arXiv:hep-ph/0612018v3 7 Mar 2007

Baryogenesis from Gravitational Decay of TeV-Particles in Theories with Low Scale Gravity

C. Bambi^{a,b,∗}, A.D. Dolgov^{a,b,c,†}and K. Freese^{d,‡}

March 7, 2007

aIstituto Nazionale di Fisica Nucleare, Sezione di Ferrara, I-44100 Ferrara, Italy bDipartimento di Fisica, Università degli Studi di Ferrara, I-44100 Ferrara, Italy cInstitute of Theoretical and Experimental Physics, 113259, Moscow, Russia dMichigan Center for Theoretical Physics, Physics Dept., University of Michigan, Ann Arbor, MI 48109

Abstract

In models with the fundamental gravity scale in the TeV range, early cosmology is quite different from the standard picture, because the universe must have arisen at a much lower temperature and the electroweak symmetry was probably never restored. In this context, baryogenesis appears to be problematic: if the involved physics is essentially that of the Standard Model, “conventional” non-conserving baryon number processes are completely negligible at such low temperatures. In this paper we show that the observed matter-antimatter asymmetry of the universe may be generated by gravitational decay of TeV-mass particles: such objects can be out of equilibrium after inflation and, if their mass is of the same order of magnitude as the true quantum gravity scale, they can quickly decay through a black hole intermediate state, violating global symmetries, in particular, baryon number. In this context, we take advantage of the fact that the “Sakharov conditions” for baryogenesis can be more easily satisfied with a low fundamental scale of gravity.

∗E-mail: bambi@fe.infn.it †E-mail: dolgov@fe.infn.it ‡E-mail: ktfreese@umich.edu 1

1 Introduction

The mechanism of generation of the observed matter-antimatter asymmetry in the universe is an open problem in modern cosmology and a clear sign of new physics beyond the Standard Model. Many possibilities have been proposed [1], but at present there is no experimental evidence in favor of one model over another. In addition, unluckily, the models are often based on assumptions difficult to test, since the involved physics is at such high energies as to be unreachable in future laboratories on the Earth.

We will consider baryogenesis scenarios based on low scale gravity with the fundamental Planck mass, M_∗, in the TeV range. As we shall see in what follows, the baryogenesis scenarios in models with a low gravity scale encounter some additional problems, because of an expected very low reheating temperature of the universe, and, therefore, additional exotic assumptions, e.g. time variation of fundamental constants, are usually needed. In this context, on the other hand, we will show that the “Sakharov conditions” for baryogenesis can be more easily satisfied with a low fundamental scale of gravity. In addition, the mechanism may operate with the minimal particle content (only known quarks) or with a minor extension to low energy supersymmetry.

In the standard framework of general relativity, there is probably no realistic possibility to ever observe gravitational interactions in particle physics. This is due to the fact that there are apparently two distinct fundamental energy scales in nature which are different by many orders of magnitude, namely, the Planck mass M_{P l} ∼ 10^{19} GeV, which sets the energy when gravity becomes comparable to gauge interactions, and the electroweak scale of the Standard Model of particle physics, M_{EW} ∼ 10^3 GeV, which is accessible in lepton and hadron colliders.

However, the interpretation of M_{P l} and M_{EW} as two fundamental energy scales may be incorrect because the previous assertion is based on the non-trivial assumption that gravity behavior is unchanged down to the Planck length L_{P l} ∼ 10^{−33} cm. However, all we know from experimental tests of gravity is its force at the present time on macroscopic distances, that is in the range 10^{−2} cm – 10^{28} cm.

Loopholes have been found in recent years. For example, in models with extra dimensions [2]-[5] the true fundamental gravity scale can be as low as a few TeV, and the large Planck mass is then merely an effective long-distance 4-dimensional parameter. For a recent review see [6]. In these scenarios, gravity becomes phenomenologically interesting for high energy physics and we may observe and study quantum gravity phenomena at future colliders.

Another suggestion to explain the electroweak-gravitational hierarchy in a natural way in the 4 dimensional world was recently put forward in Ref. [7]. It is assumed that there exists a scalar field Φ with nonminimal coupling to the curvature, RV (Φ). The initial value of the function V (Φ) is supposed to be in electroweak scale, i.e. about (TeV)^2, while due to dynamical evolution of Φ(t) it may reach the asymptotic Planck value, V (Φ_∞) = M^2_{P l}.

While TeV-gravity is a fascinating possibility from the point of view of particle phenomenology, its cosmology may be problematic. In fact we can reasonably expect that in such models the maximum temperature of the universe never exceeded a few TeV, since the concept of spacetime itself exists only for temperatures below the fundamental gravity scale. In fact we often find the reheating temperature after inflation to be significantly lower. Consequently, ordinary cosmology commenced at temperatures so low that electroweak symmetry breaking M_{EW SB} ∼ 300 GeV never took place in the early universe. Since at the moment we have no reliable information about the universe before it was 1 s old, i.e. before primordial nucleosynthesis, there are no direct contradictions with the assumption of TeV gravity. However, baryogenesis is quite difficult in these models, because to this end a mechanism working at relatively low energies is needed and presently we do not know anything suitable in the context of the Standard Model. In particular, violation of baryon number (B) conservation below the electroweak phase transition is completely negligible in the standard theory and this seemingly forbids any realistic baryogenesis scenario in the case of low scale gravity.

On the contrary, a low fundamental scale of gravity opens a new possibility for TeV scale baryogenesis, because the gravitational interaction itself can naturally break B-conservation. In this paper we consider gravitational decays of heavy particles as a mechanism for lowtemperature baryogenesis. The details of the heavy particle decays are irrelevant. Instead, the key feature is that the decays are mediated by virtual black holes (BHs), which (according to common belief) can decay/evaporate with violation of global U(1)-quantum numbers including baryonic charge.

The possibility that BH evaporation could create the matter-antimatter asymmetry of the universe was suggested in Ref. [8] and considered in detail in Refs. [9] and [10]. The scenario was criticized in Ref. [11] on the basis that BH evaporation produces a thermal equilibrium state; yet, in the absence of CPT violation, a departure from thermal equilibrium is needed in order to produce an excess of particles over anti-particles. In response to this criticism, although the particle emission due to Hawking radiation at the BH horizon is indeed thermal, the equilibrium distribution is distorted after particle propagation in the gravitational field of the parent BH [12] and their mutual interactions [9]. In any case, in this paper we consider decay rather than BH evaporation. We will not deal with thermal Hawking radiation [13], a semiclassical process that can be realized only for “large” BHs. Instead, the decays considered here are essentially quantum gravity phenomena, with a small number of final particles not emitted with a thermal spectrum. Other criticisms may arise if, believing in the information preserving BHs picture, one were to argue that baryon number is not violated. However, a rigorous proof is lacking and, on the contrary, very reasonable arguments suggest that global quantum numbers are not be conserved [14].

