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How many & Where ?!
Universe composition measurement
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~ 82% of Universe material content is non-baryonic matter

Dark energy ⌦⇤ = 0.686± 0.020
Non-baryonic matter ⌦CDM = 0.2640± 0.0068
Baryonic matter ⌦b = 0.0487± 0.0007

Precision cosmology (CMB, SN Ia, BAO, …)

Ade et al., Astron.Astrophys. 571 (2014) A16

Planck (LPSC):

⇤CDM

Large scale DM probe



What is it ? 
Dark matter candidates
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Axions

WIMP (Weakly Interacting Massive Particle)
• Massive: 
• Fermion 
• Stable 
• No electric charge & No color 
• Gravitational & weak interaction

GeV/c2 � TeV/c2

One WIMP candidate from particle physics (SUSY): Neutralino �

Constrain Dark Matter properties                 Detection

Sterile neutrino

• Very low mass:  
• Stable 
• No electric charge 
• Gravitational + weak and strong interaction (low coupling)

µeV/c2 �meV/c2

• Low mass:  
• Stable 
• No gauge interaction: Only gravitation

eV/c2 � keV/c2



Dark  Matter interactions
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Collider searches



Collider searches: Effective field theories
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?

30 June 2014

Monojet searches

• Typical event selection (CMS):

– MET > 200 GeV, # of Jets = 1 or 2
– Leading Jet: pT > 110 GeV, |η| < 2.4
– Second Jet: pT > 30 GeV
– Δϕ(jet1,jet2) < 2.5

�QCD background rejected

Felix Kahlhoefer PATRAS 2014

Slide
5/30

• Typical backgrounds:

– Z+jet(s)  →  νν+jet(s)

– W+jet(s) →  lν+jet(s) 
with lost lepton

Theory Reality*

*May not be dark matter

?

30 June 2014

Mono-X searches

• Monojet searches typically give the strongest constraints.

• For a discovery one would hope to see DM also in other channels:

– Monophoton searches*

Felix Kahlhoefer PATRAS 2014

Slide
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CMS PAS EXO-12-047* Also interesting for low-energy e+e– colliders
Essig, Mardon, Papucci, Volansky, Zhong: arXiv:1309.5084

Mediator mass

Effective operator (examples): 
  

Effective field theory: !
Simplest way to describe interaction between WIMPs and quarks

��µ�q�µq

⇤2

��µ�5�q�µ�5q

⇤2

vector

axial-vector
O. Buchmueller et al., JHEP 1401 (2014) 025

⇤ =
mmedp
gqg�

couplings to WIMPcouplings to quark

LHC Dark matter searches: constraints on

Suppression scale

⇤
Expected signal in final state: MET + 1 jet/photon
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Figure 3. Left panel: The 90% CL limit on ⇤ as a function of mmed for our axial-vector simplified
model with mDM = 250 GeV. Right panel: The ratio of the inclusive cross-sections in the EFT
to the simplified model. In both panels, three distinct regions of parameter space are marked: In
Region I, the EFT and simplified model calculation agree at the level of 20% or better; in Region
II, the simplified model cross-section is larger than the EFT cross-section owing to a resonant
enhancement; and in Region III, the simplified model cross-section is smaller than the EFT cross-
section. In the left panel we consider two mediator widths �. The grey shaded regions indicate
that the boundary between the regions is weakly dependent on �.

comparison between the monojet limits and direct detection searches is more interesting

in this case (we consider this further in section 4).

If the axial-vector mediator is suitably heavy (to be quantified more carefully below) it

can be integrated out to obtain the e↵ective axial-vector contact operator in eq. (2.2). In

this case, the contact interaction scale is related to the parameters entering the Lagrangian

eq. (3.1) by

⇤ ⌘ mmedp
g

q

g

�

. (3.2)

In fact, even when we study the e↵ects beyond the EFT framework, we will still use this

as our definition of ⇤.

Now that we have completed the definition of the simplified model, we examine the

di↵erences between the EFT and simplified model. We first consider the specific case with

mDM = 250 GeV in the left panel of fig. 3, which shows the limit on ⇤ as a function of

mmed. Three distinct regions of parameter space can clearly be seen: we define Region I

to be the region where the EFT and simplified model limits on ⇤ agree at the level of 20%

or better (this region was studied in [45] for the scalar interaction). The measure of 20%

corresponds to the uncertainty on the signal cross-sections in CMS monojet analysis and it

is used by us to determine the validity of the EFT approach [13]. This is the region where

the EFT limit on ⇤ can be applied to the simplified model and requires mmed & 3 TeV. In

Region II, the limit on ⇤ in the simplified model is larger than the EFT limit owing to a

resonant enhancement. Finally, we define Region III to be the region where the limit on ⇤

in the simplified model is smaller than the EFT limit.

