arXiv:1108.4653v3 [hep-ph] 7 Nov 2011

Simultaneous Generation of WIMP Miracle-like Densities of Baryons and Dark Matter

John McDonald^∗ Department of Physics, University of Lancaster, Lancaster LA1 4YB, UK

The observed density of dark matter is of the magnitude expected for a thermal relic weakly-interacting massive particle (WIMP). In addition, the observed baryon density is within an order of magnitude of the dark matter density. This suggests that the baryon density is physically related to a typical thermal relic WIMP dark matter density. We present a model which simultaneously generates thermal relic WIMP-like densities for both baryons and dark matter by modifying a large initial baryon asymmetry. Dark matter is due to O(100) GeV gauge singlet scalars produced in the annihilation of the O(TeV) coloured scalars which are responsible for the final thermal WIMP-like baryon asymmetry. The requirement of no baryon washout implies that there are two gauge singlet scalars. The low temperature transfer of the asymmetry to conventional baryons can be understood if the long-lived O(TeV) coloured scalars have large hypercharge, |Y | > 4/3. Production of such scalars at the LHC would be a clear signature of the model.

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

I. INTRODUCTION

The observed density of baryons and of dark matter are within an order of magnitude of each other. If we discount simple coincidence as an explanation, there are broadly two approaches to understanding the baryon to dark matter ratio. One is the simultaneous production of baryons and dark matter, usually via decay of a particle to similiar number of baryons and dark matter particles, as would be expected if there was a conserved charge carried by both [1–5]. (This is closely related to models of asymmetric dark matter, which have been a focus of recent interest [6].) In this case we expect n_{DM} ∼ n_B and so m_{DM} ∼ m_n = 1 GeV. (Models exist which break this simple relation [7–13].) The other is anthropic selection. An example of this is the case of axion dark matter, where superhorizon domains with different dark matter densities can be generated and ρ_{DM} ∼ ρ_B may then be anthropically favoured by the baryon density in galaxies [14].

However, these approaches generally neglect the other notable coincidence of the dark matter density, its similarity to the thermal relic density of particles whose mass and interactions are characterized by the weak scale, the so-called "WIMP miracle". If the WIMP miracle is not a coincidence but instead an indication of the process responsible for dark matter, and if we discount anthropic selection, then the baryon asymmetry must also be related in some way to the WIMP miracle.

Thus there are three possibilities (excluding coincidence): (i) the WIMP miracle is the origin of the dark matter density and the baryon asymmetry is physically related to the WIMP miracle, (ii) the WIMP miracle is the origin of the dark matter density and the baryon asymmetry is related to this by anthropic selection, and (iii) the WIMP miracle is not the explanation of dark matter.

The question of whether (i) is possible is therefore fundamentally important. If such a mechanism exists, it would be possible to understand both of the coincidences of the dark matter and baryon densities, why thay related to each other and to the WIMP miracle, in terms of particle physics. If not, it would tell us that either (ii) or (iii) is true i.e. either anthropic selection plays an essential role or the WIMP miracle is just a coincidence, not related to the origin of dark matter.

In [15] we proposed a model which could account for a thermal WIMP-like density of baryons by modifying a large initial baryon asymmetry via a weak-strength B-violating annihilation process, a process we call baryomorphosis. The baryon asymmetry is initially locked in a density of particles which are decoupled from the thermal Standard Model (SM) background [15]. These particles decay to pairs of scalar particles ϕ_B, ϕ̂_B of mass O(1) TeV (’annihilons’). ϕ_B and ϕ̂_B have opposite gauge charges but, importantly, not opposite baryon number. They annihilate to final state scalars via a B-violating, naturally weak-strength interaction. If the temperature at which the baryon number is transferred to annihilons is less than the freeze-out temperature of the B-violating interaction, a non-thermal but thermal WIMP-like relic density of ϕ_B and ϕ̂_B will remain. These subsequently decay to conventional baryons, leaving a baryon density which is naturally similar to a thermal relic WIMP dark matter density.

While the original model in [15] demonstrated that it might be possible to understand why the baryon asymmetry is similar to a thermal relic WIMP density, it also highlighted some obstacles to be overcome in the construction of a natural model. Since the question we wish to answer is whether there exists a plausibly natural extension of the Standard Model (SM) which can account for a thermal WIMP-like baryon asymmetry, the naturalness of its construction is an important issue.

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

One issue is the danger of washout of the baryon asymmetry by the B-violating annihilation process. This excluded the possibility that ϕ_B and ϕ̂_B could couple to the Higgs bilinear H^†H, since this would induce a B-violating mixing of ϕ_B and ϕ̂_B once the Higgs VEV was included, leading to baryon washout via scattering of ϕ_B and ϕ̂_B from the thermal background [15]. Therefore ϕ_B and ϕ̂_B must only couple to scalars which do not have a VEV. In addition, a tree-level ϕ_Bϕ̂_B mixing term must be excluded and loop corrections should not generate a dangerous mixing between ϕ_B and ϕ̂_B. We will show how such dangerous terms may be excluded via a simple discrete symmetry.

A second issue concerns the decay of ϕ_B and ϕ̂_B to conventional baryons. This must occur after the ϕ_B ϕ̂_B density annihilates to its final form, which occurs at the decay temperature of the initial asymmetry T_d. Since typically T_d^<_∼ 100 GeV when the B-violating process is due to TeV scale particles, the lifetime of ϕ_B and ϕ̂_B must be long,^>_∼ 10^{−10} s. We therfore need to understand why large renormalizable couplings between ϕ_B and ϕ̂_B and conventional SM fermions, which would lead to rapid decay, are excluded.

