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 Phenomenological aspects of the
dark matter stability origin



DM is astonishingly stable!

                          e.g. ad hoc     symmetry ...

in many models: stability assumed by hand

 in most models not to produce     
τDM ! 1026 sec

e+, p̄, γ, ... fluxes larger than observed

τDM > τU ∼ 1018 sec

Z2

                          origin of the exceptional DM stability????

                          determines the basic DM model structure with specific phenomenology



Examples of specific phenomenology
 

deriving from
 

DM stabilization mechanisms 



DM stability        long range forces??

DM stable as for the     : lightest charged particle under a unbroken gauged U(1)e−

the simple adjunction of a new QED structure

L = LSM + LQED′

                     Ackerman, Buckley, Carroll, 
                                       Kamionkowski 08’; Feng, Tu, Yu 08’;

                          Feng, Kaplinghat, Tu, Yu 09’

e′
±γ′

>

>stable e′
± relic density: 

LQED′ = ψe′(i/∂ − e /Aγ′ −me′)ψe′

γ′

see also Foot at al. 06’-10’

> γ′
e′

−

e′
−

e′
+

long range force between charged DM     

- damping of small scale structure due to lower kinetic decoupling

- galactic halo morphology modified by DM collisions through Rutherford scatter.

- more collisions in bullet cluster through Rutherford scattering

- ...

e′
±

+ possible communication with SM through kinetic mixing

γ′

e′
− >

>

>
>e′

−
e′

−

e′
−

α′, me′ , T
′

for a single fermion gives a viable DM candidate!!



Lightest fermion of a secluded sector

e.g. assume: - a new U(1) gauge interaction                           a massive
- a charged scalar     breaking it                          a Higgs boson
- a charged fermion     (vector)                           a massive fermion
- all SM fermions are neutral under U(1)

φ
ψ ψ

Z ′

stable because lightest 
         fermion of a secluded sector

                     Pospelov, Ritz, Voloshin 07’

communication with SM through Higgs portal and kinetic mixing

L ! −1

4
κFY

µν F
µν
QED′L !− λφ†φH†H

κ ! 10−(2−3)

4

one needs to find a point with mψ0
far away from the

pole (MZD
/2), and therefore lighter. This is a region

that XENON has difficulties to exclude: the sensitiv-
ity of a direct detection experiments decreases for light
dark matter candidate as their efficiencies are worst for
low-energy nuclear recoil. For instance, for MZD

= 20.6
GeV and δ1 = 10−4, WMAP is fulfilled for mψ0

= 10.5
GeV, which is a point lying exactly in the ZD−pole re-
gion. The spin independent elastic scaterring on the pro-
ton is in this case σp

SI = 7 × 10−40 cm2 which is al-
ready excluded by XENON and CDMS-Si. However, for
δ2 = 4 × 10−3, WMAP is fulfilled for mψ0

= 4.04 GeV,
quite avay from the ZD pole, generating a higher cross
section σp

SI = 10−38 cm2 (δ2 > δ1) but which is not yet
excluded by XENON whose sensitivity is 3.5×10−38 cm2

for such a light ψ0.

B. Signals from COGENT, CDMSII or DAMA?

The DAMA collaboration has provided strong evidence
for an annually modulated signal in the scintillation light
from sodium iodine detectors. The combined data from
DAMA/NaI [34] (7 annual cycles) and DAMA/LIBRA
[35] (4 annual cycles) with a total exposure of 0.82 ton
yrs shows a modulation signal with 8.2σ significance. The
phase of this modulation agrees with the assumption that
the signal is due to the scattering of a WIMP.

Moreover, recently, a series of analysis and comments
have been released concerning the effective value of the
XENON100 efficiency at low energy (Leff ). We will not
enter into all the technical details here, we therefore let
the reader makes his own opinion by reading [37–41]. The
main conclusion (until now) is that it is not yet clear if
the DAMA/LIBRA and CoGeNT regions are excluded
by XENON100. The main discussion concerns the ex-
trapolation of Leff and its interpretation in the detec-
tion of S1 light from low-energy nuclear recoil. To be
as conservative as possible, we explore in this section
the possibility to interpret these excesses with a dark
sector with a kinetic mixing portal. We show in Fig.4
the points respecting WMAP, and the DAMA/LIBRA
(with and without channeling) CoGENT and CRESST3

results at 99.73 % of CL. We see that for all experiments,
the regions are quite surprisingly near and correspond to
15 GeV <

∼ MZD

<
∼ 30 GeV and 10−4 <

∼ δ <
∼ 10−3, which

is in complete agreement with the measurement of elec-
troweak precision tests. Moreover, such values of δ are
typical of one loop-order corrections and can easily be
generated by heavy-fermions loops in the Z − ZD prop-
agator.

We show in Fig.5 the points respecting the accelera-

3 For the CRESST estimation, we use an extrapolation given by
T. Schwetz in a private communication.
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FIG. 4: Parameter space wihtin 99.73 % of confidence level for the
CoGENT signal (blue boxes), DAMA without chanelling (red cir-
cles), with chanelling (green circles) and CRESST (black crosses).
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FIG. 5: Points still allowed by electroweak, cosmological and direct
detection constraints in the plane (MZD

;σp
SI).

tor, cosmological, and the more severe direct detection
constraints in the plane (mψ0

;σp
SI) in comparison with

XENON100 and CDMS-Si sensitivity. We see that a
large region is still to be explored. It corresponds to
dark matter masses between 1 and 20 GeV, a range of
masses which could be difficult but far from impossible
to probe in a near future experiment.

V. CONCLUSION

We showed that the existence of a dark U(1)D gauge
sector which interacts with the Standard Model only
through its kinetic mixing possesses a valid dark matter
candidate respecting accelerator, cosmological and the
more recent direct detection constraints. Moreover, con-
sidering the latest results of DAMA/LIBRA, CoGENT
and CRESST, we demonstrated that a specific value of
the kinetic mixing (δ ∼ 10−3) can explain all these ex-
cesses for a dark boson mass MZD

∼ 20 GeV. Such a
value of kinetic mixing is intringuingly in agreement with
the value one can expect if the mixing is generated by
heavy hybrid-fermions loop corrections. We also showed
that the region of the parameter space still allowed by

                     Mambrini 10’

       can account for DAMA-CoGeNT 
if                       (resonance)mDM ∼ mZ′/2

>

>>

>

N N

+κ

ψ ψ

Z ′

γ, Z

                     Gopalakrishna, Jung, Wells 08’
                     Gopalakrishna, Lee, Wells 08’



Remnant global subgroup of GUT: R-symmetry

Rm = (−1)3(B−L) R-symmetry is a      subgroup of Z2 U(1)B−L

a subgroup of SO(10)

if                  (or             ) is a gauge symmetry and is brokenU(1)B−L SO(10)

only by vev of fields with even B-L: R-symmetry remains as an exact symmetry

10, 45, 54, 120, 126, 210, ...

high energy explanation of R-symmetry    not experimentally testable (directly)  
       but severely constrains the GUT model

conserved by 
   UV physics too

                     Mohapatra 86’, Martin 92’

                     Aulakh, Melfo, Rasin, Senjanovic 98’
                             Aulakh, Bajc, Melfo, Rasin, Senjanovic 01’

.....



DM stability in non-susy SO(10) setups

        non-susy                  (or             ) gauge theories broken U(1)B−L SO(10)

Z2

SM fermions are in the     of             which is B-L odd16 SO(10)

SM Higgs doublet is in the     of             which is B-L evenSO(10)10

the lightest component of an extra B-L 
      odd  scalar             representation is stableSO(10)

the lightest component of an extra B-L 
         even fermion             representation is stableSO(10)

10, 45, 54, 120, 126, 210, ...16, 144, ...

                     Kadastik, Kannike, Raidal 09’                      Frigerio, TH 09’

45 or 54 fermion representation:  DM is the
neutral component of a fermion triplet Σ+, Σ0, Σ−

                     Cirelli, Fornengo, Strumia 06’
mDM ! 2.7TeVrelic density requires

stabilization mechanism “fixes” the DM mass

can drive electroweak GUT unification

by only even B-L field vev also leaves a     symmetry



DM stability from accidental symmetry: DM decay

        if DM stable from accidental low energy symmetry we 
                    expect it to decay from new physics UV interactions as proton

       intriguing coincidence: a GUT scale induced dim 6 operator 

                   Eichler; Nardi, Sannino, Strumia; Chen, Takahashi, 
                              Yanagida;  Arvanitaki, Dimopoulos et al.; Bae, Kyae; 

                                             

        cosmic ray fluxes from DM decay 
of order the observed ones 

   probe GUT scale physics??

Hamagushi, Shirai, Yanagida; Arina, TH, Ibarra, Weniger; ...



A smoking gun DM decay signal: intense   -ray lines

        if DM is a massive gauge boson, abelian or non abelian

a gauged SU(2) + SSB from a scalar doublet φ

γ

gets a vevφ vφ

  3 massive gauge bosons V + a real scalari η
mV =

gφvφ

2

η =

Vi → ηη, ...

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 vector”: accidental custodial symmetry          

  stable due to residual SU(2) custodial sym. 

triplet

singlet

forbidden:

LHiggs portal = −λmφ†φH†H  + communication with the SM through Higgs portal:

relic density, direct detection, ...

 TH 08’; TH, Tytgat 09’
                                Arina, TH, Ibarra, Weniger 10’



!

!
!
!

!
!
!

!

!

!

