arXiv:1302.2516v2 [hep-ph] 18 Feb 2013

RIKEN-MP-67 TU-930

A Parallel World in the Dark

Tetsutaro Higaki^{a,⋆}, Kwang Sik Jeong^{b,∗} , Fuminobu Takahashi^{b,†}

a Mathematical Physics Lab., RIKEN Nishina Center, Saitama 351-0198, Japan b Department of Physics, Tohoku University, Sendai 980-8578, Japan

Abstract

The baryon-dark matter coincidence is a long-standing issue. Interestingly, the recent observations suggest the presence of dark radiation, which, if confirmed, would pose another coincidence problem of why the density of dark radiation is comparable to that of photons. These striking coincidences may be traced back to the dark sector with particle contents and interactions that are quite similar, if not identical, to the standard model: a dark parallel world. It naturally solves the coincidence problems of dark matter and dark radiation, and predicts a sterile neutrino(s) with mass of O(0.1 − 1) eV, as well as self-interacting dark matter made of the counterpart of ordinary baryons. We find a robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, which can serve as the smoking-gun evidence of the dark parallel world.

PACS numbers:

⋆ email: tetsutaro.higaki@riken.jp ∗ email: ksjeong@tuhep.phys.tohoku.ac.jp † email: fumi@tuhep.phys.tohoku.ac.jp

I. INTRODUCTION

The observed dark matter density is about five times larger than the baryon density,

Ω_{DM} ≃ 5 Ω_B . (1)

If the baryon and the dark matter have a totally different origin, it is a puzzle why they happen to have the density in a similar size. This is known as the baryon-dark matter coincidence problem, and many solutions have been proposed (See e.g. Refs. [1– 8].) Intriguingly, the recent SPT and WMAP observations suggest the presence of dark radiation with N_{eff} = 3.71±0.35 [9] and 3.84±0.40 [10], respectively. If confirmed, it would pose another coincidence problem of why the density of dark radiation is comparable to that of photons;

Ω_{DR} ≃ 0.23 ΔN_{eff} Ω_γ , (2) where ΔN_{eff} ≡ N_{eff} − 3.046, and Ω_{DR} and Ω_γ denote the density parameter of dark radiation and photons, respectively.^1 These coincidences (1) and (2) would be striking enough to make one to reconsider what dark matter and dark radiation are.

The two coincidences may be traced back to the dark sector with particle contents and interactions that are quite similar, if not identical, to the standard model (SM). That is, the dark sector is a parallel world of the SM, with slightly different couplings and (light) fermion masses. The dark parallel world naturally solves the coincidence problems of dark matter as well as dark radiation. It also predicts self-interacting dark matter [26] made of para-baryons^2, as well as dark radiation and sterile neutrinos which are nothing but the counterparts of photons and neutrinos.

A replica of the SM was considered in many literatures. In a seminal paper [27], Lee and Yang proposed that there must exist a mirror world, which compensates the mirror (or parity) asymmetry of the weak interactions of the SM. The mirror world has been

1 See Refs. [11–25] for possible explanations of dark radiation.

2 Throughout this paper we denote the counterpart of the SM particles by adding a prime or a prefix para- or simply p-. For instance the counterpart of a photon, γ^′, is called para-photon or simply p-photon.

studied from both phenomenological and astrophysical aspects (see e.g. Refs. [28–34] and references therein), and many papers studied the mirror world with an exact Z_2 symmetry that interchanges the mirror world and the SM sector. In the presence of such Z_2 symmetry, we can directly apply our knowledge of the SM to the mirror world, enabling us to make rather robust predictions about the property and evolution of the mirror sector. In particular, the mirror baryons are a plausible candidate for dark matter. However, in order to satisfy the big bang nucleosynthesis constraint on additional light degrees of freedom, one needs to introduce e.g. asymmetric reheating [35]. There are many other issues such as structure formation. In another class of models called “asymmetric mirror world”, although the couplings in the mirror sector are identical to those in the SM sector, the breaking scale of the mirror electroweak symmetry is assumed to differ from the SM value by a factor ζ, which eases several difficulties of the symmetric mirror world [36, 37]. Also, additional couplings between the two sectors other than gravitation were often introduced, such as the neutrino mixings [35, 38, 39], a kinetic mixing with the hidden photon [31, 40–42], and a Higgs portal [43], etc.

In our paper, we only require that the parallel world has the same gauge structure and particle content as the SM sector ones, but the parameters in the Lagrangian can be slightly different.^3 Especially the mass of light fermions (i.e., up and down quarks, electrons and neutrinos) could be different by a factor of several, or maybe one order of magnitude with respect to the SM values. We also focus on a case in which the parallel world and the SM sector are coupled only through gravitation. We shall derive a non-trivial relation of the abundance of dark radiation ΔN_{eff} and the effective number of massive sterile neutrinos N_s, which will serve as the smoking-gun evidence of the dark parallel world. Note that, although the amount of dark radiation itself cannot be definitely predicted in our framework^4, the ratio of the abundances of dark radiation to

3 We shall comment on a case in which the particle content of the parallel sector is different from that of the SM.

4 The amount of additional effective number of neutrinos was estimated in terms of ζ in Ref. [44], assuming massless mirror neutrinos.

sterile neutrino is simply determined by the number of light degrees of freedom.

The rest of this paper is organized as follows. In Sec. II we derive the relation between ΔN_{eff} and N_s and also study the baryon-dark matter coincidence problem. We discuss the implications from string theory in Sec. III, and the last section is devoted to discussion and conclusions.

II. A DARK PARALLEL WORLD

In this section we discuss cosmological and astrophysical aspects of the dark parallel world. As we mentioned in the previous section, we assume that the parallel world is quite similar to the SM sector, since otherwise it would be difficult to explain the similarity in the abundance of baryon and dark matter and that of the ordinary and dark radiation. The two sectors are assumed to interact with each other only through gravitation. Other interactions such as a kinetic mixing between U(1)’s, a Higgs portal, and the active-sterile neutrino mixings etc are possible and would offer an interesting probe of the parallel world, but we do not consider them here since they are quite model-dependent.

In many literature, it is assumed that there is an exact Z_2 symmetry which interchanges the SM sector with the parallel world. However, we do not impose such an exact Z_2 symmetry. This is because of the apparent disparity between dark and ordinary matter; for instance, the radiative cooling of gas is a crucial ingredient of galaxy formation, while the dark matter should not cool off by radiating p-photons. Such difference depends on the detailed properties of p-nucleons as well as the p-electron, and it could arise as a result of a slightly different choice of the parameters in the Lagrangian. We shall come back to this issue later. Due to our lack of knowledge of the parallel world, it is difficult to study detailed properties of those particles unless some exact symmetry is imposed. Nevertheless, the apparent similarity in the cosmic abundances strongly suggests that the disparity of the parameters between the two sectors is not significant.

