arXiv:1208.3563v3 [hep-ph] 22 Nov 2012

RIKEN-MP-53 TU-917

Dark Radiation and Dark Matter in Large Volume Compactifications

Tetsutaro Higaki Mathematical Physics Lab., RIKEN Nishina Center, Saitama 351-0198, Japan

Fuminobu Takahashi Department of Physics, Tohoku University, Sendai 980-8578, Japan (Dated: November 26, 2012)

Abstract

We argue that dark radiation is naturally generated from the decay of the overall volume modulus in the LARGE volume scenario. We consider both sequestered and non-sequestered cases, and find that the axionic superpartner of the modulus is produced by the modulus decay and it can account for the dark radiation suggested by observations, while the modulus decay through the Giudice-Masiero term gives the dominant contribution to the total decay rate. In the sequestered case, the lightest supersymmetric particles produced by the modulus decay can naturally account for the observed dark matter density. In the non-sequestered case, on the other hand, the supersymmetric particles are not produced by the modulus decay, since the soft masses are of order the heavy gravitino mass. The QCD axion will then be a plausible dark matter candidate.

I. INTRODUCTION

In superstring theories, moduli fields necessarily appear at low energies through compactifications. Supersymmetric compactifications, e.g., on a Calabi-Yau (CY) space [1], naturally lead to massless moduli and their axionic superpartners at the perturbative level because of the remnant of higher dimensional gauge symmetry:

T_{moduli} → T_{moduli} + iα, (1)

where α is a real transformation parameter.

Most of these moduli must be stabilized in order to get a sensible low-energy theory, since the moduli determine all the physically relevant quantities such as the size of the extra dimensions, physical coupling constants, and even the supersymmetry (SUSY) breaking scale. To this end, closed string flux backgrounds in extra dimensions, i.e. flux compactifications [2, 3], are powerful tools to fix many moduli simultaneously. Most of the remaining moduli which are not stabilized by the fluxes can become massive by instantons/gaugino condensations like in the KKLT model [4].

Some of the moduli, however, may remain light, and they will play an important role in cosmology. Indeed, in many string models, there are often ultralight axions due to the above shift symmetry [5–7], even when all the other moduli get masses; unless the symmetry is broken by appropriate non-perturbative effects generated in the low energy, those string theoretic axions stay massless. Furthermore, their real component partners tend to remain relatively light^1. Although it certainly depends on the details of the model such as the properties of compact geometry and brane configurations, the presence of such light moduli and ultralight axions may be a natural outcome of string theories.^2 Let us focus on the lightest modulus and consider its impact on cosmology. Since the modulus is light, it is likely deviated from the low-energy minimum during inflation.

1 Because such moduli can be stabilized through the SUSY-breaking effect, their masses are comparable to or much lighter than the gravitino mass.

2 Here and in what follows, we often call the real component of T_{moduli} the modulus, while the axion refers to its imaginary component in the same multiplet.

After inflation, the modulus starts to oscillate about the potential minimum with a large amplitude, and dominates the energy density of the Universe.^3 If its mass is of order the weak scale, it typically decays during big bang nucleosynthesis (BBN), thus altering the light element abundances in contradiction with observations. This is the notorious cosmological moduli problem [8].

If the modulus mass is heavier than O(10) TeV, on the other hand, it decays before BBN, and the cosmological moduli problem will be greatly relaxed. Such high-scale SUSY breaking is also suggested from the recently discovered standard-model-like Higgs boson [9, 10]. The cosmology of such moduli crucially depends on their decay modes. For instance, it was pointed out in Refs. [11–13] that the modulus generically decays into gravitinos with a sizable branching fraction if kinematically allowed, and those gravitinos produce lightest SUSY particles (LSPs), whose abundance easily exceeds the observed dark matter (DM) density. Importantly, it was recently found by Kamada and the present authors in Ref. [14] that the modulus decays into a pair of its axionic superpartners in the context of the (moderately) LARGE volume scenario [15], and the produced axions will behave as extra radiation since the axions are effectively massless.

The presence of such additional relativistic particles increases the expansion rate of the Universe, which affects the cosmic microwave background (CMB) as well as the BBN yield of light elements, especially^4He and D. The amount of the relativistic particles is expressed in terms of the effective number of light fermion species, N_{eff} , and it is given by N_{eff} ≈ 3(3.046) before(after) the electron-positron annihilation in the standard cosmology. Interestingly, there is accumulating evidence for the existence of additional relativistic degrees of freedom coined “dark radiation”. The latest analysis using the CMB data (WMAP7 [16] and SPT [17]) has given N_{eff} = 3.86 ± 0.42 (1σ C.L.) [18]. Other recent analyses can be found in Refs. [19–23]. The^4He mass fraction Y_p is sensitive to the expansion rate of the Universe during the BBN epoch, although it has somewhat checkered history since it is very difficult to estimate systematic errors for deriving the primordial

3 This is the case even if the Hubble parameter during inflation is smaller than the modulus mass, as long as the inflaton mass is heavier than the modulus [14].

abundance from^4He observations [24]. Nevertheless, it is interesting that an excess of Y_p at the 2σ level, Y_p = 0.2565 ± 0.0010 (stat) ± 0.0050 (syst), was reported in Ref. [25], which can be understood in terms of the effective number of neutrinos, N_{eff} = 3.68^{+0.80}_{−0.70} (2σ). Interestingly, it was recently pointed out that the observed deuterium abundance D/H also favors the presence of extra radiation [26, 27]: N_{eff} = 3.90 ± 0.44 (1σ), was derived from the CMB and D/H data [27]. It is intriguing that the CMB data as well as the Helium and Deuterium abundance favor the presence of dark radiation, ΔN_{eff} ∼ 1, while they are sensitive to the expansion rate of the Universe at vastly different times.

