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Dark Matter and the LHC

In elucidating the nature of dark matter, the role of
the LHC will not be just helpful, or complimentary.

It will be absolutely essential!
...depending on the outcome
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Gazing into a crystal ball...

Let’s assume that DM signal is eventually measured in
underground searches (direct detection)...

What shall we learn from this?

WIMP elastic scat. cross section
...within an order of magnitude, or so

WIMP mass
...within a factor of two, or so

signal in more than one detector with different targets will help a lot
(Drees+Shan, Green, 2008,...)

⇒ The nature of DM WIMP would remain a mystery

...need info from colliders
L. Roszkowski – p.29
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What is the DM?

non–baryonic

cold (CDM)

or possibly (?) warmish

no electric nor (preferably)
color interactions

relic from the Big Bang

element of some sensible
particle theory

plausible choice⇒ WIMP
(weakly interacting massive particle)

...a very broad class, not a single candidate

...How weak can weak be?
L. Roszkowski – p.7

WIMP:	
  most	
  likely	
  an	
  unknown	
  par:cle	
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Some WIMP candidates for Cold DM
No shortage of ideas... ...but few good ones, ...and even fewer longer-lasting

lightest neutralino χ of supersymmetry

lightest Ka uża-Klein (KK) state from warped/universal extra
dimensions

massive (almost) sterile neutrino νR or sneutrino ν̃R

axion a

axino ã, gravitino G̃

extremely-weakly interacting relics

not necessarily stable
add your own...

several other interesting candidates: well-tempered neutralino, multiple DM, little Higgs DM,
mirror DM, shadow DM, sequestered DM, secluded DM, flaxino DM, Higgs portal DM,
inflation and DM, modulus DM, asymmetric DM, inelastic DM, etc etc. – no nonsense but not
superior either

L. Roszkowski – p.11
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Strategies for WIMP Detection
direct detection (DD): measure WIMPs scattering off a target

go underground to beat cosmic ray bgnd

indirect detection (ID):

HE neutrinos from the Sun (or Earth)
WIMPs get trapped in Sun’s core, start pair annihilating, only ν ’s escape

antimatter (e+, p̄, D̄) from WIMP pair-annihilation in the
MW halo

from within a few kpc

gamma rays from WIMP pair-annihilation in the Galactic
center

depending on DM distribution in the GC

other ideas: traces of WIMP annihilation in dwarf galaxies,
in rich clusters, etc

more speculative

the LHC
L. Roszkowski – p.15
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Indirect, direct, collider

(figure from Strumia)

but... usually NO crossing symmetry to help
reason: in each case different diagrams dominate

DD: XENON, CDMS, CoGeNT, ....

ID: Fermi, Pamela, ACT, ...

colliders: LHC

L. Roszkowski – p.17
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Dark matter at colliders

direct WIMP production pp → χχ+ hadronic debris:
undetectable

only missing energy, nothing to tag on

DM WIMP is expected to be part of “new physics”
at/above EW scale like neutralino and SUSY

LHC will probe “new physics” up to a few TeV
one will need to measure several processes, perform
detailed spectroscopy,...

likely to be a very long process

L. Roszkowski – p.30



Hide	
  and	
  seek	
  with	
  SUSY	
  

10	
  Leszek	
  Roszkowski	
  



Constrained	
  Minimal	
  Supersymmetric	
  	
  
Standard	
  Model	
  (CMSSM)	
  

G.	
  L.	
  Kane,	
  C.	
  F.	
  Kolda,	
  L.	
  Roszkowski	
  and	
  
J.	
  D.	
  Wells,	
  Phys.	
  Rev.	
  D	
  49	
  (1994)	
  6173	
  

	
  	
  	
  	
  	
  	
  

figure	
  from	
  hep-­‐ph/9709356	
  

	
  	
  	
  	
  

11	
  Leszek	
  Roszkowski	
  



Hide	
  and	
  seek	
  with	
  SUSY	
  

	
  	
  

12	
  Leszek	
  Roszkowski	
  

New!	
  

New!	
  