– 6 –

Collider searches
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In the EFT framework
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Figure 6. Inferred 90% CL ATLAS limits on spin-dependent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed limits
excluding theoretical uncertainties, the observed limits corresponding to the WIMP-parton cross
section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter
limits are conservative because they also include theoretical uncertainties. The ATLAS limits are
for the four light flavours assuming equal coupling strengths for all quark flavours to the WIMPs.
For comparison, 90% CL limits from the SIMPLE [73], Picasso [74], CDF [19], and CMS [21]
experiments are shown.

of WIMPs [13, 15]. This is shown in figure 7 where the limits on vector and axial-vector

interactions are translated into upper limits on the annihilation rate of WIMPs to the four

light quark flavours. The annihilation rate is defined as the product of cross section σ and

relative velocity v, averaged over the dark matter velocity distribution (⟨σ v⟩). Equations
(10) and (11) of ref. [15] are used to calculate the annihilation rates shown in figure 7. For

comparison, limits on annihilation to bb̄ from Galactic high-energy gamma-ray observations

by the Fermi-LAT experiment [75] are also shown. The Fermi-LAT values are for Majorana

fermions and are therefore scaled up by a factor of two for comparison with the ATLAS

limits for Dirac fermions (see for example the description of equation (34) of ref. [76] for an

explanation of the factor of two). Gamma-ray spectra and yields from WIMPs annihilating

to bb̄, where photons are produced in the hadronisation of the quarks, are expected to be

very similar to those from WIMPs annihilating to lighter quarks [77, 78]. In this sense the

ATLAS and Fermi-LAT limits can be compared to each other. The figure also demonstrates

the complementarity between the two approaches. The Fermi-LAT experiment is equally

– 28 –

ATLAS Collaboration,JHEP 1304 (2013) 075

EFT           Point-like interaction
Heavy mediator: mmed > O(1TeV)

Conclusions:!
• Significative constraints on exotic physics 
• No direct correspondance with direct 

detection (Null transferred momentum)

⇤ $ (�SI
p ,�SD

p )

Monophoton

ATLAS (LAPP, LPSC, LAPTh)



Indirect Dark Matter 
detection



Indirect Dark Matter detection

             :!
• Travel in straight lines 
• Spectrum not affected by 

propagation 
                H.E.S.S., Fermi-LAT, …

                        : 
• Spectrum strongly affected by propagation 
• Isotropic flux 

            AMS-02 (LAPP, LPSC)

               :!
• Travel in straight lines 
• Spectrum not affected by propagation 
• Hard to detect 

                Ice-Cube, Antares

(Dedicated talk by Li Tao)

A gamma-ray spectrum produced by annihilation of DM 
particles could be: 

 
 
 
 
 
 
 
 
 
 
•  Several spectral features: 
▫  Continuum with cutoff at the mass of the DM particle; 
▫  + Line at the same mass. 

Indirect detection – The gamma-ray channel 

5/11 

+ a (loop-suppressed) 
line at E=m via 

Smoking gun



Dark matter annihilation in dwarf spheroidal galaxies and γ-ray observatories: I. Classical dSphs 3

2.1.1 The particle physics factor

The particle physics factor (Φpp) is given by:

Φpp(Eγ) ≡
dΦγ

dEγ
=

1
4π

⟨σannv⟩
2m2

χ
× dNγ

dEγ
, (2)

where mχ is the mass of the DM particle, σann is its self-
annihilation cross-section and ⟨σannv⟩ the average over its velocity
distribution, and dNγ/dEγ is the differential photon yield per an-
nihilation. A benchmark value is ⟨σannv⟩ ∼ 3 × 10−26 cm3 s−1

(Jungman et al. 1996), which would result in a present-day DM
abundance satisfying cosmological constraints.

