neutrino486

candidate event is expected in three years of IceCube487

data, and none are observed. A di↵erential upper limit488

has been placed on the astrophysical tau neutrino flux,489

with an energy threshold three orders of magnitude lower490

than previous dedicated tau neutrino searches by cos-491

mic ray air shower detectors. Searches for double bang492

events with well separated cascades in IceCube are under-493

way. Future extensions of IceCube such as the proposed494

IceCube-Gen2 detector [50] will have a factor of 5 to 10495

times more sensitivity to astrophysical tau neutrinos than496

the current IceCube detector.497
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• Zero events found at final cut
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FIG. 7. Event 1 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on May
30, 2011. The colored spheres indicate hit DOMs, with size indicating the amount of charge deposited on the sphere and color
indicating time: red is earlier, blue is later.

FIG. 8. Event 2 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on November
27, 2011.

FIG. 9. Event 3 before level 6 containment cut with its corresponding double pulse waveform. This event occurred on August
28, 2012.
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a harder spectral index of −2.3 ± 0.3, but with larger
uncertainties. The result is compatible with the one obtained
here.60

We have tested the hypothesis of isotropy by fitting a model
with two astrophysical components, one in the northern and
one in the southern sky. Compared to the all-sky result, the fit
prefers a harder spectrum E 2.0 0.4

0.3( )( )- -
+

in the northern sky and a
slightly softer spectrum E 2.56 0.12( )- o in the southern sky with a
significance of 1.1σ (p = 13%). The result is not conclusive;
the discrepancy could be caused by a statistical fluctuation or
by an additional component that is present in only one of the
hemispheres (either an unmodeled background component or,
e.g., a component from the inner Galaxy, although a single
point source of the required strength to create the anisotropy
anywhere in that region has already been excluded (Adrián-
Martínez et al. 2014)). Further analysis including R.A.
information will be helpful in testing the hypothesis of isotropy
in the future.

Finally, we performed a measurement of the flavor
composition of the astrophysical neutrino flux. In a first test,
we have measured the electron-neutrino fraction at Earth in a
tribimaximal mixing scenario, with equal νμ and ντ fluxes at
Earth. The best-fit fraction is 0.18 ± 0.11, a value compatible
with the fractions expected from pion-decay sources (0.33) and
muon-damped sources (0.22), but incompatible with that
expected from neutron-beam sources (0.56), see Figure 7. In
a second, more general test, we allow the normalizations of all
three flavor components to vary independently and compare the
result to compositions expected for different astrophysical

scenarios in Figure 8. In agreement with the first test, we find
that pion-decay sources and muon-damped sources are well
compatible with our data, while neutron-beam sources are
disfavored with a significance of 3.6σ (p = 0.014%). We do not
find indications for non-standard oscillation scenarios.
Previous measurements of the flavor composition were

presented by Mena et al. (2014) and Palomares-Ruiz et al.
(2015; based on event sample H1, presented in Aartsen
et al. 2014e), and by Palladino et al. (2015), Pagliaroli et al.
(2015), and Aartsen et al. (2015b; based on event samples that
were extended with respect to H1). With respect to these
measurements, the constraints presented here are significantly
improved; we attribute this to the fact that the combined event
sample analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015b) (white “+” in
Figure 8) lies outside the 95% C.L. region, the 68% C.L. region
obtained here is completely contained within that obtained in
the previous work, demonstrating the compatibility of the two
results. Because neither analysis was designed to identify tau
neutrinos, a degeneracy with respect to the ντ-fraction is
observed in both; the slight preference toward a smaller ντ-
contribution found here is likely connected to the slight
differences in the energy distributions of the three neutrino
flavors. In future, the identification of tau neutrinos will enable
us to place stronger constraints on the flavor composition of the
astrophysical neutrino flux.
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APPENDIX A
TABLE OF INTERACTION TYPES

Table 10 lists the fractions of neutrino interaction types that
contribute to the event samples introduced in Section 2.

