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Higgs portal interaction

                          where    is   L ! λH†Hφ†φ φ

or a messenger between the SM and DM

the DM particle

 simplest way to couple the SM to a 
hidden sector where DM could lay



Part I. 

DAMA and/or CoGeNT: scalar DM??

                 in collab. with S. Andreas, C. Arina, F.-S. Ling and M. Tytgat



DAMA and/or CoGeNT ???

  

 DAMA annual modulation ?

arXiv:0804.2741

7 years of DAMA/NaI (100kg NaI crystal) joined with 
4 years of DAMA/Libra (250 kg NaI)

 

Annual modulation signal at 8.2 sigma CL

3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

DAMA:

CoGeNT:

                             could have nothing to do with DM but makes sense to look for 
simplest possible DM explanations of them



Possible DM annihilations to SM particles

if                           : onlymDM ∼ 10GeV DM DM → f f̄ (f = b, c, s, d, u, τ, µ, e, νe,µ,τ )

in 3      ways:!=

Z exchange: h exchange:
BSM particle exchange
e.g. squarks loops, ...
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Predictivity of the Higgs exchange scenario

Annihilation cross section:
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In the WIMP scenario, there is a one-to-one relation between the dark matter (DM) relic density and spin

independent direct detection rate if both the annihilation of DM and its elastic scattering on nuclei go dominantly

through Higgs exchange. In particular, for DM masses much smaller than the Higgs boson mass, the ratio of the

relevant cross sections depends only on the DM mass. Assuming DM mass and direct detection rate within the

ranges allowed by the recent DAMA collaboration results –taking account of the channelling effect on energy

threshold and the null results of the other direct detection experiments– gives a definite range for the relic

density. For scalar DM models, like the Higgs portal models or the inert doublet model, the relic density range

turns out to be in agreement with WMAP. This scenario implies that the Higgs boson has a large branching ratio

to pairs of DM particles, a prediction which might challenge its search at the LHC.

The DAMA collaboration has recently provided evidence for

an annual modulation of the rate of nuclear recoils in their

detector [1], confirming at a firmer level their previous re-

sults [2]. Taking into account the null results of the other

direct Dark Matter (DM) detection experiments [3] and the

recently discovered channelling effect on the threshold energy

in DAMA, points towards a nuclear recoil due to dark matter-

nucleon elastic scatterings, with a spin independent (SI) cross

section in the range (see [4])

3×10−41 cm2 ! !SIp ! 5×10−39 cm2 (1)

and dark matter mass in the range

3GeV ! mDM ! 8GeV. (2)

These results have been already the object of various studies in

specific models [5, 6, 7, 8]. In this short letter, working in the

WIMP framework which assumes a DM relic density deter-

mined by the thermal freeze-out of DM annihilation, we em-

phasize the importance of Higgs exchange diagrams for DM

mass in the range of (2).

If the DM candidate is light, there is a limited number of pos-

sible (2-body) annihilation channels to SM particles, i.e. to

u,d,s,c,b quark pairs, to lepton pairs and to photon pairs.

Depending on the model this can be done at tree or loop

level in various ways. Annihilations through the SM Z bo-

son may be excluded right away for it would imply that dark

matter contributes to the Z invisible width [9]. The next sim-

plest possibility at tree level is annihilation of dark matter into

fermions through the Brout-Englert-Higgs (Higgs for short)

in the s-channel, as in the diagram of Fig.1.a. In this case,

only bb̄, cc̄ and ""̄ annihilations are relevant, since all other

SM fermions have small Yukawa couplings. From the very

same coupling between DM and the Higgs, SI elastic scatter-

ing is induced through a Higgs in the t-channel, Fig.1.b. For

∗Sarah.Andreas@rwth-aachen.de; thambye@ulb.ac.be; mtytgat@ulb.ac.be
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FIG. 1: Higgs exchange diagrams for the DM annihilation (a) and

scattering with a nucleon (b).

the Inert Doublet Model (IDM), a two Higgs model exten-

sion of the Standard Model with a scalar dark matter candi-

date [10, 11, 12, 13, 14, 15, 16], and a fortiori for a singlet

scalar DM candidate [17, 18, 19, 20, 21, 22, 23, 24], the chan-

nels of Fig.1 are the only possible non-negligible ones in the

range of (2). In more sophisticated models, such as with the

neutralino DM candidate of the MSSM, these channels coex-

ist a priori with many other channels, in particular with other

intermediate Higgs scalar particle or squarks channels [7, 25].

Both processes in Fig.1 are tightly related. The Higgs bo-

son mass dependence is the same, m−4
h , because in both cases

the momentum of the Higgs is negligible compared with mh.

Furthermore the dependence in the unknown DM-DM-h cou-

pling is the same. This means that, up to uncertainties in the

Yukawa couplings of the SM fermions and in the Higgs to nu-

cleon coupling, the only left parameter is the mass of the dark

matter. This dependence is however limited if we take the DM

mass within the range (2). In other words, if Higgs mediated

processes are dominant, the ratio of the cross sections corre-

sponding to the processus of Fig.1 is essentially fixed in any

model and there is a one-to-one relation between annihilation

and direct detection. This has been pointed out for the case of

scalar singlet DM in Ref. [19]. The ratio may however be dif-

ferent in different models. To see this and to inquire whether

any model may be in agreement with observations, we con-

sider two simple scenarios, respectively with a scalar and a

fermionic dark matter candidate.
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mined by the thermal freeze-out of DM annihilation, we em-
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If the DM candidate is light, there is a limited number of pos-

sible (2-body) annihilation channels to SM particles, i.e. to
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Depending on the model this can be done at tree or loop

level in various ways. Annihilations through the SM Z bo-

son may be excluded right away for it would imply that dark

matter contributes to the Z invisible width [9]. The next sim-
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FIG. 1: Higgs exchange diagrams for the DM annihilation (a) and

scattering with a nucleon (b).

the Inert Doublet Model (IDM), a two Higgs model exten-

sion of the Standard Model with a scalar dark matter candi-

date [10, 11, 12, 13, 14, 15, 16], and a fortiori for a singlet

scalar DM candidate [17, 18, 19, 20, 21, 22, 23, 24], the chan-

nels of Fig.1 are the only possible non-negligible ones in the

range of (2). In more sophisticated models, such as with the

neutralino DM candidate of the MSSM, these channels coex-

ist a priori with many other channels, in particular with other

intermediate Higgs scalar particle or squarks channels [7, 25].

Both processes in Fig.1 are tightly related. The Higgs bo-

son mass dependence is the same, m−4
h , because in both cases

the momentum of the Higgs is negligible compared with mh.

Furthermore the dependence in the unknown DM-DM-h cou-

pling is the same. This means that, up to uncertainties in the

Yukawa couplings of the SM fermions and in the Higgs to nu-

cleon coupling, the only left parameter is the mass of the dark

matter. This dependence is however limited if we take the DM

mass within the range (2). In other words, if Higgs mediated

processes are dominant, the ratio of the cross sections corre-

sponding to the processus of Fig.1 is essentially fixed in any

model and there is a one-to-one relation between annihilation

and direct detection. This has been pointed out for the case of

scalar singlet DM in Ref. [19]. The ratio may however be dif-

ferent in different models. To see this and to inquire whether

any model may be in agreement with observations, we con-

sider two simple scenarios, respectively with a scalar and a

fermionic dark matter candidate.