"

"
"

"

"

"

"

"

"

# #
#

#

# #
# # #

$
$ $ $ $ $ $ $ $

$ $ $
$
$

$

$

1 5 10 50 100 500 1000

0.20

0.10

0.05

0.02

Energy !GeV"

e
!
#$e" !

e
!
%

!

!

!

!

!
! ! ! !

!

!

%
%

% %

% %

%

%

#

#

#

#

#

#

#

#

#

#

#

#

# #

# #
# # # # #

#

#
#
#
#

#
# # # ##

#
# # # # #

#

#
#

#

#
#

#
#

#

&

& &

&

&

'
'

'

'
'

'

'

'

"
"
""""

"
"
"

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

1 10 100 1000

0.050

0.020

0.010

0.005

Energy !GeV"

E
3
$
e
!$cm2

st
r
s%"1 G

eV
2
"

# # #
#

#
#

#
#

#

&
&

&
& &

& & & &

#
#
#

#
#

#

#
#

$$
$$$$

$
$
$

0.1 1 10 100 1000 10
4

10
"9

10
"8

10
"7

10
"6

10
"5

Energy !GeV"

E
2
d
J#dE!

$cm2 s
tr
s%"1 G

eV
"

!

!

!
!

!

!
!

! !
"

"
"

"
" "

"
"

"

#

#
&

&

&

&

# #

# #

(
(

(

#
# #

#
# #

# # # #
#
#
# # # #

#

1 2 5 10 20 50 100
10
"6

10
"5

10
"4

0.001

0.01

kin. Energy !GeV"

p%% #p

CAPRICE 94

AMS"01
HEAT 94#95#00PAMELA 08

!

"

#

$

HEAT94#95BETS

AMS"01
ATIC"1,2
PPB"BETS
HESS $2008%HESS $2009%FERMI

!
%
#
#
&

'
"
$

BESS1999
BESS2000
CAPRICE1994
CAPRICE1998
HEAT2000
IMAX1992
PAMELA

!
"
#
&
#
(
#

Prel. Fermi &b&&10'Prel. Fermi EGBG

HESS e!e"$!Γ%HESS e!e"$!Γ%
#
&
#$
#$

Figure 1: Predictions for case A, benchmark 1, with τDM = 1.7 × 1028 s (Λ = 2.9 ×
1015 GeV). The upper panels show the positron fraction (left) and the total electron +

positron flux (right) compared with experimental data. Dashed lines show the adopted

astrophysical background, solid lines are background + dark matter signal (which overlap

the background in this plot). The lower left panel shows the gamma-ray signal from dark

matter decay, whereas the lower right panel shows the p̄/p-ratio: background (dashed

line) and overall flux (solid lines, again identical with background).

Case D. This operator, see Eq. (2.7), is particularly interesting since it induces a kinetic

mixing between the U(1)Y of hypercharge and one of the hidden SU(2) gauge bosons.

As a result two-body decay modes into lepton and quark pairs are allowed, in contrast

to the other operators. This leads to interesting implications for the electron/positron

flux that will be discussed shortly below.

Here we firstly emphasize that again the operator also predicts two-body decay into

γh, which could be observable in different parts of the parameter space. The inverse

decay rate reads, for Mη " MA:

Γ(A → γη)−1 = 2.4× 1028 s

(
Λ

7× 1015 GeV

)4 (1TeV

vφ

)2 (300GeV

MA

)3

, (3.5)

and shows that the line could be observed by Fermi LAT for scales of the custodial

symmetry breaking close to the Grand Unification scale. For these large lifetimes around

1028 s contributions to the anti-matter channel would be negligible. However, if the line

lies above around 300 GeV and out of reach of Fermi LAT, shorter lifetimes cannot be
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Figure 2: Like Fig. 1, but for case A, benchmark 2, with τDM = 1.1 × 1027 s (Λ =

3.7 × 1015 GeV). The yellow band shows the uncertainty in the anti-proton flux due to

the propagation model parameters.

excluded and the anti-matter fluxes can be sizeable.

3.3 Positron flux

Here we will briefly discuss the predictions for the anti-matter fluxes concentrating on

case D, since this operator features two-body decay into fermions pairs due to effective

kinetic mixing between hidden sector and the hypercharge U(1)Y . The corresponding

branching ratios are listed in Tab. 4. In the cases with lower dark matter mass, the

branching ratio into hard leptons (and in particular electrons) is sizable. Namely, in the

limit MA " MZ the inverse decay rate into charged lepton pairs is given by

Γ(A → "+"−)−1 = 2.6× 1027 s

(
Λ

7× 1015 GeV

)4 (1TeV

vφ

)4 (300GeV

MA

)
, (3.6)

which can produce a steep rise in the observed positron fraction for values of the scale

of custodial symmetry breaking of the order of the Grand Unification scale.

As an example, we show in Fig. 5 the predictions for the cosmic ray fluxes for

benchmark point 2. For a scale of custodial symmetry breaking Λ = 7.2×1015 GeV, which

is close to the Grand Unification scale, the gamma ray spectrum shows a intense gamma-

ray line at 300 GeV, in agreement with current observations. On the other hand, the
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with τDM = 1.6 × 1027 s (Λ =

1.2× 1016 GeV).

Benchmark Zη Zh γη W+W− νν̄ e+e− uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D.

Discussion. It is intriguing that the production of a γ-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the Grand Unification

scale, and for dark matter masses around 400GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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Figure 5: Like Fig. 1, but for case D, benchmark 2, with τDM = 6.7 × 1026 s (Λ =

1.5× 1016 GeV).

4 Effects of the annihilation processes with one dark

matter particle in the final state

The model considered above has the interesting and rather peculiar property that it

allows annihilation processes with one dark matter particle in the final state, i.e. AiAj →
Akη annihilations via an intermediate Ak, Fig. 2 of [1]. In ordinary models based on a Z2

symmetry such processes are strictly forbidden, they would be equivalent to Z2 breaking

at the renormalizable level and therefore to fast DM decay. The non-abelian character

of the custodial symmetry responsible for the stability of the hidden vectors allows these

processes through the trilinear coupling L #− 1
4F

µνFµν # −1
2gφεijkA

µ
jA

ν
k(∂µAiν−∂νAiµ).

As pointed out in Refs.[1, 2] these “trilinear” processes do not bring nevertheless any

new radical change in the freeze-out mechanism. In the Boltzmann equations (where

n = n1 + n2 + n3 is the density of A states)

dn

dt
+ 3Hn = −〈σiiv〉

3

(
n2 − n2

Eq

)
− 〈σijv〉

3
n(n− nEq) , (4.1)

these terms, parametrized by σij, behave linearly in n−nEq, whereas the ordinary anni-

hilations, parametrized by σii, behave linearly in n2−n2
Eq. Since n

2−n2
Eq ≈ 2n(n−nEQ)

near freeze-out, the relic abundance behaves as usual ΩDM ∝ 1/Max(σij, 2σii). However

these “trilinear” processes contribute with a rate expected to be similar to the one of
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operator D

mDM = 300GeV mDM = 600GeV

mDM = 600GeVmDM = 1.5TeV

Λ = 2.9 · 1015 GeV Λ = 3.7 · 1015 GeV

Λ = 1.2 · 1016 GeV Λ = 1.5 · 1016 GeV

                     C. Arina, T.H., A. Ibarra, C. Weniger 10’

← τDM = 1.6 · 1027 sec

the renormalizable part of the Lagrangian reads:

L = LSM − 1

4
F µν · Fµν + (Dµφ)

†(Dµφ)− λmφ
†φH†H − µ2

φφ
†φ− λφ(φ

†φ)2 , (2.1)

where Dµ = ∂µφ−igφ2 τ ·A
µ, being τa, a = 1, 2, 3 the generators of the hidden SU(2) gauge

group. If µ2
φ < 0, the hidden sector scalar field φ acquires a vacuum expectation value, vφ,

and the SU(2)HS symmetry is broken spontaneously, with vφ = (−µ2
φλ+λmµ2/2)/(λλφ−

λ2
m/4). In the unitary SU(2)HS gauge the Lagrangian of the theory is:

L = LSM − 1

4
Fµν · F µν +

1

8
(gφvφ)

2Aµ · Aµ +
1

8
g2φAµ · Aµη′2 +

1

4
g2φvφAµ · Aµη′

+
1

2
(∂µη

′)2 − λm

2
(η′ + vφ)

2H†H −
µ2
φ

2
(η′ + vφ)

2 − λφ

4
(η′ + vφ)

4 , (2.2)

which givesMA = gφvφ/2 and where η′ is the hidden sector Higgs boson. This Lagrangian

has only 4 independent parameters, which can be taken as gφ, vφ, λφ and λm.

Once the electroweak sector is broken, the hidden sector η′ mixes with the standard

model Higgs boson h′ through the Higgs portal interaction λm

h′ = cosβ h+ sin β η ,

η′ = − sin β h+ cos β η .
(2.3)

The complete Lagrangian in the h, η physical state basis can be found in Ref. [1] as a

function of gφ, vφ, λφ and λm, together with the corresponding expression for the mixing

angle β.