Figure 8. Profile likelihood scan of the flavor composition at Earth. Each point
in the triangle corresponds to a ratio : :en n nm t as measured on Earth, the
individual contributions are read off the three sides of the triangle. The best-fit
composition is marked with “×”; 68% and 95% confidence regions are
indicated. The ratios corresponding to three flavor composition scenarios at the
sources of the neutrinos, computed using the oscillation parameters in
Gonzalez-Garcia et al. (2014, inverted hierarchy), are marked by the square
(0:1:0), circle (1:2:0), and triangle (1:0:0), respectively. The best-fit composi-
tion obtained in an earlier IceCube analysis of the flavor composition (Aartsen
et al. 2015b) is marked with a “+.”

60 We have established the compatibility in a separate fit without the
corresponding data set, i.e., without sample H1. The 68% uncertainty interval
for the spectral index obtained in this fit (−2.45 ± 0.10) overlaps with that
obtained in Aartsen et al. (2014e).
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The Astrophysical Journal, 809:98 (15pp), 2015 August 10 Aartsen et al.

ApJ 809, 98 (2015)
Phys. Rev. Lett. 114, 171102
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in the cascades 
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FIG. 4. (Color online) All-flavor-sum neutrino flux quasi-
di↵erential 90%-CL upper limit on one energy decade E

�1

flux windows (solid line). The limits are derived using a log-
likelihood ratio method. The median null observation limit
(sensitivity) is also shown (dashed line). Cosmogenic-neutrino
model predictions (assuming primary protons) are shown for
comparison: Kotera et al. [37], Ahlers et al. [22], and an as-
trophysical neutrino model from Murase et al. [45]. Model-
independent di↵erential limits on one energy decade E�1 flux
from Auger [24] and ANITA-II [50] with appropriate normal-
ization are also shown. A model-dependent upper limit on
an unbroken E

�2 power-law flux from the current analysis
(E2

⌫

� < 9.2⇥10�9 GeV/cm2 s sr) is shown for reference (dot-
ted line).

heavy-composition UHECR models can be tested with
IceCube. The results of the model tests are listed in
Table II, and the limits are shown in the lower panel
of Fig. 2. The AGN models relate the neutrino emis-
sion rates in each source with the observed photon fluxes
using phenomenological parameters, such as the baryon
loading factor ⇠cr [45] and the neutrino-to-�-ray inten-
sity ratio Y⌫� [46]. As the neutrino flux scales linearly
with these parameters, the limits can be interpreted
as constraints on the parameters, as listed in Table II.
The observed UHECR generation rate around 1010 GeV
(⇠ 1044 erg Mpc�3 yr�1) requires the loading factor ⇠cr

to be around 3 and 100 for UHECR spectral indices
s = 2.0 and 2.3, respectively [45]. The current con-
straints on ⇠cr are comparable or slightly below these
required values. This indicates that AGN inner jets are
less likely to be a major source of the UHECRs, regard-

less of the observed UHECR compositions. A consistent
but weaker limit on these models is also obtained from
an analysis searching for the neutrino signal excess in
the direction of blazer populations [47]. Rapidly spin-
ning pulsars may also be capable of accelerating nuclei
to 1011 GeV [48]. They are also disfavored as UHECR
sources if they have cosmological evolution stronger than
SFR. As shown in Fig. 2, provided a flat neutrino spec-
trum in the UHECR source is assumed, astrophysical
neutrino spectra are generally predicted to be described
by a hard power law [49]. These spectra continue up to
a cuto↵ energy determined by the maximal acceleration
energy of the source. Figure 3 provides a generic con-
straint on these astrophysical fluxes as an exclusion re-
gion in the parameter space for E�2 power-law neutrino
flux normalization �

0

and spectral cuto↵ energy E

cut
⌫ . It

indicates that E

2

�

0

� 6 ⇥ 10�9 GeV cm�2 s�1 sr�1 is
disfavored for neutrino fluxes extending above 109 GeV,
such as the UHECR source models.
Di↵erential limit — A quasi-di↵erential 90%-CL

limit is presented in Fig. 4 using the LLR method, con-
sidering the two observed events. Each point on the solid
line is the result of an independent hypothesis test for a
decade-wide E�1 power-law flux as a signal model, repre-
senting a 90%-CL upper limit. The median null observa-
tion limit (sensitivity) is also presented. The limit for an
E