In the original baryomorphosis model [15], the nature of the dark matter particle was not addressed; it was simply assumed to be a conventional WIMP. However, since we need to introduce new scalar particles to serve as the final state of the B-violating annihilation process and a new discrete symmetry to control B-washout, a natural possibility is that these new scalar particles could also account for dark matter which is stabilized by a discrete symmetry. In this case the decay of the large initial baryon asymmetry can lead to a final baryon asymmetry and a dark matter density which are both similar to a typical thermal relic WIMP density.

In this paper we will present a simple scalar extension of the SM which can account for thermal relic WIMP-like densities of both baryons and dark matter. The paper is organized as follows. In Section 2 we specify the model and its discrete symmetries. In Section 3 we discuss the modification of the large initial baryon asymmetry to a thermal WIMP-like baryon asymmetry and the production of a scalar dark matter density. In Section 4 we present the baryon asymmetry and dark matter density as a function of the masses and couplings of the scalars. In Section 5 we discuss the transfer of the baryon asymmetry to conventional baryons. In Section 6 we present our conclusions. In the Appendices we discuss the slowing of the annihilons and gauge singlet scalars by scattering from the thermal background and we provide the annihilation cross-section for the gauge singlet scalars.

II. THE MODEL

The model is based on a pair of scalars (’annihilons’) ϕ_B and ϕ̂_B, with mass O(TeV) and with opposite gauge charge. (As we will discuss, although it is possible to construct a model with gauge singlet annihilons, the annihilons must carry either a global or gauge charge, strongly suggesting that they have SM gauge charges.) To be specific, we will focus on the case where the annihilons ϕ_B and ϕ̂_B are colour triplets, transforming as (3,1) and (3,1) under SU(3)_c × SU(2)_L; other charge assignments will have a similar cosmology.

We first consider the symmetries that are required to evade ϕ_B ϕ̂_B mixing that could lead to baryon washout. In [15] the B-violating interaction allowing the annihilation of the annihilons was assumed to be of the form

L_{ϕBϕ̂B ann} = λ_Bϕ_Bϕ̂_BĤ^†Ĥ + h. c. . (1)

Here Ĥ is a scalar which develops no expectation value. However, such an interaction means that a mixing term of the form Δmϕ_Bϕ̂_B cannot be excluded by any symmetry. There is also no symmetry which can exclude an interaction with the Higgs of the form λϕ_Bϕ̂_BH^†H, generating a mixing term with Δm^2 = λ_B < H >^2. Such mixing terms will generally lead to washout of the baryon asymmetry for natural values of the couplings, for example via scattering from the thermal background via gauge boson exchange, which imposes the constraint Δm^>_∼ 0.1 GeV [15]. This requires that λ_B^<_∼ 10^{−7}. Such couplings are not consistent with a thermal WIMP-like baryon asymmetry from annihilation of TeV-scale particles via Eq. (1), which requires λ_B ∼ 0.1.

Moreover, the interaction Eq. (1) will lead to a quadratic divergent term of the form Δmϕ_Bϕ̂_B. Quadratic divergent contributions are not necessarily a problem. The situation is similar to the case of the Higgs boson mass in the SM. This is treated as a phenomenological input and the quadratic divergeence is absorbed into the physical mass by renormalization. The same can be true for Δm. However, such a solution is not acceptable if the theory is considered a low energy effective theory with a physical cutoff Λ^>_∼ 1 TeV. In this case the quadratic divergence would be considered a real contribution to Δm, requiring λ_B^<_∼ 10^{−6}.

These problems can be solved if the product ϕ_Bϕ̂_B transforms under a discrete Z_2 symmetry such that ϕ_Bϕ̂_B → −ϕ_Bϕ̂_B. This can be achieved by a introducing a discrete symmetry Z_A and real scalars s and ŝ, where Z_A is defined by

ϕ_B → ϕ_B ; ϕ̂_B → −ϕ̂_B ; s → s ; ŝ → −ŝ , (2)

with all SM fields invariant under Z_A. Z_A excludes terms of the form ϕ_Bϕ̂_B and ϕ_Bϕ̂_BH^†H but allows the interaction term

L_{ϕBϕ̂B ann} = λ_Bϕ_Bϕ̂_Bsŝ + h. c. . (3)

It also excludes the dangerous interactions ϕ_Bϕ̂_Bss and ϕ_Bϕ̂_Bŝŝ, which would generate quadratic divergent ϕ_Bϕ̂_B mixing terms.

Note that if ϕ_B and ϕ̂_B were gauge singlets, the B-violating mass term ϕ_Bϕ_B would not be excluded, nor would the term ϕ_Bϕ_Bss which leads to a quadratic divergent mixing. To exclude these, ϕ_B and ϕ̂_B must also be oppositely charged with respect to either a global or a gauge symmetry. It is therefore natural to assume that ϕ_B and ϕ̂_B carry SM gauge charges.

The SM requires a dark matter candidate. In the context of the present model the simplest possibility is to consider one or both of s and ŝ to be dark matter particles. We will consider the simplest case where s and ŝ are real gauge singlet scalars. (For discussions of gauge singlet scalar dark matter see [16–20].) Models based on complex singlets or inert doublets [21] could also be constructed. To ensure that the gauge singlet scalars are stable dark matter particles, we introduce an additional discrete symmetry Z_S, under which s and ŝ are odd and all other particles are even. We then expect couplings to the SM of the form

λ_s 2 ssH^†H + λ_ŝ 2 ŝŝH^†H . (4)

These couplings will allow the s and ŝ densities resulting from annihilation of the large initial ϕ_B and ϕ̂_B density to annihilate down to a thermal relic WIMP-like densities. For simplicity, we will consider s and ŝ to have the same mass m_s and the same Higgs coupling λ_s = λ_ŝ. In this case there are two dark matter scalars, both with the same density.