In this paper, we consider both sequestered and non-sequestered models of LARGE volume scenario (LVS) in the singular regime [28] as concrete examples. In both cases, the overall volume modulus decays into a pair of axions, which can account for the dark radiation suggested by recent observations mentioned above. (See e.g. Refs.[29–36] for other models.) Hence, the generation of the dark radiation from the modulus decay is a natural and robust prediction in the LVS models. In order to estimate the dark radiation abundance, we study the various decay modes of the overall volume modulus, and find that the decay through the Giudice-Masiero (GM) term [37] gives a dominant contribution to the total decay rate, while the other decay modes such as the one into (transverse) gauge bosons as well as the three-body decays into one scalar plus two fermions through the Yukawa couplings [38] are suppressed. In the sequestered LVS, we will show that the LSPs produced by the modulus decay can naturally explain the observed DM abundance. In the non-sequestered case, the QCD axion is a plausible candidate for DM.

The rest of this paper is organized as follows. In Sec. II, we give a sketch of the modulus decay in LVS with an approximate no-scale structure. In Sec. III we consider the sequestered LVS and estimate the abundance of dark radiation and dark matter in detail. We study the case of non-sequestered LVS in Sec. IV. The last section is devoted to discussion and conclusions.

II. PRELIMINARIES

Before proceeding to the realistic set-up, let us here summarize its important implications, which can be easily understood as follows. In the following we adopt the Planck unit: M_{pl} ≃ 2.4 × 10^{18} GeV ≡ 1.

The salient feature of the sequestered LVS model is an approximate no-scale structure of the lightest modulus T which develops exponentially large vacuum expectation value (VEV); we consider the following Kähler and super-potentials and a constant gauge kinetic function as a low-energy effective theory,

K = −3 log [ T + T^† − 1 3 { ∑ i |Q_i|^2 + (zH_uH_d + h.c.) }] + O ( 1 V ) , = −3 log(T + T^†) + ∑ i |Q_i|^2 (T + T^†) + ( z H_uH_d (T + T^†) + h.c. ) + · · · , (2) W = const. + W_{matter}(Q_i), (3) f = const. (4)

where Q_i collectively denotes the matter fields including the Higgs field, and z = O(1) is a numerical coefficient of the Giudice-Masiero (GM) term. Note that the correction to the no-scale structure is of order the inverse of the large volume of the extra dimension V ∼ (T + T^†)^{3/2} ≫ 1, which contains the effect of heavier moduli as well as O(α^{′3}) corrections. Because of the large VEV of T , the no-scale structure is protected from any corrections, especially from those violating the shift symmetry T → T + i · (const). Thus, the axion σ = Im(T) is effectively massless.

As shown in Ref. [14], the modulus τ = Re(T ) decays into a pair of axions through its kinetic term: L ⊃ −K_T¯_T ∂T^†∂T ⊃ δτ̂ √ 6 (∂σ̂)^2. (5) Here δτ̂ and σ̂ are the canonically normalized modulus and axion expanded around its VEV, respectively. The decay rate for this process is not suppressed by the volume, and therefore the axion production will be an important decay process of the modulus. Similar process has been studied in the context of the non-thermal production of QCD axions from the saxion decay as an explanation of dark radiation [29, 33–36].

In addition to the decay into axions, the modulus τ decays mainly into the Higgs boson through the GM term. This can be understood as follows. The no-scale structure is unchanged up to an accuracy of our interest, even if we redefine the modulus as T^′ ≡ T − 1 3 zH_uH_d. (6) Then the kinetic term of T^′ contains a derivative coupling between T and H_uH_d as L ⊃ −K_T ′¯_T ′ ∂T^{′†}∂T^′ ⊃ z √ 6 (∂^2δτ̂)Ĥ_uĤ_d + h.c.. (7)

Here Ĥ_{u,d} are the canonically normalized Higgses and we have performed integration by parts. One can see that the decay rate into Higgs bosons is comparable to that into axions. This is also expected to some extent because both arise from the kinetic term of T (or T^′). It is also clear from this argument that the decay into Higgsino should be suppressed compared to that into Higgs bosons: In terms of T^′, there is no H_uH_d dependence in the no-scale model, and so, the higgsino bilinear term should appear only from F^{T ′} when expressed in terms of T and H_uH_d. However, since the scalar potential vanishes because of the no-scale structure, no Higgs bilinear term appears at the leading order, and the higgsino mass as well as the modulus coupling to the Higgs bilinear should be suppressed.

The other decay modes of the modulus can be most easily understood in terms of the mixing with the conformal compensator field Φ, whose interactions are given by L = ∫ d^4θ Φ^†Φ ( −3e^{−K/3} ) + ∫ d^2 θΦ^3W + h.c., (8)

where we consider the flat gravitational background. One can see from (2) that T is mixed with Φ, and that the dependence of the compensator disappears in the scale invariant part of the interactions by an appropriate rescaling, Q_iΦ → Q_i. For instance, there will be no Φ dependence in the Yukawa coupling (and also gauge interaction) after the rescaling. This explains why the three-body of τ into one scalar plus two fermions through the Yukawa coupling is suppressed [40]. In a similar way, the decay into gauge bosons is suppressed at tree level. In addition, we may ascribe the reason why the modulus τ decays into

Higgs bosons at an unsuppressed rate to the fact that the GM term cannot absorb the compensator because of its holomorphic structure.

On the other hand, as mentioned above, the higgsino mass μ vanishes because contributions of order O(V^{−1}) are canceled in the no-scale limit. Since the no-scale structure is broken at the next order in the volume expansion, non-zero μ-parameter arises at order O(V^{−2}). Furthermore, since the scale invariance is violated at the quantum level, the modulus should be able to decay into (transverse) gauge bosons through the superconformal anomaly [39]. Similar argument was used to understand the gravitino production from the inflaton decay in Refs. [40–42]. Finally, note that the anomaly mediation [43] is sub-dominant effect because of the approximate no-scale structure.

