arXiv:1205.4151v3 [hep-ph] 28 Jan 2013

PNUTP-12-A05

130 GeV Fermi gamma-ray line from dark matter decay

Bumseok Kyae^{(a)∗} and Jong-Chul Park^{(b)†}

(a) Department of Physics, Pusan National University, Busan 609-735, Korea (b) Korea Institute for Advanced Study, Seoul 130-722, Korea

Abstract

The 130 GeV gamma-ray line based on tentative analyses on the Fermi-LAT data is hard to be understood with dark matter annihilation in the conventional framework of the MSSM. We point out that it can be nicely explained with two body decay of a scalar dark matter (ϕ̃_{DM} → γγ) by the dimension 6 operator suppressed with the mass of the grand unification scale (∼ 10^{16} GeV), L ⊃ |ϕ̃_{DM}|^2F_{μν} F^{μν} /M^2_{GUT}, in which the scalar dark matter ϕ̃_{DM} develops a TeV scale vacuum expectation value. We propose a viable model explaining the 130 GeV gamma-ray line.

PACS numbers:

Keywords: Fermi-LAT, Gamma-ray, Dark matter decay, Scalar dark matter, Dimension 6 operator

∗ email: bkyae@pusan.ac.kr † email: jcpark@kias.re.kr

A thermally produced weakly interacting massive particle (WIMP) would be the most promising dark matter (DM) candidate explaining 23 percent of the mass-energy density in the present universe [1]. It might be closely associated with a new physics at the electroweak (EW) energy scale beyond the standard model in particle physics. In this sense, the ongoing indirect DM searches, which cover the EW energy scales, are expected to provide a hint toward the fundamental theory in particle physics as well as in cosmology.

Recent tentative analyses [2–4] based on the data from the Fermi Large Area Telescope (Fermi-LAT) [5, 6] exhibited a sharp peak around 130 GeV in the gamma-ray spectrum coming from near the galactic center (GC). The authors pointed out the gammaray excess could be a result from DM annihilation to a photon pair.^1 Since DM should carry no electromagnetic charge,^2 the annihilation, χχ → γγ is possible only through radiative processes. If the sharp peak of the gamma-ray around 130 GeV really originates from DM annihilation, the annihilation cross section and the mass of DM would be ⟨σv⟩_{χχ→γγ} = (1.27 ± 0.32^{+0.18}_{−0.28}) × 10^{−27} cm^3/s (2.27 ± 0.57^{+0.32}_{−0.51} × 10^{−27} cm^3/s) and m_{DM} = 129.8 ± 2.4^{+7}_{−13} GeV, respectively, when the Einasto (NFW) DM profile employed [3]. It is almost one order of magnitude smaller than the total cross section for the thermal production of DM needed for explaining the present DM density (∼ 10^{−6} GeV/cm^3), which is about 3 × 10^{−26} cm^3/s [1]. Indeed, the cross section of order 10^{−27} cm/s is much larger than the expected estimation of one-loop suppressed processes, assuming a thermal relic DM [3].

On the other hand, at the tree level, DM may annihilate into other final states, e.g. W^+W^−, ZZ, bb, τ^+τ^−, μ^+μ^−, etc, which can produce secondary continuous γ-ray spectrum through hadronizations or final state radiations. Thus, one can derive the constraints on the DM annihilation cross sections for those channels from the Fermi-LAT γ-ray observation data. Current limits on those annihilation modes are at the level of O(10^{−26} − 10^{−25}) cm^3/s for m_{DM} ≈ 130 GeV. For more details, see Refs. [11–16]. Moreover, produced W and Z bosons can also lead to a sizable primary contribution to the antiproton flux measured by PAMELA [17], which provides another constraint of O(10^{−25}) cm^3/s on the DM annihilation into W^+W^− and ZZ [18, 19]. Consequently, any annihilating DM model to explain the 130 GeV γ-ray signal should also satisfy such limits.

Actually, the full one-loop calculations of the neutralino annihilation into two photons [20–22] show that the annihilation cross section of order 10^{−27} cm^3/s is impossible in the region of 20 GeV – 4 TeV DM mass in the minimal supersymmetric standard model (MSSM). In fact, the neutralino in the MSSM can be annihilated also into one photon plus one Z boson through one-loop induced processes, and this gamma-ray can cause the excess of the observed flux. Unlike the case of χχ → γγ, the emitted photon energy is estimated as

1 In Refs. [7, 8], it is argued that the gamma-ray line can be still explained with an astrophysical origin, associated with hard photons in the “Fermi bubble” regions.