The basic idea of the baryogenesis scenarios considered here is that TeV mass particles (the mass of the fundamental gravity scale) decay gravitationally via intermediate BHs; these decays violate baryon number. The essential ingredients of these baryogenesis scenarios are the three standard “Sakharov conditions” [15]. We stress that these conditions are easier to satisfy with a low fundamental scale of gravity. The first criterion, baryon number violation, is mediated by virtual BHs which can violate global quantum numbers; such gravitational effects are inversely related to the effective Planck mass and hence are stronger for low fundamental gravity scales. The second criterion, CP-violation, which is negligible at high temperatures in the Minimal Standard Model, may be much larger in TeV gravity models. First, the effective temperatures can be quite small, about a few hundred MeV, and second, we consider time variation of the quark masses and their mixing angles. The third criterion, deviation from thermal equilibrium, which is normally negligible at electroweak energies, might be amplified by a much faster Hubble rate, which in turn is enhanced by a very small Planck mass. These features may lead to very efficient baryogenesis at relatively low energies.

We would like to stress that we do not introduce any new hypothesis for our baryogenesis scenario. All they are considered in the literature and we make proper references to them. For example there are two possible ways for realization of fundamental gravity scale in TeV range: either higher dimensions or time variation of the gravitational coupling constant

G_N (t) or what is the same the Planck mass, M_{P l}(t). In the first case the proton decay and neutron-antineutron oscillations challenge the hypothesis and special efforts should be made to avoid contradiction with experiment at zero temperature. However, at TeV temperatures the processes with baryon non-conservation could be easily unsuppressed. Time variation of G_N does not encounter these problem because now we have normal Planck scale gravity, while it was in TeV range in the early universe and baryon nonconservation was facilitated.

A larger, than standard model, CP-violation can be introduced by time variation of the Yukawa coupling constants of quarks with the Higgs boson, which is also considered in the literature. One may object to this additional assumption, on the ground that it is unnatural to have variation of both M_{P l} and quark masses. However, it may be just opposite: if one mass varies with time, the other may vary as well. It is natural to expect that all the masses were in TeV range at the early time. This is the assumption that we have done. After that, as one can easily see, the standard scenario of baryogenesis in heavy particle decays very well operates at TeV energies.

The content of the paper is as follows. We briefly review TeV-gravity models in Sec. 2 and the related early cosmology in Sec. 3. In Sec. 4 we present our baryogenesis model and give an estimate of the resultant matter-antimatter asymmetry. We conclude in Sec. 5.

2 TeV-gravity models

There has been a great deal of interest recently in models with a low scale for gravity, especially since they may provide a resolution to the perplexing hierarchy problem in particle physics. Two possibilities have been discussed for TeV-scale gravity: 1) large extra dimensions and 2) time-varying Planck mass. We briefly review these ideas and their experimental consequences.

Large Extra Dimensions: In 1998 Antoniadis, Arkani-Hamed, Dimopoulos and Dvali proposed a “geometric” solution to the hierarchy problem of high energy physics, where the observed weakness of gravity (at long distances) would be related to the presence of large compact extra dimensions [2, 3]. Motivated by string theory, the observable universe would be a 4-dimensional brane embedded in a (4+n)-dimensional bulk, with the Standard Model particles confined to the brane, while gravity is allowed to propagate throughout the bulk. In such scenarios, the Planck mass M_{P l} becomes an effective long-distance 4-dimensional parameter and the relation with the fundamental gravity scale M_∗ is given by

M^2_{P l} ∼ M^{2+n}_∗ R^n , (1)

where R is the size of the extra dimensions. If these extra dimensions are “large”, i.e. R ≫ M^{−1}_{P l} ∼ 10^{−33} cm, then the fundamental gravity scale can be as low as a few TeV and therefore of the same order of magnitude as M_{EW} . If we assume M_∗ ∼ 1 TeV, we find:

R ∼ 10^{(30/n)−17} cm . (2)

In this approach, however, the hierarchy problem is not really solved but shifted instead from the hierarchy in energies to a hierarchy in the size of the extra dimensions which are much larger than 1/TeV ∼ 10^{−17} cm but much smaller than the 4-dimensional universe size.

The case n = 1 is excluded because from Eq. (2) we would obtain R ∼ 10^{13} cm and therefore strong deviations from Newtonian gravity at solar system distances would result.

For n ≥ 2, R ≲ 100 μm and nowadays we have no experimental evidence against a modification of gravitational forces in such a regime [16]. Interesting variations of these models can lower the fundamental gravity scale with the use of non-compact extra dimensions [5].

If gravitational interactions become strong at the TeV scale, quantum gravity phenomena are in the accessible range of future experiments in high energy physics. In particular, there is a fascinating possibility that hadron colliders (such as LHC) will be BH factories (for a review, see e.g. Ref. [17], criticisms can be found in Refs. [18, 19]). From the classical point of view, we expect BH production in collision of two particles with center of mass energy √ s, if these particles approach each other so closely that they happen to be inside the event horizon of a BH with mass M_{BH} ≈ √ s. Semiclassical arguments, valid for M_{BH} ≫ M_∗, predict the BH production cross-section

σ ≈ πR^2_{BH} (M_{BH} ) , (3)

where R_{BH} (M_{BH} ) is the horizon radius of a BH of mass M_{BH} .

Time-varying Planck mass: An alternative origin of a fundamental TeV scale for gravity involves a time-varying Planck mass. The idea that the value of the Planck mass has evolved with time, and was much lower in the early universe, goes back to Dirac and his “large number hypothesis” [20]. This idea was then developed by other authors as a complete field theory of gravitation and culminated in the Brans-Dicke theory [21] and in more general scalar-tensor theories of gravity [22]. These models have been extensively studied in the literature, but only recently [7] has it been stressed that they are capable of solving the hierarchy problem. In [7] the authors take

V (Φ) ∼ M^2_∗ f(Φ) , (4)

where M_∗ ∼ M_{EW} is the only fundamental scale of the theory and f(Φ) a dimensionless function of Φ. The huge gap between M_{P l} and M_{EW} we observe today is explained with a temporal evolution of the scalar field Φ(t) in the 4-dimensional spacetime. As a modification of the the model of Ref. [7] we can consider, for example, an exponential potential

V (Φ) = V_0 exp[W (Φ)] (5)

with e.g. W = (Φ/μ)^2 − λ(Φ/μ)^4. A reasonably small λ ∼ 10^{−2} could ensure the required hierarchy of 16 orders of magnitude between the Planck and electroweak scales. We plan to present elsewhere a detailed study of the evolution of Φ and the features of the corresponding cosmology.

