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Motivation

Strong evidence for DM at various scales
CMB (PLANCK) give precise information on amount of DM
Most attractive explanation: WIMPs

Many models for WIMPS : SUSY, UED, extended Higgs ...
Need only R-parity like symmetry that stabilizes DM
Precise computation of relic density in variety of models

Public codes that compute relic density in MSSM
 micrOMEGAs, DarkSUSY, IsaTools, SuperISORelic, MadDM

micrOMEGASs can be use for generic models



Probing the nature of dark matter

Early universe and indirect detection
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Collider Searches

*Comprehensive tool for dark matter studies : precise calculation of
relic density, direct detection, indirect detection, cross section at
colliders and decays 1n a wide variety of models: micrOMEGAs>2 .4



Relic density of wimps
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LSP decouples from standard model
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expansion rate of the universe



dy 1

S = (o0 (Y? — Yo(T)?)

Solving numerically, get present day abundance Y, and
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Critical density
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Entropy today
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Weakly interacting particle gives roughly the right annihilation cross section
to have Qh? ~0.1
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Typical annihilation cross-section at FO < ov >= 3 x 107%cm? /sec



Coannihilation

If M(NLSP)~M(LSP) then X = ¥ — X'+ Y maintains thermal
equilibrium between NLSP-LSP even after non standard particles decouple from
standard ones

Relic density depends on rate for all processes involving LSP/NLSP - SM

All particles eventually decay into LSP, calculation of relic density requires
summing over all possible processes
/ Exp(- AM)/T
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Important processes are those involving particles close in mass to LSP, for
example up to 3000 processes can contribute in MSSM

Need for automation



The micrOMEGAS code

Automation, modularity, speed of execution, possibility to
include different DM candidates

Ready-made stand-alone code for non-expert with possibility to
link to more specialized codes

First version in 2001: 1nitial goal compute the relic density in
MSSM including all processes

2004 : Exact numerical solution of relic density

2006 : Direct detection

2008: Generalization to arbitrary particle physics model
2010 : Indirect detection

2013 : Generalization relic density, Higgs, neutrino signature
2014 : Two dark matter candidates 7
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micrOMEGAs 2.0 and later

A generic program to calculate DM properties in any model

Assume some = R-parity *, particles odd/even under R (odd
particles: ~)

Need to specify model file in CalcHEP notation : particles, variables,
vertices, functions (do by hand or with LanHEP/SARAH/Feynrules)

After the model is implemented and checked with CalcHEP

— Code then automatically looks for “LSP”
— Computes all annihilation and coannihilation cross-sections
— Complete tree-level matrix elements for all subprocesses

Automatically check for presence of resonances and improves the
accuracy near pole

— Numerical solution of evolution equation and calculation of relic
density with non-relativistic thermal averaging and proper treatment of
poles and thresholds

» Gondolo, Gelmini, NPB 360 (1991)145

 coannihilation : Edsjo, Gondolo PRD56(1997) 1879



Includes and compiles relevant channels only if needed (Beps)
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Calculates the relic density for any LSP (even charged)

Computes ov, v->0 for LSP, LSP annihilation and signatures for y and
positron/antiproton including propagation

Automatically compute elastic scattering rate on nucleon/nucleus
Computes rate for neutrino signal and compares with existing limits

CalcHEP is included: computes all 2->2 processes and 1-> 2,3 decays
at tree-level

Some facilities provided for pp collisions

LHC collider limits through interface with SModelS, Lilith,
HiggsSignals/HiggsBounds

Interactive link to CalcHEP -> generate events, link to pythia ...

For new models : constraints and auxiliary routines must be provided by
the user in fortran or C routine



Beyond tree-level 2->2

« Annihilation into 3-body final state
can be as large as 2-body, e.g. W
pair annihilation suppressed c
(Yaguna, arXiv: 1003.2730) 0

« Switch to include 3/4-body
processes with one/two virtual W/Z

Example: MSSM

(h

* Possibility to replace cross sections |
before computing relic density 50 55 60 65 70

' Moy (Ge
* For one process (e.g. loop improved) oul Ge

e Forall pr(?cesses (e.g. model where u=150GeV, M2=2M
2->4 dominates)
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Beyond the Z, WIMP model

» Extended discrete symmetries : discrete remnant of some broken
gauge group, 1n general does not have to be 7>

« Impact for dark matter : New processes

 semi-annihilation : processes involving different number of
“odd particles” xx -->x* SM

« T. Hambye, 0811.0172, T. Hambye, M. Tytgat, 0907.1007

dn v XX 2 2 1 —xX 2
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— More than one DM candidate

 Assisted freeze-out/DM conversion : interaction between

particles from different dark sectors

» X1X1 <--> X2X2
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Asymmetric DM

The case where DM 1is not self-conjugate (e.g. Dirac fermion,
complex scalar)

Y"(Y"): abundance of DM particle(anti-)
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Similar to equation for self-conjugate
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Dark matter models

* Models distributed
— MSSM
— NMSSM (with C. Hugonie, hep-ph/0505142)
— CPV-MSSM (with S. Kraml, hep-ph/0604150)
— Right-handed neutrino (with G. Servant, arXiv:0706.0526)
— Laittle Higgs (A. Belyaev)
— Inert doublet
— Inert doublet+singlet 73,74 (with K. Kannike, M. Raidal)
— UMSSM (with J. DaSilva)
* Models not yet public
— SUSY N=2 (with K. Benakli, M. Goodsell.. arXiv:0905.1043)
— UED (with M. Kakizaki)
— MSSM-+RHneutrino (with M. Kakizaki, S. Kraml, E.K. Park)
— BMSSM (F. Boudjema, G. Drieu La Rochelle, A. Goudelis)
— Effective operators (with A Goudelis)

 Many more models implemented by users



Conclusion

* To understand the nature of dark matter clearly
need information and cross checks from
cosmology, direct and indirect detection as well
as from collider physics

 micrtOMEGASs 1s tool to perform these analyses
in a generic model