2 The possibility that DM is a milli-charged particle has been studied in Refs. [9, 10]).

E_γ = m_{DM}(1 − m^2_Z /4m^2_{DM}) for χχ → γZ. From the 130 GeV photon energy, hence, the DM mass of 144 GeV is predicted. [If the Z boson is replaced by an unknown heavier gauge field X, the DM mass can be raised more.] Even in such a case, the cross section of χχ → γZ is just about 10^{−28} cm^3/s in the MSSM [22, 23], which is still smaller than 10^{−27} cm^3/s.

Renouncing the possibility of thermal production of the neutralino DM required to explain the observed DM relic density, the annihilation cross sections ⟨σv⟩_{χχ→γγ} and ⟨σv⟩_{χχ→γZ} can be of order 10^{−27} cm^3/s or even larger. In this case, however, the mass difference between the chargino and the neutralino should be of order 10 GeV or less [18, 24]. Moreover, such large neutralino annihilation cross sections for the one-loop suppressed processes are necessarily accompanied by much larger annihilation cross section into W^+W^− of order 10^{−25} cm^3/s or even larger [18]. As discussed above, the large annihilation cross section, ⟨σv⟩_{χχ→W} +_W − , is constrained by the current Fermi-LAT limits on continuum photon spectrum [12–16].

If the neutralino is wino- or higgsino-like, one might think that the cross section of χχ → γγ could be enhanced by nonperturbative effects, called “Sommerfeld effect.” It turns out, however, that the cross section ⟨σv⟩_{χχ→γγ} cannot reach 10^{−27} cm^3/s, unless the mass of the neutralino is of TeV or hundreds of GeV scales [25–27], which is exceedingly heavier than 130 GeV. In addition, the nonperturbative effects on heavy wino- or higgsinolike DM also enhance the annihilation cross sections into W^+W^− and ZZ, ⟨σv⟩_{χχ→W} +_W −_{/ZZ} [19, 25–27], which are inevitably constrained by the Fermi-LAT continuum photon limits [12–16] and the PAMELA antiproton flux limits [18, 19].

Thus, the 130 GeV gamma-ray is quite hard to explain with DM annihilation, if the framework is restricted within the MSSM: we need to consider a possibility of the presence of a new DM sector, introducing a new DM and its interactions with ordinary charged particles. The basic reason for the difficulty is the charged superparticles’ masses circulating in the loop cannot be light enough to enhance the cross section, because they should be heavier than the neutralino DM. Hence, if a new interaction coupling between a new DM and charged particles is introduced, which is larger enough than the weak coupling, we may obtain the required cross section ⟨σv⟩_{χχ→γγ} with relatively heavy (130 + a few×10 GeV) charged particles in the loop. Of course, the out-going interaction of the photons should be still given by the electromagnetic interaction. In order to reconcile the difference between the demanded cross sections for 130 GeV gamma-ray by DM annihilation and for the thermal relic DM, one may introduce two quite different interactions such that a photon annihilation interaction with ⟨σv⟩_{χχ→γγ} ∼ 2 × 10^{−27}cm^3/s is separated from the interaction explaining the thermal relic with ∑ ⟨σv⟩ ∼ 3 × 10^{−26}cm^3/s [28–30]. However, we will not pursue such an ambitious job in this Letter.

Instead, in this Letter we will discuss the possibility that the gamma-ray line at 130 GeV is explained by DM decay. By comparing the differential photon flux by DM decay (Φ_{dec}) with that by annihilation (Φ_{ann}) [31, 32],

dΦ_{dec} dE_γ dΩ = Γ 4π r_⊙ ( ρ_⊙ 2m_{DM} ) ∫ l.o.s. ds 1 r_⊙ ( ρ_{halo}(r) ρ_⊙ ) dN_{dec} dE_γ , dΦ_{ann} dE_γ dΩ = ⟨σv⟩ 8π r_⊙ ( ρ_⊙ m_{DM}

