arXiv:hep-ph/0506013 v1 2 Jun 2005

MCGILL-04-05 UdeM-GPP-TH-05-134

Dynamical CP Violation in the Early Universe and Leptogenesis

K.R.S. Balaji^{1)} Tirthabir Biswas^{1)} , Robert H. Brandenberger^{1,2)} and David London^{3)} 1) Department of Physics, McGill University, Montréal, QC, H3A 2T8, CANADA 2) Department of Physics, Brown University, Providence, RI 02912, USA and 3) Laboratoire René J.-A. Lévesque, Université de Montréal, C.P. 6128, succ. centre-ville, Montréal, QC, H3C 3J7, CANADA.

In a recent publication, we suggested a mechanism for obtaining dynamical CP violation in the early Universe based on the out-of-equilibrium evolution of complex scalar fields. In this paper, we suggest several ways of transferring the CP asymmetry from the scalar sector to the leptonic sector. In particular, we point out how a “transient MNS(P) matrix” can generate an asymmetry between fermions and anti-fermions directly.

PACS numbers: 98.80.Cq.

I. INTRODUCTION

CP violation is one of the key ingredients required for baryogenesis [1]. In most particle-physics models, CP violation is explicit in the Lagrangian. In the Standard Model (SM), CP violation is built in via complex phases in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2], albeit with a very small amplitude. Since SM CP violation is very small, it is not possible to obtain a sufficiently large net baryon to entropy ratio in this scenario. Hence, in extensions of the SM additional CP violation is often introduced via CP-violating phases in an extended Higgs sector to explain lepto/baryogenesis.

Following earlier ideas of Dolgov [3], we recently proposed an alternative dynamical mechanism of CP violation in the early Universe [4] (see also [5]). Here we elaborate on this mechanism. In this scenario, the Lagrangian is CP symmetric. However, there are complex phases which arise as initial conditions for scalar fields in the early Universe. In the framework of inflationary cosmology it is possible that these phases are coherent over the present Hubble patch, as discussed in [4]. These complex phases lead to CP violation. The magnitude of CP violation decreases as the scalar fields relax to their ground state. Thus, in the framework of dynamical cosmological CP violation, large CP violation in the early Universe leading to the observed baryon to entropy ratio is no longer in conflict with the small magnitude of the presently measured CP violation in the laboratory.

In [4], we discussed the general framework of dynamical cosmological CP violation in the case of a model with two complex scalar fields. We showed explicitly how the dynamics of the background scalar fields (the “condensates”) can lead to the generation of a CP asymmetry in the scalar field quanta which are generated via the decay of the condensates. We briefly mentioned how this CP asymmetry in the scalar sector can be transformed into a CP asymmetry of the fermions leading eventually to baryogenesis [29]. In this paper we elaborate on these two issues. Moreover we point out a second channel to produce CP violation in the fermionic sector directly from the dynamics of background scalar fields. We observe that non-trivial phases of the evolution of the condensate can induce complex Yukawa terms in the Lagrangian. This results in what we call the ‘transient Maki-Nakagawa-Sakata (Pontecorvo) MNS(P) matrix” [6], and leads to CP violation in the leptonic sector.

The outline of this paper is as follows: in Section 2 we review the basic ideas of dynamical cosmological CP violation as discussed in [4] and give a brief overview of the ways in which this can result in lepto/baryogenesis. In Section 3 we study the avenues for leptogenesis which make use of an asymmetry in scalar field quanta generated by the evolving background condensate. In Section 4 we study leptogenesis channels in which the background condensate directly induces the lepton asymmetry via the transient MNS(P) matrix. In Section 5, we consider a specific leptogenesis channel and evaluate how the resulting lepton asymmetry depends on the parameters and initial conditions of our model. In section 6, we comment on other possibilities of realizing leptogenesis using complex initial conditions. We conclude in Section 7 with a summary of the main results and a discussion of future directions of research.

II. DYNAMICAL CP VIOLATION

In this section, we review the scenario of [4] in which nontrivial phases in the initial conditions of scalar fields lead to dynamical CP violation in a theory in which the Lagrangian is symmetric under CP. We then explain how this dynamical CP violation can be transferred to fermions, leading to a lepton-anti-lepton asymmetry, and eventually to a baryon-antibaryon asymmetry.

Phases from Initial Conditions: Consider a toy model containing the two complex doublet scalar fields ϕ_1 and ϕ_2 (we take doublets instead of singlets only to make the field content of the model look more like that of the Standard Model). For the moment, we say nothing about the quantum numbers of these two fields, except that they are the same for both ϕ_i, i = 1, 2. The scalar potential of the model is taken to be

V (ϕ_1, ϕ_2) = ∑ i=1,2 m^2_i ϕ^†_i ϕ_i + V_4(ϕ_1, ϕ_2) , (2.1)

where it is assumed that m_1 > 2m_2, and

V_4(ϕ_1, ϕ_2) = g(ϕ^†_2ϕ_1)(ϕ^†_2ϕ_2) + h.c. , (2.2)

where g is a real coupling constant.