�2 flux (E2

⌫� < 9.2⇥10�9 GeV/cm2 s sr) in the central
90% energy region between 1.0⇥ 106 and 4.0⇥ 109 GeV
is shown for reference.
Summary — Analysis of IceCube data results in the

largest exposure to date in search for the neutrino flux
above 107 GeV up to 3⇥ 1010 GeV. The non-observation
of neutrino events with deposited energy larger than a
few PeV in seven years of IceCube data places a seri-
ous constraint on cosmogenic and astrophysical neutrino
models. The restrictions on the cosmological evolution
of UHECR sources and the model-dependent constraints
on the source classes reported herein are the strongest
constraints on the origin of the highest-energy cosmic
rays above the ankle achieved via neutrino astronomy.
The detection of cosmogenic neutrinos from sources with
weak or no evolution, and of heavy-composition UHE-
CRs requires a larger scale detector. Cost e↵ective ra-
dio Askaryan neutrino detectors, such as ARA [53] or
ARIANNA [54], therefore would be an important future
option.
We acknowledge the support from the following
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SUPPL. FIG. 2. Event number distributions before the muon
bundle cut, including all three flavors of neutrinos as a func-
tion of NPE and cos(✓). The solid line in each panel indicate
the muon bundle selection criteria for which only the events
above the lines are retained. Event distributions from di↵er-
ent detector configurations are added. The selection criteria
are constant for the samples taken in di↵erent data-recording
periods.

Cut level atmos. muons atmos. neutrinos signal cosmogenic neutrinos [22]
number in 2426-d number in 2426-d fraction surviving (%)

Online EHE Filter 1.7⇥ 108 5.0⇥ 102 100
O✏ine EHE Cut 3.2⇥ 105 1.2 74
Track Quality Cut 8.0⇥ 103 8.3⇥ 10�2 61
Muon bundle Cut 2.1⇥ 10�2 4.3⇥ 10�2 42

SUPPL. TABLE I. Rates and fractions of simulated data surviving by type as a function of the level of selection applied.
E�ciencies are with respect to the online EHE filter.
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above the lines are retained. Event distributions from di↵er-
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are constant for the samples taken in di↵erent data-recording
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number in 2426-d number in 2426-d fraction surviving (%)

Online EHE Filter 1.7⇥ 108 5.0⇥ 102 100
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Track Quality Cut 8.0⇥ 103 8.3⇥ 10�2 61
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https://arxiv.org/pdf/1607.05886v1.pdf 
(submitted to PRL)

• GZK neutrino searches > 10 PeV

• Null result —> constraints on 
GZK neutrino models

https://arxiv.org/pdf/1607.05886v1.pdf
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September 2016Multimessenger Context
17Where Do They Come From?

Source identification requires good angular resolution  
Multi-messenger enables correlating
 to known sources 
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7 Year Point Source Search
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● Time integrated unbinned point source hot spot search

● ~700k events from 7 years of data, energy-weighted to
distinguish atmospheric (isotropic) and astrophysical neutrinos

● (+ evaluation of hotspot population + catalog comparison)

Where Do They Come From?

Blazars Stacking
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Martin Rongen

Lake Baikal

September 2016Blazar stacking

Submitted to ApJ

● Correlated astrophysical neutrino 
candidates with 862 known
GeV-blazars

● No significant correlation (1.6σ)  
is observed

→ assuming a power law spectrum 
this can be translated into

 a flux limit:

< 30% of the astrophysical ν 
originates from blazars

Naoko Kurahashi Neilson, Drexel University 17

Point Source Analysis 2
Stack the sources

Quasi-diffuse search (~10% of the 
sky at our angular resolution)

IceCube Collab.,  arXiv:1410.1749 (2014)

2010-2013 data

Stacking of 127 nearby bright starburst galaxies
• Within z < 0.03

• FFIR(60 micron) > 4 Jy

• Fradio(1.4 GHz) > 20 mJy

Waxman, TeVPA ‘13

Stacking of 862 Fermi 2LAC Blazars

Astrophys.J. 796:10 (,2014)

• All sky & with catalog
• Time-integrated unbinned search 

for hot spots 

• Correlate astro. neutrinos with 
862 known GeV-Blazars

• No significance (1.6σ)