LHC:	
  most	
  important	
  constraints:	
  	
  
	
  

13	
  

1.	
  Improved	
  ATLAS	
  and	
  CMS	
  limits	
  on	
  the	
  SM-­‐like	
  Higgs	
  boson	
  mass:	
  

95%	
  CLs	
  Higgs	
  masses	
  outside	
  the	
  intervals:	
  (117:5;	
  118:5)	
  GeV	
  or	
  
(122:5;	
  129)	
  GeV	
  (ATLAS)	
  and	
  (114:4;	
  127:5)	
  GeV	
  (CMS)	
  

2.	
  A	
  possible	
  Higgs	
  signal	
  at	
  125	
  GeV	
  

• 	
  Direct	
  limits	
  

• 	
  The	
  Higgs:	
  

• 	
  BR(B_s	
  -­‐>	
  mu	
  mu)	
  <	
  4.5	
  x	
  10^-­‐9	
  (LHCb)	
  

twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS	
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Excellent	
  agreement	
  	
  
Works	
  for	
  both	
  signs	
  of	
  mu	
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Figure 1: (a) Our approximation of the CMS razor 4.4/fb likelihood map as described in the text. tanβ and A0 are
fixed to the values in the legend. The thick solid line shows the 95.0% CL (2σ) bound. It approximates the CMS
95% CL exclusion contour, shown by the black (dashed) line. The thin solid line and the thin dashed line show our
calculations of the 68.3% CL (1σ) the 99.73% CL (3σ) exclusion bound, respectively. The gray dotted line shows the
ATLAS 95% CL exclusion bound. (b) Our calculation of the CMS razor 95% CL exclusion line for µ > 0 (red) and

µ < 0 (blue).

We obtain the 95% CL exclusion limits using the ∆χ2 statistics test and validate our result against the official CMS
plot [2]. We present in Fig. 1(a) the 68.3% (1σ), 95.0% (2σ) and 99.73% CL (3σ) limits obtained from our likelihood.
For comparison we also show the official CMS exclusion limit. We find a very good agreement, provided we rescale
our signal by a factor ×1.8, which is a reasonable assumption given that PYTHIA calculates the pp cross section at
only the leading order1, and PGS4 might present some deficit in the efficiency reconstruction.

The approximate efficiency maps derived above allow us to evaluate a likelihood function, so that we can find the
regions of the SUSY model’s parameter space that are in best agreement with the CMS razor limit. Marked in the
figure is also the 95% CL limit from ATLAS, which at low m0 is actually a bit stronger. We note here that the ATLAS
limit was expected to be lower than the razor limit in the (m0, m1/2) plane. The actual limit being somewhat higher
than expected is a result of downwards fluctuation in the number of background events. Given the fact that the two
limits are actually comparable within the experimental resolution around the region where they are located, we will
henceforth only show the CMS limit in our figures.

We also verify the influence of selecting the negative sign of µ on our likelihood distribution. While independence
of the exclusion limit from tanβ and A0 in the analysis with all-hadronic final states is a well known fact, it was never
investigated before in the case of µ < 0. The results of such a scan are presented in Fig. 1(b), where we show our
derived razor 95% CL bound. It appears clear that the position of the line in the (m0, m1/2) plane is insensitive on
the sign of the parameter µ.

C. The Higgs likelihood

In setting up the Higgs likelihood function one has to take into account an appreciable theoretical error on the
light Higgs mass calculation in the MSSM which comes primarily from neglecting higher-order loop corrections,
renormalization scheme differences, etc., which is estimated to be around 2 − 3GeV [42]. One therefore has to
distinguish between the “true” value of the Higgs mass m̂h which would result from an exact calculation (and which
we identify with the physical mass), and the value of the Higgs mass, denoted here by mh, calculated within a given
approximation encoded in one or another spectrum calculator.2

1 The cross section, and consequently the number of expected supersymmetric events, changes by over ten orders of magnitude over the
(m0, m1/2) plane. The resulting likelihood function is, therefore, not sensitive to next-to-leading order corrections to the cross section.
Even if σNLO ∼ σLO, the corrections would only slightly shift the isocontours of cross section and likelihood on the (m0, m1/2) plane.

