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Abstract

Very light right-handed (RH) sneutrinos in the Next-to-Minimal Supersym-

metric Standard Model can be viable candidates for cold dark matter. We in-

vestigate the prospects for their direct detection, addressing their compatibility

with the recent signal observed by the CoGeNT detector, and study the impli-

cations for Higgs phenomenology. We find that in order to reproduce the correct

relic abundance very light RH sneutrinos can annihilate into either a fermion-

antifermion pair, very light pseudoscalar Higgses or RH neutrinos. If the main

annihilation channel is into fermions, we point out that RH sneutrinos could

naturally account for the CoGeNT signal. Furthermore, the lightest Higgs has a

very large invisible decay width, and in some cases the second-lightest Higgs too.

On the other hand, if the RH sneutrino annihilates mostly into pseudoscalars or

RH neutrinos the predictions for direct detection are below the current experi-

mental sensitivities and satisfy the constraints set by CDMS and XENON. We

also calculate the gamma ray flux from RH sneutrino annihilation in the Galactic

centre, including as an interesting new possibility RH neutrinos in the final state.

These are produced through a resonance with the Higgs and the resulting flux

can exhibit a significant Breit-Wigner enhancement.

∗MultiDark Fellow

http://arxiv.org/abs/1108.0978v3


1 Introduction

Very light weakly-interacting massive particles (WIMPs) are currently receiving much

attention as a potential solution to the dark matter problem. This has been motivated

by some recent experimental results in direct detection experiments that might favour

them over more conventional scenarios with heavier candidates.

In their search for the elastic scattering of dark matter particles, the CoGeNT

collaboration observed an irreducible excess in their data [1] that, if interpreted in terms

of WIMPs, would correspond to a very light particle, with mass in the range 7−12 GeV,

and a large elastic scattering cross section, of order 10−4 pb. Furthermore, hints of an

annual modulation in the CoGeNT experiment have also been observed [2], which

are also consistent with their previous results and narrow the range of WIMP masses

down to 7 − 9 GeV. Although, such a particle has similar properties to the candidate

suggested to account for the annual modulation signal reported by the DAMA/LIBRA

collaboration [3, 4], a joint explanation of both experimental results is not possible

unless extreme assumptions are made for the different uncertainties [5, 6, 7, 8] such as

the inclusion of large quenching factors or channeling effects.

These observations are, however, challenged by the negative results obtained in

searches by other experimental collaborations. Most notably, CDMS [9], XENON10

[10], XENON100 [11] and recently, SIMPLE [12] have set upper bounds on the spin-

independent part of the WIMP-proton cross section that are in tension with the regions

of the parameter space compatible with DAMA/LIBRA and CoGeNT. The compat-

ibility between these experimental results was tested in Ref. [13] using Bayesian sta-

tistical methods. It was claimed that when uncertainties in the scintillation efficiency

of XENON100 are taken into account, the resulting exclusion limit is not sufficient

to rule out the CoGeNT region (see also Ref. [14]). Also, from a theoretical point of

view, an unconventional dark matter candidate, coupling differently to protons and

neutrons, could account for the CoGeNT signal while having escaped detection in

XENON [15, 16]. Regarding the comparison of CoGeNT with CDMS data, there is no

consensus between both collaborations on to which extent their spectra for low-energy

events observed in both experiments disagree, see in this respect Refs. [17] and [18]. Al-

though channeling effects in the CoGeNT crystals could help reconciling both results,

it is not clear if this effect can be large enough [19].

Various theoretical constructions with very light WIMP dark matter have been

proposed in the literature. For example, in the case of supersymmetric models, it
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was realised that very light neutralinos were viable in the Minimal Supersymmetric

Standard Model (MSSM) both in an effective low-energy description [20, 21, 22, 23, 24]

as well as with parameters described at the Grand Unification scale (see e.g., [25]),

provided the mass terms for both scalars and gauginos were non-universal. These

neutralinos can lie within the DAMA/LIBRA region [21, 22, 26, 27] when the correct

relic density is required. However, this possibility relies on the use of light scalar and

pseudoscalar Higgses in order to enhance the neutralino annihilation cross section, and

a choice of parameters that leads to sizable contributions to low-energy observables.

In particular, the branching ratios of some rare decays (mainly b → sγ and BS →
µ+µ−) impose very stringent constraints that make these solutions very fine-tuned [28].

Furthermore, large values of the ratio of the Higgs vacuum expectation values (tanβ)

are becoming increasingly constrained by the recent results from the LHC [29, 30].

This problem can be in principle alleviated when extensions of the MSSM are

considered. In particular, in the Next-to-MSSM, where an extra singlet field is included

in order to provide a µ parameter of order of the Electroweak scale, the contribution to

low-energy observables can be reduced. Very light neutralinos are also possible within

the NMSSM [31]. An increase in their annihilation cross section can be obtained in

the presence of either a very light scalar or pseudoscalar Higgs. These can be viable

if their singlet composition is large enough. The predictions for the neutralino-nucleus

scattering cross section, which are very sensitive to changes in the Higgs sector [32, 33],

vary significantly and span several orders of magnitude in the small mass region [34].

Recent analyses of this scenario have been made [35, 36, 37, 38, 39, 40] in which the role

of experimental constraints and the naturalness of the parameters have been thoroughly

addressed in the light of the CoGeNT results.

The neutralino is not the only viable WIMP in supersymmetric theories. Another

interesting possibility is the sneutrino [41]. The sneutrino is excluded as dark matter

in the MSSM, where it is a left-handed (LH) field, due to its large annihilation cross

section and excessive scattering cross section off nuclei [42]. Nevertheless, it can be

viable in extended models where its coupling to the Z boson is reduced. This can be

achieved by introducing a right-handed (RH) sneutrino superfield (which also entails

the inclusion of a RH neutrino and thus the possibility of having a see-saw mechanism

that accounts for the smallness of neutrino masses). The sneutrino can thus be a mixed

LH-RH field [43, 44, 45, 46] and reproduce the correct relic density, even if it is very

light [47]. However this requires a particular supersymmetry-breaking scheme with very

large trilinear terms which is not available with the standard supergravity mediated

3



paradigm. Another possibility is having a pure RH sneutrino, which is generically

non-thermal due to its extremely small Yukawa coupling [48, 49, 50, 51] unless it is

somehow coupled to the observable sector, for example via an extension of the gauge

[52, 53, 54, 55] or Higgs [56, 57, 58, 59] sectors.

In this paper we will work with an extension of the MSSM that was presented in

Ref. [57] and in which two new singlet superfields were included, as in Refs. [60, 56]. An

extra singlet superfield S addresses the µ problem in the same way as in the NMSSM

and provides extra Higgs and neutralino states, while an extra singlet superfield N

accounts for RH neutrino and sneutrino states. The phenomenology of this construction

was studied in [59], where the possibility for very light RH sneutrinos as candidates for

cold dark matter was already pointed out.

We will further investigate here the viability of very light RH sneutrinos in the light

of the current experimental situation. In particular, in Section 2 we will review the

conditions under which the correct sneutrino relic density is achieved. We find three

possible scenarios, where RH sneutrinos annihilate mainly in a fermion-antifermion

pair, very light pseudoscalar Higgses or RH neutrinos. We explore these annihilation

channels and investigate the available parameter space in each case. Then, in Section 3

we compute the spin-independent part of the RH sneutrino-nucleon elastic scatter-

ing cross section. In order to contemplate all the possibilities, we will consider cases

where the RH sneutrinos can have an elastic cross section off nuclei which is large

enough to provide a WIMP interpretation of the CoGeNT signal but we will also study

other scenarios in which the predictions are below the current exclusion limits set by

CDMS and XENON. In an attempt to find discriminating features of this scenario

that distinguishes it from the case of very light neutralinos we will study some possible

collider implications in Section 4, computing the invisible decay width of the lightest

and second-lightest CP-even Higgs bosons. After that, in Section 5 we compute the

gamma ray flux from RH sneutrino annihilation in the Galactic Centre (GC) for each

of the scenarios, and compare it to the current data by the Fermi satellite. As a novel

feature, the channel with RH neutrinos in the final state is included in the analysis.

Finally, our conclusions will be presented in Section 6.
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2 Very light RH sneutrinos in the NMSSM

The details of the model with RH sneutrinos in the NMSSM were already introduced

in Ref. [57] and the phenomenology of this supersymmetric WIMP was studied in more

detail by some of us in Ref. [59]. In particular, we showed that the correct relic density

could be obtained for a wide range of sneutrino masses and in extensive regions of the

NMSSM parameter space.

The superpotential of this construction is expressed as

W = WNMSSM + λNSNN + yNL ·H2N,

WNMSSM = YuH2 ·Qu+ YdH1 ·Qd + YeH1 · Le− λSH1 ·H2 +
1

3
κS3, (2.1)

where flavour indices are omitted and the dot denotes the SU(2)L antisymmetric prod-

uct. As in the NMSSM, a global Z3 symmetry is imposed for each superfield, so that

there are no supersymmetric mass terms in the superpotential. After radiative Elec-

troweak symmetry-breaking the Higgs fields get non-vanishing vacuum expectation

values (VEV). The VEV of the singlet Higgs, vs, induces an effective µ parameter,

µ = λvs, and a Majorana mass for RH neutrinos, MN = 2λNvs, both of order of the

Electroweak scale. The phenomenology of this model is largely dependent on the SNN

coupling and thus on the new parameter λN .

The Lagrangian, with the corresponding soft-supersymmetry breaking terms reads

−Lscalarmass = m2

Q̃
|Q̃|2 +m2

ũ|ũ|2 +m2

d̃
|d̃|2 +m2

L̃
|L̃|2 +m2

ẽ|ẽ|2

+m2
H1
|H1|2 +m2

H2
|H2|2 +m2

S|S|2 +m2

Ñ
|Ñ |2, (2.2)

−LA−terms =
(
AuYuH2Q̃ũ+ AdYdH1Q̃d̃+ AeYeH1L̃ẽ+H.c.

)

+

(
−λAλSH1H2 +

1

3
κAκS

3 +H.c.

)

+
(
λNAλN

SÑ2 + yNAyN L̃H2Ñ +H.c.
)
, (2.3)

and contains a soft mass term for the RH sneutrino, mÑ , and new trilinear soft terms

AλN
and AyN .

The smallness of the neutrino Yukawa coupling implies that the sneutrino mass

eigenstates have a negligible mixing and therefore can be identified with the LH and

RH components. The lightest sneutrino is then a pure RH field and its mass can be

expressed in terms of the NMSSM parameters as follows

m2

Ñ1

= m2

Ñ
+ |2λNvs|2 + |yNv2|2 + 2λN

(
AλN

vs + (κv2s − λv1v2)
†
)
. (2.4)
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Figure 1: Trajectories in the (mÑ , λN) plane with fixed RH sneutrino mass, given various

values of AλN
. For each choice of AλN

the dashed line represents the trajectory along

which mÑ1
= 50 GeV and the solid one corresponds to mÑ1

= 0. We have used tan β = 5,

λ = 0.3, κ = 0.2, and µ = 200 GeV.

The flexibility of this construction stems from the fact that the new free parameters

{λN , mÑ , AλN
} can be chosen in such a way that they provide a wide range of RH

sneutrino masses and couplings while on the other hand not affecting the rest of the

NMSSM spectrum. This is illustrated in Fig. 1, where we show the trajectories for a

fixed sneutrino mass in the (mÑ , λN) plane for various choices of the trilinear parameter.

We observe that very small RH sneutrino masses can be obtained for any choice of the

soft mass parameter (for example, increasing |AλN
| larger values of λN are possible).