Our key question is if we can find any robust predictions of this framework. We observe that (i) the existence of a sterile neutrino(s) and (ii) self-interacting dark matter made of para-baryons; these two points are robust predictions that are mostly independent of details of the parallel sector. We will show that there is a robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, which can serve as a smoking-gun evidence of the parallel world.

A. Dark radiation and sterile neutrino

At very early times, the Universe was dominated by the ordinary radiation. Because of the apparent similarity, we expect that the parallel sector was also thermalized. We here simply assume that the inflaton decay reheated both the SM and parallel sectors. The similarity in the abundance of baryon and dark matter suggests that the two temperatures are comparable to each other, but the two sectors are thermally decoupled since we assume only gravitational interactions between them.

The counterparts of photons and massless neutrinos contribute to dark radiation, which is characterized by ΔN_{eff} as ΔN_{eff} ≡ ρ^′_R ρ^{(th)}ν (3) with ρ^{(th)}_ν =

7π^2 120 ( 4 11 )_{4/3} T^4_γ (4)

where ρ^′_R and ρ^{(th)}ν denote the energy density of the extra radiation and that of one massless neutrino species with a thermal distribution, respectively, and T_γ is the photon temperature after the electron-positron annihilation. The ΔN_{eff} is understood to be evaluated during the CMB epoch, unless otherwise stated.

If some of the p-neutrinos are massive, their effect on the CMB and large-scale structure can be parameterized by their effective number N_s and the mass m_s. The contribution to N_s from one massive p-neutrino species is given by N_s ≡ n^′_ν n^{(th)}ν (5) with n^{(th)}_ν =

6ζ(3) 11π^2

T^3_γ , (6) where n^′_ν and n^{(th)}ν denote the number density of the massive p-neutrino and that of one species of ordinary neutrinos, respectively. The p-neutrino mass m_s is unknown, but we assume that it is of order O(0.1 − 1) eV, because of the expected similarity between the visible and parallel sectors. In the case of normal hierarchy (NH) for the neutrino masses, we can approximate that only the heaviest p-neutrino is massive, while the others are massless. In the case of inverted hierarchy (IH), on the other hand, the two heaviest p-neutrinos are treated as massive.

In the present Universe, we expect that the light degrees of freedom in the parallel sector are p-photons and p-neutrinos. Their contributions to ΔN_{eff} and N_s depend on the ratio of their temperatures after the p-electron and p-positron annihilation phase, r ≡ T^′_ν T^′_γ , (7)

where r = (4/11)^{1/3} if the annihilation takes place after the p-neutrino decoupling as in the SM sector, and r = 1 otherwise. The p-neutrons and p-photons will have the same temperature if the p-electron is several times heavier than the electron. Such an assumption may not be entirely unreasonable because some of the SM parameters, especially the light fermion masses, may be finely tuned for the existence of life. For instance, the closeness of the electron mass and the neutron-proton mass difference may be as a result of such fine-tuning. It is also known that the electron mass tends to be lower than the typical prediction of some flavor models. More importantly, a heavier p-electron mass will reduce the bremsstrahlung, which may help to account for the different cooling property of dark and ordinary matter.

During big bang nucleosynthesis (BBN), the extra radiation increases the expansion rate, which subsequently enhances the^4He abundance. The measurements of the primordial^4He mass have a somewhat checkered history since it is very difficult to estimate systematic errors. The analysis by Izotov and Thuan gives ΔN^{BBN}_{eff} = 0.68^{+0.8}_{−0.7} at 2σ [45], and we take this as an upper bound on the additional light degrees of freedom:

ΔN^{BBN}_{eff} ≲ 1.48 (2σ), (8)

where the superscript “BBN” means that ΔN_{eff} is evaluated during the BBN epoch. Since p-photons as well as three p-neutrinos contribute to the extra radiation during BBN, we obtain ΔN^{BBN}_{eff} =

8 + 21r^4 7 ( 11 4 ) 4_3 ( T^′_γ T_γ )_4 . (9) Using (8) and (9), we have T^′_γ T_γ ≲ 0.55 for r = 1 0.67 for r = (4/11)^{1/3}

. (10)

Thus, the temperature of the parallel world must be lower than about half of the visible sector temperature. Such difference can be explained if the inflaton coupling to the SM sector is a few times larger than the coupling to the parallel world.

Now we estimate ΔN_{eff} and N_s at the CMB epoch:

ΔN_{eff} =

8 + 7(3 − n)r^4 7 ( 11 4 ) 4_3 ( T^′_γ T_γ )_4 ≲ 1.48(8 + 7(3 − n)r^4) 8 + 21r^4

, (11)

N_s = 11 4 nr^3 ( T^′_γ T_γ )_3 ≲ 5.77nr^3 (8 + 21r^4)^{3/4}

, (12)

for n massive and (3 − n) effectively massless p-neutrino species, where the inequalities come from the BBN bound (8). In the case that the p-neutrinos and p-photons have the same temperature, we obtain

ΔN_{eff} ≲

1.12 0.77 , N_s ≲ 0.46 for NH 0.92 for IH

. (13)

Here the neutrino mass hierarchy means the one in the parallel sector, assuming the same hierarchy in the SM and parallel sector. It will be straightforward to apply the relations (11) and (12) to the case with a different mass hierarchy between the two. On the other hand, ΔN_{eff} and N_s are bounded to be

ΔN_{eff} ≲

1.28 1.08 , N_s ≲ 0.3 for NH 0.6 for IH

, (14)

for r = (4/11)^{1/3}, which is the case when the p-neutrinos decouple from the thermal background before the p-electron and p-positron annihilation.

FIG. 1: The relation of the abundance of dark radiation ΔN_{eff} and the effective number of massive sterile neutrinos N_s. The two solid lines correspond to the relation (17) for the normal (blue, lower) and inverted (red, upper) hierarchy, respectively. The relation (18) is similarly shown as dashed lines. The dark parallel sector leads to ΔN^{BBN}_{eff} > 1.48 along the gray lines.