2 In our numerical scans we use SOFTSUSY version 3.2.4 [43] but one should be aware that all available Higgs mass codes presently have
similar (or larger) theoretical errors.
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limit was expected to be lower than the razor limit in the (m0, m1/2) plane. The actual limit being somewhat higher
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light Higgs mass calculation in the MSSM which comes primarily from neglecting higher-order loop corrections,
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Implemen:ng	
  the	
  Higgs	
  Constraints	
  
•  Currently	
  allowed	
  (95%)	
  
ATLAS:	
  117.5-­‐118.5	
  GeV	
  and	
  122.5-­‐129	
  GeV	
  
CMS:	
  114.4	
  –	
  127.5	
  GeV	
  
•  Add	
  tau=2GeV	
  th	
  error	
  
•  Construct	
  likelihood	
  

•  Assume	
  mh~125	
  GeV	
  confirmed	
  
•  Add	
  tau=2GeV	
  (th)	
  and	
  sigma=2GeV	
  

(expt)	
  

The	
  Like-­‐func:on	
  only	
  differs	
  in	
  the	
  lower	
  mass	
  
window	
  where	
  it	
  is	
  rather	
  small	
  anyway.	
  



Numerical	
  scans	
  	
  

  Perform	
  random	
  scan	
  
over	
  4	
  CMSSM	
  +4	
  SM	
  
parameters	
  
simultaneously	
  

	
  
  Use	
  Nested	
  Sampling	
  
algorithm	
  to	
  evaluate	
  
posterior	
  

  Use	
  4	
  000	
  live	
  points	
  

•  Very	
  wide	
  ranges:	
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−7TeV ≤ A0 ≤ 7TeV
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XENON(2011)	
  
limit	
  not	
  applied	
   (arXiv:1206.0264)	
  

• 	
  LHC	
  limit	
  pushes	
  sigma_p	
  down,	
  mostly	
  
below	
  XENON100	
  limit.	
  
• 	
  One-­‐tonne	
  detector	
  reach:	
  	
  

	
  sigma_p~2x10^-­‐11	
  pb.	
  	
  

One	
  will	
  need	
  1	
  tonne	
  DM	
  detectors	
  to	
  probe	
  favored	
  ranges.	
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(a) (b)

Figure 3: Marginalized posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tanβ) plane of the CMSSM,

constrained by the experiments listed in Table III. The LHC Higgs exclusion bounds are implemented through the

likelihood shown in Fig. 2(a). The black (solid) line shows the CMS razor 95% CL exclusion bound.

(a) (b)

Figure 4: Marginalized posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tanβ) plane of the CMSSM,

constrained by the experiments listed in Table III. We assume a light Higgs mass of 125GeV, implemented in the

likelihood as shown in Fig. 2(b). The black (solid) line shows the CMS razor 95% CL exclusion bound.

to switching from the αT to the razor search. The razor bound with 0.8/fb luminosity [3] was better than the αT

bound in the FP/HB region, but worse in the τ̃ -coannihilation region, where the improvement due to luminosity is

more dramatic. The reason is that in the FP/HB region the razor variables MR and R2
are most sensitive to gluino

pair production, while in the region at small m0 they are most sensitive to squark pair production. MR is in all effect

an estimate of the difference Mg̃(q̃) −Mχ so that, since in the CMSSM the gluino and LSP masses are correlated, the

sensitivity in the FP/HP region does not increase with luminosity as fast as in the region at small m0.

The same bimodal behavior of the marginalized posterior can be observed in Fig. 3(b). The large 1σ credible

region at tanβ ∼ 45 − 55 corresponds to the large 1σ region in the A-funnel of the (m0, m1/2) plane. Conversely,

the 2σ region at A0 ∼ 0 and tanβ � 30 can be mapped back to the τ̃ -coannihilation region of the (m0, m1/2) plane.

