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Several ways to search for 
these interactions, 
regardless of the 
underlying particle 
physics:

Dark Matter Searches

χ

χ

q

q

Annihilation:
Indirect Detection

Production:
Accelerator Searches

Production:
Accelerator Searches

Scattering:
Direct Detection

Each technique has its 
own strengths and 
challenges

WIMPs do interact with SM particles, just very weakly



Direct Detection

DM Wind -DM scatters off nucleus

-Measure transferred 
energy

-Can search for daily or 
annual modulation



Good hope for a 
‘smoking gun’

Can extract both mass 
and cross section from a 
signal (although some 
degeneracies)

Constraints apply to wide 
range of DM models

Direct Detection

Small signal, large 
background

Requires big detectors, 
deep underground

Astrophysical uncertainties



Uncertainties
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Signal?
Several experiments 
reporting signals

Appears to be 
incompatible with limits 
from other detectors

Could be inelastic 
scattering, Mirror DM, or 
an unexplained 
background

16 G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search
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Fig. 12. (Color online) Light yield distribution of the accepted
events, together with the expected contributions of the back-
grounds and the possible signal. The solid and dashed lines
correspond to the parameter values in M1 and M2, respec-
tively.

6.2 Significance of a Signal

As described in Section 5.1, the likelihood function can be
used to infer whether our observation can be statistically
explained by the assumed backgrounds alone. To this end,
we employ the likelihood ratio test. The result of this test
naturally depends on the best fit point in parameter space,
and we thus perform the test for both likelihood maxima
discussed above. The resulting statistical significances, at
which we can reject the background-only hypothesis, are

for M1: 4.7σ
for M2: 4.2σ.

In the light of this result it seems unlikely that the
backgrounds which have been considered can explain the
data, and an additional source of events is indicated.
Dark Matter particles, in the form of coherently scatter-
ing WIMPs, would be a source with suitable properties.
We note, however, that the background contributions are
still relatively large. A reduction of the overall background
level will reduce remaining uncertainties in modeling these
backgrounds and is planned for the next run of CRESST
(see Section 7).

6.3 WIMP Parameter Space

In spite of this uncertainty, it is interesting to study the
WIMP parameter space which would be compatible with
our observations. Fig. 13 shows the location of the two
likelihood maxima in the (mχ,σWN)-plane, together with
the 1σ and 2σ confidence regions derived as described in
Section 5.1. The contours have been calculated with re-
spect to the global likelihood maximum M1. We note that
the parameters compatible with our observation are con-
sistent with the CRESST exclusion limit obtained in an
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Fig. 13. The WIMP parameter space compatible with the
CRESST results discussed here, using the background model
described in the text, together with the exclusion limits from
CDMS-II [12], XENON100 [13], and EDELWEISS-II [14], as
well as the CRESST limit obtained in an earlier run [1]. Ad-
ditionally, we show the 90% confidence regions favored by Co-
GeNT [15] and DAMA/LIBRA [16] (without and with ion
channeling). The CRESST contours have been calculated with
respect to the global likelihood maximum M1.

earlier run [1], but in considerable tension with the limits
published by the CDMS-II [12] and XENON100 [13] ex-
periments. The parameter regions compatible with the ob-
servation of DAMA/LIBRA (regions taken from [16]) and
CoGeNT [15] are located somewhat outside the CRESST
region.

7 Future Developments

Several detector improvements aimed at a reduction of the
overall background level are currently being implemented.
The most important one addresses the reduction of the al-
pha and lead recoil backgrounds. The bronze clamps hold-
ing the target crystal were identified as the source of these
two types of backgrounds. They will be replaced by clamps
with a substantially lower level of contamination. A sig-
nificant reduction of this background would evidently re-
duce the overall uncertainties of our background models
and allow for a much more reliable identification of the
properties of a possible signal.

Another modification addresses the neutron back-
ground. An additional layer of polyethylene shielding
(PE), installed inside the vacuum can of the cryostat, will
complement the present neutron PE shielding which is
located outside the lead and copper shieldings.

The last background discussed in this work is the leak-
age from the e/γ-band. Most of these background events
are due to internal contaminations of the target crystals
so that the search for alternative, cleaner materials and/or
production procedures is of high importance. The mate-
rial ZnWO4, already tested in this run, is a promising
candidate in this respect.