The Lagrangian in Eq. (2.2) has a remarkable property: it displays a SO(3) custo-

dial symmetry in the Aµ
i component space, which prevents any decay to SO(3) singlets

(such as Standard Model particles or η′). Consequently, if the model is described just

by the renormalizable Lagrangian, the three Aµ
i components are degenerate in mass and

are absolutely stable. Nevertheless, since this SO(3) global symmetry is accidental, one

expects in the Lagrangian the existence of non-renormalizable operators suppressed by

a large scale Λ which break the custodial symmetry. The complete list of operators with

dimension smaller or equal than six which lead, after the spontaneous symmetry break-

ing of SU(2)HS and SU(2)L × U(1)Y , to the breaking of the SO(3) custodial symmetry

reads:

(A)
1

Λ2
Dµφ

†φ DµH
†H , (2.4)

(B)
1

Λ2
Dµφ

†φ H†DµH , (2.5)

(C)
1

Λ2
Dµφ

†Dνφ F µνY , (2.6)

(D)
1

Λ2
φ†F a

µν

τa

2
φF µνY . (2.7)

5          all give 2-body radiative decays 

          DM smoking gun!!

       Hidden vector: no reason that the custodial sym. not violated 
       in the UV      dim 6 operators: 

γ

          monochromatic   -raysγ

          (no astrophysical background!)
                                               Annihilation: Bergstrom, Ullio, 97’ 98’;Bern, Gondolo, Perelstein 97’; 

                                                                     Bergstrom, Bringmann, Eriksson, Gustafsson 04’, 05’; Boudjema, 
                                                                            Semenov, Temes 05’; Jackson, Servant, Shaughnessy, Tait, Taoso 09’, ...

                                                                             one tree level exception: Dudas, Mambrini, Pokorski, Romagnoni 09‘                                            

A smoking gun DM decay signal: intense   -ray lines

in particular off 
    the galactic plane!

                   Decay: Buchmuller, Covi, Hamagushi, Ibarra, Tran 07’;
                         Ibarra, Tran 07’; Ishiwata, Matsumoto, Moroi 08’;
                       Buchmuller, Ibarra, Shindou, Takayama, Tran 09’; 

                Choi, Lopez-Fogliani, Munoz, de Austri 09’ 



Dark Matter 

as a 

Pseudo Goldstone Boson
 

        stability: pseudo-Goldstone decay suppressed by large spontaneous breaking scale

        2 well-known examples:        -  Axion
- DM Majoron

       Cadamuro, Hasenkamp talks



The pseudo-Goldstone stabilization mechanism: Majoron case

        decay width suppressed by large seesaw scale

 global               spontaneous breaking scale driven by L=2 scalar field

       additional explicit               breaking

         DM massive Majoron stable because it couples only to SM through suppressed             mixing          

U(1)B−L breaking scale

U(1)B−L φ

L ! −YijNRiLjH − 1

2
cijφNRiNRj

−1

2
MNij NRiNRj e

iθ/f − 1

2
cij φ

′ NRiNRj e
iθ/f

φ = (φ′ + f) eiθ/f
〈φ〉 ≡ f

MNij = cijf

•  

•  U(1)B−L

(or soft breaking terms, Gu, Ma, Sarkar 10’)

Planck effects breaks the global sym. massive Majoron

ν −NR

Majoron

Γ(θ → νν) ∝ (mν/MN )4 ∝ (mν/f)
4

         decay suppressed by naturally large seesaw scale 

       Chikashige, Mohapatra, Peccei 81’

       Akhmedov, Berezhiani, Senjanovic, Tao 93’

       Beriezinsky, Valle 93, Lattanzi, Valle 07’, 

       Bazzocchi, Lattanzi, Riener-Sorensen,Valle 08’, 

Esteves, Joachim, Joshipura, Romao, Tortola, Valle 10’

       M. Tortola’s talk
       Singlet-triplet DM extension:

Γ(θ → e+e−) ∝ αW (mν/MN )4 ∝ αW (mν/f)
4



A new pseudo-Goldstone DM framework

        a possibility of a direct link between DM mass and DM relic density

in addition to provide the naturally large stabilizing scale the seesaw     can 

 - with a justification for scalar DM at low scale with a mass radiatively “stable”

L

mDM

- the interactions producing the DM relic density

Frigerio, TH, Masso, 11’

also provide: 

- the source of explicit symmetry breaking          of



A pseudo-Goldstone link between DM relic density and mass

        a Goldstone boson has no scalar potential

        no mass         no scalar interaction

both induced by explicit sym. breaking

direct link between DM mass and relic density

   if dominated  by
      scalar interactions

suppose the explicit breaking term induces only a Higgs portal interaction:

•  

L ! λ θθ H†H
DM mass:  

DM relic density from:

m2
θ = λ v2

θ θ ↔ HH†

DM at the electroweak scale or below  

Frigerio, TH, Masso, 11’



DM relic density from the Higgs portal:

m2
θ = λv2

L ! λ θθ H†H

        2 regimes

        large    coupling: freezeout         small    coupling: freezeinλ λ
         of DM annihilation         of DM pair creation

θθ → hh, WW, ZZ, ff̄ hh, WW, ZZ, ff̄ → θθ h → θθand

mDM = 2.7MeVmDM = 55GeV

λ

ΩDM

0.23

mDM = 2.7MeV mDM = 55GeV

Fr
ee
ze
in Freezeout

(mh = 120GeV)
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γeq

neq
θ H

h → θθ
WW → θθ

ZZ → θθ

tt̄ → θθ

bb̄ → θθ
hh → θθ

nDM

s

z = mh/T

nDM

s

z = mh/T

Frigerio, TH, Masso, 11’

Farina, Pappadopoulo, Strumia 10’

Hall, Jedamzik, 
              March-Russell, West 09’

z = mh/T



Collective breaking of a U(1) flavour symmetry

        collective breaking of global symmetry à la Hill and Ross ‘88

        consider          flavour symmetry (instead of             )U(1)B−LU(1)X

induces a    mass only if several         MNij != 0

example:     QX
N1

= 0

QX
N2

= 1

QX
φ = 2

N1,2 :

MN =

(
M11 M12

M12 M22eiθ/f

)
allowed by U(1)X

from            SSBU(1)X

explicit            breakingU(1)X

m2
θ ∼ 1

8π2

M11M12M22M21

f2
ln

Λ2

µ2

            if any of               we
      recover an exact          

Mij = 0
U(1)

× ×
×

M22

M12 M21

M11

N1

N2 N2

N1

θ θ

logarithmic only

×
mass not quadratically sensitive to the cutoff

θ



Inducing the pseudo-Goldstone-Higgs portal 

          other possible realization of collective breaking 
  involving both Majorana and Dirac terms:

×

θ
θ

×
Lα

N1 N2

Nj

M1j Mj2

Y1α Y2α

h h

        Higgs portal: λ =
1

4π2

M12(M11 +M22)

f2
Y1αY2α log

Λ2

µ2

L ! λ θθ H†H

example:     QX
N1

= −1, QX
N2

= 1, QX
φ = 2, QX

ν = 1

m2
θ = λv2 =

1

4π2

M12(M11 +M22)mD
1α mD

2α

f2
log

Λ2

µ2

Frigerio, TH, Masso, 11

          - if reheating temperature very high and           couplings large enough 
               the relic density can be produced also from                 pair productionNN → θθ

φNN

× ×

         NB: - to avoid generation of a DM tadpole, the easiest way is to assume CP symmetry 



Compilation of constraints

10!9 10!7 10!5 0.001 0.110!8

10!6

10!4

0.01

1

mΘ !GeV"

g

          too large

f > MPlanck

          too largeΓ(θ → νν) ∝ mθ m
4
ν/f

4

ΩDMh2 = 0.11± 0.01

mθ (GeV )

mDM = 2.7MeVmDM = 0.15KeV

MN
=
10
7 Ge

V

MN
=
10
10 Ge

V

MN
=
10
13 Ge

V

g ≡ MN

f

         unique value if                       or                small Treheating < MN g ≡ MN/f

       Palomares-Ruiz 08’

       Bell, Galen, Petraki 10’

                 from experimental constraint 
 study on:

Γ(DM → νν) :

Γ(DM → e+e−) :

Frigerio, TH, Masso, 11

NN → θθ

h
→

θθ
,
W

W
→

θθ
,
..
.

mν = 0.05 eV

Γ(θ → e+e−) ∝ αW mθm
2
em

2
νM

2/f2



Summary

•  

•  The origin of particle DM stability is a fundamental question!

Pseudo-Goldstone setup: seesaw interactions assuming a U(1) flavour symmetry: 

- long range dark force

- intense flux of cosmic rays,   -lines, ... γ

- GUT specific realizations

- specific DM mass

- relic density/DM mass link

- ....

- can provide the explicit breaking source                               mDM

       - generate the DM relic density mDM ∝ vEW

- with a one-to-one link between           and      mDM ΩDM mDM = 2.7MeV

- that can be probed by                 and                   searches   DM → νν DM → e+e−

Each UV or low energy scenario requires a very specific pattern in term of type of

particle needed, energy scale, ..., which leads to a specific phenomenology



Backup



DM stability in non-susy SO(10) setups: scalar case
                     Kadastik, Kannike, Raidal 09’

add a16 scalar representation:

DM is a combination of a scalar doublet and a scalar singlet

inert doublet
similar phenomenology

    with additional constraint:

7

CD
MS

II p
roj
ect
ed

Xe
non
10

Xe
non
100

Xe
non
1T

CD
MS

II c
om
bin
ed

SC
DM

S 2
5 k
g

SC
DM

S C

101 102 103 104
10!48

10!47

10!46

10!45

10!44

10!43

10!42

10!41

MDM!GeV

Σ
!cm2

Figure 3: DM direct detection cross-section per nucleon vs. MDM. Color shows SM Higgs masses from 115 GeV (red)
to 170 GeV (violet). The points shown encompass the whole parameter space allowed by theoretical and experimental
constraints.

where s, c are the sine, cosine of the singlet-doublet mixing angle. If MDM
<∼ 300 GeV, cancellation between

different terms in Eq. (9) is possible and the spin independent direct detection cross section can be accidentally
small, cf. Fig. 3. However, for larger DM masses both Eq. (9) and thermal freeze-out cross section are dominated
by large µ′SH term and one obtains a relation between the DM abundance and the direct detection cross sections
with only mild dependence on MH via RGEs. For MDM = 1 TeV the WMAP result predicts a lower bound
σ/n > 2 · 10−43(115 GeV/MH)4 cm2 which is well within the reach of the planned experiments, cf. Fig. 3.
Should CDMS experiment observe DM scattering on nuclei, light SM Higgs boson mass is indicated in agreement
with precision electroweak data.