Since we do not know the exact temperature of p-photons, T^′_γ , we cannot predict the exact values of ΔN_{eff} and N_s. Nonetheless, the relation between ΔN_{eff} and N_s is simply determined by the number of light degrees of freedom (i.e. p-photon and p-neutrinos) and the p-neutrino mass hierarchy. Thus we obtain a rather robust prediction for the relation,

N^{4/3}_s = κ ΔN_{eff} , (15)

with κ given by κ = 7n^{4/3}r^4 8 + 7(3 − n)r^4

. (16)

This is the main result of this paper. The value of κ is fixed by the p-neutrino mass hierarchy, with a simple thermodynamic argument. To be concrete, for the parallel sector with r = 1, we predict κ ≃ 0.32 for NH 1.2 for IH

. (17)

Similarly, the parallel sector leads to

κ ≃ 0.16 for NH 0.47 for IH

, (18)

if the ratio between p-neutrino and p-photon temperatures is r = (4/11)^{1/3} as in the SM sector. If such a relation is confirmed by future observations, it will be a smoking-gun evidence of the dark parallel world.

In Fig. 1, we show the relations (17) and (18) of the effective number of massive sterile neutrinos N_s and the abundance of dark radiation ΔN_{eff} . It depends on the sterile neutrino mass scale m_s, whether or not such a relation can be checked by observations. If m_s is much lighter than 0.1 eV, it will be challenging, but if it is of O(0.1 − 1) eV, we may be able to confirm the relation.

B. Baryon and dark matter

The p-baryon is the leading dark matter candidate in our framework. The p-baryon asymmetry is generated by the p-baryogenesis mechanism similar to the one responsible for the baryon asymmetry in the SM sector. Thus, these two asymmetries are naturally comparable to each other. After the p-QCD phase transition, the p-quarks form p-hadrons, and the lightest one will have a mass of order the dynamical scale of p-QCD, Λ^′_{QCD}. The lightest p-hadron is considered to be stable in a cosmological time scale because of the p-baryon number conservation, and thus a plausible candidate for dark matter. The baryon-dark matter coincidence is a natural outcome of this scenario.

As mentioned at the beginning of this section, there is clear disparity between baryon and dark matter. The gas made of ordinary matter cools and condenses in the dark matter’s potential, while the dark matter does not cool and it forms tri-axial haloes. Due to the lack of our knowledge about the parallel world, we are not able to predict or explain the different behavior of baryon and dark matter from the first principle, and so, here we content ourselves with the following simple argument.

Suppose that p-proton is lighter than p-neutron and it is stable in a cosmological time scale. After the recombination, p-electrons and p-protons become bound to form electrically neutral p-hydrogen atoms. However, the p-hydrogen atoms are considered to have too large scattering cross section of order 10^{−16}cm^2 at small relative velocities, if all the mass scales in the parallel sector are same as in the SM. This problem can be circumvented by increasing the breaking scale of the weak interaction in the parallel sector [36, 37]. Also, the bremsstrahlung process in ionized gas will be suppressed if the p-electron is heavier.

Another possibility is that p-neutron is the lightest p-hadron. As we shall see below, the scattering cross section becomes significantly smaller than the previous case. Also, heavier p-nuclei may be unstable if the p-proton mass is so heavy that the mass difference between p-neutron and p-proton exceeds the typical binding energy of p-nuclei. Even if this is not the case, it sensitively depends on the p-proton lifetime how much heavier p-nuclei are created in the nucleosynthesis. Indeed, in the SM sector, the closeness of the electron mass and the neutron-proton mass difference makes the neutron lifetime significantly long. If the mass difference were twice larger, the neutron lifetime would be about 50 times shorter. Thus, it is possible that the p-proton lifetime is so short that any heavier p-nuclei are not created even if some of them are stable. Without, or with a tiny amount of charged p-nuclei and p-electrons, the dark matter cannot cool off leading to a tri-axial halo shape. Since no molecules are formed in this case, there is no star formation in the parallel sector. We emphasize here that such a drastic change of behavior of dark matter is possible if the light fermion masses in the parallel sector are slightly different from the SM values. In the following we assume the latter case in which the p-neutrons constitute dark matter.

There is one robust prediction about dark matter made of p-neutrons, which does not depend on the detailed property of the p-hadrons. That is, the p-neutron dark matter has self-interactions through the counterpart of the strong interaction. The cross section of the p-neutron dark matter can be inferred from the scattering cross section of neutronneutron collisions at low energy, σ_{nn} ≃ 4πa^2_{nn} ≃ 45 barn, where a_{nn} = −18.9 ± 0.4 fm is the neutron-neutron scattering length [46]. Thus, if the parallel sector is identical to the SM, the ratio of the cross section to the mass is given by σ_{DM}/m_{DM} ∼ σ_{nn}/m_n ∼ 48 barn/GeV ∼ 30 cm^2/g. For a p-QCD scale several times greater than the QCD scale, the ratio is considered to be suppressed by a few order of magnitude.^5

Such self-interacting dark matter was proposed as a possible solution to the discrepancy between observations and simulations known as central density problem [26]. The upper bound on σ_{DM}/m_{DM} was obtained by several groups as σ_{DM}/m_{DM} ≲ 0.1 [48], 0.3 [49], and 0.02 cm^2/g [50], comparing the numerical simulations with observations. The constraint from the merging clusters known as the Bullet Cluster was derived in Ref. [51] as σ_{DM}/m_{DM} ≲ 0.7 cm^2/g. Recently, the observational constraint on the selfinteracting dark matter was carefully re-considered in Refs. [52, 53], taking account of various effects which were overestimated in the previous works and it was found that σ_{DM}/m_{DM} = 1 cm^2/g is likely inconsistent with halo shape of the observed clusters, while σ_{DM}/m_{DM} = 0.1 cm^2/g is still allowed. According to Ref. [54], the self-interacting dark matter with σ_{DM}/m_{DM} ≃ 0.6 cm^2/g can account for the central densities of the Milky Way dwarf spheroidals, while the dark matter with σ_{DM}/m_{DM} = 0.1 cm^2/g can hardly be distinguished from the collisionless cold dark matter. Thus, the self-interacting dark matter with the cross section of σ_{DM}/m_{DM} = O(0.1) cm^2/g has interesting implications for the central density problem.

In order for the p-neutron cross section to fall in this range, the p-QCD scale (and/or the light p-quark masses) must be several times larger than the SM values. This implies that, if the p-baryon number is equal or very close to the ordinary baryon number, the dark matter density can be several times greater than the baryon density, which nicely fits the observations (1). On the other hand, if the p-QCD scale is more than one order

5 The neutron mass is simply determined by the QCD scale, while the neutron-neutron scattering length non-trivially depends on the QCD scale as well as masses of pions and other mesons [47]. However, the scattering length is considered to decrease as the QCD scale and light quark masses increase.

of magnitude higher than the QCD scale, the self interactions will likely be too small to be distinguished from the collisionless cold dark matter.