It is natural to assume that only the neutral components of ϕ_i pick up an initial non-vanishing expectation value [30]. From now on the ϕ_i’s will denote the neutral components of the respective doublets. Note that their potential will look exactly the same as Eqs. (2.1) and (2.2), with the hermitian conjugates replaced by complex conjugates of the neutral components.

In the context of hot big bang or inflationary cosmology, it is natural to assume that the neutral scalar fields will start out displaced from their vacuum values. In a non-inflationary Universe, the spatial gradients of these fields would be large and they would rapidly relax to their ground-state values. However, in the context of inflationary cosmology the situation is very different. If the mass of the neutral scalar fields is smaller than the Hubble constant during inflation, the fields will evolve essentially as free scalar fields. That is, they will respond to quantum fluctuations like a free scalar field, and thus acquire a large root mean square expectation value when averaged over a region of radius H^{−1} (a “Hubble patch”). At the end of inflation, these neutral scalar fields will thus in general be displaced from the minimum of the bare potential energy function by an amount which is large compared to H (see e.g. [9, 10] and [11] for a review).

After inflation ends, the Hubble constant will gradually decrease, eventually falling below the mass scale of the scalar fields. At this point, these scalar fields will begin to roll towards their ground state. It is this dynamics in the post-inflationary Universe which will lead to dynamical CP violation and resulting leptogenesis. To see this, observe that although one of the two phases of the two neutral complex scalar fields can in general be eliminated by a phase redefinition, the second cannot. If we choose the initial value of ϕ_2 to be real (and denoted by a_2), but take the initial value of ϕ_1 to have a phase α, i.e. to be a_1e^{iα}, then in order to analyze the particlephysics processes one needs to consider fluctuations of the scalar fields around this complex initial condition (background). This effectively introduces non-trivial complex phases in the scalar potential as well as in the Yukawa interactions with the fermions, leading to CP violation. In this paper we examine ways in which such CP violation can be transferred to the fermion sector, concentrating principally on leptogenesis scenarios

Baryogenesis preceded by Leptogenesis: In order to produce a baryon-antibaryon asymmetry we first of all need processes which violate baryon number. Secondly, we require C and CP violation [1] (For recent reviews on baryogenesis, we refer the reader to [12]). In most baryogenesis scenarios, the required CP violation is explicitly introduced into the Lagrangian. However, as discussed earlier, in our approach this is not the case. Rather, it is the initial conditions which generate this asymmetry. This dynamical mechanism of CP violation can be coupled to many of the well-known models of baryogenesis. However, in light of current data which points to a nonzero neutrino mass [13], one of the preferred mechanisms for generating the baryon asymmetry involves first generating a lepton asymmetry. This asymmetry then can be converted to a baryon-antibaryon asymmetry via baryon-number-violating sphaleron processes [14]. As we emphasize below, this mechanism does not require any new baryon or lepton-number-violating terms in the Lagrangian. In the following, we shall focus on this possibility. (Note that, in this paper, we do not discuss the possibility of baryogenesis via quarks alone. However, it is straightforward to modify our scenarios to include CP violation in the quark sector directly.)

Note that it is not necessary to have more leptons than anti-leptons in order for the sphalerons to produce more baryons than anti-baryons. In fact, an asymmetry in only certain states is sufficient. This observation comes about because the weak interactions – and hence the sphaleron interactions – couple to only left-handed particles and right-handed anti-particles. Since only these states are involved, the production of ν_R or ν̄_L cannot lead to a baryon-antibaryon asymmetry. While it is true that a ψ_L state can be converted into a ψ_R state, the rate is proportional to the mass of the ψ. For light neutrinos, this conversion rate is sufficiently slow that an asymmetry between ν_L and ν̄_R survives to the weak scale. Thus, sphalerons can convert an asymmetry between ν_L and ν̄_R alone into a baryon asymmetry.

On the other hand, this does not hold for electrons since any generated asymmetry is washed out by the mass terms [15, 16]. Thus, an asymmetry between e_L and ē_R cannot be converted into a baryon-antibaryon asymmetry via the standard electroweak sphaleron effects.

The upshot of this discussion is that we can successfully obtain baryogenesis involving sphalerons provided it is preceded by one of two scenarios. Either (i) we have full leptogenesis, i.e. there is an asymmetry between lepton and anti-lepton number, or (ii) an asymmetry between ν_L and ν̄_R is created. The former case naturally suggests that there are more leptons than anti-leptons.. In this case of course one requires the presence of leptonnumber-violating processes, as is required in thermal leptogenesis scenarios [17], for example. The latter scenario is in spirit similar to Dirac leptogenesis [18], but it differs in two aspects. First, there need not be explicit leptonnumber violation, and second, apriori the Lagrangian is CP conserving.

In the following sections we discuss two distinct mechanisms for generating a lepton asymmetry. The first involves CP-violating scalar interactions which generate an asymmetry between scalar particles and their antiparticles. This CP asymmetry is then transferred to the lepton sector. The second uses what we call the “transient MNS(P) matrix.” Note that, for either mechanism to work, one needs Yukawa interactions between the rolling scalar fields and the SM fermions. However, the specific applications of these interactions depend on the mechanism, and are slightly different.