CRESST-II arXiv:1109.0702



temperatures and high pressures5 or with a new, hybrid photodetector (QUPID [26]), which has
an extremely low radioactivity content (<1mBq/sensor for U/Th/K/Co) [24] and works both in
liquid argon and xenon. The delayed signal can be observed directly, using detectors with single
electron sensitivity and high spatial granularity (large electron multipliers [27]), or CMOS pixel
detectors coupled to electron multipliers (GridPix [28]), or via proportional scintillation in the
gas phase, using gaseous photomultipliers without dead zones (GPMs [29]), PMTs or QUPIDs.

3. Backgrounds, physics reach and timeline
DARWIN will be an “ultimate” argon and/or xenon dark matter experiment, before the solar and
atmospheric neutrinos become the main, possibly irreducible background. It will directly probe
WIMP-nucleon cross sections down to ∼10−48cm2. These cross sections are compatible with
recent LHC results, should the dark matter particle turn out to be the neutralino [30, 31, 32].
The external background from gammas, muons and neutrons and the background from detector
construction materials will be diminished to negligible levels by external shields, the self-shielding
of the noble liquids6, and the choice of fiducial volumes7. More difficult are intrinsic backgrounds
from 85Kr and 222Rn decays in xenon and from 39Ar decays in argon. In xenon, the natural
krypton concentration is to be reduced by cryogenic distillation to <1 ppt and the radon level
in the liquid is to be kept <1µBq/kg. Argon gas that is extracted from deep underground wells
is depleted in the radioactive 39Ar [33]. Still, a background rejection by pulse-shape analysis of
>108 is required in the case of a liquid argon detector [14, 15].
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Figure 1. (Left): Expected nuclear recoil spectrum from WIMP scatters in LXe for a spin-independent
WIMP-nucleon cross section of 10−47 cm2 (red solid) and 10−48 cm2 (red dashed) and a WIMP mass of
100GeV/c2 (using the standard halo model as in [13]), along with the differential energy spectrum for pp
(blue) and 7Be (cyan) neutrinos, and the electron recoil spectrum from the double beta decay of 136Xe
(green), assuming the natural abundance of 8.9% and the recently measured half life of 2.1×1021 yr [34].
Other assumptions are: 99.5% discrimination of electronic recoils, 50% acceptance of nuclear recoils, 80%
flat analysis cuts acceptance. (Right): DARWIN’s sensitivity goal for spin-independent WIMP nucleon
cross sections, existing limits from XENON100 [8] and CDMS-II [35], future goals and updated theoretical
predictions from supersymmetry (closed contours and shaded regions) [30, 31, 32].

The left side of figure 1 shows the expected nuclear recoil spectrum from WIMP scatters in
xenon together with the background from neutrino-electron elastic scatters of solar neutrinos

5 O ne ex ample is t he H amama tsu R11410 / R11065 3 " -t ub e for L X e / L A r, current ly t est ed for i ts p erformance,
long-t erm st abili ty and radioac t ivi ty levels a t several DARWIN inst i t u t ions.
6 T he mean free pa t h of 3 M e V gammas is ∼9 cm and ∼20 cm in liquid xenon and argon, resp ec t ively.
7 T he þnal choice of t he size and t arge t ma t erials are par t of t he ou t come of t he st ud y, a baseline scenario is 20 t
(10 t ) tot al (þducial) L A r / L X e mass.

DARWIN: dark matter WIMP search with noble liquids Laura Baudis

in LAr and LXe, respectively. It also displays the number of events that would be detected for a
WIMP-nucleon cross section of 10−44cm2 (10−8pb) in the same energy windows. The assumptions
for LXe are the following: a raw background of 0.1 mdru (10−4 events kg−1day−1 keV−1), which
is a factor of 100 below the current XENON100 background of about 10 mdru, a 99.9% rejection
of electronic recoils based on the ratio of the charge and light signals, and a 50% acceptance for
nuclear recoils. For LAr, the assumptions are: a raw background of 0.45 dru, with a factor of 108

rejection of electronic recoils based on pulse shape analysis and the charge-to-light ratio, a reduc-
tion of the 39Ar rate by a factor of 25 relative to atmospheric argon (corresponding to an activity of
40 mBq/kg for 39Ar) and a 80% acceptance for nuclear recoils.