)_2 ∫ l.o.s. ds 1 r_⊙ ( ρ_{halo}(r) ρ_⊙ )_2 dN_{ann} dE_γ , (1)

one can estimate the decay rate Γ, needed for explaining the gamma-ray excess, where dN_{dec(ann)}/dE_γ is the differential photon energy spectrum, ρ_{halo}(r) is the DM halo density profile, ρ_⊙ ≈ 0.4 GeV cm^{−3} is the local DM halo density, r_⊙ ≈ 8.5 kpc is the distance from the GC to the Sun and ∫ l.o.s. ds is the integral along the line of sight (l.o.s.). The morphology of

the signal from DM decay is linearly proportional to the DM density profile, while that from DM annihilation has the density square dependence. Consequently, the decay case tends to show a less steep increase of the signal towards the GC compared with the annihilation case, although the morphology of the signal still has uncertainty by the DM halo density profile itself. In addition, for decaying DM more γ-ray flux is generically expected from the galactic halo compared to annihilating DM. However, the Fermi collaboration has observed no γ-ray excess from the galactic halo: it just reported the lower limits on the partial DM lifetime τ_{γν} [5]. Although the best-fit values for the lifetime are in tension with the limit from the Fermi collaboration, however, the required lifetime to explain the 130 GeV γ-ray signal marginally satisfies the experimental limit allowing 2σ level error bars [33]. Moreover, there still exist the large uncertainty of the DM distribution around the GC, and also large statistical and systematic uncertainties at the moment. To confirm which scenario explains the 130 GeV γ-ray line, more improvement in observation is therefore essential in the near future. In Ref. [34], it was shown that both of decaying and annihilating DM explanations similarly give good χ^2-fits for DM halo profiles more enhanced around the GC (with α > 1), compared to the original form of NFW profile (with α = 1).

In Eq. (1), we set the DM mass in the decay case as two times heavier than the annihilation case to obtain the same resulting gamma-ray fluxes around E_γ = 130 GeV. Thus, the decay rate leading to the same gamma-ray flux by the annihilation with ⟨σv⟩_{χχ→γγ} ∼ 2 × 10^{−27} cm^3/s is estimated as [5, 6]

Γ_{χ→γγ} ∼ 10^{−29} s^{−1}, (2)

by which the life time of DM becomes sufficiently longer than the age of the universe (∼ 10^{16} s). Note that the required annihilation cross section for χχ → Xγ is approximately twice of that for χχ → γγ; the required decay rate for χ → Xγ is also approximately twice of that for χ → γγ. If the gamma-ray excess should be explained by DM decay, the sharp peak of the gammaray would imply two body decay of the DM, since the three body decay would make the spectrum broad and the intensity much weaker. In the case of χ → γX, the emitted photon energy is estimated as E_γ = (1 − m^2_X /m^2_{DM})m_{DM}/2. For E_γ ≈ 130 GeV, thus, the required

DM mass is around m_{DM} ≈ 288 (1138) GeV for X = Z (1000 GeV), which is heavier than that in the annihilation case. Thus, in the decaying DM case the DM mass can be much heavier than 260 GeV, say upto O(TeV).

In Ref. [35], radiative DM decays to gamma-ray were extensively studied. For fermionic DM decay, the author considered the following renormalizable interactions:

− L_{eff} = ψ_{DM}γ^μ [ g^L_ψ P_L + g^R_ψ P_R ] lV_μ + Nγ^μ [ g^L_N P_L + g^R_N P_R ] lV_μ + ψ_{DM} [ y^L_ψ P_L + y^R_ψ P_R ] lΣ + N [ y^L_N P_L + y^R_N P_R ] lΣ + h.c., (3) where “g”s and “y”s denote the coupling constants, and P_{L,R} the projection operators. V_μ and Σ are superheavy vector and scalar fields with the masses m_V and m_Σ, respectively, which radiatively mediate DM decay. N and l indicate neutral and charged fermions, respectively. We suppose m_{DM} < 2m_l to disallow the three body decays of DM kinematically at tree level. Note that for producing the photons radiatively, the vector field V_μ (and also Σ) should carry an electromagnetic charge like the “X” or “Y ” gauge bosons in the SU(5) grand unified theory (GUT). The interactions of Eq. (3) yield the estimation of the life time for the fermionic DM ψ_{DM} [35]:

τ_{ψDM→γN} ≈ 1.7 × 10^{27} s 0.1 [ ∑ l(ηg^L_N g^L_ψ − g^R_N g^R_ψ )]^2 ( 260 GeV m_{ψDM} )_5 ( m_V 10^{14} GeV

)_4 , (4)

provided m_V ≪ m_Σ. Thus, the life time can be of order 10^{29} sec. e.g. for a charged gauge boson slightly heavier than 10^{14} GeV. In many GUT models, however, the mass of the heavy gauge bosons carrying electromagnetic charges should be well above a few times 10^{15} GeV for longevity of the proton [36]. Note that in the decaying DM case, as discussed above, the DM mass can be much heavier than 260 GeV. In Eq. (4), thus, m_V could be raised upto 10^{15} GeV scale for fermionic DM of TeV scale mass. However, it is not yet enough to reach the conventional SUSY GUT scale (≈ 2 × 10^{16} GeV). On the other hand, if m_V ≫ m_Σ, the life time of the fermionic DM becomes [35]

τ_{ψDM→γN} ≈ 5.9 × 10^{28} s 0.1 [ ∑ l(y^L_N y^L_ψ − ηy^R_N y^R_ψ )]^2 ( 260 GeV m_{ψDM} )_5 ( m_Σ 10^{14} GeV

)_4 . (5)

Thus, Σ with 10^{14} GeV mass still affects the gauge coupling unification, unless Σ composes an SU(5) multiplet with other fields.

One could also explore the possibility of a scalar DM decaying to two gammas. In that case, however, the resulting effective dimension five operator (ϕ_{DM}F_{μν} F^{μν} /M_∗) should be extremely suppressed for its life time of 10^{29} s [35]: the suppression factor (1/M_∗) should be much smaller than 1/M_P , where M_P denotes the reduced Planck mass (≈ 2.4 × 10^{18} GeV). Thus, let us consider the case that a scalar DM decays to two photons via the dimension six operator:

−L_{eff} = c_{eff} ϕ̃∗_{DM}ϕ̃_{DM} M^2_∗

F_{μν} F^{μν} , (6) where the scalar DM, ϕ̃_{DM} is assumed to develop a vacuum expectation value (VEV). With Eq. (6), the decay rate of ϕ̃_{DM} is estimated as Γ~_{ϕDM→γγ} ≈ c^2_{eff} 4π ( ⟨ϕ̃_{DM}⟩ M^2_∗

)_2 m^3_{ϕ̃DM}

≈ 0.85 × 10^{−29} s^{−1} ( c_{eff} ⟨ϕ̃_{DM}⟩ 200 GeV

)_2 ( 10^{16} GeV M_∗ )_4 ( m~_{ϕDM} 260 GeV

)_3 . (7)

Now we attempt to achieve this DM decay rate by constructing a simple supersymmetric (SUSY) model. The scalar DM, ϕ̃_{DM} can be regarded as the scalar component of a superfield Φ. In this Letter, we simply assume that ϕ̃_{DM} and also its fermionic superpartner Φ_{DM} are non-thermally produced. Let us consider the following superpotential:

W ⊃ κNΦ^2, (8)

where N and Φ are MSSM singlets, and κ is a dimensionless coupling constant. The R and hyper charges of the relevant superfields are presented in Table I. We suppose that waterfall fields, which are not explicitly specified here, decay eventually to the scalar and fermionic components of Φ through N: N^c → Φ_{DM}ϕ̃_{DM}, Ñ^∗ → Φ_{DM}Φ_{DM}, and Ñ^∗ → ϕ̃_{DM}ϕ̃_{DM} by the above κ coupling and the corresponding “A-term.” By the soft SUSY breaking A-term corresponding to the κ term in Eq. (8) and the soft mass terms in the scalar potential, ϕ̃_{DM} and Ñ can develop VEVs at the minimum: ⟨ϕ̃_{DM}⟩ ∼ ⟨Ñ⟩ ∼ m_{3/2} κ ∼ O(1) TeV. (9)

We assume that the mass of ϕ̃_{DM} determined by the soft terms is about 260 GeV. The A-term and the VEVs of ϕ̃_{DM} and Ñ (and also instanton effects) break U(1)_R completely. However, the above singlet fields are still hard to be coupled to the ordinary MSSM fields carrying non-negative integer R charges: since N and Φ carry positive fractional R charges, the ordinary R parity violating terms (and also the terms leading to the dimension 5 proton decay), which require the presence of a spurion field carrying the R charge of −1 (−2), should be extremely suppressed in this framework. As a result, such U(1)_R breaking leaves intact e.g. the proton stability.

