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Introduction: 
Dark Matter properties
Dark Matter theoretical paradigms

The quest for Dark Matter detection:
- Indirect Detection
- Direct Detection
- LHC
- Complementarity of the searches
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Planck DM energy density

Degeneracy in the plane  H   vs        depending on      .

[Planck coll. 1303.5076]

Ωm0 ns



DARK MATTER profiles

Many density profiles, 
inpired by data or numerical 

simulations: Isothermal, NFW, 
Moore, Kratsov, Einasto, etc....  

They mostly differ in the 
behaviour at the centre, either 

cusped or cored !

ρ(r) =
ρ0

(r/R)γ [1 + (r/R)α](β−γ)/α
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Dark Matter local density 
& velocity distribution

Critical for Direct Detection !

[Catena & Ullio 09, 11]



DARK MATTER candidates

sneutrino
KK neutrino

KK DM
LTP

techniWIMP

KK graviton

[Roszkowski 04]
(non) Too many different

candidates...

Standard DM 
production
paradigms: 

WIMPs 
(i.e. neutralino)

&
“FIMP/

SuperWIMPs”
(i.e. gravitino)
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 THE WIMP Paradigm 



THE WIMP CONNECTION

Direct Detection:

DM DM

qq

Indirect Detection:

DM

DM e, q,W,Z, 

e, q,W,Z, γ

γ

Colliders: LHC/ILC

DM

DM

e, q

e, q
γ

Early Universe: ΩCDMh
2

DM

DM
any

〈σv〉 ∼ 1 pb

3 different ways to check this hypothesis !!!



classical WIMPs
Typical WIMPs are particles interacting 
weakly, often connected to EW scale by Higgs 
mass stability/naturality, e.g. Supersymmetric 
neutralino, Kaluza-Klein DM, inert Higgs, etc...

They need a conserved discreet symmetry to be 
stable on cosmological timescales, e.g. R-parity,
T-parity, KK-parity, ...
(Maybe accidentally stable as vector DM)

They have often masses at the EW scale
(but not always, e.g. WIMPless models) 

[Cirelli & al.07,
Hambye 08]

[Feng & Kumar 08]
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SuperWIMP/FIMP paradigms
Add to the BE a small decaying rate for the WIMP into a 

much more weakly interacting DM particle:

FIMP

FIMP 
DM 

produced
by WIMP
decay in

equilibrium

SuperWIMP 
DM 

produced
by WIMP
decay after
freeze-out

DM

Two mechanism naturally giving  “right” DM density 
depending on WIMP/DM mass & DM couplings

[Feng et al 04][Hall et al 10]



SuperWIMPs/FIMPs
Typical SuperWIMPs are axino & gravitino,  
Majorana fermions with spin 1/2 & 3/2. 
Typical FIMP is a RH sneutrino or some scalar
modulus.

They are particles motivated by symmetry, 
e.g. SUSY+PQ for the axino and SUGRA for 
the gravitino, not introduced just to solve the 
Dark Matter problem.

They can be much lighter that the rest of the
superparticle spectrum (it depends on the 
SUSY-breaking mechanism...) and so the LSP.



F/SWIMP CONNECTION

3 different ways to check this hypothesis !!!

Early Universe: ΩCDMh
2

DM

anyWIMP

Colliders: LHC/ILC

DM

DM

e, q

e, q

WIMP

SM

Direct Detection:

NONE... 

Indirect Detection:

DM

e, q,W,Z, 

e, q,W,Z, γ

γ

decaying DM !



The quest for 
Dark Matter



THE HOPE: DETECT DM !
Look for annihilation signals from the region where 
the density is large: centre of the Milky Way, other 
galaxies, clumps of DM, etc...

χ̃

χ̃

γ

γ

ν

ν̄

e, π, µ

e, π, µ

γ

γ

Measure the decay products!

FERMI, PAMELA, AMS-02,
HESS, MAGIC, CTA...



 ANNIHILATING DM 
The flux in a species i is given by 

Strongly dependent on the halo model/density and the
DM clumping:  BOOST factor !

Spectrum in gamma-rays 
determined by particle physics !
Smoking gun: gamma line...

For other species also the 
propagation plays a role.

Φ(θ, E) = σv
dNi

dE

1

4πm2

DM

∫
l.o.s.

ds ρ2(r(s, θ))

Particle Physics Halo property 



DECAYING DM 
The flux from DM decay in a species i is given by 

Weak dependence on the Halo profile; what matters is 
the DM lifetime...

Spectrum in gamma-rays 
given by the decay channel!
Smoking gun: gamma line...

Galactic/extragalactic signal
are comparable...

Φ(θ, E) =

Particle Physics Halo property 

1

τDM
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dE

1

4πmDM

∫
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Possible line hidden in the FERMI data ?

News from the sky

[Ch. Weniger, 1204.2797]Choose optimized regions in the sky:



New analysis by the FERMI collaboration sees only an 
excess of 3.2      (local) and 1.5      (global)

FERMI LINE 

σσ
[FERMI coll. 1305.5597]

Possibly a statistical fluctuation...