Figure 4: A preliminary sketch of the DARWIN facility, which would operate 20 t (10 t) and 8 t (5 t) of total
(fiducial) argon and xenon mass in double-walled cryostats immersed in large water Cerenkov shields.

The DARWIN study has officially started in April 2010, and the Technical Design Study is
expected to be delivered by early 2013. The letter of intent and the proposal for the construction of
the facility could then be submitted by mid and late 2013, respectively, with the construction and
commission phases scheduled for 2014-2015. The period of operation and physics data taking is
foreseen for 2016-2020.

In summary, DARWIN is an R&D and design study for a facility to detect dark matter induced
signals by observing the charge and light produced in multi-ton scale liquid noble gas targets, using
techniques which have already been successfully proven in 10 kg-100 kg prototypes, and which will
be studied in ton-scale detectors in the near future. In conjunction with other WIMP targets, with
indirect searches and with the LHC, DARWIN should allow us to learn not only about the WIMP
properties, but also about their density and velocity distribution in our local vicinity in the Milky
Way. The goal is to probe the spin-independent WIMP-nucleon cross section well below 10−47cm2

(10−11pb), which is three orders of magnitude beyond the current best limits.
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Indirect Detection
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Indirect Detection

Look for unexplained 
excesses, lines

Great way to test models

Can be robust, model 
independent

Can’t constrain total 
annihilation cross section

Hard to find a ‘smoking gun’

Astrophysical backgrounds 
and uncertainties



illustrate the range of uncertainties on the 〈σv〉 ULs from the dark matter particle physics

model. Concerning the lepton channels e+e− and µ+µ−, the limits are at the level of

10−23 cm3 s−1 at 1 TeV. The current ULs on 〈σv〉 are two orders of magnitude above the

predictions for thermally produced WIMP dark matter.
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FIG. 3. 95% CL ULs from the VERITAS observations of Segue 1 on the WIMP velocity-weighted

annihilation cross-section 〈σv〉 as a function of the WIMP mass, considering different final state

particles. The grey band area represents a range of generic values for the annihilation cross-section

in the case of thermally produced dark matter. Left: hadronic channels W+W−, bb̄ and τ+τ−.

Right: leptonic channels e+e− and µ+µ−.

C. Lower limits on the decay lifetime

If we assume that dark matter is a decaying particle, LLs on the lifetime of dark matter

can be derived. In decaying dark matter scenarios, the dark matter particle can either

be bosonic or fermionic. The LLs are computed using eq. 7 and making the appropriate

substitutions to eq. 3, as explained in section IVA. For bosonic dark matter particles, the

same channels as in the annihilating dark matter case are considered: W+W−, bb̄, τ+τ−,

e+e− and µ+µ−. The decay spectra are the same as those used for the annihilating dark

matter bounds (see right panel of Figure 2, and eq. 8), making the substitution for the

scaled variable x → 2x, or equivalently mχ → mχ/2. The left panel of Figure 4 shows the

95% LLs on the decay lifetime τ for the five channels mentioned above. The limits peak at

the level of τ ∼ 1024 − 1025 s, depending on the dark matter particle mass.

15

Indirect 
Detection

16

FIG. 11: 99% and 95% C.L. limits from Ursa Minor (left) and Sextans (right) for different annihilation channels. Red:
χχ −→ µ+µ−, green: χχ −→ τ+τ−, orange: χχ −→ bb̄, blue: χχ −→ W+W−, black: χχ −→ tt̄.

An alternative method of analysis of the  -ray data from these targets, could be, masking out the point sources
and the possible galactic features. Given that there are typically O(100)  -rays above 10 GeV within 5◦−10◦ window
around these targets and for some targets like Draco O(10) known point sources, such an analysis may not be optimal
due to too few  -rays remaining (especially for cases like Draco dSph). Yet that would be a question for a separate
rigorous analysis.