VII. DM INDIRECT DETECTION

The PAMELA [24], ATIC [25], HESS [26] and Fermi [27] anomalies of cosmic ray positron/electron fluxes
can be explained with O(1) TeV mass DM decays [28] via d = 6 operators [29], preferably to multi-particle final
state [30, 31]. Non-observation of photons associated with DM annihilation in the Galactic center [32] and in
DM haloes in the Universe [33] as well as the suppression of hadronic annihilation modes [34] strongly favor
DM decays over annihilations as a solution to the anomalies.

In our scenario the decays of DM are most naturally explained via the seesaw like operator LLH1H2 which,
in addition to the suppression by heavy Majorana neutrino scale MN , must be suppressed by the Z2 breaking

direct detection:

+ long lived DM partners at LHC

                     Huitu, Kannike, Raccioppi, Raidal 10’

not for DAMA, CoGeNT

mDM (GeV)

σN
SI (cm2)

mDM ! 100GeV



DM stability in non-susy SO(10) setups: fermion case
                     Frigerio, TH 09’

add a 45 or 54 fermion representation:

DM is the neutral component of a fermion triplet Σ+, Σ0, Σ−

low energy pheno is as for a generic fermion triplet:

                     Cirelli, Fornengo, Strumia 06’mDM ! 2.7TeV

    advantage that the DM triplet can 
drive gauge coupling unification

as in split susy but without susy

- relic density requires
- 

- indirect detection:  - too many antiprotons for explaining     excess of Pamela 

-                       expected to give   -lines with a rate DM DM → γγ γ

than can be probed at atmospheric Cerenkov telescopes 

e+

                     Hisano et al 04’; Cirelli, Franceschini, Strumia 08’

σN
SI ∼ 10−45 cm2



DM stability from unbroken U(1) gauge group

as for the    : stable because lightest charged particle under a U(1)e−

the simple adjunction of a new QED structure 
    for a single fermion gives a viable DM candidate!!

L = LSM + LQED′

                     Ackerman, Buckley, Carroll, Kamionkowski 08’
              Feng, Tu, Yu 08’; Feng, Kaplinghat, Tu, Yu 09’

e′
±γ′

>

>

>

stable
e′

±
relic density 

e′
+

e′
−

e′
−

LQED′ = ψe′(i/∂ − e /Aγ′ −me′)ψe′

γ′

γ′

depends on 

FIG. 1: Allowed regions in (mX ,αX) plane, where mX is the mass of the dark matter charged
under the unbroken hidden sector U(1)EM with fine-structure constant αX . Contours for fixed
dark matter cosmological relic density consistent with WMAP results, ΩXh2 = 0.11, are shown

for (tan θh
W , ξRH) = (

√

3/5, 0.8), (
√

3/5, 0.1), (10, 0.1) (dashed), from top to bottom, as indicated.
The shaded regions are disfavored by constraints from the Bullet Cluster observations on self-

interactions (dark red) and the observed ellipticity of galactic dark matter halos (light yellow).
The Bullet Cluster and ellipticity constraints are derived in Secs. VIII and VII, respectively.

of the parameter space of these models are excluded because the predicted minimum mass
halo is in conflict with observations.

In this section, we analyze the kinetic decoupling of hidden charged dark matter. One
notable difference between the WIMP and hidden charged dark matter is that the charged
dark matter interacts not only through weak interactions, but also through EM interactions.
For the case of τ̃h dark matter, this implies that the dark matter remains in kinetic contact
not only through the weak process τ̃hνh ↔ τ̃hνh, but also through the Compton scattering
process τ̃hγh ↔ τ̃hγh. As we will see, at low temperatures, the thermally-averaged weak cross
section is suppressed by T h 2/m2

X , but this suppression is absent for Compton scattering,
creating a large, qualitative difference between this case and the canonical WIMP scenario.
Note also that, in principle, in the case of charged dark matter, bound state formation also
impacts kinetic decoupling. As we will see in Sec. V, however, very few staus actually bind,
and so this effect is not significant and may be neglected in our analysis.

We follow Refs. [54, 55] to determine the temperature of kinetic decoupling for the dark
matter particle. In the hidden sector, the Boltzmann equation governing the evolution of
the dark matter particle’s phase space distribution is

df($p)

dt
= Γ(T h)(T hmX"!p + $p ·∇!p + 3)f($p) , (6)

6

Feng, Kaplinghat, Tu, Yu 09’

α′

me′

me′ , α
′, ξ ≡ Tγ′/Tγ

Foot at al. 06’-10’



DM stability from accidental symmetry: Minimal Dark Matter

as the      in the SMp+

                                   without adding any new gauge group, large             multiplet cannot have any 
                               renormalizable interactions with SM fields due to            gauge invariance

SU(2)L
SU(2)L

a fermion quintuplet, septuplet, ... a scalar septuplet, nonuplet, ...

σSI
N = 1.2 · 10−44 cm2

mDM = (9.6± 0.2)TeV
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Figure 6: Positron fraction. The positron fraction from MDM galactic annihilations is com-
pared with the data from PAMELA and previous experiments. We have taken a boost factor of
50 (see text). We show the DM signal (the lines) and the total e+ fraction when summed to the
background (shaded area). The main result (solid line and shaded area) is computed assuming a
benchmark NFW DM profile and MED propagation parameters. The fainter dashed lines corre-
spond to changing the propagation parameters to MIN (lower) and MAX (upper). The fainter
dotted lines correspond to changing the DM profile to isothermal (lower) and Moore (upper).

a certain energy dependance can be present, subject to the precise choices of the astrophysical
parameters. Within the uncertainty, these studies also converge towards small values of B
(except for extreme scenarios), with B = O(10) still allowed.

On the basis of the ingredients above, the fluxes at Earth of positrons from MDM annihila-
tions can be compared with the experimental results. This is shown in fig. 6. One sees that the
predictions agree very well with the PAMELA results on the whole range of energies. We have
assumed B = 50, which is the value found to provide the best fit to positrons, electrons and
antiprotons data (discussed below) combined. This is quite a large value, in tension with the
determinations discussed above. On the other hand, lower values (down to about 20) would
still give a reasonably good fit and in any case the MDM annihilation cross sections of eq. (19)
carry a one order-of-magnitude uncertainty. In order to be conservative, we prefer to quote
the boost value ‘as is’, instead of looking for possible optimizations. The figure also illustrates
that the DM signal is only very mildly affected by changing the DM density profile (dotted
lines). It somewhat depends on the e+ propagation model in our galaxy (dashed lines); this
uncertainty will be reduced by future measurements of cosmic rays and is however present only
at E !MDM.

5.2 Electrons + positrons

The computation of the fluxes of e++e− from MDM annihilations is just a rearrangement of the
calculations for positrons presented in the previous section. Fig. 7 shows the predicted flux as
compared to the results from the balloon experiments ATIC, PPB-BETS and EC and HESS. It
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Figure 7: Sum of electrons and positrons. The flux of electrons and positrons from MDM
annihilations is compared to the data from ATIC, PPB-BETS, EC and previous experiments,
plus the datapoints from HESS and FERMI. The main result (solid line and shaded area) is
computed assuming a benchmark NFW DM profile and MED propagation parameters. The
fainter dashed lines correspond to changing the propagation parameters to MIN (lower) and
MAX (upper). The fainter dotted lines correspond to changing the DM profile to isothermal
(lower) and Moore (upper).

is apparent that the MDM predictions are not compatible with the peak individuated (mainly)
by the ATIC data points: a spectrum which is flat up to the higher energies, with a smooth
endpoint somewhat below M would be expected. The HESS datapoints indicate a steepening
of the spectrum with respect to GeV energies. They are compatible with the shoulder of the
ATIC peak, which however cannot be fully tested.
If the presence of the ATIC peak will be confirmed in future data sets, therefore strongly
indicating a DM mass around 1 TeV, MDM will be falsified.