In [22, 23] we could observe a wide 1σ credible region at intermediate tanβ which has now disappeared. It corresponds

to the FP/HB region of the (m0, m1/2) plane, now disfavored by the new LHC constraints on the Higgs mass, but

21

(a) (b)

Figure 18: Marginalized posterior pdf on the (mχ, σSI
p ) plane in the CMSSM constrained by the experiments listed

in Table III, for the case (a) with (g − 2)µ and positive µ, and (b) without (g − 2)µ and with a combination of the

µ > 0 and µ < 0. In both cases we assume Higgs mass at 125GeV.

the CMSSM. Notice that Bayesian analyses are by definition not optimized for calculating the best-fit points to the

highest accuracy, for which a profile-likelihood approach is better fit and theoretically more justified. Nevertheless, we

think that the conclusions presented here are general, as they are based on the properties of the likelihood functions

over a broad range of parameters. In Sec. IVB we perform a Bayesian model comparison of the model with µ > 0

and µ < 0, based on the relative evidence. We find that both the frequentist and Bayesian approaches favor the case

without (g − 2)µ and µ < 0.

A. The χ2 and the best-fit point

In Table IV we present the breakdown of the individual constraint contributions to the total χ2
of our best-fit

points, for the scans performed in this analysis. (We define the test statistic as χ2
= −2 lnL.) A bar-chart showing

the main individual contributions to the minimum χ2
is given in Fig.19. In Table V we present the best-fit points’

CMSSM parameters and the corresponding Higgs mass. As one could have expected, the largest contribution is due

to the (g− 2)µ constraint, which is known to be very poorly fitted in the CMSSM after the low mass region has been

excluded by the increasingly constraining LHC limits.

We refrain from calulating p-values for our best-fit points in this paper, given the highly non-Gaussian nature of

the distribution of the uncertainties. Nonetheless, we point out that, given the number of constraints we employ,

Contribution to χ2
min Ωχh

2 mh B → Xsγ Bs → µ+µ−
sin θeff mW δ (g − 2)

SUSY
µ (Bu → τν) ∆MBs razor Total

LHC Higgs exclusion bounds

1 with (g − 2)µ, µ > 0 0.01 1.36 1.11 0.05 0.28 0.07 11.54 0.85 0.09 0.14 15.49

2 with (g − 2)µ, µ < 0 0.01 0.82 0.01 0 0.26 0.09 13.97 0.91 0.43 0.14 16.64

3 w/o (g − 2)µ, µ > 0 0.06 0.96 1.26 0.17 0.43 0.01 - 0.86 0.17 0.14 4.06

4 w/o (g − 2)µ, µ < 0 0.06 0.99 0.06 0 0.07 0.35 - 0.87 0.40 0.14 2.95

Putative Higgs signal with mh � 125GeV

5 with (g − 2)µ, µ > 0 0.10 0.38 1.52 0.70 1.07 0.13 10.40 0.85 0.12 0.14 15.42

6 with (g − 2)µ, µ < 0 0.06 0.70 0.00004 0 0.21 0.14 13.93 0.91 0.46 0.14 16.56

7 w/o (g − 2)µ, µ > 0 0.15 0.74 1.37 0.08 0.05 0.44 - 0.84 0.16 0.14 3.97

8 w/o (g − 2)µ, µ < 0 0.15 0.33 0.12 0 0.31 0.06 - 0.93 0.70 0.14 2.74

Table IV: Breakdown of all contributions to the χ2
of the best-fit points of our eight different CMSSM likelihood

scans.
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Figure 18: Marginalized posterior pdf on the (mχ, σSI
p ) plane in the CMSSM constrained by the experiments listed

in Table III, for the case (a) with (g − 2)µ and positive µ, and (b) without (g − 2)µ and with a combination of the

µ > 0 and µ < 0. In both cases we assume Higgs mass at 125GeV.

the CMSSM. Notice that Bayesian analyses are by definition not optimized for calculating the best-fit points to the

highest accuracy, for which a profile-likelihood approach is better fit and theoretically more justified. Nevertheless, we
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of the best-fit points of our eight different CMSSM likelihood

scans.