III. BARYON AND DARK MATTER DENSITIES

We first give an overview of the process. As in [15], we will consider the decay of a large baryon asymmetry, initially locked in a density of thermally decoupled heavy particles, to a baryon asymmetry in relativistic annihilons ϕ_B and ϕ̂_B at a low temperature T_d. (For simplicity we assume the annihilons have equal mass, m_{ϕB} = m_{ϕ̂B} .) T_d should be less than the freeze-out temperature T_{ϕB} of the non-relativistic ϕ_Bϕ̂_B annihilation process due to Eq. (3), in order that B-violation due to Eq. (3) does not come into thermal equilibrium. As discussed in Appendix A, the annihilons rapidly lose energy by scattering from the thermal background, becoming non-relativistic before there is any significant change in temperature from T_d. Once non-relativistic, they will annihilate via Eq. (2) to a residual annihilon asymmetry and to equal densities of s and ŝ.

The gauge singlets s and ŝ from ϕ_Bϕ̂_B annihilation are initially relativistic. They become rapidly non-relativistic via t-channel Higgs exchange scattering with thermal background particles provided that T_d^>_∼ 0.4 GeV, in which case relativistic c-quarks form part of the thermal background (Appendix A). If T_d < T_s, where T_s is the freeze-out temperature of the s and ŝ scalar annihilation process from Eq. (4), the s and ŝ densities will annihilate down to non-thermal but thermal WIMP-like relic densities^1 Thus both the baryon asymmetry and dark matter densities will be fixed by non-relativistic annihilation processes at T_d. Since the annihilation processes from Eq. (3) and Eq. (4) are broadly of weak interaction strength when m_{ϕB} and m_s are in the range O(100) GeV - O(1) TeV and when λ_B and λ_s are O(0.1), which are natural assumptions for an extension of the SM, the resulting non-thermal baryon asymmetry and dark matter density will be naturally similar to each other and to a thermal relic WIMP density as long as T_d is not very small compared to the freeze-out temperatures T_{ϕB} and T_s [15].

A. Baryon asymmetry from ϕ_B ϕ̂_B annihilation

The non-relativistic annihilation cross-section times relative velocity for the process ϕ_Bϕ̂_B → sŝ from Eq. (3) is

< σv >_{ϕB} = λ^2_B 32πm^2_{ϕB} ( 1 − m^2_s m^2_{ϕB} )_{1/2} . (5)

The freeze-out number density at T_d is then

n_{ϕB} (T_d) ≈

H(T_d) < σv >_{ϕB} . (6)

1 If T_{ϕB} > T_d > T_s, which can occur of m_s is sufficiently light, s and ŝ will have purely thermal relic densities. However, as we will discuss, this requires that the s and ŝ masses are close to the Higgs pole.

(The ϕ̂_B number density is the same when m_{ϕB} = m_{ϕ̂B} .) If, as discussed later, ϕ_B decays to baryon number B(ϕ_B) and ϕ̂_B to B(ϕ̂_B), the baryon asymmetry to dark matter ratio at present, r_{BDM} ≡ Ω_B/Ω_{DM}, is given by

r_{BDM} = 3(B(ϕ_B) + B(ϕ̂_B)) m_n Ω_{DM} g(T_γ) g(T_d)^{1/2} ( 4π^3 45M^2_{Pl} )_{1/2} T^3_γ ρ_c 1 T_d 1 ⟨σv⟩_{ϕB} . (7)

Here g(T ) is the number of relativistic degrees of freedom in equilibrium, m_n is the nucleon mass, ρ_c the critical density, T_γ is the present photon temperature and M_{Pl} = 1.22 × 10^{19} GeV. The prefactor 3 accounts for the three colours of ϕ_B. The ϕ_B mass is therefore related to the decay temperature and r_{BDM} by

m_{ϕB} = 2.81 TeV × g(T_d)^{1/4}r^{1/2}_{BDM}(B(ϕ_B) + B(ϕ̂_B))^{−1/2} ( T_d 1 GeV )_{1/2} λ_B ( 1 − m^2_S m^2_{ϕB} )_{1/4} . (8)

B. Dark Matter Density

The annihilation cross-section times relative velocity for gauge singlet scalar dark matter [18–20] is summarized in Appendix B. If T_d < T_s then the density of dark matter is a non-thermal density from ϕ_B, ϕ̂_B annihilation. The total density of s and ŝ dark matter is then given by

Ω_{DM} =

2m_s ρ_c g(T_γ) g(T_d)^{1/2} ( 4π^3 45M^2_{Pl} )_{1/2} T^3_γ T_d 1 ⟨σv⟩_s . (9)

If T_d > T_s then the dark matter is purely thermal relic in nature. In this case we replace T_d by T_s in Eq. (9).

IV. RESULTS

Our aim is to understand why the baryon and dark matter densities are within an order of magnitude of each other. We therefore compute r_{BDM} as a function of the inputs m_s, m_{ϕB} , λ_s, λ_B and T_d and study how large a region of the parameter space can account for values of r_{BDM} in the range 0.1 to 10 when Ω_s = 0.23. The main constraints on the model are that (i) m_{ϕB} > m_s, so that ϕ_Bϕ̂_B annihilation to sŝ is kinematically allowed, and (ii) that T_d < T_{ϕB} , so that the B-violating interaction is out of thermal equilibrium and cannot erase the asymmetry in ϕ_B and ϕ̂_B. We set the Higgs mass to m_h = 150 GeV and B(ϕ_B) + B(ϕ̂_B) = 1 throughout.

