arXiv:0904.0969v4 [hep-ph] 25 Sep 2009

Enhanced Dark Matter Annihilation Rate for Positron and Electron Excesses from Q-ball Decay

John McDonald^∗ Cosmology and Astroparticle Physics Group, University of Lancaster, Lancaster LA1 4YB, UK

We show that Q-ball decay in Affleck-Dine baryogenesis models can account for dark matter when the annihilation cross-section is sufficiently enhanced to explain the positron and electron excesses observed by PAMELA, ATIC and PPB-BETS. For Affleck-Dine baryogenesis along a d = 6 flat direction, the reheating temperature is approximately 30 GeV and the Q-ball decay temperature is in the range 10-100 MeV. The LSPs produced by Q-ball decay annihilate down to the observed dark matter density if the cross-section is enhanced by a factor ∼ 10^3 relative to the thermal relic cross-section.

PACS numbers:

I. INTRODUCTION

Recent observations of a cosmic-ray positron excess by PAMELA [1] and an electron excess by ATIC [2] and PPB- BETS [3] are consistent with dark matter of mass ∼ 1 TeV which annihilates primarily to leptons and which has an annihilation cross-section enhanced relative to the thermal relic cross-section by a factor ∼ 10^3 [4]. Explaining this enhancement factor requires new physics beyond standard thermal relic dark matter. Two main possibilities have been considered: (i) Sommerfeld enhancement of the annihilation crosssection [4, 5, 6, 7] and (ii) non-thermal production of dark matter via out-of-equilibrium decay of a heavier particle [8]. Sommerfeld enhancement uses a light boson to mediate a long-range attractive force between the dark matter particles. This requires a hierarchy between the light boson mass m_B and the dark matter particle mass m_χ of the form m_B ≈ α_Bm_χ, where α_B is the fine-structure constant of the interaction. The mass is typically ∼ 10 GeV for dark matter particle ∼ 1 TeV. In the context of gravity-mediated SUSY breaking this may be difficult to implement, as scalars have SUSY breaking masses which are typically several hundred GeV. Possibility (ii) is also not so easy: in order to enhance the cross-section the heavy particles must decay well after the dark matter particles have frozen-out, at temperatures^<_∼ 10 GeV. This requires very small couplings to have a sufficiently slow decay rate, e.g. if the decay rate is Γ_d ≈ λ^2_X m_X /4π, where X is the heavy decaying particle, then λ_X^<_∼ 10^{−9} is necessary in order to have Γ_d < H at T = 10 GeV. So solution (i) or (ii) will tend to undermine the naturalness of SUSY dark matter models.

In this note we point out that an alternative source of nonthermal dark matter exists in the MSSM and its extensions, namely Q-ball decay [9, 10, 11, 12, 13]. Q-balls are a natural possibility in SUSY models, forming from fragmentation of flat direction condensates [14]. When combined with Affleck- Dine baryogenesis [15], they can provide a common origin for the baryon asymmetry and dark matter, with the scalars of the Q-ball decaying to the lightest SUSY particles (LSPs) and baryons [9, 10]. Generally the LSP density produced by Q-ball decay is initially too large, requiring subsequent an-

∗Electronic address: j.mcdonald@lancaster.ac.uk

nihilation. In the following we will show that the required annihilation cross-section can naturally be consistent with an enhancement factor ∼ 10^3.

II. ENHANCEMENT FACTOR FROM Q-BALL DECAY

In the standard thermal relic dark matter scenario, the value of the annihilation cross-section times relative velocity necessary to produce the observed dark matter density is < σv >_{th}≈ 3 × 10^{−26}cm^3/s ≡ 2.6 × 10^{−9} GeV^{−2}. This is too small to account for the positron and electron excesses, which require a present annihilation rate which is enhanced by a factor ∼ 10^3 over that expected for a smooth distribution of galactic dark matter with standard thermal relic value for < σv >. The annihilation rate could be enhanced by a boost factor from galactic substructure [16], although it has been argued that small boost factors ∼ 2 − 3 are likely [17]. In the following we will consider the enhancement to come entirely from the annihilation cross-section, with < σv >= B_{ann} < σv >_{th}.