Unlike the annihilation cross section and particle mass, the
differential annihilation spectrum (dNγ/dEγ(Eγ)) requires us to
adopt a specific DM particle model. We focus on a well-motivated
class of models that are within reach of up-coming direct and in-
direct experiments: the Minimal Supersymmetric Standard Model
(MSSM). In this framework, the neutralino is typically the light-
est stable particle and therefore one of the most favoured DM can-
didates (see e.g. Bertone et al. 2005). A γ-ray continuum is pro-
duced from the decay of hadrons (e.g. π0 → γγ) resulting from
the DM annihilation. Neutralino annihilations can also directly pro-
duce mono-energetic γ-ray lines through loop processes, with the
formation of either a pair of γ-rays (χχ→ γγ; Bergström & Ullio
1997), or a Z0 boson and a γ-ray (χχ→ γZ0; Ullio & Bergström
1998). We do not take into account such line production processes
since they are usually sub-dominant and very model dependent
(Bringmann et al. 2008). The differential photon spectrum we use
is restricted to the continuum contribution and is written as:

dNγ

dEγ
(Eγ) =

∑

i

bi
dN i

γ

dEγ
(Eγ ,mχ) , (3)

where the different annihilation final states i are characterised by a
branching ratio bi.

Using the parameters in Fornengo et al. (2004), we plot the
continuum spectra calculated for a 1 TeV mass neutralino in Fig.
1. Apart from the τ+τ− channel (dash-dotted line), all the an-
nihilation channels in the continuum result in very similar spec-
tra of γ-rays (dashed lines). For charged annihilation products,
internal bremsstrahlung (IB) has recently been investigated and
found to enhance the spectrum close to the kinematic cut-off (e.g.,
Bringmann et al. 2008). As an illustration, the long-dashed line in
Fig. 1 corresponds to the benchmark configuration for a wino-
like neutralino taken from Bringmann et al. (2008). However, the
shape and amplitude of this spectrum are strongly model dependent
(Bringmann et al. 2009) and, as argued in Cannoni et al. (2010),
this contribution is relevant only for models (and at energies) where
the line contribution is dominant over the secondary photons.

We wish to be as model-independent as possible, and so do not
consider internal bremsstrahlung. In the remainder of this paper, all
our results will be based on an average spectrum taken from the
parametrisation (Bergström et al. 1998, solid line in Fig. 1):

dNγ

dEγ
=

1
mχ

dNγ

dx
=

1
mχ

0.73 e−7.8x

x1.5
, (4)

with x ≡ Eγ/mχ. Finally, in order to be conservative in deriving
detection limits, we also do not consider the possible ‘Sommerfeld
enhancement’ of the DM annihilation cross-section (Hisano et al.

χ/mγx = E
-210 -110 1

γ
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x
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 d
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(IB) BM4, Bringmann et al. (2008)
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tt
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d or duu
 = 1 TeVχm

Figure 1. Differential spectra (multiplied by x2) of γ-rays from the frag-
mentation of neutrino annihilation products (here for a DM particle mass
of mχ = 1 TeV). Several different channels are shown, taken from
Fornengo et al. (2004) and an average parametrisation Bergström et al.
(1998) is marked by the black solid line; this is what we adopt through-
out this paper. The black dashed line is the benchmark model BM4
(Bringmann et al. 2008) which includes internal bremsstrahlung and serves
to illustrate that very different spectra are possible. However, the example
shown here is dominated by line emission and therefore highly model de-
pendent; for this reason, we do not consider such effects in this paper.

2004, 2005).2 This depends inversely on the DM particle velocity,
and thus requires precise modelling of the velocity distribution of
the DM within the dSph; we will investigate this in a separate study.

2.1.2 The J-factor

The second term in Eq. (1) is the astrophysical J-factor which de-
pends on the spatial distribution of DM as well as on the beam size.
It corresponds to the l.o.s. integration of the DM density squared
over solid angle ∆Ω in the dSph:

J =

∫

∆Ω

∫

ρ2DM(l,Ω) dldΩ. (5)

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1− cos(αint)) .

The J-factor is useful because it allows us to rank the dSphs by
their expected γ-ray flux, independently of any assumed DM par-
ticle physics model. Moreover, the knowledge of the relative J-
factors would also help us to evaluate the validity of any poten-
tial detection of a given dSph, because for a given particle physics
model we could then scale the signal to what we should expect to
see in the other dSphs.

All calculations of J presented in this paper were performed
using the publicly available CLUMPY package (Charbonnier, Com-
bet, Maurin, in preparation) which includes models for a smooth
DM density profile for the dSph, clumpy dark matter sub-structures
inside the dSph, and a smooth and clumpy Galactic DM distribu-
tion. 3

2 This effect depends on the mass and the velocity of the particle; the re-
sulting boost of the signal and the impact on detectability of the dSphs has
been discussed, e.g., in Pieri et al. (2009).
3 In Appendix B, we provide approximate formulae for quick estimates of
the J-factor and cross-checks with the numerical results.

