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Bullet Cluster (1E 0657-558) 
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}  two clusters post-collision, hot gas separated from mass 
}  gas distribution from X-ray (blue shades) 
}  mass distribution via weak lensing (contours) 

data: http://flamingos.astro.ufl.edu/1e0657/public.html 

majority of mass 
•  invisible 
•  collisionless 



Searches for Dark Matter 
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indirect detection via 
annihilation 

direct detection production at colliders 

Xenon 
LUX 
CDMS 
CRESST 
EDELWEISS 
DAMA/Libra 

LHC 
accumulation in clusters, 
galaxies, Galactic halo 

accumulation in 
massive bodies 

γ (Fermi) 
e+,p+ (Fermi,  AMS, PAMELA) 
 
 
             ν (IceCube,  Antares, SuperK) via lactea 

sensitive to annihilation 
cross section sensitive to WIMP-nucleon 

scattering cross section 



Neutrino Detection via Cerenkov Light 
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}  neutrinos retain information on 
}  direction 
}  energy 
}  absorption negligible (good and bad) 
}  muon-neutrinos: simple direction reconstruction 

}  understood atm. backgrounds 
}  no extraterrestrial background (arXiv:1405.5303) 

gas 
dust 
B-fields 

μ ν 

detector 

DM annihilation 
DM decay 
many more... 
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}  1km deep, Kamioka-mine, Japan 
}  50kt purified water in 
    tank: 32m (d), 42m (h) 
}  11,146 PMTs on walls 

Densely Instrumented Arrays - SuperK 
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}  2.5km below Mediterranean Sea 
}  about 900 OMs 

}  12 lines, 350m long 
}  75 OMs each, 3 per stage 

Large-Scale Sparse Arrays - ANTARES 
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}  at geographic south pole 
}  5160 optical modules (OM) 

}  86 strings, 1km long 
}  60 OMs per string 

Large-Scale Sparse Arrays - IceCube 

0m 

-1450m 

-2450m 



}  DM accumulation in massive bodies due to scattering 

 
}  evaporation often negligible (e.g. above ~10GeV for Sun) 
}  annihilation rate:                                  ≈                  (in equilibrium) 
}  capture mostly depends on σWIMP-nucleon,  f(v), ρlocal 

}  ρlocal known within a factor of 2-3 
}  uncertainty from f(v) <30% 

Search for DM in Massive Bodies 
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18 Chapter 1: Dark matter

WIMP dark matter to test their scattering cross section with matter, as in di-
rect detection experiments. Here, the target mass (Sun) is O(1028) larger than
the target mass of the current leading experiment, XENON100.

Capture and annihilation in the Sun
The number of WIMPs in the Sun, N, is governed by the equation

dN
dt

=CC �CAN2 �CEN, (1.6)

where CC describes WIMP capture, CA annihilation and CE evaporation. CE
specifies the loss of initially captured WIMPS due to hard elastic scattering
from nuclei in the Sun. Calculations show that WIMP evaporation can be ig-
nored for mc>10 GeV [49]. CA depends on the thermally averaged product of
the total annihilation cross-section and the relative particle velocity per vol-
ume. The effective core volume for WIMPs inside the Sun is approximated
by matching the Sun’s temperature with the gravitational potential energy
of a WIMP at the core radius [14]. The WIMP capture calculation (CC) de-
pends on the halo density and velocity profile of dark matter, mc , and in-
teraction cross-section. We assume a standard dark matter halo model, with
the Sun moving at v� = 220 km s�1 through a halo with local dark matter
density r0 = 0.3 GeV cm�3 and dark matter velocities following a Maxwell-
Boltzmann distribution with average speed v̄ = 270 km s�1. The WIMP model
dependent interaction cross-section is composed of the spin-independent com-
ponent (sSD) and spin-dependent component (sSI) of the interaction cross sec-
tion. WIMP capture in the Sun via the axial-vector interaction (sSD) occurs
predominantly on hydrogen. Contributions from heavier elements can be ig-
nored [75]. This is different for capture via the scalar interaction (sSI), where
it is important to sum over all elements in the Sun (owing to sSI ⇠ A2). As
a result, sSI depends on detailed information on the solar abundance of ele-
ments (see e.g., [78]) and is affected by nuclear form factor suppression [14]
(see discussion in section 1.7).

