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Figure 1. Graphical representation of the (incomplete) landscape of candidates. Above, the landscape of
dark matter candidates due to T. Tait. Below, the range of dark matter candidates’ masses and interaction
cross sections with a nucleus of Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates
have an enormous range of masses and interaction cross sections.

point to a DM mass scale rather similar to the nucleon mass, in the few GeV range [17, 18, 19, 20, 21, 22].
The observed clustering patterns of DM can be explained better by DM with self-interaction cross-section
within an order of magnitude from the neutron self-scattering cross-section, rather than by collisionless cold

Community Planning Study: Snowmass 2013
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DM properties
• Non EM interacting (no charge), hence 

“dark”


• Non-relativistic to explain galaxy 
formation


• Stable


• Massive (to explain gravitational effects)


• This leaves only particles that either 
have not been found yet, or that need 
extensions to the SM



What are we looking for, 
then?
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What are we looking for, 
then?

• Axions 
 
 
 

• WIMPs



Axions

• To address the strong CP problem a field (“axions”) are introduced. The 
axions ensure that no CP violation occurs in the strong interaction


• Because most heavy axions have been excluded based on cosmological 
parameters or direct observations, axions have to be light and can then 
be a dark matter particle (long-lived and potentially large matter density)


• There are two models: KSVZ and DFSZ. In the KSVZ model axions 
couple to hadrons, the DFSZ axions also couple to leptons 


• Search experiments use the Primakoff effect 



What do you need for 
Axions to interact?

• For direct search experiments you need:


• Strong magnetic field (stronger -> better)


• Sensitivity to photons being created in your experiment



Axion Searches

• There are two approaches for experimental realizations of 
axion searches


• Solar axion telescopes, looking for axions created in 
the strong electric field of the sun’s core and


• Cavity haloscopes


•  This leads to the two most prominent experiments in the 
axion business: CAST and ADMX 



CERN Axion Solar 
Telescope (CAST)

http://arxiv.org/abs/astro-ph/0211606



CAST video

https://www.youtube.com/watch?v=XY2lFDXz8aQ



CAST video

https://www.youtube.com/watch?v=XY2lFDXz8aQ



CAST detection

Nature Physics volume 13, pages584–590 (2017)



CAST Results

Nature Physics volume 13, pages584–590 (2017)



Axion Dark Matter 
eXperiment (ADMX)

• A strong magnetic field (stronger -> better) surrounds a microwave cavity


• The cavity resonantly stimulates axion to photon conversions in the 
external background magnetic field 
(Requires a microwave cavity that matches the expected photon 
frequency for resonant production)


• Axions traveling along the B field lines are converted


• Sensitivity is proportional to the cavity volume and the background 
magnetic field squared


• The technological challenge here is to make tuneable cavities and very 
low noise amplifiers







• Simulated signal, 
showing frequency scan 
during measurement 
campaign


• Cavity resonance 
frequency gets tuned by 
a tuning rod

Fig. 1 with a temperature around 300 mK. On resonance,
the MSA amplified primarily the blackbody radiation from
the cavity with a temperature around 150 mK. The noise
power spectrum was fit with a model of the chain (Fig. 2) to
determine the total noise temperature. More detail is
provided in the Supplemental Material [35] and Ref. [36].
The results reported here are based on data acquired

between January 18, 2017 and June 11, 2017. The data
acquisition and analysis procedures are similar to those
described in Ref. [27] and are summarized here. A single
cycle of data acquisition consists of a small frequency step
via the physical positioning of the tuning rods, measuring
the TM010 mode frequency and loaded QL via S21 trans-
mitted power using a network analyzer, measuring the
coupling to the mode with S11 reflected power, also with a
network analyzer, and then digitizing the power coming out
of the cavity for a period of 100 s in a bandwidth of 25 kHz
centered on the TM010 resonant frequency.
Our results reported are based on 78 958 spectra each

25 kHz wide. Under optimal experimental conditions, a
typical frequency bin achieved desired sensitivity when
measured by 20 overlapping spectra (see Fig. 3).