Indirect Dark Matter detection: Gamma-rays
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Sources observation:!
• Dwarf galaxies 
• Galaxy clusters 
• Galactic center 
• … Angular resolution DM density

h�vi =
Z

v�(v)f(�!v )d3v

d�

dE
=

1

4⇡

dN

dE

h�vi
2m2

�

Z l
max

0

Z 2⇡

0

Z ↵

0

⇢2DM

l2
l2 sin (✓)d✓d'dl

Annihilation spectrum

Where:

DM velocity distribution

Charbonnier et al., MNRAS 418 (2011) 1526-1556 



Indirect Dark Matter detection: Gamma-rays
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H.E.S.S. (LAPP)

H.E.S.S.-II: Several source observations (Dwarf galaxies)
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The results of the described two-level method for all
dSphs considered in this study, except for Sgr, are al-
ready provided in [47]. For Sgr the bottom-level data set
was obtained from the analysis of the line-of-sight veloc-
ities of stars taken from [14]. This sample contains both
Sgr stars and foreground stars from our Galaxy from 24
separate fields, representing the most extended survey
conducted on Sgr so far. Using the Besançon model [56],
the MW foreground distribution of stars was modeled for
the 24 samples. For each field, a fit was performed with
a model of velocity dispersion of stars belonging to both
the MW and Sgr. First, using the mass estimator for
dispersion-supported stellar systems of [48], the mass at
half-light radius was inferred from the derived velocity
dispersion. Then, a correction accounting for triaxiality
was performed, according to the results of simulations
reported in [57]. The total set of posteriors resulting
from the first-level likelihood, as well as the variables
parametrizing the priors, were employed as inputs to the
second level likelihood.

TABLE II: Mode and 1� uncertainty of the J-factor log-
normal posterior, assuming an integration solid angle �⌦ =
10�5 sr and according to the mass distribution expectation
values computed following [47].

log
10

�
J

GeV

2
cm

�5

�

dSph NFW Burkert

Sagittarius 19.1± 0.5 18.5± 0.5

Coma Berenices 18.8± 0.4 19.1± 0.2

Fornax 18.1± 0.3 18.4± 0.3

Carina 18.0± 0.4 18.4± 0.2

Sculptor 18.5± 0.3 18.8± 0.2

The resulting expectation values of J-factors together
with their corresponding uncertainties are listed in Ta-
ble II. The J factors derived assuming Burkert profile
are marginally consistent with those derived assuming
an NFW profile. With the exception of Sgr, the mode
of the J-factor posteriors derived with the Burkert pro-
file are slightly larger than for the NFW modeling. This
can be understood since two competing e↵ects enter the
determination of the J-factor, the density of the profile
and the extent of volume integrated over, compared to
the characteristic scale radius of the profile. The putative
DM signal for most dSphs is basically point-like: Burk-
ert profile fits lead to comparatively higher densities at
larger radii, which dominate the J-factor provided they
are included in the volume integral (i.e. they are within
the detector point spread function, PSF). However, if
the angular extent of the source is somewhat larger than
the PSF (as qualitatively expected for more massive and
nearby objects) a relatively higher contribution to the
signal comes from the inner region, hence cuspier profiles
like NFW lead to larger J-factors than shallower ones.

A recent detailed modeling of Sgr DM halo using an
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FIG. 3: Upper limits at 95% C.L. on the flux as a function of
m� and under the hypothesis of DM particle annihilation in
the W+W� and Z Z final states as parametrized in Eq. (4),
obtained with the likelihood approach.
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dwarf galaxy as a function of m� and under the hypothesis
of di↵erent DM particle annihilation channels, obtained with
the likelihood approach.

evolutionary N-body simulation of Sgr within the MW
was obtained in the case of an isothermal DM profile,
taking into account the tidal disruption of the dSph [58].
In this study, an additional truncation of the DM halo at
a radius of' 4 kpc was introduced to account for the tidal
disruption observed in this system. The corresponding J-
factor found is of the order of 1018GeV2cm�5, with an
uncertainty of more than a factor of two [58]. The value
derived in case of the Burkert profile using the multi-
level likelihood technique is fully compatible with their
finding.

V. LIKELIHOOD ANALYSIS

In order to account for the specific shape of the DM
induced gamma-ray spectrum and hence to improve the

12
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FIG. 5: Exclusion limit at 95% C.L. on the velocity-weighted WIMP self-annihilation cross-section versus the DM particle mass
m�, under the hypothesis of DM particle annihilation in the W+W� and Z Z final states as parametrized in Eq. (4) and for
the two hypotheses of NFW and Burkert halo profiles.
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FIG. 6: Combined exclusion limits at 95% C.L. on the velocity-weighted WIMP self-annihilation cross-section versus the DM
particle mass m�, under the hypothesis of DM particle annihilation in the W+W� and Z Z final states as parametrized in
Eq. (4) and for the two hypotheses of NFW and Burkert halo profiles. The results refer to the combination of all five dwarf
galaxies examined in this work and the combination of all but Sgr. The Sgr bounds are also shown for comparison.

