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 2Assumption N°1: Dark Matter Exists

DARK  
MATTER
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Assumption N°2: Dark Matter is a Particle…

Stable Cold Weakly interacting

Massive

WIMP*

Ωmatter = ΩBaryons +ΩνHDM +ΩCDM ≈ 0.05+ 0.01+ 0.24 = 0.30

*WEAKLY INTERACTING MASSIVE PARTICLES
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compatible w
ith 

experim
ental 

results!
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𝛘

?
𝛘

Indirect Detection of Dark Matter

• No need of specialized detectors: Gamma-ray telescopes, neutrino detectors, CR-experiments 

• Search for products of dark matter annhilation processes: Focus on large reservoirs of dark matter

W- Z b̅ 𝛕+ t ̅ h ν γ e± p

W+ Z b 𝛕- t h ν γ e± p(—)

(—)

Primary 
Channels

Final 
Products
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your favorite theory
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Dark Matter Searches Where to Look?

Dwarf spheroidal Galaxies 
Cluster of Galaxies

Galactic Halo 

Galactic Center 

Local Sources (Sun, Earth) 
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Only accessible with neutrinos 
Under equilibrium they can  
probe σSI and σSD 

Probe velocity-averaged DM 
annihilation cross section ⟨vσA⟩

Probe velocity-averaged DM 
annihilation cross section ⟨vσA⟩

Probe velocity-averaged DM 
annihilation cross section ⟨vσA⟩
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DM SEARCHES IN ICECUBE                                                       MORTEN MEDICI

TARGETED SIGNAL FROM GALACTIC HALO

▸ Spectrum model dependent 

▸ Signal sensitive to  
assumed halo profile
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The Galactic Center The Astrophysical Input

lin
e of s

ight

Particle physics Astrophysics
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Astrophysics

Cuspy, or not cuspy, 
that is the question
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Constrain!

Theory input: SUSY?

5

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

DM

dN

dE

Z

los
⇢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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TARGETED SIGNAL FROM GALACTIC HALO

▸ Spectrum model dependent 

▸ Signal sensitive to  
assumed halo profile
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Astrophysics input

Dark Matter Searches In a Nutshell

Measurement
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Galactic Center ANTARES & IceCube  8

χχ → τ+τ−

ICRC17 arXiv:1710.01197

Eur. Phys. J. C (2017) 77: 627

NFW

Talk by Rebecca
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Dark Matter from Celestial Bodies

• Signal from the Sun or Earth in neutrinos 
cannot be mis-interpreted as an 
astrophysical source. 

• Halo models agree in the Solar System. 

• Equlibrium (dN/dt = 0) assumed for the Sun, 
not for Earth!

ν ν ν ν

HALO

ν
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D
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TARGETED SIGNAL FROM GALACTIC HALO

▸ Spectrum model dependent 

▸ Signal sensitive to  
assumed halo profile
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ρlocal ∼ 0.3 GeV/cm3

capture 

annihilation 

σχ−N

σA
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5

Fig. 2.— DM velocity distributions in the Galactic rest frame for particles in an annulus near the Sun’s location (R� = 8 kpc): radial
(top left), azimuthal (top right), vertical (bottom left) components, and the velocity modulus (bottom right). For Eris (black) we show
distributions for particles in the disk (|R � R�| < 2 kpc, |z| < 2 kpc), while for ErisDark (grey) all particles within a spherical shell of
width 4 kpc are used. In the upper right we additionally show the distribution of Eris star particles (cyan, scaled by a factor of 0.4). In
the lower right, we also show Maxwellian curves (dotted) with the same peak speed as the simulations’ distribution (vpeak = 195 km s�1

in Eris and 155 km s�1 in ErisDark), as well as the Standard Halo Model with vpeak = 220 km s�1 (dashed). The simulation curves have
been smoothed with a boxcar window of width 50 km s�1.

by a factor of 0.4 in order to show its shape on the same
plot.
We compare the Eris disk ROI velocity distributions to

the ErisDark spherical shell sample of width 4 kpc, which
contains 229,931 DM particles. This kind of spherical
shell sample is commonly used in the analysis of DM-
only simulations of Milky-Way-like halos, for which there
is no preferred plane to associate with the Galactic disk.
We additionally plot a Maxwell-Boltzmann (MB) distri-
bution with the same peak speeds as the simulations’
distributions: �1D = vpeak/

p
2 = 137.9 (109.6) km s�1 in

Eris (ErisDark).
Compared to ErisDark, the dissipational baryonic

physics in Eris has broadened the radial and azimuthal
distributions, while the vertical component has become
slightly narrower. Note that the azimuthal component
in Eris is skewed towards positive v✓, indicating the
presence of an enhanced population of particles approx-
imately co-rotating with the stars, i.e. a so-called “dark

disk”. This asymmetry is the topic of Section 3.
In the speed distribution (lower right), the DM-