We first consider the constraint on scalar masses when the couplings are fixed to have values λ_s = λ_B = 0.1. In Figure 1 we show m_{ϕB} for the cases r_{BDM} = 0.1, 1.0 and 10.0 and m_s leading to Ω_{DM} = 0.23 when T_d = 0.1 − 10 GeV. We also show the obsered baryon-to-dark matter ratio, r_{BDM} = 0.2. In Figure 2 we show the same for T_d = 1 − 80 GeV. A wide range m_{ϕB} is seen to be compatible with r_{BDM} being within an order of magnitude of unity, from O(1) TeV to a few tens of TeV for T_d ≈ 50 GeV and from O(100) GeV to a few TeV for T_d^<_∼ 1 GeV. Interestingly, the observed vaule of r_{BDM} favours lower values of m_{ϕB} , less than 2 TeV for T_d^<_∼ 80 GeV and less than 1 TeV for T_d^<_∼ 10 GeV, improving the prospects for production of ϕ_B and ϕ̂_B at the LHC.

We find that in general m_s < m_ϕ when Ω_{DM} = 0.23. There are multiple solutions for m_s with Ω_{DM} = 0.23 for a given T_d. This is more clearly seen in Figure 3, which shows m_s as a function of T_d. The large m_s branch is primarily due to annihilation to WW and ZZ. In general, the freeze-out temperature is given by T_s ≈ m_s/25, with a similar result for T_{ϕB} . Therefore the upper branch has T_d < T_s and so the s dark matter density in this case is non-thermal. There are also two lower branches; one slightly larger than the Higgs pole at m_s ≈ 79 GeV when T_d^<_∼ 2 GeV, and a second at m_s ≈ 67 GeV. For T_d^>_∼ 3 GeV we find that T_s < T_d in this case, in which case the lower branch s density is a thermal relic density determined by annihilation to primarily b quark pairs. Both of the lower branches require that m_s is close to the Higgs pole m_h/2, so these solutions appear less likely than the more generic heavy m_s solution, in which case the dark matter is most likely to be non-thermal from ϕ_Bϕ̂_B annihilation.

We next consider the case where the masses are fixed to show the effect of varying λ_B and λ_s. In Figure 4 we show the case with m_s = 120 GeV and m_{ϕB} = 400 GeV when T_d < 10 GeV. In Figure 5 we show the same for the case 1 GeV < T_d < 80 GeV. (This magnitude of m_s may be observable in the near future at direct dark matter detection experiments, while m_{ϕB} should be accessible to the LHC.) For these masses, values of λ_B in the range 0.004 to 0.06 will produce r_{BDM} in the range 10 to 0.1 when T_d ≈ 10 GeV. The range of λ_B is 0.01 to 0.6 when T_d^<_∼ 1 GeV. For T_d ≈ 50 GeV the range of λ_B is 0.003 to 0.03. Smaller r_{BDM} favours larger λ_B. The dark matter density Ω_{DM} = 0.23 requires λ_s ≈ 0.04 once T_d^>_∼ 5 GeV. The plot of λ_s is T_d independent once T_d^>_∼ 5 GeV, since in this case the dark matter is produced thermally. For T_d^<_∼ 1 GeV, λ_s^>_∼ 0.1.

In summary, if the baryon asymmetry is injected at 0.1 GeV^<_∼ T_d^<_∼ 100 GeV (not a very narrow range), then for masses characterized by the weak to TeV scale (a natural range for SM extensions) and couplings in the range 0.001-1 (not unusually small), r_{BDM} is within an order of magnitude of unity. The observed r_{BDM} favours larger couplings and smaller m_{ϕB} . For λ_s ≈ λ_B ≈ 0.1 and T_d^<_∼ 10 GeV it is quite natural to have m_{ϕB}^<_∼ 500 GeV and m_s^<_∼ 200 GeV when r_{BDM} = 0.2, in which case production of annihilons at the LHC and direct detection of s dark matter may be possible.

FIG. 1: Values of m_{ϕB} for different r_{BDM} (solid lines) and m_s for Ω_{DM} = 0.23 (dashed line) as a function of T_d for the case λ_B = λ_s = 0.1.

V. ANNIHILON DECAY

In the previous section we showed that the baryon asymmetry and dark matter density from ϕ_Bϕ̂_B annihilation can be naturally similar to each other and to a thermal relic WIMP density. However, we still need to transfer the ϕ_Bϕ̂_B asymmetry to a conventional baryon asymmetry. At this stage the ϕ_Bϕ̂_B asymmetry does not necessarily correspond to a baryon asymmetry. This will be determined by the decay modes of ϕ_B and ϕ̂_B to quarks. There are two possibilities: (i) baryon number is conserved by the model as a whole and ϕ_B and ϕ̂_B have specific baryon numbers, or (ii) baryon number is conserved only by the SM sector (to ensure proton stability) and ϕ_B and ϕ̂_B can decay to final states with different baryon numbers. In this case the effective baryon number of ϕ_B and ϕ̂_B will be determined by their dominant decay mode to quarks. Since (i) is essentially a subset of (ii), we will concentrate on the second possibility.

The lifetimes of ϕ_B and ϕ̂_B are necessarily long. Defining their decay temperature to SM quarks and leptons to be T_D, we require that 1 MeV^<_∼ T_D^<_∼ T_d, where the lower bound is from nucleosynthesis and the upper bound from the requirement that the initially large ϕ_Bϕ̂_B asymmetry annihilates down to a WIMP-like density at T_d prior to decaying to quarks. Therefore [15]

1.5 s^>_∼ τ^>_∼ 8 × 10^{−11} ( 100 GeV T_d

)_2

s . (10)

The long annihilon life-time requires either an extremely small renormalizable Yukawa coupling of the form λϕ_Bψψ to SM fermions ψ,

λ^<_∼ 1.2 × 10^{−10} ( T_d 1 GeV ) ( 1 TeV m_{ϕB} )_{1/2} , (11)

FIG. 2: Values of m_{ϕB} for different r_{BDM} (solid lines) and m_s for Ω_{DM} = 0.23 (dashed line) as a function of T_d for the case λ_B = λ_s = 0.1.

or a non-renormalizable coupling suppressed by a sufficiently large mass scale. The former possibility appears explicitly unnatural, so we will consider the latter. In this case we need to explain why there are no renormalizable couplings leading to rapid ϕ_B decay.

