arXiv:1105.3730v3 [hep-ph] 17 Nov 2011

Pangenesis in a Baryon-Symmetric Universe: Dark and Visible Matter via the Affleck-Dine Mechanism.

Nicole F. Bell,^1 Kalliopi Petraki,^{1, ∗} Ian M. Shoemaker,^2 and Raymond R. Volkas^1 1ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, The University of Melbourne, Victoria 3010, Australia 2Theoretical Division T-2, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The similarity of the visible and dark matter abundances indicates that they may originate via the same mechanism. If both the dark and the visible matter are charged under a generalized baryon number which remains always conserved, then the asymmetry of the visible sector may be compensated by an asymmetry in the dark sector. We show how the separation of baryonic and antibaryonic charge can originate in the vacuum, via the Affleck-Dine mechanism, due to the breaking of a symmetry orthogonal to the baryon number. Symmetry restoration in the current epoch guarantees the individual stability of the two sectors.

PACS numbers: 98.80.Cq, 95.35.+d, 12.60.Jv, 11.30.Fs, 11.30.Qc

I. INTRODUCTION

The energy content of our universe today is a fossil of the processes that took place at its early stages. About 5% of our universe consists of visible matter, while 23% consists of dark matter (DM). The relic abundance of either of these components requires physics beyond what has currently been established.

The density of visible matter today is determined by a baryon asymmetry, an excess of particles over antiparticles, that was established in the early universe. It may be quantified by the current baryon-to-entropy ratio η(B) ≡ [n(B) − n(B̄)]/s ≃ 10^{−10}. This asymmetry persists because the (unknown) baryon number violating processes that gave rise to it have become ineffective in the low-energy late universe.

It is possible that the DM density today is also determined by a DM particle/antiparticle asymmetry. Indeed, the similar densities of the visible and the dark matter suggest a common origin. If the abundances resulted from unrelated mechanisms, they would depend on different parameters, and be expected, generically, to vary greatly. In this paper, we outline a new mechanism which relates the relic densities of the two matter components of the universe. We shall thus call it pangenesis^1. In this mechanism, the two sectors are charged under a generalisation of baryon number, which remains conserved, while they develop compensating asymmetries. The possibility of a baryon-symmetric universe has been studied in Refs. [1–13]. Here we employ a different technique, the Affleck-Dine (AD) mechanism [14, 15], for the separation of the baryon–antibaryon number, which befits a different cosmology.

The separation of baryon and antibaryon number into two sectors necessitates a particular symmetry structure.

∗ Corresponding author, kpetraki@unimelb.edu.au 1 From Greek “παν” = all and “γϵ́νϵσις” = birth, here meaning the origin of all matter.

Each sector is stabilised at low energies by an unbroken abelian symmetry: this can be the anomaly-free (B −L)_1 for the visible sector, and B_2 for the dark-sector. We define the linearly independent charges B − L and X B − L ≡ (B − L)_1 − B_2, X ≡ (B − L)_1 + B_2, (1) with symmetry generators T_{B−L} , T_X respectively. B − L remains always conserved, while X breaks at some highenergy scale. If the X-violating interactions occur out of thermal equilibrium and while CP violation is in effect, a net X charge will be created. A non-zero X and a vanishing B − L allots a net charge

η ((B − L)_1) = η (B_2) = η (X) /2 (2)

to the two sectors, thus relating the number densities of the visible baryonic and dark antibaryonic matter (provided that any fields carrying both (B −L)_1 and B_2 have negligible relic density, due to e.g. decay, or thermal suppression). In the scenario we present here, a net X number arises via the AD mechanism.

In the AD mechanism, the oscillations of a scalar condensate can give rise to coherent production of a net charge if a symmetry is explicitly broken. This process is not coupled to the thermal history of the universe, and can successfully generate an asymmetry even if the energy scale of the symmetry violation was never accessible by the thermal bath. Condensates arise quite generically in cosmological models, and in particular in the context of supersymmetry, which is a leading candidate for physics beyond the standard model (SM). The AD scenario is thus regarded as one of the most plausible asymmetrygeneration mechanisms [16, 17]. Here we show how in extensions of the minimal supersymmetric standard model (MSSM), it can separate the baryonic and antibaryonic charge.