Cross section on Nucleon:

the ratio of cross sections depends only on          !mDM

Yfλ

λ

ghNN

         if one fixes the Nucleon cross section to reproduce 
          the DAMA and/or CoGeNT the relic density is fixed

R ≡ σ(DM DM → f f̄) vrel
σ(DM N → DM N)

= fct′′(mDM , Yf , ghNN )

σ(DM DM → f f̄) vrel ∝ λ2 1

(s−m2
h)

2
Y 2
f · fct(mDM ) ∼ λ2 1

m4
h

Y 2
f · fct(mDM )

see also Burgess, Pospelov, ter Veldhuis 01’

σ(DM N → DM N) ∝ λ2 1

(t−m2
h)

2
g2hNN · fct′(mDM ) ∼ λ2 1

m4
h

g2hNN · fct′(mDM )



The simplest DM model: a scalar singlet

DM= a real scalar singlet S:
                     Mc Donald 94’, Burgess, Pospelov, ter Veldhuis 01’, 

Patt, Wilczek 06’; Barger et al 08’,...

2

For a scalar dark matter candidate, the simplest possibility is

to introduce one real scalar singlet S, odd under a Z2 sym-

metry [17, 18, 19, 20, 21, 22, 23, 24], like in the so-called

Higgs portal framework [20, 21, 22, 23]. In full generality the

four following renormalizable terms may be added to the SM

lagrangian:

L !
1

2
!µS!µS−

1

2
µ2S S

2−
"S

4
S4−"LH

†HS2 (3)

with H = (h+ (h+ iG0)/
√
2)T the Higgs doublet. The mass

of S is thus given by

m2S = µ2S+"Lv
2. (4)

where v = 246 GeV. In this model the sole coupling which

allows S to annihilate into SM particles and to interact with

nuclei is "L. For the annihilation cross section, the elastic
scattering cross section (normalized to one nucleon) and the

ratio, we obtain

#(SS→ f̄ f )vrel = nc
"2L
$

m2f

m4hm
3
S

(m2S−m2f )
3/2 (5)

#(SN→ SN) =
"2L
$

µ2r

m4hm
2
S

f 2m2N (6)

R≡%
f

#(SS→ f̄ f )vrel
#(SN→ SN)

= %
f

ncm
2
f

f 2m2Nµ
2
r

(m2S−m2f )
3/2

mS

(7)

where nc = 3(1) for quarks (leptons), vrel = (s−4m2S)1/2/mS

is the centre of mass relative velocity between both S and

µr =mSmN/(mS+mN) is the nucleon-DM reduced mass. The
factor f parametrizes the Higgs to nucleons coupling from the

trace anomaly, fmN ≡ 〈N|%qmqq̄q|N〉= ghNNv. From the re-

sults quoted in Ref. [26], we take f = 0.30 as central value,
and vary it within the rather wide range 0.14< f < 0.66. As
for the Yukawa couplings,Yi =

√
2mi/v, we consider the pole

masses mb = 4.23 GeV, mc = 1.2 GeV and m& = 1.77 GeV
(we neglect the effects of the running of the Yukawa couplings

which are expected quite moderate).

Within the WIMP scenario, one needs #(SS→ all f̄ f )vrel ∼
1pb to have the right dark matter abundance. Therefore using

Eq.(1), the ratio required by data is R ) 103−4. This has to
be compared with the value of R obtained from Eq. (7). Fig.2

gives both ratios as a function of mS, requiring that the relic

density with respect to the critical density obtained is within

the WMAP density range 0.094 < 'DMh
2 < 0.129 [27, 28],

and that #SIp and mS are in the DAMA region allowed by other

direct detection experiments, see Fig. 1 of Ref. [4] (taking into

account the channelling effect). As R scales approximately as

m2S formS∼>mf , it is remarkable that both values of R coincide

around the DAMADMmass region. The relic abundances are

computed using MicroMegas [29][53].

This can also be seen in Fig. 3 which gives the regions of mS

and "L (for mh = 120 GeV) consistent with WMAP and the

same direct detection constraints. Both regions nicely overlap.

The corresponding values of the SI elastic cross section can be

read off from Fig.4. For the central value f = 0.30 the overlap
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FIG. 2: Values of the ratio R calculated from Eq. (7) for three values

of f to be compared with the area of R values required to match at

2# level both WMAP relic density and direct detection constraints
(i.e. DAMA, channelling effect included, and upper bounds from

CDMS, Xenon, CoGent and Cresst, see Fig. 1 of Ref. [4]).

FIG. 3: For mh = 120 GeV, values of mS and "L which lead to
the WMAP result, 0.094 < 'DMh

2 < 0.129 (solid black lines), and
which match the direct detection constraints (i.e. Fig.1 of Ref. [4]),

for the central value f = 0.30 as well as the values f = 0.14 and
f = 0.66 .

region covers the mS ≈ 6-8 GeV range while for 0.14 < f <
0.66 regions overlap for mS between 3.5 GeV and 8.5 GeV.
For f smaller than 0.20 there is no overlap region. For a fixed
value of mS, a smaller f gives a smaller detection rate. This

might be compensated by a larger Higgs-DM coupling "L, but
then at the expense of a smaller relic abundance.

In Figs.2-4 we used mh = 120 GeV but agreement may

be obtained for other Higgs boson mass provided the ratio

"L/m2h is kept fixed. Typically the required value is "L/m
2
h )

10−5 GeV−2. To keep the result perturbative, "L ∼< 2$, we
need that mh ∼< 800 GeV.

Since all the parameters are fixed, or strongly constrained, we

may also make some definitive predictions regarding possible

                                   assuming a                        symmetry
        for S stability

Z2, S ↔ −S ,
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where nc = 3(1) for quarks (leptons), vrel = (s−4m2S)1/2/mS

is the centre of mass relative velocity between both S and

µr =mSmN/(mS+mN) is the nucleon-DM reduced mass. The
factor f parametrizes the Higgs to nucleons coupling from the

trace anomaly, fmN ≡ 〈N|%qmqq̄q|N〉= ghNNv. From the re-

sults quoted in Ref. [26], we take f = 0.30 as central value,
and vary it within the rather wide range 0.14< f < 0.66. As
for the Yukawa couplings,Yi =

√
2mi/v, we consider the pole

masses mb = 4.23 GeV, mc = 1.2 GeV and m& = 1.77 GeV
(we neglect the effects of the running of the Yukawa couplings

which are expected quite moderate).

Within the WIMP scenario, one needs #(SS→ all f̄ f )vrel ∼
1pb to have the right dark matter abundance. Therefore using

Eq.(1), the ratio required by data is R ) 103−4. This has to
be compared with the value of R obtained from Eq. (7). Fig.2

gives both ratios as a function of mS, requiring that the relic

density with respect to the critical density obtained is within

the WMAP density range 0.094 < 'DMh
2 < 0.129 [27, 28],

and that #SIp and mS are in the DAMA region allowed by other

direct detection experiments, see Fig. 1 of Ref. [4] (taking into

account the channelling effect). As R scales approximately as

m2S formS∼>mf , it is remarkable that both values of R coincide

around the DAMADMmass region. The relic abundances are

computed using MicroMegas [29][53].

This can also be seen in Fig. 3 which gives the regions of mS

and "L (for mh = 120 GeV) consistent with WMAP and the

same direct detection constraints. Both regions nicely overlap.

The corresponding values of the SI elastic cross section can be

read off from Fig.4. For the central value f = 0.30 the overlap
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FIG. 2: Values of the ratio R calculated from Eq. (7) for three values

of f to be compared with the area of R values required to match at

2# level both WMAP relic density and direct detection constraints
(i.e. DAMA, channelling effect included, and upper bounds from

CDMS, Xenon, CoGent and Cresst, see Fig. 1 of Ref. [4]).