V. CONSTRAINTS

Having shown in Fig. 10, versions 4 and 5, and using the W+W− channel as a guide, we notice that version 5 gives
slightly weaker limits. In Fig. 11 we show the limits on DM annihilation BF only from version 5, for Ursa Minor (left
column), and Sextans (right column). These limits are true conservative limits since apart from being slightly weaker
than those of version 4, they come from targets that can give robust limits. These limits also come from a version
that for the reasons described in section III addresses all the issues that can arise in calculating residual spectra, and
DM limits from dSphs. Finally, the limits are conservative, since we used only the prompt part of  -rays from DM
annihilations, including electroweak corrections [113, 124], but ignoring ICS of and bremsstrahlung off the e± that
are also final products of DM annihilations in all the channels shown.
Apart from the   −→ W+W−, in Fig 11 we give the 95% and 99% CL limits for general phenomenological

channels as   −→  +  −,   −→ µ+µ−,   −→ bb̄ and   −→ tt̄.
As is clear Ursa Minor gives stronger stronger limits than Sextans by a factor of 2.5 at 1TeV to a factor of 4 at 10

GeV for all channels shown. Comparing our limits to those of [103] we get for Ursa Minor a factor of 5 stronger limits
at 10 GeV and a factor of 2 at 1TeV. Although given that there is an uncertainty by a factor of 3 in the actual limits
derived from Ursa Minor between 100 GeV and 3 TeV (shown in Fig 10 bottom left), and that at the 10 GeV range
we consider -using the bb̄ channel- those limits to be consistent to that of [103] for the same dSph. For Sextans our
limits compared to those of [103], are at the TeV range a factor of 2 stronger. At low masses, as is shown in Fig. 10
(bottom right) it is unsafe to make a claim based on the robustness of these limits. Finally, when comparing our
strongest limits from Ursa Minor to the limits from the joint likelihood of [103], we get that our constraints between
mχ od 100 GeV and 1 TeV are a factor of 2 to 3 weaker for all channels. Between 10-100 GeV the relative difference
of our limits to those of [103] fluctuates for bb̄ and  +  − with our limits being slightly tighter at 10 GeV. For the
µ+µ− channel our limits remain always a factor of 2 more weak.
Limits from VERITAS [116, 125] are most competitive at the TeV range of masses. Yet even at mχ = 1 TeV, our

limits are tighter by a factor of 10 (for the bb̄ channel). Limits from MAGIC-I telescope [126, 127] give slightly weaker

Cholis and Salucci, 
arXiv:1203.2954

VERITAS,
Phys.Rev. D85 (2012) 062001

3x10-23

3x10-24

3x10-25

3x10-26

〈σAvrel〉
[cm3 s−1]



Fermi γ-ray Line

3.3σ evidence for a γ-
ray line at 130 GeV 
towards GC

Dark matter, 
systematic effect, new 
background?

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

Weniger, arXiv:1204.2797
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Figure 1. A compilation of recent and less recent data in charged cosmic rays, superim-
posed on plausible but uncertain astrophysical backgrounds from secondary production.
Left: positron fraction. Center: antiproton flux. Right: sum of electrons and positrons.

◦ Data from PAMELA [15] also showed no excess in the p̄/p energy spectrum com-
pared with the predicted background.

◦ The balloon experiments ATIC-2 [16] and PPB-BETS [17] were reporting the pres-
ence of a peak in the e+ + e− energy spectrum at around 500-800 GeV.

◦ This sharp feature has been later questioned and superseded by the results of the
FERMI satellite [18]: while an excess with respect to the expected background is
confirmed, the e+ + e− spectrum is found to be instead reproduced by a simple
power law.

◦ The HESS telescope also reports the measurement of the e+ + e− energy spectrum
above energies of 600 GeV, showing a power law spectrum in agreement with the
one from FERMI and eventually a steepening at energies of a few TeV.

The data are displayed in fig. 1, together with the expected astrophysical ‘backgrounds’.
The latter ones are uncertain and are an interesting subject of study by themselves in CR
physics. For instance, the background positrons are thought to originate as byproducts
(‘secondaries’) of the spallations of other CRs on the interstellar medium, but the pre-
cise prediction of their spectral slope and overall normalization is far from easy. In this
vein, indeed, there have been initial suggestions attempting to ‘explain away’ (part of)
the PAMELA rise in terms of modified secondary spectra [19], e.g. with a dip in the e−

flux which enters in the denominator of the positron fraction. However, on the basis of
pretty general CR propagation arguments and also in the light of subsequent measure-
ments of the pure e− flux by PAMELA and FERMI, these kinds of explanations have lost
strenght [20, 21].