only simulation exhibits the familiar departures from a
Maxwellian shape (Hansen et al. 2006; Vogelsberger et al.
2009; Kuhlen et al. 2010), with a deficit near the peak
and excess particles at high speeds. In Eris the distri-
bution is shifted to larger speeds, with the mean speed
increasing from hvi = 187.6 km s�1 to 220.8 km s�1. Fur-
thermore, it no longer shows as marked a departure from
the matched Maxwellian as in the DM-only case, only ex-
ceeding it slightly from 230 to 380 km s�1and falling more
rapidly at even higher speeds. We also compared to the
so-called Standard Halo Model (SHM) distribution, con-
sisting of a Maxwellian with vpeak = 220 km s�1 (dashed
line). Eris actually exceeds the SHM at all speeds less
than ⇠ 350 km s�1, and then again falls more sharply at
higher speeds.
Recently Mao et al. (2013b) proposed an empirical fit-

Figure from https://arxiv.org/pdf/1308.1703.pdf

V0 ≈ 235 km/s

Indirect detection Direct detection

SHM Standard Halo Model = 
Maxwellian with vesc
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Vesc ≈ 544 km/s

High dark matter masses are only captured in the low velocity regime

Celestial Bodies Velocity Distribution

https://arxiv.org/pdf/1308.1703.pdf
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Celestial Bodies Results from the Sun

• Only events when Sun is below the 
horizon: 532 days of livetime 

• The mean free path of TeV neutrinos 
smaller than the Sun radius: Low 
energy analysis 

• Limit driven by capture on H: SD cross-
section

 11

DM SEARCHES IN ICECUBE                                                       MORTEN MEDICI

RESULTING LIMITS: SOLAR WIMP STUDIES

▸ Very competitive bounds on the  
spin-dependent nucleon-dark matter interaction cross-section

15

equilibrium!

EPJC
 77 146 (2017) [arXiv:1612.05949]

Φν → ΓA → Cc → σχN
>100 GeV <100 GeV
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• No thermal equilibrium  

• Background needs to be very well 
understood: Earth has an unique position 
in the sky. 

• Analysis very senstive to astrophysical 
uncertainties (dark disc, velocity 
distribution)

E
u

r. P
hys. J. C

 (2
0

1
7

) 7
7

: 8
2

327 days
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χ

Halo

Celestial Bodies Results from the Earth
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constrain

Kinematically dark matter could decay as long as the 
lifetime is greater than the age of the Universe.𝛘 ?

SM

SM

Galactic

Extra-
Galactic

Not factor 2, no so pronounced in 
the direction of the GC

 13

Extra-galactic component can be 
ignored for Ψ < 10deg.

Decaying Dark Matter Lifetime
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Decaying Dark Matter Lifetime  14

IceCube Collaboration arXiv:1804.03848 

• Two IceCube independent data 
samples: 
• Track-like with six years of data 
• Cascade-like with two years of 

data 
• Dark Matter alone cannot explain 

IceCube neutrino flux. 
• Best limits > 10 TeV
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Neutrino Dark Matter Scattering

• Scattering of high energy cosmic neutrinos on DM in the halo 
can lead to a deficit of high energy neutrinos from the GC 

• Focusing on HE neutrinos (cross-section increases with 
energy)
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 16Conclusions

• Indirect detection of Dark Matter with neutrino telescopes provides 
complementarity to other techniques due to different backgrounds 
and systematics. 

• Many astrophysical signals can be interpreted as Dark Matter. We 
need strong corroboration from all searching strategies.  

• IceCube has a lively program of Dark Matter searches, with very 
competitive results.
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 17Thank you for your attention



backups
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CELESTIAL BODIES: NEUTRINOS FROM THE SUN
▸ The mean free path of neutrinos of 5000 GeV is smaller than the Sun radius 
▸ Indirect searches from the Sun are low-energy analysis even for the highest 

dark matter masses.

�19

ν
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CELESTIAL BODIES: ASTROPHYSICAL INPUT
Effect of uncertainties in velocity distributions for Sun results: 

A dark matter disc will have a significant (good) impact on the capture rate for the Sun/Earh
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Figure 7. The capture boosts for SD (left), SI (right) coupling WIMPs as function of WIMP mass
for VDFs of the dark matter halo in Ling et al. [56] (red), Vogelsberger et al. [55] (green) and Mao et
al. [57] (blue) compared to SHM. Detailed descriptions of VDFs can be found in section 3.

or sub-halos are likely sub-dominant. Ultra-fine structures beyond the highest resolution of
current N-body simulations were found to have negligible impact on direct detection [71–73].
Note that the effect of these properties on the capture rate in the Sun is expected to be more
suppressed because of the larger size and the longer time scale of the capture.