Periodically during operation, we evaluated the expected
sensitivity to an axion signal, and more scans were added to
compensate for low-sensitivity regions due to a varying
noise temperature or tuning speed. With sufficient raw data
collected, a preliminary analysis was performed to identify
spectral features consistent with an excess power from an
axion signal.
The analysis consisted of first generating a power spec-

trum from each 100-s digitization with a 96-Hz bin size,
following the procedure outlined in Ref. [38]. The receiver
transfer function spectral shapes were removed with a
Savitsky-Golay filter (length 121 and polynomial order 4)
to 95% of the least-deviant power bins, thus, removing
structures much broader than axion signals. If the standard
deviation of the 95% least-deviant points was more than
20% above the expected standard deviation for white noise,
the background fit was declared poor, and the data were
removed from further analysis steps. The power was scaled
to the known system noise and weighted byQL to produce a
measurement of power excess in each bin attributable to an
axion signal. This power excess was then optimally filtered
by convolving with two astrophysically motivated axion
signal shapes: first, the boosted Maxwell-Boltzmann dis-
tribution predicted by the standard halo model of axion dark
matter [39] (which has a linewidth of roughly 700 Hz at the
frequencies reported here), and second, by the N-body
derived line shape described in Ref. [37] (with a linewidth
nearly half that of the Maxwell-Boltzmann distribution),
each model yielding the excess power attributable to an
axion of a given mass. When the data were statistically
consistent with no axion signals being present, the signal
power measurement and uncertainty could be used to set an
upper limit on axion-photon coupling using Eq. (1).
Frequencies at which the power was in excess of 3σ above
the mean were labeled as “candidates” and flagged for
rescan and further analysis.
Candidate signals were rescanned to equivalent sensi-

tivity to measure their persistence. If the excess power
persisted in any of the candidates, a second and longer
rescan was then performed at the candidate signal frequen-
cies for 3 times as long to improve local sensitivity and
candidate significance. Any frequencies where excess
power persisted following the second rescan were analyzed
individually for the possibility of interference.
We tested the performance of the analysis by imposing

software-simulated axion signals onto the raw power
spectra. We injected 25 000 software-simulated signals
into the data set with couplings varying between DFSZ
and 10 times KSVZ, ran through the analysis process, and
evaluated the resulting candidate power to determine the
systematic uncertainty associated with the background
subtraction. Figure 3 shows the effect of the injected
signals in both the background-subtracted spectra and
the final filtered and combined spectrum.
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FIG. 3. Upper figure: Series of background-subtracted single
scans with synthetic axion signals with the N-body inspired signal
shape [37], one at KSVZ coupling and one at DFSZ coupling. The
KSVZ signal is easily visible in these individual spectra; the DFSZ
signal being a factor of 7 smaller is not. Lower figure: Same data
after the individual scans have been optimally filtered and com-
bined. Both KSVZ and DFSZ signals are visible with high SNR.

PHYSICAL REVIEW LETTERS 120, 151301 (2018)

151301-3

Phys. Rev. Lett. 120, 151301



Latest ADMX Results

In addition to the uncertainty introduced by the analysis
procedure, there are systematic uncertainties in the product of
the axion-photon coupling constant and dark matter density
from the temperature measurement, noise calibration, Q
measurement, and numerical modeling of the form factor in
Eq. (1) shown in Table I. However, the sensitivity of the
results reported here is restricted primarily by the statistics of
the finite observation time at each frequency.
In the range 645–680 MHz, no statistically significant

signals consistent with axions were found. There were two
candidates that persisted after the rescan procedure, but a
measurement of the external background radio interference
at the experimental site found the identical external radio
signals at the candidate frequencies. They are, thus,
excluded from our limits. We are, therefore, able to produce
a 90% upper confidence limit on the axion-photon coupling

using all of the data acquired for the Maxwellian and
N-body astrophysical models shown in Fig. 4. We are able
to exclude both DFSZ axions distributed in the isothermal
halo model that make up 100% of dark matter with
a density of 0.45 GeV=cm3 and DFSZ axions with the
N-body inspired line shape and the predicted density of
0.63 GeV=cm3 between the frequencies 645 and 676 MHz.
This result is a factor of 7 improvement in power sensitivity
over previous results and the first time an axion haloscope
has been able to exclude axions with DFSZ couplings.
ADMX has achieved a factor of 7 improvement in its

already world-leading sensitivity to ultralow signal power
levels. It is the only operating experiment able to probe the
DFSZ grand unified theory coupling for the invisible axion
that has long been the goal of the axion search community.
Data from this period of initial operations have now
excluded these models over a range of axion masses. A
much larger range of masses will be probed in future runs;
we expect to operate the apparatus at lower temperature and
with a greater magnetic field, enabling higher scan speeds.
A recent engineering run of the apparatus (with some
electronics removed) achieved cavity temperatures lower
than reported in this Letter, while the magnet in earlier
ADMX runs [24] was operated at 7.6 T compared to the
typical field of 6.8 T for the results reported here. Together,
these improvements could increase the SNR by a factor of 2
or shorten the measurement time by a factor of 4. Coverage
of masses up to 40 μeV (10 GHz) is envisioned by further
augmenting the signal power by combining the outputs of
multiple cotuned cavity resonators inside the current