So far, we have assumed the low-energy effective theory of the sequestered LVS. In the case of non-sequestered LVS, on the other hand, some of the features outlined above do not apply. As we shall see, however, since the soft masses are much heavier than the overall volume modulus in this case, the relevant decay modes are limited to those into the light higgs, longitudinal modes of ZZ and W W (the Nambu-Goldstone (NG) modes in the two Higgs multiplets) and axions, which greatly simplifies the argument.

III. THE SEQUESTERED LVS

Here let us study moduli stabilization in a local model with visible branes sitting on a singularity [28] within the type IIB orientifold compactifications. The branes on the singularity lead to a chiral theory with anomalous U(1) symmetries. (For model building, see e.g. [44].) In the following we will show explicitly that the dark radiation composed of ultralight axions can be generated from the lightest modulus decay. In addition, the right amount of neutralino dark matter can be produced by the decay.

We consider the following Kähler potential and superpotentials^4:

K = − log(S + S^†) − 2 log ( V + ξ(S + S^†)^{3/2} 2 ) + (τ_2 + δ_{GS}V_{U(1)})^2 V + K_{matter}, (9)

V = τ^{3/2}_1 − τ^{3/2}_3 , K_{matter} = Z|Q|^2 + Z_{GM}H_uH_d + h.c., (10) W = W_{flux} + Ae^{−aT3} + W_{MSSM}(Q), (11) f_{vis,a} = 1 4π (S + κ_aT_2). (12)

Here S = e^{−ϕ} + iC^{RR}_0 , where ⟨e^ϕ⟩ = g_s, is the string dilaton which is to be stabilized by W_{flux}, T_i = τ_i + iσ_i (i = 1, 2, 3) are Kähler moduli and V_{U(1)} denotes the anomalous U(1) multiplet on the branes sitting at the singularity. δ_{GS} is a coefficient related with anomaly cancellation via the Green-Schwarz mechanism by the shift of T_2 under the anomalous U(1). For instance, δ_{GS} is given by the mixed anomaly between U(1) and G_a in the MSSM gauge group, κ_aδ_{GS} = ∑ i q_iTr(T^2_a (Φ_i))/π = O(1/2π), where Tr(T^2_a (Q_i)) is the dynkin index of {Q_i} which have charge q_i under U(1). ξ is given by a relation ξ = −χ(CY)ζ(3)/(4 √ 2(2π)^3) coming from O(α^{′3}) correction ∼ ∫ 10 dim. R

4 and the consequent dilaton gradient [45], and we will assume χ < 0. W_{flux}, which does not depend on the Kähler moduli, arises from closed string fluxes and the VEV is assumed to be of O(1), and hence this model will be natural from the view point of flux vacua landscape [46]. The non-perturbative term originates from, e.g., the instanton brane (O(1) E3-instanton) [47] or SO(8) gaugino condensation in the pure super Yang-Mills (SYM) sector on a stack of four D7-branes sitting on the top of an orientifold plane for RR-tadpole cancellation^5. Then one finds a = 2π for O(1) instanton or π/3 for pure SO(8) SYM while A is expected to be of order unity. Here we have assumed that the cycle related with T_3 modulus is a rigid one, where the adjoint fields, i.e. open string moduli, are absent.

For the matter sector, we consider the minimal supersymmetric Standard Model

4 We have neglected complex structure moduli dependence in the model for simplicity since they are irrelevant in this paper.

5 Note that the definition of the gauge coupling modulus on an orientifolded singularity receives a quantum correction discussed in [48–50]. However, the redefinition of T_3 is irrelevant and hence we will not consider the correction here.

(MSSM) localized on the singularity whose “volume” is described by T_2. The coefficient κ_a in the gauge coupling depends on the structure of the singularity and that of the dilaton in the gauge coupling is set to be unity for simplicity. Z is the matter Kähler metric and we have introduced Giudice-Masiero (GM) term Z_{GM}. The latter GM term is very important not only for generation of the higgsino mass but also for obtaining a right amount of dark radiation.

A. The moduli stabilization

We then find the (meta-)stable vacuum in the the scalar potential V = e^K [ |DW |^2 − 3|W |^2 ] + 1 2 D^2 (13)

through the moduli stabilization: ⟨τ_3⟩ ∼ ξ^{2/3} g_s , V ∼ ⟨τ^{3/2}_1 ⟩ ∼ W_0 aA √ ⟨τ_3⟩e^{a⟨τ3 ⟩}, ⟨τ_2⟩ = 0. (14) Here T_3 is stabilized almost supersymmetrically a la KKLT with F^{T3} ∼ 1/(log(V)V) ≲ 1/V [4] and T_1 is fixed by the SUSY-breaking effect as a result of the competition between ξ and non-perturbative terms, while T_2 is done via the D-flat SUSY condition, D_{U(1)} ∼ ∂_{T2} K = 0 and it is then eaten by the V_{U(1)} gauge multiplet. Note that axions except for σ_1 will be stabilized at the origin, while σ_1 remains massless. For the visible coupling, the dilaton can be stabilized as ⟨S⟩ ≃ 24 (in the MSSM with TeV scale soft masses). Here note that the vacuum considered so far has the negative cosmological constant with broken SUSY, and hence it is necessary to add the uplifting potential for obtaining the de Sitter/Minkowski vacuum. For the uplifting potential, one can consider an explicit SUSY breaking term originating from the sequestered anti-D3-brane on the tip of the warped throat [51, 52]:

δV ≡ V_{uplift} = ϵe^{2Kmoduli/3} ∼ ϵ V^{4/3}

, where ϵ ∼ 1 log(V)V^{5/3}

. (15)

The factor of ϵ is the minimum of the warp factor. For another option, dynamical SUSY breaking models with non-zero F or D-term VEVs are also possible [53]. (See also [54, 55].)