FIG. 3: For mh = 120 GeV, values of mS and "L which lead to
the WMAP result, 0.094 < 'DMh

2 < 0.129 (solid black lines), and
which match the direct detection constraints (i.e. Fig.1 of Ref. [4]),

for the central value f = 0.30 as well as the values f = 0.14 and
f = 0.66 .

region covers the mS ≈ 6-8 GeV range while for 0.14 < f <
0.66 regions overlap for mS between 3.5 GeV and 8.5 GeV.
For f smaller than 0.20 there is no overlap region. For a fixed
value of mS, a smaller f gives a smaller detection rate. This

might be compensated by a larger Higgs-DM coupling "L, but
then at the expense of a smaller relic abundance.

In Figs.2-4 we used mh = 120 GeV but agreement may

be obtained for other Higgs boson mass provided the ratio

"L/m2h is kept fixed. Typically the required value is "L/m
2
h )

10−5 GeV−2. To keep the result perturbative, "L ∼< 2$, we
need that mh ∼< 800 GeV.

Since all the parameters are fixed, or strongly constrained, we

may also make some definitive predictions regarding possible

λ = λLv

fmN ≡ 〈N |
∑

q

mq q̄q|N〉 = ghNNv

m2
S = µ2

S + λLv
2
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For a scalar dark matter candidate, the simplest possibility is

to introduce one real scalar singlet S, odd under a Z2 sym-

metry [17, 18, 19, 20, 21, 22, 23, 24], like in the so-called

Higgs portal framework [20, 21, 22, 23]. In full generality the

four following renormalizable terms may be added to the SM

lagrangian:
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with H = (h+ (h+ iG0)/
√
2)T the Higgs doublet. The mass

of S is thus given by

m2S = µ2S+"Lv
2. (4)

where v = 246 GeV. In this model the sole coupling which

allows S to annihilate into SM particles and to interact with

nuclei is "L. For the annihilation cross section, the elastic
scattering cross section (normalized to one nucleon) and the

ratio, we obtain

#(SS→ f̄ f )vrel = nc
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3/2 (5)

#(SN→ SN) =
"2L
$

µ2r

m4hm
2
S

f 2m2N (6)

R≡%
f

#(SS→ f̄ f )vrel
#(SN→ SN)

= %
f

ncm
2
f

f 2m2Nµ
2
r

(m2S−m2f )
3/2

mS

(7)

where nc = 3(1) for quarks (leptons), vrel = (s−4m2S)1/2/mS

is the centre of mass relative velocity between both S and

µr =mSmN/(mS+mN) is the nucleon-DM reduced mass. The
factor f parametrizes the Higgs to nucleons coupling from the

trace anomaly, fmN ≡ 〈N|%qmqq̄q|N〉= ghNNv. From the re-

sults quoted in Ref. [26], we take f = 0.30 as central value,
and vary it within the rather wide range 0.14< f < 0.66. As
for the Yukawa couplings,Yi =

√
2mi/v, we consider the pole

masses mb = 4.23 GeV, mc = 1.2 GeV and m& = 1.77 GeV
(we neglect the effects of the running of the Yukawa couplings

which are expected quite moderate).

Within the WIMP scenario, one needs #(SS→ all f̄ f )vrel ∼
1pb to have the right dark matter abundance. Therefore using

Eq.(1), the ratio required by data is R ) 103−4. This has to
be compared with the value of R obtained from Eq. (7). Fig.2

gives both ratios as a function of mS, requiring that the relic

density with respect to the critical density obtained is within

the WMAP density range 0.094 < 'DMh
2 < 0.129 [27, 28],

and that #SIp and mS are in the DAMA region allowed by other

direct detection experiments, see Fig. 1 of Ref. [4] (taking into

account the channelling effect). As R scales approximately as

m2S formS∼>mf , it is remarkable that both values of R coincide

around the DAMADMmass region. The relic abundances are

computed using MicroMegas [29][53].

This can also be seen in Fig. 3 which gives the regions of mS

and "L (for mh = 120 GeV) consistent with WMAP and the

same direct detection constraints. Both regions nicely overlap.

The corresponding values of the SI elastic cross section can be

read off from Fig.4. For the central value f = 0.30 the overlap
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FIG. 2: Values of the ratio R calculated from Eq. (7) for three values

of f to be compared with the area of R values required to match at

2# level both WMAP relic density and direct detection constraints
(i.e. DAMA, channelling effect included, and upper bounds from

CDMS, Xenon, CoGent and Cresst, see Fig. 1 of Ref. [4]).

FIG. 3: For mh = 120 GeV, values of mS and "L which lead to
the WMAP result, 0.094 < 'DMh

2 < 0.129 (solid black lines), and
which match the direct detection constraints (i.e. Fig.1 of Ref. [4]),

for the central value f = 0.30 as well as the values f = 0.14 and
f = 0.66 .

region covers the mS ≈ 6-8 GeV range while for 0.14 < f <
0.66 regions overlap for mS between 3.5 GeV and 8.5 GeV.
For f smaller than 0.20 there is no overlap region. For a fixed
value of mS, a smaller f gives a smaller detection rate. This

might be compensated by a larger Higgs-DM coupling "L, but
then at the expense of a smaller relic abundance.

In Figs.2-4 we used mh = 120 GeV but agreement may

be obtained for other Higgs boson mass provided the ratio

"L/m2h is kept fixed. Typically the required value is "L/m
2
h )

10−5 GeV−2. To keep the result perturbative, "L ∼< 2$, we
need that mh ∼< 800 GeV.

Since all the parameters are fixed, or strongly constrained, we

may also make some definitive predictions regarding possible
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Figure 1: SI cross section (σ0
n) vs scalar singlet mass (mS), for ρDM = 0.3 GeV/cm3 and a standard Maxwellian velocity

distribution (with mean velocity 220 km/s and escape velocity vesc = 650 km/s, see our conventions in [22]). The green region
corresponds to CoGeNT (minimum χ2, with contours at 90 and 99.9% C.L.), for which we have assumed that the excess at low
recoil energies is entirely due to DM (assuming a constant background contamination). The DAMA regions (goodness-of-fit,
also at 90 and 99.9% C.L.) are given both with (purple/orange) and without (purple, no fill) channelling. The blue region
corresponds to the CDMS-II two events, at 1σ, which we obtained following the procedure of [37]. The blue (short-dashed) line
is the 90% C.L. exclusion limit from CDMS-Si [38]. The black dotted line is the 90% C.L. exclusion limit from the Xenon10
2009 data set, using their scintillation efficiency [39], as also considered in [37]. The long-dashed line is based on the same
data but using instead the smaller scintillation efficiency advocated in [40] (central value, at 1σ the corresponding exclusion
can be found in [34]). Finally, the brown lines (continuous) encompass the region predicted by the singlet scalar DM model
corresponding to the WMAP range 0.094 ≤ ΩDMh2 ≤ 0.129, for 0.2 ≤ f ≤ 0.4.

mS ! mh, the ratio of the annihilation and scattering cross section depends only on mS ,

∑

f

σ(SS → f̄f)vrel
σ(SN → SN)

=
∑

f

ncm2
f

f2m2
Nµ2

r

(m2
S −m2

f )
3/2

mS
(3)

where nc = 3(1) for quarks (leptons), and µr = mSmN/(mS +mN ) is the nucleon-DM reduced mass. The factor f
parametrizes the Higgs to nucleons coupling, fmN ≡ 〈N |

∑
q mq q̄q|N〉 = ghNNv, and we consider 0.2 ≤ f ≤ 0.4 (see

e.g. [31]).
Equation (3) shows that the mass of the DM candidate is fixed for a given relic abundance and SI scattering cross

section [21, 23–25]. In turn, direct detection experiments may determine both the SI cross section and the mass of the
DM, modulo the astrophysical uncertainties regarding the local density and velocity distribution of the DM. A priori
there is little chance that these constraints may be met by singlet scalar DM, but as Figure 1 reveals, the model may
be in agreement with CoGeNT —which is the main result of this letter— or, as shown in [21, 22], with DAMA. Since
there is a gap between the CoGeNT and DAMA (with channelling) regions, that scalar DM agrees with CoGeNT
does not trivially derive from the fact that it may agree with DAMA. We emphasize that this result, as for DAMA, is
specific to a scalar particle with scalar couplings to SM fermions. For instance, annihilation through the Higgs portal
would be P-wave suppressed for a fermionic singlet DM candidate, and other interactions, as is the case for a light
neutralino [32], are necessary to agree with the direct detection data (see also e.g. [33–36]).

