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Outline
• IceCube high energy astrophysical neutrinos

• Dark matter-neutrino interactions

• Scattering of diffuse high energy neutrinos propagating 

through dark matter

• Analysis method

• Upper limits and cosmology
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 High energy cosmic neutrinos: Discovery

• IceCube discovered 
neutrinos with astrophysical 
origin in 2013. 

• Since the discovery IceCube 
has been observing cosmic 
neutrinos continuously. 

• Source of HE neutrinos still 
unknown.
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 High Energy Neutrinos: flux properties

• 54 Events in 4 years.

• Events spatial distribution compatible with isotropic 

hypothesis.

• No correlation with Galactic plane.

• Event distribution suggests extragalactic origin for the 

majority of the events.

• Flavor ratio is consistent with 1:1:1 ratio. arXiv:1510.05223.

Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

(re-fit with priors on prompt)

IceCube Preliminary

Figure 5: Contour plot of the best-fit astrophysical spectral index gastro vs. best-fit normalization at
100TeV, Fastro. Shown are the fit of three years of data, re-fit with a prior on the charm component
in yellow (“HESE-3year”). The best-fit point is marked with a yellow star. The previous fit as shown
in [3] is marked with a black “⇥” (this fit used an unconstrained charm component). The fit of all four
years of data using the same method is shown in purple (“HESE-4year”) with a best-fit spectral index
of E�2.58±0.25, compatible with the 3-year result (although, note that the data used for the 3-year re-
sult is a subset of the 4-year result and thus the two are not independent.) The best-fit power law is
E2

f(E) = 2.2±0.7⇥10�8(E/100TeV)�0.58GeVcm�2s�1sr�1.

IceCube Preliminary

Figure 6: Astrophysical neutrino flux (combined neutrino and anti-neutrino) as a function of energy ex-
tracted from a combined likelihood fit of all background components and several pieces of E�2 components
in neutrino energy. Error bars indicate the 2DL =±1 contours of the flux in each energy bin. An increase
in the charm atmospheric background to the level of the 90% CL limit from the northern hemisphere n

µ

spectrum [4] would reduce the inferred astrophysical flux at low energies to the level shown for comparison
in light gray.

51
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 Dark matter neutrino interactions

DM annihilation near Weak Scale: WIMP Miracle

DM-DM ➝ SM-SM

DM-𝜈 interaction motivated by light DM scenarios 
and appears e.g. in models where dark matter is 
sneutrino.

SM-DM ➝ DM-SM
basis of direct underground DM 

experiments searching for DM-q
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𝜈 𝜒
𝜈

DM-𝜈 interaction will result in 
scattering of neutrinos from 

extragalactic sources, leading to 
anisotropy of diffuse neutrino flux.

DM density is largest in center of the galaxy.
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 Simplified models of interactions

DM particle

scalar

fermion

mediator

scalar

fermion

vector

couplings

scalar/scalar 
fermion/scalar 
fermion/vector

scalar/fermion
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 Neutrino-dark matter interaction

flux loss
flux gain integrated column density

𝜒

𝜒

𝜈

𝜒

𝜒

DM profile: Einasto
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 Analysis method
Full Unbinned likelihood based on IceCube’s event energies and  
arrival direction

We establish a limit based on Markov Chain Monte Carlo search of 
the parameter space of each interaction model: DM mass, 
mediator mass, and the coupling strength. 


The model dependence of  the likelihood thus comes from the 
directional backscattering with respect to the isotropic hypothesis.

model  
parameters

topology

energy

arrival  
direction

events
astrophysical-ness

probability of an 
event yielding  

observed topology 
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 Cosmological constrains

cosmological neutrino temperature today

average energy per neutrino in a 
Fermi-Dirac distribution 

arXiv:1505.06735

Cosmological limits on the DM-𝜈 scattering cross section are 
obtained for two forms of the low-energy cross section:

• constant with temperature

• proportional to T2

If the cross section is proportional to E2, then the we 
could look at high energy regimes to constrain the 
parameter space.
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Scalar DM, Scalar Med.

low energy limit:

cosmology+our bound

our bound

Feynman diagrams

1 scalar dark matter - scalar mediator
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Scalar DM, Scalar Med.
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Fermion DM, Scalar Med.

low energy limit:

cosmology+our bound

our bound

Feynman diagrams

1 scalar dark matter - scalar mediator
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Fermion DM, Vector Med. 3 fermion dark matter - vector mediator

g�

� �

�

g⌫
⌫ ⌫

4 scalar dark matter - fermion mediator

4.1 s-channel

⌫

�

�g g

⌫

�

4.2 u-channel

⌫

�

�

g g

⌫

�

2

low energy limit:

cosmology+our bound

our bound
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Scalar DM, Fermion Med.

low energy limit:

cosmology+our bound

our bound

3 fermion dark matter - vector mediator
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 Summary
• Dark Matter-Neutrino interactions are motivated in 

beyond standard models.