In order to realize the SUSY-breaking soft mass of order TeV or so, we will consider the case

V ∼ O(10^7) (16)

by choosing a proper manifold such as the value of ξ ∝ −χ(CY) is positive.

One can express the moduli fields in terms of the mass eigenstates (δϕ, δa) as follows [56]: δτ_1 δτ_2 δτ_3 δ(e^{−ϕ}) ∼ V^{2/3} 0 m_{3/2} m_{τ3} V^{−1/2} δϕ_1 + 0 V^{1/2} 0 0 δϕ_2 +

V^{1/6} 0 V^{1/2} V^{−1} δϕ_3 +

V^{1/6} 0 V^{−1/2} O(1) δϕ_s, (17)

δσ_1 δσ_2 δσ_3 δC^{RR}_0 ∼ V^{2/3} 0 0 0 δa_1 + 0 V^{1/2} 0 0 δa_2 +

V^{1/6} 0 V^{1/2} V^{−1} δa_3 + 0 0 V^{−1/2} O(1) δa_s. (18)

Note that δτ_2 and δσ_2 do not mix with the other fields because of τ_2 = 0 and a_1 is decoupled from the MSSM sector localized on the T_2-cycle. Then, one obtains

m_{3/2} = e^{K/2}W ∼ m_S ∼ 1 V , (19) m_{ϕ1} ∼ 1 √ log(V )V^{3/2} , m_{ϕ2,a2} = m_{VU(1)} ∼ 1 V^{1/2} , m_{ϕ3,a3} ∼ log(V) V . (20)

The resultant SUSY-breaking F -terms are given by F^{T1} 2τ_1 ∼ 1 V ( 1 + O ( 1 log(V)V )) , F^{T2} ∝ τ_2 = 0, F^{T3} 2τ_3 ∼ 1 log(V)V

. (21)

In addition to these, the non-zero F^S is obtained and will be expected to be F^S S + S^† ∼ 1 V ( − W S + S^† + ∂_S W_{flux} + ξ V W ) (22) ∼ 1 log(V)V^2 = O ( 1 V^2 ) (23) due to the ξ-dependent SUSY-breaking term. This is because it is expected that without the α^′-correction ξ, the dilaton would be stabilized supersymmetrically, i.e., −W/(S + S^†) + ∂_S W_{flux} = 0 in the supersymmetric flux backgrounds. In addition, there would be a small cancellation in the vacuum value of F^S , although this depends on the choice of the fluxes. Hence, 1/ log(V) = O(0.1) implies such small cancellation. Note that the compensator F -term is similarly suppressed

F^Φ = m_{3/2} + ∂_I K 3 F^I ∼ 1 log(V)V^2

. (24)

Hence, because of the no-scale structure, the anomaly mediation has only sub-dominant effects on the soft masses, and its size is suppressed by a loop factor compared to the modulus mediation.

Finally, we would like to give a comment on possible corrections to the axion mass. Even if there is an instanton correction wrapping on the big cycle, δK ∼ k(T_1 +T^†_1 )e^{−2πT1} + h.c. or δW = A_be^{−2πT1} , the following discussion will not change due to the large volume of extra dimension:

δm_{a1} ∼ e^{−2πV 2/3} ∼ 10^{−105} eV ≪ 0.1eV. (25)

Thus, the presence of the ultralight axion is plausible and hence the axion becomes dark radiation as seen below.

B. Matter sector and soft SUSY breaking parameters

Next, let us estimate the soft SUSY-breaking terms in the visible sector on the singular T_2-cycle. The gaugino masses are given by the dilaton F-term:

M_{1/2} ∼ F^S S + S^† ∼ 1 log(V)V^2

. (26)

Hence the other soft-SUSY breaking terms are expected to appear (at least) at this order; this implies that the locality of the local sector is broken down at this order in the large volume expansion.

With respect to A-terms and scalar masses, the precise information of Z is required. Though the correct metric is unknown, it is expected that the locality of the local brane sector enables us to calculate the soft masses [28]. Once one requires that local Yukawa couplings are dependent just on the local modulus at the leading order of perturbation by string coupling or by α^′-correction [57], e^{Kmoduli/2}Y √ Z^3 ∼ Y (τ^{3/2}_1 √ Z^3)

≡ y(τ_2) + (tiny corrections), (27)

one finds

Z ∼ e^{Kmoduli/3} or Z ∼ 1 τ_1

. (28)

Here tiny corrections, which would be of O(V^{−2}) at least, can include Kähler moduli other than T_2.

Suppose that there is an approximate shift symmetry in the Higgs sector, H_{u,d} → H_{u,d} + i · (const.), which might come from the higher dimensional gauge fields [58]. If this symmetry exactly holds, the Kähler potential in the Higgs sector is given by

K_{Higgs} = Z|H_u + H^†_d|^2 + O(|H_u + H^†_d|^4), (29)

implementing Z = Z_{GM}. Thus one can write the GM term as

Z_{GM} ∼ ze^{Kmoduli/3} or Z_{GM} ∼ z τ_1

. (30)

Here z is a constant and therefore z−1 represents a possible breaking of the shift symmetry by the compactification. Alternatively, it is possible to change the effective value of z without violation of the shift symmetry. Let us extend the Higgs sector and introduce n additional pairs of the Higgs doublets (H^′_u, H^′_d) which satisfy the shift symmetry. Namely, all the Higgs doublets are assumed to have exactly the same interaction in (30) with z = 1. In string compactifications, such an extended Higgs sector can be naturally realized [59]. Then, the decay rate into these Higgs bosons will be enhanced by a factor of (1 + n), which effectively corresponds to the case of z = √ 1 + n. As we shall see later, the right amount of dark radiation and dark matter can be generated for z ∼ 1.5 ± 0.3, which can be nicely explained if n = 1 or 2.