Assuming that the astrophysical background is a power-law (HESS data however indicate a
steepening around 1 TeV), the MDM 5-plet predicts a slightly-harder quasi-power-law e+ + e−

spectrum up to several TeV energies. 5

5.3 Antiprotons

The propagation of anti-protons through the galaxy is described by a diffusion equation anal-
ogous to the one for positrons. Again, the number density of anti-protons per unit energy

5Note added. The ATIC peak, that was incompatible with Minimal Dark Matter, is now contradicted by
the new more precise FERMI data [66] (unless an exceptionally bad energy resolution is assumed for FERMI),
that we just superimposed to fig. 7, without modifying the MDM prediction to better fit the new data. The
problem is now that FERMI data are consistent with the steepening apparent in the HESS data (supplemented
by the new results at lower energy in [67]). If this feature will be confirmed and cannot be attributed to the
astrophysical background, Minimal Dark Matter will be excluded as an interpretation of the PAMELA and
FERMI e± excesses.
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Figure 8: Antiprotons. The antiproton over proton ratio (at top of the atmosphere) from
MDM annihilations, compared to the recent PAMELA data. We have assumed the same boost
factor as for positrons (B = 50). The main result (solid line and shaded area) is computed
assuming a benchmark NFW DM profile and MED propagation parameters. The fainter dashed
lines correspond to changing the propagation parameters to MIN (lower) and MAX (upper).
The fainter dotted lines correspond to changing the DM profile to isothermal (lower) and Moore
(upper).

f(t, !x, T ) = dNp̄/dT vanishes on the surface of the cylinder at z = ±L and r = R. T = E−mp

is the p̄ kinetic energy, conveniently used instead of the total energy E (a distinction which will
not be particularly relevant for our purposes as we look at energies much larger than the proton
mass mp). Since mp " me we can neglect the energy loss term, and the diffusion equation for
f is

∂f

∂t
−K(T ) ·∇2f +

∂

∂z
(sign(z) f Vconv) = Q− 2h δ(z) Γannf. (24)

The pure diffusion term can again be written as K(T ) = K0β (p/ GeV)δ, where p = (T 2 +

2mpT )1/2 and β = vp̄/c =
(
1−m2

p/(T + mp)2
)1/2

are the antiproton momentum and velocity.
The Vconv term corresponds to a convective wind, assumed to be constant and directed outward
from the galactic plane, that tends to push away p̄ with energy T <∼ 10 mp. The diferent sets of
values of the parameters are given in table 2. The last term in eq. (24) describes the annihilations
of p̄ on interstellar protons in the galactic plane (with a thickness of h = 0.1 kpc % L) with
rate Γann = (nH + 42/3nHe)σann

pp̄ vp̄, where nH ≈ 1/cm3 is the hydrogen density, nHe ≈ 0.07 nH is
the Helium density (the factor 42/3 accounting for the different geometrical cross section in an
effective way) and the σann

pp̄ given esplicitely in [5, 43, 30]. We neglect the effect of “tertiary
anti-protons”. This refers to primary p̄ after they have undergone non-annihilating interactions
on the matter in the galactic disk, losing part of their energy.

In the “no-tertiaries” approximation that we adopt, the solution [44, 45, 46] for the antipro-
ton flux at the position of the Earth Φp̄(T,!r!) = vp̄/(4π)f acquires a simple factorized form

16

nice fit of Pamela      excesse+       total flux fluxp̄e+ + e−

      (large Sommerfeld resonance 
              boost + need of         astro boost)

      (          too high for HESS cutoff)mDM             (         high enough to avoid 
low energy excess)
mDM

   prefers an isothermal   
       profile for compatibility 
       with galactic center and 

dwarf galaxy    flux γ

                     Cirelli, Fornengo, Strumia 06’
                     Cirelli, Strumia, Tamburini 07’

∼ 50

   (or dimension-5)



Hidden vector: relic density

relic density from thermal freezeout

Nk
H

ll

Nj

H∗

li

(a)

Nk

H

ll

Nj

H∗

li

(b)

Nk
ll

H

∆L

H∗

li

(c)

Figure 1: One-loop diagrams contributing to the asymmetry from the Nk decay.
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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
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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)
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while the triplet decay width to two leptons and two scalar doublets is given by:

Γ∆ =
1
8π
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(∑

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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(10−3 < λm < 1), from left to right: vφ vs gφ, Mη vs MA and MA vs gφ. λφ is varied

in the range 10−5 − 1, the Higgs mass between Mh = 114.4 GeV and Mh = 160 GeV.

Here too one can recognize the resonant cases, from both the Higgs and the η bosons,

for MA = gφvφ/2 ∼ mh/2,mη/2 respectively. All dots satisfy the LEP constraints on the

T parameter and on h → ff̄ decay. They also are in agreement with the direct detection

bounds from CDMS [69] and Xenon [70]. The black dots correspond to instances which

lead to a spin-independent elastic cross-section at most one order of magnitude below

these bounds.

At tree level the elastic scattering of the vector dark matter on a nucleon n is spin

independent, mediated by an h or η boson, and the full expression for the cross-section

reads:

σSI(An → An) =
1

64π2
f 2g4φ sin

2 2β m2
n

v2φ
v2

(M2
η −M2

h)
2

M4
ηM

4
h

µ2
n

M2
A

, (4.2)

with µn = mnMA/(mn+MA) the reduced mass andmn the nucleon mass. The parameter

f designs the Higgs nucleon coupling, f ≡ 〈n|
∑

q mq q̄q|n〉 and is taken to the value of

f = 0.3.

Imposing the relic density constraint, the predictions for the direct detection rate

are given in Fig. 8, together with the upper bounds of CDMS [69], Xenon10 [70] and

the recent final results from CDMS-II [71]. In the small Higgs portal regime, λm ! 10−3,

even though cross sections are suppressed by 2 powers of λm, large direct detection rates

can be obtained for small λφ couplings because in this case mη < mh and the An → An

cross section scales as λ2
m/λ

2
φ, Eq. (4.2). For a dark matter mass from few GeV all the

way up to the multi TeV range, a spin independent cross section of the order of the

current experimental sensitivities can be obtained for values of λφ of order or below few

10−4. The values of the various parameters required in this case can be read off in Fig. 6.

The value of the cross-section does not depend on the dark matter mass if this mass is

large, as indicated by the plateaux for different values of λφ. For the large Higgs portal
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Figure 6: Parameter space leading to 0.091 < Ωh2 < 0.129 for the small λm regime

(10−7 < λm < 10−3). From left to right: vφ vs gφ, Mη vs MA and MA vs gφ. The

different curves are for various values of λφ: λφ = 10−4 (red), λφ = 10−3 (orange),

λφ = 10−2 (green) and λφ = 10−1 (blue). The Higgs mass is fixed at Mh = 120 GeV.

The dots off the main “sequences” correspond to Higgs or η resonant annihilations, for

MA = gφvφ/2 ∼ Mh/2 and Mη/2 respectively.

the processes with no dark matter particle in the final states and consequently should be

properly taken into account. This is what is done here, for “small” Higgs portal coupling,

λm < 10−3, and for “large” Higgs portal coupling, λm > 10−3.

Considering first the small λm regime, in Fig 6 are shown the values of the gauge

coupling gφ vs vφ, MA vs Mη and MA vs gφ, which lead to a relic density within the

WMAP range 0.091 < Ωh2 < 0.129 at 3σ [68], in agreement with the direct detection

experimental upper bounds from CDMS [69] and Xenon10 [70] (see Fig. 8 below). These

graphs show corrections of order unity with respect to the corresponding result without

the “trilinear” processes, Fig. 3 of Ref. [1]. The dominant processes are the annihilations

AiAi → ηη and AiAj → ηAk which, unless the λφ coupling is large, have cross-sections

proportional to g4φ/M
2
A, leading to a MA ∝ g2φ quadratic behavior in Fig. 6. The only

exception to this behavior is given by the resonant cases, when MA ∼ Mh/2 or MA ∼
Mη/2.

The corresponding plots for the large Higgs portal regime are given in Fig 7. In this

case the deviations due to the new AiAj → Akη processes are more difficult to single out,

since more annihilation channels (involving λm) contribute to the relic density. But with

respect to the case already discussed in Fig. 4 of Ref. [1], one finds points with lighter

Mη and smaller gφ for a same value of vφ. The plot MA vs gφ indicates again that the

freeze-out has a complicated dependence on the couplings of the model. Some of the dots

still display the quadratic behavior of Fig. 6, when the dominant annihilation channels

are AiAi → ηη and AiAj → Akη.
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Hidden vector: direct detection

Figure 8: Obtained spin independent cross-section on nucleon σSI(An → An) versus MA,

in agreement with the constraint 0.091 < Ωh2 < 0.129. Small λm regime (10−7 < λm <

10−3) on the left and large Higgs coupling portal, λm > 10−3 on the right. The color

caption is as in Figs. 6 and 7. The thick (dashed) black curve is the CDMS (Xenon10)

upper bounds at 90% C.L.. The dotted-dashed curve is the recent published CDMS-II

upper bound, at 90% C.L.

regime, λm ! 10−3, direct detection rates of order the present experimental sensitivity

or exceeding it are easily produced. For illustration, among the sets of parameters that

lead to the right relic density in Fig. 7, we have denoted by black dots the ones which

lead to an elastic cross-section on nucleon at most one order of magnitude below the

CDMS [69] and Xenon [70] limits. Here too a dark matter mass in the whole range from

1 GeV up to few TeV can be accommodated. Even though other values are possible, the

η mass tends to be either small, below 100 GeV, or slightly larger than the dark matter

mass. For MA larger than ∼ 700 GeV one recovers the linear relation between vφ and gφ
and the corresponding quadratic behavior of MA in gφ, indicating that the pure hidden

sector annihilations driven by the gφ coupling are dominant, as in the small Higgs portal

regime.

