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Neutrino Spectrum

2
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Figure 1.1: Expected and measured fluxes of neutrinos. Solar and supernova neutrinos

peak in the MeV range, while neutrinos produced by cosmic ray interactions in the Earth’s

atmosphere dominate at GeV�TeV energies. This thesis is mainly concerned with neutrinos

at TeV energies and above, where contributions from astrophysical sources such as supernova

remnants and active galactic nuclei are hypothesized. Plot taken from [3].
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The initial atmospheric neutrino flux
The conventional atmospheric neutrino (muon) flux originates from
the decay of fi± and K± in the atmosphere.

[Honda et al., Phys.Rev.D75:043006 (2007)]

[Louis et al., Los Alamos Science Number 25 (1997)]

Cosmic rays interacting in 
the atmosphere producing 
charged and neutral 
mesons

Astrophysical beam dumps
high-energy cosmic rays interacting 
with gas or radiation

May 11, 2008 to May 11, 2015, uses 23,854 events above 1018.2 eV with zenith angles
from 0 to 45°, and it is calculated using methods described in [3].
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Figure 1: Energy spectra measured by the TA SD [13], Auger [5], and HiRes [8] experiments using
their standard techniques. Auger energy has been increased by 11% to match the energy scale of
TA SD and HiRes in the ankle region.

These spectra show two outstanding features, good agreement in the ankle region
and below, and the disagreement in the position of the high energy cuto↵. These
spectra were made by integrating over the northern sky by the TA and HiRes col-
laborations, and the southern sky by the Pierre Auger collaboration. As a result of
this partial agreement and partial disagreement, suggestions have been made that
the spectrum might be di↵erent in the two parts of the sky.

In order to understand the di↵erence in cuto↵ energies, a working group was
formed, under the auspices of the UHECR2016 Workshop, by the TA and Auger
collaborations. Similar working groups for the 2012 and 2014 UHECR Workshops
had addressed other spectral questions, such as the energy scale di↵erence of the
two experiments. The 2016 working group concentrated on measuring the spectrum
of both experiments in the part of the sky seen by both experiments, declinations
between �15.7° and +24.8°, called the common declination band. Looking in the
common region of the sky, one would expect the two experiments should get the same
answer. The short answer is that, in the common declination band, the cuto↵ energies
agree within uncertainties. While the change in the Auger spectrum is minimal, the
energy of the cuto↵ in the TA spectrum is lower by a significant amount. The change
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Ultra high-energy cosmic 
rays interacting with the 
Cosmic Microwave 
Background
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Event Signatures

4
8

Event topologies

Factor of ~2 energy resolution

~0.5 degree angular resolution
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Observation of High-Energy cosmic neutrinos

5
Nancy Wandkowsky, Measurement of neutrino events above 1 TeV with contained vertices

• Best-fit: ϕ = 2.46±0.8 x 10-18 GeV-1cm-2s-1sr-1 , γ=-2.92±0.3    

• Background-only hypothesis rejected by ~8"

6-yr astrophysical

High energy starting events (2010-2015) 8

• Discovery of astrophysical neutrinos announced in 2013. 
• Observation of excess over atmospheric background. 
• 28 events with 2 PeV neutrinos in the first 2 years. 
• 82 events in 6 years.
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High-Energy Cosmic Neutrinos
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Supplementary Methods and Tables – S10

EVENT 30

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

129+14
�12 56115.7283574 �82.7 103.2 8.0 Shower

� / E�2.92

High-Energy Starting Events 

6 years Observation ➛ 8𝜎 

80 events (all flavor)

� / E�2.19

Up-going Muon Tracks 


8 years Observation ➛ 6.7𝜎 

~ 500 astrophysical neutrinos

• Observation confirmed in 
independent channels. 

• Hardening of the spectrum at high 
energies. 

• Low-energy excess hinting at 
spectral features. 

• fluxes are compatible in the 
common energy range
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Arrival Directions
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Flavor Composition

8

Mauricio Bustamante (Niels Bohr Institute) 12

What has IceCube found so far (6 years)?

Flavor composition compatible with equal proportion of each Eavor

M. Usner, ICRC 2017

Flavor composition compatible with equal proportion of each flavor.
IceCube, ICRC 2017

Flavor composition depends on the production scenario at the source.
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Origin of the cosmic neutrinos?

9

IceCube searches for steady and time dependent neutrino emission point 
sources, extended sources, and catalog of sources. 
No source class confirmed as main origin of HE cosmic neutrinos.  
Galactic contribution is constrained to 15% of the total flux. 
Time dependent analyses benefit from lower backgrounds. 
Realtime analysis and follow-up studies offer unique opportunities to find sources.

northern sky hotspot 
post-trial p-value: 44%

southern sky hotspot 
post-trial p-value: 39%
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IC 170922A

10

Galactic

• IceCube issued an alert on September 22, 2017.
• Follow up observations by ANTARES, H.E.S.S. , Fermi-LAT, Swift, AGILE, 

MAGIC, HAWC, VERITAS and …

TXS 0506+056

90%

• details coming soon!