The results of the combined dSph analysis for hadronic
channels, most relevant in supersymmetric DM models,
are presented in Figure 8 for two WIMP annihilation
final states (W+

W

�/Z Z and ⌧

+
⌧

�). Along with the
obtained exclusion curves, the (m

�

, h�annvi) values ob-
tained from the NMSSM scans (blue points) are also pre-
sented. The results show that the H.E.S.S. best exclu-
sion limit from the dSphs combined analysis is reached
at about 1 TeV with the value of ⇠ 3.9⇥10�24 cm3

s�1. The obtained limits complement the constraints es-
tablished by Fermi for lower masses using a similar ap-
proach [16]. These limits are amongst the best obtained
so far from IACT observations of dSph targets. They
are close to those obtained recently with a deeper ob-
servation of Segue 1 dSph conducted by MAGIC [69],
when the J-factor uncertainties are also considered. Our
results are not sensitive enough to constrain typical su-
persymmetric scenarios, as in such setups the neutralino

self-annihilation cross-section typically lies around the
benchmark value of 3 ⇥ 10�26 cm3 s�1. Note that
the NMSSM scans do not account for the possibility of
non-perturbative (Sommerfeld) enhancement of the neu-
tralino self-annihilation cross-section, usually studied in
scenarios where the neutralino is mostly wino and not
necessarily a thermal relic DM candidate. The inclusion
of such e↵ects would enhance h�annvi, with a strong de-
pendence on m

�

. Given the rather “singular” and by
now severely constrained nature of such setups, along
with the large number of di↵erent supersymmetric mod-
els that predict such configurations, it is preferable to
stick to more representative supersymmetric scenarios.
Sommerfeld-enhanced scenarios will nonetheless be dis-
cussed in more detail in section VIB.

Note also that using the most optimistic values of the
J-factors reported in Table II could enhance the obtained
limits by an order of magnitude, and bring the exclu-

Gamma flux limits DM annihilation constraints

an improvement in analysis methods and indeed the recently presented PASS8 results are
already excluding WIMPS below the thermal cross-section up to 100 GeV. The next major
step forward will be the Cherenkov Telescope Array, CTA, an array of about 80 telescopes
with a factor 10 improved sensitivity and an extended energy range from about 10 GeV to
40 TeV [33]. A prediction more or less based on scaling performances of IACTs arrived at
the conclusion that the thermal WIMP cross-section could be probed at masses between 100
GeV and 10 TeV [34, 35] . For CTA, systematics on the cosmic ray background estimate
(ratio between o↵ and on region acceptance) and irreducible di↵use emission can become
critical in the limit of large event statistics. An attempt to account for both has been
presented in [36] with somewhat dimmed expectations. Also pair conversion telescopes
are planned, foremost GAMMA-400 [37], the DArk Matter Particle Explorer (DAMPE)
[38] and the High Energy cosmic Radiation Detector (HERD) [39]. Both have in common
very deep calorimeters, enabling energy resolution of the order of 1 %. The latter has an
envisaged e↵ective area of about twice the Fermi-LAT, and main progress can be expected
in the area of spectral feature detection. e.g. [20].

Figure 2: Left panel: current most relevant constraints on annihilation cross-section versus
mass for quark-channels. Fermi-LAT dwarfs [26], HESS dwarf galaxies [31], HESS halo [28],
VERITAS Segue1 [30], MAGIC Segue1 [29]. Right panel: Constraints in the next decade:
VERITAS 1000h DM programme [32], HESSII (my guess), Fermi-LAT dwarf and CTA [35]
and CTA including systematic uncertainties [36]. Model points, taken from [47], (as in
other figures) represent MSSM-7 with red colour: consistent with cosmological dark matter
density, blue colour: annihilation cross-section allowed to be smaller.

3 Charged cosmic-ray probe: a clear signal – but of what?

The main signature for DM in charged cosmic rays are in the anti-proton and positron
channel. Anti-particles are very rarely produced in secondary processes and even a small
addition of anti-particles produced in WIMP annihilation could give rise to a detectable
signal, revealing itself as a rise in the positron to electron or antiproton to proton ratio,
conveniently the ratio is taken to cancel acceptance systematics which should a↵ect particles

5

Conrad, arXiv:1411.1925

• Good way to constrain DM 
• Significant constraints on 
• Limits depend on DM density profile 
• Be careful with discovery 
          Standard astrophysical sources!
          may be misunderstood!