If the Planck mass depends on the value of a scalar field Φ and today has its usual large value with M_{P l} ≫ M_{EW} , then gravitational interactions should be negligible in particle physics today, as in the standard theory. In particular, the next generation of colliders will not be able to produce BHs. Nevertheless, in the early universe, when Φ has not yet evolved to its present value, non-negligible quantum gravity effects might be effective. Baryogenesis, in particular, could take place as is described in the present paper.

3 Early universe in theories with low scale gravity

According to the standard hot Big Bang model, which is described by the Friedmann equation, as we look backwards in time, the universe was hotter and hotter. According to common belief, such equations, obtained from classical general relativity, break down when we reach the temperature T ∼ M_{P l} and curvature R ∼ M^2_{P l}, at which point quantum gravity phenomena become important: it is reasonable to expect that the universe has never exceeded these values of curvature and temperature and that the initial singularity in the Robertson-Walker metric is a drawback of the classical theory. Supplementing the Big Bang, in order to resolve difficulties such as the horizon and flatness problems, the inflation paradigm [23] was introduced. Inflation requires a superluminal expansion rate of the very early universe followed by a period of reheating. All the relics we do not want to be abundant in the present-day universe (such as superheavy objects capable of overclosing the universe) must be produced before inflation, so they can be strongly diluted. On the other hand, events which must have left traces (such as the baryogenesis) must take place after inflation.

If the true fundamental gravity scale is in the TeV range, the maximum conceivable temperature of the universe is of the same order of magnitude and the reheating temperature is probably too low to allow for the electroweak phase transition. Early universe cosmology is deeply modified and the generation of the matter-antimatter asymmetry becomes a real challenge. Popular scenarios, operating at the GUT scale, M_{GUT} ∼ 10^{16} GeV, or at the electroweak symmetry breaking with T ∼ TeV, cannot work. New mechanisms, efficient at lower energies, are needed. We note that chain inflation [24] with the QCD axion also leads to a low reheat temperature, T ∼ 10 MeV.

As for models with large extra dimensions, the situation is even worse, because the reheating temperature is usually expected to be well below M_∗. In fact, at high temperatures a copious production of gravitons into the bulk took place; if we require the cosmological expansion rate compatible with the observations of primordial light elements created when the temperature of the universe was T_{bbn} ∼ 1 MeV, we obtain a maximum temperature (usually assumed as upper bound for the reheating temperature after inflation) [25] T_{max} ≲ M_∗ ( T_{bbn} M_{P l} )_{1/(n+2)} . (6)

For n = 2 we obtain T_{max} ≲ 10 MeV, whereas n = 7 leads to T_{max} ≲ 10 GeV. At such low temperatures standard scenarios of baryogenesis are impossible.

Constraints on the time variation of the Planck mass can be derived from different cosmological and astrophysical considerations (for a review, see e.g. Ref. [26]). The most stringent bound comes from the big bang nucleosynthesis. The analysis of light elements production requires that when the universe temperature was around 1 MeV the Planck mass had to be essentially frozen at its present value: the allowed deviation from the value that we measure today should be less than 5% [27].

In this paper we will investigate baryogenesis with TeV gravity scales and low reheating temperature in a model independent way, rather than distinguishing between models with extra dimensions from models with a time variable Planck mass. The essential physics is the same. General features of baryogenesis with a low gravity scale, based on enumeration of possible non-renormalizable B-violating operators in an effective low energy Lagrangian, are described in Ref. [28]. We note that some alternative ideas for baryogenesis at extremely low temperatures have been considered earlier (see e.g. [29]). A different picture is considered in Ref. [30], where an effective baryon number violation on our brane could result from baryon evaporation into “baby branes” or from baryon exchange in brane collisions, so that the higher dimensional spacetime remains baryon symmetric and the matter dominated universe is reduced to a peculiar feature of our brane.

4 Mechanism of baryogenesis

In order to generate a cosmological matter-antimatter asymmetry in an initially symmetric universe, usual baryogenesis scenarios assume CPT invariance and require the so-called “Sakharov conditions” [15]:

1. baryon number non-conservation,

2. violation of C (charge conjugation) and CP (charge conjugation combined with parity) symmetries,

3. deviation from thermal equilibrium.

For a discussion, see e.g. [1, 31, 32].

Here we consider a possible baryogenesis mechanism in models with a fundamental gravity scale M_∗ in the TeV range. In particular we discuss the original scenario of outof-equilibrium decay of heavy particles, X, appropriately modified to the case of TeV scale gravity. In this section we briefly describe the main features of the scenario and emphasize the advantages of TeV scale gravity in satisfying the “Sakharov conditions” required for any baryogenesis model. We will try to be as close to the Minimal Standard Model in particle physics as possible, though we do not reject a possible supersymmetric extension which may make baryogenesis more efficient. We will present also a more detailed realization of the three conditions in a concrete model.

1. Baryon number violation: In this paper we use gravitational effects that violate baryon number and we focus on the role of baryon-violating processes mediated by BHs. Since such gravitational effects are inversely proportional to a power of the effective Planck mass, a smaller fundamental gravity scale leads to more effective baryon violation. Thus a strong non-conservation of baryonic charge is a generic feature of TeV gravity models. In fact, care should be taken to avoid too strong nonconservation of baryons to keep protons reasonably stable. On the other hand, this feature of an enhanced baryon number violation is favorable for cosmological baryogenesis.

2. CP violation: CP-nonconservation in the Minimal Standard Model is known to be very weak. At high temperatures it is proportional to

ϵ_{CP} ≈ (m^2_t − m^2_c )(m^2_t − m^2_u)(m^2_c − m^2_u)(m^2_b − m^2_s)(m^2_b − m^2_d)(m^2_s − m^2_d)J_{P C} /T^{12} (7)

where J_{CP} is the Jarlskog invariant

J_{CP} = cos θ_{12} cos θ_{23} cos^2 θ_{13} sin θ_{12} sin θ_{23} sin θ_{13} sin δ_{CP} ≈ 3 · 10^{−5} . (8)

Here θ_{ij} are mixing angles between different generations and δ_{CP} is the CP odd phase in the mass matrix. For T ∼ 100 GeV, ϵ_{CP} ≈ 10^{−19}. Such a small magnitude surely demands some modification of the standard mechanism of CP violation to allow for successful baryogenesis.

Enhanced CP violation is possible assuming time dependent quark masses and mixings. Large CP violation may arise if quark masses were in the 100 GeV – TeV range in the early universe, with the mass differences of the same order of magnitude as the values of the masses. It is natural to expect that simultaneously with the masses, the mixing angles between quarks also changed and might possibly be of the order unity in the early universe, because both mixings and masses are determined by diagonalization of the same mass matrix which has different entries in the early universe and today. Since by assumption the quark masses were of the same magnitude in the early universe, all the mixings should be also of the same magnitude and quite probably close to unity.

