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Effet de lentille gravitationnelle
� La lumière peut être courbée au voisinage d’objets

massifs d’après la théorie de la relativité restreinte
d’Einstein

� Cette masse agit comme une lentille ⇒ l’image de
la source observée sera déformée (arc, ellipse)

� Plus grande est la masse plus grande sera la
déflection
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Dark matter : a WIMP?
• Data from galaxies, clusters, CMB all point to large DM 

component
• Structure formation: DM is mostly cold and weakly interacting
• DM stable at cosmological scale
• Can DM be explained by some  new weakly interacting 

particle (WIMP)?
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• Can extensions of SM which address hierarchy problem and/or 
motivated by theory naturally provide WIMP  DM candidate
– Many possibilities 
– Are predictions for DM models compatible with limits/

hints from DM searches or collider results

• LHC and astroparticle experiments should provide data to 
answer this question   

• New this year: the limits from LHC ->  constraints on DM 
models and new physics in general

• The discovery of the Higgs further constrains new physics 
models -> impact on DM 

• Also improved limits from Xenon (direct detection)
• New limits from Fermi-LAT (photon flux)
• AMS is taking data  
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Direct detection

• Elastic scattering of WIMPs off nuclei in large detector
• Would give best evidence that WIMPs form DM
• Two types of scattering: 

– Spin independent (coherent scattering on A nucleons)
– Spin dependent (only one unpaired nucleon)
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• SI cross-section determined mainly from DM 
interactions with Higgs (Majorana DM)
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Direct detection - results
• Numerous experiments with different materials - 

sensitive enough to constrain popular DM models.
• Hints of signals (no consistent explanation)
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DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Leff parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1σ/2σ) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg×days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic differ-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Indirect detection
• Annihilation of pair of DM into SM particles

9
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DM Indirect detection
• Searches for DM in 4 channels

– antiprotons (PAMELA, AMS)
– Positrons/electrons(Pamela, 

Fermi, AMS)
– Photons from GC, Dwarf 

galaxies (Fermi,Hess...)
– Neutrinos from Sun(IceCube..)

• With photons FermiLAT probes 
the canonical Xsection for light 
Wimps

10

5

considered in our analysis becomes

L(D|pW,{p}i) =
�

i

LLAT
i (D|pW,pi)

× 1

ln(10) Ji
√
2πσi

e−[log10(Ji)−log10(Ji)]
2
/2σ2

i ,

(1)

where LLAT
i denotes the binned Poisson likelihood that is

commonly used in a standard single ROI analysis of the

LAT data and takes full account of the point-spread func-

tion, including its energy dependence; i indexes the ROIs;

D represents the binned gamma-ray data; pW represents

the set of ROI-independent DM parameters (�σannv� and
mW ); and {p}i are the ROI-dependent model parame-

ters. In this analysis, {p}i includes the normalizations

of the nearby point and diffuse sources and the J factor,

Ji. log10(Ji) and σi are the mean and standard devia-

tions of the distribution of log10 (Ji), approximated to be

Gaussian, and their values are given in Columns 5 and

6, respectively, of Table I.

The fit proceeds as follows. For given fixed values of

mW and bf , we optimize − lnL, with L given in Eq. 1.

Confidence intervals or upper limits, taking into account

uncertainties in the nuisance parameters, are then com-

puted using the “profile likelihood”technique, which is

a standard method for treating nuisance parameters in

likelihood analyses (see, e.g., [32]), and consists of calcu-

lating the profile likelihood − lnLp(�σannv�) for several

fixed masses mW , where, for each �σannv�, − lnL is min-

imized with respect to all other parameters. The inter-

vals are then obtained by requiring 2∆ ln(Lp) = 2.71 for

a one-sided 95% confidence level. The MINUIT subrou-

tine MINOS [33] is used as the implementation of this

technique. Note that uncertainties in the background fit

(diffuse and nearby sources) are also treated in this way.