III. LEPTON ASYMMETRY FROM AN ASYMMETRY OF SCALAR QUANTA

CP Violation in the Scalar Sector: We begin by considering mechanisms by which a CP asymmetry involving scalars can be transferred to the lepton sector. As discussed in [4] (and making use of the phase conventions discussed in Section 2) we consider field fluctuations about the initial conditions:

ϕ^′_2 = ϕ_2 − a_2 , ϕ^′_1 = ϕ_1 − a_1e^{iα} . (3.3)

Note that in the context of cosmologically evolving fields, the background fields a_i vary with time. We shall address the dynamical evolution later (in Section 5). For now, we mention that, in order for the CP-violating effects at different times to add up coherently, we work in the adiabatic approximation where we assume that the timedependence of the background fields is slow compared to the interaction time scale of the fluctuations. We will focus on the time-dependence of the amplitude of the fields. However, in principle, the phase α can also be time dependent [19].

The relations (3.3) can be inverted and inserted into the scalar potential of (2.1). Expanding the quartic term of (2.2), one finds both quadratic and cubic terms. Dropping the primes, the cubic interaction terms become

V_3 = g [ a_1e^{iα}ϕ^†_2|ϕ_2|^2 + a_2ϕ^†_2ϕ^†_2ϕ_1 + 2a_2|ϕ_2|^2ϕ_1 ] + h.c. (3.4) The induced couplings contribute to the decay ϕ_1 → ϕ_2ϕ_2 [4]. This decay is CP-violating, as can be seen as follows. There are two types of diagrams: a tree diagram and several loop diagrams. Because these diagrams have relative weak and strong phases, one finds that the number of ϕ_2 states is unequal to the number of ϕ^†_2 states [31]. This is CP violation in the scalar sector. Specifically, the relative asymmetry A_{CP} in the decay rates is

A_{CP} ∼ sin 2α . (3.5)

This asymmetry in the scalar sector must now be transferred to the leptonic sector. This happens through the Yukawa interactions. As discussed, earlier, there are two possibilities. Either we have full leptogenesis, or an asymmetry between ν_L and ν̄_R alone is created. We refer to these as scenarios A and B, respectively.

Transferring Asymmetry to Fermions: We begin with mechanism A and briefly discuss the generation of a CP asymmetry in the leptonic sector via the decay of scalar quanta. In this case one requires lepton-number-violating processes in which the asymmetry in the CP values of the scalar excitations, computed above, transfers directly into an equivalent asymmetry in the leptonic sector. In the case of Dirac neutrinos, the generic CPviolating rate asymmetry is of the form ΔΓ_{ϕi→f1 f2...} = Γ_{ϕi→f1 f2...} − Γ_ϕ∗_{i →}¯_{f1}¯_{f2 ...} ≃ Γ_{ϕi→f1 f2...}A_{CP} , (3.6) where Γ_{ϕi→fi ...} is the decay rate of a scalar ϕ_i to a final state involving Dirac fermions f_i. Here, A_{CP} denotes the inherent CP asymmetry in the production of scalars ϕ_i and its CP conjugated state, ϕ^∗_i . Note that an asymmetry cannot be generated for Majorana neutrinos. This is because in this case the final states are not distinguishable as particles and anti-particles, which is required to obtain an asymmetry.

We now consider an example of scenario B, in which one generates only an asymmetry between ν_L and ν̄_R. Consider the following Yukawa interactions between neutrinos and the doublets ϕ_i:

L_y = 1 2 d_{νi}ν̄(1 + γ_5)νϕ_i + h.c. . (3.7)

This leads to the decays (we consider only diagonal couplings here)

ϕ_2 → ν̄_Lν_L , ϕ^†_2 → ν̄_Rν_R . (3.8)

The asymmetry in the number of ϕ_2 and ϕ^†_2 fields will therefore translate into an asymmetry in the number of ν̄_Lν_L and ν̄_Rν_R final states. As explained above, since only the states ν_L and ν̄_R interact via the weak interactions, sphalerons will convert these states into baryons. In other words, this will give rise to a baryon asymmetry.

This asymmetry is easily estimated to be

Y_B = 22 79 Y_ν , (3.9)

where we have assumed that only the standard model degrees of freedom are involved in the sphaleron process [20]. The neutrino/lepton asymmetry Y_ν is estimated from the asymmetry in the production rate of the ϕ_2 field. Following (3.5) and (3.6) we have the lepton asymmetry Y_ν ∝ sin α Γ_{ϕ2→ν̄LνL} ∼ 1 8π sin α d^2_{ν2} m_2 , (3.10)

so that Y_B ∼ 22 79 1 8π sin α d^2_{ν2} m_2 . (3.11)

The requirement that this asymmetry not be washed out is given by the condition [21]

m^2 m^2_ν Γ_{ϕ2→ν̄LνL} 2T^4 H(m_2)

≪ 1 . (3.12)

In (3.12), T denotes the temperature and H(m_2) is the value of the Hubble constant at scale m_2, when the scalar decays to neutrinos of mass m_ν . Note that this condition is obtained by solving for the relevant Boltzmann equations (for details, we refer the reader to [21]) and is easily satisfied because of the smallness of the neutrino mass.

IV. DIRECT LEPTOGENESIS INDUCED BY COMPLEX PHASES

We now turn to the second method of generating a CP asymmetry in the leptonic sector, namely by means of a transient MNS(P) matrix.