TABLE I. Primary sources of systematic uncertainty. The form
factor uncertainty varies somewhat with frequency; the value at
655 MHz is shown here. The combined effect of systematic
uncertainty on the exclusion bounds is shown as the width of the
lines in Fig. 4.

Source g2γ ρa uncertainty

Temperature sensor calibration 7.1%
System noise calibration 7.5%
Quality factor measurement 2.2%
Background subtraction 4.6%
Form factor modeling 6.0%
Total 13%
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Summary

• No axions yet!
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Spin-Dependent or Spin-
Independent Interaction

• The neutralino is a superposition of Higgsino, “Zino” 
and “photino”


• Squark exchange allowed for both types of WIMP 
interactions


• A spin-carrying, Majorana type neutralino would 
interact by Z0 exchange and squark interaction


• A scalar neutralino couples to the Higgs

G. Jungman et aLlPhysics Reports 267 (1996) 195-373 261 

above step in a nuclear state. This step introduces a form-factor suppression (or “coherence loss”) 

analogous to that in low-energy electromagnetic scattering of electrons from nuclei, which reduces 

the cross section for heavy WIMPS and heavy nuclei. It also means that results can depend upon 

complicated calculations of nuclear wave functions, another source of uncertainty. For a more 

complete discussion of the nuclear physics of dark-matter detection, see Ref. [23]. 

An important simplification in these calculations occurs because the elastic scattering of 

dark-matter WIMPS takes place in the extreme nonrelativistic limit. In particular, the axial-vector 

current becomes an interaction between the quark spin and the WIMP spin, while the vector and 

tensor currents assume the same form as the scalar interaction. Furthermore, neutralinos do not 

have vector interactions since they are Majorana fermions. So generically, only two cases need to 

be considered: the spin-spin interaction and the scalar interaction. In the case of the spin-spin 

interaction, the WIMP couples to the spin of the nucleus; in the case of the scalar interaction, the 

WIMP couples to the mass of the nucleus. This division was recognized early by Goodman and 

Witten [9] in their seminal paper on direct detection. Since then, much work has been done, and 

several new contributions to the cross section have been found, but it is still only these two cases 

which are important. For the neutralino, both scalar and spin interactions contribute and the two 

cases will be considered separately. The complete elastic-scattering cross section is the sum of these 

two pieces. 

In the following, we will examine each type of interaction, noting the results of the microscopic 

calculations and the results of the translation to an interaction with nuclei. 

7.2. Axial-vector (spin) interaction 

The Feynman diagrams which give rise to the WIMP-nucleus axial-vector interaction are 

shown in Fig. 19. The microscopic axial-vector interaction of a neutralino with a quark q is given 

by 

-%A = d,XY%xaww > (7.1) 

where d, is a coupling which can be written in terms of the fundamental couplings of the theory as 

[9, 23, 130, 131,268, 2691 

(7.2) 

Fig. 19. Feynman diagrams contributing to the spin-dependent elastic scattering of neutralinos from quarks. 

G. Jungman et al/Physics Reports 267 (1996) 195-373 267 

xxx 
9 9 

^> 4 c* 
4 4 

Fig. 20. Feynman diagrams contributing to the scalar elastic-scattering amplitude of a neutralino from quarks. 

Fig. 21. Feynman diagrams contributing to the gluonic interaction with neutralinos, which contributes to the scalar 

elastic-scattering amplitude for neutralinos from nuclei. 

contribution accurately. After we present the complete results, we will list the simpler large-squark- 

mass results for readers interested in obtaining quick estimates of the cross sections. 