Because the capture rate is not sensitive to specific changes in the structure of the VDF,
we can simply interpret the overall effect as a shift of the WIMP population from the high-
to low-velocity region or vice versa. In Fig. 1, we show that for 50 (500) GeV WIMPs the SD
(SI) capture process is efficient for velocity below 300 km/s. The narrow peak of f(u)/u of the
Mao et al. [57] halo in this region seen in Fig. 3 (right) brings 23 (19)% increase (blue) of SD
(SI) capture rate for 50 (500) GeV WIMP and keeps positive boost for lighter WIMPs. We
find that the Ling et al. [56] dark matter halo with broad shape and high velocity dispersion
gives relatively small abundance in this velocity range, resulting in ∼8 (8)% decrease (red) of
the SD (SI) capture rate for a 50 (500) GeV WIMP and keeps the negative boost for lighter
WIMPs.

Figure 8 shows the capture boosts for scenarios with a dark disc. The dark disc is
expected to co-rotate with the visible stellar disc and hence their relative velocity with respect
to the Sun is smaller compared to that of a non-rotating dark matter halo. Therefore a dark
disc will primarily populate the low-velocity phase space from which the Sun can efficiently
capture WIMPs. We consider SI and SD couplings exclusively, which was not done previously.
First thing we notice is that the boost effect appears more dramatically in SD case. The
reason for this is that SD capture is more sensitive to the low-velocity region; Figure 4 shows
that the dark disc contribution mainly is concentrated below 200 km/s. In Fig. 1, we show
that for WIMP masses above 200 GeV (1000 GeV) for SD (SI) coupling, efficient capture
occurs for WIMPs with relative velocity to the Sun below 200 km/s. Taken together, the
boost factor is as large as 15 (6) for SD (SI) coupling at 100 GeV for a massive (ρdd/ρH = 1,
green) dark disc model, and can be even larger for more massive WIMPs.

– 12 –

Choi, Rott, Itow
 arXiv:1312.0273 
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Figure 8. The capture boosts for SD (left), SI (right) coupling WIMPs for dark disc scenarios. green:
with ρdd/ρH = 1, magenta: vlag = 0 km/s, red: ρdd/ρH = 0.25, σ = 50 km/s, vlag = 50 km/s, blue:
σ = 120 km/s, cyan: vlag = 150 km/s. Unless otherwise specified in the legend, parameters are fixed

to ρdd/ρH = 0.25, σ = 50 km/s, vlag = 50 km/s and ρH = 0.3 GeV/cm3 (Note that the total dark
matter density is increased to ρdd + ρH). The boosts in capture rate as function of WIMP mass are
given relative to a scenario without a dark disc.

Our result on SI coupling is in agreement with a previous study done by Ling [41].
A study by Bruch et al. [39] has discussed CMSSM models that define the ratio between
SI and SD couplings for specific scenarios and found boost factors as much as about an
order of magnitude for 100 GeV WIMPs. By running DarkSUSY [14], we confirm that
CMSSM WIMP models with mass of 100 GeV can result in an order of magnitude boost for
a massive (ρdd/ρH = 1) dark disc. We point out that this high boost can be only realised in
scenarios with large SD contributions. Lastly, we confirm that with larger values of relative
velocity or velocity dispersion used for modelling the dark disc (blue, cyan), the capture
boost can be rather limited [41].

The phase space of low-velocity WIMPs in the solar system could be influenced by the
gravitational fields of the planets and have formed a diffused population in the Solar Sys-
tem, becoming a possible source of uncertainty in the low-velocity tail from where the Sun
can gravitationally capture WIMPs (known as solar depletion). After extensive discussions
about this effect [54, 74–80], the most recent study [45] concluded that solar depletion can be
compensated with the loss of the weakly captured population by the Sun due to Jupiter de-
pletion, which has been known as another source of uncertainty for capture of heavy WIMPs.
As a result, the simple free-space approximation in [74] is turned out to be accurate [45] and
planetary effects can be ignored.

5 Discussions

Direct detection experiments and indirect searches for dark matter captured in the Sun
show very different responses to the WIMP velocity distribution. We first compare the
different responses qualitatively and then discuss some specific scenarios and their impact

– 13 –

Different velocity distributions Different dark disc distributions

SHM
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Both direct detection and 
indirect detection (gravitational 
capture) depend on the WIMP-
nucleon cross-section.  

𝛘
nucleon

𝛘
CELESTIAL BODIES: PARTICLE PHYSICS INPUT �21

The nucleon structure plays an essential role in calculating observables

R. Ruiz, C. de los Heros arXiv:1307.6668
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Spin independent

Spin dependent Sun is full of protons: 
Indirect detection

Use heavy nuclei as target: Direct 
detection

But it seems to affect more σSI than σSD 
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WIMP Searches From the Sun

• Complementary to direct detection search efforts 

• fills out WIMP picture by testing other properties 

• Most stringent SD cross-section limit for most models 

90% CL χ-p cross-section (spin-independent) 90% CL χ-p cross-section (spin-dependent)
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• Complementary to direct detection search efforts
- fills out WIMP picture by testing other properties

• Most stringent SD cross-section limit for most models 
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Effective Areas Sun  23



ESDU 2018 Juan A. Aguilar

 24



ESDU 2018 Juan A. Aguilar

EARTH WIMP Spin independent  25