The annihilation rate of WIMP pairs, GA, is given by:

GA(t) =
1
2

CAN(t)2 (1.7)

Using eq. 1.6, we derive the annihilation rate at a given time, t, as,

GA(t) =
1
2

CC tanh2
⇣ t

t

⌘
, (1.8)

where t = 1/
p

CCCA is the capture-annihilation equilibrium time scale. The
current WIMP annihilation rate in the Sun is calculated for the age of the
solar system (t = t� ⇠ 4.5 billion years). For WIMP models with t�/t � 1

capture annihilation evaporation 
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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 –

arXiv:1312.0273 



}  analysis simple: 
}  look for excess flux from Sun 
}  assume annihilation benchmark channels (e.g. ΧΧèbb, WW,...) 
}  flux expectation from tools like WIMPSim (arXiv: 0709.3898) 

}  no signal observed so far 

Search for DM in Massive Bodies - Sun 
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Improved methods for solar DM searches with the IceCube Marcel Zoll

Figure 3: The energy-sensitive BDT-classifier score for the up-going subsamples of IC-dominated (left)
and DC-dominated events (right). Events scored to high values are most signal-like. Shown is experimental
data (black) and the simulation of atm. nµ (solid green) and atm. ne (dashed green), as well as atm. µ from
CORSIKA at low (solid red) and high primary energies (dashed red). The simulation total is shown in gray.
The signal expectation (blue) scaled to the data-rate is shown for a representative of a hard (solid) and soft
(dashed) spectrum in the respective sample.

bling the apparent Sun azimuth, thereby removing any possible signal traits in Y; see figure 4 for
some examples.

Figure 4: The obtained PDFs for background by scrambled experimental data and a hard and soft signal ex-
pectation in the IceCube-dominated (left) and DeepCore-dominated (right) sample. Only the winter months
and up-going events are considered. The different structure in the background is caused by selection and
geometrical effects in the respective sample.

The likelihood value for µ signal events in the complete sample is then given by

L (µ) =
Nobs

’
i

g(~ei|µ) (5.2)

We use the prescription from Feldman and Cousins[8] to construct a test statistic and extract sensi-
tivities and limits for the number of observed signal events in the sample at 90% confidence level.
This number can then be converted to a WIMP annihilation rate in the Sun and finally to a limit on
the WIMP-nucleon scattering cross-section.

In the evaluation of our data sample, we limit ourselves to data obtained in the winter months
(174 days of live-time) when the Sun is below the horizon and all sensitivity is obtained from up-
going neutrino events. Furthermore we tighten the last cut on the BDT-classifier to obtain the best

Example from IceCube 
 (PoS(ICRC2015)1099) 

ν 

Χ 

Χ 

detectors 

Sun 



Search for DM in Massive Bodies - Sun 

10 

}  SI limits benefit from target mass (σSI~A2) è direct searches excell 
}  neutrino searches very competitive in SD case 

SI SD 

DAMA DAMA 

MSSM+LUX+ATLAS+CMS MSSM+LUX+ATLAS+CMS 



Search for DM in Massive Bodies - Earth 
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}  analysis in principle simple: look at center of Earth 
}  Earth not in equilibrium, difficult to limit cross-sections 
}  present result as limit on annihilation rate 

5

Sivertsson & Edsjö, 2012
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FIG. 2. The capture rate in the Earth for different phase space densities. We show the Gaussian (Maxwell-Boltzmann) at the
Sun’s location but for the Earth as in free space, the “best” curve from [5], the unbound population, the bound population with
Gould’s hole empty, the total with the hole and the total with the maximal reduction of the bound densities for spin-dependent
(SD) and spin-independent (SI) scattering respectively dominating in the Sun. In the left figure, we show the capture rates and
in the right the ratios with respect to the free space Gaussian. The cross section chosen is just for reference and the capture
rate scales linearly with it.

PLANETARY EFFECTS ON THE SUN’S
CAPTURE RATE

Jupiter is with its mass of 318 Earth masses the planet
in the Solar System with by-far the largest gravitational
impact, as observed in [11] in removing WIMPs from
the solar loss cone. The other consequence of this is that
Jupiter gravitationally diffuses WIMPs efficiently enough
to have achieved gravitational equilibrium for all parts of
phase space representing bound orbits crossing rX [5, 7].
Jupiter depletion is only important for M � m but the
solar loss cone phase space density is then the same as
that of gravitational equilibrium. Hence, Jupiter by Li-
ouville’s theorem does not alter the solar loss cone density
at rX since WIMPs are equally diffused into as out of the
solar loss cone, leaving no net effect on the Sun’s WIMP
capture rate.