In the similar way to the Yukawa coupling, when one demands that a n(> 3)-point coupling in the superpotential is dependent just on the local modulus, the cutoff scale is found as [48, 50] M_{cutoff} ∼ √ ZM_{pl} ∼

M_{pl} V^{1/3}

. (31) Next, with the above Kähler potential we can read the remaining soft masses A_{i1···in} ∼ 1 log(V)V^2 − 1 V^2

, (32)

m^2_0 ∼ ( 1 log(V)V^2

)_2 − 1 V^3

, (33) μ ∼ z log(V)V^2

, (34) Bμ ∼ z ( 1 log(V)V^2

)_2 − z V^3

. (35) What is important is that soft scalar mass can be suppressed compared to the lightest modulus mass: m_0 ≲ m_{τ1} ∼ 1 √ log(V)V^{3/2}

. (36)

For the concreteness, we will take m_0 ∼ 1 V^2

= O(10^3 − 10^4)GeV, (37) and then M_{1/2} ∼ A ∼ 1 log(V)V^2

= O(10^2 − 10^3)GeV, (38) μ ∼ z log(V)V^2

= O(10^2 − 10^3)GeV, (39) Bμ ∼ zm^2_0 ∼ z V^4

= O(10^6 − 10^8)GeV^2. (40) Such heavy scalars are compatible with the standard-model like Higgs boson of mass about 125 GeV. For the moduli sector one will find then

m_{ϕ1} = O(10^6 − 10^7)GeV, m_{ϕ2,a2} = O(10^{15})GeV, m_{ϕ3,a3} = O(10^{12})GeV, (41) m_{3/2} = O(10^{10} − 10^{11})GeV. (42) Note that the decay of lightest modulus to the gravitinos will be kinematically forbidden.

C. Decay modes of the lightest modulus: Generation of dark radiation

We will consider the decay mode of the lightest modulus δϕ_1, assuming that the coherent oscillation of the lightest modulus δϕ_1 is induced after inflation and the energy density of the modulus dominates the Universe some time after the inflaton decay but before the modulus decay. The Hubble scale during inflation should satisfy H_{inf} ≲ m_{ϕ1} for evading a problem of run-away and decompactification. Note that the cosmological moduli problem is not solved even for such low-scale inflation, if the inflaton mass is larger than the modulus mass (See also discussion on moduli problem in Sec. III B of [14]).

For the SUSY breaking parameters given in the previous subsection (especially m_0 ≲ m_{ϕ1} ), there are two main decay modes, δϕ_1 → H_uH_d and δϕ_1 → 2a_1. The interaction of the modulus to Higgs arises from the GM term: L ⊃ ∫ d^4θ zH_uH_d (T_1 + T^†_1 ) + h.c. ⊃ z √ 6M_{pl}

(∂^2δϕ_1) ( Ĥ_uĤ_d + h.c. ) (43)

where Ĥ_u and Ĥ_d are canonically normalized up- and down-type Higgs bosons. The partial decay rate for the modulus decay into Higgs bosons is given by

Γ(δϕ_1 → H_uH_d) ≃

2z^2 48π m^3_{ϕ1} M^2_{pl}

. (44)

On the other hand, the coupling of the modulus to the axions arises from the kinetic term [14], L ⊃ 2 √ 6M_{pl} δϕ_1∂_μa_1∂^μa_1. (45)

The partial decay rate for the modulus decay into axions is

Γ(δϕ_1 → 2a_1) ≃ 1 48π m^3_{ϕ1} M^2_{pl}

. (46)

Therefore the total decay rate is approximately given by

Γ_{δϕ1} ≃ Γ(δϕ_1 → H_uH_d) + Γ(δϕ_1 → 2a_1) (47) ≃ 2z^2 + 1 48π m^3_{ϕ1} M^2_{pl}

(48) and the branching fraction to the axions is given by

B_a ≡ B(δϕ_1 → 2a_1) ≃ 1 2z^2 + 1

. (49)

It should be emphasized, the branching fraction is generically of order O(0.1) for z = O(1). Thus, the presence of dark radiation is a robust prediction of this scenario.

Taking account of the axion production, the reheating temperature of the modulus is estimated as

T_d ≃ (1 − B_a)^{14} ( 90 π^2g_∗(T_d)

)_{1/4} √ Γ_{δϕ1} M_{pl} (50)

≃ 1.7 GeV × (1 − B_a)^{14} ( 2z^2 + 1 3 )_{1/2} ( 80 g_∗(T_d)

)_{1/4} ( m_{ϕ1} 10^7GeV )_{3/2} . (51)

Thus, using the expression of ΔN_{eff} in terms of B_a and T_d given in Appendix A, one obtains

ΔN_{eff} ≃ 43 14z^2 × ( 10.75 g_∗(T_d)

) 1_3

. (52)

If we substitute z = 1.2 and g_∗(T_d) = 80, we obtain ΔN_{eff} ≈ 1.1.

In Fig. 1, we show the contours of the additional effective number of neutrinos, ΔN_{eff} and the modulus reheating temperature, T_d in the plane of the modulus mass (m_ϕ) and the coefficient of the GM term (z). Since the relativistic degrees of freedom g_∗ sensitively depends on the reheating temperature [60], we have taken into account of the dependence, solving Eq. (72) numerically by iteration. We can see that z ∼ 1.5 ± 0.3 is needed in order to account for the dark radiation with ΔN_{eff} ∼ 1.