Conclusions:

h�vi

Abramowski et al, arXiv:1410.2589
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Solar&system&

WIMPs&

Dark matter halo:!
• Surrounding the Milky Way 
• Maxwellian velocity distribution  
• Local density: ⇢0 = 0.3± 0.1GeV.c�2.cm�3

In the laboratory rest frame: Relative WIMP wind

Elastic diffusion on nuclei
Nuclear recoilEkin = O(10 keV)

Direct detection principle: !
   Nuclear recoil energy measurement
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DM-Nucleus 
cross section

Axial: Spin coupling
Scalar: Heavy nucleus

WIMP detection candidate: real WIMP event of Neutron ?
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Directional Detection
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Recoils angular distribution:!
            Anisotropy 

Neutrons angular distribution:!
Isotropic

Typical measured recoil 
angular distribution

Simulation with 100 WIMPs & 100 bkgs

Billard	
  et	
  al.,	
  Phys.	
  Rev.	
  D	
  85	
  (2012)	
  035006
Profile likelihood analysis

Constraints on WIMP and Halo properties

Proof of discovery: Signal pointing toward the Cygnus constellation 

Blind likelihood analysis in order to establish the galactic origin of the signal 
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100 WIMP + 100 BKG 

Strong correlation with the direction of the 
Constellation  Cygnus even with a large 

background contamination 

Phenomenology: Discovery 

D. Santos (LPSC Grenoble) LTPC Conference- Paris - December 17th 2012 

Directional detection principle:!
 Measurement of the energy and the track of the recoils 

09/10/13& Quen+n&Riffard&2&Moriond&2013& 26&

WIMP mass Vs cross section WIMP velocity distribution Discovery proof 

The eight parameters are strongly constrained with only one directional data set. 

Masse 

Section efficace 

l 

b 

σx 

σy 

σz 

Phenomenology: Identification 

LTPC Conference- Paris - December 17th 2012 D. Santos (LPSC Grenoble) 

Billard et al., PRD 2011
MCMC Halo & WIMP properties estimation
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MIMAC 100x100 mm2(v2) 
(designed by IRFU- Saclay (France)) 

LTPC Conference- Paris - December 17th 2012 D. Santos (LPSC Grenoble) Micromegas+10x10+cm2,+
designed+by+IRFU9+Saclay+(France)++

200+μm+

Cd
Cu
Fe �

e�

25 cm

256µm

Grid
X,Y strips

Pressure regulator

O2,H2Ofilter

Flow controller

Pump
Bu↵er volume (1 bar)

Circulation

12µm cathode

10
.8
cm

70%CF4 + 28%CHF3 + 2%C4H10 @50mbar

e�

e�

�!
E gain

X� ray generator

�!
E drift

Electronic board

Sampling:**
512*strips*@*50*MHz*
*

Pixelized*Micromegas*
Fast*&*self?trigger*

electronic*
TPC*μTPC*MIMAC%detector:%

TSampling = 20ns

MIMAC Target:        19F

Installed @ LSM 
since June 2012

• Light WIMP mass 
• Axial coupling

MIMAC (LPSC)
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FIG. 6: Right panel: projections of a 39.4 keVee nuclear recoil track in the (X, Z), (Y, Z) and (X, Y ) plans. The Z
axis is in unit of time-spice (20 ns) and the X and Y axis in strip number. The vertical arrow represents the

definition of the track duration. The horizontal arrow represents one time-slice width X along the X axis. The color
scale correspond to the number of strips fired on the time-slice.
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FIG. 7: Energy spectra measured in 2013 by the
chamber 1 (black line) and the chamber 2 (red line). It
should be pointed out that each event represented on
these spectra has its own 3D track associated. These
distributions were obtained applying the low energy

electron/recoil discrimination.

rate of 29.3±0.5 day�1

.keVee�1 in chamber 1 and 34.8±381

0.6 day�1

.keVee�1 in chamber 2.382

IV. RADON PROGENY RECOIL POSITION383

IDENTIFICATION384

A. MPD observable definition385

The RPR events have di↵erent positions in the detec-
tor. The position determination in the (X, Y ) plane is
directly done using the pixelated micromegas readout,
while the z coordinate identification needs to use the in-
formation given by the electron di↵usion. Indeed, the
electron di↵usion in the drift space is directly related
to the z