Fermi 3FGL Sources
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It

Gravitational Waves follow-up

11

Binary Neutron Star Merger

GW 170817

No coincident neutrino!

ANTARES, IceCube, Auger, LIGO/Virgo ApJL 850:L35 (2017) 
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Measuring Oscillations

• Exploit high statistics to measure  
2D distortions due to oscillations  
in energy/angle space

• Broad range of energies 
and significant matter 
densities permit searches 
for a range of new physics 
(sterile neutrinos, NSI,…)

Neutrino Oscillation

12
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FIG. 3. The 90% allowed region from this work (solid line)
compared to other experiments [12–14,16] (dashed lines). The
cross marks our best-fit point. The outer plots show the results of
the 1D projections after profiling over the other variables along
with the 68% C.L. Δχ2c threshold estimated using the Feldman-
Cousins method [48].
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IceCube, PRL 2018

3 years of IceCube Deep Core data 

measurements of muon neutrino 
disappearance, over a range of baselines 

up to the diameter of the Earth 

Neutrinos from the full sky with 

reconstructed energies from 5.6 to 56 GeV 

�m2
32 = 2.31+0.11

�0.13 ⇥ 10�3eV2

sin2 ✓23 = 0.51+0.07
�0.09

Normal Ordering best fits:
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The idea of studying neutrino absorption in the Earth dates back 
to 1974 (ref. 10), although most of the early papers on the subject 
 proposed using absorption to probe the Earth’s interior11. However, the  
density uncertainty12–15 for long paths through the Earth is only 
1%–2%; this leads to less than 1% systematic uncertainty in the 
cross-section measurement, below the total uncertainty of the 
cross-section. Early work on the subject envisioned using accelerator- 
produced  neutrinos for Earth tomography; the idea of using natural 
(astrophysical or atmospheric) neutrinos came later16,17.

Neutrino absorption increases with neutrino energy, so that for 
40-TeV neutrinos, the Earth’s diameter corresponds to one absorption 
length. By observing the change in the angular distribution of Earth-
transiting neutrinos with increasing neutrino energy, one can measure 
the increasing absorption and, from that, determine the cross-section.

This analysis uses data collected with the IceCube detector18, which 
is installed in the Antarctic ice cap at the South Pole. The data were 
acquired during 2009 and 2010, when IceCube consisted of 79 vertical 
strings19, each supporting 60 optical sensors (Digital Optical Modules, 
DOMs20). The strings are arranged in a triangular grid, with 125 m 
between strings. The sensors are deployed at 17-m vertical intervals, at 
depths between 1,450 m and 2,450 m below the surface of the ice cap. 
Six of the strings are installed at the centre of the array, with smaller 
string spacing and with their DOMs clustered between 2,100 m and 
2,450 m deep; this module is called ‘DeepCore’.

The DOMs detect Cherenkov light from the charged particles that 
are produced when neutrinos interact in the ice surrounding IceCube 
and the bedrock below. In this measurement, the 79-string detector 
recorded about 2,000 events per second. About 99.9999% of these were 
downward-going muons produced directly by cosmic-ray air showers 
above the horizon. The events were reconstructed using a series of 
algorithms of increasing accuracy and computational complexity21,22. 
At each stage of processing, a set of conditions was applied to eliminate 
background events. The final sample of 10,784 upward-going (zenith 
angle greater than 90°) events had an estimated background of less than 
0.1%. Almost all of the background consisted of mis-reconstructed 
downward-going muons.

The neutrino zenith angles were determined from the reconstructed 
muon direction. The typical angular resolution was better than 0.6°, 
including the angular difference between the neutrino and muon 
 directions. This small angular uncertainty does not affect the final result. 

The neutrino energies were much less well known than the zenith angles 
because we cannot determine how far from the detector the interaction 
occurred, so we do not know how much energy the muon lost before 
entering the detector. Therefore, this analysis used the muon energy 
as determined from the measured specific energy loss (dE/dx) of the 
muons. To improve the energy resolution, the muon tracks were divided 
into 120-m-long segments. The segments with the highest dE/dx  
values were excluded, and the truncated mean was determined from 
the remaining segments23. The removal of large stochastic losses led to 
better resolution than that obtained with the untruncated mean. The 
muon energy  values were determined to within roughly a factor of 2.