The gap between CoGeNT and DAMA may be reduced, either assuming that channelling is less effective than
what is advocated by the DAMA collaboration (which has the effect of raising the DAMA region — but not reducing
the tension with exclusion limits), or assuming that the CoGeNT excess is partially contaminated by some natural
radioactivity (lowering the CoGeNT region) or a mixture of both. One may also adjust the properties of the halo or
the DAMA spectral data [34], but we have refrained from doing so.

DAMA

                       value of  Nucleon cross 
                            section obtained once one

 requires 0.094 < ΩDMh2 < 0.129

                     S. Andreas, C. Arina, F.-S. Ling, T.H., M. Tytgat 10’
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Figure 1: SI cross section (σ0
n) vs scalar singlet mass (mS), for ρDM = 0.3 GeV/cm3 and a standard Maxwellian velocity

distribution (with mean velocity 220 km/s and escape velocity vesc = 650 km/s, see our conventions in [22]). The green region
corresponds to CoGeNT (minimum χ2, with contours at 90 and 99.9% C.L.), for which we have assumed that the excess at low
recoil energies is entirely due to DM (assuming a constant background contamination). The DAMA regions (goodness-of-fit,
also at 90 and 99.9% C.L.) are given both with (purple/orange) and without (purple, no fill) channelling. The blue region
corresponds to the CDMS-II two events, at 1σ, which we obtained following the procedure of [37]. The blue (short-dashed) line
is the 90% C.L. exclusion limit from CDMS-Si [38]. The black dotted line is the 90% C.L. exclusion limit from the Xenon10
2009 data set, using their scintillation efficiency [39], as also considered in [37]. The long-dashed line is based on the same
data but using instead the smaller scintillation efficiency advocated in [40] (central value, at 1σ the corresponding exclusion
can be found in [34]). Finally, the brown lines (continuous) encompass the region predicted by the singlet scalar DM model
corresponding to the WMAP range 0.094 ≤ ΩDMh2 ≤ 0.129, for 0.2 ≤ f ≤ 0.4.

mS ! mh, the ratio of the annihilation and scattering cross section depends only on mS ,

∑

f

σ(SS → f̄f)vrel
σ(SN → SN)

=
∑

f

ncm2
f

f2m2
Nµ2

r

(m2
S −m2

f )
3/2

mS
(3)

where nc = 3(1) for quarks (leptons), and µr = mSmN/(mS +mN ) is the nucleon-DM reduced mass. The factor f
parametrizes the Higgs to nucleons coupling, fmN ≡ 〈N |

∑
q mq q̄q|N〉 = ghNNv, and we consider 0.2 ≤ f ≤ 0.4 (see

e.g. [31]).
Equation (3) shows that the mass of the DM candidate is fixed for a given relic abundance and SI scattering cross

section [21, 23–25]. In turn, direct detection experiments may determine both the SI cross section and the mass of the
DM, modulo the astrophysical uncertainties regarding the local density and velocity distribution of the DM. A priori
there is little chance that these constraints may be met by singlet scalar DM, but as Figure 1 reveals, the model may
be in agreement with CoGeNT —which is the main result of this letter— or, as shown in [21, 22], with DAMA. Since
there is a gap between the CoGeNT and DAMA (with channelling) regions, that scalar DM agrees with CoGeNT
does not trivially derive from the fact that it may agree with DAMA. We emphasize that this result, as for DAMA, is
specific to a scalar particle with scalar couplings to SM fermions. For instance, annihilation through the Higgs portal
would be P-wave suppressed for a fermionic singlet DM candidate, and other interactions, as is the case for a light
neutralino [32], are necessary to agree with the direct detection data (see also e.g. [33–36]).

The gap between CoGeNT and DAMA may be reduced, either assuming that channelling is less effective than
what is advocated by the DAMA collaboration (which has the effect of raising the DAMA region — but not reducing
the tension with exclusion limits), or assuming that the CoGeNT excess is partially contaminated by some natural
radioactivity (lowering the CoGeNT region) or a mixture of both. One may also adjust the properties of the halo or
the DAMA spectral data [34], but we have refrained from doing so.
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Figure 1: SI cross section (σ0
n) vs scalar singlet mass (mS), for ρDM = 0.3 GeV/cm3 and a standard Maxwellian velocity

distribution (with mean velocity 220 km/s and escape velocity vesc = 650 km/s, see our conventions in [22]). The green region
corresponds to CoGeNT (minimum χ2, with contours at 90 and 99.9% C.L.), for which we have assumed that the excess at low
recoil energies is entirely due to DM (assuming a constant background contamination). The DAMA regions (goodness-of-fit,
also at 90 and 99.9% C.L.) are given both with (purple/orange) and without (purple, no fill) channelling. The blue region
corresponds to the CDMS-II two events, at 1σ, which we obtained following the procedure of [37]. The blue (short-dashed) line
is the 90% C.L. exclusion limit from CDMS-Si [38]. The black dotted line is the 90% C.L. exclusion limit from the Xenon10
2009 data set, using their scintillation efficiency [39], as also considered in [37]. The long-dashed line is based on the same
data but using instead the smaller scintillation efficiency advocated in [40] (central value, at 1σ the corresponding exclusion
can be found in [34]). Finally, the brown lines (continuous) encompass the region predicted by the singlet scalar DM model
corresponding to the WMAP range 0.094 ≤ ΩDMh2 ≤ 0.129, for 0.2 ≤ f ≤ 0.4.

mS ! mh, the ratio of the annihilation and scattering cross section depends only on mS ,

∑

f

σ(SS → f̄f)vrel
σ(SN → SN)

=
∑

f

ncm2
f

f2m2
Nµ2

r

(m2
S −m2

f )
3/2

mS
(3)

where nc = 3(1) for quarks (leptons), and µr = mSmN/(mS +mN ) is the nucleon-DM reduced mass. The factor f
parametrizes the Higgs to nucleons coupling, fmN ≡ 〈N |

∑
q mq q̄q|N〉 = ghNNv, and we consider 0.2 ≤ f ≤ 0.4 (see

e.g. [31]).
Equation (3) shows that the mass of the DM candidate is fixed for a given relic abundance and SI scattering cross

section [21, 23–25]. In turn, direct detection experiments may determine both the SI cross section and the mass of the
DM, modulo the astrophysical uncertainties regarding the local density and velocity distribution of the DM. A priori
there is little chance that these constraints may be met by singlet scalar DM, but as Figure 1 reveals, the model may
be in agreement with CoGeNT —which is the main result of this letter— or, as shown in [21, 22], with DAMA. Since
there is a gap between the CoGeNT and DAMA (with channelling) regions, that scalar DM agrees with CoGeNT
does not trivially derive from the fact that it may agree with DAMA. We emphasize that this result, as for DAMA, is
specific to a scalar particle with scalar couplings to SM fermions. For instance, annihilation through the Higgs portal
would be P-wave suppressed for a fermionic singlet DM candidate, and other interactions, as is the case for a light
neutralino [32], are necessary to agree with the direct detection data (see also e.g. [33–36]).