In the notation of Ref. [282], the microscopic effective Lagrangian for scalar and tensor 

neutralino-quark and neutralino-gluon interactions is 

(7.17) 

Scalar, spin independentAxial-vector, Spin-dependent



Lab Production
• If dark matter interacts at all with SM partiles, they should also 

be produced at the LHC 


• Most searches at the LHC focus on event signatures where a 
large fraction of the momentum is missing (Missing ET -> short 
MET)


• For a specific mediator mass the LHC experiment can then 
turn the observed rate limit into a cross section limit or 
exclude an area on the mediator mass dark matter mass plane


• ALTAS and CMS are competing for better sensitivity to 
missing transverse momentum
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MET Distribution
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Figure 4

The /ET distribution of events, termed as E
miss
T in the x axis, selected for high total hadronic

energy and at least two jets with pT > 400 and 200 GeV, before (open circles) and after (filled
circles) rejection of spurious /ET backgrounds (84). The predictions of Monte Carlo simulations
(shaded areas) are also shown. Strong noncollision background suppression is vital to X+/ET

analyses.

Because invisible particles have feeble interactions with the colliding partons, and thus

low production cross sections, these searches need precise estimates of the shapes of the

backgrounds, especially in the low-/ET regions. A background estimate made solely on the

basis of Monte Carlo simulation is subject to uncertainties in both theory and detector

simulation a↵ecting the total cross sections, and therefore is not precise enough. Recent

ATLAS and CMS searches combine the information from data in signal-free control regions

selecting visible-boson (W, Z, �)+jet processes with the most recent perturbative calcu-

lations (101), to estimate the Z - and W -mediated neutrino backgrounds more precisely.

ATLAS estimates backgrounds from top processes using a control region with b jets, while

CMS takes this background from simulation. Estimates of smaller backgrounds rely more

heavily on simulation.

Currently, the precision achieved for the background estimate is 2–7% (CMS) and 2–10%

(ATLAS), depending on the /ET range. The remaining uncertainties arise mainly from the

identification of leptons (CMS) and the understanding of jet and /ET calibration (ATLAS).

With no excesses observed, these searches set 95%-CL limits on the production cross section

of invisible particles, typically ranging from 0.5 pb to 2 fb, depending on the /ET threshold.

ATLAS and CMS report constraints for a selection of mediator models and parame-

ters. These constraints are strong enough to probe (axial–)vector mediated processes, but

searches are only becoming sensitive to lower cross-section scalar mediated processes. These

constraints can be interpreted as limits on the interactions between the mediator and the

Standard Model (e.g., gq) under specific sets of model assumptions, not on the mass and

other properties of the invisible particles per se. As an example, for the simplified model

with (axial–)vector mediators, mediator masses of up to 1.5–1.9 TeV are ruled out for an

www.annualreviews.org • Dark Matter Searches at Colliders 15
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Figure 2 – Examples of leading processes for DM particle production and searches at the LHC for three main
classes of models, shown from the left to the right panel in order of decreasing number of model parameters.

resulting from the proposed DM production processes at colliders feature the presence of missing
transverse momentum (also called missing transverse energy or MET), due to the DM particles
interacting su�ciently weakly as to be invisible in the detector. To be detectable, the DM
production event must be accompanied by at least one visible high transverse momentum object
(jet, lepton, photon, etc.), to trigger the acquisition of the full event data.

We classify these models in three main classes depending on the complexity of the phe-
nomenology and the number of parameters involved in the interpretation of the experimental
results. We discuss DM production in the decays of heavier SUSY particles, direct DM produc-
tion through new mediators, and DM production in the decays of the 125 GeV Higgs boson.
Examples of DM production processes in the context of the three theoretical approaches are
shown in Fig. 2. SUSY models (left), being the more complete from the theoretical view point,
imply a large number of parametersc. In simplified models of direct DM production through new
mediators, the number of free parameters is limited to the DM and mediator particle masses,
spin/parity and couplings. The DM production through decays of the 125 GeV Higgs boson is
the least parameter dependent of the three approaches as only three free parameters, the Higgs-
DM coupling and the DM mass and spin, enter in the description of the process. Since the DM
particles are expected to be produced in pair, the invisible Higgs decay search is sensitive to DM
particle masses up to half the Higgs boson mass.

In the following, highlights of SUSY DM candidate searches are given in Section 2 while
in Section 3 DM candidate searches in the framework of simplified model are discussed. In
Section 4 results from the search for DM particles in Higgs decays are reviewed. Finally Section
5 summarizes the conclusions.