Due to their relatively small number density, the selfannihilation rate of LSPs will be very small compared to their scattering rate from thermal background particles. As a result, they will slow by scattering before annihilating. Therefore we will assume that the LSPs from Q-ball decay are nonrelativistic when they annihilate. The freeze-out number density after Q-ball decay at T_d is given by

n(T_d) =

H(T_d) < σv > , (1)

where H is the expansion rate. We will consider the case where < σv > is a constant, which is true for scalars and Dirac fermions. Assuming that the Q-balls decay during radiationdomination, the LSP density at present following from Eq. (1) is then Ω = 1 B_{ann} ( 4π^3 45 )_{1/2} g(T_γ) g(T_d)^{1/2}

T^3_γ T_dM_{Pl} m_χ ρ_c < σv >_{th}

, (2)

where T_γ = 2.4 × 10^{−13} GeV is the present photon temperature, g(T ) is the effective number of degrees of freedom and ρ_c = 8.1 × 10^{−47}h^2 GeV^4 is the critical density. This gives

Ωh^2 = 0.55 ( 10^3 B_{ann} )( 10.75 g(T_d)

)_{1/2} ( 10 MeV T_d ) ( m_χ 1 TeV ) . (3)

Observation requires Ωh^2 = 0.1131 ± 0.0034 [18]. The enhancement factor as a function of Q-ball decay temperature is therefore given by

B_{ann} = 10^3 ( 10.75 g(T_d)

)_{1/2} (

m_χ 1 TeV

)( 50 MeV

T_d ) . (4)

Thus the enhancement factor is the right order of magnitude when dark matter comes from Q-ball decay and the decay temperature is in the range T_d ∼ 10−100 MeV. We next show that such decay temperatures can arise naturally in the context of Affleck-Dine baryogenesis in gravity-mediated SUSY breaking.

III. Q-BALL FORMATION AND DECAY

The physics of Q-ball formation and decay in gravitymediated SUSY breaking was first discussed in [9, 10], with the formation of Q-balls confirmed numerically in [19]. The possibility of dark matter from Q-ball decay was introduced in [10, 11] and further analysed in [12]. In [13] it was noted that non-thermal dark matter produced by Q-ball decay could produce a potentially observable positron signal in the case of Higgsino- and Wino-like dark matter. We summarize the relevant physics below.

A flat direction of dimension d is described by an effective superpotential W = λΦ^d d!M^{d−3}

, (5)

where M = M_{Pl}/ √ 8π. λ is of order 1 in the case where the physical strength of the coupling is determined by M. The scalar potential including soft-SUSY breaking terms and Hubble corrections is then

V (Φ) = (m^2 − cH^2)|Φ|^2 + λ^2|Φ|^{2(d−1)} (d − 1)!^2M^{2(d−3)}

+ (A − terms) , (6) where m is the SUSY-breaking scalar mass and |c| is of order 1. Oscillations of the condensate begin once the expansion rate H = H_{osc} ≈ m/c^{1/2}, with initial amplitude

|Φ|^2_{osc} ≈ κ_d ( m^2M^{2(d−3)}

)_{1/(d−2)}

, (7)

where

κ_d = ( (d − 1)!^2 λ^2 (d − 1)

)_{1/(d−2)} . (8)

Φ oscillations begin during the inflaton oscillation dominated era. We assume that the baryon asymmetry is generated by Affleck-Dine baryogenesis. If the baryon asymmetry induced in the condensate by the A-term is maximal, then the initial baryon number density is n_{B osc} ≈ ρ_{Φ osc}/m, where ρ_{Φ osc} = m^2|Φ|^2_{osc}. After scaling down to the present temperature, the baryon-to-entropy ratio following from Eq. (7) is given by

η_B ≈ κ_dT_R 4M ( M m ) d−4_{d−2}

. (9)

Therefore the reheating temperature as a function of η_B is

T_R ≈

4η_BM κ_d ( m M ) d−4_{d−2}

. (10)

In Table 1 we give the reheating temperature necessary to account for the observed baryon asymmetry, η_B ≈ 1.5 × 10^{−10}, for a range of values of d.

d κ_d T_R 4 1.4 × 10^9 GeV 5 1.1 × 10^4

(_m

1 TeV )_{1/3} GeV 6 29

(_m

1 TeV )_{1/2} GeV 7 0.85

(_m

1 TeV )_{3/5} GeV 8 0.08

(_m

1 TeV )_{2/3} GeV TABLE I: Reheating temperature as a function of d for successful Affleck- Dine baryogenesis

Due to quantum corrections, the flat direction condensate is unstable with respect to spatial perturbations and fragments to form Q-balls. Once cH^2 ≪ m^2, the potential is given by

