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Fraction of the universe’s energy density 
stored in a stable massive thermal relic:

→ a particle with a typical Fermi-scale cross section 
σanni ≈ 1 pb leads to the correct dark matter abundance. 

Which particle? How to test this hypothesis?

Dark Ma"er and $ Fermi scale

ΩDM≈ 0.2 pb
σanni

a compelling coincidence (the 
“WIMP miracle”)



New symmetries at the TeV scale and Dark Matter

New TeV scale 
physics needed

to cut-off quadratically 
divergent quantum corrections to 

the Higgs mass

tension with precision tests of the 
SM in EW & flavor sector (post-

LEP “little hierarchy pb”)

introduce new discrete 
symmetry P

R-parity in SUSY, KK parity in extra dim, T 
parity in Little Higgs ...

Lightest P-odd particle is stable

DM candidate



Dark Matter Candidates

}(not wimps)



SUSY vs UED at LC in µ+µ− + /ET channel

e+

Z Z2

γ B2

e−
µ−

µ+

B1

B1

µ−
D1

µ+
D1

µ−
S1

µ+
S1

e+

e−

Z

γ

µ−

χ̃0
1

χ̃0
1

µ̃L
µ̃R

µ̃∗L
µ̃∗R

µ+

• Angular distribution
(

dσ
d cos θ

)
UED

∼ 1 +
E2

µ1
−M2

µ1
E2

µ1
+M2

µ1
cos2 θ

(
dσ

d cos θ

)
SUSY

∼ 1 − cos2 θ

∼ 1 + cos2 θ

• µ− energy distribution

• Threshold scan

• Photon energy distribution

The Angular Distribution (LC)

(Battaglia, Datta, De Roeck, Kong, Matchev,hep-ph/0502041 )

0

100

200

300

400

500

600

700

800

-1 -0.5 0 0.5 1

En
tr

ies
 / 

0.1
 ab

-1

cos θµ

0

25

50

75

100

125

150

175

200

-1 -0.5 0 0.5 1

•
(

dσ
d cos θ

)
UED

∼ 1 + cos2 θ

•
(

dσ
d cos θ

)
SUSY

∼ 1 − cos2 θ

The Angular Distribution (LC)

(Battaglia, Datta, De Roeck, Kong, Matchev,hep-ph/0502041 )

0

100

200

300

400

500

600

700

800

-1 -0.5 0 0.5 1

En
tr

ies
 / 

0.1
 ab

-1

cos θµ

0

25

50

75

100

125

150

175

200

-1 -0.5 0 0.5 1

•
(

dσ
d cos θ

)
UED

∼ 1 + cos2 θ

•
(

dσ
d cos θ

)
SUSY

∼ 1 − cos2 θ

The Angular Distribution (LC)

(Battaglia, Datta, De Roeck, Kong, Matchev,hep-ph/0502041 )

0

100

200

300

400

500

600

700

800

-1 -0.5 0 0.5 1

En
tr

ies
 / 

0.1
 ab

-1

cos θµ

0

25

50

75

100

125

150

175

200

-1 -0.5 0 0.5 1

•
(

dσ
d cos θ

)
UED

∼ 1 + cos2 θ

•
(

dσ
d cos θ

)
SUSY

∼ 1 − cos2 θ

The Angular Distribution (LC)

(Battaglia, Datta, De Roeck, Kong, Matchev,hep-ph/0502041 )

0

100

200

300

400

500

600

700

800

-1 -0.5 0 0.5 1

En
tr

ies
 / 

0.1
 ab

-1

cos θµ

0

25

50

75

100

125

150

175

200

-1 -0.5 0 0.5 1

•
(

dσ
d cos θ

)
UED

∼ 1 + cos2 θ

•
(

dσ
d cos θ

)
SUSY

∼ 1 − cos2 θ

The Angular Distribution (LC)

(Battaglia, Datta, De Roeck, Kong, Matchev,hep-ph/0502041 )

0

100

200

300

400

500

600

700

800

-1 -0.5 0 0.5 1

En
tr

ies
 / 

0.1
 ab

-1

cos θµ

0

25

50

75

100

125

150

175

200

-1 -0.5 0 0.5 1

•
(

dσ
d cos θ

)
UED

∼ 1 + cos2 θ

•
(

dσ
d cos θ

)
SUSY

∼ 1 − cos2 θ



A Dark Ma"er - Top Quark 

Connection



L = LSM − 1
4
F ′

µνF ′µν + M2
Z′Z ′

µZ ′µ + iν̄γµDµν + gt
Rt̄γµPRZ ′µt +

χ

2
F ′

µνFµν
Y

Dµ ≡ ∂µ − i (gν
RPR + gν

LPL) Z ′µ

A very simple effective theory

The WIMP is a Dirac fermion, ν, singlet under the SM, 
charged under a new spontaneously broken U(1)’.