On the other hand, if the temperature after inflation were much smaller than 100 GeV, ϵ_{CP} in Eq. (7) might not be so strongly suppressed. For example the reheating temperature in the MeV range would lead to CP-odd effects of the same order of magnitude as those observed in K or B mesons decays.

3. Deviation from thermal equilibrium: Here we focus on out-of-equilibrium decays of TeV scale particles as responsible for the generation of the baryon asymmetry. A sufficient cosmological abundance of such particles is not hard to imagine, they may e.g. be created during reheating after inflation as described further below.

The deviation from thermal equilibrium of non-relativistic decaying particles at a temperature T is much larger in TeV gravity than in the usual Planck scale one. Indeed, the deviation is determined by the ratio of the universe’s expansion rate H to the reaction rate Γ ∼ g^2m_X /2π, where g is the coupling constant of X-particles to lighter decay products. Normally g^2 ∼ 0.1. Hence, for example, in the standard cosmology where H ∼ √ ρ/M_{P l}, with ρ ∼ T^4 being the cosmological energy density, the parameter describing deviation from equilibrium at T ≈ m_X is δ_{neq} ≡ H Γ ∼ 10^2 m_X M_{P l} . (9)

One can check that the magnitude of the baryon asymmetry generated in heavy particle decays is proportional to δ_{neq}, see e.g. Ref. [33]. In the case of electroweak masses and with M_{P l} ∼ 10^{19} GeV, δ_{neq} ∼ 10^{−15} and is negligibly small. On the other hand, if M_{P l} depends on time and was a few TeV in the early universe, δ_{neq} might be easily of the order of unity. Thus a low fundamental gravity scale leads to out-of-equilibrium decays at much lower temperatures.

As for the braneworlds models, the situation is a little more subtle, since the related cosmology can be quite different from the standard one. For example, in the case of one extra dimension compactified on a circle, the effective 4-dimensional Friedmann equation is [34, 35]

H^2 ∼ ( ρ_{brane} 48πM^3_∗

)_2 + Λ_{bulk} 48πM^3_∗

, (10)

where ρ_{brane} is the total energy density on the brane and Λ_{bulk} a possible bulk cosmological constant. Because of the compact nature of the extra dimension, we find that one of the dominant terms of the 00-component of the Einstein equations, i.e. the the square of the logarithmic derivative of the scale factor with respect to the extra dimension coordinate, is equal to (a^′/a)^2 ∝ ρ^2_{brane}. Hence, in order to recover the standard cosmology at low temperatures [36], ρ_{brane} can be split into the energy density of ordinary matter ρ and the brane cosmological constant Λ (which can be interpreted as the tension of the brane) and require Λ_{bulk} = − Λ^2 48πM^3_∗

Λ = 6

(8π)^3M^6_∗

M^2_{P l}

. (11)

In this case the 4-dimensional Friedmann equation becomes

H^2 ∼ 8πρ 3M^2_{P l} ( 1 + ρ 2Λ ) . (12)

For M_∗ ≳ 1 TeV, the universe expansion rate is compatible with the big bang nucleosynthesis, but it is faster than the standard one at higher temperature, which is favorable for baryogenesis.

Another mechanism for breaking of thermal equilibrium commonly considered for electroweak baryogenesis is due to bubble formation in the first order electroweak phase transition. We note an advantage of our model, that such a first order electroweak phase transition is not necessary to create a large deviation from equilibrium. The first order electroweak phase transition is probably excluded by a heavy Higgs boson, if the mass of the latter is the same today and in the early universe, and in any case it can not be useful for baryogenesis in models with a fundamental gravity scale in TeV range: here the universe must have arisen at a much lower temperature and the electroweak symmetry was probably never restored.

There is also another possible source of the out-of-equilibrium physics required for successful baryogenesis created by the bubble collisions at the end of “chain inflation” as described further below. Out of equilibrium conditions for the bubbles are also easier to achieve in TeV gravity versus Planck gravity because of higher expansion rate in the first case.

4.1 “First Sakharov Condition”: Baryon number violating decays

It was argued long ago [37] that gravity could induce processes with nonconservation of baryonic number. In particular, virtual Planck-mass BHs would induce proton instability and the expected decay width estimated by dimensional considerations would be

Γ_p ∼ m^5_p M^4_{P l}

. (13)

For the normal Planck mass, M_{P l} ∼ 10^{19} GeV, gravitational decays would be dangerous for very heavy particles only, with masses, say, in the interval 10^{10} − 10^{16} GeV; for discussion see Ref. [38]. On the other hand, with a smaller Planck mass in the TeV range, the baryon number violating processes would become much more efficient. In fact, Adams et al. [19] argued that experimental limits on the proton lifetime constrain the quantum gravity scale to be larger than 10^{16} GeV. A possible way to avoid too short life-time of proton is considered in our paper [39], where some other approaches are also discussed and the list of references is presented.

We have proposed there a conjecture that, just as in classical gravity, sub-Planck-mass BHs can only exist with zero local charge (electric or color) and zero angular momentum. In fact, according to classical general relativity in 3 + 1 dimensions, a charged and rotating point-like particle with mass m < M_{P l} cannot form a BH, because its charge and angular momentum prevent the formation of the event horizon. Therefore, following our conjecture which forbids formation of a larger BH through violation of energy for a small time interval, the sub-Planck-mass initial states can form virtual BHs only with vacuum quantum numbers and baryon violating decays ΔB ≠ 0 should be noticeably suppressed. If we are interested in the decay of particles with nonzero spin and/or electric or color charge (such as all the “elementary” particles we know today), the formation of a Schwarzschild BH demands production of additional virtual particles and hence these processes can proceed only in higher orders of perturbation theory. Due to this conjecture, proton decay is suppressed to the point where it is in agreement with experimental bounds. In addition, we predict that neutron-antineutron oscillations and anomalous decays of muons, τ-leptons and Kand B-mesons can be quite close to the existing bounds and these processes may be found in the near future.