V (Φ) ≈ m^2(1 + K ln(|Φ|^2/Λ^2))|Φ|^2 , (11)

where Λ is a renormalization scale. K is mostly due to gaugino loops, with |K| in the range 0.01 to 0.1. The perturbations become non-linear and the condensate fragments when

H_i ≈ 2|K|m α , (12)

where α = −ln (_{δϕ0} ϕ_0 ) and δϕ_0/ϕ_0 is the initial perturbation of

the field at H_{osc}. Spatial perturbations of wavenumber k^2/a^2 ≈ 2|K|m^2 experience the largest growth at a given time. The radius of the lumps at fragmentation is then given by

λ_i ≈ π (2|K|m^2)^{1/2}

. (13)

Assuming that the baryon asymmetry also comes from the condensate, the baryon density when T > T_R is

n_B(H) = η_B 2π H^2M^2_{Pl} T_R

. (14)

Therefore the baryon number charge of the Q-ball of radius λ_i at fragmentation is Q = 4πλ^3_i n_B(H_i) 3 ≈ 2 √ 2π^3 3 η_B|K|^{1/2}M^2_{Pl}

α^2mT_R

. (15)

The simplest origin for the perturbations δϕ_0 are adiabatic fluctuations of the inflaton which have re-entered the horizon before H ≈ H_{osc}, which implies that δϕ_0/ϕ_0 ∼ 10^{−5} and α ≈ 12. (This is somewhat smaller than the original estimate of 40 given in [9, 10]). The mean charge of the Q-balls is therefore

Q ≈ 2.9×10^{22}|K|^{1/2} ( 1 TeV m )( 12 α )_2 ( η_B 10^{−10}

)( 100 GeV

T_R ) . (16) Q-balls have a long lifetime because the flat direction scalars can decay only close to the surface, resulting in a decay rate proportional to the area of the Q-ball. For the case of Φ decaying to a final state with a fermion, Pauli blocking of the decay within the volume leads to an upper bound on the decay rate [20] ( dQ dt ) f ermion ≤ ω^3A 192π^2

, (17)

where ω is the angular frequency of the Q-ball solution. For gravity-mediated Q-balls ω ≈ m [10]. We will assume the upper limit is saturated in the following. In the case where Φ decays to scalars there is no Pauli blocking, but decay still occurs close to the suface of the Q-ball since the large Φ field inside the Q-ball gives a large mass to fields coupling to Φ, kinematically suppressing Φ decay. The scalar decay rate may be enhanced by a factor f_S relative to the fermion case, where f_S ≈ 10^3 was estimated in [10]. The decay temperature of the Q-ball is then

T_d ≈ ( f_Sω^3R^2M_{Pl} 48πk_T Q )_{1/2} , (18)

where k_T = (4π^3g(T_d)/45)^{1/2} and R ≈ (|K|^{1/2}m)^{−1} is the radius of the Q-ball [10]. Therefore

T_d ≈ 0.38 ( 10.75 g(T_d)

)_{1/4} ( f_S |K| )_{1/2} ( m 1 TeV

)_{1/2} ( 1020 Q )_{1/2} GeV .

(19) Given the dimension d of the flat direction, the reheating temperature necessary to generate the observed baryon asymmetry can be found from Eq. (10) and so the Q-ball charge and the temperature at which the Q-balls decay can be obtained from Eq. (16) and Eq. (19) respectively. For a d = 6 flat direction, we find (assuming η_B = 1.5 × 10^{−10})

Q ≈ 4.7 × 10^{22} κ_6 ( |K| 0.1 )_{1/2} ( 12 α )_2 ( 1 TeV m )_{3/2} (20) and T_d ≈ 55 MeV ( f_S κ_6

)_{1/2} ( 0.1 |K| )_{3/4} ( 10.75 g(T_d)

)_{1/4} ( α 12 )( m 1 TeV )_{5/4} . (21) The corresponding reheating temperature assuming κ_6 ≈ 1 is T_R ≈ 30GeV, so Q-ball decay occurs during the radiationdominated phase following reheating. Thus T_d ∼ 10 − 100

MeV is natural in Affleck-Dine baryogenesis for the case of Q-ball decay to a final state with a fermion. From Eq. (4) this implies an enhancement factor ∼ 10^3 if dark matter originates from Q-ball decay. Therefore Q-ball decay to dark matter can easily account for the dark matter density when the annihilation rate is enhanced by the factor necessary to explain the observed positron and electron excesses.