Other scenarios in which both the dark and the visible matter arise via the AD mechanism have been studied in Refs. [18–28]. Models in which the DM shares the asymmetry of the visible matter have also been developed in

2 Φ1 Φ2 Φ0 Φ̂1 Φ̂2 Φ̂0 (B − L)1 1 0 -1 -1 0 1 B2 0 1 -1 0 -1 1 B − L 1 -1 0 -1 1 0 X 1 1 -2 -1 -1 2

Table I. Baryoleptonic charge assignments.

Refs. [29–71]. They differ from pangenesis in the symmetry structure and/or the asymmetry-generation mechanism.

II. THE MECHANISM

The effectiveness of the AD mechanism relies on the existence of flat directions (FDs) in the scalar potential [14– 17]. The continuous degeneracy of the vacuum along a FD allows the scalar field to pick up a large vacuum expectation value (VEV) in the early universe. A large VEV amplifies the effect of small symmetry-violating terms that arise at higher orders along the FD, and can lead to an appreciable asymmetry generation. FDs occur generically in susy models.

Pangenesis occurs along FDs with D_{B−L} ≡ ϕ^†T_{B−L} ϕ = 0 and D_X ≡ ϕ^†T_X ϕ ≠ 0, where ϕ parametrizes the FD. In models with gauged B − L and low-scale B − L breaking, the vanishing of D_{B−L} is warranted by D-flatness. If B − L is not gauged, explicit (B − L)-breaking is generically expected by non-renormalisable operators. However, such terms are inoperative along directions which do not carry B − L, or directions which break B − L spontaneously while maintaining D_{B−L} = 0. Pangenesis can still be realized along such directions. Here, we will present in some detail the pangenesis mechanism along field directions with T_{B−L} ϕ = 0 and D_X ≠ 0. We shall explore the other possibilities elsewhere.

III. A MODEL OF PANGENESIS

We introduce three SM gauge-singlet chiral superfields, Φ_j = (ϕ_j , ψ_j , F_j ) where j = 0, 1, 2, and their vectorlike partners Φ̂_j = (ϕ̂_j , ψ̂_j , F̂_j ), with the baryonic charge assignments presented in Table I. At the renormalizable level, we require that both B − L and X are conserved. The superpotential terms involving the new fields are

δW_r = κΦ_0Φ_1Φ_2 + κ̂Φ̂_0Φ̂_1Φ̂_2 + 2∑ j=0 μ_j Φ_jΦ̂_j . (3)

The scalar components ϕ_j , ϕ̂^∗_j for each j mass-mix (due to susy-breaking mass contributions) to produce six complex scalar mass eigenstates. The fermionic components form three Dirac fermions Ψ^T_j = ( ψ_{j α}, ψ̂^{†α̇}_j ) of mass μ_j .

The Φ_1, Φ̂_1 supermultiplets have (B − L)_1 ≠ 0, B_2 = 0, belong to the visible sector and couple to the MSSM. Φ_2, Φ̂_2 have (B −L)_1 = 0, B_2 ≠ 0, and belong to the dark sector. Φ_0, Φ̂_0 are connector fields, carrying both (B−L)_1 and B_2. Conservation of B − L and X forbids renormalizable couplings of Φ_0, Φ̂_0 to either sector. We discuss the visible and dark sector couplings in Secs. III A, III B. The masses are such that Φ_0, Φ̂_0 decay into visible and dark sector fields, Φ_1, Φ̂_1 decay into MSSM particles, and Φ_2, Φ̂_2 possibly decay into other dark-sector particles.

The directions in the scalar potential parametrized by ϕ_0 and ϕ̂_0 (with ϕ_{1,2} = ϕ̂_{1,2} = 0) are flat, up to terms of positive mass dimension. Such terms are also generated by susy breaking, and do not destroy the flatness of the potential, since they are suppressed by factors of the mass parameter over the field VEV, where the latter can be quite large in the early universe. The ϕ_0, ϕ̂_0 directions carry X number. In pangenesis, a ϕ_0, ϕ̂_0 condensate results from a 2nd-order phase transition in the early universe, and develops a net X-charge due to X-violating terms suppressed by a large scale. The subsequent Xconserving decay or evaporation of the condensate transfers the X charge into the visible and dark sectors, each of which acquires a baryonic asymmetry as per Eq. (2).