The gap between CoGeNT and DAMA may be reduced, either assuming that channelling is less effective than
what is advocated by the DAMA collaboration (which has the effect of raising the DAMA region — but not reducing
the tension with exclusion limits), or assuming that the CoGeNT excess is partially contaminated by some natural
radioactivity (lowering the CoGeNT region) or a mixture of both. One may also adjust the properties of the halo or
the DAMA spectral data [34], but we have refrained from doing so.
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Figure 1: SI cross section (σ0
n) vs scalar singlet mass (mS), for ρDM = 0.3 GeV/cm3 and a standard Maxwellian velocity

distribution (with mean velocity 220 km/s and escape velocity vesc = 650 km/s, see our conventions in [22]). The green region
corresponds to CoGeNT (minimum χ2, with contours at 90 and 99.9% C.L.), for which we have assumed that the excess at low
recoil energies is entirely due to DM (assuming a constant background contamination). The DAMA regions (goodness-of-fit,
also at 90 and 99.9% C.L.) are given both with (purple/orange) and without (purple, no fill) channelling. The blue region
corresponds to the CDMS-II two events, at 1σ, which we obtained following the procedure of [37]. The blue (short-dashed) line
is the 90% C.L. exclusion limit from CDMS-Si [38]. The black dotted line is the 90% C.L. exclusion limit from the Xenon10
2009 data set, using their scintillation efficiency [39], as also considered in [37]. The long-dashed line is based on the same
data but using instead the smaller scintillation efficiency advocated in [40] (central value, at 1σ the corresponding exclusion
can be found in [34]). Finally, the brown lines (continuous) encompass the region predicted by the singlet scalar DM model
corresponding to the WMAP range 0.094 ≤ ΩDMh2 ≤ 0.129, for 0.2 ≤ f ≤ 0.4.

mS ! mh, the ratio of the annihilation and scattering cross section depends only on mS ,

∑

f

σ(SS → f̄f)vrel
σ(SN → SN)

=
∑

f

ncm2
f

f2m2
Nµ2

r

(m2
S −m2

f )
3/2

mS
(3)

where nc = 3(1) for quarks (leptons), and µr = mSmN/(mS +mN ) is the nucleon-DM reduced mass. The factor f
parametrizes the Higgs to nucleons coupling, fmN ≡ 〈N |

∑
q mq q̄q|N〉 = ghNNv, and we consider 0.2 ≤ f ≤ 0.4 (see

e.g. [31]).
Equation (3) shows that the mass of the DM candidate is fixed for a given relic abundance and SI scattering cross

section [21, 23–25]. In turn, direct detection experiments may determine both the SI cross section and the mass of the
DM, modulo the astrophysical uncertainties regarding the local density and velocity distribution of the DM. A priori
there is little chance that these constraints may be met by singlet scalar DM, but as Figure 1 reveals, the model may
be in agreement with CoGeNT —which is the main result of this letter— or, as shown in [21, 22], with DAMA. Since
there is a gap between the CoGeNT and DAMA (with channelling) regions, that scalar DM agrees with CoGeNT
does not trivially derive from the fact that it may agree with DAMA. We emphasize that this result, as for DAMA, is
specific to a scalar particle with scalar couplings to SM fermions. For instance, annihilation through the Higgs portal
would be P-wave suppressed for a fermionic singlet DM candidate, and other interactions, as is the case for a light
neutralino [32], are necessary to agree with the direct detection data (see also e.g. [33–36]).

The gap between CoGeNT and DAMA may be reduced, either assuming that channelling is less effective than
what is advocated by the DAMA collaboration (which has the effect of raising the DAMA region — but not reducing
the tension with exclusion limits), or assuming that the CoGeNT excess is partially contaminated by some natural
radioactivity (lowering the CoGeNT region) or a mixture of both. One may also adjust the properties of the halo or
the DAMA spectral data [34], but we have refrained from doing so.
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Issues

Theoretically: -value of f?        Higgs exchange scenario requires 0.2 < f < 0.6•

• Experimentally: -DAMA: channeling, ...

-CoGeNT: radioactivity, ...

-Xenon 10 and 100:  scintillation efficiency, ...

-CRESST?

-fairly large value of      is required:

2

For a scalar dark matter candidate, the simplest possibility is

to introduce one real scalar singlet S, odd under a Z2 sym-

metry [17, 18, 19, 20, 21, 22, 23, 24], like in the so-called

Higgs portal framework [20, 21, 22, 23]. In full generality the

four following renormalizable terms may be added to the SM

lagrangian:
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µ2S S

2−
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4
S4−"LH

†HS2 (3)

with H = (h+ (h+ iG0)/
√
2)T the Higgs doublet. The mass

of S is thus given by

m2S = µ2S+"Lv
2. (4)

where v = 246 GeV. In this model the sole coupling which

allows S to annihilate into SM particles and to interact with

nuclei is "L. For the annihilation cross section, the elastic
scattering cross section (normalized to one nucleon) and the

ratio, we obtain
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3/2 (5)
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where nc = 3(1) for quarks (leptons), vrel = (s−4m2S)1/2/mS

is the centre of mass relative velocity between both S and

µr =mSmN/(mS+mN) is the nucleon-DM reduced mass. The
factor f parametrizes the Higgs to nucleons coupling from the

trace anomaly, fmN ≡ 〈N|%qmqq̄q|N〉= ghNNv. From the re-

sults quoted in Ref. [26], we take f = 0.30 as central value,
and vary it within the rather wide range 0.14< f < 0.66. As
for the Yukawa couplings,Yi =

√
2mi/v, we consider the pole

masses mb = 4.23 GeV, mc = 1.2 GeV and m& = 1.77 GeV
(we neglect the effects of the running of the Yukawa couplings

which are expected quite moderate).

Within the WIMP scenario, one needs #(SS→ all f̄ f )vrel ∼
1pb to have the right dark matter abundance. Therefore using

Eq.(1), the ratio required by data is R ) 103−4. This has to
be compared with the value of R obtained from Eq. (7). Fig.2

gives both ratios as a function of mS, requiring that the relic

density with respect to the critical density obtained is within

the WMAP density range 0.094 < 'DMh
2 < 0.129 [27, 28],

and that #SIp and mS are in the DAMA region allowed by other

direct detection experiments, see Fig. 1 of Ref. [4] (taking into

account the channelling effect). As R scales approximately as

m2S formS∼>mf , it is remarkable that both values of R coincide

around the DAMADMmass region. The relic abundances are

computed using MicroMegas [29][53].

This can also be seen in Fig. 3 which gives the regions of mS

and "L (for mh = 120 GeV) consistent with WMAP and the

same direct detection constraints. Both regions nicely overlap.

The corresponding values of the SI elastic cross section can be

read off from Fig.4. For the central value f = 0.30 the overlap

! " # $ % & ' ( ) *
"!

!"

"!
!