Recall first how CP violation comes about in the SM. Here one has the Yukawa couplings^1_2 Y_{ij}ψ̄_i(1 + γ_5)ψ_j ϕ, where ψ can be a quark or a lepton field and ϕ is the ordinary Higgs field. Because there are three generations, the Yukawa couplings Y_{ij} are complex. When ϕ acquires a vacuum expectation value, one develops (complex) mass terms. Their diagonalization leads to the CKM matrix for quarks, or the MNS(P) matrix for leptons.

In the present case, we again have couplings of the form^1_2 Y_{ij}ψ̄_i(1 + γ_5)ψ_j ϕ_{1,2}, where the ϕ_{1,2} are the background scalar fields. Here we assume that CP is conserved in the Lagrangian, so that the Y_{ij} are real. However, in dynamical CP violation, the initial conditions of the scalar fields have relatively complex values (e.g. see Eq.(3.3)]. These initial conditions effectively lead to complex (non-diagonal) Yukawa couplings, which again lead to mass matrices whose diagonalization includes CPviolating phases. However, in contrast to the SM, once the fields relax to their minima, the contributions to the masses are switched off, and the CP-violating mixing matrix vanishes. In other words, the mixing matrix is transient, and no dynamical CP violation remains at late times.

Of particular interest to us is the case where ψ is the neutrino. Here nonzero neutrino masses are generated, effectively leading to a MNS(P)-type matrix. This matrix can asymmetrically produce ν_L and ν̄_R even when no lepton-number-violating interactions are present in the theory.

Transient MNS(P) Matrix: The above qualitative description can be made quantitative. As before, we take the background scalar fields to be SU(2) doublets (other representations can be straightforwardly included) and assume only the neutral components acquire background values. The general form for the Yukawa interactions is

L_y = 1 2 d_eē(1+γ_5)eD^∗_b + 1 2 d_νν̄(1+γ_5)ν_RD+h.c. , (4.13)

where D represents the neutral components of the doublet fields. Note that d_e and d_ν are 3 × 3 Yukawa flavor matrices which become complex due to initial conditions.

Let us first consider the case of Dirac fermions. The induced complex Dirac-type masses can then be parametrized as

M_{AB} = a_2d^2_{AB} + a_1e^{iα}d^1_{AB} , (4.14)

where d^i_{AB} are the Yukawa couplings for the doublets ϕ_i, and A, B are the flavor indices. Since the d^2_{AB} are different from d^1_{AB}, M_{AB} is a generic arbitrary complex 3 × 3 matrix that needs to be diagonalized using bi-unitary transformations. Therefore, for a given leptonic doublet, the charged and neutral fermion mass matrices read as

M_e = U^†_e M^d_e V_e and M_ν = U^†_ν M^d_ν V_ν , (4.15)

where the superscript d denotes diagonal elements. One finds as usual the MNS(P) matrix

U^†_e U_ν , (4.16)

which obviously includes complex CP-violating interactions.

To see this CP violation, we define the matrices K_e and K_ν such that

U_eK_eV^†_e = (M^d_e )^2 and (M^d_ν )^2 = U_ν K^d_ν V^†_ν . (4.17)

The condition for CP violation is derived to be [22] C_{ij} = Im(K_{eij} K^∗_{νij} )+Im(K_{eik}K^∗_{νik}) ≠ 0 ; i < j ; j ≠ k . (4.18) It is convenient to assume that the matrix describing charged-lepton couplings (U_e) is diagonal, so that the mixing matrix comes purely from the neutrino sector: U_{MNS(P )} = U_ν . The largest contribution to CP violation then comes from the case where the charged lepton is a τ . For a specific leptonic flavor (say α), the condition (4.18) translates to

C_{τα} ≈ 2 m^2_τ Im(K^∗_{ντα}) ≠ 0 . (4.19)

The phase in the neutrino mixing matrix is now responsible for CP violation in scalar decays. For illustration, let us consider a flavor specific decay of the type

ϕ_2 → ν̄_{τL}ν_{τL} , ϕ^†_2 → ν̄_{τR}ν_{τR} . (4.20)

This decay can be CP-violating because of a phase arising from the one-loop vertex-correction graph. This process is described in Fig.1. The resulting CP-violating asymmetry is Y_ν ∝ Arg(d_{ττ} ) − Arg(d_{eτ} d_{eμ}d^∗_{μτ} ) = sin δ , (4.21) where δ is the complex (Dirac) phase in U_ν .

Several remarks are in order. First, the asymmetry in (4.21) is generated solely due to mixing in the leptonic sector. This is easily seen by the presence of different flavor-changing Yukawa couplings in the expression for the asymmetry. Second, we require a CP-conserving phase in the interference between tree and one-loop diagrams. This comes about due to an absorptive piece

FIG. 1: Feynman diagrams of the tree and loop processes considered for the decay, ϕ2 → ν̄τ Rντ L . The dashed lines is for fermions and the solid line is for scalar.

in the loop calculation. Finally, the asymmetry is prevented from being washed out due to the same condition as that of (3.12). As before, the lepton-number asymmetry is converted to a baryon-number asymmetry using sphaleron effects.