Line



Indirect detection lore

[Bergstroem et al, 0609.510]

Annihilation into two 
photons appears only at 

one loop, while the channel 
into EW gauge boson is

at tree-level

FSR

Continuum
Line

The line signal is therefore 
suppressed  compared to the 

continuum from EW
gauge bosons.

It may be enhanced by Final 
State Radiation, but

that also gives a continuum 

γW,Z

WWγ



FERMI gives bounds on the gamma-ray emissions from 
satellite dwarf-galaxies and the galactic centre

Bounds on the continuum

Thermal cross-section

[Fermi-LAT coll. 1205.6474]



AMS-02 confirms PAMELA

Spectrum fits well with PAMELA and extends to 350 GeV:
flattening ? turning point ? Pulsar or DM ?

[AMS coll. PRL 110 (2013)]



PLANCK: DM annihilation
WIMP annihilation also modifies the epoch of recombination

due to the release of energy in the primordial plasma and leave 
imprints into the CMB ! WMAP already puts some constraints,

but Planck will reach cross sections needed by PAMELA 

[Slatyer, Padmanabhan& Finkbeiner 0906.1197]

Thermal 
 cross-section

But, without 
polarization data

 the limit is weaker 
than WMAP limit !

Pamela-inspired
DM models



Antiproton constraints 

E.g. see a recent analysis of the antiproton constraints for decaying 
gravitino DM limiting the R-parity breaking coupling.         

From the FERMI gamma-line search: 95% CL

@

[Delahaye & Grefe 1305.7183]

Very important also the AMS-02 expected antiproton data !

τ < 1− 4× 1029s



Elastic scattering of a WIMP on nuclei.
The recoil energy is in the keV range:

with

The rate is given by

χ

∆E =
4mDMmN

(mDM + mN )2
E

DM
kin

E
DM
kin ∼

1

2
mDMv

2
∼ 50 keV

mDM

100GeV

dR

dER

∝ σnF
2(ER)

ρDM

mDM

∫
∞

vmin

dv

v
f(v)

Halo physics  Particle Physics

Direct WIMP detection

Need very low
threshold !

Rate depends on v in lab frame            annual modulation !



Thermal relic cross-section to give 

Exchange of Z boson: 

Exchange of Higgs boson:

Direct WIMP detection
How large are the cross-sections that we expect from thermal 

consideration or the exchange of (known) EW particles ?

ΩDMh2 ∼ 0.1

�σv� ∼ 3× 10−26cm3/s σ ∼ 10−36cm2 = 1 pb

σ ∼ λ2
ZχG

2
Fm

2
p ∼ 10−38λ2

Zχcm
2 = 10−2 λ2

Zχ pb

σp ∼ λ2
hχm

2
p/m

4
h ∼ 10−44λ2

hχcm
2 = 10−8 λ2

hχ pb

mH = 125 GeV



News: signal(s) of DM ?
Recent new results by  XENON-100 appeared, with two
events in the signal region compatible with background, 

giving the exclusion region below:
[ 1207.5988[astro-ph.CO]] 
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HIggs portal DM 
If the DM interacts with Higgs via portal interaction, it is

already under siege by DD & LHC:

[Djouadi et al, 1112.3299] Invisible 
Higgs
decay



News: signal(s) of DM ?
In the last couple of years quite a number of hints appeared in 
the low mass region...Unfortunately difficult to fit all together,  

moreover the region is excluded by XENON100 & LUX 

[ Schwetz @ GGI] 

CDMS

DAMA

Cogent
CRESST

XENON-100

CDMS: 2 events vs 0.8 bg
no annual modulation

CRESST: 67 events vs 38 bg 

DAMA: annual 
modulation @ ~9 sigma

Cogent: excess+ann. mod. 



News: signal(s) of DM ?
Latest results by LUX with lowest threshold ever ! 

Again excludes all previous hints

LUXXenon-100

Zeplin-III
CDMS II

Edelweiss II
[ 1310.8214[astro-ph.CO]] 

Dama
CRESST II

CoGeNT
CDMS-II



Gravitino Direct Detection                                               
For R-parity breaking a new channel for inelastic scattering

opens up for the gravitino/axino: photon exchange !

Simple coupling to the charge of the nucleus !

Unfortunately the rate is way too small for detection...

[Grefe PhD thesis 11], [LC, Grefe xx]

σp ∼ 3.4× 10−43pb

�
ξi

10−7

�2

Need gravitino 
mass in the 1-100 

MeV range to have
recoil energies in

the 1-100 keV

Similar to
Exothermic DM



Missing energy signature
The direct production of two DM particles in a 
collider gives unfortunately no signal !  The 
energy just disappears without trace...

How is it possible to tag such events: 
Thanks to Initial State Radiation ! i.e. either a 
single photon or a gluon emitted by the initial 
partons, recoiling against the DM particle(s)

e+ e− Dark Matter:
Missing energy

signature

γ

Trouble: need sufficient rate of DM production...



collider bounds
ATLAS & CMS have performed monojet/monophoton 

analysis for DM: 

Strongest bound for low mass and for spin dependent case !

