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Dark Matter: Evidences

Existence of a neutral stable massive particle:

-At galactic scale: velocity distribution of stars

-At galaxy cluster scale: -velocity distribution of galaxies
         -bullet cluster

-At cosmological scales: CMB data (WMAP), 
                            supernovae,....

lead consistently to: 
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Dark Matter: 3 main questions

-Nature of DM?

-At which scale?

-Why is it stable?



Dark Matter: WIMP mechanism

nDM ! nEq
DM

Relic density from annihilation freeze out:

• Down to                 , DM is in thermal equilibrium:                

• For                  :                                   Boltzmann suppressionT < mDM

T ∼ mDM

nDM ∝ e−mDM /T

                                       T = Tf

If                                                            

                            
                                            

    freeze out of the 
annihilation at  

ΩDM (T < Tf ) ! ΩDM (T = Tf ) ∝ 1
σannih.(T = Tf )

g ∼ 0.1− 1and
one needs mDM ∼ 1 GeV− 10 TeV

σannih.vr ! 10−26 cm3/sec

σannih. ! g4/m2
DM
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Dark Matter: 3 main questions
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-Why around electroweak scale?
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MSSM:

well motivated: superpartner

not that well motivated:

well motivated: hierarchy 
                        problem...

R-parity put by hand (even 
if motivated by proton decay)



Dark Matter: 3 main questions

-Nature of DM?

-Why around electroweak scale?

-Why is it stable?

      Scalar singlet DM, inert doublet 
DM, fermion singlet DM,...:

motivated by minimality

not motivated:

put by hand at right scale
                                           

Z -parity put  
by hand

2



Dark Matter: 3 main questions

-Nature of DM?

-Why around electroweak scale?

-Why is it stable?

      Scalar singlet DM, inert doublet 
DM, fermion singlet DM,...:

motivated by minimality

not motivated:

put by hand at right scale
                                           

Z -parity put  
by hand

2

in contrast with all known stable particles 
      which are stable due to a fundamental reason: 

-   : because massless (due to gauge symmetry)γ

ν
e−

p+

- lightest    : because lightest fermion (Lorentz sym.)

-      : because lightest charged particle under exact  

-      : accidental sym. due to gauge SM sym. and particle content

U(1)em



Justifying DM stability from gauge sym. and particle content

starting point of this talk

Known examples: 

B-L

                     - SU(2)  fermion quintuplet or scalar sevenplet: no possible

- R-parity as remnant of gauge U(1)

GUT

L

interaction with SM fields causing its decay with dim < 6 

lifetime larger than universe age if Lambda ~ M 
Cirelli, Fornengo, Strumia ‘06

- fermion SM singlet charged under a U(1) 

(with additional scalar to break it) Pospelov, Ritz, Voloshin ‘06

in all cases the stability is insured by a remnant Z 2

could we have other kinds of global symmetries??? 



Custodial symmetry      DM stability

simplest example: a gauged SU(2) + a scalar doublet φ

gets a vevφ vφ

φ =
( )

φ+

(η + ia0 + vφ)/
√

2

  spectrum: - 3 degenerate massive gauge bosons V :i
- one real scalar   :     η

mV =
gφvφ

2

This lagrangian has a custodial symmetry SU(2)  or equivalently 
a SO(3)  :                         triplet and       singlet η =

the 3 V are stable!                          forbidden          i

C

C

Vi → ηη, ...

but obviously this cannot work in the SM 
 (SU(2)  associated to SU(2)  is 

broken by Yukawa’s and     )
C L

θW

L = −1
4
FµνaF a

µν + (Dµφ)†(Dµφ)− µ2
φφ†φ− λφ(φ†φ)2

mη =
√

2λφ vφ

(V µ
1 , V µ

2 , V µ
3 ) =



Hidden sector through the Higgs portal

L = LSM + LHidden Sector + LHiggs portal

LHiggs portal = −λmφ†φH†H

! −λmvφ v h η  mixingh− η

SU(2)HS

LHidden Sector = −1
4
FµνaF a

µν + (Dµφ)†(Dµφ)− µ2
φφ†φ− λφ(φ†φ)2

doesn’t spoil the stability of the V µ
i



Relic density

in thermal equilibrium with SM thermal bath

•  annihilation freeze out (WIMP)

 with at least one SM part. in final state: to two real   : η

T ! mV :

T < mV : neq.
V ∼ e−mV /T

•  
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Figure 1: One-loop diagrams contributing to the asymmetry from the Nk decay.