"!
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"!
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$
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&

+
,
-.-/01-2
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4-5-!6''

FIG. 2: Values of the ratio R calculated from Eq. (7) for three values

of f to be compared with the area of R values required to match at

2# level both WMAP relic density and direct detection constraints
(i.e. DAMA, channelling effect included, and upper bounds from

CDMS, Xenon, CoGent and Cresst, see Fig. 1 of Ref. [4]).

FIG. 3: For mh = 120 GeV, values of mS and "L which lead to
the WMAP result, 0.094 < 'DMh

2 < 0.129 (solid black lines), and
which match the direct detection constraints (i.e. Fig.1 of Ref. [4]),

for the central value f = 0.30 as well as the values f = 0.14 and
f = 0.66 .

region covers the mS ≈ 6-8 GeV range while for 0.14 < f <
0.66 regions overlap for mS between 3.5 GeV and 8.5 GeV.
For f smaller than 0.20 there is no overlap region. For a fixed
value of mS, a smaller f gives a smaller detection rate. This

might be compensated by a larger Higgs-DM coupling "L, but
then at the expense of a smaller relic abundance.

In Figs.2-4 we used mh = 120 GeV but agreement may

be obtained for other Higgs boson mass provided the ratio

"L/m2h is kept fixed. Typically the required value is "L/m
2
h )

10−5 GeV−2. To keep the result perturbative, "L ∼< 2$, we
need that mh ∼< 800 GeV.

Since all the parameters are fixed, or strongly constrained, we

may also make some definitive predictions regarding possible

|λL| ∼ 0.2

λL

m2
S = µ2

S + λLv
2

O(100GeV)2O(10GeV)2

tuning at the % level

-why a scalar around 5-10 GeV? ΩDM/ΩB ?

                            not apparent in model independant analysis 
                        such as in Fitzpatrick, Hooper, Zurek 10’



Consequences for Higgs invisible decay width
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Figure 2: Higgs invisible decay branching ratio for mh = 120 GeV (left panel) and mh = 180 GeV (right panel).

Also, both regions are excluded by the most stringent limit set by Xenon10 (the dotted line in the figure). However,
if the scintillation efficiency —the measure of the fraction of energy from the recoiling nuclei that goes into scintillation
light— is actually lower than that used by the collaboration (the long-dashed line in the figure), as advocated in [40],
there is a region of CoGeNT which may be consistent with all experimental constraints (and the singlet scalar DM
candidate).

In the scenario we consider, the coupling λL to the Higgs must be fairly large to explain both the relic abundance2

and the direct detection data. For mh = 120 GeV (mh = 180 GeV), one typically requires λL ! −0.2 (resp. ! −0.45)
for a DM candidate of mass mS ∼ 8 GeV. For the same choice of parameters, µS ∼ 100 GeV, which implies fine tuning
of the parameters at the level of the percent, which is not unbearable in our opinion. Also there is no mechanism to
naturally stabilize the mass of the scalar at a scale of few GeV. Note however that, if neither CoGeNT nor DAMA
could be fitted with µ2

S ∼ 0 at tree level, in the Inert Doublet Model at one loop, the DM mass and coupling ranges
required by CoGeNT and/or DAMA may be compatible with dynamical electroweak symmetry breaking induced by
the inert doublet [43].

A light scalar dark matter candidate coupled to the Higgs has potentially many other signatures or implications, a
large flux of gamma rays from dark matter annihilations [10, 21], a large flux of neutrinos from capture by the Sun,
which may be constrained by Super-Kamiokande [13, 44–46], or anti-protons and anti-deuterons in cosmic rays [5, 47].
Its annihilation cross section and mass make it also a very natural candidate to solve the 6Li problem (see the Figure
3 in[48]).

Last but not least, a light WIMP in the form of a scalar coupled to the Higgs would imply that the Higgs mostly
decays into a pair of dark matter particles [21, 24, 25, 49]. We would like to point out that the DAMA and CoGeNT
regions could be distinguished from a measurement of the invisible Higgs decay branching ratio. For mh = 180 GeV
the effect is striking: as Figure 2 shows, taking into account the CDMS-Si limit and the WMAP region, the DAMA
region gives 60% ∼< BR ∼< 70%, while for the CoGeNT region, one has 75% ∼< BR ∼< 90%. This difference is larger
than the expected ∼ 10% LHC sensitivity on the invisible branching ratio [50]. For mh = 120 GeV, the difference is
much reduced, because the invisible channel largely dominates the decaCCy width: we get 98% ∼< BR ∼< 99% and
BR ∼> 99% for DAMA and CoGeNT respectively.

2 In the calculation of the relic abundance, we neglect the possible effect of the QCD phase transition, which is supposed to have taken
place around ∼ 150 MeV (see, for instance, [41]). Since typically xf = mDM/Tfo " 20, for mS " 6 GeV, for instance, the freeze-out
temperature is Tfo " 300 MeV # 150 MeV and thus the QCD phase transition is irrelevant for the range of mass we consider. Otherwise,
the QCD phase transition might increase the relic abundance by at most a factor of O(2) (see for instance [42]). Such an increase could
be compensated by an increase of λL by a factor of ∼ 1.4 and this, in turn, would require a decrease of the parameter f by the same
factor.

mH = 180GeVmH = 120GeV

98% < BR(H → DMDM) < 99.5% 60% < BR(H → DMDM) < 90%

    DAMA and CoGeNt lead to
  BR distinguishable at LHC



Indirect detection

  

! Gammas rays from the Galactic centre

6 GeV

7 GeV

9 GeV

Egret data    
(Galactic centre)

Flux with NFW 
profile, no 
boost

Also Feng, Kumar & Strigari, arXiv:0806.3746

S.Andreas, Th. 
Hambye, M.T.

Neutrino flux from DM annihilation in the Sun:

rays from the galactic center:γ

mH0[ GeV ]

µ
2[

G
eV

]

mH0[ GeV ]

µ
2[

G
eV

]

Figure 4: Expected neutrino (left) and muon (right) fluxes from the Sun, for a neutrino energy
threshold of 2 GeV. Dark blue line in the muon flux plot: estimate of Super-Kamiokande sensitivity,
conservatively extrapolated to light WIMPs (see text).
Colour gradient - log10 φν [km−2 yr−1] (left) and log10 φµ [km−2 yr−1] (right); WMAP area (black
lines); DAMA allowed region (dashed magenta lines); XENON, CDMS exclusion limits (white lines,
from left to right); The shaded regions correspond to λ2 > 1.
(Parameters: mh = 120GeV, λ2 = 1 (dotted) and λ2 = π (shaded), f = 0.3).

c − c or b − b pairs, the strongest constraint being for annihilations into τ leptons. This limit for
τ+τ− rescaled by the actual branching ratio in the frame of the IDM is shown in figure 5 (in blue)
together with the DAMA allowed region (in light blue) and other direct detection experiments (in
green).

For the H0 candidate, the limit from the tau channel indicates (in agreement with the result of
figure 4) that the limit set by Super-Kamiokande is competitive with limits set by direct detection
experiments (modulo the uncertainties regarding the abundance of dark matter in the Sun versus
that at the Earth, as usual).

6.2 Middle mass candidate: indirect detection from the Earth

This refers to a H0 with a mass typically between 40 and 80 GeV [11]. Since the H0 has essentially
spin-independent interactions, the best place to look for neutrinos produced in annihilations is
toward the centre of the Earth. However, direct detection experiments put very stringent limits on
the SI cross section of WIMPs and so on the potential signatures in neutrino telescopes.