This is potentially interesting, since it suggests that no large non-universalities in

the soft parameters are needed in order to have a very light RH sneutrino (contrary

to what happens with very light neutralinos, where the bino mass parameter has to

be significantly reduced). For concreteness, the soft masses for sleptons are fixed to

mL,R = 250 GeV, squark masses are set to mQ,U,D = 1 TeV or 1.3 TeV, depending on

the specific example, although our conclusions regarding dark matter are not sensitive

to these choices. We also adopt the GUT relation for gaugino masses at low energy.
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In order for very light RH sneutrinos to be viable dark matter candidates they

have to reproduce the correct value for their thermal relic abundance, ΩÑh
2. In [59]

some of us showed that there were three distinct scenarios in which sneutrinos with

masses below 10 GeV could be in agreement with the constraint set (at the 2 σ level)

by the WMAP satellite 0.1008 ≤ ΩÑh
2 ≤ 0.1232 [61]. The three cases correspond to

RH sneutrinos annihilating preferentially either in fermions (ÑÑ → f f̄ , mainly into

bb̄), or in a pair of very light pseudoscalar Higgses (ÑÑ → A0
1A

0
1), or in RH neutrinos

(ÑÑ → NN).

In our calculations the analysis of the NMSSM phenomenology has been performed

with the NMHDECAY 2.3.7 code [62, 63], which minimises the scalar potential, dismissing

the pressence of tachyons and/or false minima, and computes the Higgs boson masses

including 1- and 2-loop radiative corrections, as well as the rest of the supersymmetric

masses. It also implements the different collider constraints that apply to the Higgs

sector. Based on this code, we have built a set of routines which numerically calculate

the RH sneutrino spectrum and relic density, which is then compared to the obser-

vational bound extracted from the WMAP results. For details of our calculation we

refer the reader to Ref. [59], where the amplitudes for RH sneutrino annihilation are

explicitly computed for each possible channel. Experimental constraints on low energy

observables are also taken into account. In particular we incorporate the recent bounds

on rare decays (b → sγ and BS → µ+µ−) and the muon anomalous magnetic moment.

In particular, we impose the experimental bound on the branching ratio of the rare

b → sγ decay, 2.85 × 10−4 ≤ BR(b → sγ) ≤ 4.25 × 10−4 at 2σ level, obtained from

the experimental world average reported by the Heavy Flavour Averaging Group [64],

and the theoretical calculation in the Standard Model [65, 66], with errors combined

in quadrature. We also take into account the recent upper constraint on the BS →
µ+µ− branching ratio obtained by the CMS collaboration, BR(BS → µ+µ−) < 1.9 ×
10−8 at 95% c.l. [67], which improves the previous results from the LHCb and CDF

collaborations.

Concerning the muon anomalous magnetic moment, a constraint on the supersym-

metric contribution to this observable, aSUSY
µ , can be extracted by comparing the exper-

imental result [68], with the theoretical evaluations of the Standard Model contributions

[69]. When e+e− data are used the experimental excess in aµ ≡ (gµ − 2)/2 would con-

strain a possible supersymmetric contribution to be 3.3×10−10 ≤ aSUSY
µ ≤ 47.9×10−10

at the 2σ level, where theoretical and experimental errors have been combined in

quadrature. However, when tau data are used a smaller discrepancy with the exper-
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ff1) ff2) aa1) aa2) nn1) nn2)

tan β 5 5 5 9 3 4.8

Aλ 550 500 400 400 589 645

Aκ -200 0 0 0 -30 -86

µ 130 120 200 200 204 168

λ 0.2 0.3 0.04 0.115 0.41 – 0.54 0.43 – 0.51

κ 0.1 0.2 0.03 0.05 0.031 0.15

M1 200 150 150 150 365 178

mL,E 250 250 250 250 250 250

mQ,U,D 1000 1000 1000 1000 1300 1300

AE -2500 -2500 -2500 -2500 -2500 -2500

AU,D 1500 1000 1000 1500 1000 1000

mH0

1
62.4 115.9 114.4 115.0 52.5 – 60.7 72.9 – 90.9

mH0

2
119.4 158.5 300.0 178.9 116.6 – 124.8 123.2 – 126.2

mH0

3
634.2 592.6 740.8 919.6 637.5 – 638.9 756.9 – 758.6

mA0

1
199.6 51.2 6.64 11.7 46.9 – 47.5 126.3 – 133.2

mA0

2
632.5 589.6 739.7 919.2 637.9 – 638.3 754.5 – 758.6

S1
H0

1

0.05 0.21 0.20 0.10 -0.004 – 0.011 0.010 – 0.011

S2
H0

1

-0.003 0.98 0.98 0.95 -0.34 – -0.23 -0.44 – -0.41

S3
H0

1

0.999 0.05 -0.01 -0.30 0.94 – 0.97 0.90 – 0.91

S1
H0

2

0.21 0.08 0.01 0.05 0.34 0.23

S2
H0

2

0.98 -0.07 0.01 0.30 0.88 – 0.92 0.88 – 0.89

S3
H0

2

-0.008 0.99 0.9999 0.95 0.21 – 0.32 0.40 – 0.43

S1
H0

3

0.98 0.97 0.97 0.99 0.94 0.97

S2
H0

3

-0.21 -0.20 -0.20 -0.11 -0.32 -0.21

S3
H0

3

-0.05 -0.09 -0.009 -0.01 -0.11 – -0.09 -0.10 – -0.09

BR(b → sγ) ×104 4.15 4.20 3.97 3.82 4.13 3.95

aSUSY
µ × 1010 4.08 4.49 8.49 3.59 0.62 – 0.84 1.77 – 1.94

BR(BS → µ+µ−)× 109 3.11 3.11 3.11 3.15 3.10 3.10

Table 1: Sets of inputs corresponding to the examples used in the analysis. The resulting

masses of the CP-even and CP-odd Higgses are indicated, together with the composition

of the CP-even Higgses. All the masses are in GeV. The corresponding values for low

energy observables are also indicated. In scans nn1) and nn2) the value of λ is determined

by requiring a specific RH neutrino mass as a function of the rest of the parameters,

MN = 8 GeV and MN = 15 GeV in examples nn1) and nn2), respectively. See the text for

more details.
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imental measurement is found [70]. Due to this reason, in our analysis we will not

impose this constraint, but only indicate the resulting prediction in our benchmark

examples.

Finally, the presence of an new unrealistic vacuum in the NMSSM field space which

is not included in the NMHDECAY code has been pointed out in Ref. [71]. It was found

that the direction where 〈H1〉 = 〈H2〉 6= 0 and 〈S〉 6= 0, with vanishing D-terms, is

equivalent to the so-called MSSM unbounded from below (UFB)-1 direction [72], but

lifted up by the singlet Higgs S in the NMSSM. This means that the UFB-1 in the

MSSM becomes just another minimum in the NMSSM. Imposing that the realistic

minimum is deeper than this new one leads to constraints that can be very stringent

for large values of the Aλ and Aκ parameters. In our analysis we have implemented

these constraints too.

Let us now explain in more detail how the correct annihilation cross section can

be obtained for very light RH sneutrinos. In Table 1 we detail the inputs of a set of

benchmark scenarios that will be used throughout the text. We also include information

about the resulting Higgs spectrum.

2.1 ÑÑ → f f̄

This case is very simple to analyse. There is only one Feynman diagram that con-

tributes, namely the exchange of a CP-even Higgs, H0
i along the s-channel depicted

in Fig. 2 (the s-channel annihilation mediated by the Z boson vanishes for a pure RH

sneutrino). For light sneutrinos the main annihilation product is a bb̄ pair. Annihila-

tion into cc̄ can also be significant, as we discuss later, depending on the composition

of the lightest Higgs.

Under these circumstances it is easy to derive an analytical approximate expression

for the thermally averaged annihilation cross section by means of a partial wave expan-

sion 〈σvMol〉 ≈ a + bx, where x = T/m is proportional to the WIMP velocity-square.

This approximation holds when one is far enough from resonances and thresholds for

new final states1.

For this specific diagram the integral of the matrix element describing each annihi-

lation process, ÑÑ → X1X2, which we define in terms of the scattering angle in the

1Although for very light sneutrinos resonances can generally be avoided (as they would require very

light CP-even Higgses), the threshold for annihilation into bb̄ happens around 4 GeV and therefore

we should expect deviations from this approximation for sneutrinos lighter than 6 GeV.
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H0

i

Ñ

Ñ

f

f̄

CH0

i
ÑÑ

Figure 2: Diagram contributing to the annihilation of RH sneutrinos into f f̄ .

CM frame, θCM , as

w̃X1X2
(s) ≡ 1

2

∫ +1

−1

d cos θCM |A(ÑÑ → X1X2)|2, (2.5)

can be written as

w̃bb̄ =

(
g mb

2MW cos β

)2 3∑

i,j=1

CH0

i ÑÑCH0

j ÑÑS
1
H0

i
S1
H0

j

∆ij
(2s− 8m2

b) , (2.6)

w̃cc̄ =

(
g mc

2MW sin β

)2 3∑

i,j=1

CH0

i ÑÑCH0

j ÑÑS
2
H0

i

S2
H0

j

∆ij
(2s− 8m2

c) , (2.7)

where CH0

i ÑÑ is the RH sneutrino coupling to the Higgs H0
i , and ∆ij is the square

denominator of the Higgs propagator, both defined in Appendix A of Ref. [59]. The

following convention is used to express the composition of the CP-even Higgs mass

eigenstates, H0
i = S1

H0

i

Hd + S2
H0

i

Hu + S3
H0

i

S.

In terms of the quantities w̃X1X2
the annihilation cross section can be calculated

numerically as detailed in Appendix B of Ref. [59]. Moreover, the coefficients of the

partial wave expansion of the thermally averaged annihilation cross section can also be

calculated analytically [73]. Following the prescription of Ref. [74], the expressions for

the velocity-independent contribution to the annihilation cross section into a pair of bb̄

or cc̄ then read

abb̄ =
3

4π

(
g mb

2MW cos β

)2 (m2

Ñ1

−m2
b)

3/2

m3

Ñ1

D2 ,

acc̄ =
3

4π

(
g mc

2MW sin β

)2 (m2

Ñ1

−m2
c)

3/2

m3

Ñ1

U2 , (2.8)

where we have defined

D ≡
3∑

i=1

CH0

i ÑÑS
1
H0

i

4m2

Ñ1

−m2
H0

i

; U ≡
3∑

i=1

CH0

i ÑÑS
2
H0

i

4m2

Ñ1

−m2
H0

i

. (2.9)

10



In most cases the lightest Higgs contribution will dominate in the expressions above

(especially if its mass is small), so that we can define

D ≈ D1 ≡
CH0

1
ÑÑS

1
H0

1

4m2

Ñ1

−m2
H0

1

; U ≈ U1 ≡
CH0

1
ÑÑS

2
H0

1

4m2

Ñ1

−m2
H0

1

. (2.10)

The contribution from the b parameter in the 〈σvMol〉 expansion is suppressed (since

xf ≈ 1/20) and will be neglected in the following discussion.

Notice that

acc̄ =

(
mÑ1

2 −m2
c

mÑ1

2 −m2
b

)3/2
m2

c

m2
b tan

2 β

U2

D2
abb̄ ≈

0.18

tan β2

U2

D2
abb̄ (2.11)

for RH sneutrinos with a mass mÑ1
≈ 7 − 9 GeV. Thus, annihilation into cc̄ can only

be dominant for small values of tan β and depending on the properties of the Higgs

sector. Since it is the lightest Higgs the one that contributes the most to both D and

U , the above condition could happen if its Hu component is much larger than its Hd

component. Although this is not a very common situation in our scans, we will keep

this possibility open and explicitly consider both cases, where annihilation into either

bb̄ or cc̄ dominates2.

For moderately heavy WIMPs the sneutrino relic density is usually approximated

as

Ωh2 ≈ 1

xf

√
g∗(xf )

1.07× 109GeV−1

MP (a+ b
2
xf )

, (2.12)

where MP = 1.22×1019 GeV is the Planck mass and g∗(xf ) is the number of relativistic

degrees of freedom at the decoupling temperature. However, very light dark matter

with mass smaller or of order 10 GeV would have decoupled when the temperature

of the Universe was around 400 MeV, precisely when quarks confined into hadrons.

This hadronization implies that the number of relativistic degrees of freedom drops

dramatically around the decoupling temperature of very light WIMPs, producing an

enhancement of their relic abundance [75]. Furthermore, this enhancement is sensitive

to the phase transition model that is considered (in particular, it depends on the

deconfinement temperature, Tc). In our analysis we have taken Tc = 400 MeV.