Now let us consider a more specific mechanism for baryogenesis. The similarity in the abundance of baryon and dark matter suggests that the successful baryogenesis should not rely on fine-tuning of the parameters, since we do not impose an exact Z_2 symmetry between the SM and parallel world and the same degrees of fine-tuning in the two sectors are unlikely unless there is a novel physical mechanism for it. One particularly attractive mechanism that offers an explanation of the observed baryon asymmetry is leptogenesis [55]. Once the Universe was heated to sufficiently high temperature, the leptogenesis takes place automatically through out-of-equilibrium decays of the heavy right-handed neutrinos. We therefore consider thermal leptogenesis in the seesaw mechanism of the neutrino masses [56].

To simplify our discussion, we assume a hierarchical mass spectrum for the righthanded neutrinos, M_1 ≪ M_2, M_3, where M_{1,2,3} denotes the right-handed neutrino mass. The baryon asymmetry in the SM sector generated by the decay of the lightest righthanded neutrino N_1 via thermal leptogenesis is roughly given by n_B s ∼ 10^{−10} ( k 0.1 ) ( M_1 10^{10} GeV ) ( m_{ν3} 0.05 eV ) δ_{CP} , (19)

where k represents a wash-out effect as well as the production efficiency of N_1, M_1 denotes the mass of the lightest right-handed neutrino, and m_{ν3} is the mass of the heaviest light neutrino, and δ_{CP} represents the CP violating phase. Here and in what follows we assume normal mass hierarchy for the neutrino and p-neutrino. Similarly, the p-baryon asymmetry is^6 n^′_B s ∼ 10^{−10} ( T^′_γ /T_γ 0.5 )_3 ( k^′ 0.1 ) ( M^′_1 10^{10} GeV ) ( m_s 0.4 eV ) δ^′_{CP} . (20)

6 Precisely speaking, the efficiency factor k^′ is generically different from k. The thermal leptogenesis in the parallel sector is obtained by multiplying a decay parameter K with a factor of (T^′_γ /T_γ)^2 ≃ 0.3−0.45 in the usual thermal leptogenesis (see Ref. [57]). This is because, for the parallel world, the visible radiation increases the Hubble parameter and K ∝ 1/H. This however does not change the value of k^′ significantly for the parameters considered here.

Note that the p-baryon abundance is normalized to the visible entropy density, and so it is suppressed by the ratio of the temperature of the two sectors. Thus, the p-baryon (i.e. dark matter) density would be about one order of magnitude smaller than the baryon abundance if all the parameters of the parallel sector are same as the SM ones. Even for Λ^′_{QCD} = (3 ∼ 5) × Λ_{QCD}, we need to enhance the dark matter abundance by one order of magnitude in order to satisfy (1).

There are several options (or some combination of them) for enhancing the dark matter density^7: 1. |δ_{CP} | < |δ^′_{CP} | 2. M_1 < M^′_1

3. m_{ν3} < m_s

4. Λ_{QCD} < Λ^′_{QCD}

Among the above possibilities, the third one is particularly interesting, because it may be possible to detect the effect of the sterile neutrino imprinted in the CMB temperature anisotropy and the large scale structure data, which enables us to check our prediction (15).

III. IMPLICATIONS FROM THE STRING THEORY

In this section, we shall consider possibilities on the embedding of the SM and its parallel world into the string theory. Since the theory can be a quantum unified theory including gravity, it is worthwhile to discuss it. As well-known, string theories require six extra spatial dimensions in addition to the observed four spacetime dimensions. The extra dimensions can possess rich structures although the spaces should be compactified to such a small size that we do not observe them directly. Furthermore, by involving D-branes in type II string theories it is possible to introduce gauge theories on them, which can lead

7 See also [58].

to the SM and its parallel world at low energy scales. Thus it may be natural to have parallel world.

Consider a compact Calabi-Yau (CY) space involving D-branes in IIB/F theory as an example [59–62]. Then one may find two relevant things, which are the presence of lots of cycles and the tadpole conditions on the CY space.

First, the CY space can contain many cycles or singularities. For instance, one may find h^{1,1}(CY) > 1 and h^{2,1}(CY) ∼ O(100), and there would be a cycle which is homologous to another one. Therefore, when two stacks of D-branes are put on such two different n-cycles of Σ_n and Σ^′_n separately, one stack may look like a hidden dark sector from the other: ∫

Σ_n d^ny ∫ d^4xL_{SM} + ∫ Σ^′_n d^ny ∫ d^4xL_{para}. (21)

Two sectors interact with each other at least via gravitation. Let us focus on the modelbuilding of the SM and dark sector under such a situation.^8 For instance, world volume fluxes on two stacks of D7-branes wrapping on two 4-cycles can lead to copies of chiral fermions (generation) via index of Dirac operators in the respective sectors [65]. The flavor structure can originate from integrands of three zero-mode wavefunctions which are localized on the respective branes [66], and depend also on non-perturbative effects [67–69]. As another possibility, the SM and dark sector can originate from two stacks of (fractional) D3-branes sitting on two singularities respectively [70]. In this case, the number of chiral fermions depends on the structure of the singularities, and flavor structure depends on the singularity^9 and non-perturbative effects similarly to the previous case [72]. Then the MSSM-like models or GUT-like ones may be considered at high energy scales on respective cycles. Non-linear realization of supersymmetry (SUSY) or just the SM-like models may be also constructed with anti-branes or non-supersymmetric fluxes in would-be metastable

8 We will not tell about K-theory [63] and Freed-Witten anomalies [64] on D-brane configurations because it requires more concrete discussion of model-buildings.

9 For instance, C^3 /Z_3 singularity can lead to SU(3)^3 gauge group, 3-generation and SU(3)_R symmetric Yukawa coupling y_{ijk} ∝ ϵ_{ijk} at the high energy scale [71]. Non-commutative deformations of the singularity can also modify the flavor structure.

configurations^{10}.