So, no TeV neutrino sources yet
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• Correlate neutrinos with the LIGO event
GW150914 within +/-500s

• Observed 3 events, consistent with
atmospheric background

19Multi-messenger Correlation with non-EM Partners 
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Martin Rongen

Lake Baikal

September 2016UHECR correlation

JCAP 1601 (2016) no.01, 037

● ~300 cosmic ray events > 50 EeV (magnetic deflection small) 

from the Telescope Array and Pierre Auger

● HESE neutrinos + ~ a dozen events from other samples 

● Cross correlation analysis of cosmic ray and neutrino arrival directions
● Stacking analysis with an assumed magnetic deflection of 6°

→ over a variety of tests no observed significance  > 3.3σ

3

FIG. 1. GW skymap in equatorial coordinates, showing
the reconstructed probability density contours of the GW
event at 50%, 90% and 99% CL, and the reconstructed di-
rections of high-energy neutrino candidates detected by Ice-
Cube (crosses) during a ±500 s time window around the GW
event. The neutrino directional uncertainties are < 1� and are
not shown. GW shading indicates the reconstructed probabil-
ity density of the GW event, darker regions corresponding to
higher probability. Neutrino numbers refer to the first column
of Table I.

IV. RESULTS

A. Joint analysis

We carried out the joint GW and neutrino search fol-
lowing the analysis developed for previous GW and neu-
trino datasets using initial GW detectors [23, 25, 35, 47].
After identifying the GW event GW150914 with the cWB
pipeline, we used reconstructed neutrino candidates to
search for temporal and directional coincidences between
GW150914 and neutrinos. We assumed that the a priori

source directional distribution is uniform. For temporal
coincidence, we searched within a ±500 s time window
around GW150914.

The relative di↵erence in propagation time for �GeV
neutrinos and GWs (which travel at the speed of light
in general relativity) traveling to Earth from the source
is expected to be ⌧ 1 s. The relative propagation time
between neutrinos and GWs may change in alternative
gravity models [48, 49]. However, discrepancies from gen-
eral relativity could in principle be probed with a joint
GW-neutrino detection by comparing the arrival times
against the expected time frame of emission.

Directionally, we searched for overlap between the GW
sky map and the neutrino point spread functions, as-
sumed to be Gaussian with standard deviation �rec

µ (see
Table I).

The search identified no Antares neutrino candidates
that were temporally coincident with GW150914.

For IceCube, none of the three neutrino candidates
temporally coincident with GW150914 were compatible
with the GW direction at 90% CL. Additionally, the re-
constructed energy of the neutrino candidates with re-
spect to the expected background does not make them
significant. See Fig. 1 for the directional relation of

GW150914 and the IceCube neutrino candidates de-
tected within the ±500 s window. This non-detection is
consistent with our expectation from a binary black hole
merger.
To better understand the probability that the de-

tected neutrino candidates are consistent with back-
ground, we briefly consider di↵erent aspects of the data
separately. First, the number of detected neutrino can-
didates, i.e. 3 and 0 for IceCube and Antares, re-
spectively, is fully consistent with the expected back-
ground rate of 4.4 and ⌧ 1 for the two detectors, with
p-value 1 � F

pois

(N
observed

 2, N
expected

= 4.4) = 0.81,
where F

pois

is the Poisson cumulative distribution func-
tion. Second, for the most significant reconstructed muon
energy (Table I), 12.5% of background events will have
greater muon energy. The probability that at least one
neutrino candidate, out of 3 detected events, has an en-
ergy high enough to make it appear even less background-
like, is 1� (1� 0.125)3 ⇡ 0.33. Third, with the GW sky
area 90% CL of ⌦

gw

= 590 deg2, the probability of a
background neutrino candidate being directionally coin-
cident is ⌦

gw

/⌦
all

⇡ 0.014. We expect 3⌦
gw

/⌦
all

di-
rectionally coincident neutrinos, given 3 temporal coinci-
dences. Therefore, the probability that at least one of the
3 neutrino candidates is directionally coincident with the
90% CL skymap of GW150914 is 1� (1�0.014)3 ⇡ 0.04.