The signals presented above are therefore striking because they imply the existence
of a source of ‘primary’ e+ (and e−) other than the ordinary astrophysical ones. This
unknown new source can well be itself of astrophysical nature 3, e.g. one or more pulsar(s)
/ pulsar wind nebula(æ), supernova remnants etc [21]. It is however very tempting to try
and read in these ‘excesses’ the signature of DM.

3...and it would actually be one of the wisest conclusions, in the light of all the rest discussed in this paper.
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Figure 1. A compilation of recent and less recent data in charged cosmic rays, superim-
posed on plausible but uncertain astrophysical backgrounds from secondary production.
Left: positron fraction. Center: antiproton flux. Right: sum of electrons and positrons.

◦ Data from PAMELA [15] also showed no excess in the p̄/p energy spectrum com-
pared with the predicted background.

◦ The balloon experiments ATIC-2 [16] and PPB-BETS [17] were reporting the pres-
ence of a peak in the e+ + e− energy spectrum at around 500-800 GeV.

◦ This sharp feature has been later questioned and superseded by the results of the
FERMI satellite [18]: while an excess with respect to the expected background is
confirmed, the e+ + e− spectrum is found to be instead reproduced by a simple
power law.

◦ The HESS telescope also reports the measurement of the e+ + e− energy spectrum
above energies of 600 GeV, showing a power law spectrum in agreement with the
one from FERMI and eventually a steepening at energies of a few TeV.

The data are displayed in fig. 1, together with the expected astrophysical ‘backgrounds’.
The latter ones are uncertain and are an interesting subject of study by themselves in CR
physics. For instance, the background positrons are thought to originate as byproducts
(‘secondaries’) of the spallations of other CRs on the interstellar medium, but the pre-
cise prediction of their spectral slope and overall normalization is far from easy. In this
vein, indeed, there have been initial suggestions attempting to ‘explain away’ (part of)
the PAMELA rise in terms of modified secondary spectra [19], e.g. with a dip in the e−

flux which enters in the denominator of the positron fraction. However, on the basis of
pretty general CR propagation arguments and also in the light of subsequent measure-
ments of the pure e− flux by PAMELA and FERMI, these kinds of explanations have lost
strenght [20, 21].

The signals presented above are therefore striking because they imply the existence
of a source of ‘primary’ e+ (and e−) other than the ordinary astrophysical ones. This
unknown new source can well be itself of astrophysical nature 3, e.g. one or more pulsar(s)
/ pulsar wind nebula(æ), supernova remnants etc [21]. It is however very tempting to try
and read in these ‘excesses’ the signature of DM.

3...and it would actually be one of the wisest conclusions, in the light of all the rest discussed in this paper.
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Figure 1. A compilation of recent and less recent data in charged cosmic rays, superim-
posed on plausible but uncertain astrophysical backgrounds from secondary production.
Left: positron fraction. Center: antiproton flux. Right: sum of electrons and positrons.

◦ Data from PAMELA [15] also showed no excess in the p̄/p energy spectrum com-
pared with the predicted background.

◦ The balloon experiments ATIC-2 [16] and PPB-BETS [17] were reporting the pres-
ence of a peak in the e+ + e− energy spectrum at around 500-800 GeV.

◦ This sharp feature has been later questioned and superseded by the results of the
FERMI satellite [18]: while an excess with respect to the expected background is
confirmed, the e+ + e− spectrum is found to be instead reproduced by a simple
power law.

◦ The HESS telescope also reports the measurement of the e+ + e− energy spectrum
above energies of 600 GeV, showing a power law spectrum in agreement with the
one from FERMI and eventually a steepening at energies of a few TeV.

The data are displayed in fig. 1, together with the expected astrophysical ‘backgrounds’.
The latter ones are uncertain and are an interesting subject of study by themselves in CR
physics. For instance, the background positrons are thought to originate as byproducts
(‘secondaries’) of the spallations of other CRs on the interstellar medium, but the pre-
cise prediction of their spectral slope and overall normalization is far from easy. In this
vein, indeed, there have been initial suggestions attempting to ‘explain away’ (part of)
the PAMELA rise in terms of modified secondary spectra [19], e.g. with a dip in the e−

flux which enters in the denominator of the positron fraction. However, on the basis of
pretty general CR propagation arguments and also in the light of subsequent measure-
ments of the pure e− flux by PAMELA and FERMI, these kinds of explanations have lost
strenght [20, 21].