Secondly, the number of D-branes can be constrained on the CY space even if one wants to do so freely. Induced RR charges carried by D-branes wrapping on a cycle, that is, the tadpoles for RR tensor fields, are required to vanish entirely for cancelling fieldtheoretic (mixed) quantum anomalies at low energy scales. As such induced charges are proportional to the number of the relevant D-branes, the tadpole conditions can restrict the total number of D-branes wrapping on respective cycles, i.e. the total rank of the sum of gauge groups in string models.^{11} Focusing on moduli stabilization, orientifolding CY spaces is important. On such compactifications O-planes carrying negative RR-charges and hence closed string fluxes can be contained [81]. On top of them, lots of D-branes will be naturally required to cancel the negative RR-charges, forcing hidden sectors to be contained [82]. As a consequence, all string moduli can be stabilized at low energies via combinations of the fluxes [83] and non-perturbative effects on D-branes [84]. Let us consider, for instance, the D3-brane tadpole condition in F-theory compactified on an elliptically fibered CY fourfold (CY_4)

N_{D3} + 1 2 N_{flux} = χ(CY_4) 24 . (22)

Here N_{D3} denotes the number of D3-branes, N_{flux} is four-form flux contribution to the D3-brane charge, and χ(CY_4) is the Euler characteristic of the CY_4.^{12} In typical cases, r.h.s. of Eq.(22) is much greater than of O(1), which is the rank of the SM gauge group at low energies. For instance, one can find sixteen in toroidal orientifolds or of O(10^2 − 10^3) in more generic cases. Thus the total number of D3-branes can be naturally split as

10 See discussions on the presence of anti-branes in a supersymmetric flux-background [73]. 11 Although in this paper we use the terminology in type II models for simplicity, one may consider similar situations in heterotic models. The tadpole condition (of the dual six-form potential) can be given by Tr(R_2 ∧ R_2) − Tr(F_2 ∧ F_2) = 0, where R_2 is the geometric curvature two-form on a CY space, F_2 is gauge field strength two-form in E_8 × E^′_8 or SO(32), and we have not included any five-brane contributions. The total rank of the sum of gauge groups should be less than sixteen, and thus heterotic models can also contain the hidden sector gauge group [80].

12 In type IIB language, N_{flux} consists of contributions from NSNS-, RR-fluxes and world volume fluxes on D7-branes, while the χ(CY_4) comes from O3-planes, and geometric curvature on O7-planes and D7-branes [85].

N_{D3} = N_{SM} + N_{para} + · · · , where N_{SM} and N_{para} are the rank of the SM gauge group and the dark sector at the high energy respectively, though Eq.(22) depends also on N_{flux}. At any rate, thanks to the tadpole condition with O-planes, it would be natural for string theories to contain multiple SM-like sectors^{13}.

Let us discuss about the reheating of both the SM sector and the parallel world. An inflaton or closed string moduli which are propagating in the bulk of a CY space can play a role in reheating both the sectors, when such states dominate over the energy density in string theory at last. The states denoted by ϕ would be universally coupled to both sectors via gravitational interaction

L = ϕ (O_{SM} + O_{para}) , (23)

because they exist in the bulk like the graviton. Here we have used in the Planck unit such that M_{Pl} = 2.4 × 10^{18} GeV ≡ 1. Leptogenesis will work successfully in both sectors when the decay temperature of ϕ is high enough, or when right-handed neutrinos are non-thermally produced with a sufficient amount in the ϕ decays. Note that if there are other hidden sectors lighter than ϕ they will be also produced similarly. A slight difference between the reheating temperatures in two sectors may come from different matter contents at high energy scales depending on brane configurations or topologies in local geometries; extra states, e.g. heavy gauge bosons or vector-like matters, may be reheated just in the SM sector or soft SUSY-breaking terms in the dark sector may be much larger than those in the SM sector. For instance, a stack of D-branes can sit on an orientifolded local geometry while an another does not [87]. Alternatively, the SM may localize on a stack of D-branes while the dark sector does on anti-D-branes, cancelling the tadpole generated by the SM branes.

On the other hand, open string moduli (position) [88] or chiral singlets under the SM gauge group [89] may play the role of right-handed neutrinos.^{14} For the former states on

13 Even if the SM is realized through strong coupling dynamics, say, Seiberg duality cascade with N_{SM} ≫ 1 [86], such a theory would contain also non-trivial hidden sector at low energy scales.

14 One might consider Kaluza-Klein modes as such neutrinos [90]. However, for thermal leptogenesis,

D7-branes, they will obtain the masses which will be given by M_i ∼ f M_{Pl} V , M^′_i ∼ f^′ M_{Pl} V (24)

via flux compactifications, if exist. Here f and f^′ are complex flux-parameters, and V is the volume of the relevant CY orientifold space in the string unit. Hence V = O(10^7) will be required.^{15} Depending on the choice of quantized fluxes and flavor structure, one can get M_1 < M^′_1, m_{ν3} < m_s and a large CP phase. For the latter states localized between D-branes in similar type IIB orientifolds, they acquire masses via non-perturbative effects:

M_i ∼ M_{Pl}e^{−Vol(E)+iϑ}, M^′_i ∼ M_{Pl}e^{−Vol(E′)+iϑ′} . (25)

This is because of respective anomalous U(1) symmetries under which right-handed neutrinos in respective sectors can be charged. Here Vol(E) and Vol(E^′) denote the volume of an Euclidean D-branes relevant to the SM and dark sector, respectively, while ϑ and ϑ^′ are integrands of RR-fields on the Euclidean branes. Via the same origin of such an instanton or a moduli stabilization such that Vol(E) ≳ Vol(E^′), M_1 < M^′_1 and other desired situations may be realized.

IV. DISCUSSION AND CONCLUSIONS

The BBN bound on the temperature of the parallel world (8) implies that the reheating of the SM and parallel sectors are slightly asymmetric. As already mentioned in the previous section, the inflaton or closed string moduli propagating in the bulk of a CY space may be responsible for the asymmetric reheating. Here we briefly mention another possibility. If SUSY is realized in nature, there will be a fermion that partners with the graviton, called the gravitino, which has interactions suppressed by either the Planck scale

we need extremely heavy ϕ, and then such massive neutrinos are beyond the scope of four dimensional approximation.

15 In such a case, one can get a low reheating temperature via the bulk modulus decay, and hence a bulk string-theoretic-axion can become a component of dark radiation [20] as already mentioned production of hidden light modes on branes via ϕ-decay. However, strictly speaking, such consequence may depend on moduli stabilization.

or the SUSY breaking scale, and therefore is long-lived. Also, the gravitinos are produced in various processes, such as thermal particle scatterings [91–93] and non-thermal production from the decay of moduli [94–96] and inflaton [97–101]. Thus, it is possible that our Universe was gravitino-rich, or even gravitino-dominated [102]. In the latter case, since the gravitino is coupled to both the SM and parallel sectors, the two sectors will be heated up to temperatures that are comparable to each other. The slight difference of the temperatures could arise if the SUSY particles have mass comparable to the gravitino and if the masses are slightly different between the two sectors. We also note that SUSY forbids a sizable coupling between the Higgs doublets of the SM and parallel sectors, as would be required for temperature asymmetry.

So far we have considered a parallel sector with particle contents and interactions that are identical to the SM. In fact, our argument on the relation between ΔN_{eff} and N_s can be applied to a broader class of the parallel world. For instance, our result holds even if there is no counterpart of the strong interaction. It is also straightforward to extend our results to a case with different number of p-neutrino species and/or p-photons. If it turns out that the relation (15) is not satisfied, it would imply that the parallel world is not just a replica of the SM. In any case, if the existence of dark radiation and/or sterile neutrinos are discovered, it would provide us with a valuable information of the dark sector.