On the other hand, in this paper we are interested in the regime where the baryon violating decays are quite rapid. Although the rates are suppressed today, it is possible that they were much more rapid in the early universe. This is achievable if the mass of quarks changed with time and reached the true quantum gravity scale in the TeV range in the early universe: here a point-like particle with non-vanishing quantum numbers may form a BH and the branching ratio of B-violating decays may be noticeably enhanced. In particular, the rate of the B-nonconserving decay t → 2q̄ + l estimated in accordance with our work [39] would be about 10^{−10} in the present day universe. However, if the mass of the t-quark changed with time and reached the true quantum gravity scale in the early universe, the suppression mechanism of Ref. [39] does not work and the branching ratio could be even of order one (the initial state is no more below the true Planck mass and charged and rotating intermediate BHs are therefore allowed). This makes such decays promising for creation of the cosmological baryon asymmetry. These decays may be even more efficient if the masses of the weak intermediate bosons also change with time in such a way that W and Z would be heavier than the heaviest quark (in the early universe this is not necessarily the t-quark). In such a case the electroweak decays of the type t → Zq would be forbidden and the usual electroweak decays could proceed only through exchange of virtual W and Z bosons. The total decay width would be much smaller and the branching ratio of B-nonconserving decays would be strongly enhanced. For a possible mechanism of time variation of quark masses see below Subsection 4.2.

An alternative possibility to time variation of the quark masses is an existence of TeV elementary particles, for example supersymmetric partners of the Standard Model particles. The lightest SUSY particles are ordinarily stable against decays, because of R-parity, yet they may be able to produce intermediate BHs and consequently decay. If so, these particles might be responsible for baryogenesis but then unfortunately could no longer provide the dark matter of the universe.

TeV-particles produced out of thermal equilibrium after inflation can therefore decay fast via intermediate BHs and since the decay/evaporation of such objects does not conserve any global symmetry [14], these processes would violate the baryonic quantum number and might create the observed cosmological baryon asymmetry.

4.2 “Second Sakharov Condition”: Violation of C and CP

When the intermediate BH state decays, the emitted particles interact with each other and, in order to generate a matter-antimatter asymmetry, C and CP violation must be present in their interactions. As we have already mentioned above, CP-violation in the standard model is extremely weak at high temperatures because of a small ratio of the quark mass difference to the temperature. One should remember that the weakness of CP-violation in the standard model is induced by the smallness of the Yukawa couplings between quarks and the Higgs field and the amplitude (7) is the same even in the unbroken phase when the masses vanish. One should keep in mind that for the usual electroweak baryogenesis the temperature should be above or around 100 GeV because sphalerons are not effective otherwise. However, in TeV scale gravity the temperature after inflation may be very low and the suppression (7) would be much milder.

A new source of CP-violation suggested recently [40] in a simple extension of the Standard Model may be also useful for the mechanism considered here.

Another interesting possibility is time variation of the quark masses. The idea was put forward in Ref. [41] but we suggest here a different realization. We assume that there exists one more scalar doublet χ, analogous to the Higgs one, which is strongly coupled to all quarks, g_χχψ̄ψ with g_χ ∼ 1 (roughly speaking with the same strength as the usual Higgs is coupled to t-quark, or somewhat weaker but not as weak as the usual Higgs field, φ, is coupled to the light u and d quarks). If χ acquires vacuum expectation value in the TeV range only in the early universe, the quark mass differences and their masses could be all about TeV. Such unusual behavior can be achieved e.g. if χ has the potential with non-minimal coupling to curvature: U(χ) = λ|χ|^4 + ξ|χ|^2R . (14) If ξR < 0 the vacuum with χ = 0 is unstable and the expectation value of χ in the true vacuum state would be ⟨χ^2⟩ = ξR/2λ . (15) Since the curvature is proportional to the ratio of the trace of the matter energy-momentum tensor to the square of the Planck mass R = − 8π M^2_{P l}

T , (16)

in the universe today we have

⟨χ^2⟩ ≈ 10^{−80} ξ λ GeV^2 (17)

which is negligible for any reasonable value of the ratio ξ/λ. On the other hand, in the early universe, before the radiation dominated epoch, ⟨χ^2⟩ ∼ (TeV)^2 is certainly achievable, thanks to the possibility of a much lower effective Planck mass and a high energy density. In this picture, the quark mixing angles should be also much different from their standard late time values and the suppression due to the Jarlskog determinant (8) could be absent or much milder.

Since χ is more strongly coupled to quarks one should take care that this field would not contradict the precise electroweak data. It may be probably achieved if χ is an order of magnitude heavier than the usual Higgs, φ, and the coupling to light quarks is not too strong.

4.3 “Third Sakharov Condition”: Out of equilibrium criterion

The “third Sakharov condition” for baryogenesis is that the universe be out-of-equilibrium so that any baryon number that is created is not immediately wiped out by other reactions. Inflationary cosmology offers two ways to achieve this criterion: 1) bubble collisions due to a first order phase transition in chain inflation and 2) out-of-equilibrium decays of particles produced during reheating in inflation. We discuss both possibilities here.

4.3.1 Chain Inflation

In chain inflation, a series of tunneling events takes place, e.g., in a potential that looks like a tilted cosine [42, 24]. The field tunnels from one high energy minimum of the potential to a lower energy one, and thence to yet another lower energy minimum until it reaches zero energy. At each stage the universe inflates by a fraction of an efolding, adding up to a total of sixty efolds after several hundred tunneling events. The phase transitions are first order, with bubbles of true vacuum nucleating inside the de Sitter space. Reheating occurs at the last few tunneling events, when bubble collisions of the final true vacuum take place. While these bubble collisions are taking place, the universe is out of thermal equilibrium, so that baryogenesis may take place without allowing the reverse reactions to destroy the baryons that have been created. This mechanism is similar to the bubble collision mechanisms that were discussed for electroweak baryogenesis (should this transition be first order). In addition, the energy difference between minima can be arbitrary, in this case a fraction of a TeV, if the total height of the potential is constrained to be below the TeV Planck scale at the time of inflation, Heavy particles can be produced during reheating, and these can subsequently have baryon violating decays (again, out of thermal equilibrium).

4.3.2 Production of heavy particles

The period of exponential expansion of the universe, known as inflation, ends up with “reheating”. As suggested in Ref. [43], such period provides favorable conditions for possible baryogenesis. Many weakly interacting particles can be abundantly created, even very heavy ones. In addition, their reaction rates can be slow and life-time sufficiently long, allowing them to decay out of equilibrium and to give the universe a net baryon number. In standard rolling models of inflation, the reheating proceeds through three different stages: first, there is the preheating period, where the classical inflaton field, ϕ(t), oscillates, producing all the particles it couples to; then, the produced particles (if heavy and unstable) decay; last, particles produced during the previous two stages interact with each other and thermalize, converting the universe from a cold and low-entropy state into a hot and high-entropy one. Heavy particles can be created during reheating, even with masses larger than frequency of the inflaton oscillations. Specific mechanisms include tunneling models of inflation (chain inflation, as described in the previous subsection) as well as perturbative, nonperturbative, and gravitational particle production in rolling models as discussed below.