To summarize, the free parameters of the fit are �σannv�,
the J factors, and the Galactic diffuse and isotropic back-

ground normalizations as well as the normalizations of

near-by point sources. The coverage of this profile joint

likelihood method for calculating confidence intervals has

been verified using toy Monte Carlo calculations for a

Poisson process with known background and Fermi-LAT
simulations of Galactic and isotropic diffuse gamma-ray

emission. The parameter range for �σannv� is restricted

to have a lower bound of zero, to facilitate convergence of

the MINOS fit, resulting in slight overcoverage for small

signals, i.e., conservative limits.

RESULTS AND CONCLUSIONS

As no significant signal is found, we report upper lim-

its. Individual and combined upper limits on the anni-

hilation cross section for the bb̄ final state are shown in

Fig. 1; see also [34]. Including the J-factor uncertainties

FIG. 1. Derived 95% C.L. upper limits on a WIMP anni-
hilation cross section for all selected dSphs and for the joint
likelihood analysis for annihilation into the bb̄ final state. The
most generic cross section (∼ 3 · 10−26 cm3s−1 for a purely s-
wave cross section) is plotted as a reference. Uncertainties in
the J factor are included.

FIG. 2. Derived 95% C.L. upper limits on a WIMP annihila-
tion cross section for the bb̄ channel, the τ+τ− channel, the
µ+µ− channel, and the W+W− channel. The most generic
cross section (∼ 3 ·10−26 cm3s−1 for a purely s-wave cross sec-
tion) is plotted as a reference. Uncertainties in the J factor
are included.

in the fit results in increased upper limits compared to

using the nominal J factors. Averaged over the WIMP

masses, the upper limits increase by a factor up to 12

for Segue 1, and down to 1.2 for Draco. Combining the

dSphs yields a much milder overall increase of the upper

limit compared to using nominal J factors, a factor of

1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultrafaint satel-

lites with small kinematic data sets and relatively large

Fermi, 1108.3546
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LHC
• LHC  a pp collider 

– 7TeV(2011) 5fb-1

– 8TeV(2012) 15fb-1 ++
– ~14 TeV(2014) 100fb-1

• Large cross sections for coloured particles

11

!"!#$%&'()*+,'-$.+$/01
!"#$%&'(#)*&"#++*+,&'(#)+*-#"*
&#.#%",$ /0"'(&.,+*0",*.0"1,

2-*+3%0"4+ 5,067*8*$(",&'*
&50"1()#9),%'"0.()# $#:()0',

;0&41"#%)$*(+*0)*(++%,*< &%'+*'#*
,)50)&,*+(1)0.

vendredi 12 octobre 2012



DM at LHC
• Direct production : missing energy no trigger
• Direct production +X : trigger but lower cross 

section
• Production of coloured particles :  DM in decay 

chain

• Signatures of DM: 
– missing pT
– missing ET

• Channel jets+ missing ET : first use to put limits 
on new particles that decay into invisible 
particle

12
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Supersymmetry
• Symmetry that relates boson/fermion
• Provide a solution to hierarchy problem
• LSP is stable because of R-parity (needed for stability 

of proton) 
• if LSP neutral : good DM candidate, usually neutralino  

spin 1/2 partner of gauge bosons and Higgs scalars 

• Many free parameters
• Consider constrained model (e.g. CMSSM) : only 4 1/2 

parameters  at GUT scale-> relation between masses of 
sfermions/gauginos

13
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Constrained MSSM
• Both Higgs and searches for squarks and 

gluinos constrain the low mass sector
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Figure 1. The (m1/2,m0) planes for (a) tan β = 10 and µ > 0, assuming A0 = 0,mt =