B. Constraints on the source

We used the non-detection of coincident neutrino can-
didates by Antares and IceCube to derive a stan-
dard frequentist neutrino spectral fluence upper limit for
GW150914 at 90% CL. Considering no spatially and tem-
porally coincident neutrino candidates, we calculated the
source fluence that on average would produce 2.3 de-
tected neutrino candidates. We carried out this analysis
as a function of source direction, and independently for
Antares and IceCube.

The obtained spectral fluence upper limits as a func-
tion of source direction are shown in Fig. 2. We con-
sidered a standard dN/dE / E�2 source model, as
well as a model with a spectral cuto↵ at high energies:
dN/dE / E�2 exp[�p

(E/100TeV)]. The latter model
is expected for sources with exponential cuto↵ in the pri-
mary proton spectrum [50]. This is expected for some
galactic sources, and is also adopted here for compari-
son to previous analyses [51]. For each spectral model,
the upper limit shown in each direction of the sky is the
more stringent limit provided by one or the other de-
tector. We see in Fig. 2 that the constraint strongly
depends on the source direction, and is mostly within
E2dN/dE ⇠ 10�1 � 10GeV cm�2. Furthermore, the up-
per limits by Antares and IceCube constrain di↵erent
energy ranges in the region of the sky close to the GW
candidate. For an E�2 power-law source spectrum, 90%
of Antares signal neutrinos are in the energy range from
3TeV to 1PeV, whereas for IceCube at this southern

Gravitational Waves Ultra-high-energy cosmic rays 
(UHECRs)

https://arxiv.org/pdf/1602.05411v3.pdf

• Cross correlate HE neutrinos 
with ~300 UHECRs > 50 EeV

• No significance over 3.3σ

JCAP 1601 (2016), no. 01, 037

https://arxiv.org/pdf/1602.05411v3.pdf
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20Realtime Alert Systems 
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● Swift XRT
● Palomar Transient Factory
● Magic Gamma Ray Telescope
● VERITAS
● HAWC
● HESS
● LIGO/VIRGO
● Murchison Widefield Array

The Astrophysical Multimessenger Oberservatory Network:

FACT, VERITAS, MASTER, 

LMT, ASAS-SN, LCOGT

Individual MOU observatories: Networks & public alerts:

„The Astronomer's Telegram“

The Gamma-ray Coordinates Network

The Astrophysical Multimessenger 
Observatory Network:

FACT, VERITAS, MASTER, LMT, 
ASAS-SN, LCOGT

Individual MOU partners

Public alert network

Swift XRT, PTF, VERITAS, Magic
HESS, HAWC, MWA

LIGO/VIRGO
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„Many eyes see more than two.“

● No single suspected source class seems to dominate the astrophysical neutrino flux

● Instead try to correlate single high-significant neutrinos or even multiple low-significant 
neutrinos to observations from other observatories

Followups communicated via: 
The Astronomer’s Telegram

The Gamma-ray Coordinates Network

Correlating to other observatories: 
•  Single high-significance neutrinos
•  Lower-significance multiplets



Donglian Xu  |  Results from IceCube  |  Tau 2016, Beijing, China

21Neutrino Oscillations through the Earth Neutrinos through the Earth
The neutrinos come from different zenith angles (✓

z

) traversing
different layers of the Earth

core :
cos ✓

z

⇠ [�1,�0.8]
mantle :
cos ✓

z

⇠ [�0.8,�0.1]
crust :
cos ✓

z

> �0.1
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Atmospheric Neutrinos in 
IceCube/DeepCore 

  IceCube designed for 
astrophysical neutrino 
detection 

  DeepCore extends 
IceCube’s physics 
capability at lower energies 

  Using neutrinos from 
cosmic rays interacting with 
the atmosphere 

  Range of baselines and 
energies to control 
systematics 

  Neutrino oscillation in the 
Earth enhanced by MSW 
effect, strongest effects 
below ~10 GeV 
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22Atmospheric Muon Neutrino Disappearance 

8

FIG. 5. Comparison between data and expectations for the case of oscillations and no-oscillations. In each figure the zenith
distribution for an energy band is shown (top), and the ratio of the data and the best-fit to no-oscillations is shown (bottom).
The binning corresponds to that used for obtaining the best-fit oscillation parameters. Bands indicate the impact of the
assumed systematic uncertainties.