Another way to see this is to calculate the solar capture
rate from rX instead of from r ! 1. As gravitational
equilibrium has been reached at rX, the total phase space
density (bound plus unbound WIMPs) is the same at rX
as in the galactic halo, i.e. F (rX,u) = F (1,u) = F (u).
The solar WIMP capture rate from rX is then the rate of
WIMPs scattering in the Sun to orbits with r

max

< rX,
analogous to the standard scenario where the WIMPs
from the galactic halo scatter to an orbit with r

max

< 1.
The deviation of the capture rate from rX compared to
the standard scenario can be incorporated by assigning

an “effective” escape velocity ṽe defined as the minimal
velocity required at the location of the scatter to reach
rX. Comparing ṽe with the usual escape velocity ve gives

ṽe
ve

=

s

1� R�
krX

, (5)

where k � 1 depends on the location of the scatter and is
defined in Eq. (2). As rX ' 1119R� we get that ṽe ' ve,
concluding that the Sun’s capture rate is essentially un-
affected by the gravitational presence of Jupiter. This
presents an alternative way of reaching the same conclu-
sion as we did before, i.e. that the influence of Jupiter
alone is not important for the solar WIMP capture rate.

In this paper we have assumed the phase space den-
sity at rX to really be F (0), as in [7]. This is sup-
ported by the numerical work in [5]. In [13], a slightly
lower bound phase space density is found for some ve-
locities. We argue that this is probably due to having
neglected regions of longer equilibrium time scales (ret-
rograde WIMPs with high angular momentum) as they
are below the resolution limit of the simulations. It is
argued in [13] that these WIMPs are not important by
referring to Fig. 3 in [13], but also there the resolution of
the relevant WIMPs is too low to draw any conclusions
on this population.
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}  search for annihilation flux from overdense regions 
}  galactic Center 
}  galactic (outer) halo 
}  dwarf satellites 
}  extragalactic halos 

}  galaxies 
}  clusters 

DM Searches in Selfbound Structures 
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dφ
dE

= 1
2

1
4πmχ

2 <σ v > bi
dNν

dEi
∑ dΩ∫ dl∫ ρ(l)

line-of-sight integral (J-factors) annihilation spectrum 
“particle physics“ 



}  search for annihilation flux from overdense regions 
}  Galactic center 
}  Galactic (outer) halo 
}  dwarf satellites 
}  extragalactic halos 

}  galaxies 
}  clusters 

DM Searches in Selfbound Structures 
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bi
dNν

dEi
∑

annihilation spectrum 
“particle physics“ 



Dark Matter in the Milky Way - Center 
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}  DM density is parametrized by spherically symmetric profiles 

ρ(r) = ρ0
r / rs +δ( )γ 1+ (r / rs )α( )

(β−γ )/α

arXiv refs: 
astro-ph/9508025 
1202.5242, 1212.3670 
0707.0196, 1304.5127 
astro-ph/0311231 
 
 
 

•  NFW baseline profile 
•  (α,β,γ,δ)=(1,3,1,0) 
•  ρlocal=0.471 
•  rs=16.1kpc 
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Dark Matter in the Milky Way - Center 
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}  we sit in the halo, thus J depends on search-window size 

•  NFW baseline profile 

cu
sp

-c
or

e 
pr

ob
le

m
 

J = J(ψ) = dΩ∫ dl∫ ρ2 (l)

log(J)/a.u. 



Dark Matter in the Milky Way - Center 
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Sens∝mχ
2 / Aeff (E =mχ )

Aeff ∝E
2

shape explained by: 
 
 
 
 
(due to σDIS, μ-range) 
So what‘s the matter 
with IceCube? 
 
 

ANTARES, SuperK limits rescaled to ρlocal=0.471 

bb 

νν 
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}  Ggalactic center ~29° above horizon 
}  can‘t use Earth as shield 
}  challenge: atm. µ background dominant 
}  use starting tracks 

The Galactic Center and IceCube 
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Dark Matter in the Milky Way - Center 
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}  So what about the cusp-core issues? 

arXiv:1505.07259 

IceCube-79 result 
•  using two profiles 
•  varying rscale, ρlocal 
    within uncertainties 
    from arXiv:1304.5127 
 

Obviously a better understanding 
of the inner region would be 
desirable 



Dark Matter in the Milky Way - Center 
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}  can we say something about the Fermi GC excess? 

}  not even close... 
}  despite unfair comparison (nu-channel) 

PINGU 1y sens. 
(1401.2046) * 

Fermi GC (1402.6703)* 

*all rescaled to ρlocal=0.471 

χχèνν 



DM Searches in the Milky Way - Halo 
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}  look for large-scale anisotropy 
}  neutrino-detectors are 4π-detectors! 

}  IceCube-only (for now) 
}  constrained to northern hemisphere due to background 

Eq. coordinates 



DM Searches in the Milky Way - Halo 
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}  performed on  
}  IceCube-22 (cut&count) 
}  IceCube-79 (multipole analysis) 

arXiv:1406.6868 

IceCube-22 
IceCube-79 

IC22 limits stronger at high 
masses despite larger IC79? 
Results depend strongly 
on event selection... 