2It should be noted that the contribution from annihilation into τ τ̄ can be larger than that cor-

responding to cc̄. However, it has the same dependence on the lightest Higgs composition than the

contribution from b quarks (i.e., aτ τ̄ is proportional to D2) and because of the different Yukawa cou-

plings aτ τ̄ ≪ abb̄ is always satisfied. Thus, we only have two possible regimes, where either bb̄ or cc̄ is

the leading contribution.
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For a quick analytical estimate let us momentarily assume that the QCD transition

is close to first order and that the relativistic number of degrees of freedom suddenly

varies from
√
g∗ ≈ 9 to 3.7, considering also the uncertainty in Tc. Notice that this

implies essentially an increase of a factor 2.5 in the approximate evaluation of ΩÑh
2 of

Eq. (2.12). In order to reproduce the WMAP result, this results in a condition on the

annihilation cross section that can be written as

〈σv〉 ≈ abb̄ ≈ 0.77− 1.9 pb if D ≫ 0.4

tan β
U , (2.13)

〈σv〉 ≈ acc̄ ≈ 0.77− 1.9 pb if D ≪ 0.4

tan β
U , (2.14)

where the lower (upper) value applies to a RH sneutrino which is heavier (lighter) than

mÑ1
∼ 8 GeV and therefore decouples above (below) Tc. These values are generic for

a dark matter particle in which s-wave annihilation dominates [76].

So far we have used an analytical approach with several approximations so that

the correlation between the sneutrino annihilation cross section and its scattering cross

section off nuclei (which we calculate in the next section) is manifest. However, we stress

that in our results we use the full calculation of ΩÑh
2 following the same numerical

method that we detail in Ref. [59]. Also, the QCD transition is taken into account

through a parametrization of g∗(xf ) according to [77] with Tc = 400 MeV.

The question is then whether or not it is possible to find a sufficiently large an-

nihilation cross section in this model and which is the choice of input parameters to

achieve this. The quantities abb̄ and acc̄ are very sensitive to the structure of the Higgs

sector and the new couplings CH0

i ÑÑ , and our model provides much flexibility in this

sense. For example, both abb̄ and acc̄ increase as the mass of the lightest Higgs (which

is the leading term) decreases, but they also depend on the composition of this lightest

Higgs. In the NMSSM it is possible to have a very light Higgs without violating the

current experimental limits as long as its singlet composition is large enough.

Thus one possible scenario in which a sufficiently large annihilation cross section

can be achieved involves a light singlet-like Higgs. The Hu or Hd components, though

small, would determine whether predominant annihilation occurs via bb̄ or cc̄, according

to the expressions above. This kind of scenarios is interesting since the Higgs structure

is completely different to that of the MSSM for very light neutralinos (in which Higgses

are in the so-called intense coupling regime for which their masses are very similar and

of order 100 GeV). On the other hand, as already commented in the Introduction, a

light singlet-like Higgs is also one of the possible solutions for the very light neutralinos

12



in the NMSSM.

In Table 1 we display a specific example with these properties, namely case ff1). The

lightest Higgs, with a mass of 62.4 GeV is mostly singlet, whereas the second lightest

Higgs is Standard Model (SM)-like with a predominant Hu composition (S2
H0

2

= 0.98)

and a mass of 119.4 GeV. The sneutrino relic abundance is represented on the left-hand

side of Fig. 3 as a function of the sneutrino mass for λN = 0.25 and AλN
= −500 GeV.

The solid line corresponds to the estimation using the partial wave expansion of 〈σv〉.
The dashed line corresponds to the approximation 〈σv〉 ≈ abb̄ and the dotted line

represents the contribution coming from only the lightest Higgs to abb̄. In extracting

these approximations we have assumed a sharp QCD transition with Tc = 400 MeV.

As we can see, this is one of the examples for which the contribution of the lightest

Higgs provides a good approximation to the total result. The predictions from our

numerical code are represented by circles. The rapid decrease of the relic density

towards larger masses is due to the resonance with the lightest Higgs which takes place

for mÑ1
≈ mH0

1
/2 ≈ 31 GeV.

Scanning in the λN and AλN
parameters we can vary the CH0

i ÑÑ coupling in such

a way that the correct relic density is obtained for a range of RH sneutrino masses. In

order to illustrate this, on the right-hand side of Fig. 3 we represent the distribution

of points in the (λN , AλN
) plane which reproduce the correct relic abundance for RH

sneutrinos in the mass range mÑ1
= 5− 25 GeV.

Another possible scenario consists of having a lightest Higgs with a mass of order

114-120 GeV and which is mostly Hu (as in the MSSM) and then increasing CH0

i ÑÑ by

taking larger values of the parameter λN (as we showed in Fig. 1, a larger |AλN
| may

then be needed in order to keep the small values of the RH sneutrino mass).

These features are clearly seen in Fig. 4, where we consider the example ff2) in

Table 1, which falls into this category. The relic density is plotted as a function of the

sneutrino mass on the left-hand side of the figure. In this particular case, the masses

of the lightest Higgs (116 GeV) and second lightest Higgs (159 GeV) are relatively

close to each other, and both have to be taken into account when computing the relic

density. Thus, whereas the approximation of considering only the term abb̄ (dashed

line) remains valid, the contribution from including only the lightest Higgs deviates

significantly from the correct result (the line is not represented in the plot, as it leads

to a relic density which is one order of magnitude above the exact value). Notice also,

that although in this scenario the Hu component of the lightest Higgs is not small, it

is not sufficiently larger than the Hd component for the annihilation into cc̄ to become

13
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Figure 3: Results for case ff1) of Table 1. Left) Sneutrino relic density as a function of

the sneutrino mass for λN = 0.25 and AλN
= −500 GeV. The solid line corresponds to a

calculation using the partial wave expansion of 〈σv〉, the dashed line uses the approximation

〈σv〉 ≈ abb̄ and the dotted line represents the contribution coming from only the lightest

Higgs to abb̄. The circles correspond to the results using a numerical evaluation of the

relic abundance with a parametrization of g∗ in which Tc = 400 MeV. Right) Values of the

parameters λN and AλN
for which the WMAP relic density is reproduced for sneutrinos in

the mass range mÑ1
= 5− 25 GeV.

comparable to the bb̄ channel. This would only be possible for smaller values of tanβ

and a much more careful choice of the parameters entering the Higgs mass matrix.

Regarding the allowed regions in the (λN , AλN
) plane, these are represented on the

right-hand side of the figure for sneutrino masses in the range from 5 to 25 GeV and,

as mentioned above, feature larger values of the λN parameter in order to compensate

for the larger Higgs mass. In general it is still possible to reproduce the correct relic

abundance for very light sneutrinos for this range of sneutrino masses and a wide area

of the parameter space.

Summarising, the conditions under which very light RH sneutrinos can have the

correct relic abundance when they annihilate into a fermion-antifermion pair are rel-

atively easy to fulfil in our model. Of course, this is due to the flexibility of the new

input parameters λN , mÑ , and AλN
, which modify the RH sneutrino mass and cou-
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Figure 4: The same as in Fig. 3 but for case ff2) of Table 1 with λN = 0.5 and AλN
=

−500 GeV.

plings without altering any other feature of the NMSSM spectrum. Thus significant

constraint appears in the new parameters. The low-energy constraints can be fixed

only with an adequate choice of the NMSSM inputs and the RH sneutrino sector freely

modified after that. Something that should be emphasized is that since λN can be cho-

sen to be rather large, the Higgs coupling to b quarks needs not be too large in order to

reproduce the correct relic abundance, in other words, the value of tanβ can be kept

small. This is an important difference with respect to the case of the neutralino.

2.2 ÑÑ → A0
1A

0
1

The second possibility for very light RH sneutrinos to have the correct relic abundance

is that they annihilate predominantly into a pair of very light pseudoscalar Higgses.

This channel is possible provided the pseudoscalar is mostly singlet, thereby evading

present experimental constraints and requires some tuning of the NMSSM parameters.

In Ref. [31] it was already shown that a very light pseudoscalar Higgs could be viable

in the NMSSM and that this made it possible for the lightest neutralino to have the

correct relic density in this extension of the MSSM. In particular, the neutralino annihi-

lation cross section is enhanced through a resonance with the pseudoscalar Higgs when

2mχ̃0

1
≈ mA0

1
or because the annihilation channel into A0

1A
0
1 becomes kinematically
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Figure 5: Diagrams contributing to the annihilation of RH sneutrinos into A0
1A

0
1.

allowed.

Obtaining very light pseudoscalars in the NMSSM requires a careful tuning of some

of the parameters so that either the U(1)R or U(1)PQ symmetries of the model are

quasi-restored and the CP-odd Higgs corresponds to the pseudo-Goldstone boson of

the broken symmetry [31]. For example, this can be achieved by taking κ → 0 or the

trilinear terms Aλ, Aκ → 0. Very light pseudoscalars are very constrained by collider

searches and its composition has to be mostly singlet-like in order to avoid these. In

particular, they can lead to observable signals in radiative Υ decays. The most recent

data from the CLEO collaboration [78] set stringent upper bounds whose effect in the

NMSSM parameter space was investigated in Refs. [79, 80] for the case mA0

1

<∼ 9.2 GeV

and later analysed in more detail for pseudoscalar masses between 9.2 and 10.5 GeV in

[81]. The constraints coming from the analysis of Ref. [79] are incorporated in the code

NMHDECAY 2.3.7, which we use in our analysis. The bounds from Ref. [81] are easy to

implement in our analysis. In all cases, these are avoided if the lightest pseudoscalar

is singlet-like.

All the above can be applied to our model, since the inclusion of RH sneutrinos has

no influence on any aspect of the NMSSM spectrum (or the NMSSM vacuum [59]).

Notice however that the RH sneutrino has no coupling with the CP-odd Higgs and

therefore there is no s-channel annihilation mediated by this particle (and therefore

no resonant enhancement as in the case of the neutralino). It is possible, nevertheless,

that a RH sneutrino particle annihilates preferentially into a pair A0
1A

0
1, and this is the

case we study here.

The Feynman diagrams which are involved in this process are represented in Fig. 5

and consist of a quartic coupling and s-channel mediated by CP-even Higgses. The

explicit expression for w̃A0

1
A0

1
can be found in Ref. [59]. It can easily be seen that in

the partial wave expansion of the annihilation cross section the aA0

1
A0

1
term is non-
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Figure 6: The same as in the right-hand side of Fig. 3 but for cases aa1) and aa2) of Table 1

on the left and right, respectively.

vanishing and is generally a good approximation. The relevant couplings are now

the quartic coupling CA0
aA

0

b
ÑÑ and the CP-even coupling to a pair of CP-odd Higgses

CA0
aA

0

b
H0

k
. For singlet-like pseudoscalars, CA0

aA
0

b
ÑÑ ≈ λN(κ− 2λN), whereas CA0

aA
0

b
H0

k
is

much more sensitive to the CP-even Higgs composition but is independent on the λN

parameter.

The contribution from the s-channel is generally sizable since it involves the VEVs

of the scalar Higgses. For example, in the case of a pure singlet pseudoscalar and a

lightest Higgs which is mostly Hu one has CA0
aA

0

b
H0

k
≈ i(λκv1 + λ2v2). This channel, if

open, is easily more important than the ÑÑ → f f̄ channel discussed in the previous

section. Furthermore, since this coupling is more effective, the value of λN (which now

only appears through the sneutrino-sneutrino-Higgs vertex) that is necessary in order

to reproduce the correct relic density is typically smaller than in the former section.

The exact value for λN is now very dependent on the rest of the parameters.

The input parameters for two explicit examples of this kind are given in Table 1

and labelled aa1) and aa2). We have chosen two cases with a pseudoscalar mass of

mA0

1
≈ 7 and 12 GeV, respectively. The values of λN and AλN

for which the correct relic

density can be obtained are represented in Fig. 6 for the range of RH sneutrino masses

mÑ1
= 6−45 GeV. We clearly see the above mentioned decrease in λN when comparing

these plots with the examples of the previous section. Regarding the CP-even Higgs
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Figure 7: Diagrams contributing to the annihilation of RH sneutrinos into NN .

spectrum, the lightest Higgs is SM-like in both examples, with a predominant Hu

composition and a mass of approximately 114 GeV.