The signals presented above are therefore striking because they imply the existence
of a source of ‘primary’ e+ (and e−) other than the ordinary astrophysical ones. This
unknown new source can well be itself of astrophysical nature 3, e.g. one or more pulsar(s)
/ pulsar wind nebula(æ), supernova remnants etc [21]. It is however very tempting to try
and read in these ‘excesses’ the signature of DM.

3...and it would actually be one of the wisest conclusions, in the light of all the rest discussed in this paper.
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Figure 1. A compilation of recent and less recent data in charged cosmic rays, superim-
posed on plausible but uncertain astrophysical backgrounds from secondary production.
Left: positron fraction. Center: antiproton flux. Right: sum of electrons and positrons.

◦ Data from PAMELA [15] also showed no excess in the p̄/p energy spectrum com-
pared with the predicted background.

◦ The balloon experiments ATIC-2 [16] and PPB-BETS [17] were reporting the pres-
ence of a peak in the e+ + e− energy spectrum at around 500-800 GeV.

◦ This sharp feature has been later questioned and superseded by the results of the
FERMI satellite [18]: while an excess with respect to the expected background is
confirmed, the e+ + e− spectrum is found to be instead reproduced by a simple
power law.

◦ The HESS telescope also reports the measurement of the e+ + e− energy spectrum
above energies of 600 GeV, showing a power law spectrum in agreement with the
one from FERMI and eventually a steepening at energies of a few TeV.

The data are displayed in fig. 1, together with the expected astrophysical ‘backgrounds’.
The latter ones are uncertain and are an interesting subject of study by themselves in CR
physics. For instance, the background positrons are thought to originate as byproducts
(‘secondaries’) of the spallations of other CRs on the interstellar medium, but the pre-
cise prediction of their spectral slope and overall normalization is far from easy. In this
vein, indeed, there have been initial suggestions attempting to ‘explain away’ (part of)
the PAMELA rise in terms of modified secondary spectra [19], e.g. with a dip in the e−

flux which enters in the denominator of the positron fraction. However, on the basis of
pretty general CR propagation arguments and also in the light of subsequent measure-
ments of the pure e− flux by PAMELA and FERMI, these kinds of explanations have lost
strenght [20, 21].

The signals presented above are therefore striking because they imply the existence
of a source of ‘primary’ e+ (and e−) other than the ordinary astrophysical ones. This
unknown new source can well be itself of astrophysical nature 3, e.g. one or more pulsar(s)
/ pulsar wind nebula(æ), supernova remnants etc [21]. It is however very tempting to try
and read in these ‘excesses’ the signature of DM.

3...and it would actually be one of the wisest conclusions, in the light of all the rest discussed in this paper.
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Figure 3. Left: Global fit of different DM annihilation channels to the PAMELA,
FERMI and HESS data. The labels on each curve indicate the primary annihilation
channel (figure from [23] (2009); the fit results remain essentially valid even through
the subsequent data updates; the four-lepton lines refer to exotic channels discussed
later). Right: Values of Be · σv (right axis) and of the boost factor Be (left axis, for
σv = 3 10  26cm3/sec) needed to fit the data (figure from [24]).

including quarks that hadronize into antiprotons. More generally, the importance of such
corrections has been appreciated only relatively recently, in a string of papers with varying
scopes and levels of accuracy [25]. Without entering in the details, it is enough for my
purposes to remind that (i) the corrections are particularly relevant for large DM masses
(above a TeV); (ii) they can alter significantly the ID fluxes, both in their spectral shape
and in their amplitude, affecting especially the low energies portion [26], and (iii) in some
cases they can also largely modify the annihilation cross section itself, since they can lift
the helicity suppression into light fermions [27].

This concludes my overview of the phenomenological interpretation of charged CR
data. A discussion of how natural or preposterous the properties in page 6 are and of
what it takes to realize them is postponed to Sec. 4. Here we proceed along the lines of a
phenomenological model-independent approach.