173.1 GeV and mb(mb)MS
SM = 4.25 GeV. The near-vertical (red) dot-dashed lines are the contours

mh = 114 GeV, and the near-vertical (black) dashed line is the contour mχ± = 104 GeV. The
medium (dark green) shaded region is excluded by b → sγ, and the dark (blue) shaded area is the
cosmologically preferred region. In the dark (brick red) shaded region, the LSP is the charged
τ̃1. The region allowed by the E821 measurement of gµ− 2 at the 2-σ level, is shaded (pink) and
bounded by solid black lines, with dashed lines indicating the 1-σ ranges. The curves marked
LHC show the 95& CL exclusion region (to the left of the curves) for LHC sparticle searches at
1/fb. In (b), tan β = 55. Here, in the upper left corner, the region with no EWSB is shaded
dark pink.

the lightest MSSM Higgs boson mass, Mh, and the cold dark matter (CDM) density inferred
from astrophysical and cosmological data assuming that this is dominated by the relic density
of the lightest neutralino, Ωχh2. In addition one can include the constraint imposed by the
experimental upper limit on the spin-independent DM scattering cross section σSI

p . A purely
frequentist analyses of the CMSSM was performed in [6, 7, 8, 33, 34, 35], in the NUHM1 in
[8, 33, 34, 35], and in the VCMSSM/mSUGRA in [36, 33, 34].

In [7], a pre-LHC analysis of the CMSSM was performed. The 68% and 95% confidence-
level (C.L.) regions in the (m1/2,m0) plane of the CMSSM are shown in Fig. 2. Also
shown for comparison are the physics reaches of ATLAS and CMS with 1/fb of integrated
luminosity [37, 38]. The likelihood analysis assumed µ > 0, as motivated by the sign of the
apparent discrepancy in gµ − 2, but sampled all values of tan β and A0: the experimental
sensitivities were estimated assuming tan β = 10 and A0 = 0, but are probably not very sensitive
to these assumptions. The global maximum of the likelihood function (indicated by the black
dot) is at m1/2 = 310 GeV, m0 = 60 GeV, A0 = 240 GeV, tan β = 11 and χ2/Ndof = 20.4/19
(37% probability). Note that the best-fit point lies well within the LHC discovery range, as
does the 68% C.L. region. As we wil see, by the end of 2011, the LHC has met this reach (at
7 TeV center of mass energy) and as sparticles have yet to be discovered, this region is mostly
excluded at 95% CL (see sections 4 and 5 below). A more detailed view of the ∆χ2 function for
the CMSSM is shown in Fig. 3. For other pre-LHC results see [39].

mh=125

A0=0
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Global fit to all observables

• LHC Susy searches, Higgs, Flavour (B physics), muon g-2, 
relic density, Xenon 15
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Figure 11. CMSSM parameter distributions in (M0,M12) and (tanβ, A0). (a) and (b) show the
fit results for mh = (126± 2± 3)GeV and fixed mt = 173.2GeV, compared to the LHC fit. (c) and
(d) show the fit with the same input observable set, but with mt = 173.2± 1.34GeV floating free
in the fit, in comparison to the fit with fixed mt.

floating in Fig. 11(c) and 11(d). The possible signal at mh ≈ 126GeV shifts the allowed

region strongly into regions of higher M0 and M1/2, as compared to the LHC fit. This is

due to the larger squark masses necessary to lift mh so strongly above the tree level bound

of mh ≤ mZ . Also, large tan β is clearly preferred, while again showing a flat profile in

tan β outside the 1σ region. As expected from the small effect which floating mt had on

the fit in Fig. 10, there is no significant difference between the allowed parameter ranges

for mt fixed and mt floating, albeit there is a significant jump in the best fit point due to

the flatness of the χ2 profile. Since mt is expected to have the strongest direct effect on

the prediction of all SM parameters, this confirms that with the current observable set the

SM parameters can be fixed in the fit, since their uncertainties decouple completely from

the SUSY parameter uncertainties.