Majorana fermions: We now mention briefly the more complicated case where the neutrinos are Majorana particles. In comparison to the Dirac case, the Majorana fermions (due to the reality of the fields) have two more CP-violating phases (for three generations) in the mass matrix. These additional phases give further avenues for CP violation. The important feature that distinguishes this from the Dirac case is the possibility that C_{αα} [Eq. (4.18)] can take nonzero values [32].

To illustrate this, consider just two generations. In this case, there is no CP violation for Dirac neutrinos, but there can be for Majorana neutrinos. The effective Majorana mass is

m_{αα} = m_1c^2_1 + m_2s^2_1e^{2iγ} , (4.22)

where, c_1/s_1 are the cosine/sine of the mixing angle and γ is the CP-violating phase. Thus, in this case, one can obtain CP-violating lepton asymmetries as above in the decays ϕ_2 → ν̄_Lν_L and ϕ^†_2 → ν̄_Rν_R. However, because of their Majorana nature, it is necessary in this case that the final-state neutrinos have different flavors.

Note that, for Majorana neutrinos, we can replace our scalars ϕ_i with those used in the standard thermal leptogenesis scenario [17]; an extension to the nonthermal case [23] is straightforward.

V. ESTIMATING BARYON ASYMMETRY IN A SPECIFIC EXAMPLE

Relating α to the MNS(P) phase: Up to this point, we have concentrated exclusively on showing that the CP violation in the scalar sector can be successfully transferred to the fermion sector. However, one might wonder whether this CP violation is sufficient to obtain the right amount of baryogenesis, i.e. a correct baryon to entropy ratio. In this section we explore this question.

In order to examine this, we need a framework for obtaining CP violation in the fermion sector. For this, we use the transient MNS(P) matrix with Dirac neutrinos. In Sec. 4, we showed that CP violation occurs with two scalar doublets and three generations. However, it is also possible to obtain a transient MNS(P) matrix with only two generations, if one considers a left-right model, i.e. the gauge symmetry is extended to G = SU (2)_L × SU (2)_R. This is the scenario we adopt here.

As discussed earlier, the neutrinos couple to the rolling scalar doublets. We write the background fields in the form

ϕ_1(t) = c_1(t) and ϕ_2(t) = c_2(t)e^{iα} . (5.23)

In the left-right model, these two fields are combined into a single matrix: Φ = ( c_2e^{iα} 0 0 c_1 ) . (5.24)

We focus only on the leptonic sector. The Yukawa interactions for the lepton doublet L are

L_Y = 1 2 y_lL̄Φ(1 + γ_5)L + 1 2 y_νL̄Φ̃(1 + γ_5)L ; Φ̃ = σ_2Φ^∗σ_2 . (5.25) The mass matrices for the charged-lepton and neutrino fields are therefore

M_l = M^0_l + rM_ν e^{−iα} , M_ν = rM_le^{iα} + M^0_ν , r = c_1(t) c_2(t)

. (5.26)

In the absence of phases which break CP explicitly, the mass matrices M^0_{l,ν} , M_{l,ν} are real and symmetric (this is an advantage of choosing the group G). As a result, the mass matrices can be diagonalized by a single mixing matrix V_{l,ν} (and the left- and right-handed mixing matrices are related, U_L = U^∗_R): V_{l,ν} M_{l,ν} V^T_{l,ν} = M^{diag}_{l,ν} . (5.27) The corresponding MNS(P) matrix is

U = V_lV^†_ν . (5.28)

With two generations, apart from an overall phase, the MNS(P) matrix can be parametrized as U = ( e^{iδ1} cos θ e^{iδ2} sin θ −e^{−iδ2} sin θ e^{−iδ1} cos θ ) . (5.29)

Note that, although the above complex mass matrix is written in terms of the two phases δ_{1,2}, only the difference δ_1 − δ_2 is physical.

For calculational ease we assume that c_1(t) ≪ c_2(t). In this case, r ≪ 1 for any given time, and thus r(t) can be treated as a perturbative parameter. In this limit, the relation between the phase α and the complex phase difference δ(≡ δ_2 − δ_1) is given approximately by [24]

δ ≡ δ_1 − δ_2 ≃ m_τ m_ν r sin α . (5.30)

In (5.30) m_ν is one of the mass eigenvalues of the neutrino sector which we take to be considerably smaller than the tau lepton mass, m_τ . Note that the MNS(P) phase is time dependent as long as r is time dependent.

In the following we estimate this time dependence for r. This will allow us to determine whether the proper baryon to entropy ratio is obtained.

Cosmological Evolution and the Baryon Asymmetry:

As in all models of leptogenesis, in our scenario the net baryon number is generated via sphalerons from an asymmetry in the left-handed lepton number. As long as sphaleron transitions are thermodynamically allowed, i.e. at energy scales higher than the electroweak scale, they will equilibrate the baryon and left-handed lepton numbers [25]. In our context, this means that a baryon asymmetry of the same order of magnitude as the lefthanded lepton asymmetry produced by the processes described in the previous subsection will be generated. In turn, the left-handed lepton asymmetry is generated by the motion of the scalar field ϕ. We will estimate the net baryon to entropy ratio by the ratio of left-handed leptons over photons produced during the time interval when the rolling of the scalar field is most important in the sense discussed below. Note that, once produced, the baryon to entropy ratio does not change in time as long as there are no other phase transitions which generate entropy after the period of leptogenesis. Thus, in the following we will first determine the time interval when most of the left-handed leptons are produced, and then estimate the resulting baryon to entropy ratio following the methods of [5, 7].