1. Inflaton decay: The inflaton ϕ could perturbatively decay into particles if the sum of their masses is smaller than the effective mass of the inflaton. As usual it is assumed that the energy density of the inflaton is smaller than the Planck one. Hence, for a TeV mass gravity scale, the height of the potential at the beginning of inflation must be below the TeV scale. Most rolling models of inflation with the usual Planckian gravity require potentials with 10^{19} GeV scale widths and GUT scale heights in order to produce the appropriate amplitude of density fluctuations δρ/ρ ∼ 10^{−5}, so that a TeV Planck mass makes such models untenable. On the other hand, such a situation is not formally excluded and inflation might start with the potential energy of the inflaton much smaller than the effective Planck scale, ∼ TeV^4.

Another option is hybrid inflation or models with many scalar fields (e.g. assisted inflation [45]), where smaller mass scales can work. One of the examples considered in Ref. [46] is a hybrid inflation model with compact extra dimensions, where inflation (at least its latest stage) occurs only in our 3-brane and the extra dimensions are already stabilized (though a previous period of inflation both in the bulk and on our brane was certainly needed). The potential of the model is V (ϕ, σ) = 1 4V (M^2_∗ − λσ^2)^2 + 1 2 m^2ϕ^2 + μ^2 2 ϕ^2σ^2 . (18)

The mass of the inflaton field before inflation must be m ∼ 10^{−10} eV to obtain density perturbations in agreement with observations. After inflation the mass of the inflaton is μM_∗/ √ λ ∼ M_∗. If the mass of the inflaton is that high, it could decay via B-nonconserving channels, e.g. ϕ → 3q l and ϕ → 3q̄ l̄ with different probabilities, due to CP-violation, and thus the inflaton decays might generate cosmological baryon asymmetry.

2. Nonperturbative particle production by inflaton: The non-perturbative approach was pioneered in papers [47, 48] where it was shown that the production rate that vanishes in the lowest orders of perturbation theory may be significant if non-perturbative effects are taken into account. In particular, production of particles coupled to the inflaton field as

hϕf̄f and λϕ^2b^†b , (19)

where f and b are respectively fermionic and bosonic fields, would be only mildly, (as 1/ √ ϕ_0), suppressed [47], despite a large effective mass of the produced particles introduced by such coupling in the case of large amplitude of the inflaton oscillations

ϕ = ϕ_0 cos(m_ϕt + δ) . (20)

The particles are predominantly produced when ϕ passes through zero [47, 49] and during this (short) time the mass of the produced particles vanishes. However, if in addition to the effective mass induced by the coupling (19) there exists a “normal” mass of the created particles m_f f̄f or m_b|b|^2, the production would be strongly, exponentially, suppressed if m_{f,b} is large in comparison with the characteristic frequency of ϕ(t) [47]. If so, only light particles would be created but they may acquire masses if the electroweak phase transition took place after the universe (pre/re)-heating. On the other hand, the effective frequency can be large for a large amplitude of the formally massless inflaton field, which can be realized for the potential U(ϕ) = λϕ^4. A natural upper bound U(ϕ) ≤ M^4_{P l} implies ϕ ≤ M_{P l}/λ^{1/4}. Inflation should stop when the effective inflaton mass or frequency of oscillations is of the order of the Hubble parameter, i.e.

H^2 = λϕ^4/M^2_{P l} ∼ ω^2 = √ λϕ^2 . (21)

In other words the inflaton starts to oscillate and particle production begins when ω ∼ M_{P l}. It means that the particles with masses up the the Planck mass can be created by the inflaton.

In the case of production of bosons parametric resonance is possible [47, 48], which can strongly enhance the production rate in the case of wide resonance [50] and facilitate production of particles with masses exceeding the mass of inflaton.

All the mechanisms described here allow for production of particles with masses which may be much larger than the universe temperature after thermalization. Thus the created massive particles may be out of equilibrium if their life-time is longer than the Hubble time.

3. Gravitational production: Gravitational particle production in time variable metric [51] is efficient only when the Hubble parameter, H, is not too small in comparison with the particle mass. Due to conformal flatness of the cosmological FRW metric, conformally invariant massless fermions and vector bosons would not be created [52], but quantum conformal anomaly eliminates this exclusion and allows for noticeable production of even massless gauge bosons [53].

For models with a time dependent Planck mass, gravitational particle production may be significant. At the end of inflation, the time dependent Planck mass and expansion rate are both H ∼ M_∗ ∼ TeV. The particles produced by external gravitational field should have energies and/or masses in the same TeV range. The fraction of the produced heavy particles is model dependent and, in particular, it depends upon the law of relaxation of the gravity scale from TeV to the asymptotic Planck value. If the time dependence of the Newtonian constant is generated by the non-minimal coupling of a scalar field Φ, to curvature [7, 54], ξRΦ^2, the rate of evolution of M_∗(t) is determined by the potential U(Φ) or, more generally, U(Φ, R). The effective frequency of Φ(t) may be easily and naturally in the same TeV range and heavy particles, X, are to be produced. Their number fraction may be noticeable, even close to unity. Moreover, if their life-time is about αm_X ∼ 0.01m_X which is small in comparison with the expansion rate, H ∼ M_∗, they may become dominant, even if their energy density was initially small in comparison with the energy density of relativistic particles. These features could lead to very efficient baryogenesis through B-nonconserving decays of TeV mass particles.

4.4 Generation of a matter-antimatter asymmetry

As is argued in the previous subsections, TeV scale gravity looks favorable for low energy baryogenesis in a slightly modified Minimal Standard Model of particle physics. We argued that all three “Sakharov conditions” are more easily satisfied with a low fundamental scale of gravity.

As shown in Subsection 4.3.2, heavy particles X may be produced after inflation by several reasonable mechanisms. Their relative number density at production is model dependent but in all the cases it is not negligibly small (and in fact in some cases we should take care to not overclose the universe with heavy objects): r_X = n_X /n_{tot} ≥ 10^{−3} is a reasonable guess. This result depends upon the concrete scenario of heavy particle, X, production. If they are predominantly created by gravitational field at the end of inflation their energy density can be estimated [51] as ρ_X /ρ_{tot} ∼ const (m_X /M_{P l})^2 with a constant factor of order unity. Thus this fraction may be close to one. The ratio of the number densities, r_X would be diluted by the entropy released in the inflaton decay by the factor m_X /T_{rh}, where the (re)heating temperature T is expected to be in the GeV to MeV range. This simplified estimate follows from the made above statement that the energy density of the heavy and thermalized particles, created by the inflaton decays, are of the same order of magnitude, i.e. ρ_X ∼ T^4. Since ρ_X = n_X m_X and n_γ ∼ T^3, we find n_X /n_γ ∼ T/m_X .