The simplest way to achieve this is to assume that the annihilons have a large hypercharge. The largest hypercharge carried by a pair of SM fermions has magnitude |Y | = 2 (for e^c_Re_R), while the largest combinations carrying baryon number are u_Ru^c_R and d_Re^c_R, with |Y | = 4/3. The SM fermion pairs which transform as (3,1) or (3,1) have hypercharge |Y | = 1/3,2/3 or 4/3. Therefore if Y (ϕ_B) = 5/3 in the case where ϕ_B transforms as (3,1), there are no renormalizable couplings of ϕ_B to SM fermions^2. However, non-renormalizable couplings of ϕ_B and ϕ̂_B to d = 6 operators are possible, for example^3 1 M^3 ϕ_Bd^c_Rd_RL^c_LL_L (12) and 1 M^3 ϕ̂_Bd_Re^c_RQ_LQ_L . (13)

The mass M should then be in the range 10^6 − 10^8 GeV to account for the low decay temperature T_D [15]. Note that for ϕ̂_B to decay, we must assume that Z_A is slightly broken by the non-renormalizable operators. However, since these operators are suppressed by a large mass scale, this small breaking of Z_A will not introduce any dangerous mass mixing between ϕ_B and ϕ̂_B. If the operators Eq. (12) and Eq. (13) are dominant, the effective baryon number of ϕ_B and ϕ̂_B would be B(ϕ_B) = −2/3 and B(ϕ̂_B) = −1/3. However, if we do not assume baryon number conservation, there are other possible operators, for example 1 M^3 ϕ_B (e_RQ_Le_RL_L)^† , (14)

which allows ϕ_B to decay to a final state with B = 1/3. In this case the effective baryon number of ϕ_B and ϕ̂_B will be determined by their dominant decay modes. Production of long-lived scalars with large hypercharge at the LHC, decaying to baryon number and possibly with baryon number violation in their decay modes, would therefore support this class of model.

2 Note that inclusion of the Higgs doublet can only increase the dimension of an operator relative to the case without the Higgs, since the Higgs must occur in isosinglet combinations such as H^†Q and HQ, which have hypercharge equal in magnitude to SM fermions and so can be replaced by SM fermions. 3 The colour indices of the three triplets are contracted by the anti-symmetric tensor to form a SU(3)_c singlet.

FIG. 3: Values of m_s for Ω_{DM} = 0.23 as a function of T_d for the case λ_B = λ_s = 0.1.

VI. CONCLUSIONS

The similarity of the observed values of Ω_B and Ω_{DM} points to two distinct coincidence problems: why the density of baryons and dark matter are similar to each other and why they are both similar to a typical thermal relic WIMP density (the ’WIMP miracle’). We have shown that it is possible to explain these coincidences via a simple extension of the SM based on gauge singlet scalar dark matter and colour triplet scalar annihilons. A Z_2 discrete symmetry (Z_A) and new scalar particles are necessary to prevent dangerous B-violating interactions. The new scalars then provide a natural dark matter candidate if stablized by a second Z_2 symmetry, Z_S. The model predicts a pair of stable scalar dark matter particles in the case where the scalars are equal in mass. The mechanism determining the final baryon asymmetry (’baryomorphosis’) is based on the injection of a large baryon asymmetry in scalar annihilons at a relatively low temperature (0.1 GeV^<_∼ T_d^<_∼ 100 GeV), which subsequently annihilate via a B-violating interaction to a thermal relic WIMP-like density of baryons. For couplings λ_B ∼ 0.01 − 1 and annihilon masses m_ϕ ∼ 100 GeV − 10 TeV, which are the ranges we might expect for a TeV-scale extension of the SM, the value of Ω_B/Ω_{DM} is naturally within an order of magnitude of unity. Therefore the initial large baryon asymmetry is converted to both a thermal WIMP-like baryon asymmetry and a thermal WIMP-like scalar dark matter density. Both densities are typically non-thermal, but both are determined by broadly weak strength annihilation processes and so are naturally similar to a thermal relic WIMP density. The observed baryon to dark matter ratio favours lower masses and larger couplings for the annihilons, favouring production at the LHC, and lower dark matter singlet masses, which might be observed in direct dark matter detection experiments.

The asymmetry in the annihilons is transferred to a conventional baryon asymmetry by decay to SM fermions. This must occur at a low temperature, implying a long lifetime. This suggests that renormalizable couplings of the annihilons to SM fermions must be highly suppressed or eliminated. This is most easily achieved by assigning a large hypercharge (|Y | > 4/3) to the annihilons. The annihilon asymmetry does not necessarily directly correspond to a baryon asymmetry. One possibility is that baryon number is conserved only in the SM sector. In this case annihilons could decay to final states with different baryon number, with the effective baryon number of the annihilons being determined by their dominant decay mode. Observation of pairs of long-lived scalars with mass O(100) GeV to a few TeV, with opposite gauge charge but possibly different mass, and with large hypercharge and possibly B-violating decay modes, would therefore strongly support the class of model we have presented here.