• The discovery of high energy cosmic neutrinos allows us 

to investigate DM-neutrino interactions.

• The upper limits found on the model parameters are 

stronger than cosmological constraints in parts of the 
parameter space.


• Observation of more events would provide stronger 
constraints, and allow for discovery of this interaction for 
large part (low DM + med mass) of the parameter space.



Bonus Slides
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Fit of Power-Law Spectrum14 M. G. AARTSEN ET AL.
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Figure 13. Results of different IceCube analyses measuring the as-
trophysical flux parameters �astro and �astro. The contour lines
show the 90% CL. The result of this analysis (IC tracks, 6yr) is
shown by the red solid contour line. The contour obtained by the
previous measurement using through-going muons (Aartsen et al.
2015c) (IC tracks, 2yr) is the red dashed line. In addition, the results
for the most recent analysis of starting events (Kopper et al. 2015)
(IC HESE, 4yr), the complementary cascade channel (Lesiak-Bzdak
et al. 2015) (IC cascades) and an analysis combining different Ice-
Cube results (Aartsen et al. 2015a) (IC combined) are shown. The
result of this analysis (red, solid) and IC combined are incompatible
at 3.3� (two-sided significance).

events above 100 TeV are down-going and 93% of these are
cascade-like. For the investigation of the tension in the ob-
served energy spectrum of astrophysical neutrinos, the as-
sumption of statistical independence is reasonably well justi-
fied but will result in a lower limit on the tension.

The combined analysis finds the smallest confidence re-
gion of the three aforementioned results. The p-value for ob-
taining the combined fit result and the result reported here
from an unbroken powerlaw flux is 3.3�, and is therefore in
significant tension. For the discussion, it is important to high-
light the systematic differences between these measurements.
The threshold for the up-going muon signal is a few hundred
TeV while astrophysical starting events are detected above a
few times 10 TeV. It should be noted that for the overlap-
ping energy region > 200 TeV the measured fluxes for the
cascade dominated channels are in good agreement with the
results reported here, as shown in Fig. 5. As a conclusion,
we confirm for the Northern hemisphere a flux of muon neu-
trinos that is generally consistent with the observed all flavor
flux in the Southern hemisphere, but which is in tension with
the assumption of a single power law describing this and pre-
vious observations with a lower energy threshold at the same
time.

It is expected that for a galactic origin the neutrino flux
should be correlated with the galactic plane. It is gener-
ally assumed that the contribution from the galactic plane
and galactic sources is stronger in the Southern hemisphere,
which e.g. includes the galactic Center. The measured as-
trophysical flux is not strongly affected by a split in right
ascension (see Sec. 5.2), where one region includes the part

Figure 14. Comparison of the measured diffuse astrophysical muon
neutrino flux (cf. Fig. 5) with theoretical neutrino flux predictions
corresponding to different source types (Kotera et al. 2010; Murase
et al. 2014; Bechtol et al. 2015; Senno et al. 2016). Since Murase
et al. (2014) predicts a lower and upper flux bound for neutrinos
originating from Blazars the central line between both bounds is
shown. The purple line shows the Waxman-Bahcall upper bound
(Waxman 2013).

of the galactic plane which is visible in the Northern sky and
the other does not. This can be interpreted as an indication
that the flux observed here is mostly of extra-galactic origin.

The observed tension may arise either from a spectral
break at lower energies for the same sources or from an addi-
tional flux component, e.g. expected from galactic sources or
the galactic plane, that is sub-dominant at the high energies
to which this analysis is sensitive.