DM Searches in Dwarf Galaxies 
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}  for neutrino telescopes 
}  dwarfs=point source 

}  precomputed J-factors for many dwarfs available*  
}  perform stacking analysis 

*e.g. Fermi Col. PRD 89  (2014) 



DM Searches in Dwarf Galaxies 
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}  for neutrino telescopes 
}  dwarfs=point source 

}  here: IceCube stacking of 5 dwarfs 
Dark matter in galaxies and clusters with IceCube M. de With
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(a) Comparison of upper limits and sensitivities for
the stacking of five dwarf galaxies, the M31 galaxy
and the Virgo cluster, for annihilation to muons.
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Figure 2: The 90 % confidence limits on the velocity-averaged annihilation cross section.

tainty which is included in the limits ranges from approximately 15 % to 35 %, depending on the
source, WIMP mass and annihilation channel.

For the stacking of five dwarf galaxies, there is an overfluctuation for high WIMP masses
which shows up for all channels and a broad range of masses, as the PDFs look relatively similar.
To estimate the global significance of this excess, a test statistic is used which is defined as

T S = 2log
L (µ̂)
L (0)

(5.1)

with µ̂ the best fit value for µ . A large number of pseudo experiments using data events with
randomized azimuths were performed, and for 4.3 % of these background-only pseudo experi-
ments, there was at least one WIMP mass and channel combination with a higher T S. This makes
it clear that the excess is not statistically significant.

Searching for an extended neutrino emission from M31 and the Virgo cluster also led to no
significant excess, so all results of this analysis are compatible with the background-only hypothe-
sis.
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Dark matter in galaxies and clusters with IceCube M. de With

Targets Type RA [deg] Dec [deg] Distance [kpc] log10(JNFW / GeV2 cm−5)

Segue 1 Dwarf galaxy 151.767 16.082 23 19.5±0.29
Ursa Major II Dwarf galaxy 132.875 61.310 32 19.3±0.28

Willman 1 Dwarf galaxy 162.343 51.051 38 19.1±0.31
Coma Berenices Dwarf galaxy 186.746 23.919 44 19.0±0.25

Draco Dwarf galaxy 260.052 57.915 76 18.8±0.16
M31 Major galaxy 10.685 41.269 785 19.2±0.1
Virgo Galaxy cluster 187.704 12.391 16800 18.5

Table 1: The list of targets considered in the analysis described in these proceedings, including their
locations [7] and their distances and J-factors assuming an NFW dark matter profile [8, 9, 10]. For
the Virgo cluster, no uncertainty on the J-factor is available.

the exact distance between the source and the Earth [5]. For each annihilation channel, neutrinos
of all flavours will arrive at Earth, but for this analysis only muon neutrinos are considered, so only
track-like events are used.

As a consequence of equations 2.1 and 2.2, the expected flux is highest in regions with a high
dark matter density which are relatively close by. The J-factor will in general depend on the dark
matter halo profile, in this analysis we consider the Navarro-Frenk-White (NFW) profile [6], which
is given by

ρ(r) = ρ0

r
Rs

(
1+ r

Rs

)2 (2.3)

with ρ0 and Rs the characteristic density and radius.

Dwarf spheroidal galaxies orbiting the Galaxy are interesting targets for indirect dark matter
searches because they are close to the Earth (see table 1), highly dark-matter-dominated and have
no expected astrophysical backgrounds [11]. In this analysis, the five dwarf galaxies in the Northern
Hemisphere with the highest J-factors are considered: Segue 1, Ursa Major II, Willman 1, Coma
Berenices and Draco.

In addition to the dwarf galaxies, we also consider the M31 galaxy and the Virgo cluster. As
can be seen from table 1, the J-factors for these targets are smaller than for the best dwarf galaxies,
leading to a lower sensitivity. However, from N-body simulations [12, 13] it is known that dark
matter haloes for major galaxies and galaxy clusters are expected to contain a large amount of
substructure, which could increase the expected flux significantly, especially at larger distances
from the center of the dark matter halo. Initial estimates for the total size of this increase were of
the order of 1000 for galaxy clusters [14], but later studies give more modest estimates [15, 16].
Since the subhaloes are also expected to change the spatial shape of the dark matter profile, we will
give limits for the conservative case where there is no significant substructure and the dark matter
profile is given by equation 2.3, but we will also search for an extended emission from the direction
of M31 and the Virgo cluster.