The cross-section was found by a maximum-likelihood fit, which 
compared the data, binned by zenith angle and muon energy, with a 
model that included contributions from atmospheric and astrophysical 
neutrinos. The cross-section entered the fit through the energy- and 
zenith-angle-dependent probability for the neutrinos to be absorbed 
as they pass through the Earth. This absorption probability depends on 
the nucleon density, integrated along the path of the neutrino through 
the Earth. We used the Preliminary Reference Earth Model to deter-
mine the density of the Earth12. Thanks to seismic wave studies and 
tight constraints on the total mass of the Earth, the uncertainties in the 
integrated density were lower than a few per cent.

To account for neutral-current interactions, in which neutrinos lose 
a fraction of their energy, we modelled neutrino transmission through 
the Earth at each zenith angle in two dimensions: the incident  neutrino 
energy and the neutrino energy near IceCube. The fit determined 
R =  σmeas/σSM, where σmeas is the measured cross-section and σSM is the 
standard model cross-section from ref. 3. That calculation used quark 
and gluon densities derived from the Hadron-Electron Ring Accelerator 
(HERA) data to find the interaction cross-sections of neutrinos and anti-
neutrinos with protons and neutrons, treating the Earth as an isoscalar 
target. The estimated uncertainty in the calculation was less than 5% 
for the energy range covered by this analysis. Because the calculation 
did not include nuclear shadowing, it might overestimate the cross- 
section for heavier elements, such as the iron in the core of the Earth. 
Experiments with 2–22-GeV neutrinos interacting with iron  targets24 and  
20–300-GeV neutrinos interacting with neon25 did not observe nuclear 
shadowing, but it may be present for higher-energy neutrinos26.

The fitted charged-current and neutral-current cross-sections were 
assumed to be the same multiples of their standard model counterparts, 
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Figure 2 | Neutrino absorption in the Earth. a, Neutrino absorption is 
observed by measuring how the neutrino energy spectrum changes with 
the zenith angle. High-energy neutrinos transiting deep through the Earth 
are absorbed, whereas low-energy neutrinos are not. Neutrinos from just 
below the horizon provide a nearly absorption-free baseline at all relevant 
energies. b, Standard model prediction for the transmission probability 

of neutrinos through the Earth as a function of energy and zenith angle. 
Neutral-current interactions, which occur about 1/3 of the time, are 
included. When a neutral-current interaction occurs, a neutrino is 
replaced with one of lower energy. The horizontal white dotted line shows 
the trajectory (and zenith angle) of a neutrino that just passes through the 
core–mantle boundary.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Neutrino-Nucleus Cross Section
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IceCube, Nature 2018

Absorption of neutrinos in the earth a powerful tool to measure neutrino-
nucleus cross section 
> 10000 high-energy muon neutrinos used in this analysis 
measuring the cross section between 6.3-980 TeV 
More than an order of magnitude higher than previous measurements

5 9 6  |  N A T U R E  |  V O L  5 5 1  |  3 0  N O V E M B E R  2 0 1 7

LETTER
doi:10.1038/nature24459

Measurement of the multi-TeV neutrino interaction 
cross-section with IceCube using Earth absorption
The IceCube Collaboration*

Neutrinos interact only very weakly, so they are extremely 
penetrating. The theoretical neutrino–nucleon interaction cross-
section, however, increases with increasing neutrino energy, 
and neutrinos with energies above 40 teraelectronvolts (TeV) 
are expected to be absorbed as they pass through the Earth. 
Experimentally, the cross-section has been determined only at the 
relatively low energies (below 0.4 TeV) that are available at neutrino 
beams from accelerators1,2. Here we report a measurement of 
neutrino absorption by the Earth using a sample of 10,784 energetic 
upward-going neutrino-induced muons. The flux of high-energy 
neutrinos transiting long paths through the Earth is attenuated 
compared to a reference sample that follows shorter trajectories. 
Using a fit to the two-dimensional distribution of muon energy 
and zenith angle, we determine the neutrino–nucleon interaction 
cross-section for neutrino energies 6.3–980 TeV, more than an order 
of magnitude higher than previous measurements. The measured 
cross-section is about 1.3 times the prediction of the standard 
model3, consistent with the expectations for charged- and neutral-
current interactions. We do not observe a large increase in the cross-
section with neutrino energy, in contrast with the predictions of 
some theoretical models, including those invoking more compact 
spatial dimensions4 or the production of leptoquarks5. This cross-
section measurement can be used to set limits on the existence of 
some hypothesized beyond-standard-model particles, including 
leptoquarks.

The cross-section for neutrino interactions with matter is very 
small. Neutrinos are usually regarded as particles that will go through 
anything6 . However, the neutrino–nucleon interaction cross- 
section is expected to increase with energy. Until now, the cross-section 
has only been measured up to a neutrino energy of 370 GeV (Fig. 1; 
log(370) =  2.57) because it has been limited by the available accelerator 
neutrino beams1. In this range, the cross-section rises linearly with 
energy.