1. The decay rate into another Standard Model particles: Sub-dominant decay rate

Here we would like to give a comment on the decay rate of the lightest modulus from the point view of no-scale model with the conformal compensator. The decay of δϕ_1 can be understood in terms of the mixing with the compensator field. See Refs. [40–42]. The decay into two scalars, Q̃_i and Q̃^†_i , can be easily seen to be suppressed by the soft mass. One may expect that such suppression can be avoided if one attaches a Yukawa coupling

FIG. 1: Contours of the additional effective number of neutrinos, ΔN_{eff} , the modulus reheating temperature, T_d in the plane of the lightest modulus mass (m_ϕ) and the coefficient of the GM term z. Here the higgsino mass is given by the relation μ ≃^z_{log(V)1/3} (m^4_ϕ/M_{pl})^{1/3} ≈ z 2.55 (m 4 ϕ/M_{pl})^{1/3} in the above two figures.

to one of the external line of the scalars, so that the moduli decays into one scalar (stop) and two fermions (higgsino and top), instead of the two scalars. This would be actually the case for a generic form of the Kähler potential, however, for the Kähler potential of the no-scale structure, such decay is also suppressed [40]. This is because the Yukawa coupling is dimensionless, and therefore the compensator field does not couple at the tree level.

In a similar fashion, we can understand why the moduli decay into gauge sector is suppressed at tree level. This is because the gauge interaction is scale invariant at the classical level. Of course, at the quantum level, the scale invariance is violated, and this is nothing but the superconformal anomaly [39]: 1 g^2(E)

= Re(f_a) + b_a 16π^2 log ( e^{Kmoduli/3} ) + · · · (53)

⊃ b_a × O(10^{−2}) × δϕ_1 M_{pl}

. (54)

Thus one reads the modulus coupling to the gauge boson at the quantum level. Here we omitted the correction from usual running and the matter Kähler potential which is proportional to log(e^{−Kmoduli/3}Z) since in the local (no-scale) model this term becomes irrelevant. b_a ≡ −3T_g + T_r = (−3, 1, 33/5) is the beta function coefficient of the SU(3), SU(2) and U(1) gauge group respectively, T_g and T_r are the Dynkin index of the adjoint representation and matter fields in the representation r, which are normalized to N for SU(N) and 1/2 for its fundamentals, respectively. Hence the modulus (compensator) is coupled also to the Yukawa coupling at the quantum level through the running from the cutoff scale M_{pl}/V^{1/3}, too.

The decay rate of δϕ_1 into a pair of (transverse) gauge bosons is given by^6

Γ(δϕ_1 → 2A_μ) ≃

N_gα^2b^2_a 4608π^3 m^3_{ϕ1} M^2_p

, (55)

where N_g = (8, 3, 1) is the number of the gauge bosons of the corresponding gauge symmetry SU(3), SU(2) and U(1) in the MSSM respectively, and α = g^2/4π denotes the gauge coupling. Hence this is a sub-dominant fraction of the modulus decay rate.

2. SUSY particle production rate: Generation of neutralino dark matter

Since the lightest moduli is stabilized in a non-supersymmetric fashion, the decay into gauginos and higgsinos is suppressed compared to that into gauge bosons and Higgs^7. Through the couplings L ⊃ M_{1/2} M_{pl} δϕ_1λλ + μ M_{pl} δϕ_1h̃h̃, (56)

one finds that the branching fraction into gauginos and higgsinos is suppressed by the volume, ∼ (μ/m_{ϕ1} )^2 ∼ (M_{1/2}/m_{ϕ1} )^2 ∼ 1/V ∼ 10^{−7}.

There are additional contributions of the same order or slightly larger, which do not depend on the μ-term or gaugino mass. For instance, we may consider a diagram of

6 Note that a half of the decay rate given in Refs. [41, 42] comes from the decay into gauginos, which is suppressed in our case, and that the canonical normalization was assumed. To summarize, the decay rate can be obtained by multiplying the rate in Eq. (28) of Ref. [42] with 1/(2K_T¯_T ).

7 This is not the case in the geometric regime where the gauge kinetic function depends on the another type of Kähler modulus which mixes with the overall volume modulus [14].

the modulus decaying into a pair of gluons with one of the gluons splitting into squark and anti-squark. The rate of the diagram is considered to be suppressed by a factor of O(10^{−2}) compared to (55) due to the phase space factor of three-body decay and the gauge coupling of the strong interaction. This gives the branching fraction of the squark production of order 10^{−6}.

Actually, however, the main source for the SUSY particle production comes from the following processes. The heavy Higgs bosons produced from the modulus decay will decay into Higgsino and Wino/Bino, if kinematically allowed. (This is the case for the adopted mass spectra (37), (38) and (39).) The branching fraction of this process will be of O(0.1). Even if this decay modes are kinematically forbidden, an electroweak correction to the main decay mode, δϕ_1 → 2 Higgs bosons will give a branching fraction of order 10^{−3}. In fact, as we shall see below, the dark matter abundance does not depend on the precise value of the branching fraction, and our results are valid for the branching fraction greater than about 10^{−5}.

The non-thermally produced LSPs will contribute to the dark matter abundance, if the R-parity is conserved. The thermal relic abundance is negligible because the reheating temperature is lower than the freeze-out temperature. In the following analysis we assume that the dark matter consists of the single component, for simplicity. For the parameters of our interest, the produced LSPs annihilate effectively, and the final LSP abundance is given by n_χ s ≃ (√ 8π^2g_∗(T_d) 45 ⟨σv⟩M_{pl}T_d )_{−1} , (57)

where n_χ denotes the number density of the LSP, and ⟨σv⟩ is the thermally averaged annihilation. In terms of the density parameter, it is given by

Ω_χh^2 ≃ 0.16 ( g_∗(T_d) 80 )_− 1_2 ( ⟨σv⟩ 3 × 10^{−8} GeV^{−2} )_{−1} ( T_d 1 GeV )_{−1} ( m_χ 500 GeV ) . (58)

Thus, it is possible to account for the observed DM density by the LSPs non-thermally produced by the modulus decay, if the annihilation cross section is relatively large as in the case of the Wino-like LSP.