Ai

Ai

η, h

η, h

Ai

Ai

η, h

η, h

η, h

Ai η, h

Ai

Ai η, h

Ai

Ai

η, h

W,Z

W,Z

Ai

Ai

η, h

f

f̄

Figure 2: Annilation processes with no DM particle in the final state.

This asymmetry is given by the interference of the ordinary tree level decay with the 3
diagrams of Fig. 1. The first two diagrams are the ordinary vertex and self-energy diagrams
involving another (virtual) right-handed neutrino and give

εNk =
1
8π

∑

j

Im[(YNY †
N )2kj]∑

i |(YN )ki|2
√

xj

[
1 − (1 + xj) log(1 + 1/xj) + 1/(1 − xj)

]
, (5)

where xj = M2
Nj

/M2
Nk

. The third diagram of Fig. 1 which was already displayed without
calculations in Ref. [10] involves a virtual triplet and is a new contribution. Calculating
it we obtain

ε∆
Nk

= − 1
2π

∑
j Im[(YN )ki(YN )kl(Y ∗

∆)ilµ]
∑

i |(YN )ki|2MNk

(
1 − M2

∆

M2
Nk

log(1 + M2
Nk

/M2
∆)

)
. (6)

Note that the tree level decay width is not affected by the existence of the triplet:

ΓNk =
1
8π

MNk

∑

i

|(YN )ki|2 . (7)

From the decay of the triplet to two leptons an asymmetry can also be produced. It is
given by the interference of the tree level process with the one-loop vertex diagram, given
in Fig. 2, involving a virtual right-handed neutrino [10]. Note that with one triplet alone
there is no self-energy diagram, and therefore without at least one right-handed neutrino
no asymmetry can be produced. At least two triplets are necessary in order to produce
an asymmetry without right-handed neutrinos, in which case the asymmetry comes from
self-energy diagrams as was shown in Refs. [11, 12]. Here we will restrict ourselves to
the case where there is only one SU(2)L triplet coupled to leptons (as it is in general the
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Relic density: additional new type of contribution

non abelian trilinear gauge couplings:

F a
µνFµνa ! εijk∂µAiν(Aµ

j Aν
k −Aν

j Aµ
k)

do not lead to any V 
  decay even if trilinear

(carries 3    indices)

i

!=

     but induces two DM to one 
DM particle annihilation 

Ai

Aj

Ak

Ak

η, h

Ai Ak

Aj

Aj η, h

Figure 3: Annilation processes with a DM particle in the final state.

case in left-right and SO(10) models, both ordinary and supersymmetric). Calculating
the asymmetry from Fig. 2 we obtain:

ε∆ = 2 · Γ(∆∗
L → l + l) − Γ(∆L → l̄ + l̄)

Γ(∆∗
L → l + l) + Γ(∆L → l̄ + l̄)

(8)

=
1
8π

∑

k

MNk

∑
il Im[(Y ∗

N )ki(Y ∗
N )kl(Y∆)ilµ∗]∑

ij |(Y∆)ij |2M2
∆ + |µ|2

log(1 + M2
∆/M2

Nk
) , (9)

while the triplet decay width to two leptons and two scalar doublets is given by:

Γ∆ =
1
8π

M∆

(∑

ij

|(Y∆)ij |2 +
|µ|2

M2
∆

)
. (10)

Note that there is such an asymmetry for each of the three components of the triplet. In
the case where the lighter right-handed neutrino and the triplet have approximately the
same mass and same order of magnitude couplings, all 3 types of asymmetries of Eqs. (5),
(6) and (9) can play an important role. In the following we will discuss the limiting cases
where one process dominates over the others. We will distinguish four such cases.

2.1 Case 1: MN1 << M∆ with a dominant contribution of the right-handed
neutrinos to the light neutrino masses

In the limit where the triplet couplings to two leptons are negligible with respect to
the leading right-handed neutrino Yukawa couplings, and with at least one right-handed
neutrino much lighter than the triplet, the triplet has a negligible effect for both the
neutrino masses and the leptogenesis. This is equivalent to the ordinary right-handed
neutrino scenario without the triplet. Only the 2 diagrams of Fig. 1.a and Fig. 1.b have
a non-negligible effect for leptogenesis. This case has been extensively studied in the
literature (see e.g. [1], [13]-[28]) and we have nothing to add here to it.
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Figure 4: One-loop diagram contributing to the asymmetry from the ∆L decay.
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Figure 3: Annilation processes with a DM particle in the final state.