In the standard model of particle physics, neutrinos interact with 
quarks through charged-current and neutral-current interactions, 
mediated by W± and Z0 bosons, respectively. At neutrino energies 
above 10 TeV, the finite W± and Z0 masses are expected to moderate 
the increase in cross-section, leading to a slower rise at higher energies. 
These cross-sections also reflect the densities of partons (quarks and 
gluons) within the nuclear targets. Accelerator neutrino experiments 
have mainly probed the densities of partons with Bjorken-x values (the 
fraction of the total nucleon momentum carried by a quark or gluon) 
above about 0.1. In this x range, there are more quarks than antiquarks, 
so the interaction cross-section of the antineutrino is about half that 
of the neutrino. Higher-energy experiments probe lower Bjorken-x 
values, where sea quarks predominate, and the difference between the 
neutrino and antineutrino cross-sections is reduced.

At high energies, new processes beyond the standard model may 
appear. Some theories invoke new spatial dimensions, which are curled 
up on a distance scale r. At momentum transfers comparable to ħc/r, 
where ħ is the reduced Planck constant and c is the speed of light in 

vacuum, the neutrino cross-section rises dramatically4,7. In some 
grand unified or technicolour theories, leptoquarks may couple to both 
quarks and leptons; for example, a second-generation leptoquark cou-
ples to both muon neutrinos and quarks. The interaction cross-section 
increases considerably at neutrino–quark centre-of-mass energies that 
correspond to the mass of the leptoquark5.

Our measurement uses naturally occurring atmospheric and 
astrophysical neutrinos to extend neutrino interaction cross- section 
 measurements to multi-teraelectronvolt energies by observing 
 neutrino absorption in the Earth. Figure 2 shows the principle of 
the  measurement. Atmospheric neutrinos, produced by cosmic-ray 
air showers below the Earth’s horizon, are the dominant source of 
 neutrinos used for this analysis. Astrophysical neutrinos produced by 
distant sources are the largest contribution at energies above 300 TeV. 
High-energy neutrinos that deeply traverse the Earth are absorbed, 
whereas near-horizontal neutrinos provide an essentially absorption- 
free reference9 . The contribution of atmospheric neutrino oscillations 
is negligible at teraelectronvolt energies and is not included here.

*A list of authors and their affiliations appears at the end of the paper.
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Figure 1 | Neutrino cross-section measurements. Measured neutrino 
charged-current interaction cross-sections σν, divided by the neutrino 
energy Eν, from accelerator experiments are shown, along with error bars 
showing their combined 1σ statistical and systematic uncertainty, from  
ref. 1 and from this work. The blue and green lines are the standard model 
predictions for muon neutrinos νµ and antineutrinos νµ, respectively, with 
the uncertainties on the deep-inelastic cross-sections shown by the shaded 
bands3. The red line corresponds to the expected mixture of νµ and νµ in 
the IceCube sample. The black line shows our result, assuming that the 
charged- and neutral-current cross-sections vary in proportion, and that 
the ratio between the actual cross-section and the standard model 
prediction does not depend on energy. The pink band shows the total 1σ 
(statistical plus systematic) uncertainty. The cross-section increases 
linearly with energy up to about 3 TeV (log(3,000) =  3.48), after which this 
increase is moderated and the cross-section becomes roughly proportional 
to (Eν)0.3 owing to the finite W± and Z0 masses.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 1 The horizontal position of the deployed strings in the
IceCube coordinate system. The blue line shows the strings
constituting the DeepCore subdetector, strings outside of this
region are used in the initial event rejection. The fiducial vol-
ume used in the final analysis is indicated with the solid blue
region consisting of both nominal and dense strings.

Using PYTHIA [22, 23], a generic resonance with twice
the WIMP mass is forced to decay through one of the
particle pairs (annihilation channels) considered and
the energy spectra of the resulting neutrinos are recorded
for all three neutrino flavors. This work considers WIMPs
with masses from 10-1000 GeV self-annihilating through
either b-quarks (bb̄), W -bosons (W+W�), muons (µ+µ�),
or taus (⌧+⌧�) to neutrinos. Annihilation directly to
neutrinos (⌫⌫̄) is also considered. In Figure 2 the en-
ergy spectrum, dN/dE, of muon neutrinos from a pair
of 100 GeV WIMPs is presented for the annihilation
channels considered in this analysis. The energy spec-
trum is shown after applying long baseline oscillations
(determined from parameters in [24]).