21

(a) (b)

Figure 18: Marginalized posterior pdf on the (mχ, σSI
p ) plane in the CMSSM constrained by the experiments listed

in Table III, for the case (a) with (g − 2)µ and positive µ, and (b) without (g − 2)µ and with a combination of the

µ > 0 and µ < 0. In both cases we assume Higgs mass at 125GeV.

the CMSSM. Notice that Bayesian analyses are by definition not optimized for calculating the best-fit points to the

highest accuracy, for which a profile-likelihood approach is better fit and theoretically more justified. Nevertheless, we

think that the conclusions presented here are general, as they are based on the properties of the likelihood functions

over a broad range of parameters. In Sec. IVB we perform a Bayesian model comparison of the model with µ > 0

and µ < 0, based on the relative evidence. We find that both the frequentist and Bayesian approaches favor the case

without (g − 2)µ and µ < 0.

A. The χ2 and the best-fit point

In Table IV we present the breakdown of the individual constraint contributions to the total χ2
of our best-fit

points, for the scans performed in this analysis. (We define the test statistic as χ2
= −2 lnL.) A bar-chart showing

the main individual contributions to the minimum χ2
is given in Fig.19. In Table V we present the best-fit points’

CMSSM parameters and the corresponding Higgs mass. As one could have expected, the largest contribution is due

to the (g− 2)µ constraint, which is known to be very poorly fitted in the CMSSM after the low mass region has been

excluded by the increasingly constraining LHC limits.

We refrain from calulating p-values for our best-fit points in this paper, given the highly non-Gaussian nature of

the distribution of the uncertainties. Nonetheless, we point out that, given the number of constraints we employ,

Contribution to χ2
min Ωχh

2 mh B → Xsγ Bs → µ+µ−
sin θeff mW δ (g − 2)

SUSY
µ (Bu → τν) ∆MBs razor Total

LHC Higgs exclusion bounds

1 with (g − 2)µ, µ > 0 0.01 1.36 1.11 0.05 0.28 0.07 11.54 0.85 0.09 0.14 15.49

2 with (g − 2)µ, µ < 0 0.01 0.82 0.01 0 0.26 0.09 13.97 0.91 0.43 0.14 16.64

3 w/o (g − 2)µ, µ > 0 0.06 0.96 1.26 0.17 0.43 0.01 - 0.86 0.17 0.14 4.06

4 w/o (g − 2)µ, µ < 0 0.06 0.99 0.06 0 0.07 0.35 - 0.87 0.40 0.14 2.95

Putative Higgs signal with mh � 125GeV

5 with (g − 2)µ, µ > 0 0.10 0.38 1.52 0.70 1.07 0.13 10.40 0.85 0.12 0.14 15.42

6 with (g − 2)µ, µ < 0 0.06 0.70 0.00004 0 0.21 0.14 13.93 0.91 0.46 0.14 16.56

7 w/o (g − 2)µ, µ > 0 0.15 0.74 1.37 0.08 0.05 0.44 - 0.84 0.16 0.14 3.97

8 w/o (g − 2)µ, µ < 0 0.15 0.33 0.12 0 0.31 0.06 - 0.93 0.70 0.14 2.74

Table IV: Breakdown of all contributions to the χ2
of the best-fit points of our eight different CMSSM likelihood

scans.
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Figure 4: Marginalized posterior pdf in the (mχ,σSI
p ) plane. The 68% C.L. credible regions are

shown in dark blue, the 95% C.L. regions in light blue. (a) The impact of the non-LHC, αT

and XENON100 constraints. (b) The same constraints as in (a), but the theoretical uncertainty

on XENON100 is strongly reduced. (c) The impact of non-LHC, αT , XENON100 and dSphs

constraints. The uncertainty on the DM halo model is taken into account. (d) The impact of the

non-LHC, αT , XENON100 and dSphs constraints. The uncertainty on the DM halo model is not

considered. The solid black line shows the XENON100 90% C.L. exclusion bound.

and 4d shows that the effects of direct and indirect detection searches at present sensitivities would

become comparable if the uncertainties involved had a reduced size. This fact was already hinted at

when comparing Figs. 1b and 2b, and shows how completely different experiments can in principle

be competitive in testing the CMSSM.