Superfields N Φ X X^c Y Y^c U(1)_R 4/3 1/3 1 1 2/3 4/3 U(1)_Y [=U(1)_{em}] 0 0 q −q −q q

TABLE I: R and hyper charges of the superfields. The ordinary MSSM matter (Higgs) superfields including the Majorana neutrinos carry the unit (zero) R charges.

FIG. 1: Scalar dark matter decaying to two photons. By radiative mediations of the superheavy particles X and Y , the scalar dark matter component ϕ̃_{DM} can decay into two photons with the decay rate of O(10^{−29}) s^{−1}. Similar diagrams contributed by the virtual superheavy scalar partners of X, Y are also possible.

ϕ̃_{DM} cannot be absolutely stable in this scenario, because of the following additional terms in the superpotential:

W_{γγ} = λ_{γγ} ΦXY + M_X XX^c + M_Y Y Y^c, (10)

where M_X and M_Y are the mass parameters of the GUT scale (∼ M_{GUT} ≈ 10^{16} GeV). The U(1)_R and U(1)_Y charges of the superfields X^{(c)} and Y^{(c)} are presented in Table I. If the model is embedded in an ordinary GUT such as SU(5) and SO(10) GUTs, they should carry also SU(3)_c and/or SU(2)_L quantum numbers and be accompanied with other (colored) particles to compose proper irreducible representations and their conjugations of a GUT. On the other hand, if the gauge group is given by “flipped SU(5)” or just that of the standard model at the GUT scale, X^{(c)} and Y^{(c)} can still remain as singlet fields with q = ±1 without any other supplementary particles [37].

The DM component, ϕ̃_{DM} eventually decays into two photons with the desired decay rate. See Figure 1. The loop-suppression factor, which gives a small c_{eff} in Eq. (7), could be easily compensated by a relatively large VEV of ϕ̃_{DM} (∼ O(1) TeV), the coupling λ_{γγ} of order unity, and a proper choice of charge q such that Eq. (7) can be fulfilled without any serious fine-tuning. In a similar way, ϕ̃_{DM} can decay into γZ: one photon is replaced with Z in the diagram of Figure 1. For m~_{ϕDM} = 260 GeV, the energy of this single photon is given by

E_γ = m~_{ϕDM} 2 ( 1 − m^2_X m^2_{ϕ̃DM} ) ≈ 114 GeV . (11)

Considering the coupling difference and the reduced phase space factor, one can easily estimate relative decay rate: Γ~_{ϕDM→γZ} Γ~_{ϕDM→γγ} ≈ 0.26 . (12)

Since only one photon is produced by the decay mode ϕ̃_{DM} → γZ, the final photon flux is just 0.13 times of the 130 GeV gamma-ray flux. Thus, we predict another peak around E_γ = 114 GeV although the 114 GeV second peak is much less significant than the primary peak around 130 GeV.

On the other hand, the fermionic component of Φ, Φ_{DM} cannot decay via a dimension 5 operator: it is because Φ_{DM} can decay to a photon plus a neutral fermion through a dimension 5 operator only when a neutral fermion lighter than Φ_{DM} exists as seen in Eqs. (4) and (5). However, we do not have such a neutral fermion. Note that in general a fermionic DM cannot decay to only two photons via a dimension 6 operator.

Only with the interactions in Eq. (10) and the above field contents, other terms yielding a dimension 6 operator, e.g. Φ^3LH_u cannot be generated from the renormalizable superpotential. By introducing more fields, however, Φ^3LH_u might be induced, since the given symmetries admit it: its suppression mass parameter, which is determined by the masses of such additional fields, would be model-dependent. Even in that case, the expected signal ϕ̃^∗_{DM} → l^−H̃^+ (or νH̃^0) is kinematically constrained by the mass of the Higgsino: if the Higgsino is heavier than ϕ̃_{DM}, ϕ̃_{DM} can decay only to three or more particles, which is much suppressed if the suppression factor is of order M^2_{GUT} or heavier. The other possible decay channel ϕ̃^∗_{DM} → νΦ_{DM} might be detectable only in neutrino observatories such as Super-Kamiokande and IceCube. The current limits from the Super-Kamiokande data are τ_{DM} ≈ 10^{24−25} sec. [38], which is easily evaded if this decay mode originates from the dimension 6 operator Φ^3LH_u suppressed by at least M^2_{GUT}. In one year, the expected sensitivities of IceCube are around τ_{DM} ≈ 10^{26} sec. [38, 39]. Consequently, it is difficult to observe the neutrino signal from ϕ̃^∗_{DM} → νΦ_{DM} in near future. Of course, the bare superpotential can always contain Φ^3LH_u/M^2_P . However, the M^2_P suppression results in too weak expected signals.