2.2 Photons

Given these tantalizing but surprising hints of Dark Matter annihilations in charged CRs,
it is now crucial to consider the associated signals in the photon fluxes that necessarily
accompany them. These photon fluxes can be produced in different ways, among which:

I) ‘Prompt’ gamma-rays: produced directly by DM annihilations themselves (mainly
from the bremsstrahlung of charged particles and the fragmentation of hadrons, e.g.
π0, produced in the annihilations). They peak therefore at energies close to the DM
mass mDM, i.e. typically in the γ-ray energy range of tens of GeV to multi-TeV.
Their spatial distribution of course follows closely the distribution of DM.

II) ICS gamma-rays: produced by the Inverse Compton Scattering (ICS) of the ener-
getic electrons and positrons, created in the DM annihilation, onto the low energy
photons of the CMB, the galactic star-light and the infrared-light, which are thus
upscattered in energy. Typically, they cover a wider range of energies than prompt
gamma rays, from energies of a fraction of the DM mass to almost up to the DM
mass itself. Their spatial distribution traces the distribution of e±, which originate
from DM but then diffuse out in the whole galactic halo (as seen above).

III) Synchrotron emission: consisting in the radiation emitted in the magnetic field
of the Galaxy by the e± produced by DM annihilations. For an intensity of the
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Can this model reproduce the positron excess without 
overproducing hadrons?
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Constraints Flux is an upper limit on the signal - 
Use to find upper limit on 〈σv〉Brem

Γ !Fermi"
e""e

#

e" #$e" "e# %
p

p&p

Ν"Ν

Γ !H.E.S.S."

Thermal Relic

100 200 500 1000 2000 500010#26

10#25

10#24

10#23

10#22

MΧ !GeV"

&
vΣ
(
Br
em
!cm3 s

#
1 "



Complementarity

Candidate signals indicate masses or final states of 
interest in other experiments, informing future 
studies in other searches

Astrophysical and cosmological constraints on 
DM density reduce uncertainties in both direct 
and indirect detection



Complementarity

Kappl and Winkler, arXiv:1104.0679
Nucl.Phys.B850:505-521,2011

DM scattering in the 
Sun can lead to 
neutrino fluxes from 
DM annihilation; 
Requires both direct 
and indirect detection 
techniques
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Figure 3: The Super-Kamiokande 90% upper limits on the spin-independent WIMP nucleon
cross section for various annihilation channels (equal couplings to proton and neutron are
assumed). The annihilation cross section is chosen such that the thermal WIMP abundance
matches the observed dark matter abundance for s-wave annihilation (left panel) and p-wave
annihilation (right panel). At low WIMP mass the limits arise from fully contained events, at
higher WIMP mass from upward stopping muons. Below the evaporation mass all constraints
disappear rapidly. Also shown are confidence regions and limits from direct detection experi-
ments.

For upward stopping muons the event distribution with respect to θµ! can be taken
from [50, 51]. Considering only events with θµ! ≤ 30◦, the observed number during a
run time of tStop = 2828 d was 53, the Monte Carlo atmospheric neutrino prediction 54
(see figure 1 of [51]). The corresponding 90% Poisson upper limit on the (dark matter
induced) event rate is

RStop, 30◦

max = 1.24 yr−1 . (33)

The prediction for RStop, 30◦ is given by (31) with the d cos θµν integration running from
cos(30◦) to 1 rather than from −1 to 1.

The limits (32) and (33) translate into limits on the spin-independent and spin-
dependent WIMP nucleon cross section. The combined limits from fully contained events
and upward stopping muons are shown together with confidence regions and constraints
from direct detection experiments in figures 3 and 4. We independently treat s-wave and
p-wave annihilation (see section 3).

In the spin-independent case we assumed equal couplings to protons and neutrons12,
in the spin-dependent case couplings to protons only.13 For DAMA we calculated the 3σ
confidence region as described in [52]14 for two different values of the sodium quenching

12A different weighting of couplings would merely lead to an overall shift of all limits and confidence
intervals. This is due to the fact that all nuclei apart from hydrogen have roughly the same ratio of
protons to neutrons. (And hydrogen does not contribute substantially to the capture in the sun for
spin-independent scattering.)

13A non-zero coupling to neutrons would not affect the Super-Kamiokande limits, but the limits and
confidence regions from direct detection experiments.

14Spin-dependent scattering is not explicitly covered in [52], but the analysis is analogous. One only

12



Conclusion

Search for Dark Matter and its properties is ongoing

Some tantalizing candidate signals!

Challenges abound, but future prospects are good