Note that all the dots shown in the figures above satisfy the LEP constraints. The

mixing of the η boson with the standard model Higgs affects the electroweak precision

observables. The main constraint on the model parameters comes from the T parameter,

since the η is a neutral scalar which mixes with the Higgs boson. We use the same cuts

as in Ref. [1], that is to require that T − TSM is in the conservative range −0.27∓ 0.05

from [72]. For Mη < 114.4 GeV the branching ratio η → ff̄ should not exceed the LEP
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Monochromatic   -ray lines: a smoking gun for DM

annihilation leads to a monochromatic   -ray lineγ

γ

DM DM → γγ , γZ

(not expected in astrophysics background)

e.g. obtained at one loop level       rather suppressed

e.g. needs for large boost factor or a TeV DM mass

But what about a  -ray line from DM decay?????γ

has been considered from gravitino decay through R-parity violation

                     Buchmuller, Covi, Hamagushi, Ibarra, Tran 07’;
                         Ibarra, Tran 07’; Ishiwata, Matsumoto, Moroi 08’;
                       Buchmuller, Ibarra, Shindou, Takayama, Tran 09’; 

                Choi, Lopez-Fogliani, Munoz, de Austri 09’ 

                                                         Bergstrom, Ullio, 97’ 98’;Bern, Gondolo, Perelstein 97’; 
                                                      Bergstrom, Bringmann, Eriksson, Gustafsson 04’, 05’; 

                        Boudjema, Semenov, Temes 05’; 
                                               Jackson, Servant, Shaughnessy, Tait, Taoso 09’, ...

                                                       one tree level exception: Dudas, Mambrini, Pokorski, 
 Romagnoni 09‘                                            



Dimension-6 operators breaking the custodial symmetry

the renormalizable part of the Lagrangian reads:

L = LSM − 1

4
F µν · Fµν + (Dµφ)

†(Dµφ)− λmφ
†φH†H − µ2

φφ
†φ− λφ(φ

†φ)2 , (2.1)

where Dµ = ∂µφ−igφ2 τ ·A
µ, being τa, a = 1, 2, 3 the generators of the hidden SU(2) gauge

group. If µ2
φ < 0, the hidden sector scalar field φ acquires a vacuum expectation value, vφ,

and the SU(2)HS symmetry is broken spontaneously, with vφ = (−µ2
φλ+λmµ2/2)/(λλφ−

λ2
m/4). In the unitary SU(2)HS gauge the Lagrangian of the theory is:

L = LSM − 1

4
Fµν · F µν +

1

8
(gφvφ)

2Aµ · Aµ +
1

8
g2φAµ · Aµη′2 +

1

4
g2φvφAµ · Aµη′

+
1

2
(∂µη

′)2 − λm

2
(η′ + vφ)

2H†H −
µ2
φ

2
(η′ + vφ)

2 − λφ

4
(η′ + vφ)

4 , (2.2)

which givesMA = gφvφ/2 and where η′ is the hidden sector Higgs boson. This Lagrangian

has only 4 independent parameters, which can be taken as gφ, vφ, λφ and λm.

Once the electroweak sector is broken, the hidden sector η′ mixes with the standard

model Higgs boson h′ through the Higgs portal interaction λm

h′ = cosβ h+ sin β η ,

η′ = − sin β h+ cos β η .
(2.3)

The complete Lagrangian in the h, η physical state basis can be found in Ref. [1] as a

function of gφ, vφ, λφ and λm, together with the corresponding expression for the mixing

angle β.

The Lagrangian in Eq. (2.2) has a remarkable property: it displays a SO(3) custo-

dial symmetry in the Aµ
i component space, which prevents any decay to SO(3) singlets

(such as Standard Model particles or η′). Consequently, if the model is described just

by the renormalizable Lagrangian, the three Aµ
i components are degenerate in mass and

are absolutely stable. Nevertheless, since this SO(3) global symmetry is accidental, one

expects in the Lagrangian the existence of non-renormalizable operators suppressed by

a large scale Λ which break the custodial symmetry. The complete list of operators with

dimension smaller or equal than six which lead, after the spontaneous symmetry break-

ing of SU(2)HS and SU(2)L × U(1)Y , to the breaking of the SO(3) custodial symmetry

reads:

(A)
1

Λ2
Dµφ

†φ DµH
†H , (2.4)

(B)
1

Λ2
Dµφ

†φ H†DµH , (2.5)

(C)
1

Λ2
Dµφ

†Dνφ F µνY , (2.6)

(D)
1

Λ2
φ†F a

µν

τa

2
φF µνY . (2.7)

5

all give 2-body decay to      or γh γη

Benchmark ηη hη hh γη Zη γh Zh

1 - 0.09 - 0.04 0.02 0.65 0.20

2 - 0.04 0.62 0.002 0.003 0.15 0.18

3 - 0.04 0.80 3× 10−6 0.002 0.0003 0.16

Table 2: Branching Ratios for Case A.

The Fermi-LAT observations of the region |b| > 10◦ plus a 20◦ × 20◦ square around

the Galactic center constrain the dark matter lifetime to be longer than a few times

1028 s at energies below 200 GeV [67], which is taken into account in the results shown

for benchmark point 1 (see Fig. 1), where the line is around 110 GeV. Thus present

experiments can probe values of the scale of custodial symmetry breaking close to the

Grand Unification scale. In case of benchmark point 2 the line occurs at an energy scale

above the ones probed by Fermi, so that smaller lifetime are allowed experimentally. We

show results for a lifetime 1.1×1027 s, where the contributions to the diffuse gamma-rays

around 10 GeV and the anti-proton fluxes can be sizeable. The gamma line in this case

is huge and should be seen by any experiment sensitive to these energies.

Case C. This operator, see Eq. (2.6), predicts decays only into a gauge boson and a

scalar particle, either h or η. A large decay branching ratio into monoenergetic gamma-

rays is predicted unavoidably, as illustrated in Tab. 3 for the four different benchmark

scenarios. In the limit Mη " MA, the decay rate into γη is given by

Γ(A → γη)−1 = 2.7× 1028 s

(
Λ

4× 1015 GeV

)4 (300GeV

MA

)5

. (3.4)

which can make the gamma-ray line observable at the Fermi-LAT for values of the scale of

custodial symmetry close to the Grand Unification Scale, especially for large dark matter

masses. The cosmic ray signatures of benchmark point 1 for case C are very similar to

case A, cf. Fig. 1. On the other hand, we show in Fig. 3 the predictions for benchmark

point 3 with a very large dark matter mass of 14 TeV, which predicts a strong line at

very high energies and only small contributions to positrons and anti-protons.

One feature of the model that is in principle present for each operator, and which

we want to illustrate for case C, is the general existence of two independent gamma-ray

lines. These lines stem from the decay into γh and γη and would appear at different

energies as long as the higgs and the η masses are not too degenerate. In case C both

of the decay channels are in general open as long as sinβ $= 0, which is the case for

benchmark point 4 in Tab. 1. In Fig. 4 we show the corresponding cosmic-ray fluxes.

Most interestingly the gamma-ray flux exhibits two strong peaks in this case, located at

270 and 770 GeV.
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Benchmark Zη γη Zh γh

1 0.19 0.81 0 0

2 0.22 0.78 0 0

3 0.23 0.77 0 0

4 0.028 0.79 0.041 0.14

Table 3: Branching Ratios for Case C, including benchmark point 4 which features decay

channels with h in the final state.
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Figure 3: Like Fig. 1, but for case C, benchmark 3, with τDM = 6.0 × 1026 s (Λ =

2.0× 1017 GeV).

positron fraction shows a steep rise which could partially, although not totally, contribute

to the PAMELA positron excess. Moreover, the decay into charged leptons is necessarily

accompanied by a decay into quarks, which produce a sizable antiproton flux and is in

some tension with the observations. This is a generic feature of the decay mode and hence

it is unlikely that it contributes the dominant part to the observed positron excess.

In more generality we found that the PAMELA and Fermi results can be reproduced

in principle by the model, but only at the price of producing a too large diffuse γ signal,

too many antiprotons (unless the dark matter is very heavy) and sometimes gamma lines

above the rates allowed by the H.E.S.S. measurements in the multi TeV range.
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with τDM = 1.6 × 1027 s (Λ =

1.2× 1016 GeV).

Benchmark Zη Zh γη W+W− νν̄ e+e− uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D.

Discussion. It is intriguing that the production of a γ-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the Grand Unification

scale, and for dark matter masses around 400GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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examples of  branching ratios:

operator A & B
operator C

operator D

                     C. Arina, T.H., A. Ibarra, C. Weniger 09’

Benchmark MA gφ vφ Mη Mh sin β

1 300 GeV 0.55 1090 GeV 30 GeV 150 GeV ≈ 0

2 600 GeV 0.6 2000 GeV 30 GeV 120 GeV ≈ 0

3 14 TeV 12 2333 GeV 500 GeV 145 GeV ≈ 0

4 1550 GeV 2.1 1457 GeV 1245 GeV 153 GeV 0.25

Table 1: Benchmark points used for the calculation of cosmic-ray signatures.

Fermi excesses and moreover the PAMELA measurements on the antiproton-to-proton

ratio set very stringent constraints on possible new sources of antiprotons. Interestingly,

even if the scale Λ is increased in order to avoid an antiproton excess, the generically

present gamma-ray lines can still be intense enough to be observed in experiments, due

to the enormous sensitivity of dark matter line searches.

This is illustrated in Figs. 1 and 2, where we show the predictions for the positron

fraction, total electron plus positron flux, antiproton-to-proton fraction and gamma-

ray flux for two generic scenarios, namely the benchmark points 1 and 2 defined in

Tab. 1. These choices of parameters can successfully reproduce the observed dark matter

abundance and are consistent with all present laboratory constraints. We also show in the

plots for the positron fraction the results from PAMELA [9], HEAT [56], CAPRICE [57]

and AMS-01 [58]; for the total electron plus positron flux, the results from Fermi [11],

H.E.S.S. [13, 14], BETS, PPB-BETS [59], ATIC [60], HEAT, CAPRICE and AMS-

01; for the antiproton-to-proton ratio, the results from PAMELA [17], BESS95 [61],

BESS95/97 [62], CAPRICE94 [63], CAPRICE98 [64] and IMAX [65] and for the gamma-

ray flux, the preliminary data from the Fermi-LAT in the region between 10◦ and 90◦,

as well as the extraction of the extragalactic flux from these data [66]. In the gamma-ray

plot, we also show the H.E.S.S. results for the electron + positron (+gamma) flux at

high energies, which yields also an upper bound on the overall isotropic gamma-ray flux.