0

coordinate via the probability density function
(p.d.f ) of charge distribution on the anode plan. For a
primary ionization electron produced at (x

0

, y

0

, z

0

), the
p.d.f over the (x, y) coordinates on the anode plane is
given by a bi-dimensional gaussian centered on (x

0

, y

0

)
with a transverse standard deviation �

T

. Moreover, for
an electron produced at (t

0

= 0, z

0

), the p.d.f. of the time
coordinate, related to the time-slice number, is given by a
uni-dimensional gaussian centered on z

0

with a longitudi-
nal standard deviation �

L

. The Transverse/Longitudinal
standard deviation of the charge dispersion follows a
square root dependency on z

0

, the distance of the track
to the anode: �

T/L

= D

T/L

p
z

0

. In order to obtain the
distance of the track to the anode, we take the distance
with respect to the centre of the track. The di↵usion
coe�cients at such pressure and electric field have been
calculated using Magboltz [43], giving the following val-
ues:

⇢
D

T

= 237.9 µm/

p
cm

D

L

= 271.5 µm/

p
cm

Figure 6 shows the projection of a 39.4 keVee track on386

3D nuclear recoil tracks from Radon progeny 
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Detector gas pollution from           progeny (sources: material) 222Rn
10
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FIG. 11: The energy spectra measured in 2013 by the chamber 1 (black line) and 2 (red line) after electron/recoil
discrimination with a cut on the event MPD value. The left panel represents the energy spectra of volume event and

cathode events (D > 2.3), and the right panel the energy spectra of anode and grid events (D < 2.3).
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FIG. 12: Mean Projected Di↵usion (MPD) distribution
as a function of the event ionization energy in the

chamber 2. These distributions were obtained applying
the electron/recoil discrimination.

MPD lower than 2.3 (right panel). In the first region512

(MPD > 2.3), the energy spectra show two peaks ob-513

served at 33 and 46 keVee. It confirms that these events514

are related to RPR events from the cathode, shown pre-515

viously on the in coincidence spectra, with a measured516

event rate of 17.3 ± 0.4 day�1

.keVee�1 in chamber 1 and517

20.9 ± 0.4 day�1

.keVee�1 in chamber 2. These energy518

spectra were fitted from 25 to 60 keVee using the same519

model as in section III A. Table III presents the resul-520

tant fit parameters. The fitted peak positions match with521

the peak positions previously fitted in section III A. It522

confirms that the observed events are related to RPR523

events from the 222Rn decay chain. The ratio of the two524

peak amplitudes are 1.91 ± 0.02 for the chamber 1 and525

2.08± 0.02 for the chamber 2. these ratio values are now526

compatible with 2 and they confirm that the 222Rn cath-527

Parameter Unit Chamber 1 Chamber 2

Cst [day�1.keVee�1] 0.023± 0.007 0.017± 0.009
A

1

[day�1.keVee�1] 1.07± 0.05 1.25± 0.05
µ
1

[keVee] 32.8± 0.2 32.7± 0.2
�
1

[keVee] 3.4± 0.2 4.2± 0.2
A

2

[day�1.keVee�1] 0.56 ±0.03 0.60± 0.03
µ
2

[keVee] 46.3± 0.3 46.4± 0.3
�
2

[keVee] 4.6± 0.3 4.3± 0.3

TABLE III: Fit parameters of the cathode energy
spectra obtained after the electron/recoil application

and a cut on the MPD value.

ode surface contribution to RPR event is negligible in528

comparison with the 222Rn volume and anode contribu-529

tions.530

In the second region (MPD< 2.3), the energy spec-531

tra show two steps. These steps are related to532

the RPR events emitted on the amplification space.533

For such event, the measured energy is mis-estimated534

from the incomplete charge amplification. This back-535

ground contribute to the global background for DM536

directional detection with a measured event rate of537

12.0 ± 0.3 day�1

.keVee�1 in chamber 1 and 14.0 ±538

0.4 day�1

.keVee�1 in chamber 2.539

In conclusion, using MIMAC observables, it was pos-540

sible to identify the track position in the detector.541

V. CONCLUSIONS542

In this paper, we presented the analysis of the first543

MIMAC data taking run at the LSM. This analysis has544

shown a gas pollution by 222Rn demonstrated by the545

event rate exponentialy decreasing giving a measured pe-546

riod compatible with 222Rn. We demonstrated, for the547

First measurement of 3D nuclear-recoil 
tracks coming from radon progeny
MIMAC detection strategy validation