The only SM particle charged under the Z’ is the top quark

There is no SM state the WIMP can decay into:  ν is stable.  

This model can be UV completed as an SO(10) RS model Agashe-Servant ’04

More generally, in models where top quark is composite, natural to expect 
that only the top couples to a new strongly interacting sector.

see also Belanger-Pukhov-Servant ’07
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Direct detection constraints
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as the Z’ coupling to top and ν increases, the 
prediction for MDM gets narrower -> MDM ~ 150 GeV

MDM ~ 150 GeV

Dark ma"er mass from relic density calculation

for gZ′

ν , gZ′
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Indirect probes of the Higgs in space. 

 Discovery of a gamma-ray line produced by  WIMP annihilations in space 
and whose energy reflects the mass of the Higgs (and the WIMP)

could even allow the first direct observation of a Higgs production process

γ

HDM

DM

Tevatron and LHC scooped by FERMI



● photons travel undeflected and point directly to source
● photons travel almost unattenuated and don’t require a diffusion model
● detected from the ground (ACTs) and from above (FERMI)

 Seeing the light from Dark Matter

● Continuum

 from hadronisation and decays 
of SM particles, final state 

radiation of charged particles

 secondary γ’s  primary γ’s

almost featureless but with 
sharp cutoff at Wimp mass
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annihilation into 
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-> mono energetic lines 

superimposed onto continuum at 

-> striking spectral 
feature, SMOKING GUN 
signature of Dark Matter

  lines are usually small (loop-
suppressed) compared to continuum☹

☺
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γ’s from DM annihilations consist of 2 components

● Lines

Eγ = MDM

(
1− M2

X

4M2
DM

)



 Seeing the light from Dark Matter

● What if the nature of DM is such that continuum emission is suppressed 
while production of “direct” photons can be large?

● The position and strength of lines can provide a wealth of information about DM:

→ γγ  line measures mass of DM

Eγ = MDM

(
1− M2

X

4M2
DM

)  → relative strengths between lines 
provides info on WIMP couplings

→ observation of γH would indicate WIMP 
is not scalar or Majorana fermion

→ if other particles in the dark sector, we 
could possibly observe a series of lines

[the “WIMP forest”, Bertone et al. ’09]



What about DM annihilations into γ H ?

lines well separated for heavy Higgs

Eγ = MDM

(
1− M2

H

4M2
DM

)

Eγ = MDM

(
1− M2

Z

4M2
DM

)

  

!""#$#%& #'"()#"&')*γ+

#",#-.",."&%/)01'2)3'%% #,.1(

4)54/)&')-1',63.)&$.)*#77() #")(-43.)4",)-1'8.)&$.)*#77()(.3&'1

4)54/)&') #"0.1)

&$.)*#77()24((
γ * γ 9 

  

!""#$#%& #'"()#"&')*γ+

#",#-.",."&%/)01'2)3'%% #,.1(

4)54/)&')-1',63.)&$.)*#77() #")(-43.)4",)-1'8.)&$.)*#77()(.3&'1

9#".()41.)

2.17#"7
γ * γ :

Probing the Higgs in Seeing the light from Dark Matter



Scalar DM

Majorana fermion DM

 Dirac Fermion DM                           

e.g. “Chiral Square” (6D UED model), Inert Doublet Model ...

e.g. neutralino in SUSY

e.g. KK photon in 5D UED, heavy photon in Little Higgs models

 Non-relativistic scattering of 2 scalars  ➾ The initial state angular momentum is zero

OK if 2 vectors in the final state but vector+scalar final state 
requires initial state orbital angular momentum  ➾ higher order in v2

Must also annihilate at higher order in v2  (initial state S=0)

OK in principle but if it annihilates via s-channel scalar exchange: 
still v2 -suppressed; if t-channel (box diagrams), this is typically 
suppressed by couplings and masses (e.g. in UED or Little Higgs)  

Annihilations into γ H?

e.g. Agashe-Servant ’04; Belanger-Pukhov-Servant ’07

 Vector DM                           ☺

☺

☹

☹



Dirac fermion annihilation into γ H 
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Lines not suppressed compared to continuum
continuum jumps due to 
opening of tt channel

-

 γ signal from ν annihilation

Note: no γγ line as dictated 
by Landau-Yang theorem 
(Z’ being the sole portal from 
the wimp sector to the SM)
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 γ-ray lines from the Galactic Center ΔΩ= 10-5 sr

NFW profiles. No need for astro boost factors

Spectra for parameters leading to correct relic density and 
satisfying direct detection constraints
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MDM < Mt  since the strong coupling to top would 
otherwise give a too low relic density (for O(1) couplings). 