Dark matter in galaxies and clusters with IceCube M. de With

Targets Type RA [deg] Dec [deg] Distance [kpc] log10(JNFW / GeV2 cm−5)

Segue 1 Dwarf galaxy 151.767 16.082 23 19.5±0.29
Ursa Major II Dwarf galaxy 132.875 61.310 32 19.3±0.28

Willman 1 Dwarf galaxy 162.343 51.051 38 19.1±0.31
Coma Berenices Dwarf galaxy 186.746 23.919 44 19.0±0.25

Draco Dwarf galaxy 260.052 57.915 76 18.8±0.16
M31 Major galaxy 10.685 41.269 785 19.2±0.1
Virgo Galaxy cluster 187.704 12.391 16800 18.5

Table 1: The list of targets considered in the analysis described in these proceedings, including their
locations [7] and their distances and J-factors assuming an NFW dark matter profile [8, 9, 10]. For
the Virgo cluster, no uncertainty on the J-factor is available.

the exact distance between the source and the Earth [5]. For each annihilation channel, neutrinos
of all flavours will arrive at Earth, but for this analysis only muon neutrinos are considered, so only
track-like events are used.

As a consequence of equations 2.1 and 2.2, the expected flux is highest in regions with a high
dark matter density which are relatively close by. The J-factor will in general depend on the dark
matter halo profile, in this analysis we consider the Navarro-Frenk-White (NFW) profile [6], which
is given by

ρ(r) = ρ0

r
Rs

(
1+ r

Rs

)2 (2.3)

with ρ0 and Rs the characteristic density and radius.

Dwarf spheroidal galaxies orbiting the Galaxy are interesting targets for indirect dark matter
searches because they are close to the Earth (see table 1), highly dark-matter-dominated and have
no expected astrophysical backgrounds [11]. In this analysis, the five dwarf galaxies in the Northern
Hemisphere with the highest J-factors are considered: Segue 1, Ursa Major II, Willman 1, Coma
Berenices and Draco.

In addition to the dwarf galaxies, we also consider the M31 galaxy and the Virgo cluster. As
can be seen from table 1, the J-factors for these targets are smaller than for the best dwarf galaxies,
leading to a lower sensitivity. However, from N-body simulations [12, 13] it is known that dark
matter haloes for major galaxies and galaxy clusters are expected to contain a large amount of
substructure, which could increase the expected flux significantly, especially at larger distances
from the center of the dark matter halo. Initial estimates for the total size of this increase were of
the order of 1000 for galaxy clusters [14], but later studies give more modest estimates [15, 16].
Since the subhaloes are also expected to change the spatial shape of the dark matter profile, we will
give limits for the conservative case where there is no significant substructure and the dark matter
profile is given by equation 2.3, but we will also search for an extended emission from the direction
of M31 and the Virgo cluster.

Fermi Col. PRD 89  (2014) 



DM Searches in Extragalactic Halos 

24 

}  galaxies and clusters are extended sources 
}  signal may be boosted due to substructure 
}  boost factors vary from few 10 to 1000* 

}  the latter is probably too optimistic 

*Gao et al. MNRAS (2012) 
 Anderhalden, Diemand, JCAP (2013) 
Sánchez-Conde, Prada, MNRAS (2014) 
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Figure 2. Left panel: Halo substructure boosts as a function of host halo mass obtained with the P12 c(M) model, for different values
of minimum subhalo mass, Mmin, and slope of the subhalo mass function, α. From bottom to top, the different lines correspond to
(Mmin, α) = (10−6M⊙, 1.9), (10−12M⊙, 1.9), (10−6M⊙, 2), (10−12M⊙, 2). The solid line corresponds to our fiducial boost model, i.e.,
Mmin =10−6M⊙ and α = 2. Right panel: Comparison between the substructure boosts given by our fiducial boost model (solid line),
and that computed by Sánchez-Conde et al. (2011) and Gao et al. (2012) (dashed and dotted lines, respectively).

minosity at the same level than the parent halo. We show in
Fig. 2 the results of computing the substructure boost with
Eq.(2) and using the c(M) parametrization given in Eq.(1)
for the P12 model. We adopt Mmin = 10−6M⊙ and α = 2
for our fiducial substructure boost model7, but we also show
the result of varying these parameters in the left panel of
Fig. 2. In our computation of the substructure boosts, only
the first two levels of substructure were included, i.e., subha-
los and sub-subhalos, since according to our checks the third
substructure level contributes only less than 5% to the total
boost in most cases (reaching ∼8% in the most extreme case
adopting Mmin = 10−12M⊙ and α = 2). The marginal rele-
vance of level 3 was already pointed out by Mart́ınez et al.
(2009), who analytically predicted a ∼2% signal increase
from level 3 and beyond. We note that we find slightly higher
contributions from this level though. Level 2, however, can
contribute up to one third of the boost value given in our
fiducial model for the largest halo masses.