Figure 5 shows the marginalized posterior pdf in the (mχ, �σv�) plane. To start with, the effect
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Figure 18: Marginalized posterior pdf on the (mχ, σSI
p ) plane in the CMSSM constrained by the experiments listed

in Table III, for the case (a) with (g − 2)µ and positive µ, and (b) without (g − 2)µ and with a combination of the

µ > 0 and µ < 0. In both cases we assume Higgs mass at 125GeV.

the CMSSM. Notice that Bayesian analyses are by definition not optimized for calculating the best-fit points to the

highest accuracy, for which a profile-likelihood approach is better fit and theoretically more justified. Nevertheless, we

think that the conclusions presented here are general, as they are based on the properties of the likelihood functions

over a broad range of parameters. In Sec. IVB we perform a Bayesian model comparison of the model with µ > 0

and µ < 0, based on the relative evidence. We find that both the frequentist and Bayesian approaches favor the case

without (g − 2)µ and µ < 0.

A. The χ2 and the best-fit point

In Table IV we present the breakdown of the individual constraint contributions to the total χ2
of our best-fit

points, for the scans performed in this analysis. (We define the test statistic as χ2
= −2 lnL.) A bar-chart showing

the main individual contributions to the minimum χ2
is given in Fig.19. In Table V we present the best-fit points’

CMSSM parameters and the corresponding Higgs mass. As one could have expected, the largest contribution is due

to the (g− 2)µ constraint, which is known to be very poorly fitted in the CMSSM after the low mass region has been

excluded by the increasingly constraining LHC limits.

We refrain from calulating p-values for our best-fit points in this paper, given the highly non-Gaussian nature of

the distribution of the uncertainties. Nonetheless, we point out that, given the number of constraints we employ,

Contribution to χ2
min Ωχh

2 mh B → Xsγ Bs → µ+µ−
sin θeff mW δ (g − 2)

SUSY
µ (Bu → τν) ∆MBs razor Total

LHC Higgs exclusion bounds

1 with (g − 2)µ, µ > 0 0.01 1.36 1.11 0.05 0.28 0.07 11.54 0.85 0.09 0.14 15.49

2 with (g − 2)µ, µ < 0 0.01 0.82 0.01 0 0.26 0.09 13.97 0.91 0.43 0.14 16.64

3 w/o (g − 2)µ, µ > 0 0.06 0.96 1.26 0.17 0.43 0.01 - 0.86 0.17 0.14 4.06

4 w/o (g − 2)µ, µ < 0 0.06 0.99 0.06 0 0.07 0.35 - 0.87 0.40 0.14 2.95

Putative Higgs signal with mh � 125GeV

5 with (g − 2)µ, µ > 0 0.10 0.38 1.52 0.70 1.07 0.13 10.40 0.85 0.12 0.14 15.42

6 with (g − 2)µ, µ < 0 0.06 0.70 0.00004 0 0.21 0.14 13.93 0.91 0.46 0.14 16.56

7 w/o (g − 2)µ, µ > 0 0.15 0.74 1.37 0.08 0.05 0.44 - 0.84 0.16 0.14 3.97

8 w/o (g − 2)µ, µ < 0 0.15 0.33 0.12 0 0.31 0.06 - 0.93 0.70 0.14 2.74

Table IV: Breakdown of all contributions to the χ2
of the best-fit points of our eight different CMSSM likelihood

scans.
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Summary	
  
   The LHC is the place where the nature of dark matter WIMPs 

can be elucidated.  
   Prime DM suspect: neutralino in unified SUSY models, like 

Constrained MSSM. 
   Current (~5/fb of data) LHC limits on SUSY particle masses 

place VERY strong constraints on direct detection,  
     sigma_p<~ 10^-9 pb       
 à need 1 tonne targets. 

 
Constraints from direct detection of dark matter are currently much weaker than 
from the LHC. 
 
  Also impact of sigma*v limit from dSphs (Fermi) weaker than from 

the LHC. 

  In less constrained SUSY models prospects are likey to be more 
encouraging.  
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