Since Φ_0, Φ̂_0 do not have renormalizable couplings to the MSSM fields, the MSSM flat directions can in principle be operational simultaneously. If AD baryogenesis were implemented successfully along a (B − L)_1-charged FD of the MSSM, the correlation between the visible and dark sector asymmetries would be destroyed. Gauging B − L precludes this possibility. Alternatively, assuming minimal Kähler potential for the MSSM fields prevents the latter from acquiring large VEVs.

The potential arising from Eq. (3) has two more pairs of FDs, parametrized by ϕ_1, ϕ̂_1 and by ϕ_2, ϕ̂_2. These FDs cannot be operational simultaneously with ϕ_0, ϕ̂_0 due to the F-terms in the superpotential. The singling out of the ϕ_0, ϕ̂_0 FDs in the early universe can be similarly argued on the basis of choosing a minimal Kähler potential along the ϕ_1, ϕ̂_1, ϕ_2, ϕ̂_2 directions, and/or gauging B − L.

The FDs of susy models are typically lifted by nonrenormalizable terms in the superpotential, and by susy breaking. At the non-renormalizable level, we impose no global symmetries. The superpotential terms which contribute to lowest order across the ϕ_0, ϕ̂_0 plane, are

δW_{nr} ⊃ 1 M Φ_j Φ^k_0Φ̂^{3−k}_0 , 1 M Φ̂_j Φ^k_0Φ̂^{3−k}_0 (4)

with j = 0, 1, 2 and k = 0, 1, 2, 3. M is the scale of new physics, usually assumed to be close to or at the Planck scale. Equation (4) includes X-violating contributions. Susy breaking is expected to arise from the hidden sector, and due to the finite energy density of the universe. Including susy and susy-breaking terms, the scalar potential on the ϕ_0, ϕ̂_0 flat manifold is

V_{AD} = [ m^2_0(T ) − cH^2 ] |ϕ_0|^2 + [ m̂^2_0(T ) − ĉH^2 ] |ϕ̂_0|^2

+b ~mμ_0ϕ_0ϕ̂_0 + μ_0 M 3∑ k=0 ( ζ_kϕ_0 + ζ̂_kϕ̂_0 ) ϕ^{∗k}_0 ϕ̂^{∗3−k}_0

+ 4∑ k=0 (A_k ~m + a_kH + f_kH^2/M)λ_k M ϕ^k_0ϕ̂^{4−k}_0

+ 3∑ k=0 3−k∑ l=0 λ^2_{kl} M^2 ( ϕ^∗_0ϕ̂_0 )_{3−k−l} |ϕ_0|^{2k}|ϕ̂_0|^{2l} + c.c.,

(5)

where H is the Hubble constant.

In the above, m^2_0(T ) ≃ μ^2_0 + ~m^2 + κ^2T^2, and similarly for m̂^2_0(T ). The hidden-sector susy breaking generates the ~m terms. The thermal masses arise from the Yukawa couplings (see Eq. (3)) with the dilute thermal bath of temperature T ≈ [ T^2_RH(t)M_P ]_{1/4} , present after inflation but before reheating is completed at temperature T_R. Moreover, the vacuum energy density induces masssquared contributions for ϕ_0, ϕ̂_0 which can be negative, of order −cH^2 with c ∼ O(1), if the coupling of the scalars to the inflaton is non-minimal. The negative mass terms dominate in the early universe, and ensure that the fields along the FDs acquire large VEVs.

The susy-breaking A-terms induced by the hidden sector and the vacuum energy density are of order A ~m δW_{nr} and (aH + fH^2/M) δW_{nr} respectively, where A, a, f are complex coefficients of O(1). These terms are typically responsible for the generation of a net charge in the condensate. They violate explicitly the U(1) symmetry (here, the X number) carried by the condensate fields at low energies. The phase differences between the various contributions are sources of CP violation.