The right panel compares our fiducial boosts with
those previously derived by Sánchez-Conde et al. (2011) and
Gao et al. (2012). As it can be clearly seen, the boosts
yielded by the P12 model qualitatively agree with previous
estimates that also used physically motivated c(M) mod-
els well below the mass resolution limits of N-body cosmo-
logical simulations (Lavalle et al. 2008; Kuhlen et al. 2008;
Pieri et al. 2008; Mart́ınez et al. 2009; Kamionkowski et al.
2010; Charbonnier et al. 2011; Sánchez-Conde et al. 2011;
Kuhlen, Vogelsberger, & Angulo 2012; Nezri et al. 2012;
Anderhalden & Diemand 2013; Zavala & Afshordi 2013).
These are, however, in clear contradiction with that found
in works that implicitly adopted a power-law c(M) ex-

7 The choice of α = 2 for our fiducial model is motivated
by theoretical expectations in the Press-Schechter theory for
structure formation, see e.g. Giocoli, Pieri, & Tormen (2008);
Blanchet & Lavalle (2012).

trapolation to lower masses, e.g., Springel et al. (2008);
Zavala, Springel, & Boylan-Kolchin (2010); Pinzke et al.
(2011); Gao et al. (2012). For Milky Way-size halos, our
fiducial substructure boost model yields a boost of ∼15 ver-
sus ∼77 in the model by Gao et al. (2012). The difference is
even more pronounced for larger halos, as expected. For a
rich 1015M⊙ galaxy cluster, for instance, we obtain a boost
of ∼35, while Gao et al. (2012) estimated ∼1100, i.e. about
1.5 orders of magnitude larger! This disagreement would
have been even larger if we had compared both approaches
for Mmin = 10−12M⊙ instead of 10−6M⊙: our boosts do not
change drastically by including smaller substructures, while
power-law-based substructure models are very sensitive to
the adopted value of Mmin. On the other hand, note that
we do expect a substantial flux increase of a factor of a few
due to DM substructure in dwarf galaxies. We recall, how-
ever, that strictly speaking our results are only applicable to
field halos; for the dwarf galaxies satellites of the Milky Way,
for example, tidal stripping may have removed most of the
substructure in the outer regions of these objects – where
subhalos typically reside – in this way significantly decreas-
ing this substructure boost value.8 This decrease may be
compensated though by the fact that subhalos are known to
exhibit larger concentrations compared to that of field ha-
los (Diemand et al. 2008). We conclude that the final boost
value for these objects is not clear at the moment and should
be addressed in future work, our results in Fig. 2 represent-
ing a first order estimate.

Finally, we provide a simple parametrization for the
substructure boost factors implied by the P12 concentra-
tions at z = 0 for our fiducial model with Mmin = 10−6M⊙

and α = 2 (solid lines in both panels of Fig. 2), i.e.:

8 Actually, sub-subhalo abundance is found to be reduced con-
siderably compared to subhalo abundance (at a fixed mass), see
e.g. Figs. (16) and (17) in Springel et al. (2008).

c⃝ 2002 RAS, MNRAS 000, 1–??
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}  IceCube results available for 
}  Virgo 
}  Andromeda 

Dark matter in galaxies and clusters with IceCube M. de With
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Figure 2: The 90 % confidence limits on the velocity-averaged annihilation cross section.

tainty which is included in the limits ranges from approximately 15 % to 35 %, depending on the
source, WIMP mass and annihilation channel.

For the stacking of five dwarf galaxies, there is an overfluctuation for high WIMP masses
which shows up for all channels and a broad range of masses, as the PDFs look relatively similar.
To estimate the global significance of this excess, a test statistic is used which is defined as

T S = 2log
L (µ̂)
L (0)

(5.1)

with µ̂ the best fit value for µ . A large number of pseudo experiments using data events with
randomized azimuths were performed, and for 4.3 % of these background-only pseudo experi-
ments, there was at least one WIMP mass and channel combination with a higher T S. This makes
it clear that the excess is not statistically significant.

Searching for an extended neutrino emission from M31 and the Virgo cluster also led to no
significant excess, so all results of this analysis are compatible with the background-only hypothe-
sis.
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}  photon searches very 
competitive 
}  cs-advantage 
}  excellent pointing 

}  neutrinos still can 
}   provide “conservative“ upper 

bounds 
}  detect DM-> ν channels 
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PRL 114, 081301 (2015) 
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}  IceCube discovered a high-energy neutrino flux 
}  sparked interest in decaying VHDM 
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PeV DM? 
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FIG. 1: Diffuse all-flavor neutrino and γ-ray intensities ex-
pected in the VHDM scenario. The ES13 model is assumed
with τdm = 3.0 × 1027 s. The total (thick dashed line) and
extragalactic (thin dashed line) contributions to the cumula-
tive neutrino background are shown with the observed data.
The expected γ-ray background is also shown (thick solid)
with the latest Fermi data. We also show contributions of
extragalactic cascaded γ rays and direct γ rays from Galac-
tic VHDM, which are not affected by uncertainty of Galactic
magnetic fields. KASCADE and CASA-MIA γ-ray limits are
indicated.