2 DM production in SUSY decays

SUSY models, as well as other UV complete models designed to solve the gauge hierarchy prob-
lem, may provide well motivated DM candidates. In particular, SUSY models with conserved
R-parity (RP) predict the existence of a particle (typically the lightest SUSY particle or LSP)

cAs an example the Minimal Super Symmetric Model (MSSM) includes O(100) free parameters, while reduced
versions, like the phenomenological MSSM, or pMSSM, may imply ⇠10 to ⇠20 free parameters

3

arXiv:1809.06341v1, Marta Felcini



Spin-independent ATLAS 
Result

Figure 6 – MET+X and dijet/dilepton search results interpreted 58 in the context of simplified models: (left)
excluded regions in the mDM � mMED plane and (left) upper limits on the DM-nucleon scattering cross-section
as a function of mDM, compared to results from DD experiments.

allowing high event rates and search e�ciency with reduced storage needs. Other recent searches
for mediators using Run 2 (13 TeV) data have been performed to cover a resonance mass range
from 70 GeV to 7 TeV, exploiting diverse techniques: (i) in the low mass range, up to about
1 TeV, using large-radius jets 52, with jet substructure identification technique, or using dijets
reconstructed at the trigger level53 from calorimeter information, and (ii) in the high mass region,
exploiting the dijet invariant mass and angular distributions54, using dijets reconstructed o↵-line
with a particle-flow algorithm 53, and jets containing b-hadrons 55. Searches in dilepton final
states 56,57 cover the mass range from 70 GeV to 6 TeV.

If no signal is detected the LHC experiments set upper limits on the cross-section times
branching ratio of the process sought for, as a function of mDM and mMED for fixed values
of the mediator spin/parity and gDM, gq and gl couplings. An example is shown in Fig. 6
(left) 58. The region for mMED � 2mDM, where DM pair production takes place, is covered by
MET+X searches. The regions excluded by these searches in the mDM �mMED plane have an
approximately triangular shape, extending to a maximum excluded mMED value (about 1 TeV
for the coupling choices of Fig. 6) and, for an excluded mMED value, covering mDM masses up to
about mMED/2. For smaller values of the couplings, the mDM�mMED excluded region would be
reduced. In the case of the resonance searches, the excluded regions in the mDM �mMED plane
are typically vertical stripes excluding a range of mMED values, almost inedependently of mDM,
except in cases when the gq or gl values are so small that, in the region mMED � 2mDM, the
DM pair production is dominant and the mediator decay to SM fermions is largely suppressed.
This is the case in Fig. 6 (left) where gq and gl are taken to be 0.1 and 0.01, respectively.
The dijet searches cover the vertical region for mMED < 2mDM, while the dilepton searches
have some coverage also in the mMED � 2mDM. Results for di↵erent mediator spin/parity
and coupling choices are publicly available from ATLAS 58 and CMS 59. In the framework
of these simplified models, the LHC mDM � mMED excluded regions can be recast into upper
limits on the DM-nucleon scattering cross-section as a function of mDM. In the case of DD
experiments the DM-nucleon scattering cross-section upper limit is independent of mMED, as
the momentum transfer involved in the DM scattering o↵ the target nucleus, is much smaller
than the hypothetical mediator mass and mMED-related e↵ects are negligible. The DM-nucleon
scattering cross-section limits set by the LHC searches depend also on the assumed mMED value
insofar that, together with the coupling values, it determines whether the DM pair production,
covered by MET+X searches, is the dominant process. For the above-mentioned choice of
mediator couplings, the LHC limits, compared to DD results, are shown in Fig. 6 (right) 58.
Regions excluded by the MET+X searches and by the dijet and dilepton searches are shown
separately reflecting directly the excluded mDM�mMED regions in Fig. 6 (left). It is important

7

arXiv:1809.06341v1, Marta Felcini



Spin-dependent CMS 
Result

https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/SD_CMSDD_Summary.png
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More ALTAS & CMS results

• For more details: look up recent BSM physics results on 
standard DM results and other couplings as starting point


• https://twiki.cern.ch/twiki/bin/view/CMSPublic/
SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots


• https://atlas.cern/updates/atlas-feature/dark-matter

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#Dark_Matter_Summary_plots


Summary 

• No laboratory production of dark matter yet!
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Indirect detection

• IceCube neutrino signal from galactic centre, sun and 
dwarf galaxies


• Fermi gamma rays from galactic centre


• Other (Pierre-Auger, HESS, VERITAS, Antares)