case in left-right and SO(10) models, both ordinary and supersymmetric). Calculating
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neutrino much lighter than the triplet, the triplet has a negligible effect for both the
neutrino masses and the leptogenesis. This is equivalent to the ordinary right-handed
neutrino scenario without the triplet. Only the 2 diagrams of Fig. 1.a and Fig. 1.b have
a non-negligible effect for leptogenesis. This case has been extensively studied in the
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no dramatic effect for the freeze out (same order as other diagrams)

from the Z  case2!=



Small Higgs portal regime

λm ! 10−3

 depend only on               with 

ViVi → ηη , ViVj → Vkη dominant

gφ , vφ,λφ

λφif      also small:

σannih. ∼
g4

φ

m2
V

∼
g2

φ

v2
φ

mV ∝ g2
φ (∝ v2

φ)

mV (GeV)

gφ

λφ = 10−4

∼ 10−7(but larger than            to have thermalization with the SM bath)

mV =
gφvφ

2
, mη !

√
2λφ vφ

1 MeV ! mDM ! 50 TeV



Small Higgs portal regime

λm ! 10−3

 depend only on               with 

ViVi → ηη , ViVj → Vkη dominant

gφ , vφ,λφ

λφif      large: λφ = 10−6

gφ

λφ = 10−1

mV (GeV)

λφ = 10−4

∼ 10−7(but larger than            to have thermalization with the SM bath)

mV =
gφvφ

2
, mη !

√
2λφ vφ



Small Higgs portal regime

λm ! 10−3

 depend only on               with 

ViVi → ηη , ViVj → Vkη dominant

gφ , vφ,λφ

λφ = 10−6

gφ

works very fine but 

λφ = 10−1

mV (GeV)

λφ = 10−4

difficult to test (if      tiny)

but for example for        

λm

the direct detection rate can be
λm = 10−3

of order the experim. bound
σ(V N → V N) ∼ 10−44 cm2

∼ 10−7(but larger than            to have thermalization with the SM bath)

mV =
gφvφ

2
, mη !

√
2λφ vφ



Large Higgs portal regime

λm ! 10−3 large         mixing       η − h   tor - SM mixing
large hidden sec-

can lead to the right         even for maximal mixing       ΩDM

mV (GeV)

mη (GeV)

production at LHC of    just 
as for the Higgs in the SM but      

η

with possibly a larger mass

T parameter constraint:
if mη = mh mh = mη < 154 GeV (3σ)

mh = 120 GeV mη <∼ 240 GeV (3σ)if

or larger if non
maximal mixing



Large Higgs portal regime: direct detection

N

N

Vi

Vi

η, h

Lo
g(

V
iN
→

V
iN

)
(c

m
2
)

mV (GeV)

can saturate the experimental bound  for      

large Higgs portal regime: very rich phenomenology

mV ! 300 GeV



Pamela??? (the song of the siren)

 observed excess of 10-100 GeV cosmic positrons 

 requires an annihilation to positron: 

>
 <

to get the right ΩDM

 need for a              boost of positron production: unlikely (    pulsars??)103 − 104

 but if one tries: - astrophysics: a factor 10 boost at most
- particle physics: Sommerfeld enhancement 

from attractive long range force 

σ vr ! 3 · 10−23 cm3/sec

σannih. vr ! 10−26 cm3/sec



First step: if boost large enough can we reproduce 
the Pamela spectrum? 

yes easily: one example:

!

!
!

!

!
!

!

!

!

""
"
"
" "

" "
"

#

# ##

#
#
#
#

#

#
!

!
!

!
!
!

$$$$$$$$$
$$$

$ $
$
$

$ PAMELA 08
! CAPRICE 98
# CAPRICE 94
" HEAT 00
! AMS 98MDM " 10 TeV

Boost " 2.104

1 101 102 103 104

10#2

10#1

1

E !GeV"

e$
#$e$ $

e#
%

mV = 10TeV (ViVi → ηη dominant)

thanks to Gilles Vertongen
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First step: if boost large enough can we reproduce 
the Pamela spectrum? 

yes easily: 2nd example:

mV = 500 GeV mη = 100 MeV
(ViVi → ηη dominant) η → e+e−

thanks to Gilles Vertongen

Prelim
inary
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Second step: can we get a large enough
Sommerfeld boost? 

 mediated between 2 V is attractive:η i

.....

η

η

η η η η η

Vi

Vi

Vi Vi

Vi Vi .....