Figure 14 compares the measured diffuse astrophysical
muon neutrino flux to theoretical flux predictions corre-
sponding to different source types. The measured flux is
within its uncertainties slightly below the Waxman-Bahcall
upper bound (Waxman 2013). Senno et al. (2016) predict
a diffuse neutrino flux originating from gamma-ray burst
which is currently not ruled out (Aartsen et al. 2015d, 2016b).
A flux of cosmogenic neutrinos as predicted by Kotera et al.
(2010) would only contribute subdominantly to the measured
astrophysical neutrino flux. Neutrino fluxes from blazars and
star-forming galaxies are predicted by e.g. Murase et al.
(2014) and Bechtol et al. (2015), respectively. Glüsenkamp
(2015) already constrains this blazar model. These fluxes
are of the same order of magnitude as the measured flux
within the given uncertainty band. However, due to the small
statistics at high energies we cannot differentiate if the mea-
sured astrophysical neutrino flux corresponds to a neutrino
flux originating from a specific source type or if it is a com-
bination of different source types.

5. ANALYSIS OF ARRIVAL DIRECTIONS AND
SEARCH FOR ANISOTROPIES

5.1. Arrival directions of highest energy events
The multi-PeV event discussed in Sec. 4.3 has a high prob-

ability of being astrophysical. Therefore, it is particularly

• update of ⌫µ + ⌫̄µ search (“IC tracks”) [PRL 115 (2015) 081102; arXiv:1607.08006]

‹ mild tension with cascade-dominated samples: indication of spectral features?
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Credit: Markus Ahlers



IceCube HESE (4yr)
• High-Energy Starting Event (HESE) sample: [IceCube Science 342 (2013)]

• bright events (Eth & 30TeV) starting inside IceCube
• efficient removal of atmospheric backgrounds by veto layer

• 54 events in about four years:
[IceCube ICRC’15]

• 39 cascades events
• 14 track events
• 1 composite event (removed)

• expected background events:
• 9.0+8.0

�2.2 atmospheric neutrinos
• 12.6 ± 5.1 atmospheric muons

• best-fit E�2-flux 60TeV-3PeV (6.5�):
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 High Energy Neutrinos: Samples
• High Energy Starting Events 


whole sky, 4 years, all flavors, veto 

• Through going tracks


northern sky, 6 years, muons

• Medium Energy Starting Events 


whole sky, 2 years, cascades,  veto
Global Fit



Abdallah et al 2015
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DM profiles
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Figure 1. Left: Dark-matter density profiles versus distance from the Galactic Center (GC). We
use the Isothermal (green), NFW (red), Einasto (blue), and a “contracted” NFW (NFWc, orange,
with ⇢ / 1/r1.3 for r ! 0) profile. Right: Prompt �-ray spectra produced in the annihilation of
1 TeV dark matter to e+e�, µ+µ�, ⌧+⌧�, bb̄, W+W�, uū, gg (g = a gluon), and ��, where �
decays either only to e+e� (with m� = 0.1 GeV), or only to µ+µ� (with m� = 0.9 GeV), or to
e+e�, µ+µ�, and ⇡+⇡� in the ratio 1 : 1 : 2 (with m� = 0.9 GeV).

in Fig. 1 (left).

The (prompt) photon spectra, dN�/dE� have been generated with Pythia 8.165 [70]

or are based on formulas in [71–74]. They are the same as in DMFIT [75] after the latest

update described in [12]. We will consider the ten different final states e+e�, µ+µ�, ⌧+⌧�,

b¯b, W+W�, uū, gg (g = a gluon), and ��, where � decays either only to e+e� (with

m� = 0.1 GeV), or only to µ+µ� (with m� = 0.9 GeV), or to e+e�, µ+µ�, and ⇡+⇡� in

the ratio 1 : 1 : 2 (with m� = 0.9 GeV) (the latter ratio is motivated if � is a dark photon

that kinetically mixes with the SM hypercharge gauge boson). Other SM final states are of

course possible but they would yield constraints very similar to the channels we consider in

our analysis. The annihilation channels to �� are motivated by DM models [76, 77] that

attempt to explain the rising positron fraction measured by PAMELA [78], Fermi [79], and

AMS-02 [80, 81]; the � can also facilitate an inelastic transition between the DM ground state

and an excited state [76, 82] to explain e.g., the 511 keV line anomaly [83]. For DM decays,

the � channels can be viewed as “simplified models” that can capture how the constraints

change when there is a cascade, e.g., [52]. We will sometimes refer to these scalar-mediated

processes as “eXciting Dark Matter” (XDM). These spectra are shown in Fig. 1 (right) in

the case of annihilating DM and mDM = 1 TeV. We do not consider other popular DM

7
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