2.3 ÑÑ → NN

Let us finally address a last possibility that is characteristic of this model, namely

annihilation into a pair of RH neutrinos, ÑÑ → NN . Remember in this sense that the

RH neutrino mass in this model is a consequence of radiative Electroweak symmetry-

breaking and is thus related to the VEV of the singlet field as

MN = 2λNvs = 2
µλN

λ
. (2.15)

It is therefore possible to obtain a small value of the RH neutrino mass independently

of the sneutrino mass (2.4), for which we still have two more free parameters to play

with, namely the soft mass and the trilinear parameter AλN
.

Since there is a lower bound in the value of the µ parameter in order to satisfy the

experimental constraint on the chargino mass, µ >∼ 105 GeV, and an upper constraint

λ <∼ 0.6 in order to avoid Landau poles in the RGE of the NMSSM, a reduction in MN

necessarily implies a small value of λN . For example, adopting the above constraints,

one sees that λN <∼ 0.018 (0.11) for MN = 7 (40) GeV.

The annihilation into a pair of RH neutrinos can proceed through s-channel Higgs

exchange or t, u-channel neutralino exchange, as illustrated in Fig. 7. Notice that both

the Higgs-neutrino-neutrino coupling and the sneutrino-neutrino-neutralino coupling

are proportional to λN (CNNH0

i
= −i/

√
2λNS

3
H0

1

and CÑNχ̃i
= −i

√
2λNS

3
H0

1

N5
χ̃1
).

Therefore the upper bound on this quantity that we derived in the previous para-

graph is a serious handicap in order to obtain a sufficiently large annihilation cross

section. One possibility is to consider a resonant enhancement of the s-channel when
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2mÑ1
≈ mH0

i
. However, if we want this channel to dominate over ÑÑ → f f̄ , the

corresponding Higgs exchange for the latter channel (which is obviously also enhanced

by the resonance) has to be suppressed. The ratio of the contribution from both s-

channels in the vicinity of the resonance with the lightest Higgs can be expressed as

the fraction of the corresponding couplings,

RNN/bb̄ ≡
〈σv〉ÑÑ→NN

〈σv〉ÑÑ→bb̄

=
C2

NNH0

1

6Y 2
b (S

1
H0

1

)2
=

1

3

(
MWλN cos β

gmb

)2
(
S3
H0

1

S1
H0

1

)2

, (2.16)

where the factor 6 takes into account the color factor of the bb̄ channel and a factor

1/2 for identical particles in the final state of the NN diagram. Thus if we demand the

above ratio to be larger than one, the lightest Higgs needs to be almost a pure singlino

and its Hd composition extremely small. For example, for tan β = 3 and MN = 7 GeV

it implies |S3
H0

1

/S1
H0

1

| >∼ 10 (30) for RNN/bb̄ = 1 (10).

This can be considered as a condition on the parameters entering the CP-even

Higgs mass matrix (see e.g., expression (2.8) in [32]). In particular, the NMSSM input

parameters can be chosen in such a way that the M2
S,23 element of the Higgs mass

matrix is larger than M2
S,13. In this sense, a small value of Aλ is welcome but also a

careful choice of the parameter κ.

The condition above clearly favours the use of small values of tan β. This can be

problematic since the supersymmetric corrections to BR(b → sγ) become sizable and

it easily exceeds the experimental bound. Once more, avoiding this constraint further

limits the choice of initial parameters. Similarly, the resulting value of aSUSY
µ is very

small and difficult to reconcile with experimental results from e+e− data. Since the

upper bound on λN is relaxed for larger MN , the amount of fine-tuning which is needed

in order to obtain predominant annihilation into a pair of RH neutrinos decreases as

MN increases. We have found numerical solutions for MN >∼ 7 GeV with the correct

relic density and satisfying the condition RNN/bb̄ ≥ 10.

Finally, the t, u-channel can also be enhanced if the neutralino mass is decreased,

however, this is generally not sufficient in order to recover the correct relic abundance

for very light sneutrinos.

Two explicit examples are given in Table 1 which satisfy the conditions described

above, and are labelled as nn1) and nn2) in Table 1. For each of them, a scan is

performed in the parameters λ, λN , AλN
and mÑ in order to account for all possible

RH sneutrino masses and couplings. The value of the λ and λN parameters is set by

relation (2.15), which we use to fix the RH neutrino masses toMN = 8 GeV in nn1) and
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Figure 8: The same as in the right-hand side of Fig. 3 but for cases nn1) and nn2) of Table 1

on the left and right, respectively.

15 GeV in nn2). As it was already explained, the value of tan β is chosen to be as small

as possible and the NMSSM parameters Aλ, Aκ and κ have also been fixed to values

which lead to a small Hd component for the lightest Higgs. In particular, the lightest

Higgs in case nn1) has a mass of approximately 50− 60 GeV and |S1
H0

1

| ∼ 0.004− 0.01,

|S2
H0

1

| ∼ 0.2−0.4. Similarly, the Higgs in case nn2) has a mass in the range 70−90 GeV

and |S1
H0

1

| ∼ 0.01, |S2
H0

1

| ∼ −0.4 (due to the variation in λ the mass of the Higgs also

varies and these conditions can be fulfilled by a small range of masses). Since the

correct relic abundance is only obtained when the resonant condition with the lightest

Higgs is satisfied, this implies a value of the RH sneutrino masses of mÑ1
≈ 25−30 GeV

and 30− 45 GeV, in cases nn1) and nn2), respectively.

As explained above, if we consider lighter RH neutrino masses, the value of λN

has to be decreased. In our scans we have found that the correct RH sneutrino relic

abundance could be obtained for λN ∼ 0.01 in case nn1) and λN ∼ 0.02 in case nn2).

The viable points are represented in Fig. 8. Notice that these values of the coupling

constant are considerably smaller than those obtained for the ÑÑ → f f̄ case.
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Figure 9: Diagram contributing to the spin-independent elastic scattering of RH sneutrino

off quarks.

3 Direct detection

Let us now address the detectability of these particles in direct detection experiments.

In general, WIMPs could be observed through their elastic scattering off nuclei (see

Ref. [95] for a recent review), their interaction with quarks being described by an ef-

fective Lagrangian that is valid in the non-relativistic regime where the collision takes

place. In the case of RH sneutrinos there is only one Feynman diagram contributing

at tree level to this process, namely, the t-channel exchange of neutral Higgses shown

in Fig. 9. This leads to a Lagrangian describing the four-field interaction which only

contains a scalar coupling,

Leff ⊃ αqiÑÑ q̄iqi (3.17)

with

αqi ≡
3∑

j=1

CH0

i ÑÑYqi

m2
Ho

j

(3.18)

where CH0

i ÑÑ is the sneutrino-sneutrino-Higgs coupling, Yqi is the corresponding quark

Yukawa coupling, and i labels up-type quarks (i = 1) and down-type quarks (i = 2).

The spin-independent part of the sneutrino-nucleon elastic scattering cross section thus

reads

σSI

Ñp
=

1

π

m2
p

(mp +mÑ1
)2

f 2
p , (3.19)

where mp is the proton mass and

fp
mp

=
∑

qi=u,d,s

f p
Tqi

αqi

mqi

+
2

27
f p
TG

∑

qi=c,b,t

αqi

mqi

. (3.20)

The hadronic matrix elements, f p
Tq(= fn

Tq = fTq) and f p
TG(= fn

TG = fTG), are defined

as 〈p|mq q̄q|p〉 = mpf
p
Tq and f p

Tq = 1 −
∑

q=u,d,s f
p
Tq, and determined experimentally as
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f p
Tu = 0.020, f p

Td = 0.026 and f p
Tu = 0.229. Being a scalar field, the effective Lagrangian

contains no axial-vector coupling and thus the spin-dependent cross section vanishes.

Using the explicit expressions of the quark Yukawa couplings, this quantity can be

expressed as

fp
mp

=
g

2MW cos β

3∑

j=1

CH0

j ÑÑ

m2
Ho

j

(
S1
H0

j

(
fTd + fTs +

2fTGP

27

)
+

S2
H0

j

tanβ

(
fTu +

4fTGP

27

))
,

(3.21)

where the term proportional to S1
H0

j

corresponds to the interaction with the down-type

quarks (the dominant contribution is due to the quark s) and the term proportional

to S2
H0

j

corresponds to up-type quarks.

If the Higgs spectrum features a lightest Higgs with SM-like properties, i.e., with

a mass of order 114 − 120 GeV, then the approximation 4m2

Ñ1

≪ m2
H0

1

holds for very

light sneutrinos and the above equation can be approximated as

fp
mp

≈ 0.31 g

2MW cos β

(
D +

0.42

tan β
U
)

. (3.22)

If, on the other hand, the lightest Higgs is lighter than the SM-like one (and neces-

sarily featuring a larger singlet composition), the contribution from this lightest Higgs

generally dominates and expression (3.21) can be approximated as

fp
mp

≈ 0.31 g

2MW cos β

(
D1 +

0.42

tanβ
U1

) (4m2

Ñ1

−m2
H0

1

m2
H0

1

)
. (3.23)

where we have used the quantities D1 and U1 defined in Eq.(2.10). Notice that the

approximation 4m2

Ñ1

≪ m2
H0

1

is not necessarily good now, since the Higgs can be very

light, and this leads to the inclusion of the last factor.

For moderate and large values of tanβ the contribution from the s quark is the

leading one to the spin-independent cross section. However, the second term can

become sizable and even dominate for small tan β and if the lightest Higgs is mostly

H0
u. Both in the case of the relic density, as well as in the scattering cross section, the

condition that determines when the coupling from down-type quarks dominates over

the coupling from up-type quarks is approximately the same, D1 ≫ (0.4/ tanβ)U1 (see

equations (2.13) and (2.14)). It should be emphasized that this rarely happens, but

we include this possibility here for completeness.

The resulting spin-independent contribution to the RH sneutrino elastic scattering
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cross section off nuclei is then approximated as

σSI

Ñp
≈ 1

π

m4
p

(mp +mÑ1
)2

(
0.31 g

2MW cos β

)2(
D +

0.42

tan β
U
)2

. (3.24)

In those cases where the lightest Higgs is lighter than the SM one, a better approxi-

mation (that incorporates the effect of the resonance) is

σSI

Ñp
≈ 1

π

m4
p

(mp +mÑ1
)2

(
0.31 g

2MW cos β

)2(
D1 +

0.42

tanβ
U1

)2
(
4m2

Ñ1

−m2
H0

1

m2
H0

1

)2

. (3.25)

We will use these expressions to extract some analytical predictions for the detectability

of sneutrinos. Once more, in our numerical calculations the full expression for σSI

Ñp
has

been included, without using any numerical approximations.

3.1 ÑÑ → f f̄

Let us address first the case in which sneutrino annihilation into a pair of fermions is

dominant. Using equations (2.8) and (2.10) the quantities D and U can be determined

as a function of the lightest Higgs mass. Inserting these in Eq. (3.24) we obtain the

following predictions for σSI

Ñp
,

σSI

Ñp
≈

0.13m3

Ñ1

m4
p abb̄

m2
c(mp +mÑ1

)2(m2

Ñ1

−m2
b)

3/2
, if D ≫ 0.42

tanβ
U , (3.26)

and

σSI

Ñp
≈

0.13m3

Ñ1

m4
p acc̄

m2
b(mp +mÑ1

)2(m2

Ñ1

−m2
c)

3/2
, if D ≪ 0.42

tanβ
U . (3.27)

In those cases where the lightest Higgs mass is small we can use expression (3.25) and

substitute the quantities D1 and U1 to obtain

σSI

Ñp
≈

0.13m3

Ñ1

m4
p abb̄

m2
c(mp +mÑ1

)2(m2

Ñ1

−m2
b)

3/2

(
4m2

Ñ1

−m2
H0

1

m2
H0

1

)2

, if D1 ≫
0.42

tanβ
U1 ,

(3.28)

and

σSI

Ñp
≈

0.13m3

Ñ1

m4
p acc̄

m2
b(mp +mÑ1

)2(m2

Ñ1

−m2
c)

3/2

(
4m2

Ñ1

−m2
H0

1

m2
H0

1

)2

, if D1 ≪
0.42

tanβ
U1 .