Figure 12 shows the allowed parameter space of the NUHM1 model. Negative values for

M2
H can be considered because the relevant parameter combination for EWSB is |µ|2+M2

H ,

which we checked to be positive above the electroweak scale. Since this model reaches lower

χ2 for the same observable set as the LHC+mh =126 fit, its area of low χ2 is deep enough

– 25 –
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Fine-tuning

• After LHC results - large fine-tuning
• Improves in models with more free parameters or 

extended particle content
16
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Updated with 
5/fb direct search results 
Updated BR(Bs-> ) combination from the LHC (May 2012 

Prospects look bleak for constrained models 
p-value ~10% 

CMSSM NUHM1 
PRELIMINARY PRELIMINARY 
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Neutralino DM
• Strong sector not necessarily correlated with EW sector, e.g. in 

“natural” SUSY only gauginos, higgsinos and stops are “light”

• In pMSSM (19-24 parameters) many scenarios compatible 
with mh=125GeV and other LHC searches

• CMSSM and simplified models (only a few new particles) are 
not general enough - need to interpret the LHC results for 
different type of SUSY and other new physics

• More direct information on DM : look directly at the EW 
sector (despite lower cross sections)

17
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EW production
• Direct gaugino production, multi-lepton final states
• Only 4 parameters in neutralino/chargino sector
• Start to constrain SUSY DM
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(a) M1 = 100 GeV
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(b) M1 = 140 GeV
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(c) M1 = 250 GeV

Figure 3: 95% CL exclusion limits in the µ–M2 mass plane of the pMSSM for (a) M1 = 100 GeV, (b) M1 = 140 GeV and (c) M1 = 250 GeV.
The dashed and solid lines show the 95% CLs expected and observed limits, respectively, including all uncertainties except for the theoretical
signal cross-section uncertainty (PDF and scale). The solid band around the expected limit shows the ±1σ result where all uncertainties,
except those on the signal cross-sections, are considered. The ±1σ lines around the observed limit represent the results obtained when moving
the nominal signal cross-section up or down by the ±1σ theoretical uncertainty.
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Other new physics
• Similar searches apply to other SM extensions with 

stable neutral particle
• UED: extra dimensional model with KK parity for 

proton stability
• DM candidate is the KK partner of photon (spin 1)
• KK particles influence Higgs couplings (different from 

SUSY) : new KK top enhance ggh, suppress hɣɣ
• Searches for KK particles similar signatures as SUSY

– typically spectrum is nearly degenerate

19
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UED - results

• Higgs and direct searches both set lower bound on 
scale of KK particles : compatible with DM relic density 
( upper bound over 1 TeV)
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Figure 7: Exclusion limits in the Universal Extra Dimensions model space, in terms of [left] the com-

pactification scale (R−1
) and the compression scale (Λ · R) and [right] the masses of the Kaluza-Klein

gluon gKK and the Kaluza-Klein photon γKK (LKP). All cross sections are computed at leading order. In

the mass parameter plot, the ranges of the MC simulation in the right hand plot are indicated in dashed

lines. The lines correspond to the edges of the left-hand plot.

in order to test the dependence of our limits on the value ofΛ ·R independently of theoretical preferences.

Currently there are no NLO calculations for the minimal MUED model available, therefore only LO

HERWIG++ cross sections are used, and theoretical uncertainties are not applied. Only experimental

uncertainties on the signal acceptance are considered.

As an alternative representation, the limits on the MUED scenarios are also shown versus mass

parameters, namely the mass of the Kaluza-Klein gluon mgKK and the mass-difference between the KK

gluon and KK photon, ∆m(gKK , γKK). The same signal MC points are used, meaning that the regular

grid in R−1, Λ · R is mapped to an irregular quadrilateral in the mass parameters whose edges match the

ranges on the fundamental parameters.

4.2 Results

The analysis of Ref. [1] is used to constrain Kaluza-Klein gluon production and decay in MUED in a

way analogous to the method presented for the simplified models. The exclusion limits in terms of the

compactification scale of the extra dimensions R−1
and the compression scale Λ · R, or alternatively the

masses of mgKK and ∆m(gKK , γKK) are shown in Figure 7. The signal selections contributing to the limits

are illustrated in Figure 8.