One should also keep in mind that the life-time of the created heavy particles is large in comparison with the Hubble time at the moment of the production and their relative energy density rises in the course of expansion with respect to the energy density of relativistic species. This would somewhat increase the effect.

There should also be the entropy suppression factor due to annihilation of massive species in thermal equilibrium universe into photons. If T_{rh} ∼ 1 GeV this factor is about 0.1. Another small factor comes from the suppression of the CP-odd effects in the branching ratio at the level of α/π ∼ 10^{−2} − 10^{−3} due to necessity of rescattering in the final state (remember that CP violation arises from the interference of loop diagrams with the tree graph). Taken together, these small factors give the suppression of the baryon asymmetry in the interval 10^{−6} −10^{−7}, depending upon the model. As we have argued at the beginning of Sec. 4 the amplitude of CP-violation depends upon the quark mixing angles and in low temperature baryogenesis it should be about ϵ_{CP} (T = 0) ∼ 10^{−5}. If quark masses vary with cosmic time, the mixing angles may be large in the early universe and ϵ_{CP} may be of order unity both at low and high T .

The estimates presented above are of course very approximate and model dependent but they show that a model with TeV scale gravity and time varying quark masses is quite efficient in creating cosmological baryon asymmetry. Taking all the factors together we expect that the baryon to photon ratio, β, can be easily equal to the measured value [55]: β = n_B n_γ = 6 · 10^{−10} . (22)

5 Conclusion

We have considered baryogenesis scenarios in models where the true quantum gravity scale M_∗ is in the TeV range. Here, baryon number can be violated by gravitational decays of TeV-particles, which are produced out of thermal equilibrium after inflation and quickly decay through a black hole intermediate state, generating the cosmological matter-antimatter asymmetry.

We would like to stress that a low reheating temperature which possibly excludes a period of unbroken electroweak symmetry is not a problem here but a favorable ingredient of the model, since it prevents dangerous electroweak sphaleron processes capable of washing out previously created asymmetry. Moreover, low T allows for a much larger CP violation from the CKM matrix. In fact, our mechanism cannot work with the standard Planck mass M_{P l} ∼ 10^{19} GeV and superheavy particles with masses of the same order of magnitude. In addition, if M_∗ is at the level of a few TeV and heavy elementary particles exist, one can possibly test (and therefore to reject or to accept) the model in the next generation of hadron colliders.

If SUSY particles were unstable to decay via these same black holes, then a possible negative consequence of the model would be the instability of the lightest supersymmetric particle (LSP), which may exclude a very nice and testable candidate for cosmological dark matter. However, if our conjecture [39] is true, the life-time of the LSP might still be long enough to provide the dark matter, depending upon the quantum numbers and the mass of the LSP.

Our model requires a minimal extension of the particle content of the standard model. The scenario may operate with the standard set of quarks. We considered TeV gravity models which may provide a resolution to the hierarchy problem between electroweak and gravitational scales, due to either large extra dimensions or time-varying Planck mass. One variation we considered requires time variation of the Planck mass and quark masses created by some new scalar fields.

The value of the baryon asymmetry is model dependent and cannot be predicted precisely since it depends upon many unknowns but the same shortcoming is explicit (or implicit) in all other scenarios of baryogenesis.

We also mention the possibility that other higher dimensional objects, such as string balls, p-branes, or black branes may serve as alternatives to black holes as intermediate states responsible for baryogenesis, though we have not computed any rates for such processes.

Acknowledgments

We thank F. Urban for useful comments and suggestions.

References

[1] A.D. Dolgov, Phys. Rept. 222, 309 (1992);

V.A. Rubakov and M.E. Shaposhnikov, Phys. Usp. 39, 461 (1996); Usp. Fiz. Nauk. 166, 493 (1996), hep-ph/9603208;

A.D. Dolgov, hep-ph/9707419, lectures at 25th ITEP Winter School of Physics, Moscow, Russia, February 18-27, 1997;

A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci. 49, 35 (1999), hep-ph/9901362.

[2] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998), hep-ph/9803315.

[3] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998), hep-ph/9804398.

[4] M. Gogberashvili, Int. J. Mod. Phys. D 11, 1635 (2002), hep-ph/9812296; Europhys. Lett. 49, 396 (2000), hep-ph/9812365; Int. J. Mod. Phys. D 11, 1639 (2002), hep-ph/9908347.

[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999), hep-ph/9905221; Phys.

Rev. Lett. 83, 4690 (1999), hep-ph/9906064.

[6] A. Pérez-Lorenzana, J. Phys. Conf. Ser. 18, 224 (2005), hep-ph/0503177;

I. Antoniadis, CERN-PH-TH-2005-249, hep-ph/0512182.

[7] T. Biswas and A. Notari, Phys. Rev. D 74, 043508 (2006), hep-ph/0511207.

[8] S.W. Hawking, Caltech preprint, 1975 (unpublished);

B.J. Carr, Astrophys. J. 206, 8 (1976); Ya.B. Zeldovich, Pisma ZhETF 24, 29 (1976).

[9] A.D. Dolgov, ZhETF 79, 337 (1980); Sov. Phys. JETP 52, 169 (1980);

A.D. Dolgov, Phys. Rev. D 24, 1042 (1981).

[10] A.D. Dolgov, P.D. Naselsky and I.D. Novikov, astro-ph/0009407.

[11] D. Toussaint, S.B. Treiman, F. Wilczek and A. Zee, Phys. Rev. D 19, 1036 (1979).

[12] D.N. Page, Phys. Rev. D 13, 198 (1976).

[13] S.W. Hawking, Commun. Math. Phys. 43, 199 (1975).

[14] D. Stojkovic, G.D. Starkman and F.C. Adams, Int. J. Mod. Phys. D 14, 2293 (2005), gr-qc/0604072.

[15] A.D. Sakharov, JETP Lett. 5, 24 (1967).

[16] E.G. Adelberger, B.R. Heckel and A.E. Nelson, Ann. Rev. Nucl. Part. Sci. 53, 77 (2003), hep-ph/0307284.

[17] K. Cheung, hep-ph/0409028, talk given at the 12th International Conference on Supersymmetry and Unification of Fundamental Interactions (SUSY 2004), Tsukuba, Japan, June 17-23, 2004.

[18] M.B. Voloshin, Phys. Lett. B 518, 137 (2001), hep-ph/0107119; Phys. Lett. B 524, 376 (2002) [Erratum-ibid. 605 426, (2005)], hep-ph/0111099.

[19] F.C. Adams, G.L. Kane, M. Mbonye and M.J. Perry, Int. J. Mod. Phys. A 16, 2399 (2001), hep-ph/0009154.

[20] P.A.M. Dirac, Nature (London) 139, 323 (1937); Proc. R. Soc. A 165, 198 (1938).