Nuclear recoil spectra
214Pb

210Pb

Parent Daughter Ekin

recoil

[keV] Eioni

recoil

[keV]

222
Rn

218
Po 100.8 38.23

218
Po

214
Pb 112.3 43.90

214
Po

210
Pb 146.5 58.78

Surface event:!
•   -particle:                         saturation 
• daughter:                          detectable

Ekin
↵ ⇠ 5MeV

Ekin
NR ⇠ 100 keV

↵

Mesure:

Simulation (SRIM)

E
ioni

(210Pb) = 45.60± 0.29 keVee

E
ioni

(214Pb) = 32.90± 0.16 keVee{

      decay:!
Daughter recoil migration to the cathode
↵

Riffard et al., arXiv:xxx.xxx
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CMB constraints on                              Dark Matter 
(PLANCK, December 1st 2015 @ FERRARA)

pann = h�vi /m�

LHC run @ 14 TeV: 
• New constraints on exotic physic 
• Supersymmetry ? 
• Mono-photon/jet limits improvement

Update ?



Press release from INSU
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http://www.insu.cnrs.fr/node/5033

« devrait encourager les expériences cherchant à 
détecter directement les particules élémentaires 
susceptibles de composer cette matière noire. »

Bienaymé et al., arXiv:1406.6896



Mean term perspectives
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Ton-scale direct Dark Matter !
detector

Directional Dark matter demonstrator (m3 scale)

                 MIMAC-CYGNUS, Défi de tous les savoirs 2014 

 18 

 
The background induced by the decay of 222Rn, or it descendants, in particular in gas detectors, is very often one of 
the most important limitations for the sensibility in experiments at low energy and very low counting rate. In the 
case of MIMAC, the recoil energy of alpha emitters from 222Rn decay chain is equivalent to the expected energy 
produced by a WIMP in the detector. This category of events has been already observed in Modane in previous 
prototypes produced by the collaboration.  As radon is a noble gas, the only way to capture it, is by physisorption. 
Radon atoms are adsorbed in the pores of an adsorbent material by Van der Waals forces. The pore size, the 
effective surface of the adsorbent material, or the capture competition between the carrier gas and the Radon, are 
some important parameters to take into account in order to optimize the radon adsorption.  
1 - Optimization of a radon adsorbent. 
We must study the adsorption competition between radon and molecules of carrier gas (CF4, CHF3 or Isobutene) 
in order to optimize the radon capture on well suited micro porous materials as function of temperature and 
pressure and internal radioactivity. A dedicated gas setup, compatible with the high purity of MIMAC has to be 
built for this important task.  
 
 
2- Development of a radon detector.  
A high sensitivity radon detector, based on Lucas-Cell or proportional chamber technique, calibrated and adapted 
to the gas and low pressure of MIMAC TPC, will be constructed to qualify the quality of the gas.  
 
Task 4- Mechanics   (Grenoble) 
Responsibility: J. Giraud (LPSC) 
Objectives: To design and produce the chamber of the demonstrator and the mechanical structure for shielding. 
 
1: Mechanical Design of the big chamber. 
 A preliminary design has been started being the main idea to build the matrix of chambers, as shown in fig.17. 
The chamber will be made of aluminum alloy and shall have sufficient rigidity for the electronic cards (flat face on 
a square of 1.8 m x 1.8 m) with the load in normal operation (near vacuum in the chamber (50 mbar or less)). A 
design with a finite element analysis will optimize the structure. Final mass will be about 1000 kg. The important 
dimensions of the chamber (1.8 m x 1.8 m x 0.6 m) requires specific suppliers. A specific and dedicated installation 
will be set up for  integration and testing (rail + rolling crane). 

                            
    Figure 17: The first version of a preliminary design of the big vessel to assure a sensitive volume of 1m3. 
 
2: Mechanical design of the electric field structure inside the chamber.  

In order to reduce the amount of matter inside, a common cathode (~ 1m2 of surface) and a wired kapton 
foil all around will be used. 

3: Design of neutron and gamma-ray shielding and its mechanical structure.  
In order to characterize the neutron background, we will perform firstly measurements without shielding, 
but for dark matter measurements we will build a shield that has to be simulated and designed. 

3: Integration of the final detector at LSM (Modane). 
 
Task 5- Background characterization (Grenoble + Marseille + Modane) 
Responsibility: O. Meplan (LPSC), M. Ramdhane (LPSC) WIMP Mass [GeV/c2]
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Will reach neutrino floor

!
•  16 bi-chamber modules with 35x35 detector 
•  Competitive with actual project



Thank you for your attention !