The branching ratios for these two benchmark points are listed in Tab. 2. Benchmark

point 1 is characterized by large branching ratios into gauge boson and Higgs, being the

decay into a monoenergetic gamma line the dominant channel. On the other hand, since

kinematically allowed, benchmark point 2 is characterized by a large branching ratio into

two Higgs bosons. It is interesting that, even though the decay mode into monoenergetic

gamma rays is subdominant in this benchmark point, the gamma-ray line still is a very

prominent feature in the gamma-ray energy spectrum.

We estimate that, in the limit vφ " v, β → 0, the decay rate into γh is given by:

Γ(A → γh)−1 = 1.5× 1028 s

(
Λ

2× 1015 GeV

)4 (1TeV

vφ

)2 (100GeV

MA

)
. (3.3)
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Figure 1: Predictions for case A, benchmark 1, with τDM = 1.7 × 1028 s (Λ = 2.9 ×
1015 GeV). The upper panels show the positron fraction (left) and the total electron +

positron flux (right) compared with experimental data. Dashed lines show the adopted

astrophysical background, solid lines are background + dark matter signal (which overlap

the background in this plot). The lower left panel shows the gamma-ray signal from dark

matter decay, whereas the lower right panel shows the p̄/p-ratio: background (dashed

line) and overall flux (solid lines, again identical with background).

Case D. This operator, see Eq. (2.7), is particularly interesting since it induces a kinetic

mixing between the U(1)Y of hypercharge and one of the hidden SU(2) gauge bosons.

As a result two-body decay modes into lepton and quark pairs are allowed, in contrast

to the other operators. This leads to interesting implications for the electron/positron

flux that will be discussed shortly below.

Here we firstly emphasize that again the operator also predicts two-body decay into

γh, which could be observable in different parts of the parameter space. The inverse

decay rate reads, for Mη " MA:

Γ(A → γη)−1 = 2.4× 1028 s

(
Λ

7× 1015 GeV

)4 (1TeV

vφ

)2 (300GeV

MA

)3

, (3.5)

and shows that the line could be observed by Fermi LAT for scales of the custodial

symmetry breaking close to the Grand Unification scale. For these large lifetimes around

1028 s contributions to the anti-matter channel would be negligible. However, if the line

lies above around 300 GeV and out of reach of Fermi LAT, shorter lifetimes cannot be
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Figure 2: Like Fig. 1, but for case A, benchmark 2, with τDM = 1.1 × 1027 s (Λ =

3.7 × 1015 GeV). The yellow band shows the uncertainty in the anti-proton flux due to

the propagation model parameters.

excluded and the anti-matter fluxes can be sizeable.

3.3 Positron flux

Here we will briefly discuss the predictions for the anti-matter fluxes concentrating on

case D, since this operator features two-body decay into fermions pairs due to effective

kinetic mixing between hidden sector and the hypercharge U(1)Y . The corresponding

branching ratios are listed in Tab. 4. In the cases with lower dark matter mass, the

branching ratio into hard leptons (and in particular electrons) is sizable. Namely, in the

limit MA " MZ the inverse decay rate into charged lepton pairs is given by

Γ(A → "+"−)−1 = 2.6× 1027 s

(
Λ

7× 1015 GeV

)4 (1TeV

vφ

)4 (300GeV

MA

)
, (3.6)

which can produce a steep rise in the observed positron fraction for values of the scale

of custodial symmetry breaking of the order of the Grand Unification scale.

As an example, we show in Fig. 5 the predictions for the cosmic ray fluxes for

benchmark point 2. For a scale of custodial symmetry breaking Λ = 7.2×1015 GeV, which

is close to the Grand Unification scale, the gamma ray spectrum shows a intense gamma-

ray line at 300 GeV, in agreement with current observations. On the other hand, the
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with τDM = 1.6 × 1027 s (Λ =

1.2× 1016 GeV).

Benchmark Zη Zh γη W+W− νν̄ e+e− uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D.

Discussion. It is intriguing that the production of a γ-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the Grand Unification

scale, and for dark matter masses around 400GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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Figure 5: Like Fig. 1, but for case D, benchmark 2, with τDM = 6.7 × 1026 s (Λ =

1.5× 1016 GeV).

4 Effects of the annihilation processes with one dark

matter particle in the final state

The model considered above has the interesting and rather peculiar property that it

allows annihilation processes with one dark matter particle in the final state, i.e. AiAj →
Akη annihilations via an intermediate Ak, Fig. 2 of [1]. In ordinary models based on a Z2

symmetry such processes are strictly forbidden, they would be equivalent to Z2 breaking

at the renormalizable level and therefore to fast DM decay. The non-abelian character

of the custodial symmetry responsible for the stability of the hidden vectors allows these

processes through the trilinear coupling L #− 1
4F

µνFµν # −1
2gφεijkA

µ
jA

ν
k(∂µAiν−∂νAiµ).

As pointed out in Refs.[1, 2] these “trilinear” processes do not bring nevertheless any

new radical change in the freeze-out mechanism. In the Boltzmann equations (where

n = n1 + n2 + n3 is the density of A states)

dn

dt
+ 3Hn = −〈σiiv〉

3

(
n2 − n2

Eq

)
− 〈σijv〉

3
n(n− nEq) , (4.1)

these terms, parametrized by σij, behave linearly in n−nEq, whereas the ordinary anni-

hilations, parametrized by σii, behave linearly in n2−n2
Eq. Since n

2−n2
Eq ≈ 2n(n−nEQ)

near freeze-out, the relic abundance behaves as usual ΩDM ∝ 1/Max(σij, 2σii). However

these “trilinear” processes contribute with a rate expected to be similar to the one of
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operator D

mDM = 300GeV mDM = 600GeV

mDM = 600GeVmDM = 1.5TeV

Λ = 2.9 · 1015 GeV Λ = 3.7 · 1015 GeV

Λ = 1.2 · 1016 GeV Λ = 1.5 · 1016 GeV

← τDM = 1.6 · 1027 sec

of the total flux to the data.

The antiproton propagation in the Galaxy is analogous to the propagation of elec-

trons and positrons. However, since antiprotons are much heavier than electrons and

positrons, energy losses are negligible. Furthermore, antiproton propagation is affected

by convection, which accounts for the drift of antiprotons away from the disk induced by

the Milky Way’s Galactic wind. For predictions of the antiproton flux we show an error

band, corresponding to the MIN and MAX model of Ref. [50]. In our plots we present

actually the p̄/p-ratio, where we adopt the proton and anti-proton backgrounds from

Ref. [51].

For both, electrons/positrons and anti-protons, the fluxes at the top of the atmo-

sphere can differ considerably from the interstellar fluxes at energies smaller than ∼ 10

GeV, due to solar modulation effects. To take this effect into account, we adopt the

force field approximation [52] with φF = 550 MV [53].

The main background in the γ-ray channel is the diffuse emission of our Galaxy, which

is mainly due to interactions of cosmic rays with the galactic gas and the ISRF [54].

This component is by far strongest in the galactic disk region, and it turns out that

exotic fluxes from dark matter decay would dominantly show up at higher latitudes,

away from the disk. For this reason they could be misidentified as contribution to the

extragalactic gamma-ray background (although they can be distinguished by their large

scale anisotropy, see Ref. [43]). In this work we will show predictions for the averaged

gamma-ray flux in the region 0 ≤ l ≤ 360◦, 10◦ ≤ |b| ≤ 90◦, which offers the best strategy

for searching gamma-ray lines from dark matter decay [55].

3.2 Gamma-ray lines

The existence of two-body decay modes with gamma-ray lines in the final state are a

generic prediction of hidden vector dark matter models. We will discuss this for each

possible operator separately, Eqs. (2.4)-(2.7).

Case A and B. In cases A and B, Eqs. (2.4) and (2.5), the dark matter particle decays

either into two scalar particles (ηη, hη, hh) or into a gauge boson and a scalar particle

(γη, γh, Zη, Zh). Whether the dark matter particle decays preferentially into two scalar

particles or into a gauge boson and a scalar particle depends on the details of the model.

In both cases, the fragmentation and decay of the Higgs boson or the hidden sector η

boson could produce a sizable flux of electrons, positrons and antiprotons. Unfortunately,

the electrons and positrons produced in fragmentations cannot explain the PAMELA and
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Figure 1: One-loop diagrams contributing to the asymmetry from the Nk decay.
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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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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)
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=
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∑
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∆ + |µ|2

log(1 + M2
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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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Small Higgs portal regime
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Figure 6: Parameter space leading to 0.091 < Ωh2 < 0.129 for the small λm regime

(10−7 < λm < 10−3). From left to right: vφ vs gφ, Mη vs MA and MA vs gφ. The

different curves are for various values of λφ: λφ = 10−4 (red), λφ = 10−3 (orange),

λφ = 10−2 (green) and λφ = 10−1 (blue). The Higgs mass is fixed at Mh = 120 GeV.