with electroweak corrections, the final state spectra ob-
tained from 10 TeV to 100 TeV masses are extrapolated
to PeV masses. Our choice of VHDM models is such that
they include both hard and soft spectra, so our results
can be viewed as reasonably model independent [25, 29].
In Figs. 1 and 2, we show examples of the viable

VHDM scenario for diffuse PeV neutrinos observed in
IceCube. Using the ES13 model [36], where the VHDM
mass mdm = 3.2 PeV is used, we consider DM → νeν̄e
and DM → qq̄ with 12% and 88% branching fractions,
respectively. Although a bit larger masses are favored to
explain the 2 PeV event, one can easily choose param-
eters accounting for the observed data. In the RKP14
model [41], the Majorana mass term is introduced in the
Lagrangian, which may lead to metastable VHDM de-
caying into a neutrino and Higgs boson. Reference [39]
suggested another interesting scenario, where the light-
est right-handed neutrinos constitute dark matter with
mdm = O(1) PeV. We also consider this model for
mdm = 2.4 PeV, assuming branching fractions DM →

l±W∓ : DM → νZ : DM → νh ≈ 2 : 1 : 1, where the
neutrino spectral shape turns out to be similar to that of
Ref. [41] (see Fig. 2). As in the latter two models, spec-
tra may be more prominently peaked at some energy, and
VHDM does not have to explain all the data.
γ-Ray Limits.— Standard Model final states from

decaying or annihilating VHDM lead to γ rays as well as
neutrinos. If final states involve quarks, gluons and Higgs
bosons, neutrinos largely come from mesons formed via
hadronization, and γ rays are produced. A spectral bump
is produced by two-body final states such as νh and/or
weak bosons via leptonic decay into a neutrino and
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FIG. 2: The same as Fig. 1, but for the RKP14 model with
τdm = 3.5× 1027 s.

charged lepton. Electroweak bremsstrahlung is relevant
even for possible decay into neutrino pairs. In extragalac-
tic cases, the fact that the diffuse neutrino and γ-ray in-
tensities are comparable gives us generic limits [9, 50, 51].
In Galactic cases, γ rays below ∼ 0.3 PeV can reach the
Earth without significant attenuation, air-shower arrays
such as KASCADE [59] and CASA-MIA [60] as well as
Fermi [61] provide us with interesting constraints [19, 62].
We numerically calculate the diffuse γ-ray background,

including both extragalactic and Galactic components.
Thanks to the electron-positron pair creation, suffi-
ciently high-energy γ rays are attenuated by the extra-
galactic background light and cosmic microwave back-
ground. Then, the pairs regenerate γ rays via the inverse-
Compton and synchrotron emission. For an extragalac-
tic component, we calculate electromagnetic cascades by
solving Boltzmann equations. The resulting spectrum
is known to be near-universal, following a Comptonized
E−2 power-law in the 0.03–100 GeV range [53]. For a
Galactic component, it is straightforward to calculate
primary γ rays that directly come from VHDM. The γ-
ray attenuation is approximately included by assuming
the typical distance of Rsc, which gives reasonable re-
sults [19]. Extragalactic cascaded γ rays (including at-
tenuated and cascade components) and Galactic primary
γ rays with attenuation unavoidably contribute to the
diffuse γ-ray background (see Figs. 1 and 2). In addition,
electrons and positrons from VHDM [93] make secondary
γ rays via inverse-Compton and synchrotron emission in
the Galactic halo, as included in Figs. 1 and 2 assuming
a magnetic field strength of 1 µG. Our results would be
conservative, and weaker magnetic fields can somewhat
increase γ-ray fluxes. For cascade components, the re-
sults are not sensitive to detailed spectra of final states
from VHDM decay. See Ref. [33] for technical details.
Clearly, γ-ray constraints are powerful. In the sub-

PeV range, while the VHDM models are still allowed,
the expected diffuse γ-ray intensity can slightly violate
the existing sub-PeV γ-ray limits from old CR-induced
air-shower experiments such as KASCADE. Thus, as we
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}  IceCube discovered a high-energy neutrino flux 
}  sparked interest in decaying VHDM 
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}  few-authors analysis of public IceCube data 
}  looking for χèνX 

PeV DM? 
dip in limit caused 
by HE neutrino flux 
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FIG. 2. Derived limit using the high-energy neutrino flux ob-
served by IceCube in comparison to the previous experimental
constraints from IceCube, Fermi-LAT and PAMELA and de-
rived limits from neutrino data [24]. Excluded are regions
below the pictured lines. The decay � ! ⌫x includes ⌫Z and
⌫H channels thanks to the Goldstone equivalence theorem.

event basis into account. We here only attempt to get an
approximation of the bound. Following our assumption,
tau neutrino events will largely be contained in the two
adjacent energy bins of the IceCube analysis, we assume
that 50% of the tau neutrinos are observed in these bins.
We then compare the expected signal flux to the sum of
observed events of the corresponding energy bin and the
next lower bin.