In this section, we discuss the muon flux resulting from H0 annihilations in the Earth. First
we consider the Inert Doublet Model in its most minimalistic version and show that some of the
candidates that have an abundance in agreement with WMAP give a muon flux that almost reaches
the sensitivity of a km size detector like IceCube. We then consider two extensions. First we discuss
the possible effect of one-loop corrections, in the spirit of [12] but conclude that they may not
significantly improve the signatures of the IDM into neutrinos. Finally, we consider the extension of
the IDM with three heavy Majorana neutrinos introduced in [8]. This extension opens the possibility
of annihilations of H0 into two SM ν or two ν̄ with energy mν,ν̄ = mH0 , thus strongly (albeit to the
price of some fine tuning) increasing the potential signature in neutrino telescopes.
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36 CHAPITRE 4. FLUX DE PHOTONS PROVENANT DU CENTRE GALACTIQUE
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Figure 4.4 – Flux de photons dû à l’annihilation de matière noire pour trois
masses, mDM = 10 GeV (rouge/tirets), mDM = 8 GeV (mauve/pleine) et
mDM = 6 GeV (bleue/pointillés). On suppose S + S → bb̄, cc̄ et τ+τ− avec
les rapports de branchements calculés au chapitre 3. Les données en vert sont
les données EGRET, pour −2̊ < b < 2̊ et −5̊ < l < 5̊ .
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Figure 4.5 – Flux de photons dû à l’annihilation de matière noire pour trois
masses, mDM = 10 GeV (rouge/tirets), mDM = 8 GeV (mauve/pleine) et
mDM = 6 GeV (bleue/pointillés). On suppose S + S → bb̄, cc̄ et τ+τ− avec
les rapports de branchements calculés au chapitre 3. Les données en vert sont
les données FERMI (figure 6 de [60]), pour une région circulaire centrée sur le
centre galactique de rayon, r < 0.5̊ .

indique que le flux théorique serait supérieur au signal expérimental et permettrait donc
de contraindre de manière significative notre modèle. La contrainte est d’autant plus forte
que les données FERMI présentées ici représentent le flux total, c’est à dire d’une certaine
manière le flux maximal possible. Ces résultats sont consistants avec [60].
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Higgs exchange scenario in other scalar models

the scalar DM particle doesn’t necessarily need to be a weak singlet

also applies to inert doublet model DM = one neutral component    
of a second Higgs doublet H0

with other neutral component 
heavier than          

(LEP invis. Z decay width)
∼ 80GeVA0

same predictions as for the singlet

Z → H0A0



Fermion DM with Higgs exchange

doesn’t work!

4

the diagrams of Fig. 1. A simple such an instance is the IDM,

in which case the DM candidate is the lightest component of

a scalar doublet, odd under a Z2 symmetry. All the results

above hold, provided one identifies the appropriate parame-

ters. Using the notations of [14] for instance, we get the same

abundances and SI cross section in the DAMA range, Figs. 2-

4, provided one replaces mS → mH0 , µS → µ2 and !L → !L.
One just has to make sure that the extra components of the

doublets, noted A0 and H
±, are heavy enough. In practice,

this means that we need mH0 +mA0 > mZ so as not to con-

tribute to the Z invisible decay width. This simultaneoulsy

kills the possibility of sizable co-annihilation ofH0 with A0 in

the early universe or elastic scattering in detectors through a Z

channel. As we considermH0 in the range (2), mA0 ∼>mZ . Fur-

thermore we need to preclude large radiative corrections to the

Z andW bosons, and in particular to the " parameter (see the
discussion in [12]). Within the IDM, this may be obtained nat-

urally as there is a global custodial symmetry if mA0 ≈ mH± ,

in which case the contribution of the extra scalar doublet to

" vanishes (see [31] and the discussion in [16]). Of course,
the extra heavy degrees of freedom A0 and H

± might show up
eventually in high energy collisions [32], something in which

the IDM differs from the simpler singlet scalar model.

For the sake of comparison with the scalar DM case discussed

above, we now briefly consider the case of singlet Dirac and

Majorana fermionic DM candidates. In the former case, we

consider the Lagrangian

L $ #̄(i$/−m0)#−
Y#√
2
#̄#h (8)

The Higgs-DM coupling may arise from the non-

renormalizable operator #̄#H†H/%, so that Y# & v/%,
and the mass of # is m# = m0+Y#v/

√
2 (for similar models

see i.e. [33]). For the annihilation and direct detection cross

sections we get

'(#̄#→ f̄ f )vrel = nc
Y 2#

16(

m2f v
2
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v2m4h
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3/2
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=
) f ncm

2
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f 2m2Nµ
2
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v2rel
8

(m2#−m2f )
3/2
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Both the cross sections and the ratio have different paramet-

ric dependence compared to the DM scalar case, Eqs. (5)-(7).

Keeping all things constant, the SI independent cross section

is smaller by a factor ofm2DM/v2. Also, assuming perturbative
values of the couplingY#, the abundance of dark matter is way

larger than the critical density [for parameters consistent with

(1) and (2)] because of the extra small factor m2DM/v2 · v2rel
in the annihilation cross-section compared to the scalar DM

case. The origin of this suppression is well-known (see e.g.

[34]). It results from the fact that a fermion-antifermion pair

in a s-wave is a CP odd state and can not annihilate into a

scalar, like the Higgs. Hence the annihilation is both p-wave,

& v2rel , and helicity suppressed, & m2DM . Similar conclusions

hold for the Majorana case. In these fermion cases other chan-

nels than Higgs exchange must necessarily be present in order

to match the WMAP and DAMA observations, as for instance

is the case in the MSSM (see the recent discussion of [7]).

Before concluding, let us raise that the scenario discussed here

does not shed light on the baryon-dark matter coincidence

problem, *DM ∼ *B. If the dark matter mass is in the range

(2), there is roughly one dark matter particle per baryon in the

universe, nDM ≈ nB, a result which suggests a deeper connec-

tion between ordinary and dark matters. A few models have

been proposed to naturally explain this coincidence (see e.g.

[35, 36, 37, 38, 39, 40, 41, 42, 43, 44]). They tend to be so-

phisticated in comparison with the model discussed here and,

to our knowledge, they also tend to have cross sections for

scattering of dark matter with nuclei that are much below the

sensitivity of existing and forthcoming detectors.

In conclusion, we have discussed the possible relevance of

Higgs exchange for WIMP in DAMA mass and SI cross sec-

tion ranges, leading to a one-to-one relation between the relic

density and SI direct detection rate. We have emphasized

that for scalar dark matter this relation is in agreement with

data, provided Higgs exchange is the dominant channel in

both annihilation and SI cross sections. We have illustrated

this through a singlet real scalar and the inert doublet model,

where it is naturally realized. These models are very simple,

give definitive predictions –including for the LHC– and might

be falsifiable within a foreseeable future.
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ric dependence compared to the DM scalar case, Eqs. (5)-(7).
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universe, nDM ≈ nB, a result which suggests a deeper connec-

tion between ordinary and dark matters. A few models have

been proposed to naturally explain this coincidence (see e.g.

[35, 36, 37, 38, 39, 40, 41, 42, 43, 44]). They tend to be so-

phisticated in comparison with the model discussed here and,

to our knowledge, they also tend to have cross sections for

scattering of dark matter with nuclei that are much below the

sensitivity of existing and forthcoming detectors.

In conclusion, we have discussed the possible relevance of

Higgs exchange for WIMP in DAMA mass and SI cross sec-

tion ranges, leading to a one-to-one relation between the relic

density and SI direct detection rate. We have emphasized

that for scalar dark matter this relation is in agreement with

data, provided Higgs exchange is the dominant channel in

both annihilation and SI cross sections. We have illustrated

this through a singlet real scalar and the inert doublet model,

where it is naturally realized. These models are very simple,

give definitive predictions –including for the LHC– and might

be falsifiable within a foreseeable future.