(3.29)
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Figure 10: Spin-independent part of the RH sneutrino-quark elastic cross section as a

function of the RH sneutrino mass for cases ff1) and ff2) and a scan in mÑ , λN and

AλN
. The black points correspond to those with the correct relic abundance, whereas the

gray ones are those in which ΩÑh
2 is smaller than the WMAP constraint. The regions

compatible with the CoGeNT observation of an irreducible excess and annual modulation

are shown as the large (green) and small (red) areas bounded by a solid line. The shaded

(blue) area is consistent with the DAMA/LIBRA experiment if no channelling effects are

considered. The dashed, solid and dot-dashed lines correspond to the exclusion regions

from the SIMPLE, CDMS and XENON experiments.

In both cases there exists a correlation between the scattering cross section and the

annihilation cross section but with a slightly different proportionality factor. Interest-

ingly, imposing the correct relic density, and therefore the results for abb̄ and acc̄ of

equations (2.13) and (2.14), in the expressions above leads to a prediction of the cross

section of order 10−4 pb for masses of order mÑ1
∼ 8 GeV, which can be compatible

with the CoGeNT result.

The theoretical predictions for σSI

Ñp
are plotted as a function of the RH sneutrino

mass in Fig. 10 for cases ff1) and ff2) of Table 1 for which we have performed a random

scan in the mÑ , λN and AλN
parameters, retaining only those points for which the RH

sneutrino relic abundance is in agreement with the WMAP constraint (black dots) or

smaller (gray dots). In case ff1) we have also represented the analytical approximation

of Eq. (3.28) as a thick solid line, which turns out to be a qualitatively good approxi-
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mation. Deviations happen because the numerical computation of the relic density is

more precise and also due to the contribution of the second-lightest Higgs to σSI

Ñp
. For

illustrative purposes we also plot with a thick dashed line the theoretical predictions for

the cross section if the term acc̄ had been the dominant contribution to the annihilation

cross section, as computed in Eq. (3.29). Similarly, in case ff2) the thick and solid lines

correspond to the approximations Eqs. (3.26) and (3.27) obtained when annihilation

into bb̄ or into cc̄ is dominant and including the contribution from the three CP-even

Higgs bosons. The green area in both figures corresponds to the region consistent with

the first CoGeNT results and the narrower red area is compatible with their latest

ones. The cyan region is compatible with DAMA/LIBRA. Finally, the dashed, solid

and dot-dashed lines correspond to the exclusion regions from the SIMPLE, CDMS

and XENON experiments, respectively.

Uncertainties in the hadronic matrix elements have not been included in the plot,

but their effect is very easy to understand. The largest effect is due to the indetermi-

nation in the strange quark content of the quark. This propagates into the theoretical

predictions for σSI

Ñp
and can be responsible for a variation of about an order of magni-

tude [83, 84, 85, 86].

From our results we conclude that the predicted σSI

Ñp
can be in agreement with

the CoGeNT region without having demanded any further constraint, and solely as

a consequence of the correlation between the diagrams that contribute to the RH

sneutrino annihilation cross section and those for direct detection. This is however not

only true for these particles, as it also happens with some other well-motivated WIMPs.

In particular, this has already been pointed out for very light neutralinos both in the

MSSM [21, 22, 25, 26] (although they are very constrained by low-energy observables

[28]) as well as in the NMSSM [34]. A question worth investigating is then whether or

not very light sneutrino dark matter can be distinguishable from other possible WIMPs.

In this sense, including information from other sources of dark matter detection, such

as indirect and collider searches, can shed some light on the specific model.

3.2 ÑÑ → A0
1A

0
1

Let us describe now the situation when annihilation into a pair of very light pseu-

doscalars is dominant. Following from the discussion about the relic abundance in

Section 2 we see how in this case there is no correlation between the diagram con-

tributing to the direct detection (which is mostly dependent on the λN parameter)
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Figure 11: The same as in Fig. 10 but for cases aa1) and aa2) in Table 1.

and those for annihilation cross section (which are now dependent on a combination of

various parameters).

The implications for direct detection are easy to understand. If the annihilation

cross section is dominated by the channel ÑÑ → A0
1A

0
1, in the regions with the correct

relic abundance the contribution from ÑÑ → f f̄ is necessarily smaller than the one

determined in the previous section. In other words, abb̄ and acc̄ in expressions (2.13) and

(2.14) have now a lower value since the corresponding term aA0

1
A0

1
would provide the

leading contribution to the calculation of the relic abundance. This entails a decrease

in the predicted σSI

Ñp
, according to Eqs. (3.28) and (3.29).

As a consequence, points obtained in this scenario do not reproduce the CoGeNT

results. Notice however that if the exclusion regions set by other experiments are taken

at face value, these RH sneutrinos would still be allowed and survive as very light WIMP

dark matter. We illustrate this in Fig. 11, where the theoretical predictions for σSI

Ñp
as

a function of the RH sneutrino mass are represented for cases aa1) and aa2). As we

can see, these very light WIMPs can have a scattering cross section which is not in

tension with current exclusion regions. The predictions can be very low as in case aa1)

or within the reach of future experiments such as SuperCDMS.

A similar phenomenon happens with very light neutralinos in the NMSSM when

the resonant annihilation through a light pseudoscalar Higgs is invoked in order to
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account for the correct relic abundance. In that case the predictions for sneutrino direct

detection can be as low as σSI
χ̃p ∼ 10−7−10−10 pb [34, 38, 40]. Thus, although very light

RH sneutrinos with annihilation into a pseudoscalar pair are clearly distinguishable

from MSSM neutralinos, they might still be confused with neutralino dark matter in

the NMSSM. However, we will see in the next section that the signals in colliders might

differ.

3.3 ÑÑ → NN

Let us finally address the scenario in which annihilation into a pair of RH neutrinos

dominates. As in the case of annihilation into a pseudoscalar pair, the smallness of the

λN parameter in the regions with the correct relic density implies that the resulting

spin-independent RH sneutrino-proton cross section is significantly suppressed. Once

more, this happens because the Feynman diagrams that contribute to RH sneutrino

annihilation are unrelated to those for direct detection. As a consequence, points of the

parameter space where ÑÑ → NN is the main annihilation channel would not account

for the experimental results of the CoGeNT collaboration, if these are confirmed, but

would still survive the bounds imposed by CDMS and XENON.

This is clearly illustrated in Fig. 12, where the theoretical predictions for σSI

Ñp
as

a function of the sneutrino mass are represented for examples nn1) and nn2) of Ta-

ble 1. The points with correct relic abundance accumulate in the narrow region where

resonant annihilation is possible and can be as low as σSI

Ñp
∼ 10−8 − 10−10 pb.

We have also found it very difficult to obtain viable RH sneutrinos with mÑ1
.

20 GeV, as the parameters become extremely fine-tuned. From the point of view of

direct detection, this example looks very similar to the one described in the previous

section, and therefore also to very light neutralinos in the NMSSM.

4 Invisible Higgs decay

A common feature of most dark matter models featuring light WIMPs is the occurrence

of a new invisible channel for the Higgs decay, namely the production of a dark matter

pair. This also occurs in our scenario, since the light RH sneutrino has a sizable

coupling to the CP-even Higgs bosons, and the resulting phenomenology can be very

dependent on the specific scenario for sneutrino annihilation.
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Figure 12: The same as in Fig. 10 but for cases nn1) and nn2) in Table 1.

For any of the CP-even Higgses, the decay width of the process H0
i → ÑÑ can be

expressed as

Γ(H0
i → ÑÑ) =

1

8πm2
Hi

√
m2

Hi

4
−m2

Ñ1

|M|21
2

=
1

32πm2
H0

i

|CH0

i ÑÑ |2
√

m2
H0

i

− 4m2

Ñ1

≈ 1

32πmH0

i

|CH0

i ÑÑ |2 for mH0

i
≫ 2mÑ1

. (4.30)

As in other models for very light WIMPs, this decay mode can dominate for the

lightest Higgs. This can be the case of the very light neutralino, both in the MSSM

and NMSSM, but also for a generic light singlet scalar [87, 88, 89, 90, 91, 92, 93, 94].

In our case the couplings CH0

i ÑÑ are very dependent on the properties of each of the

annihilation scenarios that we presented in the previous Section, therefore we study

each case separately.

4.1 ÑÑ → f f̄

In order to estimate the invisible Higgs branching ratio we have to compare its decay

width into RH sneutrinos with the decay width into fermions, which normally account
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for the main visible decay channels3. The ratio between the lightest Higgs decay widths

into RH sneutrinos and bb̄ can be expressed as

RÑÑ/bb̄ ≈
|CH0

1
ÑÑ |2

6m2
H0

1

|S1
H0

1

|2
(
2MW sin β

gmb

)2

, (4.31)

and we can define a similar quantity to compare with decays into cc̄,

RÑÑ/cc̄ ≈
|CH0

1
ÑÑ |2

6m2
H0

1

|S2
H0

1

|2
(
2MW cos β

gmc

)2

, (4.32)

where we have used the approximation that m2
H0

1

≫ 4m2

Ñ1

. In Section. 2 we introduced

two possible regimes in which the correct relic density could be obtained for a sneutrino

annihilating into f f̄ . Depending on the lightest Higgs composition, the quantities D
or U , defined in Eq.(2.9), provide the leading term for the annihilation into bb̄ or cc̄,

respectively.

If we now impose that these sneutrinos reproduce the results from the CoGeNT

experiment (σSI

Ñp
∼ 10−4 pb ∼ 2.6 × 10−13GeV−2), the value of the coupling |CH0

i ÑÑ |
can be determined through equation (3.25), resulting in

RÑÑ/bb̄ ≈ 2.8× 10−4 cos
4 β

|S1
H0

1

|4
m2

H0

1

(
mp +mÑ1

)2

m4
p

. (4.33)

It can easily be seen that this ratio is typically much larger than one for realistic

examples. For example, if the Higgs mass is small then the Higgs mass has to be

mostly singlet, in which case |S1
H0

1

| becomes very small too and results in RÑÑ/bb̄ ≫ 1.

If the Higgs mass increases, the Hd composition becomes larger (closer to 1) and it

can be explicitly checked that in the limiting case of a SM-like Higgs with a mass of

order 114 GeV this ratio is still large. Remember in this sense that tan β is small in our

scenarios. This already implies that the lightest Higgs, irrespectively of its composition

and mass, has a very large invisible decay width.

If we were in the regime where U ≫ 0.31
tan β

D then Higgs decay into a cc̄ pair would

become larger than in bb̄ (in fact, this coincides with condition under which sneutrino

annihilation proceeds into bb̄ or cc̄). In such a case, the ratio of this decay mode with

Higgs decay into sneutrinos can be written as

RÑÑ/cc̄ ≈ 1.7× 10−2 sin4 β

|S2
H0

1

|4
m2

H0

1

(
mp +mÑ1

)2

m4
p

, (4.34)

3If the decay into a pair of very light pseudoscalars, H0
1 → A0

1A
0
1, is open, its contribution can also

be sizable.
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Figure 13: Branching ratios of the decays of the lightest Higgs (left column) and second

lightest Higgs (right column) in the possible different final states for cases ff1) and ff2) of

Table 1. Only the points with correct relic abundance are plotted.

and the same considerations as above would apply.

Thus, the lightest Higgs will always tend to decay mostly into invisible particles.

Notice that these results are independent on whether D or U dominates in Eq.(2.9).

Regarding the decay of the second lightest Higgs, the RH sneutrino coupling to H0
2

is less constrained by the relic abundance condition and therefore we can have several
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possibilities. If the lightest Higgs is very light (e.g., below 100 GeV) and therefore

singlet-like, the most conventional situation is that the second lightest Higgs is similar

to that of the SM, with a mass of order 110 − 120 GeV, a large Hu composition and

a small but non-negligible Hd. Such a Higgs will decay mostly into a bb̄ pair but it is

likely that the presence of the very light sneutrino also induces a significant invisible

decay width.