For the W+W�-channel only WIMP masses above
the mass of the W boson are probed. The energy spec-
trum of the ⌫⌫̄-channel is dominated by the line at
mDM, which is modeled with a Gaussian distribution
with a width of 5% of mDM. This width provides the
possibility to use the same simulated dataset, while
still being consistent with a line spectrum after smear-
ing by the event reconstruction. For the signal from
the ⌫⌫̄-channel a flavor ratio produced at the source of
(⌫e : ⌫µ : ⌫⌧ ) = (1 : 1 : 1) is used (though the most con-
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Fig. 2 Energy spectrum of muon neutrinos at Earth pro-
duced in the annihilation and subsequent decay of various
Standard Model particles created in the annihilation of a
100 GeV WIMP. The line spectrum of the ⌫⌫̄-channel is mod-
eled by a Gaussian with a width of 5% of mDM.

servative limits are found for a flavor ratio of (1 : 0 : 0)
at source resulting in 10-15% weaker limits). The re-
sults will be presented with a 100% branching ratio for
each annihilation channel considered.

The rate of WIMP self-annihilation seen in a given
solid angle is determined from the integrated dark mat-
ter density along the line of sight (los) through the dark
matter halo in the Milky Way. Although there remain
uncertainties about the dark matter density profile [25],
a spherical profile is assumed with one of two standard
radial distributions: Navarro-Frenk-White (NFW) [13]
and Burkert [14] with parameter values from [26]. The
resulting rate of dark matter self-annihilations along the
line of sight is strongly dependent on the assumed halo
density, with the largest discrepancies near the center
of the Milky way where the density is largest. Because
of the large uncertainty on the model parameters the
dark matter halo model constitutes the largest system-
atic uncertainty.

The resulting di↵erential flux of signal neutrinos
produced by WIMP self-annihilation in the dark mat-
ter halo of the Milky Way from a solid angle of the sky,
�⌦, is given as

d�

dE
(�⌦) =

h�Avi
4⇡ · 2m2
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⇢2(r(l,�⌦))dl, (1)

where the 4⇡ arises from a spherically symmetric anni-
hilation, l is the line of sight through the dark matter
halo with density profile ⇢(r) as a function of radius r,
and the factor of 1/2 and the squared WIMP mass and
halo density profile arise from the fact that two WIMPs
are needed in order to annihilate.

A sample of neutrino events of each flavor is gen-
erated with energies between 1-1000 GeV using GENIE
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Fig. 7 The final limits without systematic uncertainties (solid line), compared to the sensitivity (dashed line). Showing the
1� (green band) and 2� (yellow band) statistical uncertainty for dark matter self-annihilating through the W+W� channel
to neutrinos assuming a NFW (Burkert) halo profile on the left (right) plot.
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Fig. 8 Comparison of upper limits on h�Avi versus WIMP
mass, for dark matter self-annihilating through ⌧+⌧� to neu-
trinos, assuming the NFW profile. This work (IC86 (2012-
14)) is compared to other published searches from IceCube
[28, 38–40] and ANTARES [41]. Also shown are upper lim-
its from gamma-ray searches from the dwarf galaxy Segue 1
(Seg1) by FermiLAT+MAGIC [42] and from the galactic cen-
ter by H.E.S.S. [43]. The ‘natural scale’ refers to the value of
h�Avi that is needed for WIMPs to be a thermal relic [44].

presented in this paper sets the best limits of a neutrino
experiment on WIMP self-annihilation in the galactic
center for WIMPs with masses between 10 and 100 GeV
annihilating to ⌧+⌧�.

9 Conclusions

This analysis demonstrates the continued improvements
in dark matter searches with neutrinos, providing a

valuable complement to the bounds from Cherenkov
telescopes and gamma-ray satellites. A more inclusive
event selection and the use of an improved event re-
construction algorithm have increased the sensitivity of
IceCube to the signal of dark matter self-annihilation.
However, no significant excess above the expected back-
ground has been observed in 3 years of Icecube/DeepCore
data. Upper limits have been put on h�Avi providing
the leading limits on WIMPs with a mass between 10-
100 GeV for a neutrino observatory.
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 Annihilation in the Milky Way

3 years of data 

Galactic Center only accessible in  down-
going muons. 

Limiting dark matter mass between 10 
GeV-1 TeV. 