FIG. 6. Distribution of events as a function of reconstructed
L/E. Data are compared to the best fit and expectation with
no oscillations (top) and the ratio of data and best fit to
the expectation without oscillations is also shown (bottom).
Bands indicate estimated systematic uncertainties.

FIG. 7. 90 % confidence contours of the result in the sin2 ✓
23

�
�m2

32

plane in comparison with the ones of the most sensitive
experiments [8–10]. The log-likelihood profiles for individual
oscillation parameters are also shown (right and top). A nor-
mal mass ordering is assumed.
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FIG. 5. Comparison between data and expectations for the case of oscillations and no-oscillations. In each figure the zenith
distribution for an energy band is shown (top), and the ratio of the data and the best-fit to no-oscillations is shown (bottom).
The binning corresponds to that used for obtaining the best-fit oscillation parameters. Bands indicate the impact of the
assumed systematic uncertainties.

FIG. 6. Distribution of events as a function of reconstructed
L/E. Data are compared to the best fit and expectation with
no oscillations (top) and the ratio of data and best fit to
the expectation without oscillations is also shown (bottom).
Bands indicate estimated systematic uncertainties.

FIG. 7. 90 % confidence contours of the result in the sin2 ✓
23

�
�m2

32

plane in comparison with the ones of the most sensitive
experiments [8–10]. The log-likelihood profiles for individual
oscillation parameters are also shown (right and top). A nor-
mal mass ordering is assumed.

Phys. Rev. Lett. 111, 081801
Phys. Rev. D 91, 072004

• 5293 high quality events in 953 days
• 10 - 100 GeV (DeepCore)
• Best fit oscillation parameters:

Neutrino Oscillation

13Chris Weaver—LLWI February 20, 2015

• arXiv:1410.7227: Disappearance analysis of ~10 GeV-100 GeV 
atmospheric νμ with 3 years of data

• Obtains sin2(θ23) =               and |∆m232| =                        
for the normal hierarchy.

2.72+0.19
�0.20 ⇥ 10�3eV20.53+0.09

�0.12
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23Atmospheric Tau Neutrino Appearance 
Atmospheric Neutrinos in 

IceCube/DeepCore 
  IceCube designed for 

astrophysical neutrino 
detection 

  DeepCore extends 
IceCube’s physics 
capability at lower energies 

  Using neutrinos from 
cosmic rays interacting with 
the atmosphere 

  Range of baselines and 
energies to control 
systematics 

  Neutrino oscillation in the 
Earth enhanced by MSW 
effect, strongest effects 
below ~10 GeV 

 
5 Dawn Williams         Status of  PINGU       Hyper-K Open Meeting       7/20/14 

P(νμ->νμ)

P(νμ->ντ)

• Measure tau appearance in terms 
of cascade excess

• High statistics sample
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24Atmospheric Neutrinos Oscillating to Sterile Neutrinos 

MSW with the Sterile Neutrino at Earth
In the Earth, for sterile neutrino of �m2 = O(1eV 2) there is a
matter resonant effect when

E res

⌫ =
�m2 cos 2✓
2
p

2G
F

N
⇠ O(TeV )

[Barger et al., Phys.Rev.D85:011302,(2012)]

�m2 = O(1eV 2)

For sterile neutrinos with

Nunokawa et al. PLB, B562, 279 (2003).  
arXiv:hep-ph/0302039 Phys. Rev. Lett. 117, 071801

• ~ 20,000 events in 344 days
• Minimal 3+1 model
• LSND/MB region excluded at ~ 99% CL
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25Other Physics Reach by IceCube (incomplete) 

A very versatile detector ..
12

Fig. 8 Upper limits at 90% confidence level on �SI

��N as
a function of the WIMP-mass assuming a WIMP annihila-
tion cross section of h�Avi = 3 · 10�26cm3s�1. For WIMP
masses above the rest mass of the W bosons, annihilation
into W+W� is assumed and annihilation into ⌧+⌧� for lower
masses. Systematic uncertainties are included. The result is
compared to the limits set by SuperCDMSlite [6], LUX [5],
Super-K [19] and by a Solar WIMP analysis of IceCube in
the 79-string configuration [21]. The displayed limits are as-
suming a local dark matter density of ⇢� = 0.3 GeV cm�3. A
larger density, as suggested e.g. by [56], would scale all limits
linearly.