In this paper we have pointed out that the existence of dark radiation suggested by recent observations, if confirmed, would pose another coincidence problem of why the density of dark radiation is comparable to that of photons. Combined with the longstanding baryon-dark matter coincidence, it may imply that there is a dark parallel world which is quite similar to the SM. Assuming only gravitational interactions between the two sectors, we found that there is a rather robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, (17) and (18). See Fig. 1 for the relation. The relation is mostly independent of details of the parallel world, and is simply determined by the number of light degrees of freedom. If confirmed, it can serve as a smoking-gun evidence of the parallel world. We also pointed out that p-neutrons are a plausible candidate for dark matter, which can have a cross section of σ_{DM}/m_{DM} = O(0.01 − 0.1) cm^2/g for the p-QCD scale several times larger than the QCD scale^{16}. Interestingly such dark matter is consistent with the observations and may ameliorate the central density problem [52–54]. We have also discussed the implications for such parallel world from the string theory point of view. What is important is the presence of small extra dimensions with rich structures. The SM and its parallel world can be found through compactifications, where there are many independent cycles and two sectors can exist on the cycles separately. Furthermore, consistency conditions to avoid anomalies can also require the parallel world, being consistent with moduli stabilization. Bulk modes coupled to the both sectors via gravitation can play a role in reheating these sectors and hence in generating the origin of baryon asymmetry, e.g., right-handed neutrinos, whose masses will be generated through flux compactifications or non-perturbative effects in both sectors. Once the SM sector exists in the string theory, there is no reason why we should not have a similar sector.

Acknowledgment

We thank K. Yazaki, Y. Hidaka and K. Hagino for discussions on nucleon scattering. This work was supported by the Grant-in-Aid for Scientific Research on Innovative Areas (No.24111702, No. 21111006, and No.23104008) [FT], Scientific Research (A) (No. 22244030 and No.21244033) [FT], and JSPS Grant-in-Aid for Young Scientists (B) (No. 24740135) [FT]. This work was also supported by World Premier International Center Initiative (WPI Program), MEXT, Japan [FT], and by Grants-in-Aid for Scientific Research from the Ministry of Education, Science, Sports, and Culture (MEXT), Japan, No. 23104008 and No. 23540283 [KJS].

[1] M. Fujii and T. Yanagida, Phys. Lett. B 542, 80 (2002) [hep-ph/0206066].

16 For the pion mass at 700 MeV, one obtains 1.6 fm scattering length between two neutrons [103]. Then the cross section will fall in the right range.

[2] O. Seto and M. Yamaguchi, Phys. Rev. D 75, 123506 (2007) [arXiv:0704.0510 [hep-ph]]. [3] D. E. Kaplan, M. A. Luty and K. M. Zurek, Phys. Rev. D 79, 115016 (2009) [arXiv:0901.4117 [hep-ph]].

[4] I. M. Shoemaker and A. Kusenko, Phys. Rev. D 80, 075021 (2009) [arXiv:0909.3334 [hepph]].

[5] C. Cheung and K. M. Zurek, Phys. Rev. D 84, 035007 (2011) [arXiv:1105.4612 [hep-ph]]. [6] F. Doddato and J. McDonald, JCAP 1206, 031 (2012) [arXiv:1111.2305 [hep-ph]]. [7] S. Kasuya, M. Kawasaki and M. Yamada, arXiv:1211.4743 [hep-ph]. [8] K. S. Jeong and F. Takahashi, arXiv:1302.1486 [hep-ph].

[9] Z. Hou, C. L. Reichardt, K. T. Story, B. Follin, R. Keisler, K. A. Aird, B. A. Benson and L. E. Bleem et al., arXiv:1212.6267 [astro-ph.CO].

[10] G. Hinshaw, D. Larson, E. Komatsu, D. N. Spergel, C. L. Bennett, J. Dunkley, M. R. Nolta and M. Halpern et al., arXiv:1212.5226 [astro-ph.CO].

[11] E. J. Chun, D. Comelli and D. H. Lyth, Phys. Rev. D 62, 095013 (2000) [hep-ph/0008133]. [12] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, JCAP 0705 (2007) 008 [arXiv:hep-ph/0703034].

[13] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B 697 (2011) 275 [arXiv:1010.5693 [hep-ph]].

[14] W. Fischler and J. Meyers, Phys. Rev. D 83, 063520 (2011) [arXiv:1011.3501 [astroph.CO]].

[15] J. Hasenkamp, Phys. Lett. B 707, 121 (2012) [arXiv:1107.4319 [hep-ph]]. [16] J. L. Menestrina and R. J. Scherrer, Phys. Rev. D 85, 047301 (2012) [arXiv:1111.0605 [astro-ph.CO]].

[17] T. Kobayashi, F. Takahashi, T. Takahashi and M. Yamaguchi, JCAP 1203, 036 (2012) [arXiv:1111.1336 [astro-ph.CO]].

[18] D. Hooper, F. S. Queiroz and N. Y. Gnedin, Phys. Rev. D 85, 063513 (2012) [arXiv:1111.6599 [astro-ph.CO]].

[19] K. S. Jeong and F. Takahashi, JHEP 1208, 017 (2012) [arXiv:1201.4816 [hep-ph]].

[20] M. Cicoli, J. P. Conlon and F. Quevedo, arXiv:1208.3562 [hep-ph]; T. Higaki and F. Takahashi, JHEP 1211, 125 (2012) [arXiv:1208.3563 [hep-ph]]; see also T. Higaki, K. Kamada and F. Takahashi, JHEP 1209, 043 (2012) [arXiv:1207.2771 [hep-ph]].

[21] K. Choi, K. -Y. Choi and C. S. Shin, Phys. Rev. D 86, 083529 (2012) [arXiv:1208.2496 [hep-ph]].

[22] P. Graf and F. D. Steffen, arXiv:1208.2951 [hep-ph]. [23] J. Hasenkamp and J. Kersten, arXiv:1212.4160 [hep-ph]. [24] K. J. Bae, H. Baer and A. Lessa, arXiv:1301.7428 [hep-ph]. [25] P. Graf and F. D. Steffen, arXiv:1302.2143 [hep-ph].

[26] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760 (2000) [astro-ph/9909386]. [27] T. D. Lee and C. -N. Yang, Phys. Rev. 104, 254 (1956).

[28] S. I. Blinnikov and M. Y. .Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982) [Yad. Fiz. 36, 809 (1982)].