No significant excess of neutrinos over the 
background of atmospheric neutrinos 

Strongest limit on the DM mass in self 
annihilation via tau (NSW profile)
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The first term of Eq. (1) is from the ⌫SM, however,
this is negligible for our energy region. The remaining
terms (
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(3),

�
c
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(5), and so on) arise from the SME

and describe isotropic Lorentz violating e↵ects. The cir-
cle symbol on top indicates isotropic coe�cients, and the
number in the bracket is the dimension of the operator.
These terms are typically classified as CPT-odd (
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and CPT-even (
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(d)). Focusing on muon neutrino to tau

neutrino (⌫µ ! ⌫⌧ ) oscillations, all SME terms in Eq. (1)
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Without loss of generality, we can define the matrices so
that they are traceless, leaving three independent param-

eters, in this case:
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µ⌧ ), and Im (

�
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(6)
µ⌧ ). In this

formalism, LV can be described by an infinite series, but
higher order terms are expected to be suppressed. There-
fore, most terrestrial experiments focus on searching for
e↵ects of dimension-three and -four operators;

�
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(3) and
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(4) respectively. However, our analysis extends to

dimension-eight, i.e., E2 · �
a
(5), E3 · �
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(6), E4 · �
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(7), and

E
5 · �

c
(8). Such higher orders are accessible by IceCube,

which observes high-energy neutrinos where we expect an
enhancement from the terms with dimension greater than
four. In fact, some theories, such as supersymmetry [3],
allow for LV to appear only in higher order operators.
We assume that only one dimension is important at any
given energy scale, because the strength of LV is expected
to be di↵erent at di↵erent orders.

We use the ⌫µ ! ⌫⌧ two-flavor oscillation scheme,
which allows us to solve the time-dependent Schrödinger
equation analytically to derive the neutrino oscillation
formula with neutrino masses and LV, following the
method of Ref. [30]. The oscillation probability is given
by

P (⌫µ ! ⌫⌧ ) = �4Vµ1Vµ2V⌧1V⌧2 sin
2

 
�2 � �1

2
L

!
, (3)

where V↵i are the mixing matrix elements of the e↵ective
Hamiltonian (Eq. (1)), and �i are its eigenvalues. Both
mixing matrix elements and eigenvalues are a function
of energy, ⌫SM oscillation parameters, and SME coe�-
cients. Full expressions are given in Appendix A.

The IceCube Neutrino Observatory — The IceCube
Neutrino Observatory is located at the geographic South
Pole [31, 32]. The detector volume is one cubic kilome-
ter of clear Antarctic ice. Atmospheric muon neutrinos
interacting on surrounding ice or bedrock may produce

FIG. 2: Figure shows the ratio of vertical to horizontal tran-
sition probabilities at IceCube as a function of muon energy.
Here, vertical events are defined by cos ✓  �0.6 and the hori-
zontal events are defined by cos ✓ > �0.6. As an example, the
data transition probability ratio with statistical errors is com-
pared to prediction for various dimension-six operator values:
10�35 GeV�2 (red), 10�37 GeV�2 (blue), and 10�40 GeV�2

(yellow).

high-energy muons, which emit photons that are subse-
quently detected by digital optical modules (DOMs) em-
bedded in the ice. The DOMs consist of a 25 cm diame-
ter Hamamatsu photomultiplier tube, with readout elec-
tronics, contained within a 36.5 cm glass pressure hous-
ing. These are installed in holes in the ice with roughly
125 m separation. There are 86 holes in the ice with a
total of 5160 DOMs, which are distributed at depths of
1450 m to 2450 m below the surface, instrumenting one
gigaton of ice. The full detector description can be found
in Ref. [32].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons
detected by the DOMs allow the reconstruction of the
muon energy and direction, which is related to the en-
ergy of the primary ⌫µ. Because the muons are above
critical energy, their energy can be determined by mea-
suring the stochastic losses that produce Cherenkov light.
See [29] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances on the order of kilometers, and have small scat-
tering angle due to the large Lorentz boost, resulting in
0.75� resolution on reconstructed direction at 1 TeV [33].
We use two-year data of TeV up-going muons [29], rep-
resenting 34975 events with a 0.1% atmospheric muon
contamination.

Analysis method — To obtain the prediction for LV
e↵ects, we multiply the oscillation probability, given in
Eq. (3), with the predicted atmospheric neutrino flux cal-

Atmospheric muon neutrinos from northern hemisphere (400 GeV to 18 TeV) 

oscillation probability is different with energy and baseline (direction) 

Strongest bounds on SME Lorentz violating coefficients in neutrino sector

excluded

Allowed

IceCube 2017,  arXive:1709.03434
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interacting on surrounding ice or bedrock may produce

FIG. 2: Figure shows the ratio of vertical to horizontal tran-
sition probabilities at IceCube as a function of muon energy.
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high-energy muons, which emit photons that are subse-
quently detected by digital optical modules (DOMs) em-
bedded in the ice. The DOMs consist of a 25 cm diame-
ter Hamamatsu photomultiplier tube, with readout elec-
tronics, contained within a 36.5 cm glass pressure hous-
ing. These are installed in holes in the ice with roughly
125 m separation. There are 86 holes in the ice with a
total of 5160 DOMs, which are distributed at depths of
1450 m to 2450 m below the surface, instrumenting one
gigaton of ice. The full detector description can be found
in Ref. [32].