The equation of motion for any rolling complex scalar field which is homogeneous in space is

ϕ̈ + 3Hϕ̇ = − ∂V (ϕ^i) ∂ϕ , (5.31)

where H is the Hubble parameter. The dynamics of ϕ depend on whether H(t) is larger or smaller than m_ϕ, the mass of the field ϕ which is given by the square root of the second derivative of the potential V (ϕ).

At early times, while

H(t) > m_ϕ , (5.32)

the evolution of ϕ is over-damped and follows the approximate equation 3Hϕ̇ = − ∂V (ϕ_i) ∂ϕ = −m^2_ϕϕ . (5.33)

In the early radiation-dominated universe H(t) = 1 2t , (5.34)

and thus the solution of (5.33) becomes

ϕ(t) = ϕ(t_0)e^{− 13 m2ϕ (t2−t20)} , (5.35) where t_0 is the initial time. Making use of (5.34) and (5.32), we see that the motion of ϕ in this phase is negligible. Hence, no leptogenesis takes place during this phase.

The inequality (5.32) is saturated at a time we denote as t_e. As soon as

H(t) ≤ m_ϕ , (5.36)

the scalar field ϕ starts rolling as described by (5.31) and eventually performs damped oscillations about its ground state. The sign of the induced lepton asymmetry depends on the sign of ϕ̇. Thus, if ϕ were oscillating with constant amplitude, no net lepton number would be generated. The net lepton asymmetry is determined by the overall decrease in the amplitude of ϕ. Most of this decrease happens during the time interval before ϕ crosses zero for the first time, which occurs at a time we denote by t_∗. The time interval between t_e and t_∗ is less than one Hubble expansion time H(t_e)^{−1}.

For the baryogenesis channel considered in the above subsection, the net baryon to entropy ratio is given by [5, 7] n_B s ∼ y^2_ν Y_ν (ϕϕ̇)(t_e) 8πn_γ (t_e)

, (5.37)

where y_ν is the typical value of a neutrino Yukawa coupling constant from (5.25), Y_ν is the CP asymmetry per decay from (4.21), n_γ is the number density of photons, s denotes the entropy density, and n_B the net baryon number density. A way to understand the above equation is as follows: m_ϕY_ν is the CP asymmetry in the decay rate of ϕ quanta, (ϕϕ̇)(t_e) is the rate of change in the number of ϕ quanta at time t_e, the time when most of the net baryon number density is generated, and m^{−1}_{phi} gives the time interval during which leptogenesis is effective and must be multiplied with the rate of generation of the baryon asymmetry to obtain the final baryon to entropy ratio.

In turn, the asymmetry factor Y_ν in the above equation (5.37) is given by combining (4.21) and (5.30) and inserting the time evolution of the function r(t). However, given the gauge symmetry of our model, the masses of both scalar fields ϕ_1 and ϕ_2 are the same and they will thus begin rolling at the same time with vanishing velocity. Hence, r(t) will be constant in time. Since we are also taking the phase α to be constant, the phase δ and hence Y_ν are independent of time.

To evaluate the order of magnitude of the result (5.37), we must estimate the value of ϕ̇(t_e). From the equation of motion (5.31) it follows that

ϕ̇(t_e) ∼ m_ϕϕ(t_e) (5.38)

and hence n_B s ∼ y^2_ν Y_ν m_ϕϕ^2(t_e) 8πn_γ (t_e)

. (5.39)

Since the time t_e is given by the saturation of (5.32), the photon number density is given by

n_γ (t_e) ∼ m^{3/2}_ϕ m^{3/2}_{pl} , (5.40)

where m_{pl} is the Planck mass, and we have used the Friedmann equations to relate the temperature of the radiation bath (whose cube yields n_γ ) to the Hubble expansion rate at time t_e which in turn is equal to m_ϕ. Thus, (5.39) becomes n_B s ∼ y^2_ν Y_ν ϕ^2(t_e)

m^{1/2}_ϕ m^{3/2}_{pl}

. (5.41)

We now add an additional constraint from cosmology: we demand that the energy density in ϕ at time t_e be sub-dominant, i.e.

m^2_ϕϕ^2(t_e) ≪ T^4(t_e) ∼ H^2(t_e)m^2_{pl} , (5.42)

where T (t) denotes the temperature of radiation, and where in the second step we have again used the Friedmann equations. Recalling that H(t_e) = m_ϕ, the inequality (5.42) yields an upper bound on ϕ(t_e):

ϕ(t_e) ≪ m_{pl} , (5.43)

a bound which is quite natural from the point of view of particle physics (we cannot trust the physics we used for field values larger than m_{pl} ). Inserting the bound (5.43) into (5.41), we obtain a bound on the strength of our baryogenesis scenario of the form n_B s ≪ y^2_ν Y_ν ( m_{pl} m_ϕ )_{1/2} . (5.44)

This result demonstrates that our dynamical CP violation scenario can lead, even in the case of small coupling constants, to a large net baryon to entropy ratio.