IV. CONCLUSIONS

We have shown that in the case of d = 6 Affleck-Dine baryogenesis, the Q-ball decay temperature is in the correct range 10 − 100 MeV necessary to produce the observed dark matter density when the annihilation rate is enhanced by a factor ∼ 10^3. Since Q-ball formation and decay is a natural feature of the MSSM and its extensions, this provides a way to account for the dark matter density in the presence of an enhanced annihilation rate without introducing either light scalars for Sommerfeld enhancement or heavy decaying particles with unusually long lifetimes, both of which tend to undermine the naturalness of SUSY dark matter models.

Observations find a positron and electron excess without an anti-proton excess. In order to explain this, a model is required where the dark matter particles annihilate primarily to lepton final states. An interesting possibility is right-handed (RH) sneutrino dark matter. In [21] the MSSM was extended by a U(1)_{B−L} gauge group and the addition of Higgs fields H^′_1 and H^′_2 which break the U(1)_{B−L} at the TeV scale^1. The LSP is a RH sneutrino, which annihilates to the lightest U(1)_{B−L} Higgs ϕ. This subsequently decays primarily to τ^+τ^− via U(1)_{B−L} bosons at 1-loop. The LSP mass is ∼ 1TeV while the mass of ϕ must be ∼ 10 GeV in order to Sommerfeld enhance the RH sneutrino annihilations. While not impossible, such a large hierarchy in scalar masses is an awkward feature in an otherwise attractive model. Replacing Sommerfeld enhancement by Q-ball decay can avoid this hierarchy. A d = 6 SU(3)_c × SU(2)_L ×U(1)_Y × U(1)_{B−L} flat direction is defined by the monomial d^cd^cd^cLLH^′_1, with U(1)_{B−L} charges assigned according to the minimal model of [21]. Provided that the Yukawa couplings of the superfields are not too large [23], Affleck-Dine baryogenesis with Q-ball formation can occur along this direction. These Q-balls will decay at the right temperature to produce the dark matter density when the annihilation rate has the required ∼ 10^3 enhancement factor. This assumes that the decay of the flat direction scalars is to a final state containing a fermion, which will be true if the mass difference between Φ and the LSP is less than the mass of the Higgs scalars, since in this case at least one fermion must appear in the final state.

For a complete model we need a dark matter candidate with an annihilation cross-section boosted by a factor B_{ann} over the thermal relic annihilation cross-section. For scalar dark

1 In [22] a related model was suggested in which the dark matter is a U(1)_{B−L} neutralino. Here we will focus on the scalar dark matter case.

matter this is not possible with a simple perturbative annihilation process. For the RH sneutrino, the annihilation is primarily to ϕ pairs. If the coupling is λϕ^2|Ñ|^2 then the annihilation cross-section times relative velocity is < σv_{rel} >= λ^2/(64πm^2_Ñ). To have a boost factor B_{ann} then requires that

λ ≈ 23(m_Ñ)/(1 TeV) ( B_{ann}/10^3 )_{1/2} . Therefore a perturbative annihilation process cannot produce a large enough boost factor. There are two ways that this might be overcome. The simplest is to consider a strongly coupled U(1)_{B−L}. This can produce a non-perturbative sneutrino annihilation crosssection to ϕ pairs, since λ ∝ g^2_{B−L} [21]. Since U(1)_{B−L} is broken at the TeV scale, this will not affect low energy Standard Model physics. In this case the only constraint on the boost factor is from unitarity, which imposes an upper bound on < σv_{rel} > which is equivalent to m_Ñ^<_∼ 3(10^3/B_{ann})^{1/2} TeV [24]. The model will be otherwise similar to the Sommerfeld enhanced scenario of [21], with ϕ decaying primarily to τ^+τ^− if m_ϕ < 2m_t ≈ 350 GeV. (For larger ϕ masses decay to t-quark pairs becomes dominant.) However, there is no need to have a very small ϕ mass relative to the LSP mass in this scenario. Breit-Wigner resonant annihilation may also allow for an enhanced annihilation cross-section [25, 26]. This occurs if m_Ñ ≈ m_Φ/2, where Φ is the heavier of the real mass eigenstate U(1)_{B−L} Higgs bosons [21]. Although this requires a strong coincidence between the Ñ and Φ mass, it does not require a small ϕ mass relative the the LSP mass.