Acknowledgement

We thank Jean-Marie Frère for stimulating discussions. One

of us (S.A.) thanks Michael Krämer. This work is supported
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abundances and SI cross section in the DAMA range, Figs. 2-
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doublets, noted A0 and H
±, are heavy enough. In practice,

this means that we need mH0 +mA0 > mZ so as not to con-

tribute to the Z invisible decay width. This simultaneoulsy

kills the possibility of sizable co-annihilation ofH0 with A0 in

the early universe or elastic scattering in detectors through a Z

channel. As we considermH0 in the range (2), mA0 ∼>mZ . Fur-

thermore we need to preclude large radiative corrections to the

Z andW bosons, and in particular to the " parameter (see the
discussion in [12]). Within the IDM, this may be obtained nat-

urally as there is a global custodial symmetry if mA0 ≈ mH± ,

in which case the contribution of the extra scalar doublet to

" vanishes (see [31] and the discussion in [16]). Of course,
the extra heavy degrees of freedom A0 and H

± might show up
eventually in high energy collisions [32], something in which

the IDM differs from the simpler singlet scalar model.

For the sake of comparison with the scalar DM case discussed

above, we now briefly consider the case of singlet Dirac and

Majorana fermionic DM candidates. In the former case, we

consider the Lagrangian

L $ #̄(i$/−m0)#−
Y#√
2
#̄#h (8)

The Higgs-DM coupling may arise from the non-

renormalizable operator #̄#H†H/%, so that Y# & v/%,
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Both the cross sections and the ratio have different paramet-

ric dependence compared to the DM scalar case, Eqs. (5)-(7).

Keeping all things constant, the SI independent cross section

is smaller by a factor ofm2DM/v2. Also, assuming perturbative
values of the couplingY#, the abundance of dark matter is way

larger than the critical density [for parameters consistent with

(1) and (2)] because of the extra small factor m2DM/v2 · v2rel
in the annihilation cross-section compared to the scalar DM

case. The origin of this suppression is well-known (see e.g.

[34]). It results from the fact that a fermion-antifermion pair

in a s-wave is a CP odd state and can not annihilate into a

scalar, like the Higgs. Hence the annihilation is both p-wave,

& v2rel , and helicity suppressed, & m2DM . Similar conclusions

hold for the Majorana case. In these fermion cases other chan-

nels than Higgs exchange must necessarily be present in order

to match the WMAP and DAMA observations, as for instance

is the case in the MSSM (see the recent discussion of [7]).

Before concluding, let us raise that the scenario discussed here
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(2), there is roughly one dark matter particle per baryon in the

universe, nDM ≈ nB, a result which suggests a deeper connec-

tion between ordinary and dark matters. A few models have

been proposed to naturally explain this coincidence (see e.g.

[35, 36, 37, 38, 39, 40, 41, 42, 43, 44]). They tend to be so-

phisticated in comparison with the model discussed here and,

to our knowledge, they also tend to have cross sections for

scattering of dark matter with nuclei that are much below the

sensitivity of existing and forthcoming detectors.

In conclusion, we have discussed the possible relevance of

Higgs exchange for WIMP in DAMA mass and SI cross sec-

tion ranges, leading to a one-to-one relation between the relic

density and SI direct detection rate. We have emphasized

that for scalar dark matter this relation is in agreement with

data, provided Higgs exchange is the dominant channel in

both annihilation and SI cross sections. We have illustrated

this through a singlet real scalar and the inert doublet model,

where it is naturally realized. These models are very simple,
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does not shed light on the baryon-dark matter coincidence

problem, *DM ∼ *B. If the dark matter mass is in the range

(2), there is roughly one dark matter particle per baryon in the

universe, nDM ≈ nB, a result which suggests a deeper connec-

tion between ordinary and dark matters. A few models have

been proposed to naturally explain this coincidence (see e.g.

[35, 36, 37, 38, 39, 40, 41, 42, 43, 44]). They tend to be so-

phisticated in comparison with the model discussed here and,

to our knowledge, they also tend to have cross sections for

scattering of dark matter with nuclei that are much below the

sensitivity of existing and forthcoming detectors.

In conclusion, we have discussed the possible relevance of

Higgs exchange for WIMP in DAMA mass and SI cross sec-

tion ranges, leading to a one-to-one relation between the relic

density and SI direct detection rate. We have emphasized

that for scalar dark matter this relation is in agreement with

data, provided Higgs exchange is the dominant channel in

both annihilation and SI cross sections. We have illustrated

this through a singlet real scalar and the inert doublet model,

where it is naturally realized. These models are very simple,

give definitive predictions –including for the LHC– and might

be falsifiable within a foreseeable future.
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Annihilation:

Cross section on N:

extra v2rel
m2

DM

v2
suppression 

 P-wave and heli-
city suppressed

much smaller predicted

     DAMA and/or CoGeNT can be reproduced 
but give a relic abundance way too large



Part II. 

Intense   -ray lines from hidden vector DMγ

in collab. with C. Arina,  A. Ibarra and C. Weniger 



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’ 

                                        Boudjema, Semenov, Temes 05’; Bergstrom, 
                                        Ullio, 97’, 98’;Bern, Gondolo, Perelstein 97’; 

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

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



A scenario for large  -ray lines through DM decays

If DM stability results from an accidental symmetry (as proton in SM)        

                       i.e. doesn’t result from an ad-hoc symmetry
                              or from a gauge symmetry remnant subgroup

       we expect higher dimensional operators destabilizing 

the DM to be generated by higher scale physics

                              a dim-5 operator leads 
to                                         τDM << τUniverse

even if             Λ ∼ MPlanck

                but a dim-6 operator leads to a 
             -ray flux of order the expe-

rimental sensitivity if 
γ

Λ ∼ MGUT

DM model based on accidental symmetry decaying to    from dim-6 operatorγ

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

Hamagushi, Shirai, Yanagida; ...

as for other cosmic rays:

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

γ



Hidden vector DM

•  

•  simple viable spin-1 DM model

non-abelian global symmetry 

•  the stability can be “understood” only from the low-energy 
point of view as for the proton in the SM

•  no possible dim-5 operators but dim-6 ones which 

based on the existence of a accidental custodial symmetry:

all leads to a   -ray lineγ



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, ...

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 ) =

                     T.H. 08’



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



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.

16

!

!
!
!

!
!
!

!

!

!

"

"
"

"

"

"

"

"

"

# #
#

#

# #
# # #

$
$ $ $ $ $ $ $ $

$ $ $

$
$

$

$

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

1%10"8

5%10"8
1%10"7

5%10"7
1%10"6

5%10"6
1%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

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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Flux of monochromatic  -rays
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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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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]
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i |(YN )ki|2MNk

(
1 − M2

∆

M2
Nk

log(1 + M2
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/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)

(8)

=
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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)
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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



Pamela: can we reproduce the positron spectrum? 

from annihilation: yes 

(ViVi → ηη dominant)

thanks to Gilles Vertongen
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Pamela: 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
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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:
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*  where we are for example with: 

 apparently the boost has just the right size

      (in agreement with
          which fixes the Som-

     merfeld coupling) 

ΩDM

Cirelli, Strumia, Tamburini ‘07

mV = 500 GeV, mη = 1GeV

 but      stability problem:mη

Vi

Vi

ηηδm2
η ∼



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)