This is actually the case of our example ff1). The branching ratios of the lightest and

second-lightest Higgs are represented on the top row of Fig 13. Black dots correspond

to the decays into a pair of RH sneutrinos and the rest of the decay products are

indicated by different colours. As explained above H0
1 is invisible, decaying mostly into

RH sneutrinos. On the other hand, H0
2 (with a mass of 119 GeV) could be observed

through its decay into bb̄. Notice however that this is significantly reduced with respect

to an ordinary SM Higgs.

A small change in the input parameters can alter significantly the phenomenology of

the second-lightest Higgs. For example, in case ff1) if we take Aλ = 500 GeV instead of

550 GeV the invisible branching ratio increases considerably and can even be dominant

for light RH sneutrino masses. This is shown in Fig. 14.

Another possibility for the second-lightest Higgs is that, if the lightest Higgs is

SM-like and with a mass around 110 − 120 GeV, H0
2 can be mostly singlet. In such

a case, not only the light SM-like Higgs is invisible (as already explained above), but

also this second Higgs. Case ff2) is one explicit example of this kind of scenarios. The

branching ratios for H0
1 and H0

2 for this example are depicted at the bottom row of

Fig 13.

Notice that in both cases the lightest pseudoscalar can also be relatively light,

opening the decay channel H0
i → A0

1A
0
1. Although this channel can be very efficient, it

is nevertheless not sufficient to compete with decays into RH sneutrinos.

We therefore observe that, if the result of CoGeNT is imposed, the lightest Higgs

is invisible, irrespectively of whether it is mostly singlino (and light) or the SM-like

Higgs with a mass of around 110 to 120 GeV. Furthermore, in some scenarios also the

second lightest Higgs can have a sizable invisible decay width. This is a very inter-

esting property of this scenario and provides some potential discrimination criterium

to distinguish it from the case of very light neutralinos. In particular, in Ref. [38] it

was shown that in the case of very light NMSSM neutralinos the SM-like Higgs decay

predominantly into a pair of very light Higgses.
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Figure 14: The same as in Fig. 13 but with Aλ = 500 GeV

4.2 ÑÑ → A0
1A

0
1

This example is qualitatively different from the one described in the previous Subsec-

tion. In particular, the lightest Higgs is SM-like and therefore the annihilation into bb̄

is typically large. The coupling of the lightest Higgs to the RH sneutrino pair is very

dependent on the parameter space and this has an impact on the predictions for the

invisible branching ratio. Now, since the coupling λN takes smaller values than in the

previous section we may expect that the contribution to the invisible decay width of

all the CP-even Higgses is suppressed.

This happens in case aa1), where the lightest Higgs has a large Hu component.

Annihilation into bb̄ constitutes now the main decay channel, thereby making it look

similar to a SM Higgs. The predictions for the different branching ratios are displayed

on the upper left-hand side of Fig. 15, where we observe that BR(H0
1 → ÑÑ) is

significantly smaller than in the previous section. On the other hand, in case aa2) the

first and second lightest Higgses are closer in mass and display a larger mixing. For

example, despite having the same mass as in the previous example (114 GeV), the

lightest Higgs has now a much larger singlet component. This is enough to enhance

the predictions for the invisible branching ratio and, as we can observe in Fig. 15,

BR(H0
1 → ÑÑ) >∼ BR(H0

1 → bb̄) for the whole range of RH sneutrino masses.
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Figure 15: The same as in Fig. 13 but for cases aa1) and aa2) of Table 1.

The second-lightest Higgs is normally singlet-like and as a consequence its anni-

hilation into SM particles is already suppressed with respect to annihilation into RH

sneutrinos and we should expect a sizable BR(H0
1 → ÑÑ) as well as BR(H0

1 → A0
1A

0
1)

from the annihilation into a pair of very light (singlet-like) pseudoscalars. This is in-

deed what happens, as displayed on the right-hand side of Fig. 16 for cases aa1) and

aa2) on the top and bottom, respectively. Again, the exact values are very dependent

on the specific choice of the input parameters.
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Figure 16: The same as in Fig. 13 but for case nn1) of Table 1.

This situation differs from the case of very light neutralinos in the NMSSM. In

the regions where the neutralino has the correct relic density due to the annihilation

into a pair of very light pseudoscalars, the SM-like Higgs annihilates preferentially into

a pair of pseudoscalars Ref. [38]. However, in our case we observe that this is not

necessarily the case and the SM-like Higgs (which in our examples coincides with H0
1 )

either appears as a Higgs with SM-like decays (into bb̄) or with a significant invisible

decay.

4.3 ÑÑ → NN

The Higgs spectrum in these examples features a light scalar Higgs, with a large singlet

composition, and a second-lightest Higgs which is SM-like. In fact, as we stressed in

Section 2.3, the composition of the lightest Higgs has been carefully chosen in such a

way that it couples preferentially to a pair of RH neutrinos (so that annihilation into

these is the main channel). More specifically, we chose the input parameters in such a

way that S3
H0

1

, S2
H0

1

≫ S1
H0

1

is fulfilled. It is then clear that the main decay modes of the

lightest Higgs are H0
1 → ÑÑ (if 2mÑ1

< mH0

1
) and H0

1 → NN . Notice in this sense

that while the decay into RH sneutrinos is an invisible channel, this needs not be the

case for the decay into RH neutrinos.
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In fact, RH neutrinos in our model are not stable particles. They couple to a

lepton and a W± boson through their mixing with LH neutrinos, and thus can undergo

a three body decay N → lW ∗ → llνL, N → lW ∗ → lqq, N → νLZ
∗ → νLll or

N → νLZ
∗ → νLqq. Since the RH neutrino coupling to a lepton and a W boson

is suppressed by the small Yukawa coupling (which determines the neutrino LH-RH

mixing) the lifetime of RH neutrinos can be either long enough for them to produce

displaced vertices or too large, thereby counting also as an invisible component.

If Fig. 16 we represent the resulting branching ratios for the different decay modes

of the lightest and second-lightest Higgses in example nn1). Black dots correspond

to BR(H0
1 → ÑÑ), whereas empty circles represent BR(H0

1 → NN). As commented

above, these constitute the main decay modes for the lightest Higgs.

Since the value of the coupling λN is very small in these examples, the coupling of

the RH neutrino and sneutrino to the heavier Higgses (which are, respectively, mostly

Hu and Hd) are small. Thus there is no contribution from these modes to the branching

ratios of these. Still, since we are dealing with the NMSSM, the SM-like Higgs can

have exotic decays, although these are more dependent on the particular choice of input

parameters. For example, in case nn1) the channel H0
2 → H0

1H
0
1 is open and provides

the main contribution to the decay width of H0
2 . Also, the neutralino is a relatively

light singlino (with a mass of 40 GeV) and also provides a prominent decay mode.

In sum, in this last case the second lightest Higgs (which is SM-like) can have a very

similar phenomenology to the case of neutralino dark matter in the NMSSM.

Summarising, this scenario could potentially be discriminated from other models

with very light WIMPs through the study of the displaced vertices produced after the

production of a pair of RH neutrinos and their subsequent decays. The signature of

this decay mode at the LHC depends largely on properties of the RH neutrino which

are intimately related to the details of the see-saw mechanism. This information is

contained in the structure of the neutrino Yukawa coupling. In particular, the RH

neutrino lifetime, its decay products (especially whether it decays “democratically” in

electrons, muons or taus) and the effect of having three RH neutrinos (and sneutrinos)

have to be carefully investigated. This analysis is beyond the scope of the present work

and will be the subject of a more specific future study.
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5 Indirect detection

As in most of the WIMP scenarios, annihilations of very light RH sneutrinos in the

Galactic halo may contribute to the observed fluxes of high energy p/p̄, e+/e−, ν/ν̄

and gamma rays. Among them, we will here address the possible signatures of our

model in the gamma ray flux from the Galactic Centre, a region which is currently

being observed by the Large Area Telescope on the Fermi satellite (Fermi-LAT) [96]. 4

In the usual neutralino dark matter scenario, annihilation in the Galactic halo tends

to be suppressed due to the p-wave dominance of the annihilation cross section because

of the Majorana nature of the neutralino (see, e.g., the recent study of the gamma

ray flux for neutralinos in the cMSSM in Ref.[99]). On the contrary, RH sneutrino

annihilation is s-wave dominant, thus we expect a larger gamma ray flux.

As explained in Section 2, the dominant channel for sneutrino annihilation can be

f f̄ , A0
1A

0
1 or NN , depending on the chosen parameters. Among them, NN mode dom-

inant scenarios are potentially interesting because the gamma ray spectrum produced

in the subsequent decay of the RH neutrino into three fermions through Electroweak

interaction (N → llνL, N → lqq or N → qqνL) is distinctive from the annihilation

products of the f f̄ channel. This possibility is not present in other WIMP models and

thus is not generally addressed in the literature.

In general, the photon spectrum from WIMP annihilation or decay has three com-

ponents, the prompt, the inverse Compton scattering (ICS) and synchrotron radiation.

The prompt component involves both continuous and line emission. The main sources

of continuous spectra are 2γ decays of π0 and final state radiation. To calculate the

expected spectrum we have written a routine generating events of three body decays

of N with an appropriate weight using the PY3ENT routine in PYTHIA 6.4 [100]. For

the bb̄ and A0
1A

0
1 modes, we also used PYTHIA 6.4. In Figs. 17 and 18, we present the

energy spectra of gamma rays produced in the subsequent decays of final state particles

for each annihilation mode. Although in various WIMP models the annihilation into

2γ appears at the one-loop level, it is considered as a smoking gun channel of indirect

dark matter detection because it is distinguishable from any conceivable astrophysical

background. However, for very light RH sneutrino dark matter, the line emission tends

to be buried in the large astrophysical background after taking into account the energy

resolution of the apparatus. Thus we can neglect its contribution in the analysis.

4Although we do not discuss here the possible signals in the high energy cosmic ray (CR) like e+e−

or pp̄, these may also constrain light dark matter candidates [97, 98].
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0
1.

Other contributions are produced from the propagation of charged stable prod-

ucts like e+/e− and p/p̄. Once they are produced, they are diffused and loose their

energies due to ICS with ambient start light or cosmic microwave background ra-

diation, and synchrotron radiation by the Galactic magnetic field. Then the same

energy loss mechanism of charged cosmic ray also generates photons. For heavy

37



enough dark matter, these contributions can exceed the prompt one in the relatively

lower energy region [101]. However, for light dark matter with mass ∼ O(10GeV)

the maximum energy of gamma rays from ICS by starlight with energy ω ∼ 1eV

is around (E/me)
2ω ∼ 0.1GeV, which is near the threshold energy of Fermi-LAT.

Synchrotron radiation on the other hand is produced in the radio frequency range

around νsyn ≃ (1/3) 3eBE2
e/4πm

3
e = 1.3 kHz (B/1mG) (Ee/me)

2 . 102 GHz (B/1mG)

[101, 102]. Since the constraints arising from the observation of radio frequency are be-

yond the scope of this article, in the present analysis we neglect the contributions com-

ing from both ICS and synchrotron. Being able to ignore the ICS and the synchrotron

radiation makes the analysis much simpler because of the absence of complications

stemming from uncertainties in CR propagation model.