DM mass is below kinematic threshold for top production 
in the zero velocity limit

DM almost decouples from light fermions while still 
having large couplings to top

To recap:

Virtual top close to threshold can significantly enhance 
loop processes producing monochromatic photons.



assuming energy 
resolution of 10%

region where the 
3 lines are visible
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lines are visible

region with 1 line 
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are merged)
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Collider signatures of a top (and DM)-philic Z’
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Battaglia-Servant in progress

  σttνeνe = 4.1 fb    
       σ4t in SM = 0.03 fb



DM-Top quark connection (RS and composite Higgs inspired)

Signals of a Higgs from γ rays

Summary

Are DM and EW symmetry breaking related ? If so, wimps may 
have enhanced couplings to massive states, top, W/Z, H etc.

Observation of ΥH would indicate that the WIMP is not a scalar 
nor a Majorana fermion  but most likely a Dirac fermion

Collider studies in progress



in relative thermal equilibrium in the early universe and that for even particles produced
in annihilation of the LOP, there are no significant branching ratios into odd particles.

In this manual, we first briefly review the relic density calculation. In section 3 we then
present the various features of micrOMEGAs 2.0 and the routines available for handling
parameters, computing the relic density, all cross-sections and decay widths as well as the
annihilation cross-sections at small velocities. A description of specific routines developed
for the MSSM, for the CPV-MSSM and for the NMSSM follows in section 4. We then
describe the implementation of new models in micrOMEGAs 2.0 in Section 5. Finally we
explain the installation procedure. Examples of a micrOMEGAs 2.0 session and possible
problems in compilation can be found in the appendices.

2 Relic density of dark matter

A relic density calculation entails solving the evolution equation for the abundance of the
dark matter, Y (T ), defined as the number density divided by the entropy density, (here
we follow closely the approach in [44, 45])

dY

dT
=

√

πg∗(T )

45
Mp < σv > (Y (T )2 − Yeq(T )2) (1)

where g∗ is an effective number of degree of freedom [44], Mp is the Planck mass and
Yeq(T ) the thermal equilibrium abundance. < σv > is the relativistic thermally averaged
annihilation cross-section. The dependence on the specific model for particle physics en-
ters only in this cross-section which includes all annihilation and coannihilation channels,

< σv >=

∑

i,j

gigj

∫

(mi+mj)2
ds
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sK1(
√

s/T )p2
ij
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k,l

σij;kl(s)

2T
(
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i

gim2
i K2(mi/T )

)2 , (2)

where gi is the number of degree of freedom, σij;kl the total cross-section for annihilation
of a pair of supersymmetric particles with masses mi, mj into some Standard Model
particles (k, l), and pij(

√
s) is the momentum (total energy) of the incoming particles in

their center-of-mass frame.
Integrating Eq. 1 from T = ∞ to T = T0 leads to the present day abundance Y (T0)

needed in the estimation of the relic density,

ΩLOPh2 =
8π

3

s(T0)

M2
p (100(km/s/Mpc))2

MLOP Y (T0) = 2.742 × 108MLOP

GeV
Y (T0) (3)

where s(T0) is the entropy density at present time and h the normalized Hubble constant.
To compute the relic density, micrOMEGAs solves the equation for the abundance

Eq. 1, numerically without any approximation. In addition, micrOMEGAs also estimates
the relative contribution of each individual annihilation or coannihilation channel to the
relic density. For this specific purpose only, we use the freeze-out approximation (for more
details, see [24]).

As in previous versions, we include in the thermally averaged cross-section, Eq. 2,
only the processes involving the LOP as well as those particles for which the Boltzmann
suppression factor, B, is above some value Bε
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<σv> : relativistic thermally averaged annihilation cross section

Y(T): abundance of DM
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FIG. 10: In the yellow region (that can extend down to the
red line depending on the resolution) the γZ and γH lines
can be distinguished while in the orange region, both lines are
merged. The horizontal dotted black line is the LEP limit.

cross sections and photon spectra per annihilation. The
factor 1/4 in Eq. (20) is appropriate for the Dirac fermion
we are considering and should be replaced by a factor 1/2
in the case of a self-conjugate dark matter particle. The
dimensionless quantity J(ψ) corresponds to the integra-
tion of the photon signal along a line of sight making an
angle ψ with the Galactic Center direction. The total
observed flux is then obtained integrating the emission
over the the observed region of angular size ∆Ω. The
normalization factors ρ! = 0.3 GeV cm−3 and r! = 8.5
kpc correspond respectively to the dark matter density at
the solar position and to the distance of the Sun from the
Galactic Center. The dark matter density distribution in
our galaxy, ρ(x), is poorly constrained by observations,
in particular in the inner regions, where also current N -
body simulations can not resolve the density profile. The
popular Navarro Frenk and White (NFW) profile [20] is
a good fit to the most recent N-body simulations and
describes a spherically symmetryc dark matter halo:

ρNFW(r) =
ρs

r
rs

(

1 + r
rs

)2 . (21)

It has been recently claimed that a slightly shallower
“Einasto” [21] profile, deviating from power-law at small
radii, is preferred by simulations.