The sextic terms of Eq.(5) result from the nonrenormalizable terms in Eq.(4), and stabilize the potential at high VEVs. They have relative phases, which can induce CP violation, even immediately after inflation. This is typical in the multifield AD mechanism, and can enhance the asymmetry generated in the condensate [72–74], which may be otherwise suppressed by thermal effects [75–77].

Following previous analyses [72, 73], we estimate the X-charge-to-entropy ratio generated

η(X) ∼ 10^{−10} ( sin δ λ ) ( T_R 10^9 GeV ) M M_P , (6)

where δ is the effective CP-violating phase, and λ stands for the scale of the smallest coupling in Eq. (5). This asymmetry is generated during inflaton oscillations, when the energy density of the universe redshifts as R^{−3}. The AD condensate also oscillates coherently, and redshifts at the same rate. η(X) will remain frozen, if the condensate does not decay or evaporate into radiation before reheating.

Evaporation occurs due to elastic scattering of relativistic particles off the condensate. The scattering cross section for each scalar ϕ_j , ϕ̂_j is σ_s = κ^4/32πm_0E_j , where we took κ̂ ∼ κ. The mass m_0 of ϕ_0, ϕ̂_0 is dominated by the thermal contribution ∝ κT till quite later after reheating. The scattering of fermions on the condensate is subdominant. The condensate does not evaporate before reheating if κ, κ̂ < 10^{−2} ( T_R/10^9 GeV )_{1/3} . The ϕ_0, ϕ̂_0 particles decay, partitioning X into the two sectors. The decay is dominantly into fermions, with rate Γ_0 ≃ κ^2m_0/16π. This places their decay temperature, T_0 ≈ 10^6 GeV ( κ/10^{−3} ) (m_0/1 TeV)^{1/2}, comfortably after reheating and before the freeze-out of sphaleron transitions. The latter is important if the condensate couples to the MSSM fields only leptonically, as we shall see is the case with the model presented here. The AD condensate may also fragment into Q-balls [18]. While their formation and stability is model dependent, any Q-balls formed can be arranged to decay before the sphaleron and the LSP freeze-out by choosing μ_0 (which increases the curvature of the potential along the FDs) to be sufficiently large.

The Ψ_0 fermions are R-parity odd particles. If μ_0 is of the order of the susy-breaking masses or higher, they can decay at rate Γ(Ψ_0) ≃ κ^2μ_0/4π, before the sphaleron freeze-out. For lower values of μ_0, the Ψ_0 fermions can decay provided that R-parity is broken (see Sec. III B).

A. The visible sector

The only gauge-invariant renormalizable coupling of Φ_1, Φ̂_1 to MSSM fields is

δW_1 = y_1Φ_1LH_u. (7)

Φ_1 couples as a right-handed neutrino superfield, but one linear combination of ν and Ψ_1 remains massless. After the electroweak phase transition, the mixing of Ψ_1 with ν is θ^2_ν ≈ y^2_1 v^2/2μ^2_1, which complies with the experimental bounds, currently standing at θ^2_ν ≲ 10^{−4} for masses of a few GeV or higher [78], if y_1 < 10^{−3} (μ_1/10 GeV).

The Φ_1 fields communicate the (B −L)_1 asymmetry to the MSSM, as a net lepton number. Sphalerons reprocess the latter into a baryon number B_1 = α(B − L)_1, with α ≈ 0.3, provided that the Φ_1 components decay into or equilibrate with the visible sector before the sphaleron freeze-out. The ϕ_1, ϕ̂_1 scalars, and also the Ψ_1 fermion for μ_1 ≳ ~m, decay in time if y_1 ≳ 10^{−7}. In addition, the Ψ_1 particles thermalize for y_1 ≳ 10^{−7} (μ_1/10 GeV)^{1/2} [78].

B. The dark sector

Equation (2) relates the relic number densities of the visible and the dark sectors only if the symmetric part of DM is efficiently annihilated. If DM thermalizes, the DM annihilation cross section needs to exceed the canonical value for symmetric thermal DM by a factor of a few [69].

The prospects for annihilation into SM states are thus severely limited, as such an interaction would have to be comparable or stronger than the weak force [79, 80]. In particular, a gauged B − L cannot efficiently annihilate the symmetric part of DM.