The dots off the main “sequences” correspond to Higgs or η resonant annihilations, for

MA = gφvφ/2 ∼ Mh/2 and Mη/2 respectively.

the processes with no dark matter particle in the final states and consequently should be

properly taken into account. This is what is done here, for “small” Higgs portal coupling,

λm < 10−3, and for “large” Higgs portal coupling, λm > 10−3.

Considering first the small λm regime, in Fig 6 are shown the values of the gauge

coupling gφ vs vφ, MA vs Mη and MA vs gφ, which lead to a relic density within the

WMAP range 0.091 < Ωh2 < 0.129 at 3σ [68], in agreement with the direct detection

experimental upper bounds from CDMS [69] and Xenon10 [70] (see Fig. 8 below). These

graphs show corrections of order unity with respect to the corresponding result without

the “trilinear” processes, Fig. 3 of Ref. [1]. The dominant processes are the annihilations

AiAi → ηη and AiAj → ηAk which, unless the λφ coupling is large, have cross-sections

proportional to g4φ/M
2
A, leading to a MA ∝ g2φ quadratic behavior in Fig. 6. The only

exception to this behavior is given by the resonant cases, when MA ∼ Mh/2 or MA ∼
Mη/2.

The corresponding plots for the large Higgs portal regime are given in Fig 7. In this

case the deviations due to the new AiAj → Akη processes are more difficult to single out,

since more annihilation channels (involving λm) contribute to the relic density. But with

respect to the case already discussed in Fig. 4 of Ref. [1], one finds points with lighter

Mη and smaller gφ for a same value of vφ. The plot MA vs gφ indicates again that the

freeze-out has a complicated dependence on the couplings of the model. Some of the dots

still display the quadratic behavior of Fig. 6, when the dominant annihilation channels

are AiAi → ηη and AiAj → Akη.
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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
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as for the Higgs in the SM but      

η
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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

Figure 7: Parameter space leading to 0.091 < Ωh2 < 0.129 for the large λm regime

(10−3 < λm < 1), from left to right: vφ vs gφ, Mη vs MA and MA vs gφ. λφ is varied

in the range 10−5 − 1, the Higgs mass between Mh = 114.4 GeV and Mh = 160 GeV.

Here too one can recognize the resonant cases, from both the Higgs and the η bosons,

for MA = gφvφ/2 ∼ mh/2,mη/2 respectively. All dots satisfy the LEP constraints on the

T parameter and on h → ff̄ decay. They also are in agreement with the direct detection

bounds from CDMS [69] and Xenon [70]. The black dots correspond to instances which

lead to a spin-independent elastic cross-section at most one order of magnitude below

these bounds.

At tree level the elastic scattering of the vector dark matter on a nucleon n is spin

independent, mediated by an h or η boson, and the full expression for the cross-section

reads:

σSI(An → An) =
1

64π2
f 2g4φ sin

2 2β m2
n

v2φ
v2

(M2
η −M2

h)
2

M4
ηM

4
h

µ2
n

M2
A

, (4.2)

with µn = mnMA/(mn+MA) the reduced mass andmn the nucleon mass. The parameter

f designs the Higgs nucleon coupling, f ≡ 〈n|
∑

q mq q̄q|n〉 and is taken to the value of

f = 0.3.

Imposing the relic density constraint, the predictions for the direct detection rate

are given in Fig. 8, together with the upper bounds of CDMS [69], Xenon10 [70] and

the recent final results from CDMS-II [71]. In the small Higgs portal regime, λm ! 10−3,

even though cross sections are suppressed by 2 powers of λm, large direct detection rates

can be obtained for small λφ couplings because in this case mη < mh and the An → An

cross section scales as λ2
m/λ

2
φ, Eq. (4.2). For a dark matter mass from few GeV all the

way up to the multi TeV range, a spin independent cross section of the order of the

current experimental sensitivities can be obtained for values of λφ of order or below few

10−4. The values of the various parameters required in this case can be read off in Fig. 6.

The value of the cross-section does not depend on the dark matter mass if this mass is

large, as indicated by the plateaux for different values of λφ. For the large Higgs portal
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Hidden vector: direct detection
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Figure 8: Obtained spin independent cross-section on nucleon σSI(An → An) versus MA,

in agreement with the constraint 0.091 < Ωh2 < 0.129. Small λm regime (10−7 < λm <

10−3) on the left and large Higgs coupling portal, λm > 10−3 on the right. The color

caption is as in Figs. 6 and 7. The thick (dashed) black curve is the CDMS (Xenon10)

upper bounds at 90% C.L.. The dotted-dashed curve is the recent published CDMS-II

upper bound, at 90% C.L.

regime, λm ! 10−3, direct detection rates of order the present experimental sensitivity

or exceeding it are easily produced. For illustration, among the sets of parameters that

lead to the right relic density in Fig. 7, we have denoted by black dots the ones which

lead to an elastic cross-section on nucleon at most one order of magnitude below the

CDMS [69] and Xenon [70] limits. Here too a dark matter mass in the whole range from

1 GeV up to few TeV can be accommodated. Even though other values are possible, the

η mass tends to be either small, below 100 GeV, or slightly larger than the dark matter

mass. For MA larger than ∼ 700 GeV one recovers the linear relation between vφ and gφ
and the corresponding quadratic behavior of MA in gφ, indicating that the pure hidden

sector annihilations driven by the gφ coupling are dominant, as in the small Higgs portal

regime.

Note that all the dots shown in the figures above satisfy the LEP constraints. The

mixing of the η boson with the standard model Higgs affects the electroweak precision

observables. The main constraint on the model parameters comes from the T parameter,

since the η is a neutral scalar which mixes with the Higgs boson. We use the same cuts

as in Ref. [1], that is to require that T − TSM is in the conservative range −0.27∓ 0.05

from [72]. For Mη < 114.4 GeV the branching ratio η → ff̄ should not exceed the LEP
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Figure 2: Like Fig. 1, but for case A, benchmark 2, with τDM = 1.1 × 1027 s (Λ =

3.7 × 1015 GeV). The yellow band shows the uncertainty in the anti-proton flux due to

the propagation model parameters.

excluded and the anti-matter fluxes can be sizeable.

3.3 Positron flux

Here we will briefly discuss the predictions for the anti-matter fluxes concentrating on

case D, since this operator features two-body decay into fermions pairs due to effective

kinetic mixing between hidden sector and the hypercharge U(1)Y . The corresponding

branching ratios are listed in Tab. 4. In the cases with lower dark matter mass, the

branching ratio into hard leptons (and in particular electrons) is sizable. Namely, in the

limit MA " MZ the inverse decay rate into charged lepton pairs is given by

Γ(A → "+"−)−1 = 2.6× 1027 s

(
Λ

7× 1015 GeV

)4 (1TeV

vφ

)4 (300GeV

MA

)
, (3.6)

which can produce a steep rise in the observed positron fraction for values of the scale

of custodial symmetry breaking of the order of the Grand Unification scale.

As an example, we show in Fig. 5 the predictions for the cosmic ray fluxes for

benchmark point 2. For a scale of custodial symmetry breaking Λ = 7.2×1015 GeV, which

is close to the Grand Unification scale, the gamma ray spectrum shows a intense gamma-

ray line at 300 GeV, in agreement with current observations. On the other hand, the
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Figure 4: Like Fig. 1, but for case C, benchmark 4, with τDM = 1.6 × 1027 s (Λ =

1.2× 1016 GeV).

Benchmark Zη Zh γη W+W− νν̄ e+e− uū dd̄

1 0.01 0.005 0.04 0.02 0.09 0.39 0.29 0.15

2 0.019 0.004 0.036 0.014 0.072 0.35 0.39 0.12

3 0.22 0.0002 0.73 0.0005 0.003 0.016 0.018 0.005

Table 4: Branching Ratios for Case D.

Discussion. It is intriguing that the production of a γ-ray line is a generic prediction

for all possible operators that may mediate the decay of the SU(2)HS dark matter gauge

bosons. For values of the custodial symmetry breaking scale near to the Grand Unification

scale, and for dark matter masses around 400GeV and below, this line could be in reach of

sensitivity of the Fermi LAT gamma-ray line searches. On the other hand, a production of

an observable amount of electrons and positrons or anti-protons is very model dependent.

In most cases electrons and positrons are produced in the fragmentation of scalar or

vector bosons and lead to a very flat spectrum. An interesting exception occurs for

the operator case D which features two-body decay modes into lepton pairs. In this

case the produced positron spectrum can rise more steeply, but, when also taking other

observations into account, still not enough to explain the PAMELA observations alone.
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operator A & B
mDM = 300GeV

Λ = 2.9 · 1015 GeV

operator C
mDM = 1.5TeV

Λ = 1.2 · 1016 GeV

e+

e+

p̄

p̄

e+ + e−

e+ + e−

γ

γ

Hidden vector: cosmic ray fluxes



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:0907.1007



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− 120 TeV



Expected spectrum (in a similar case)
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Figure 5: The scalar and vector mass dependence on the temperature for “large”
Higgs masses, m∗

H = 120 and 180 GeV.
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Kajantie, Laine. Rummukainen, Shaposhnikov ‘96

 vector states e.g. expected heavier than scalar ones:



Possible effects on Electroweak Symmetry Breaking

contribution of the vev of the hidden scalar to 
the Higgs mass term: 

LHiggs portal = −λmφ†φH†H

! −λmv2
φH†H

gives a contribution to the Higgs vev:

gives a hint for the          versus     WIMP coincidencemDM v

v2 ∝ λm

λH
v2

φ ∝ m2
DM

see also T.H, M. Tytgat, arXiv 0707.0633, (PLB 659)