Drill camp

South Pole station

Skiway

IceCube Lab (ICL)

IceCube’s footprint

South Pole Glacier



The IceCube Neutrino 
Observatory

5160 PMTs 

1 km3 volume 

86 strings 

17 m vertical spacing 

125 m string spacing 

Completed 2010



The IceCube DOM



The IceCube DOM



IceCube indirect dark matter search targets
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Indirect Detection Model

PhD thesis M. Zoll, http://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Asu%3Adiva-125341
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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 volume used in the final analysis
is indicated with the solid blue region consisting of both nominal and
dense strings

trino flavors. This work considers WIMPs with masses from
10 to 1000 GeV self-annihilating through either b-quarks
(b̄b), W -bosons (W+W−), muons (µ+µ−), or taus (τ+τ−)
to neutrinos. Annihilation directly to neutrinos (νν̄) is also
considered. In Fig. 2 the energy 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
spectrum 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 spectrum of
the νν̄-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 sim-
ulated dataset, while still being consistent with a line spec-
trum after smearing by the event reconstruction. For the sig-
nal from the νν̄-channel a flavor ratio produced at the source
of (νe : νµ : ντ ) = (1 : 1 : 1) is used (though the most con-
servative limits are found for a flavor ratio of (1 : 0 : 0) at
source resulting in 10–15% weaker limits). The results will
be presented with a 100% branching ratio for each annihila-
tion channel considered.

The rate of WIMP self-annihilation seen in a given solid
angle is determined from the integrated dark matter den-

Fig. 2 Energy spectrum of muon neutrinos at Earth produced 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 νν̄-channel is modeled by a Gaussian with a width of 5% of mDM

sity along the line of sight (los) through the dark matter
halo in the Milky Way. Although there remain uncertain-
ties about the dark matter density profile [25], a spherical
profile is assumed with one of two standard radial distribu-
tions: 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 dis-
crepancies near the center of the Milky way where the den-
sity is largest. Because of the large uncertainty on the model
parameters the dark matter halo model constitutes the largest
systematic uncertainty.

The resulting differential flux of signal neutrinos pro-
duced by WIMP self-annihilation in the dark matter halo
of the Milky Way from a solid angle of the sky, #$, is given
as

d%

dE
(#$) = ⟨σAv⟩

4π · 2m2
DM

dN
dE

∫

los
ρ2(r(l,#$))dl, (1)

where the 4π arises from a spherically symmetric annihila-
tion, l is the line of sight through the dark matter halo with
density profile ρ(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 generated
with energies between 1 and 1000 GeV using GENIE [27]
and weighted to the targeted flux of Eq. (1) according to
their flavor, energy, and arrival direction for each combina-
tion of mDM, annihilation channel and dark matter halo den-
sity profile. This neutrino sample provides the distribution of
the targeted signal that is used in the shape likelihood analy-
sis to determine the fraction of possible signal events in the
experimental data.
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profile is assumed with one of two standard radial distribu-
tions: 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 dis-
crepancies near the center of the Milky way where the den-
sity is largest. Because of the large uncertainty on the model
parameters the dark matter halo model constitutes the largest
systematic uncertainty.

The resulting differential flux of signal neutrinos pro-
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as
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tion, l is the line of sight through the dark matter halo with
density profile ρ(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.
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and weighted to the targeted flux of Eq. (1) according to
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sis to determine the fraction of possible signal events in the
experimental data.
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Fig. 8 Comparison of upper limits on ⟨σAv⟩ versus WIMP mass, for
dark matter self-annihilating through τ+τ − to neutrinos, assuming the
NFW profile. This work [IC86 (2012–2014)] is compared to other pub-
lished searches from IceCube [28,38–40] and ANTARES [41]. Also
shown are upper limits 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 ⟨σAv⟩ that
is needed for WIMPs to be a thermal relic [44]

be seen that the analysis 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 τ+τ − .

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 reconstruction algorithm have
increased the sensitivity of IceCube to the signal of dark mat-
ter self-annihilation. However, no significant excess above
the expected background has been observed in 3 years of Ice-
cube/DeepCore data. Upper limits have been put on ⟨σAv⟩
providing the leading limits on WIMPs with a mass between
10 and 100 GeV for a neutrino observatory.
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Summary

• No indirect detection of dark matter yet! 