[29] E. W. Kolb, D. Seckel and M. S. Turner, Nature 314, 415 (1985). [30] M. Y. .Khlopov, G. M. Beskin, N. E. Bochkarev, L. A. Pustylnik and S. A. Pustylnik, Sov. Astron. 35, 21 (1991) [Astron. Zh. 68, 42 (1991)].

[31] R. Foot, H. Lew and R. R. Volkas, Phys. Lett. B 272, 67 (1991); Mod. Phys. Lett. A 7, 2567 (1992).

[32] H. M. Hodges, Phys. Rev. D 47, 456 (1993).

[33] Z. Berezhiani, In *Shifman, M. (ed.) et al.: From fields to strings, vol. 3* 2147-2195 [hep-ph/0508233].

[34] L. B. Okun, Phys. Usp. 50, 380 (2007) [hep-ph/0606202].

[35] Z. G. Berezhiani, A. D. Dolgov and R. N. Mohapatra, Phys. Lett. B 375, 26 (1996) [hep-ph/9511221].

[36] R. N. Mohapatra and V. L. Teplitz, Astrophys. J. 478, 29 (1997) [astro-ph/9603049]. [37] R. N. Mohapatra, S. Nussinov and V. L. Teplitz, Phys. Rev. D 66, 063002 (2002) [hep-ph/0111381].

[38] R. Foot, Mod. Phys. Lett. A 9, 169 (1994) [hep-ph/9402241]; R. Foot and R. R. Volkas,

Phys. Rev. D 52, 6595 (1995) [hep-ph/9505359];

[39] Z. G. Berezhiani and R. N. Mohapatra, Phys. Rev. D 52, 6607 (1995) [hep-ph/9505385]. [40] B. Holdom, Phys. Lett. B 166, 196 (1986). [41] S. L. Glashow, Phys. Lett. B 167, 35 (1986).

[42] E. D. Carlson and S. L. Glashow, Phys. Lett. B 193, 168 (1987). [43] R. Barbieri, T. Gregoire and L. J. Hall, hep-ph/0509242.

[44] R. N. Mohapatra and V. L. Teplitz, Phys. Rev. D 62, 063506 (2000) [astro-ph/0001362]. [45] Y. I. Izotov and T. X. Thuan, Astrophys. J. 710, L67 (2010) [arXiv:1001.4440 [astroph.CO]].

[46] Q. Chen, C. R. Howell, T. S. Carman, W. R. Gibbs, B. F. Gibson, A. Hussein, M. R. Kiser and G. Mertens et al., Phys. Rev. C 77, 054002 (2008).

[47] S. R. Beane, E. Chang, S. D. Cohen, W. Detmold, P. Junnarkar, H. W. Lin, T. C. Luu and K. Orginos et al., arXiv:1301.5790 [hep-lat].

[48] N. Yoshida, V. Springel, S. D. M. White and G. Tormen, Astrophys. J. 544, L87 (2000) [astro-ph/0006134].

[49] O. Y. Gnedin and J. P. Ostriker, Astrophys. J. 561, 61 (2001) [astro-ph/0010436]. [50] J. Miralda-Escude, Astrophys. J. 564, 60 (2002) [astro-ph/0002050]. [51] S. W. Randall, M. Markevitch, D. Clowe, A. H. Gonzalez and M. Bradac, Astrophys. J.

679, 1173 (2008) [arXiv:0704.0261 [astro-ph]].

[52] M. Rocha, A. H. G. Peter, J. S. Bullock, M. Kaplinghat, S. Garrison-Kimmel, J. Onorbe and L. A. Moustakas, arXiv:1208.3025 [astro-ph.CO].

[53] A. H. G. Peter, M. Rocha, J. S. Bullock and M. Kaplinghat, arXiv:1208.3026 [astroph.CO].

[54] J. Zavala, M. Vogelsberger and M. G. Walker, arXiv:1211.6426 [astro-ph.CO]. [55] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

[56] T. Yanagida, in Proceedings of the “Workshop on the Unified Theory and the Baryon Number in the Universe”, Tsukuba, Japan, Feb. 13-14, 1979, edited by O. Sawada and A. Sugamoto, KEK report KEK-79-18, p. 95, and “Horizontal Symmetry And Masses

Of Neutrinos” , Prog. Theor. Phys. 64 (1980) 1103; M. Gell-Mann, P. Ramond and R. Slansky, in “Supergravity” (North-Holland, Amsterdam, 1979) eds. D. Z. Freedom and P. van Nieuwenhuizen, Print-80-0576 (CERN); see also P. Minkowski, Phys. Lett. B 67, 421 (1977).

[57] W. Buchmuller, P. Di Bari and M. Plumacher, Annals Phys. 315, 305 (2005) [hep-ph/0401240].

[58] J. -W. Cui, H. -J. He, L. -C. Lu and F. -R. Yin, Phys. Rev. D 85, 096003 (2012) [arXiv:1110.6893 [hep-ph]].

[59] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, Phys. Rept. 445, 1 (2007) [hep-th/0610327].

[60] F. Denef, arXiv:0803.1194 [hep-th].

[61] T. Weigand, Class. Quant. Grav. 27, 214004 (2010) [arXiv:1009.3497 [hep-th]]. [62] A. Maharana and E. Palti, arXiv:1212.0555 [hep-th]. [63] E. Witten, JHEP 9812, 019 (1998) [hep-th/9810188].

[64] D. S. Freed and E. Witten, Asian J. Math 3, 819 (1999) [hep-th/9907189]. [65] R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, JHEP 0010, 006 (2000) [hep-th/0007024]; C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, Phys. Lett. B 489, 223 (2000) [hep-th/0007090]; G. Aldazabal, S. Franco, L. E. Ibanez, R. Rabadan and A. M. Uranga, JHEP 0102, 047 (2001) [hep-ph/0011132]; J. Math. Phys. 42, 3103 (2001) [hep-th/0011073]; see also a review F. G. Marchesano Buznego, hep-th/0307252; references therein.

[66] D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 0405, 079 (2004) [hep-th/0404229];

J. P. Conlon, A. Maharana and F. Quevedo, JHEP 0809, 104 (2008) [arXiv:0807.0789 [hep-th]]; H. Abe, K. -S. Choi, T. Kobayashi and H. Ohki, Nucl. Phys. B 820, 317 (2009) [arXiv:0904.2631 [hep-ph]]; for phenomenology, see H. Abe, T. Kobayashi, H. Ohki, A. Oikawa and K. Sumita, arXiv:1211.4317 [hep-ph]; for intersecting D-brane, see D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 0307, 038 (2003) [hep-th/0302105]; T. Higaki, N. Kitazawa, T. Kobayashi and K. -j. Takahashi, Phys. Rev. D 72, 086003 (2005)

[hep-th/0504019].