This suggests the existence of a dark interaction that compels DM to annihilate primarily into dark-sector radiation. Constraints on the relativistic energy density present at the time of big-bang nucleosynthesis are satisfied if the dark sector decouples early and evolves at a lower temperature than the visible sector, due to larger entropy release and reheating in the latter.

If the annihilation of DM proceeds via a dark Yukawa coupling, then DM need not carry any gauge charges, and can simply be the Ψ_2 fermion. If the DM annihilates via a vector interaction, though, some other B_2-charged particle has to play the role of DM. In either case, the minimal extension of the MSSM described by Eqs. (3) and (7) has to be further augmented to accommodate the above. Here we do not introduce any specific darksector couplings, as the possibilities are unlimited. We will only make some model-independent remarks.

The prediction of the DM mass is generic in models in which the asymmetric part dominates. In pangenesis

m_{DM} = q_{DM}

Ω_{DM} Ω_{VM} η(B_1) η(B_2) m_p ∼ 5 GeV, (8)

where Ω_{DM} ≃0.23 and Ω_{VM} ≃0.046 [81]. The above value can vary by a factor of a few in different implementations of the mechanism. This depends on the B_2 charge of the DM particles, q_{DM} , on whether the baryonic asymmetry is inherited to the MSSM fields before or after the sphaleron freeze-out, and possibly on similar dark-sector effects.

In the context of pangenesis, the LSP, the generic susy DM candidate, can be rendered unstable by breaking Rparity while maintaining baryon triality to ensure proton stability. Even in the presence of R-parity, pangenesis can be considered complementary to models in which the LSP is mostly higgsino or wino and its thermal relic density is not sufficient to account for the entirety of DM. This may also be the case if the LSP belongs to the dark sector, annihilates sufficiently strongly via a dark force and/or is sufficiently light.

IV. DIRECT DETECTION OF DARK MATTER AND COLLIDER SIGNALS

Models with gauged B −L provide enhanced prospects for DM direct detection and collider signals. The spinindependent scattering cross section of B_2-charged DM, per nucleon, via Z^′_{B−L} exchange, can be as high as σ^{SI}_{B−L}≈ ( 3 × 10^{−44} cm^2 ) q^2_{DM} ( g_{B−L} 0.1 )_4( 0.7 TeV M_{B−L} )_4 , (9)

where q_{DM} ∼ O(1), g_{B−L} is the gauge coupling and M_{B−L} the mass of Z^′_{B−L} , and we used m_{DM} = 5 GeV.

Collider experiments can probe the existence of a Z^′_{B−L} gauge boson. If its invisible decay width exceeds what can be accounted for by neutrinos, such a discovery would point towards a (B − L)-charged dark sector.

If the symmetric part of DM annihilates via a dark abelian force, the possible kinetic mixing with the SM hypercharge, −(ϵ/2)F^{μν}_Y F^′_{D μν} , provides a DM direct detection channel. For efficient annihilation, the dark U(1)^′_D coupling has to be sufficiently large: if DM is lighter than the Z^′_D boson, then g^2_D /M^2_D > 10^{−4} GeV^{−2}(5GeV/m_{DM}); if DM is heavier than the Z^′_D boson, then g_D > 0.1(m_{DM}/5 GeV)^{1/2} [69]. The kinetic mixing is constrained to be roughly ϵ ≲ 10^{−3} for M_D ≳ 0.1 GeV [82]. The spin-independent scattering cross section per nucleon, via Z^′_D exchange, is

σ^{SI}_D ≈ ( 10^{−40} cm^2 ) ( ϵ 10^{−4}

)_2 ( g_D 0.1 )_2 ( 1 GeV M_D )_4 . (10)

This can account for the light DM regions favored by DAMA and CoGeNT [83, 84]. However, the above estimate can vary by several orders, and comfortably satisfy constraints from XENON100 [85] and CRESST [86].

The kinetic mixing of a U(1)^′_D dark force with U(1)_Y can be probed in current fixed target experiments [82].