[21] C. Brans and R.H. Dicke, Phys. Rev. 124, 925 (1961).

[22] T. Damour and G. Esposito-Farése, Class. Quant. Grav. 9, 2093 (1992).

[23] A. Guth, Phys. Rev. D 23, 347 (1981);

A.D. Linde, Phys. Lett. B 108, 389 (1982);

A. Albrecht and P.J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).

[24] K. Freese, J. Liu, and D. Spolyar, Phys. Rev. D 72, 123521 (2005), hep-ph/0502177.

[25] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D 59, 086004 (1999), hep-ph/9807344.

[26] J.P. Uzan, Rev. Mod. Phys. 75, 403 (2003), hep-ph/0205340.

[27] C. Bambi, M. Giannotti and F.L. Villante, Phys. Rev. D 71, 123524 (2005), astro-ph/0503502.

[28] K. Benakli and S. Davidson, Phys. Rev. D 60, 025004 (1999), hep-ph/9810280.

[29] G. Lazarides, C. Panagiotakopoulos and Q. Shafi, Phys. Rev. Lett. 56, 557 (1986);

K. Yamamoto, Phys. Lett. B 194, 390 (1987);

R.N. Mohapatra and J.W.F. Valle, Phys. Lett. B 186, 303 (1987); J. Cline and S. Raby, Phys. Rev. D 43, 1781 (1991);

R.J. Scherrer, J. Cline, S. Raby and D. Seckel, Phys. Rev. D 44, 3760 (1991); S. Mollerach and E. Roulet, Phys. Lett. B 281, 303 (1992); T. Banks, M. Dine and A.E. Nelson, JHEP 9906, 014 (1999), hep-th/9903019; R. Allahverdi, K. Enqvist, A. Mazumdar and A. Perez-Lorenzana, Nucl. Phys. B 618, 277 (2001), hep-ph/0108225;

A. Mazumdar and A. Perez-Lorenzana, Phys. Rev. D 65, 107301 (2002), hep-ph/0103215.

[30] G. Dvali and G. Gabadadze, Phys. Lett. B 460, 47 (1999), hep-ph/9904221.

[31] A.D. Dolgov and Ya.B. Zeldovich, Rev. Mod. Phys. 53, 1 (1981); Usp. Fiz. Nauk. 130, 559 (1980).

[32] E. Kolb and M. Turner, The Early Universe (Addison-Wesley, Redwood City, 1990). [33] A.D. Dolgov, hep-ph/0511213, “CP violation in cosmology”, lectures presented at Varenna School CP Violation: From Quarks to Leptons, Varenna, Italy, July, 2005.

[34] P. Binétruy, C. Deffayet and D. Langlois, Nucl. Phys. B 565, 269 (2000), hep-th/9905012.

[35] D. Chung and K. Freese, Phys. Rev. D 61, 023511 (2000), hep-ph/9906542. [36] J.M. Cline, C. Grojean and G. Servant, Phys. Rev. Lett. 83, 4245 (1999), hep-ph/9906523;

P. Binétruy, C. Deffayet, U. Ellwanger and D. Langlois, Phys. Lett. B 477, 285 (2000), hep-th/9910219.

[37] Ya.B. Zeldovich, Phys. Lett. A 59, 254 (1976); ZhETF 72, 18 (1977). [38] A.D. Dolgov, hep-ph/0411283, “Big bang and heavy particles”, Presented at INFN Eloisatron Project 44th Workshop on QCD at Cosmic Energies: The Highest Energy Cosmic Rays and QCD, Erice, Italy, August 29 - September 5, 2004.

[39] C. Bambi, A.D. Dolgov and K. Freese, Nucl. Phys. B 763, 91 (2007), hep-ph/0606321. [40] S.J. Huber, M. Pospelov and A. Ritz, hep-ph/0610003.

[41] M. Berkooz, Y. Nir and T. Volansky, Phys. Rev. Lett. 93, 051301 (2004), hep-ph/0401012.

[42] K. Freese and D. Spolyar, JCAP 0507, 007 (2005), hep-ph/0412145. [43] A.D. Dolgov and A.D. Linde, Phys. Lett. B 116, 329 (1982). [44] F.C. Adams, K. Freese and A.H. Guth, Phys. Rev. D 43, 965 (1991). [45] A.R. Liddle, A. Mazumdar and F.E. Schunck, Phys. Rev. D 58, 061301 (1998), hep-ph/9804177.

[46] N. Kaloper and A.D. Linde, Phys. Rev. D 59, 101303 (1999), hep-th/9811141. [47] A.D. Dolgov and D.P. Kirilova, Yad. Fiz. 51, 273 (1990); Sov. J. Nucl. Phys. 51, 172 (1990).

[48] J.H. Traschen and R.H. Brandenberger, Phys. Rev. D 42, 2491 (1990);

Y. Shtanov, J.H. Traschen and R.H. Brandenberger, Phys. Rev. D 51, 5438 (1995), hep-ph/9407247.

[49] G.F. Giudice, M. Peloso, A. Riotto and I. Tkachev, JHEP 9908, 014 (1999), hep-ph/9905242.

[50] L. Kofman, A.D. Linde and A.A. Starobinsky, Phys. Rev. Lett. 73, 3195 (1994), hep-th/9405187.

[51] S.G. Mamaev, V.M. Mostepanenko and A.A. Starobinsky, ZhETF 70, 1577 (1976);

V.M. Frolov, S.G. Mamaev and V.M. Mostepanenko, Phys. Lett. A 55, 389 (1976); A.A. Grib, S.G. Mamaev and V.M. Mostepanenko, Gen. Rel. Grav. 7, 535 (1976); A.A. Grib, S.G. Mamaev and V.M. Mostepanenko, Vacuum Quantum Effects in Strong External Fields (Friedmann Lab. Publ., St.-Petersburg, 1994); V.A. Kuzmin and I.I. Tkachev, JETP Lett. 68, 271 (1998), hep-ph/9802304; D.J.H. Chung, E.W. Kolb and A. Riotto, Phys. Rev. D 59, 023501 (1999), hep-ph/9802238 V.A. Kuzmin and I.I. Tkachev, Phys. Rept. 320, 199 (1999).

[52] L. Parker, Phys. Rev. Lett. 21, 562 (1968).

[53] A.D. Dolgov, Pisma ZhETF 32, 673 (1980);

A.D. Dolgov, ZhETF 81, 417 (1981); Sov. Phys. JETP 54, 223 (1981).

[54] A.D. Dolgov, In Proc. Very Early Universe. Nuffield Workshop, Cambridge, 1982. Ed.

G.W. Gibbons, S.W. Hawking and S. Siklos, p. 449, Cambridge Univ. Press, 1983.

[55] D.N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003), astro-ph/0302209.