VI. OTHER CHANNELS FOR LEPTO- AND BARYOGENESIS

There are other ways of transferring a CP asymmetry in the scalar sector to the lepton sector. In this section, we briefly describe some alternative mechanisms.

Asymmetry due to scattering: In Sec. 3, we considered the possibility that a CP-violating asymmetry in the scalar sector can be generated in the decay ϕ_1 → ϕ_2ϕ_2. This is then converted to a CP asymmetry in the lepton sector via the decay of ϕ_2 scalars into neutrinos. However, a CP asymmetry in the scalar sector can also be created by scattering processes such as ϕ_1ϕ_2 → 2ϕ_2. This process is generated by the quartic interaction V_4 in (2.2) and has an one-loop vertex correction due to the cubic interaction V_3 generated in (3.4). Once again, the asymmetry comes about because the coupling of ϕ_2 to

FIG. 2: Feynman diagrams of the tree and loop process for the reaction ϕ1ϕ2 → 2ϕ2 .

ϕ_1 is complex, but ϕ^3_2 interactions are real. This leads to a phase difference between the tree diagram and the one-loop vertex correction graph, and contributes to the asymmetry. The relevant Feynman graph for this process is shown in Fig.2.

The asymmetry which is generated between the crosssections for ϕ_2 and ϕ^∗_2 production (via the CP-conjugate process) is

σ − σ̄ ∼ (loop factor) × σ sin α ; σ = 1 32π g^2 s . (6.45)

In (6.45) s is the center of mass energy for the scattering process and g is the relevant quartic coupling in (2.2). Following (6.45), the asymmetry in the rate of ϕ_2 production is

ΔΓ_{ϕ2} = (σ − σ̄) · N_{ϕ2} = sin α 32π g^2 s · N_{ϕ2} , (6.46)

where N_{ϕ2} is the number density of the scattering of ϕ_2 particles [33].

Once again, in this case, the lepton asymmetry is generated by allowing the scalar ϕ_2 to decay via the process ϕ_2 → ν_Lν̄_L. The lepton number asymmetry generated in this way is proportional to the Yukawa coupling [(3.11)]:

Y_ν ∝ d^2_{ν2}ΔΓ_{ϕ2} = sin α 32π (gd_{ν2})^2 s · N_{ϕ2} . (6.47)

The interesting aspect of (6.47) is that the asymmetry could be large for large values of N_{ϕ2} , even if the Yukawa coupling is small. Simultaneously, the wash-out factor is not large because the inverse scattering may be kinematically suppressed if the initial masses are large compared to the final state masses. In our case, we have m_1 > m_2 and we expect m_i ≫ a_2d_{ν2} due to small Yukawa couplings.

One can also produce a lepton-number asymmetry directly via the pair production of Dirac fermions in the scattering process ϕ_1ϕ_2 → ν_Lν̄_L. The relevant diagrams are shown in Fig.3. Taking the final state to be ν_{τL}ν̄_{τL}, we obtain an asymmetry which is approximately given by Y_ν ∝ g|d_{ττ} d_{eτ} d_{eμ}d_{μτ} | sin δ 16πs · N_{ϕ2} . (6.48)

The asymmetry in (6.48) is smaller that that generated in (6.47) due to a larger Yukawa suppression.

Finally, a word about Majorana neutrinos. The above asymmetry which we have generated is suppressed if we

FIG. 3: Feynman diagrams of the tree and loop process for the reaction ϕ1 ϕ2 → νLν̄R.

use Majorana neutrinos. This follows due to spin statistics, where we notice that our scalars have to generate final states in the P-wave mode and hence the scenario is disfavored if it involves Majorana neutrinos.

Exotic fermions: Finally, it is also possible to construct scenarios involving the use of exotic fermions to transfer the CP violation to the fermion sector. Although we will not discuss such models in any detail, there are many possibilities. For example, the scalar fields ϕ_i can couple to such (neutral or charged) exotic fermion fields, so that the CP asymmetry in the ϕ_i is then transferred to the exotic fermion sector. The subsequent decays of exotic fermions into ordinary fermions creates the necessary lepton-number asymmetry.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have elaborated on the scenario of dynamical cosmological CP violation we proposed in [4] (see also [5]). In this scenario, the CP violating-phases are due to cosmological initial conditions for some new scalar fields ϕ_i (which could be some of the moduli fields emerging from new physics at very high energies). Here, we have focused on how to transfer the CP asymmetry from the scalar sector to the leptonic sector, and on the connection with baryogenesis.

We mention several ways to achieve the transfer of the CP asymmetry to the leptonic sector. One intriguing possibility is that Yukawa couplings between the scalar field ϕ_i and the standard model leptons could generate a transient (in time) MNS(P) matrix which generates a CP asymmetry in the leptonic sector, yielding an implementation of leptogenesis. In this model, we estimate the resulting net baryon to entropy ratio. As expected, the result depends on the initial values of the scalar fields. We find, however, that it is easy to generate a sufficiently large baryon asymmetry to explain the data, even if the coupling constants and the value of the CP violating phase in the scalar sector are small.