We have shown in Fig. 2 the contours of the DM abundance as a function of m_ϕ and z. Here we have assumed the Wino-like LSP with the mass m~_W = 1/(log(V)V^2). The branching fraction of the SUSY particle production is set to be 0.1 in this figure, although the results is insensitive to the precise value of the branching fraction, because the final abundance is determined by the annihilation (see (58)). We have numerically confirmed that our results remain almost intact for the branching fraction between 10^{−5} and 0.1. We can see from the figure that the observed DM density, Ω_χh^2 = 0.1126 ± 0.0036 [16], can be explained for m_ϕ = 6 × 10^6 GeV − 10^7 GeV and the Wino mass m~_W = 300 − 1000 GeV. Interestingly, if we require the right amount of dark radiation ΔN_{eff} ∼ 1, which is realized for z ∼ 1.5, the Wino mass should be around 500 GeV.

It is interesting that ΔN_{eff} and the Wino mass are related to each other when we impose Ω_χh^2 ≃ 0.11. In order to see how the relation changes, we have examined several cases of the Wino mass dependence on V. See Fig. 3. We can see that ΔN_{eff} decreases with respect to the Wino mass. This can be understood as follows. Since we impose Ω_χh^2 ≃ 0.11, the reheating temperature and so z needs to increase as the Wino mass, which in turn reduces the branching fraction of the axion production, thereby decreasing ΔN_{eff} . In particular, if we adopt e.g. m~_W = 1/(2V^2), the dark radiation abundance tends to be small, ΔN_{eff} ≲ 0.3. We have numerically checked that the LSP abundance tends to be too large if the LSP is the Higgsino-like neutralino.

IV. THE NON-SEQUESTERED LVS

In this section, we will study the non-sequestered LVS, where the breakdown of no-scale structure in the visible sector is induced by the quantum effect and hence the soft terms become comparable to or smaller than the gravitino mass. Such loop corrections will be obtained when the visible branes are sitting on an orientifolded singularity or an orbifold singularity with D3 and D7-branes [48–50] and when the threshold correction from the massive gauge boson to the soft terms [61] is not negligible in LVS. (See also [62] for the discussion of 1-loop Kähler potential of moduli.) If we require the SUSY breaking at TeV

FIG. 2: Contours of the non-thermally produced Wino dark matter abundance, Ω_χh^2 = 0.01, 0.03, 0.1, 0.5 and 1 (solid (blue) lines) and the Wino mass, m_{W̃} = 200, 300, 500, 700, and 1000 GeV (dashed (red) lines), in the plane of the modulus mass (m_ϕ) and the coefficient of the GM term (z). The relation m_{W̃} = 1/(log(V)V^2) is assumed. Here recall that μ ∼ zm_{W̃} .

- PeV in the visible sector, the volume V should be about 10^{12−15}, and so, δϕ_1 has a mass lighter than ∼ 1 GeV. Thus, the cosmological moduli problem revives. In order to avoid the serious moduli problem, we assume that the soft masses are at an intermediate scale so that the lightest modulus decays before BBN. The purpose of this section is to see that the ultralight axion can again account for the observed amount of the dark radiation even for this case. Hence the dark radiation is a robust prediction of our framework.

Let us study the model in more detail. The effective model is given as Eq.(9), (10), (11) and (12), being replaced with redefined moduli τ̃_2 and τ̃_3 τ̃_i = τ_i − 1 3 α_i log(V), α_i = O ( 1 2π ) (i = 2, 3). (59) This is because moduli τ_i corresponds to the inverse of the gauge coupling 4π/g^2, which will start to run not from the winding scale M_{pl}/V^{1/3} but from the string scale M_{pl}/V^{1/2} = O(10^{14} −10^{15}) GeV which will be the cutoff scale on the orientifolded singularity when the RR-tadpole of the visible branes is cancelled there [48, 49]. Note that this replacement

FIG. 3: The relations between ΔN_{eff} and the Wino mass m_{W̃} are shown for the following four cases: (1) m_{W̃} = 1/(log(V)V^2), (2) m_{W̃} = 0.1/(V^2), (3) m_{W̃} = 0.3/(V^2), and (4) m_{W̃} = 0.5/(V^2). The right DM abundance, Ω_χh^2 ≃ 0.11, is imposed.

should be done just in the Kähler potential and we have assumed that there are no Dbranes and orientifold planes in the big-cycle τ_1 and gaugino condensation arises from the SO(8) pure SYM sector in τ_3-cycle.

Now the V_{U(1)} becomes massive, so through ∂_{VU(1)} K = 0 up to the gauge kinetic term and matter contribution, one can solve the equation of motion of heavy V_{U(1)}, which eats T_2 again:

V_{U(1)} + τ_2 δ_{GS} = 1 3 α_2 δ_{GS} log(V) + O(|Q|^2). (60)

One reads the SUSY-breaking order parameters from the above expression:

F^{T2} = α_2 F^{T1} 2τ_1

≃ α_2m_{3/2}, g^2_AD_{U(1)} = − α_2 δ_{GS} | | | | F^{T1} 2τ_1 | | | | 2 = O(m^2_{3/2}). (61)

Here we have used δ_{GS} ∼ α_2 = O(1/2π). Then other moduli T_1 and T_3 are stabilized similarly to the sequestered case so long as aα_2 < 3 [50]. Otherwise, one obtains no (meta-)stable minimum, i.e. m^2_{ϕ1} < 0.