It is important to consider whether such models are plausibly natural extensions of the SM. The model we have presented is a simple scalar particle extension of the SM with a Z_2 × Z_2 discrete symmetry, which requires no fine-tuning of masses and couplings. It should be emphasized that the SM already requires an additional dark matter particle stabilized by a symmetry if dark matter is due to a WIMP, so the model might be considered an extension of this concept. The key requirements of the model are a relatively low temperature for the injection of the annihilon asymmetry and for its subsequent decay to a

FIG. 4: Values of λ_B for different r_{BDM} (solid lines) and λ_s for Ω_{DM} = 0.23 (dotted line) as a function of T_d for the case m_{ϕB} = 400 GeV and m_s = 120 GeV.

conventional baryon asymmetry. However, a significantly wide range of injection temperature (0.1 GeV^<_∼ T_d^<_∼ 100 GeV) is compatible with Ω_B being within an order of magnitude of Ω_{DM} for natural scalar masses and couplings. Therefore although there is a requirement for a non-trivial sequence of processes to take place, there is nothing overtly unnatural in the requirements of the model.

The question of whether there exists a natural mechanism to relate the density of baryons and dark matter to a thermal relic WIMP density is fundamentally important to our understanding of the origin of baryons and dark matter. The model we have presented demonstrates that it is not necessary to invoke anthropic selection to explain the baryon asymmetry when dark matter is explained by the WIMP miracle. Since the new physics required is broadly at the weak or TeV scale, we can hope that experiment will be able to clarify the nature of the observed coincidence of the baryon and dark matter densities.

Acknowledgement

The author would like to thank Rose Lerner for comments.

Appendix A: Scattering rates from the thermal background and the slowing of relativistic scalars

In our discussion of the relic density we have assumed that particles can rapidly become non-relativistic before annihilating. Here we show that this is the case. For the case of charged annihilons, we consider the scattering rate of the annihilons from thermal background photons and show that this is rapid compared with the expansion rate and the ϕ_Bϕ̂_B annihilation rate. For the case of the relativistic gauge singlet s and ŝ particles produced by ϕ_Bϕ̂_B annihilation, we show that as long as relativistic c-quarks are in thermal equilibrium, scattering with SM fermions mediated by Higgs exchange can slow the singlet scalars sufficiently rapidly compared with the annihilation and expansion rate to justify treating their annihilations as non-relativistic.

FIG. 5: Values of λ_B for different r_{BDM} (solid lines) and λ_s for Ω_{DM} = 0.23 (dotted line) as a function of T_d for the case m_{ϕB} = 400 GeV and m_s = 120 GeV.

A. Scattering and slowing of charged relativistic annihilons

For the case of charged annihilons, we consider the scattering from photons in the thermal background. The interaction term is L_{int} = e^2Q^2A_μA^μϕ^†_Bϕ_B , (A-1)

where Q is the electric charge of the annihilon. The scattering cross-section is then σ = e^4Q^4 2πs . (A-2)

In the thermal rest frame, we consider the energy of the photons on average to be E_T ≈ 3T and we define the energy of the ϕ_B, ϕ̂_B to be E, where E is assumed large enough that the ϕ_B and ϕ̂_B are relativistic. In this case s ≈ 4EE_T + m^2_{ϕB} . The condition for the scattering process to efficiently slow the ϕ_B particles is that Γ_{sc} H ΔE E > ∼ 1 , (A-3)

where ΔE is the energy loss per scattering and Γ_{sc} = nσ is the scattering rate of the relativistic ϕ_B particles from photons, where n ≈ 2T^3/π^2 is the thermal photon number density. If this is satisfied then the ϕ_B will lose most of their energy in a time shorter than H^{−1}. ΔE/E will depend on whether the ϕ_B particles are relativistic in the CM frame, which is true if 4EE_T > m^2_{ϕB} . In this case s = 4EE_T , the average energy transfer per scattering is ΔE = E/2 and the condition for efficient loss of energy becomes

E^<_∼ e^4Q^4M_{Pl} 24π^3k_T

≈ 1 × 10^{13} Q^4 GeV , (A-4)

where k_T = (4π^3g(T )/45)^{1/2} and we use g(T ) ≈ 100. This is easily satisfied so long as the initial energy of the ϕ_B is not very large. Therefore the ϕ_B will lose energy until they become non-relativistic in the CM frame. Once non-relativistic in the CM frame, s = m^2_{ϕB} and ΔE/E = 2EE_T /m^2_{ϕB} . The condition for efficient loss of energy then becomes

6e^4Q^4M_{Pl}ET^2_d π^3k_T m^4_{ϕB} > ∼ 1 . (A-5)

This is most difficult to satisfy when E → m_{ϕB} , in which case the condition becomes

T_d^>_∼ 8 × 10^{−4} 1 Q^2

( m_{ϕB} 1 TeV )_{3/2} GeV . (A-6)

This is satisfied for T_d^>_∼ 1 MeV. Therefore, for the range of T_d of interest to us here, the initially relativistic ϕ_B will become nonrelativistic on a timescale short compared with H^{−1}. Since the freeze-out of the non-relativistic ϕ_Bϕ̂_B annihilation cross-section occurs once Γ_{ann} ≈ H, the annihilons will become non-relativistic before they freeze-out.

B. Scattering and slowing of gauge singlet scalars

In the case of gauge singlets, the interaction with the thermal background can be much weaker, in particular at low T_d when only light fermions with small Yukawa couplings are a significant component of the thermal background.