If X and Y are accompanied with some other colored particles to be embedded in certain GUT multiplets, ϕ̃_{DM} can decay into two gluons, gg, through the similar diagram to that of Figure 1: two photons are replaced with two gluons. Then, these gluons can lead to a sizable primary contribution to the antiproton flux. Thus, this decay mode ϕ̃_{DM} → gg is constrained by the PAMELA antiproton flux data [17]. Even though the direct constraint on gg channel has not been studied yet and the antiproton flux constraints depend on the propagation models, we can estimate the limit as Γ^{−1}_{ϕ̃DM→gg} ≈ 10^{26−27} s from the limits on the W^+W^−, ZZ, hh, and qq channels [40].

In conclusion, we have confirmed that the recently noticed 130 GeV gamma-ray line based on the Fermi-LAT data is hard to explain with DM annihilations in the conventional MSSM framework. We raised the possibility that it originates from two body decay of a scalar DM (ϕ̃_{DM} → γγ) by a dimension 6 operator suppressed with the mass of the grand unification scale (L ⊃ |ϕ̃_{DM}|^2F_{μν} F^{μν} /M^2_{GUT}). The scalar DM needs to develop a VEV of TeV scale. We proposed a model realizing the possibility, in which superheavy particles with GUT scale masses radiatively mediate the DM decay.

Acknowledgments

This research is supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (Grant No. 2010-0009021), and also by Korea Institute for Advanced Study (KIAS) grant funded by the Korea government (MEST).

[1] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267 (1996) 195 [hep-ph/9506380];

C. Munoz, Int. J. Mod. Phys. A 19 (2004) 3093 [hep-ph/0309346]; G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005) [hep-ph/0404175].

[2] T. Bringmann, X. Huang, A. Ibarra, S. Vogl and C. Weniger, arXiv:1203.1312 [hep-ph]. [3] C. Weniger, arXiv:1204.2797 [hep-ph].

[4] E. Tempel, A. Hektor and M. Raidal, arXiv:1205.1045 [hep-ph]. [5] M. Ackermann et al. [LAT Collaboration], arXiv:1205.2739 [astro-ph.HE]. [6] A. A. Abdo, M. Ackermann, M. Ajello, W. B. Atwood, L. Baldini, J. Ballet, G. Barbiellini and D. Bastieri et al., Phys. Rev. Lett. 104 (2010) 091302 [arXiv:1001.4836 [astro-ph.HE]].

[7] M. Su, T. R. Slatyer and D. P. Finkbeiner, Astrophys. J. 724, 1044 (2010) [arXiv:1005.5480 [astro-ph.HE]].

[8] S. Profumo and T. Linden, arXiv:1204.6047 [astro-ph.HE].

[9] K. Cheung and T. -C. Yuan, JHEP 0703, 120 (2007) [hep-ph/0701107]; D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 75, 115001 (2007) [hep-ph/0702123 [HEP-PH]].

[10] J. -H. Huh, J. E. Kim, J. -C. Park and S. C. Park, Phys. Rev. D 77, 123503 (2008) [arXiv:0711.3528 [astro-ph]].

[11] A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev. Lett. 107, 241303 (2011) [arXiv:1108.2914 [astro-ph.CO]].

[12] M. Ackermann et al. [Fermi-LAT Collaboration], Phys. Rev. Lett. 107, 241302 (2011) [arXiv:1108.3546 [astro-ph.HE]].

[13] D. Hooper and T. Linden, Phys. Rev. D 84, 123005 (2011) [arXiv:1110.0006 [astro-ph.HE]]. [14] I. Cholis and P. Salucci, Phys. Rev. D 86, 023528 (2012) [arXiv:1203.2954 [astro-ph.HE]]. [15] T. Cohen, M. Lisanti, T. R. Slatyer and J. G. Wacker, JHEP 1210, 134 (2012) [arXiv:1207.0800 [hep-ph]].