Note that our scenario does not assume any new sources of CP and baryon-number violation in the Lagrangian. The CP violation comes from the scalar field initial conditions, and the baryon asymmetry is generated via sphalerons from an asymmetry in the lefthanded leptons, an asymmetry which is compensated by an asymmetry in the right-handed leptons. A prediction of this scenario is that there should be an asymmetry in the number of right-handed neutrinos commensurate with the observed net baryon to entropy ratio.

Acknowledgements:

This work is supported by NSERC (Canada) and by the Fonds de Recherche sur la Nature et les Technologies du Québec. RB is also supported in part by the US Department of Energy under Contract DE-FG02- 91ER40688, TASK A.

[1] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967 SOPUA,34,392-393.1991 UFNAA,161,61-64.1991)].

[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[3] A. D. Dolgov, Phys. Rept. 222, 309 (1992). [4] K. R. S. Balaji, T. Biswas, R. H. Brandenberger and D. London, Phys. Lett. B 595, 22 (2004) [arXiv:hepph/0403014].

[5] K. R. S. Balaji and R. H. Brandenberger, Phys. Rev.

Lett. 94, 031301 (2005) [arXiv:hep-ph/0407090]; K. R. S. Balaji, R. H. Brandenberger and A. Notari, arXiv:hep-ph/0412197.

[6] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys.

28, 870 (1962);

B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968) [Zh. Eksp. Teor. Fiz. 53, 1717 (1967)].

[7] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985). [8] C. Caprini, S. Biller and P. G. Ferreira, JCAP 0502, 006 (2005) [arXiv:hep-ph/0310066].

[9] A. D. Linde, Phys. Lett. B 116, 335 (1982). [10] A. Vilenkin and L. H. Ford, Phys. Rev. D 26, 1231 (1982).

[11] A. D. Linde, “Particle Physics and Inflationary Cosmology,” (Harwood, Chur, 1990); arXiv:hep-th/0503203.

[12] A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci.

49, 35 (1999) [arXiv:hep-ph/9901362].

[13] A. Y. Smirnov, Int. J. Mod. Phys. A 19, 1180 (2004) [arXiv:hep-ph/0311259].

[14] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

[15] B. A. Campbell, S. Davidson, J. R. Ellis and K. A. Olive, Phys. Lett. B 297, 118 (1992) [arXiv:hep-ph/9302221]; for a review on lepton asymmetries, refer to A. D. Dolgov, Phys. Rept. 370, 333 (2002) [arXiv:hep-ph/0202122].

[16] J. M. Cline, K. Kainulainen and K. A. Olive, Phys. Rev.

D 49, 6394 (1994) [arXiv:hep-ph/9401208].

[17] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[18] K. Dick, M. Lindner, M. Ratz and D. Wright, Phys. Rev.

Lett. 84, 4039 (2000) [arXiv:hep-ph/9907562]. [19] R. Rangarajan and D. V. Nanopoulos, Phys. Rev. D 64, 063511 (2001) [arXiv:hep-ph/0103348].

[20] J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990).

[21] K. R. S. Balaji and R. H. Brandenberger, Phys. Rev.

Lett. 94, 031301 (2005) [arXiv:hep-ph/0407090]. [22] For an extensive review, refer to H. Fritzsch and Z. z. Xing, Prog. Part. Nucl. Phys. 45, 1 (2000) [arXiv:hep-ph/9912358].

[23] G. Lazarides and Q. Shafi, Phys. Lett. B 258, 305 (1991). [24] D. Chang, Nucl. Phys. B 214, 435 (1983). [25] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B 155, 36 (1985).

[26] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979).

[27] H. Murayama and A. Pierce, Phys. Rev. Lett. 89, 271601 (2002) [arXiv:hep-ph/0206177].

[28] S. Pascoli, S. T. Petcov and W. Rodejohann, Phys. Lett.

B 549, 177 (2002) [arXiv:hep-ph/0209059]; Z. z. Xing, Int. J. Mod. Phys. A 19, 1 (2004) [arXiv:hepph/0307359];

A. Abada and G. Bhattacharyya, Phys. Rev. D 68, 033004 (2003) [arXiv:hep-ph/0304159].

[29] Note that in terms of using dynamical scalar fields, our mechanism has similarities with the Affleck-Dine scenario [7]. The novel aspect is that we do not introduce explicitly CP and baryon number violating terms in the Lagrangian.

[30] If an electrically-charged scalar obtains an initial condition, we break electromagnetism, in a way similar to spontaneous symmetry breaking. Given the neutrality of our Universe, and strong constraints on the isotropy of the cosmic microwave background radiation [8], we presume that electro-magnetism was never broken during the course of early universe.

[31] We have implicitly assumed that the quadratic corrections from the initial conditions do not change the mass eigenstates appreciably. This assumption however is not necessary. In general one has to compute the asymmetry in the current mass basis and then rotate it back to the original ϕ1, ϕ2 basis. This only leads to technical complications but does not change the basic physical effect.

[32] In fact, this feature enables one to search for CP violation in neutrino-less double beta decay experiments [28].

[33] For simplicity, we assume equal number of ϕ1 and ϕ2 fields.