For gauge singlets interacting with the SM via the interaction (λ_s/2)s^2H^†H, once < h^o >= 246 GeV is introduced there is a t-channel Higgs exchange interaction with SM fermions. The average squared matrix element computed in the CM frame is

|M |^2 =

2λ^2_s λ^2_f < h^o >^2 k^2(1 − cosθ) ( 2k^2 (1 − cosθ) + m^2_h

)_2 , (A-7)

where λ_f = m_f / < h^o > is the Yukawa coupling of SM fermion f , θ is the scattering angle in the CM frame and k is the s momentum in the CM frame, given by the solution of 2m_sk + k^2 = 4EE_T . The cross-section is then σ = λ^2_s λ^2_f < h^o >^2 α_{sc} 64πsk^2

, (A-8)

where

α_{sc} = ln ( 1 + 4k^2 m^2_h ) + ( 1 + 4k^2 m^2_h )_{−1} − 1 . (A-9)

If 4k^2/m^2_h ≫ 1 then

α_{sc} ≈ ln ( 4k^2 m^2_h ) − 1 , (A-10)

while if 4k^2/m^2_h ≪ 1 then

α_{sc} ≈

8k^4 m^4_h

. (A-11)

We consider the limit where T_d is low compared with m_s and m_h and the s energy E → m_s, which will give the least efficient transfer of energy. (We have checked that no stronger constraint results from considering E > m_s.) In this limit, we expect E < m^2_s /4E_T and so the s will be non-relativistic in the CM frame, in which case ΔE/E = 2EE_T /m^2_s and k = 2EE_T /m_s ≪ m_h/2. Therefore the condition for efficient loss of energy becomes

λ^2_s λ^2_f < h^o >^2 k^3T_dM_{Pl} 2π^3m^4_hm^3_s k_T > ∼ 1 . (A-12)

With k = 6T_dE/m_s and E = m_s, this becomes

T_d^>_∼ 0.33 GeV × ( 5 × 10^{−3}

λ_f

)_{1/2} ( 0.1 λ_s

)_{1/2} ( m_h 150 GeV

)( m_s 100 GeV )_{3/4} , (A-13)

where we have normalized λ_f to the c-quark Yukawa coupling λ_c = 5 × 10^{−3}. c-quarks will form part of the relativistic thermal bath if T_d^>_∼ m_c/3 = 0.4 GeV, therefore since in this case the bound from Eq. (A-13) is T_d^>_∼ 0.3 GeV, the energy loss will be efficient and so s particles will become non-relativistic on a timescale short compared with H^{−1}. In this case the s scalars will efficiently lose energy to the thermal background and become non-relativistic before they annihilate. However, if T_d < 0.4 GeV then scattering must be through s-quarks and muons. In this case λ_f ≈ 4 × 10^{−4} and so the bound from Eq. (A-13) becomes T_d^>_∼ 1.2 GeV. Therefore energy loss through scattering will be ineffective and so the s particles will annihilate while relativistic. In this case the s particles become non-relativistic only via redshifting of their momentum. The final s density will therefore be fixed at the temperature T_{NR} at which they become non-relativistic rather than at T_d, resulting in an enhancement of the relic s density by a factor T_d/T_{NR}. This would require modification of our results for m_s and λ_s at very low T_d, with m_s suppressed by a factor T_{NR}/T_d for a given Ω_{DM}.

Appendix B: Gauge Singlet Scalar Annihilation Cross-Section

For convenience we provide the non-relativistic annihilation cross-section times relative velocity for gauge singlet scalars which we used in the calculation of the gauge singlet relic density. This has been discussed in [18–20]. The tree-level processes contributing to ss annihilation are (i) ss → hh, (ii) ss → WW , (iii) ss → ZZ and (iv) ss → f f , where f is a Standard Model fermion. (The cross-sections for ŝŝ annihilation are similar.) (i) proceeds via a 4-point contact interaction, an s-channel Higgs exchange interaction and a t- and u-channel s exchange interaction. The resulting ⟨σv_{rel} ⟩ is

⟨σv_{rel} ⟩_{hh} = λ^2_s 64πm^2_s [ 1 + 3m^2_h ( 4m^2_s − m^2_h ) + 2λ_sv^2 ( m^2_h − 2m^2_s ) ]_2

× ( 1 − m^2_h m^2_s )_{1/2} . (B-1)

SS → WW, ZZ, f f all proceed via s-channel Higgs exchange. The corresponding ⟨σv_{rel} ⟩ are:

⟨σv_{rel} ⟩_{WW} = 2 ( 1 + 1 2 ( 1 − 2m^2_s m^2_W )_2)( 1 − m^2_W m^2_s )_{1/2}

× λ^2_s m^4_W

8πm^2_s (( 4m^2_s − m^2_h

)_2

+ m^2_hΓ^2_h

) , (B-2)

⟨σv_{rel} ⟩_{ZZ} = 2 ( 1 + 1 2 ( 1 − 2m^2_s m^2_Z )_2)( 1 − m^2_Z m^2_s )_{1/2}

× λ^2_s m^4_Z

16πm^2_s (( 4m^2_s − m^2_h

)_2

+ m^2_hΓ^2_h

) (B-3)

and ⟨σv_{rel}⟩_{f f} = m^2_W πg^2 λ^2_f λ^2_s (( 4m^2_s − m^2_h

)_2

+ m^2_hΓ^2_h ) ( 1 − m^2_f m^2_s )_{3/2} . (B-4)

Here the fermion Yukawa coupling is λ_f = m_f /v, where v = 246 GeV and m_f is the fermion mass (fermions should be summed over colours). Γ_h is the Higgs decay width.

[1] S.M.Barr, R.S.Chivukula and E.Fahri, Phys. Lett. B241 (1990) 387; S.M.Barr, Phys. Rev. D D44 (1991) 3062; D.B.Kaplan, Phys. Rev.

Lett. 68 (1992) 741.