V. CONCLUSIONS

The mechanism of pangenesis employs the Affleck-Dine scenario to explain the observed similarities of the visible and dark matter densities in the context of a universe with a generalized B or B − L number equal to zero. We examined one explicit realization, but expect many variations to be possible. Besides supersymmetry, which is typically necessary for the AD mechanism, evidence in favor of pangenesis would include a DM particle of mass O(10) GeV (already favored by DAMA and CoGeNT), and the likely existence of a Z^′ boson coupling to standard B − L in the visible sector but with an invisible width driven by decays into dark sector species. The necessity to annihilate the symmetric part of the DM also motivates the presence of a dark U(1)^′ gauge interaction that kinetically mixes with the SM hypercharge. Both the B − L and the dark U(1)^′ gauge forces enhance the prospects for DM direct detection.

ACKNOWLEDGEMENTS

We thank Alex Kusenko for reading the manuscript and for useful comments. We also thank Robert Foot, Michael Graesser, Archil Kobakhidze, Nick Setzer and Luca Vecchi for helpful discussions. This work was supported, in part, by the Australian Research Council.

[1] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 64, 340 (1990).

[2] S. Dodelson and L. M. Widrow, Phys. Rev. D42, 326 (1990).

[3] S. Dodelson and L. M. Widrow, Mod. Phys. Lett. A5, 1623 (1990).

[4] V. A. Kuzmin, Phys. Part. Nucl. 29, 257 (1998), arXiv:hep-ph/9701269.

[5] D. H. Oaknin and A. Zhitnitsky, Phys.Rev. D71, 023519 (2005), arXiv:hep-ph/0309086 [hep-ph].

[6] R. Kitano and I. Low, Phys. Rev. D71, 023510 (2005), arXiv:hep-ph/0411133.

[7] K. Agashe and G. Servant, JCAP 0502, 002 (2005), arXiv:hep-ph/0411254.

[8] G. R. Farrar and G. Zaharijas, Phys. Rev. Lett. 96, 041302 (2006), arXiv:hep-ph/0510079.

[9] P.-H. Gu, Phys.Lett. B657, 103 (2007), arXiv:0706.1946 [hep-ph].

[10] P.-H. Gu, U. Sarkar, and X. Zhang, Phys. Rev. D80, 076003 (2009), arXiv:0906.3103 [hep-ph].

[11] H. An, S.-L. Chen, R. N. Mohapatra, and Y. Zhang, JHEP 03, 124 (2010), arXiv:0911.4463 [hep-ph].

[12] H. Davoudiasl, D. E. Morrissey, K. Sigurdson, and S. Tulin, Phys. Rev. Lett. 105, 211304 (2010), arXiv:1008.2399 [hep-ph].

[13] P.-H. Gu, M. Lindner, U. Sarkar, and X. Zhang, (2010), arXiv:1009.2690 [hep-ph].

[14] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985). [15] M. Dine, L. Randall, and S. D. Thomas, Nucl. Phys.

B458, 291 (1996), arXiv:hep-ph/9507453.

[16] M. Dine and A. Kusenko, Rev. Mod. Phys. 76, 1 (2004), arXiv:hep-ph/0303065.

[17] K. Enqvist and A. Mazumdar, Phys. Rept. 380, 99 (2003), arXiv:hep-ph/0209244.

[18] A. Kusenko and M. E. Shaposhnikov, Phys. Lett. B418, 46 (1998), arXiv:hep-ph/9709492.

[19] S. D. Thomas, Phys. Lett. B356, 256 (1995), arXiv:hepph/9506274.

[20] K. Enqvist and J. McDonald, Nucl. Phys. B538, 321 (1999), arXiv:hep-ph/9803380.

[21] M. Fujii and K. Hamaguchi, Phys. Rev. D66, 083501 (2002), arXiv:hep-ph/0205044.

[22] M. Fujii and T. Yanagida, Phys. Lett. B542, 80 (2002), arXiv:hep-ph/0206066.

[23] L. Roszkowski and O. Seto, Phys. Rev. Lett. 98, 161304 (2007), arXiv:hep-ph/0608013.

[24] J. McDonald, JCAP 0701, 001 (2007), arXiv:hepph/0609126.

[25] R. Kitano, H. Murayama, and M. Ratz, Phys. Lett.

B669, 145 (2008), arXiv:0807.4313 [hep-ph].