[67] R. Blumenhagen, M. Cvetic, D. Lust, R. Richter and T. Weigand, Phys. Rev. Lett. 100, 061602 (2008) [arXiv:0707.1871 [hep-th]].

[68] F. Marchesano and L. Martucci, Phys. Rev. Lett. 104, 231601 (2010) [arXiv:0910.5496 [hep-th]]; for phenomenology, see A. Font, L. E. Ibanez, F. Marchesano and D. Regalado, arXiv:1211.6529 [hep-th].

[69] For a review of stringy instantons, see R. Blumenhagen, M. Cvetic, S. Kachru and T. Weigand, Ann. Rev. Nucl. Part. Sci. 59, 269 (2009) [arXiv:0902.3251 [hep-th]].

[70] G. Aldazabal, L. E. Ibanez, F. Quevedo and A. M. Uranga, JHEP 0008, 002 (2000) [hep-th/0005067].

[71] See, for instance, M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo and R. Valandro, JHEP 1209, 019 (2012) [arXiv:1206.5237 [hep-th]].

[72] M. Berg, J. P. Conlon, D. Marsh and L. T. Witkowski, arXiv:1207.1103 [hep-th]. [73] S. Kachru, J. Pearson and H. L. Verlinde, JHEP 0206, 021 (2002) [hep-th/0112197]; [74] P. McGuirk, G. Shiu and F. Ye, JHEP 1207, 188 (2012) [arXiv:1206.0754 [hep-th]]; See also [75] I. Bena, M. Grana and N. Halmagyi, JHEP 1009, 087 (2010) [arXiv:0912.3519 [hep-th]]; [76] I. Bena, M. Grana, S. Kuperstein and S. Massai, arXiv:1212.4828 [hep-th]; [77] I. Bena, A. Buchel and O. J. C. Dias, arXiv:1212.5162 [hep-th]; [78] F. F. Gautason, D. Junghans and M. Zagermann, arXiv:1301.5647 [hep-th]; [79] I. Bena, J. Blaback, U. H. Danielsson and T. Van Riet, arXiv:1301.7071 [hep-th]. [80] V. Braun, Y. Hui-He and B. A. Ovrut, arXiv:1301.6767 [hep-th].

[81] S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev. D 66, 106006 (2002) [hep-th/0105097].

[82] M. Cvetic, J. Halverson and H. Piragua, arXiv:1210.5245 [hep-ph]. [83] See reviews, M. R. Douglas and S. Kachru, Rev. Mod. Phys. 79, 733 (2007) [hep-th/0610102]; F. Denef, M. R. Douglas and S. Kachru, Ann. Rev. Nucl. Part. Sci. 57, 119 (2007) [hep-th/0701050]; references therein.

[84] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003) [hep-th/0301240]; V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, JHEP 0503, 007 (2005) [hep-th/0502058].

[85] A. Collinucci, F. Denef and M. Esole, JHEP 0902, 005 (2009) [arXiv:0805.1573 [hep-th]]. [86] N. Seiberg, Nucl. Phys. B 435, 129 (1995) [hep-th/9411149]; I. R. Klebanov and M. J. Strassler, JHEP 0008, 052 (2000) [hep-th/0007191]; J. J. Heckman, C. Vafa, H. Verlinde and M. Wijnholt, JHEP 0806, 016 (2008) [arXiv:0711.0387 [hep-ph]]; S. A. Abel, C. Durnford, J. Jaeckel and V. V. Khoze, JHEP 0802, 074 (2008) [arXiv:0712.1812 [hepph]]; H. Abe, T. Higaki, T. Kobayashi, K. Ohta, Y. Omura and H. Terao, Phys. Rev. D 79, 045003 (2009) [arXiv:0810.5451 [hep-th]].

[87] R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and F. Quevedo, JHEP 0909, 007 (2009) [arXiv:0906.3297 [hep-th]]; J. P. Conlon and F. G. Pedro, JHEP 1006, 082 (2010) [arXiv:1003.0388 [hep-th]]; K. Choi, H. P. Nilles, C. S. Shin and M. Trapletti, JHEP 1102, 047 (2011) [arXiv:1011.0999 [hep-th]]; J. P. Conlon and L. T. Witkowski, JHEP 1112, 028 (2011) [arXiv:1109.4153 [hep-th]].

[88] R. Tatar, Y. Tsuchiya and T. Watari, Nucl. Phys. B 823, 1 (2009) [arXiv:0905.2289 [hep-th]].

[89] R. Blumenhagen, M. Cvetic and T. Weigand, Nucl. Phys. B 771, 113 (2007) [hep-th/0609191]; L. E. Ibanez and A. M. Uranga, JHEP 0703, 052 (2007) [hep-th/0609213].

[90] V. Bouchard, J. J. Heckman, J. Seo and C. Vafa, JHEP 1001, 061 (2010) [arXiv:0904.1419 [hep-ph]].

[91] M. Bolz, A. Brandenburg and W. Buchmuller, Nucl. Phys. B 606, 518 (2001) [Erratumibid. B 790, 336 (2008)] [hep-ph/0012052].

[92] J. Pradler and F. D. Steffen, Phys. Rev. D 75, 023509 (2007) [hep-ph/0608344]; Phys.

Lett. B 648, 224 (2007) [hep-ph/0612291].

[93] V. S. Rychkov and A. Strumia, Phys. Rev. D 75, 075011 (2007) [hep-ph/0701104]. [94] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96, 211301 (2006);

S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389 (2006).

[95] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006). [96] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. D 74, 023531 (2006). [97] M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 638, 8 (2006) [hep-ph/0603265]; Phys. Rev. D 74, 043519 (2006) [hep-ph/0605297].

[98] T. Asaka, S. Nakamura and M. Yamaguchi, Phys. Rev. D 74, 023520 (2006) [hep-ph/0604132].

[99] M. Endo, M. Kawasaki, F. Takahashi and T. T. Yanagida, Phys. Lett. B 642, 518 (2006) [hep-ph/0607170].

[100] M. Endo, F. Takahashi and T. T. Yanagida, Phys. Lett. B 658, 236 (2008) [hep-ph/0701042].

[101] M. Endo, F. Takahashi and T. T. Yanagida, Phys. Rev. D 76, 083509 (2007) [arXiv:0706.0986 [hep-ph]].

[102] K. S. Jeong and F. Takahashi, arXiv:1210.4077 [hep-ph].

[103] T. Doi [HAL QCD Collaboration], PoS LATTICE 2012, 009 (2012) [arXiv:1212.1572 [hep-lat]]; refenreces therein.