[2] N.Cosme, L.Lopez Honorez and M.H.G.Tytgat, Phys. Rev. D D72 (2005) 043505; R. Kitano and I. Low, Phys. Rev. D 71, 023510 (2005) [arXiv:hep-ph/0411133]. K. Agashe and G. Servant, JCAP 0502, 002 (2005) [arXiv:hep-ph/0411254]; D. Hooper, J. March-Russell and S. M. West, Phys. Lett. B 605 (2005) 228 [arXiv:hep-ph/0410114]; M. Y. Khlopov, Pisma Zh. Eksp. Teor. Fiz. 83, 3 (2006) [JETP Lett. 83, 1 (2006)] [arXiv:astro-ph/0511796]. G. R. Farrar and G. Zaharijas, Phys. Rev. Lett. 96, 041302 (2006) [arXiv:hep-ph/0510079]; S. Abel and V. Page, JHEP 0605, 024 (2006) [arXiv:hep-ph/0601149]. H. An, S. L. Chen, R. N. Mohapatra and Y. Zhang, JHEP 1003, 124 (2010) [arXiv:0911.4463 [hep-ph]].

[3] S.D.Thomas, Phys. Lett. B356 (1995) 256.

[4] K.Enqvist and J.McDonald, Nucl. Phys. B538 (1999) 321; K. Enqvist and J. McDonald, Phys. Lett. B 440, 59 (1998) [arXiv:hep-ph/9807269]. L. Roszkowski and O. Seto, Phys. Rev. Lett. 98, 161304 (2007) [arXiv:hep-ph/0608013]; O. Seto and M. Yamaguchi, Phys. Rev. D 75, 123506 (2007) [arXiv:0704.0510 [hep-ph]].

[5] T. Cohen, D. J. Phalen, A. Pierce and K. M. Zurek, Phys. Rev. D 82, 056001 (2010) [arXiv:1005.1655 [hep-ph]]; H. Davoudiasl, D. E. Morrissey, K. Sigurdson and S. Tulin, Phys. Rev. Lett. 105, 211304 (2010) [arXiv:1008.2399 [hep-ph]]. J. Shelton and K. M. Zurek, Phys. Rev. D 82 (2010) 123512 [arXiv:1008.1997 [hep-ph]]. M. Blennow, B. Dasgupta, E. Fernandez-Martinez and N. Rius, JHEP 1103, 014 (2011) [arXiv:1009.3159 [hep-ph]].

[6] T. Cohen and K. M. Zurek, Phys. Rev. Lett. 104, 101301 (2010) [arXiv:0909.2035 [hep-ph]]; L. J. Hall, J. March-Russell and S. M. West, arXiv:1010.0245 [hep-ph]; B. Dutta and J. Kumar, Phys. Lett. B 699, 364 (2011) [arXiv:1012.1341 [hep-ph]]; J. J. Heckman, S. - J. Rey, JHEP 1106 (2011) 120. [arXiv:1102.5346 [hep-th]]. M. L. Graesser, I. M. Shoemaker and L. Vecchi, arXiv:1103.2771 [hepph]; M. T. Frandsen, S. Sarkar and K. Schmidt-Hoberg, arXiv:1103.4350 [hep-ph]. S. D. McDermott, H. B. Yu and K. M. Zurek, arXiv:1103.5472 [hep-ph]; C. Kouvaris, P. Tinyakov, Phys. Rev. Lett. 107 (2011) 091301. [arXiv:1104.0382 [astro-ph.CO]]. N. F. Bell, K. Petraki, I. M. Shoemaker and R. R. Volkas, arXiv:1105.3730 [hep-ph]; C. Cheung, K. M. Zurek, [arXiv:1105.4612 [hep-ph]]; J. March- Russell, M. McCullough, [arXiv:1106.4319 [hep-ph]]; H. Davoudiasl, D. E. Morrissey, K. Sigurdson and S. Tulin, arXiv:1106.4320 [hep-ph]; C. Arina and N. Sahu, arXiv:1108.3967 [hep-ph].

[7] J. McDonald, JCAP 0701, 001 (2007) [arXiv:hep-ph/0609126]. [8] Y. Cai, M. A. Luty and D. E. Kaplan, arXiv:0909.5499 [hep-ph]. [9] M. R. Buckley and L. Randall, arXiv:1009.0270 [hep-ph]. [10] P. H. Gu, M. Lindner, U. Sarkar and X. Zhang, arXiv:1009.2690 [hep-ph]. [11] Y. Cui, L. Randall and B. Shuve, arXiv:1106.4834 [hep-ph].

[12] A. Falkowski, J. T. Ruderman and T. Volansky, JHEP 1105, 106 (2011) [arXiv:1101.4936 [hep-ph]]. [13] R. Allahverdi, B. Dutta and K. Sinha, Phys. Rev. D 83, 083502 (2011) [arXiv:1011.1286 [hep-ph]]. [14] A. D. Linde, Phys. Lett. B 201 (1988) 437.

[15] J. McDonald, Phys. Rev. D 83, 083509 (2011) arXiv:1009.3227 [hep-ph]. [16] V. Silveira and A. Zee, Phys. Lett. B 161, 136 (1985). [17] J. McDonald, Phys. Lett. B 323 (1994) 339.

[18] J. McDonald, Phys. Rev. D 50, 3637 (1994) [arXiv:hep-ph/0702143].

[19] C. P. Burgess, M. Pospelov and T. ter Veldhuis, Nucl. Phys. B 619, 709 (2001) [arXiv:hep-ph/0011335]. [20] V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-Musolf, G. Shaughnessy, Phys. Rev. D77, 035005 (2008). [arXiv:0706.4311 [hep-ph]]; Phys. Rev. D79, 015018 (2009). [arXiv:0811.0393 [hep-ph]].

[21] L. Lopez Honorez, E. Nezri, J. F. Oliver and M. H. G. Tytgat, JCAP 0702, 028 (2007) [arXiv:hep-ph/0612275].