.....
Vi

Vi Sommerfeld boost
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Figure 1: Iso-contours of the non-perturbative Sommerfeld correction to the DM DM anni-
hilation. Here α is the coupling constant, β is the DM velocity, ε is the ratio between the
vector mass and the DM mass. The labels indicate where some classes of DM candidates lie
in this plane: ‘weak’ indicates weak-scale DM particles, ‘TeV’ indicates DM with multi-TeV
mass, and ‘strong’ indicates strongly-interacting particles that in some models give dominant
co-annihilations. Within the shaded region thermal masses dominate over masses, effectively
shifting the value of α/ε as indicated by the arrow.

V is the sum of the various contributions mediated by all SM vectors. Higgs exchange can also
be relevant, in models where DM sizably couples to the Higgs.

For ε = 0 (massless vector) the Schrödinger equation has the same form as the one that
describes e.g. the hydrogen atom, and it can be analytically solved: the Sommerfeld factor R
that multiplies the perturbative cross section is

R =
−πx

1 − eπx
x = ±

α

β
(for MV = 0) (2)

This shows that R sizably differs from 1 at β <∼πα. DM DM annihilations into SM particles
freeze-out when the temperature T cools down below T/M ∼ 1/ ln(MPl/M) ∼ 1/26. This
happens to be numerically comparable to the SM gauge couplings, i.e. α2 ≈ 1/30. Consequently
DM freeze-out occurs when β ∼ 0.2 i.e. πx ∼ 1: the Sommerfeld correction is significant,
R ∼ O(1).

Of course we must take into account that the relevant W, Z vectors are massive: since R
must now be computed numerically, it is convenient to first identify on which parameters R
depends. We notice that R only depends on the two ratios α/β and α/ε, so that R can be
plotted on a plane. This can be proofed noticing that R is adimensional and that physics is
invariant under r → λr, M → M/λ, MV → MV /λ. Fig. 1 shows iso-contours of R as function
of α/β and α/ε. We can distinguish various regions:

4

*  where we are for example with: 
mV = 500 GeV, mη = 100 MeV

 apparently the boost is large enough

 explicit realization of Arkani-
     Hamed, Weiner et al mechanism

Cirelli, Strumia, Tamburini ‘07

      (in agreement with
          which fixes the Som-

     merfeld coupling) 

ΩDM



What about the non-perturbative regime of this model?

 SU(2)              confines automatically if  Hidden Sect.

perturbative dynamical

ΛSU(2) >> vφ

breaking scale    scale

 but the custodial symmetry remains exact in this case too

  confines: boundstates are eigenstates of the custodial sym.:φ

‘t Hooft ‘98

- scalar state:               singlet of SO(3) expected the lightest

- “charged” vector state:

- “neutral” vector state:

S ≡ φ†φ

V +
µ ≡ φ†Dµφ̃

V −µ ≡ φ̃†Dµφ

V 0
µ ≡

φ†Dµφ− φ̃†Dµφ̃√
2
}SO(3) triplet

stable DM
candidates!

T.H., M. Tytgat, arXiv:0902?



Relic density in the confined regime

strongly interactive massive particle (SIMP)

annihilation cross section cannot be calculated perturbatively

Vi

Vi

S

S

Vi

Vi

h

S

...

if           mixing is  S − h

 large (for large      )

+ ( ) 

expected do-

λm

minant channel:

σannih. ∼
A

Λ2
SU(2)

A = 10− 50

confining non-abelian hidden sector coupled to the SM
through the Higgs portal: perfectly viable DM candidate

mDM ! 20− 200 TeV



Higher dimensional operator effects

no possible dim-5 (gauge invar.) operators destabilizing

the vector DM particles: only dim-6 operators

Dµφ†FµνDνφ

Λ2
, ...

for                    it leads to                    formV ! 1 TeV
mV ! 1 GeV

τV > τUniverse

Λ ! 109 GeV
Λ ! 1013 GeV



Summary

•  •  •  

If one tries to justify DM stability from gauge symmetry and particle

 is by means of the custodial symmetry:

content (as in the SM) a very simple non Z  possibility which emerges

a hidden sector non-abelian gauge
 field with a scalar in the fundamental 

     communicating with the SM
 through the Higgs portal

viable DM candidate within a large parameter range

either in the perturbative regime: DM = gauge bosons

rich phenomenology: direct detection, LHC (if         mixing large), Pamela,...

or in the confined regime: DM = vector boundstate in the adjoint

2

mDM ! 20− 200 TeV

h− η

1 MeV ! mDM ! 50 TeV