This detector observes Cherenkov light from muons
produced in charged-current ⌫µ interactions. Photons
detected by the DOMs allow the reconstruction of the
muon energy and direction, which is related to the en-
ergy of the primary ⌫µ. Because the muons are above
critical energy, their energy can be determined by mea-
suring the stochastic losses that produce Cherenkov light.
See [29] for details on the muon energy proxy used in this
analysis. In the TeV energy range, these muons traverse
distances on the order of kilometers, and have small scat-
tering angle due to the large Lorentz boost, resulting in
0.75� resolution on reconstructed direction at 1 TeV [33].
We use two-year data of TeV up-going muons [29], rep-
resenting 34975 events with a 0.1% atmospheric muon
contamination.

Analysis method — To obtain the prediction for LV
e↵ects, we multiply the oscillation probability, given in
Eq. (3), with the predicted atmospheric neutrino flux cal-
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Summary
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IceCube has discovered and characterized a flux of high-energy 

astrophysical neutrinos between TeV and several PeV energies. 

The main sources of high-energy neutrinos are still unknown. 

The coincidence high-energy muon neutrino with a flaring gamma 

ray blazar may be the first identified high-energy neutrino source.  

Multi-messenger astrophysics with gamma rays, neutrinos, 

gravitational waves, and cosmic rays is now a reality and will help 

us to understand the high-energy Universe. 

IceCube access to high-energy regime serves as a powerful tool 

to study neutrino physics and physics beyond the standard model.
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Diffuse muon neutrino flux

dN

dE
= 1.01 ± 0.26

0.23 ⇥ 10�18

✓
E⌫

100TeV

◆�2.19±0.10

GeV�1cm�2s�1sr�1

after 8 years à 6.7 sigma
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Nancy Wandkowsky, Measurement of neutrino events above 1 TeV with contained vertices

• Unfolding to neutrino energy:  
• assume isotropic flux, νe:νµ:ν!=1:1:1, ν:ν=1:1 
• compatible with through-going muons in sensitive energy range

6-yr unfolding

High energy starting events (2010-2015) 9

HESE 6 yr flux
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Low-energy Starting Events
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• Lowering the threshold in HESE selection to 1 TeV 
• Better statistics and larger effective area

a better understanding of the lower energy component

IceCube Preliminary

IceCube Preliminary
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Lowering the threshold in HESE selection

best fit flux:
dN

dE
= 2.1 ± 0.3⇥ 10�18

✓
E⌫

100TeV

◆�2.69±0.08

GeV�1cm�2s�1sr�1

Low-energy Starting Events
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IceCube point source sensitivity 

24
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Limits on GRBs neutrino emission
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• No association with five 
years of muon neutrino track 
events


• Conclusion: <1% of 
astrophysical neutrino flux is 
produced by GRBs


• Non-detection rules out 
GRBs as the source of UHE 
cosmic rays

excluded region

allowed

IceCube, 



Ali KheirandishHighlights from the IceCube Neutrino Observatory

Black hole merger coincidence search

26

GW150914

PRD 93, 122010 (2016)

PRD 96, 022005 (2017)
ANTARES, IceCube, LIGO/VIRGO partnership
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GW 170817 Neutrino limit
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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.

IceCube, ANTARES, and 
Auger 90% upper limit 
on the neutrino fluency 
(per flavor) for the binary 
neutron star merger. 
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IceCube probes oscillation physics at baselines and energies inaccessible to 
LBL or reactor neutrino experiments – essential for constraining new physics
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Argüelles, AK, Vincent, PRL 2017

Interaction of high-energy neutrinos with Galactic dark matter

Expectation: fewer event from the Galactic Center

Observation: Anisotropy
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Fig. 6 Event distribution in right ascension (RA) relative
to the galactic center (GC) of data, scrambled signal, and
targeted signal for a 100 GeV WIMP annihilation to neutrinos
through the W+W�-channel (shown for a single declination
bin).

targeted signal between the NFW and Burkert models
of the dark matter halo density profile.

With a 2D binned shape likelihood analysis, the
data PDF is compared to the expectation from the
background PDF and the signal PDF, for multiple com-
binations of WIMP mass, annihilation channel, and halo
profile. This way the most probable signal fraction is de-
termined from the experimental data. The likelihood is
calculated by comparing the number of observed events
in the individual bins nobs(i), assuming a Poisson un-
certainty on the number of events expected, determined
from the total number of events filled in the histogram
ntotal
obs and f(i|µ) calculated in equation 3. This results

in the following formulation of the likelihood function
L(µ):

L(µ) =
binmaxY

i=binmin

Poisson
�
nobs(i)

��ntotal
obs f(i|µ)

�
. (4)

Using the likelihood analysis, the best estimate of
the signal fraction can be found by minimizing � log L,
and if it is consistent with zero the 90% confidence
interval is determined applying the Feldman-Cousins
approach [36] to estimate the upper limit on the sig-
nal fraction µ90%. Using the simulated signal neutrinos
the signal fraction can be related to h�Avi. The ex-
pected limit on h�Avi in the absence of signal is calcu-
lated from 10000 pseudo experiments sampled from the
background-only PDF, from which the median value of
the resulting 90% upper limits is quoted as the sensi-
tivity.