Following the standard procedure [82] the gamma ray flux can be written as

dΦγ

dE
(∆Ω) =

∑

i

∫

Ω<∆Ω

dV
1

2

〈σiv〉n2
DM

4πs2
dN i

γ

dE

=
∑

i

1

2

∫
ds dΩ

ρ2(r)

4πmÑ1

2
〈σiv〉

dN i
γ

dE

=
1

8πmÑ1

2

∑

i

〈σiv〉
dN i

γ

dE

∫
ds dΩ ρ2(r)

=
ρ2⊙r⊙

8πmÑ1

2

∑

i

〈σiv〉
dN i

γ

dE
J̄(∆Ω)∆Ω, (5.35)

where nDM is the dark matter number density, i represents all the possible annihilation

channels {eē, µµ̄, τ τ̄ , uū, dd̄, cc̄, bb̄, A0
1A

0
1, NN} , dN i

γ/dE(E) is the expected number

of photons in the energy range of (E,E + dE) produced from a given process i, and

the so-called halo factor J̄(∆Ω) is defined as

J̄(Ω)∆Ω =
1

ρ⊙r⊙

∫

∆Ω

dΩ

∫

line−of−sight

ds ρ2
(
r =

√
r2⊙ + s2 + 2r⊙s cos θ

)
. (5.36)

Here we have used the canonical value ρ⊙ = ρ(r⊙) = 0.3 GeV for the dark matter

density around the Sun5 and a distance to the GC of r⊙ = 8.5 kpc. The halo properties

are thus factorized and encoded in the single factor J̄(∆Ω). In order to take into

account the possible astrophysical uncertainties, we use two halo models which are

supported by N-body simulations, namely NFW [108] and Einasto [109] as well as the

5More recent determinations in Ref. [103, 104, 105, 106, 107] indicate slightly larger values. In any

case, the fluxes corresponding to different values of the local density can be easily deduced from the

appropriate scaling.
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θROI 1◦ 5◦ 7◦ 10◦

∆Ω 9.6× 10−4 2.4× 10−2 4.6× 10−2 9.6× 10−2

NFW 1.35 5.95 7.91 10.5

Einasto 2.10 11.6 15.2 19.7

Isothermal 0.0130 0.319 0.615 1.22

Table 2: Halo factors multiplied by given solid angles, J̄(∆Ω)∆Ω, for the different halo

models, NFW, Einasto and isothermal model. ROI around GC with radius 1◦, 5◦, 7◦ and

10◦ are used.

isothermal halo model [110, 111] as a reference. The corresponding density profiles are

parametrized as

ρ(r) =





ρsrs/r(1 + r/rs)
2 ,NFW

ρs exp
[
− 2

α
(rα − 1)

]
,Einasto

ρs/(1 + (r/rs)
2) , Isothermal

(5.37)

where rs = 20 kpc and 5 kpc for NFW and isothermal model, respectively, and α =

0.17. The value of ρs is fixed to reproduce the dark matter density around the solar

system. In Table 2, we calculate J̄(∆Ω)∆Ω for each halo model considering a region

of interest (ROI) around the GC with radius 1◦, 5◦, 7◦ and 10◦.

To compare the predicted gamma ray flux from RH sneutrino annihilation with

the gamma ray flux currently observed by Fermi-LAT, we have used data from the

Fermi Science Support Center (FSCC) archive [112] 6. We have selected the ROI as a

circular region with radius 1◦, 5◦, 7◦ and 10◦ around the GC with RA= 266.46◦ and

Dec= −28.97◦. Following the suggestion of the FSCC, we used a zenith angle cut 105◦

to reject photons coming from the Earth. We used gtbin tool to make 20 bins which

is equally spaced in logarithmic scale in energy from 0.1 GeV to 100 GeV.

To obtain the flux map for gamma rays from the counts map of photons actu-

ally detected in the experiment, we divided the count map by the exposure map in

each position and energy bins. This can be calculated from the spacecraft data and

the instrument response function using the gtltcube, gtexpcube2 tools. We used

6We extracted gamma ray data taken from 4th of August in 2008 (15:43:37) to 4th of July in

2011 (14:08:11). We selected signals classified as DIFFUSE only, which are appropriate to analyse the

diffuse gamma ray emission using the gtselect tool in Fermi Science Tools [113]. In both processes

of selecting data and calculating the exposure map, we used the specific instrument response function

(IRF) P6 V11 DIFFUSE to be consistent.
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the gtexpcube2 tool to reflect the azimuthal dependence of the effective area of the

apparatus.

As described in [114], we have taken the systematic uncertainty in the effective area

of the apparatus as 10 % at 0.1 GeV, decreasing to 5 % at 0.56 GeV and increasing to

20 % at 10 GeV, and interpolated between the points. We have extrapolated above 10

GeV with a constant value. Since the systematic uncertainty in the background model

is not fully understood yet, we used a fixed background emission template provided by

the Fermi Science Team [115].

There are three main components of background7, the diffuse galactic emission

(DGE), the resolved point sources (PS) and the isotropic gamma ray background (IGB).

Here we used the DGE model map gll iem v02.fit and IGB model supplied by the

Fermi Science Team. For PS, we used the preliminary second Fermi-LAT catalog found

in [116]. PS in the catalog are fitted in PowerLaw, LogParabola and PLExpCutoff

whose form can be found in the accompanying draft. We modeled its contribution by

summing over the modeled fluxes of PS in a given ROI.

name 〈σv〉v=0 (cm3/s) Mode mÑ1
(GeV) mN (GeV) mA0

1
(GeV)

bb-8) 3.47× 10−26 bb̄ 8 * *

cc-8) 3.47× 10−26 cc̄ 8 * *

aa1-10) 4.52× 10−26 A0
1A

0
1 10 * 6.64

aa1-20) 3.19× 10−26 A0
1A

0
1 20 * 6.64

aa1-40) 2.90× 10−26 A0
1A

0
1 40 * 6.64

aa2-20) 3.19× 10−26 A0
1A

0
1 20 * 11.7

aa2-40) 2.90× 10−26 A0
1A

0
1 40 * 11.7

nn-23) 3× 10−26 NN 23 8 *

nn-30) 3× 10−26 NN 30 15 *

nn-40) 3× 10−26 NN 40 15 *

nnB-22) 3× 10−28 NN 22 8 *

nnB-25) 3× 10−25 NN 25 8 *

Table 3: Benchmark points chosen to calculate expected gamma ray fluxes. We assume

sneutrino annihilates only into specified mode. The parameters marked with * are not

relevant in the analysis.

7Here we use the terminology background although we include both background and foreground in

the analysis.
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To illustrate the various annihilation channels and mass spectra in our model we

have chosen 12 representative benchmark points as in Table 3, inspired in the examples

discussed in the previous sections. For simplicity, we assumed that annihilations occur

only through the given specific channels.

5.1 ÑÑ → f f̄

Let us first consider the case in which RH sneutrinos annihilate into a pair of fermions.

As we explained in Section 2, the dominant channel is either bb̄ or cc̄, depending on the

choice of parameters, while the τ τ̄ channel is always negligible. We have chosen mÑ1
=

8 GeV which is compatible with the CoGeNT result. The benchmarks where either

annihilation into bb̄ or cc̄ dominates are thus labelled bb-8) and cc-8), respectively.

The predicted gamma ray flux is represented as a function of the energy in Fig.

19 for the various choices of ROI. As we can observe, the flux with Einasto or NFW

profile is larger than the flux from resolved point sources. However, the expected flux

calculated for 5◦, 7◦ and 10◦ is still smaller than DGE, and thus still consistent with

the observed data after taking the systematic uncertainties into account.

Notice that the predicted flux for 1◦ is comparable to the DGE component. How-

ever, in this region, a significant discrepancy between fluxes from background model

and observed flux is present. Indeed, our knowledge of the background in this region is

still poor. In particular, the suppressed flux observed at low energy cannot be explained

by point sources near the GC which are not resolved yet.

5.2 ÑÑ → A0
1A

0
1

In the second set of benchmark points, we focus on examples in which the RH sneutrino

annihilates into A0
1A

0
1. We consider two cases aa1) and aa2) defined in Section 2 and

fix the RH sneutrino mass to mÑ1
= 10, 20 and 40 GeV for aa1), and mÑ1

= 20 and

40 GeV for aa2). The various benchmark points are labelled accordingly in Table. 3.

The main difference in the predicted gamma ray spectra for scenarios aa1) and aa2)

is the mass of the lightest pseudoscalar Higgs. In cases aa2) the pseudoscalar is heavy

enough to decay into bb̄, whereas in cases aa1) this is not possible As shown in Fig.

18, the presence of the bb̄ mode leads to a softer spectrum. This is further evidenced

in Figs. 20 and 21, where the predicted gamma ray fluxes for the different benchmark

points are represented. Contrary to the f f̄ scenarios, we have varied the mass of RH
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Figure 19: Expected gamma ray flux in bb-8) and cc-8). ROI with radii 1◦ (top left), 5◦

(top right), 7◦ (bottom left) and 10◦ (bottom right) are used.

sneutrinos in the relatively large range from 10 GeV to 50 GeV in these cases. The

number density of dark matter with a fixed halo model is inversely proportional to the

RH sneutrino mass-squared, thus so is the gamma ray flux.

These results are similar to those obtained in the f f̄ scenarios analysed previously.

The expected gamma ray fluxes are too small to be observed except for the case where

a ROI of 1◦ is considered. Therefore, without a significant improvement of our under-
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Figure 20: Expected gamma ray flux in aa1-10), aa1-20) and aa1-40). ROI with radii 1◦

(top left), 5◦ (top right), 7◦ (bottom left) and 10◦ (bottom right) are used.

standing of the background, we cannot constrain the relevant parameter space of these

examples with gamma ray flux from the GC.
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Figure 21: Expected gamma ray flux in aa2-10), aa2-20) and aa2-40). ROI with radii 1◦

(top left), 5◦ (top right), 7◦ (bottom left) and 10◦ (bottom right) are used.

5.3 ÑÑ → NN

The last class of benchmark points corresponds to scenarios in which RH sneutrino into

NN is dominant. These cases are potentially very interesting since the RH neutrino

subsequently decays into three fermions (N → llνL or N → lqq). This leads to a

distinctive gamma ray spectrum.
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in RH sneutrino

mass for nn1) case (left panel) and nn2) case (right panel).

Moreover, as explained in Section 2.1, the correct RH sneutrino relic abundance in

these cases is only obtained through the CP-even Higgs resonance. In such a case,

there can be a significant enhancement (or suppression) of its annihilation in the dark

matter halo and consequently in the gamma ray flux. This so-called Breit-Wigner

enhancement has been studied in various models and contexts [117, 118, 39].

To illustrate this effect we have represented in Fig. 22 the enhancement factors of

the annihilation cross section, defined as 〈σv〉x=0/〈σv〉x=xf
for the points with the cor-

rect RH sneutrino relic density in examples nn1) and nn2) of Table 1. As we observe,

the enhancement factor ranges from 10−5 to 102, depending on the difference between

2mÑ and mH , and the decay width of corresponding CP-even Higgs. Consequently,

these benchmark points cannot be represented with a single fixed cross section. We

have therefore defined cases nn-23), nn-30) and nn-40) with a canonical annihilation

cross section 3 × 10−26 cm3/s, while 3 × 10−28 cm3/s and 3 × 10−25 cm3/s are used

for the nnB-22) and nnB-25) cases, respectively, to study the impact of the enhance-

ment/suppression on the gamma ray flux.

The corresponding predictions for the gamma ray flux are represented in Fig. 23

for benchmark points nn-23), nn-30) and nn-40). We can see again that the expected

gamma ray flux is too small to constrain RH sneutrino annihilation in the halo in these

cases except for a ROI of 1◦. However, these gamma ray fluxes are calculated under the
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Figure 23: Expected gamma ray flux in nn-23), nn-30) and nn-40). ROI with radii 1◦ (top

left), 5◦ (top right), 7◦ (bottom left) and 10◦ (bottom right) are used.

assumption that RH sneutrinos annihilate with fixed annihilation cross section with

value of 3× 10−26 cm3/s, while Fig. 22 shows that the annihilation cross section in the

halo can be at least one order of magnitude larger or smaller. Therefore, the fluxes

shown in Fig. 23 should be adjusted by the appropriate factors.

The impact of this Breit-Wigner enhancement is illustrated in Fig. 24, where two

cases with the suppression factor of 10−2 for nnB-22) and the enhancement factor of 10
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Figure 24: Expected gamma ray flux in nn-23), nnB-22) and nnB-25). ROI with radii 1◦

(top left), 5◦ (top right), 7◦ (bottom left) and 10◦ (bottom right) are used.

for nnB-25) are represented. With the Einasto model, the expected fluxes of nnB-25)

are larger than the observed fluxes. In other words, the gamma ray flux from the GC

region observed by Fermi-LAT is already constraining a portion of the parameter space

of our model. Nevertheless, a thorough analysis requires scanning over full parameter

space of the model, and we leave it for a future study.
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6 Conclusions

In this paper we have investigated the viability of very light RH sneutrinos in the

NMSSM and analysed the implications for direct dark matter detection, the poten-

tial effects on Higgs phenomenology and the prospects for indirect detection through

gamma rays. The model contains a new singlet superfield that provides RH neutrinos

and sneutrinos and three input parameters, a soft scalar mass mÑ , a coupling constant

λN and the associated trilinear parameter AλN
.