4.3 Discussion

In a MUED model, a bound of 600 GeV is set on the compactification scale R−1
, for values of the

compression scale Λ · R between 2 and 40, translating to a lower bound of 730 GeV on the mass of the

Kaluza-Klein gluon. This bound is set for Λ · R � 20, which gives the most conservative estimate. It

should be noted that the cross sections used for MUED models are computed only at leading order, and

the results quoted in this note might be altered by next-to-leading order corrections.
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FIG. 6: Left: limits on mUED parameter space from newest 7 TeV and 8 TeV ATLAS and CMS Higgs search

data using the same conventions as in Fig. 4 (left). Right: comparison of allowed regions for the combined

7 TeV and 8 TeV LHC data (solid) and 7 TeV data (dashed) using loop masses.

the supplementary figures for [43].6

We have calculated the constraints on the mUED parameter space in light of these new experimental

data and the result is shown in Fig. 6 (left). We also show a comparison of the allowed regions for the

old and new data in Fig. 6 (right).

The allowed region shrinks overall with the extra data, but the high and low mh limits relax. This is

actually to be expected: in the 2011 data, the W+W− channel surprisingly showed no excess of events

around 125 GeV even though such an excess was observed in the other channels, including ZZ. In the

new data, there is an excess in W+W−, bringing this channel in line with the others and thus weakening

the limit on the mUED parameter space slightly at the edges of the allowed region where the diphoton

channel is less restrictive. However, the improvement in limiting power of the diphoton channel causes

the region 117 GeV ! mh ! 121 GeV to become forbidden.

With the new data then, all values of R−1 < 500 GeV are forbidden, leaving a small region of allowed

parameter space 2–8 GeV wide around mh = 125 GeV and another allowed island up to 2 GeV wide

around 116 GeV for R−1 > 1000 GeV.

6 https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12016TWiki
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• Many possible new physics models with DM 
candidate (neutral stable particle) 
– MSSM+ʋ,NMSSM,UMSSM,BMSSM ....
– UED, little Higgs, Inert doublet (scalar) ...

21
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Model independent approach

✤ DM production: no trigger

✤ Radiate photon or jet -> limit on DM production apply to any model

✤ Use effective operator approach -> relate LHC cross section with direct detection

✤ Caveat: effective operator not always valid

✤ Direct detection : contribution from heavy quarks quite large
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〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!

Early Universe: ΩCDMh
2

Colliders: LHC/ILC Indirect Detection:

Direct Detection:

DMDM

DM

DM

DM

DM

DM

DM

any

qq

e, q

e, q e, q,W,Z, 

e, q,W,Z, γ

γ

γ

〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!

vendredi 12 octobre 2012



Monojet-monophoton

✤ Very powerful to probe light DM (where direct detection insensitive)

✤ Most powerful for spin-dependent interactions

Now CMS has performed a monojet/monophoton 
analysis for DM: 
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Strongest bound for low mass and for spin dependent case !
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Objectives for DM at LHC

✤ Find signal in at least one missing ET channel

✤ Extract DM properties (gives possibility to control particle physics 
dependence in DM observables) and confront with astro/cosmo results

✤ What do we need to measure?
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What do we need to measure?

✤ Mass scale for DM

✤ Presence of particles in s-channel for DM annihilation (more Higgses)

✤ Coupling of DM to Higgs (determination of invisible Higgs) and/or 
Higgs in NP decays 

✤ Presence of nearly degenerate particles -> coannihilation or not

✤ Coupling of DM to new particles (model dependent)

vendredi 12 octobre 2012



Conclusion

✤ Exciting  times: with experiments providing lots of new data (collider/
astro/cosmo) expect that in the next few years will make great progress 
in understanding better  the nature of DM

✤ Eventually might even conclude  that DM is not connected to hierarchy/
NP  or that DM is not a WIMP  
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