The expected number of neutrino events per flavour is
given by

N =
1

⌧
J4⇡

Rsc⇢sc
4⇡m�

4⇡Ae↵(E = m�/2)Tlife
N⌫

3
, (5)

where Rsc and ⇢sc are scale factors [28], m� dark mat-
ter particle mass, Ae↵ the neutrino a↵ective area of the
corresponding flavour, Tlife the lifetime of the experiment.
J4⇡ is the angle average line-of-sight integral over the
dark matter density distribution per solid angle. N⌫ is
the average number of neutrinos produced at the line sig-
nal per DM decay. For the assumed branching fraction of
100% into � ! ⌫h, N⌫ is one. The factor 1/3 indicates
the fraction of each neutrino flavour. We use the neu-
trino flux from the Milky Way halo assuming an NFW
profile (J4⇡ ⇡ 2.0) [23].

We compute a 90% C.L. limit on the number of sig-
nal events, N90, using the observed events and expected
background. The observed events and background is
taken as the sum of the bins of M�/2 and the adjacent
lower bin and compare it to the expected neutrino event
numbers for a specific decay time. As background esti-
mate we use the prediction from IceCube, including cas-
cade and track events. The limit is then obtained by

⌧90 = ⌧ · N
N90

. Figure 2 shows our derived bound, follow-
ing IceCube event binning in neutrino energy [17] in com-
parison to previous limits from the partially instrumented
IceCube detector [21] which investigated the decay of DM
into two neutrinos. Note, that the large improvement of
our derived limit to the IceCube collaboration result is
dominated by the fact that we make use of the neutrino
energy, justified by the good energy resolution for cas-
cade events, which is typically better than 15% [17]. The
IceCube collaboration analysis relied on the partially in-
strumented detector and used the up-going muon neu-
trino event sample and performed a counting experiment
of total number of tracks in signal region closer to the
Galactic centre compared to a background region. The
increase in sensitivity can be simply understood by the
fact that the IceCube analysis was not sensitive to neu-
trino energies as it just counted muon neutrino induced
tracks. This counting experiment observed 1389 events
in the o↵-source region and 1367 events in the on-source
region, consistent with the null hypothesis. In our anal-
ysis we are sensitive to neutrino energies by exploiting
contained cascades events. As such we can hence com-
pute the N90 energy binwise. The N90 in this analysis
is closer to two, compared to about 50 in the IceCube
halo analysis, hence a factor of twenty improvement at
100 TeV.
Further shown in Fig.2 are bounds derived from the

Fermi-LAT analysis of gamma-ray emission from the
Milky Way halo [12] and from PAMELA observations of
the anti-proton flux [13] based on the assumed DM decay
into bb̄. The derived limit for the Fermi-LAT gamma-ray
line search is justified as bb̄ is the dominant Higgs decay
channel and further the gamma-ray yield from WW is
similar. Overall our neutrino bound is conservative with
respect to the gamma-ray limit as bb̄ would result in the
strongest limit from gamma-rays. The observed three
PeV neutrinos are seen as ‘dip’ in the two bins covering
masses 2-5 PeV in the limit plot as the flux shows ‘excess’
over the expectation. The excess needs further investi-
gation but an extremely interesting interpretation would
be the signal from DM. We would invite more dedicated
study for further clarification. A complete analysis could
further benefit from the less dominant extra-galactic red-
shifted line spectrum smeared to lower neutrino energies
and a potential continuum neutrino spectrum from sec-
ondary particle decays. A dedicated IceCube collabora-
tion analysis will be able to improve significantly on our
derived limit or lead to the identification of a signal with
higher statistics.

IV. CONCLUSION

Heavy decaying dark matter might be most detectable
with high-energy neutrinos. We use the recently re-
ported observation of high energy extraterrestrial neu-
trinos, which includes three PeV-energy neutrinos, to set
the most stringent bound on 100 TeV to PeV regime.
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}  DM  
}  accumulates in massive bodies, galaxies, clusters 
}  may be detectable via annihilation/decay flux 

}  neutrino searches 
}  yield very competitive SD results from Sun 
}  cannot compete (easily) with photon searches in selfbound halos 

}  limits still orders of magnitude above thermal relic <σv> 

}  future prospects: extensions&new detectors 
}  IceCube-Gen2 (arXiv:1412.5106) 

}  PINGU – low-mass WIMPs 
}  HEX – high-mass WIMPs 
}  surface-based veto detectors: make GC accesible 

}  KM3Net (arXiv:1403.4065) 
}  Hyper-K (arXiv:1109.3262) 