First we have studied in detail the conditions under which RH sneutrinos in the

NMSSM can be very light and reproduce the correct value for the relic abundance. We

have found that this is possible in three different scenarios, namely when RH sneutrino

annihilates mainly in fermions (ÑÑ → f f̄), in a pair of very light pseudoscalar Higgses

(ÑÑ → A0
1A

0
1), or in RH neutrinos (ÑÑ → NN).

The first case (ÑÑ → f f̄) is possible in the presence of a light (singlet-like) scalar

Higgs or with an increase of the coupling constant λN . In both cases, the diagrams

contributing to the sneutrino annihilation in the early Universe and those describing

their scattering cross section off quarks are correlated. We observe that this correlation

implies that if the correct relic density for RH sneutrinos is imposed, their predictions

for direct detection are compatible with the WIMP interpretation of the CoGeNT

results. We derive an analytical approximation to make this correlation explicit. This

scenario has a deep impact in the predicted invisible decay width of the Higgs bosons.

We show that the lightest Higgs is mostly invisible since it decays in a pair of RH

sneutrinos. Interestingly, this applies to both a very light singlet-like Higgs and a

SM-like Higgs with mass of order 114 GeV. In fact, we also observe that the second

lightest Higgs in this scenario can also have a significant invisible decay width, although

whether or not the invisible modes dominate is much more dependent on the specific

input parameters.

The second case (ÑÑ → A0
1A

0
1) is possible when the pseudoscalar Higgs is light

and singlet-like. There is now no correlation between the annihilation cross section

and scattering cross section off nuclei and as a consequence the theoretical predictions

for RH sneutrino direct detection cannot account for the CoGeNT signal and are much

smaller, of order 10−7 − 10−10 pb. However, they are consistent with the exclusion re-

gions set by the CDMS and XENON experiments. In some cases they could be within

he reach of future experiments such as SuperCDMS. The resulting Higgs phenomenol-

ogy is slightly different than in the previous scenario. The invisible decay width of the
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lightest Higgs is not necessarily large for the lightest Higgs (which is SM-like), but it is

typically sizable for the second lightest Higgs (although much more dependent on the

specific input parameters of the model).

The third possibility (ÑÑ → NN) is more constrained but potentially very in-

teresting. We described the stringent conditions under which this diagram can be

dominant, which is only possible in the resonance with a light singlet-like Higgs with a

very small Hd component. Once more there is no correlation between the annihilation

cross section and scattering cross section off nuclei and the resulting σSI

Ñp
is very small,

of order 10−8− 10−10 for RH sneutrinos with masses mÑ1

>∼ 20 GeV and featuring RH

neutrinos with masses aboveMN >∼ 8 GeV. Although it cannot explain the CoGeNT re-

sult, it would be compatible with the bounds set by CDMS and XENON. This scenario

leaves a potentially characteristic signal in colliders, namely the lightest Higgs decay

into a RH neutrino pair whose subsequent (late) decay leaves two displaced vertices.

Last we have investigated the theoretical predictions for the gamma ray flux from

the GC and compared it with the results from the Fermi satellite. In this respect,

the cases ÑÑ → f f̄ and ÑÑ → A0
1A

0
1 lead to the conventional results obtained for

other DM models. Much more interesting is the new annihilation mode (ÑÑ → NN),

due to the subsequent decay of the RH neutrino. We have characterised this new

possibility finding that the resulting spectrum is an intermediate case between those

of annihilation into bb̄ and τ τ̄ . Furthermore, since the annihilation occurs at the Higgs

resonance, a Breit-Wigner enhancement of the resulting annihilation cross section in the

dark matter halo can result in a boost factor as large as a factor 100 (or a suppression

factor of several orders of magnitude).
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[57] D. G. Cerdeño, C. Muñoz and O. Seto, Phys. Rev. D 79, 023510 (2009)

[arXiv:0807.3029 [hep-ph]].

[58] F. Deppisch, A. Pilaftsis, JHEP 0810 (2008) 080. [arXiv:0808.0490 [hep-ph]].

[59] D. G. Cerdeño and O. Seto, JCAP 0908 (2009) 032 [arXiv:0903.4677 [hep-ph]].

[60] R. Kitano and K. y. Oda, Phys. Rev. D 61 (2000) 113001 [arXiv:hep-ph/9911327].

[61] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192 (2011) 18

[arXiv:1001.4538 [astro-ph.CO]].

[62] U. Ellwanger and C. Hugonie, Comput. Phys. Commun. 175, 290 (2006);

[arXiv:hep-ph/0508022].

[63] G. Belanger, F. Boudjema, C. Hugonie, A. Pukhov and A. Semenov, JCAP 0509,

001 (2005). [arXiv:hep-ph/0505142].

[64] D. Asner et al. [ Heavy Flavor Averaging Group Collaboration ], [arXiv:1010.1589

[hep-ex]].

53



[65] M. Misiak and M. Steinhauser, Nucl. Phys. B 764 (2007) 62 [arXiv:hep-

ph/0609241].

[66] M. Misiak et al., Phys. Rev. Lett. 98 (2007) 022002 [arXiv:hep-ph/0609232].

[67] S. Chatrchyan et al. [ CMS Collaboration ], [arXiv:1107.5834 [hep-ex]].

[68] G. W. Bennett et al. [ Muon G-2 Collaboration ], Phys. Rev. D73 (2006) 072003.

[hep-ex/0602035].

[69] M. Davier, A. Hoecker, B. Malaescu, C. Z. Yuan, Z. Zhang, Eur. Phys. J. C66,

1-9 (2010). [arXiv:0908.4300 [hep-ph]].

[70] M. Davier, A. Hoecker, G. Lopez Castro, B. Malaescu, X. H. Mo, G. Toledo

Sanchez, P. Wang, C. Z. Yuan et al., Eur. Phys. J. C66, 127-136 (2010).

[arXiv:0906.5443 [hep-ph]].

[71] Y. Kanehata, T. Kobayashi, Y. Konishi, O. Seto and T. Shimomura,

arXiv:1103.5109 [hep-ph].

[72] J. A. Casas, A. Lleyda and C. Munoz, Nucl. Phys. B 471 (1996) 3 [arXiv:hep-

ph/9507294].

[73] M. Srednicki, R. Watkins and K. A. Olive, Nucl. Phys. B 310 (1988) 693.

[74] T. Nihei, L. Roszkowski, R. Ruiz de Austri, JHEP 0105 (2001) 063. [hep-

ph/0102308].

[75] P. Gondolo and G. Gelmini, Nucl. Phys. B 360, 145 (1991).

[76] A. Birkedal, K. Matchev and M. Perelstein, Phys. Rev. D 70, 077701 (2004)

[arXiv:hep-ph/0403004].

[77] K. A. Olive, Nucl. Phys. B190 (1981) 483.

[78] W. Love et al. [CLEO Collaboration], Phys. Rev. Lett. 101 (2008) 151802

[arXiv:0807.1427 [hep-ex]].

[79] R. Dermisek, J. F. Gunion and B. McElrath, Phys. Rev. D 76, 051105 (2007)

[arXiv:hep-ph/0612031].

[80] J. F. Gunion, JHEP 0908, 032 (2009) [arXiv:0808.2509 [hep-ph]].

54



[81] F. Domingo, U. Ellwanger, E. Fullana, C. Hugonie and M. A. Sanchis-Lozano,

JHEP 0901, 061 (2009) [arXiv:0810.4736 [hep-ph]].

[82] G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279 [arXiv:hep-

ph/0404175].

[83] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Astropart. Phys. 13, 215 (2000)

[arXiv:hep-ph/9909228].

[84] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Astropart. Phys. 18, 205 (2002)

[arXiv:hep-ph/0111229].

[85] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Rev. D 71, 095007

(2005) [arXiv:hep-ph/0502001].

[86] J. Ellis, K. A. Olive and C. Savage, Phys. Rev. D 77 (2008) 065026

[arXiv:0801.3656 [hep-ph]].

[87] C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl. Phys. B 619 (2001) 709

[arXiv:hep-ph/0011335].

[88] M. C. Bento, O. Bertolami, R. Rosenfeld and L. Teodoro, Phys. Rev. D 62 (2000)

041302 [arXiv:astro-ph/0003350].

[89] M. C. Bento, O. Bertolami and R. Rosenfeld, Phys. Lett. B 518 (2001) 276

[arXiv:hep-ph/0103340]

[90] H. Davoudiasl, R. Kitano, T. Li and H. Murayama, Phys. Lett. B 609 (2005) 117

[arXiv:hep-ph/0405097].

[91] B. Patt and F. Wilczek, arXiv:hep-ph/0605188.

[92] J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, JHEP 0807 (2008)

058 [arXiv:0801.3440 [hep-ph]].

[93] Y. G. Kim and S. Shin, JHEP 0905, 036 (2009) [arXiv:0901.2609 [hep-ph]].

[94] S. Andreas, C. Arina, T. Hambye, F. S. Ling and M. H. G. Tytgat, Phys. Rev. D

82 (2010) 043522 [arXiv:1003.2595 [hep-ph]].

[95] D. G. Cerdeno and A. M. Green, arXiv:1002.1912 [astro-ph.CO].

55



[96] A. A. Abdo et al., Astrophys. J. 712 (2010) 147 [arXiv:1001.4531 [astro-ph.CO]];

A. A. Abdo et al., Phys. Rev. Lett. 104 (2010) 091302 [arXiv:1001.4836 [astro-

ph.HE]]; A. A. Abdo et al. [Fermi-LAT Collaboration], JCAP 1004 (2010) 014

[arXiv:1002.4415 [astro-ph.CO]].

[97] D. G. Cerdeno, T. Delahaye, J. Lavalle, [arXiv:1108.1128 [hep-ph]].

[98] J. Lavalle, Phys. Rev. D 82 (2010) 081302 [arXiv:1007.5253 [astro-ph.HE]].

[99] J. Ellis, K. A. Olive and V. C. Spanos, arXiv:1106.0768 [hep-ph].

[100] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605 (2006) 026 [arXiv:hep-

ph/0603175].

[101] M. Cirelli et al., JCAP 1103, 051 (2011) [arXiv:1012.4515 [hep-ph]].

[102] G. Bertone, M. Cirelli, A. Strumia, M. Taoso, JCAP 0903 (2009) 009.

[arXiv:0811.3744 [astro-ph]].

[103] R. Catena and P. Ullio, JCAP 1008 (2010) 004 [arXiv:0907.0018 [astro-ph.CO]].

[104] L. E. Strigari and R. Trotta, JCAP 0911 (2009) 019 [arXiv:0906.5361 [astro-

ph.HE]].

[105] M. Pato, O. Agertz, G. Bertone, B. Moore and R. Teyssier, Phys. Rev. D 82

(2010) 023531 [arXiv:1006.1322 [astro-ph.HE]].

[106] M. Weber and W. de Boer, Astron. Astrophys. 509 (2010) A25 [arXiv:0910.4272

[astro-ph.CO]].

[107] P. Salucci, F. Nesti, G. Gentile, C. F. Martins, Astron. Astrophys. 523 (2010)

A83. [arXiv:1003.3101 [astro-ph.GA]].

[108] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 490 (1997) 493

[arXiv:astro-ph/9611107].

[109] A. W. Graham, D. Merritt, B. Moore, J. Diemand and B. Terzic, Astron. J. 132,

2685 (2006) [arXiv:astro-ph/0509417].

[110] K. G. Begeman, A. H. Broeils and R. H. Sanders, Mon. Not. Roy. Astron. Soc.

249, 523 (1991).

[111] J. N. Bahcall and R. M. Soneira, Astrophys. J. Suppl. 44, 73 (1980).

56



[112] http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

[113] http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

[114] V. Vitale, A. Morselli and for the Fermi Collaboration, arXiv:0912.3828 [astro-

ph.HE].

[115] http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html

[116] http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog/

[117] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 79 (2009) 063509 [arXiv:0810.5762

[hep-ph]].

[118] M. Ibe, H. Murayama and T. T. Yanagida, Phys. Rev. D 79 (2009) 095009

[arXiv:0812.0072 [hep-ph]].

57