CMS coll. EXO-12-048 



collider bounds
Recently also bounds for mono-W or mono-Z have appeared: 

The bounds depend strongly on the operator considered !
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Caveat for the EFT
While the use of EFT for the case of non-relativistic scattering

with matter in DM direct detection is always well-justified, 
at LHC energies one has to be more careful...

[O.Buchmuller et al 1308.6799] 

[Fox et al 11, Busoni et al 13, O.Buchmuller et al 13] 

The bound is valid only for large mediator mass !



Jet substructure for DM
In case of a positive signal, the jet substructure could help to 

disentangle the operator and type of coupling: 

di-jet angular distribution could also vary for loop operators !

[Agraval & Rentala 1312.5325] 

[Haisch et al 1311.7131] 



A simple wimp/swimp model

No symmetry  is imposed to keep DM stable, but the decay
is required to be sufficiently suppressed. For                         :mΣ � mψ

Decay into 3 quarks via both couplings ! 

ψ Σ

dR

uc
R

dR

To avoid bounds from the antiproton flux require then

τψ ∝ λ−2
ψ λ−2

Σ

m4
Σ

m5
ψ

∼ 1028s

[G. Arcadi & LC 1305.6587]

λψψ̄dRΣ+ λΣū
c
RdRΣ

†

DM



FIMP/SWIMP at LHC
At the LHC we expect to produce the heavy charged scalar     , 

as long as the mass is not too large... In principle the particle 
has two channels of decay with very long lifetimes. 
Fixing the density by FIMP mechanism we have:

Σ

Moreover imposing ID “around the corner” gives

Very long apart for small DM mass, i.e. x =
mDM

mΣf

� 1

At least one decay could be visible !!!



A fimp/swimp summary
[G. Arcadi & LC 1305.6587]

For       SU(2) doublet, FIMP case gives displaced vertices, 
SuperWIMP gives “stable” charged particle @ LHC
Σ



LHC:metastable particles                                                
Recent results from CMS for metastable SUSY particles:

 at the moment no significant excess found....

)2cMass (GeV/
500 1000 1500

 (p
b)

!
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

 (p
b)

!
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbsTracker + TOF    CMS    

Theoretical Prediction
gluino (NLO+NLL)
stop (NLO+NLL)
stau, dir. prod. (NLO)
stau (NLO)
|Q| = 2e/3 (LO)
|Q| = 1e (LO)

gg~gluino; 50% 
gg~gluino; 10% 

stop
stau; dir. prod.
stau
|Q| = 2e/3
|Q| = 1e

 prod. 
direct
 stau 

 prod. 
indirect
direct+
 stau 

suppr.
  ch.
 stop stop

suppr.
  ch.
(f=0.1)
gluino

(f=0.1)
gluino

(f=0.5)
gluino

(f=1.0)
gluino

)2 c
95

%
 C

L 
lo

w
er

 m
as

s 
lim

it 
(G

eV
/

0

200

400

600

800

1000

1200

1400

1600

1800
-1 = 8 TeV, L = 18.8 fbs    -1 = 7 TeV, L = 5.0 fbs      CMS

 (2012)-1 = 7 TeV, L = 5.0 fbs      CMS
 (2011)-1 = 7 TeV, L = 5.0 fbs      CMS

-1 = 7 TeV, L = 4.7 fbs ATLAS
-1 = 7 TeV, L = 37 pbs ATLAS

-1 = 8 TeV, L = 18.8 fbs   -1 = 7 TeV, L = 5.0 fbsCMS    

[CMS-EXO-12026]



ID and DD probe different part of the parameter space 
in supersymmetric models !

ID-DD complementarity

[Bergström, Bringmann & Edsjö-2010]



LHC-D/ID complementarity
DD and especially ID have a much more extended 
mass reach than a collider, even if the sensitivity 
decreases for large masses since the number density 
becomes lower...

A missing energy signal at LHC does not guarantee that 
the escaping particle is DM or even a thermal relic.   
We need also a detection signal at ID or DD to be 
sure that we are seeing the right particle !

Even trying to check the consistency with a WIMP  
from collider measurements is not so simple.



The inclusion of direct detection data in the analysis can lift 
degeneracies and single out the right solution...

In the best case one would like to have three agreeing signals 
as a cross-check for the WIMP paradigm !

LHC-D/ID complementarity
Even reconstructing its density from the couplings can be 

difficult since degenerate  solutions may appear, e.g. in SUSY.



Outlook



 Outlook
Dark Matter is a WIMP, we should see it at LHC, 
in direct and indirect detection experiments... 
Possible to perform model-independent analysis, 
but the devil is in the detail !   

There are tantalizing WIMP hints in Indirect and 
Direct Detection, more data are expected soon !

Even if Dark Matter is not a WIMP, signals in 
indirect detection and at LHC are possible. Search 
for metastable particles is continuing and LHC 
analysis for displaced vertices are just starting !