We finally note that in this class of model both the baryon asymmetry and dark matter originate from a flat direction condensate. As a result, baryon and dark matter isocurvature perturbations can be generated [27, 28, 29]. We will return to this possibility in future work.

Acknowledgement

This work was supported by the European Union through the Marie Curie Research and Training Network "UniverseNet" (MRTN-CT-2006-035863).

[1] O. Adriani et al., arXiv:0810.4995 [astro-ph]; arXiv:0810.4994 [astro-ph].

[2] J. Chang et al., Nature 456, 362 (2008) . [3] S. Torii et al., arXiv:0809.0760 [astro-ph].

[4] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, arXiv:0809.2409 [hep-ph] .

[5] J. Hisano, S. Matsumoto, O. Saito and M. Senami, Phys. Rev.

D 73, 055004 (2006) [arXiv:hep-ph/0511118].

[6] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009) [arXiv:0810.0713 [hep-ph]].

[7] M. Pospelov and A. Ritz, Phys. Lett. B 671 (2009) 391 [arXiv:0810.1502 [hep-ph]].

[8] M. Fairbairn and J. Zupan, arXiv:0810.4147 [hep-ph] . [9] K. Enqvist and J. McDonald, Phys. Lett. B 425, 309 (1998) [arXiv:hep-ph/9711514].

[10] K. Enqvist and J. McDonald, Nucl. Phys. B 538, 321 (1999) [arXiv:hep-ph/9803380].

[11] K. Enqvist and J. McDonald, Phys. Lett. B 440, 59 (1998) [arXiv:hep-ph/9807269].

[12] M. Fujii and K. Hamaguchi, Phys. Lett. B 525, 143 (2002) [arXiv:hep-ph/0110072]; Phys. Rev. D 66, 083501 (2002) [arXiv:hep-ph/0205044].

[13] M. Fujii and M. Ibe, Phys. Rev. D 69, 035006 (2004) [arXiv:hep-ph/0308118].

[14] A. Kusenko and M. E. Shaposhnikov, Phys. Lett. B 418, 46 (1998) [arXiv:hep-ph/9709492].

[15] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985). [16] D. Hooper, A. Stebbins and K. M. Zurek, arXiv:0812.3202

[hep-ph].

[17] J. Lavalle, Q. Yuan, D. Maurin and X. J. Bi, arXiv:0709.3634 [astro-ph].

[18] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl.

180, 330 (2009) [arXiv:0803.0547 [astro-ph]].

[19] S. Kasuya and M. Kawasaki, Phys. Rev. D 62, 023512 (2000) [arXiv:hep-ph/0002285].

[20] A. G. Cohen, S. R. Coleman, H. Georgi and A. Manohar, Nucl.

Phys. B 272, 301 (1986).

[21] R. Allahverdi, B. Dutta, K. Richardson-McDaniel and Y. Santoso, arXiv:0902.3463 [hep-ph].

[22] R. Allahverdi, B. Dutta, K. Richardson-McDaniel and Y. Santoso, Phys. Rev. D 79, 075005 (2009) [arXiv:0812.2196 [hepph]].

[23] K. Enqvist, A. Jokinen and J. McDonald, Phys. Lett. B 483, 191 (2000) [arXiv:hep-ph/0004050].

[24] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64, 615 (1990).

[25] M. Ibe, H. Murayama and T. T. Yanagida, Phys. Rev. D 79, 095009 (2009) [arXiv:0812.0072 [hep-ph]].

[26] W. L. Guo and Y. L. Wu, Phys. Rev. D 79, 055012 (2009) [arXiv:0901.1450 [hep-ph]].

[27] K. Enqvist and J. McDonald, Phys. Rev. Lett. 83, 2510 (1999) [arXiv:hep-ph/9811412].

[28] J. McDonald, JCAP 0701, 001 (2007) [arXiv:hep-ph/0609126]. [29] S. Kasuya, M. Kawasaki and F. Takahashi, JCAP 0810, 017 (2008) [arXiv:0805.4245 [hep-ph]].