through neutrinos, this analysis is highly complemen-
tary to Solar searches. In particular, at small WIMP
masses around the iron resonance of 50GeV the sensi-
tivity exceeds the sensitivity of the Solar WIMP searches
of IceCube. The corresponding limit on the spin-inde-
pendent cross sections presented in this paper are the
best set by IceCube at this time. Future analyses com-
bining several years of data will further improve the
sensitivity.
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Other IceCube topics

Sterile neutrinos: 
arXiv:1605.01990

4 year neutrino standard oscillation

IC86-2011 Halo WIMP Search Using Cascades

Cosmic-Ray anisotropy: arXiv:1603.01227

Cosmic-Ray spectrum: arXiv:1510.05225v2

Cosmic-ray anisotropy: 
arXiv:1603.01227

12

Fig. 9 Sensitivities (magenta) and final limits (red) of both analysis at certain characteristic velocities compared to other limits. The lines are only
drawn to guide the eyes. Other limits are from BAIKAL [33], ANTARES [19], IceCube 22 [41], MACRO [48]. Also shown is the Parker limit
described in the text [49]

pected background events. The event itself shows charac-
teristics typical for a neutrino induced muon. For the high
brightness subset, with an expected background of 0.1 events,
the observation of two events apparently contradicts the back-
ground-only hypothesis. However, a closer analysis of the
two events reveals that they are unlikely to be caused by
monopoles. These very bright events do not have a track like
signature but a spheric development only partly contained in
the detector. A possible explanation is the now established
flux of cosmic neutrinos which was not included in the back-
ground expectation for this analysis. IceCube’s unblinding
policy prevents any claims on these events or reanalysis with
changed cuts as have been employed with IC22 [41]. Instead
they are treated as an upward fluctuation of the background
weakening the limit. The final limits outperform previous
limits and are shown in Tab. 2 and Fig. 9. These limits can
also be used as a conservative limit for v > 0.995c with-
out optimization for high values of Lorentz factor g as the
expected monopole signal is even brighter due to stochastic
energy losses which are not considered here.

7.2 Result of the mildly relativistic analysis

In the mildly relativistic analysis three events remain after
all cuts which is within the confidence interval of up to 3.6
events and therefore consistent with a background only ob-
servation. All events have reconstructed velocities above the
training region of 0.76c. This is compared to the expecta-
tion from simulation in Fig. 10. Two of the events show a
signature which is clearly incompatible with a monopole
signature when investigated by eye because they are stop-
ping within the detector volume. The third event, shown in
Fig. 11, may have a mis-reconstructed velocity due to the
large string spacing of IceCube. However, its signature is
comparable with a monopole signature with a reduced light
yield than described in Sec. 3. According to simulations, a
monopole of this reconstructed velocity would emit about 6
times the observed light.

To be comparable to the other limits shown in Fig. 9 the
final result of this analysis is calculated for different char-
acteristic monopole velocities at the detector. The bin width
of the velocity distribution in Fig. 10 is chosen to reflect the
error on the velocity reconstruction. Then, the limit in each
bin is calculated and normalized which gives a step func-

Magnetic Monopole: EPJ C76 (2016) 133
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IceCube Gen2 – The next generation facility for 
neutrino physics and astronomy at the South Pole

 
arXiv:1412.5106
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26IceCube-Gen2 

https://arxiv.org/abs/1412.5106 

https://arxiv.org/abs/1412.5106
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27IceCube-Gen2: Science Case 
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28Summary 

• IceCube has discovered astrophysical neutrinos; dawn of 
neutrino astronomy  

• Six years of smooth operation since completion with >99% 
uptime. Many exciting physics topics are ongoing and 
more to come 

• Astrophysical neutrino point sources are yet to be 
discovered. The campaign for neutrino point sources is ON 

• IceCube-Gen2 will have up to an order of magnitude 
increase in sensitivity 
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