[16] D. Hooper, C. Kelso and F. S. Queiroz, arXiv:1209.3015 [astro-ph.HE]. [17] O. Adriani, G. C. Barbarino, G. A. Bazilevskaya, R. Bellotti, M. Boezio, E. A. Bogomolov, L. Bonechi and M. Bongi et al., Phys. Rev. Lett. 102, 051101 (2009) [arXiv:0810.4994

[astro-ph]]; O. Adriani et al. [PAMELA Collaboration], Phys. Rev. Lett. 105, 121101 (2010) [arXiv:1007.0821 [astro-ph.HE]].

[18] G. Belanger, C. Boehm, M. Cirelli, J. Da Silva and A. Pukhov, arXiv:1208.5009 [hep-ph]. [19] E. J. Chun, J. -C. Park and S. Scopel, JCAP 1212, 022 (2012) [arXiv:1210.6104 [astro-ph.CO]]. [20] L. Bergstrom and P. Ullio, Nucl. Phys. B 504 (1997) 27 [hep-ph/9706232]. [21] Z. Bern, P. Gondolo and M. Perelstein, Phys. Lett. B 411 (1997) 86 [hep-ph/9706538]. [22] L. Bergstrom, P. Ullio and J. H. Buckley, Astropart. Phys. 9 (1998) 137 [astro-ph/9712318]. [23] P. Ullio and L. Bergstrom, Phys. Rev. D 57 (1998) 1962 [hep-ph/9707333]. [24] J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. D 67 (2003) 075014 [hep-ph/0212022]. [25] J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92 (2004) 031303 [hep-ph/0307216]; J. Hisano, S. .Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71 (2005) 063528 [hep-ph/0412403].

[26] M. Cirelli, A. Strumia and M. Tamburini, Nucl. Phys. B 787 (2007) 152 [arXiv:0706.4071 [hep-ph]].

[27] A. Hryczuk and R. Iengo, JHEP 1201, 163 (2012) [Erratum-ibid. 1206, 137 (2012)] [arXiv:1111.2916 [hep-ph]].

[28] E. Dudas, Y. Mambrini, S. Pokorski and A. Romagnoni, arXiv:1205.1520 [hep-ph]. [29] J. M. Cline, arXiv:1205.2688 [hep-ph]. [30] K. Y. Choi and O. Seto, arXiv:1205.3276 [hep-ph].

[31] M. Cirelli, P. Panci and P. D. Serpico, Nucl. Phys. B 840 (2010) 284 [arXiv:0912.0663 [astroph.CO]].

[32] S. Palomares-Ruiz and J. M. Siegal-Gaskins, JCAP 1007 (2010) 023 [arXiv:1003.1142 [astroph.CO]].

[33] W. Buchmuller and M. Garny, JCAP 1208, 035 (2012) [arXiv:1206.7056 [hep-ph]]. [34] J. -C. Park and S. C. Park, Phys. Lett. B 718, 1401 (2013) [arXiv:1207.4981 [hep-ph]]. [35] M. Garny, A. Ibarra, D. Tran and C. Weniger, JCAP 1101 (2011) 032 [arXiv:1011.3786 [hep-ph]].

[36] For a recent review, see P. Nath and P. Fileviez Perez, Phys. Rept. 441 (2007) 191 [hep-ph/0601023].

[37] S. M. Barr, Phys. Lett. B 112 (1982) 219; J. P. Derendinger, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 139 (1984) 170. See also B. Kyae and Q. Shafi, Phys. Lett. B 635 (2006) 247 [hep-ph/0510105]; J. E. Kim and B. Kyae, Nucl. Phys. B 770 (2007) 47 [arXiv:hep-th/0608086].

[38] L. Covi, M. Grefe, A. Ibarra and D. Tran, JCAP 1004, 017 (2010) [arXiv:0912.3521 [hep-ph]]. [39] F. -F. Lee, G. -L. Lin and Y. -L. S. Tsai, arXiv:1209.6226 [hep-ph]. [40] M. Garny, A. Ibarra and D. Tran, JCAP 1208, 025 (2012) [arXiv:1205.6783 [hep-ph]].