[26] I. M. Shoemaker and A. Kusenko, Phys. Rev. D80, 075021 (2009), arXiv:0909.3334 [hep-ph].

[27] H. Higashi, T. Ishima, and D. Suematsu, Int. J. Mod.

Phys. A26, 995 (2011), arXiv:1101.2704 [hep-ph]. [28] F. Doddato and J. McDonald, JCAP 1106, 008 (2011), arXiv:1101.5328 [hep-ph].

[29] S. Nussinov, Phys. Lett. B165, 55 (1985). [30] S. M. Barr, R. S. Chivukula, and E. Farhi, Phys. Lett.

B241, 387 (1990).

[31] S. M. Barr, Phys. Rev. D44, 3062 (1991). [32] D. B. Kaplan, Phys. Rev. Lett. 68, 741 (1992).

[33] Z. Berezhiani, D. Comelli, and F. L. Villante, Phys.Lett.

B503, 362 (2001), arXiv:hep-ph/0008105 [hep-ph]. [34] R. Foot and R. R. Volkas, Phys. Rev. D68, 021304 (2003), arXiv:hep-ph/0304261.

[35] R. Foot and R. R. Volkas, Phys. Rev. D69, 123510 (2004), arXiv:hep-ph/0402267.

[36] D. Hooper, J. March-Russell, and S. M. West, Phys.

Lett. B605, 228 (2005), arXiv:hep-ph/0410114. [37] N. Cosme, L. Lopez Honorez, and M. H. G. Tytgat, Phys. Rev. D72, 043505 (2005), arXiv:hep-ph/0506320.

[38] D. Suematsu, Astropart. Phys. 24, 511 (2006), arXiv:hep-ph/0510251.

[39] D. Suematsu, JCAP 0601, 026 (2006), arXiv:astroph/0511742.

[40] S. B. Gudnason, C. Kouvaris, and F. Sannino, Phys.

Rev. D73, 115003 (2006), arXiv:hep-ph/0603014. [41] S. B. Gudnason, C. Kouvaris, and F. Sannino, Phys.

Rev. D74, 095008 (2006), arXiv:hep-ph/0608055. [42] T. Banks, S. Echols, and J. L. Jones, JHEP 11, 046 (2006), arXiv:hep-ph/0608104.

[43] B. Dutta and J. Kumar, Phys.Lett. B643, 284 (2006), arXiv:hep-th/0608188 [hep-th].

[44] Z. Berezhiani, Eur.Phys.J.ST 163, 271 (2008). [45] M. Y. Khlopov and C. Kouvaris, Phys.Rev. D78, 065040 (2008), arXiv:0806.1191 [astro-ph].

[46] T. A. Ryttov and F. Sannino, Phys.Rev. D78, 115010 (2008), arXiv:0809.0713 [hep-ph].

[47] R. Foadi, M. T. Frandsen, and F. Sannino, Phys.Rev.

D80, 037702 (2009), arXiv:0812.3406 [hep-ph]. [48] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Phys. Rev.

D79, 115016 (2009), arXiv:0901.4117 [hep-ph]. [49] G. D. Kribs, T. S. Roy, J. Terning, and K. M. Zurek, Phys. Rev. D81, 095001 (2010), arXiv:0909.2034 [hepph].

[50] T. Cohen and K. M. Zurek, Phys. Rev. Lett. 104, 101301 (2010), arXiv:0909.2035 [hep-ph].

[51] Y. Cai, M. A. Luty, and D. E. Kaplan, (2009), arXiv:0909.5499 [hep-ph].

[52] M. T. Frandsen and F. Sannino, Phys.Rev. D81, 097704 (2010), arXiv:0911.1570 [hep-ph].

[53] P.-H. Gu, Phys. Rev. D81, 095002 (2010), arXiv:1001.1341 [hep-ph].

[54] T. R. Dulaney, P. Fileviez Perez, and M. B. Wise, Phys.

Rev. D83, 023520 (2011), arXiv:1005.0617 [hep-ph]. [55] T. Cohen, D. J. Phalen, A. Pierce, and K. M. Zurek, Phys. Rev. D82, 056001 (2010), arXiv:1005.1655 [hepph].