7 Systematic uncertainties

The statistical uncertainty due to the limited number
of events in the simulated datasets is insignificant com-
pared to the systematic uncertainties, as the simulation
holds 20 times more events than in the experimental
data, after cuts. However, all systematic uncertainties
are e↵ectively negligible compared to the astrophysi-
cal uncertainties associated with the parameters of the
dark matter halo models.

The biggest systematic uncertainty arises from the
modelling of the ice properties and the uncertainty on
the optical e�ciency of the DOMs, which increase with
lower neutrino energies, and therefore for lower WIMP
masses. The precision of the detector geometry and tim-
ing are so high that the associated systematic uncer-
tainty is negligible and therefore not included in this
study.

The e↵ect of experimental systematic uncertainties
on the final sensitivity is estimated using Monte Carlo
simulations of neutrinos with uncertainty values varied
by ±1� from the values used in the baseline sets. Each
of the datasets with variations is run through the event
selection and analysis, providing a di↵erent value for the
sensitivity on h�Avi. The di↵erence between the base-
line and the variation will be quoted as the systematic
uncertainty on h�Avi, for each of the variations. The
systematic uncertainties are dependent on the neutrino
energy, and hence on the targeted WIMP mass. Since
the background is estimated from experimental data,
the variations are applied to the signal simulation only.

The optical properties of the ice in IceCube have
been modelled and show an absorption and scattering
length that vary with depth, generally becoming more
clear in the deeper regions of IceCube. For the experi-
mental data there will always be a discrepancy between
the ice the photons are propagating through, and the ice
[37] assumed in the reconstruction (as the complicated
structure of the real ice can not be perfectly modeled).
This is also the case in simulation, where the latest iter-
ation of the ice model is used in the Monte Carlo event
simulation, but because of its complexity, cannot cur-
rently be used for reconstruction. While estimating the
impact of using a di↵erent ice model for event recon-
struction than used in the photon propagation simula-
tion, it additionally accounts for the fact that the ice
model in simulation is di↵erent from that used in sim-
ulation. The e↵ect is calculated using a variant Monte
Carlo simulation with a di↵erent ice model used for
the photon propagation (the same as used in the event
reconstruction). This results in a 5-15% (depending on
WIMP mass, 10% for the benchmark channel) improve-
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Supplementary Methods and Tables – S2

SUPPL. FIG. 2: These plots show the excluded parameter space with full parameter correlations. The x-axis represents the
strength of the LV, and the y-axis shows the particular combination of SME coe�cients. The dimension of the operator d
increases from 3 to 8 in these plots, from left to right, and top to bottom. The red (blue) regions are excluded at 90% (99%)
C.L. As we discussed, near cos✓d = �1 and +1, and at large values of ⇢(d).

Appendix D: List of attainable best limits

Supplementary Figure 3 shows the limits on the two-
dimensional space of positive real and positive imaginary

parts of
�
a
(3)
µ⌧ ,

�
c
(4)
µ⌧ ,

�
a
(5)
µ⌧ ,

�
c
(6)
µ⌧ ,

�
a
(7)
µ⌧ , and

�
c
(8)
µ⌧ . To do this,

we first set diagonal elements (
�
a
(3)
µµ ,

�
c
(4)
µµ ,

�
a
(5)
µµ ,

�
c
(6)
µµ ,

�
a
(7)
µµ ,

and
�
c
(8)
µµ) to be zero in results in Supplementary Figure 2.

Although real and imaginary parts are correlated, they
are almost symmetric and so we extract attainable best
limits from the intersection of a diagonal line and con-
tours, i.e., limits for the real and imaginary parts are the
same. Limits in Table I are extracted in this way.
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Supplementary Methods and Tables – S3

SUPPL. FIG. 3: These plots show limits on o↵-diagonal parameters in the case when diagonal parameters are set to zero. The
dimension of the operator d increases from 3 to 8 in these plots, from left to right, and top to bottom. The red (blue) regions
are excluded at 90% (99%) C.L. There are four identical plots depending on the sign of the real and imaginary parts, but here
we only show the cases when both the real and imaginary parts are positive.
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Mauricio Bustamante (Niels Bohr Institute) 92

Our result
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