ρEinasto(r) = ρs · exp

[

−
2

α

((

r

rs

)α

− 1

)]

, α = 0.17

(22)

MW halo model rs in kpc ρs in GeV/cm3 J̄
`

10−5
´

NFW [20] 20 0.26 15 · 103

Einasto [21] 20 0.06 7.6 · 103

Adiabatic[22] 4.7 · 107

TABLE I: Parameters of the density profiles for the Milky
Way discussed in the text and corresponding value of J̄ for
∆Ω = 10−5.

However, the presence of baryons, not accounted for
in the simulations previously quoted, may significantly
change the picture, in particular in the inner region of
the galaxy where the gravitational influence of the super
massive black hole is expected to have a large feedback on
the surrounding dark matter distribution. The evolution
of the dark matter profile, accounting for dark matter-
baryons interactions and in presence of dark matter an-
nihilations, has been simulated in Ref. [22]. The density
distribution is significantly increased at small radii with
respect to the NFW profile.

In Table I we show the J̄ factor for different halo pro-
files and for an observation of the galactic center region
with an angular acceptance ∆Ω = 10−5, corresponding
to the angular resolution of Fermi-LAT and current Air
Cherenkov Telescopes (ACTs). The large uncertainties
in the dark matter distribution in that region turn into
large uncertainties on the photon fluxes predictions. On
the other hand the ρ2 dependence of the signal suggests
the galactic center region as the best target to maximize
the signal. For the rest of the paper we adopt NFW as a
dark matter profile benchmark but our results can easily
be rescaled for other profiles here quoted using Tab. I.

B. Experimental Sensitivity

Focusing on the Fermi-LAT telescope, we compute the
expected photon signal, ΦS

γ , convolving the photon flux
in Eq.20 with the energy response of the instrument
G(E0, E):

ΦS
γ (E) =

∫

dE0Φγ(E0)G(E0, E) (23)

where we assume for Fermi-LAT a gaussian kernel

G(E0, E) =
1√

2πEσ
exp

(

−
(E0 − E)2

2σ2E2

)

(24)

with σ depending on the detector energy resolution ξ as
σ = ξ/2.3.

In Figures 11, 12, and 13, we show the predicted pho-
ton fluxes at the galactic center for different choices of
particle physics parameters. For comparison we plot the
HESS observation of the same angular region [23]. The
EGRET observations [24], extending up to ∼ 30 GeV,
correspond instead to ∆Ω = 10−3, appropriate for the a
∼ 1◦ angular resolution. Fermi-LAT observations will fill

 ≡J(ΔΩ)-

Astrophysical uncertainties 
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astrophysics (halo profile)microphysics

Photon flux produced by DM annihilations
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Figure 1: Leading order QCD cross section for top partner pair production at the LHC, as a function
of its mass. The solid line corresponds to a spin- 1

2
particle, the dashed line to a spin-0 state. The

two dashed horizontal lines indicate the cross sections for the SM background processes tt̄ and tt̄Z
with tree-level matrix elements. The left panel shows the results before T decay, and the right panel
includes the decay branching fractions to the semi-leptonic final state bj1j2 b̄!−ν̄ + E/T , before any
kinematical acceptance.

The rest of the paper is organized as follows. In Sec. II, we study the signal observability

by carefully examining the kinematics and optimizing the background suppression. In Sec. III,

we discuss the feasibility of spin and mass determination. We summarize and conclude in

Sec. IV.

2. Signal Observability

In this section, we present a viable method for discovering new physics in the tt̄ + E/T final

state as in Eq. (1.2). We assume for the purpose of the following discussion that the top

partner T is a color triplet under SU(3)C and a doublet under SU(2)L.

2.1 Production Rates at the LHC

The leading production mechanism for the top partners is via QCD interactions

qq̄, gg → T T̄ . (2.1)

In Fig. 1(a), we present the total leading order T T̄ production cross section at the LHC as

a function of the mass of the T . The solid line corresponds to a spin-1
2 particle; the dashed

line corresponds to a spin-0 state. αs is calculated at two loops, with the renormalization and

factorization scales set equal to
√

s/2, and using the CTEQ 4M parton distribution functions

[21]. We see from the figure a factor of 8 − 10 difference between the scalar and the fermion

production cross sections. A factor of 4 comes from simple spin-state counting, and the

remainder is due to threshold effects.
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