[56] J. Shelton and K. M. Zurek, Phys. Rev. D82, 123512 (2010), arXiv:1008.1997 [hep-ph].

[57] N. Haba and S. Matsumoto, Prog. Theor. Phys. 125, 1311 (2011), arXiv:1008.2487 [hep-ph].

[58] M. R. Buckley and L. Randall, JHEP 1109, 009 (2011), arXiv:1009.0270 [hep-ph].

[59] E. J. Chun, Phys. Rev. D83, 053004 (2011), arXiv:1009.0983 [hep-ph].

[60] M. Blennow, B. Dasgupta, E. Fernandez-Martinez, and N. Rius, JHEP 03, 014 (2011), arXiv:1009.3159 [hep-ph].

[61] J. McDonald, (2010), arXiv:1009.3227 [hep-ph]. [62] L. J. Hall, J. March-Russell, and S. M. West, (2010), arXiv:1010.0245 [hep-ph].

[63] R. Allahverdi, B. Dutta, and K. Sinha, Phys. Rev. D83, 083502 (2011), arXiv:1011.1286 [hep-ph].

[64] B. Dutta and J. Kumar, Phys.Lett. B699, 364 (2011), arXiv:1012.1341 [hep-ph].

[65] A. Falkowski, J. T. Ruderman, and T. Volansky, (2011), arXiv:1101.4936 [hep-ph].

[66] N. Haba, S. Matsumoto, and R. Sato, (2011), arXiv:1101.5679 [hep-ph].

[67] E. J. Chun, JHEP 03, 098 (2011), arXiv:1102.3455 [hepph].

[68] Z. Kang, J. Li, T. Li, T. Liu, and J. Yang, (2011), arXiv:1102.5644 [hep-ph].

[69] M. L. Graesser, I. M. Shoemaker, and L. Vecchi, (2011), arXiv:1103.2771 [hep-ph].

[70] M. T. Frandsen, S. Sarkar, and K. Schmidt-Hoberg, Phys.Rev. D84, 051703 (2011), arXiv:1103.4350 [hepph].

[71] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C. M. Wells, (2011), arXiv:1105.2073 [hep-ph].

[72] M. Senami and K. Yamamoto, Phys. Rev. D66, 035006 (2002), arXiv:hep-ph/0205041.

[73] K. Kamada and J. Yokoyama, Phys. Rev. D78, 043502 (2008), arXiv:0803.3146 [hep-ph].

[74] K. Enqvist, A. Jokinen, and A. Mazumdar, JCAP 0401, 008 (2004), arXiv:hep-ph/0311336.

[75] R. Allahverdi, B. A. Campbell, and J. R. Ellis, Nucl.

Phys. B579, 355 (2000), arXiv:hep-ph/0001122. [76] A. Anisimov and M. Dine, Nucl. Phys. B619, 729 (2001), arXiv:hep-ph/0008058.

[77] A. Anisimov, Phys. Atom. Nucl. 67, 640 (2004), arXiv:hep-ph/0111233.

[78] A. Y. Smirnov and R. Zukanovich Funchal, Phys. Rev.

D74, 013001 (2006), arXiv:hep-ph/0603009.

[79] Y. Bai, P. J. Fox, and R. Harnik, JHEP 12, 048 (2010), arXiv:1005.3797 [hep-ph].

[80] J. Goodman et al., Phys. Rev. D82, 116010 (2010), arXiv:1008.1783 [hep-ph].

[81] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 180, 330 (2009), arXiv:0803.0547 [astro-ph].

[82] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys.

Rev. D80, 075018 (2009), arXiv:0906.0580 [hep-ph]. [83] C. Savage, G. Gelmini, P. Gondolo, and K. Freese, JCAP 0904, 010 (2009), arXiv:0808.3607 [astro-ph].

[84] C. E. Aalseth et al. (CoGeNT), Phys. Rev. Lett. 106, 131301 (2011), arXiv:1002.4703 [astro-ph.CO].

[85] E. Aprile et al. (XENON100 Collaboration), Phys.Rev.Lett. 107, 131302 (2011), arXiv:1104.2549 [astro-ph.CO].

[86] G. Angloher et al., Astropart. Phys. 18, 43 (2002).