The matter Kähler metric including GM-term will be given by Z = Z_{GM} z = Y(τ̂_2) τ_1

, τ̂_2 ≡ τ_2 − 1 3 β_2 log(V) + δ_{GS}V_{U(1)}, (62) where Y(τ̂_2) will be a regular function in the τ_2 → 0 limit, and hence can be expanded in Taylor series:

Y(τ̂_2) ≡ ∑ n=0 c_nτ̂^n_2 , β_2 = O ( 1 2π ) . (63)

In general, β_2 can be different from α_2. Thus, soft SUSY-breaking terms are given by

m^2_i ≃ m^2_{3/2} (q_i + O(β_2)) , A_{i1···in} ≃ O(α_2 − β_2) × m_{3/2}, M_{1/2} g^2_a ≃ α_2 4π m_{3/2}, (64)

μ ≃ O(α_2 − β_2) × zm_{3/2}, Bμ ≃ O(β_2) × zm^2_{3/2}. (65)

Here the first term in the scalar mass is the D-term contribution from V_{U(1)}: Δ_Dm^2_i = −q_ig^2_AD_{U(1)}, where q_i is U(1) charge.

As mentioned above, in order to avoid the moduli problem, we will consider heavy soft masses by taking V = O(10^7):

m_{3/2} ∼ 1 V ∼ O(10^{10} − 10^{11}) GeV ≳ m_{soft} ∼ O(10^9 − 10^{10}) GeV, (66) m_{ϕ1} ∼ m_{3/2} log(V)^{1/2}V^{1/2}

∼ O(10^6 − 10^7) GeV. (67)

A. Dark radiation from the modulus decay

Here we will consider the lightest modulus decay into hh, ZZ, W W and a_1a_1, where h is the light Higgs, Z and W here are the longitudinal modes corresponding to the NG ones also in the Higgs multiplets. Note that the decay into SUSY particles is kinematically forbidden because no-scale structure is assumed to be broken radiatively. Suppose that there is the GM-term for generating μ-term and then one finds that q_{Hu} + q_{Hd} = 0 is required. In this case, as the U(1) is assumed to be anomalous, one needs to introduce additional matter fields, which are vector-like under the MSSM gauge group and are chiral under the U(1). In addition, for all the MSSM scalar fields to be non-tachyonic at the cutoff scale, q_{MSSM} = 0 is required.^8 We will consider such a case later, introducing the QCD axion together with vector-like messengers charged under the U(1).

8 This is not the case if one considers the Froggatt-Nielsen mechanism for explaining the flavor structure of the Yukawa coupling.

Let us study the modulus decay, assuming that the energy density of the overall modulus dominates the Universe. Similarly to the sequestered case, the modulus decays into a pair of axions at a rate given by (46). Through the GM-term, the modulus decays into a pair of the light Higgs bosons as well as the longitudinal modes of Z and W bosons at a rate given by^9 Γ(δϕ_1 → hh, ZZ, W W ) ≃ z^2 sin^2 2β 48π m^3_{ϕ1} M^2_{pl}

, (68)

where we have taken the decoupling limit, and tan β denotes the ratio of the up-type and down-type Higgs boson VEVs. Note that the other heavy Higgs bosons are too heavy to be produced by the modulus decay. One might expect that the modulus can decay into the light Higgs through Bμ or μ terms, which seems to give a larger decay rate at first sight. However, the light Higgs boson mass is due to the cancellation between Bμ, μ and the scalar masses m^2_{Hu,Hd} , all of which are governed by the gravitino mass ∼ 1/V. Thus the decay into hh via the mass term is suppressed by the light Higgs mass, and is therefore sub-dominant compared to the decay via the GM-term. Thus, the relevant decay modes are the decay into hh, longitudinal components of ZZ and W W through the GM-term, and that into two axions via the kinetic term. Summing up these contributions, one finds the total decay width of the modulus:

Γ_{δϕ1} ≃ Γ(δϕ_1 → hh, ZZ, W W ) + Γ(δϕ_1 → 2a_1) (69) ≃ z^2 sin^2 2β + 1 48π m^3_{ϕ1} M^2_{pl}

. (70)

The branching fraction to the axions is given by B_a ≃ 1 z^2 sin^2 2β + 1

, (71)

and the reheating temperature of the modulus is estimated as

T_d ≃ 1.9 GeV × (1 − B_a)^{14} ( z^2 sin^2 2β + 1 4 )_{1/2} ( 80 g_∗(T_d)

)_{1/4} ( m_{ϕ1} 10^7GeV )_{3/2} . (72)

9 In the unitary gauge, the modulus decay into longitudinal Z and W is induced via the kinetic mixing with the light Higgs.

Thus, one obtains

ΔN_{eff} ≃ 43 7z^2 sin^2 2β × ( 10.75 g_∗(T_d)

) 1_3 . (73)

If we substitute z^2 = 3, tan β ≈ 1, and g_∗(T_d) = 80, we obtain ΔN_{eff} ≈ 1.0. Note that tan β should be close to 1 in order to explain the SM-like Higgs boson mass, m_h ∼ 125 GeV [9, 10]. One can easily read the relations among ΔN_{eff} , T_d, z and m_{ϕ1} for the non-sequestered model from Fig. 1 by noting that z_{non−seq.} sin 2β ≈ √ 2z_{seq.}. Here z_{seq.} represents z in Fig. 1 and z_{non−seq.} is z in this section. Thus, z sin 2β ≈ 2.1 ± 0.4 is necessary to realize ΔN_{eff} ≈ 1.0. Alternatively, as before, if there are additional Higgs bosons much lighter than the modulus, ΔN_{eff} ≈ 1 can be explained even for z = 1.

Again, the decay of δϕ_1 → 2A_μ (transverse) occurs through the conformal anomaly; the partial decay width is suppressed by the 1-loop factor.

B. Dark matter: Introduction of the QCD axion

In the present case, the reheating temperature by the modulus decay is much lower than the LSP mass, and therefore the thermal relic abundance of the LSPs is negligibly small. Also the modulus decay into the LSPs is kinematically forbidden. Thus, the LSP abundance is too small to explain the observed dark matter.

There is another dark matter candidate, the QCD axion. Notice that the U(1) becomes an anomalous global symmetry in the low energy, because the gauge multiplet V_{U(1)} is massive in this model although any usual chiral multiplet does not develop the VEVs. Thus, the global U(1) symmetry can be identified with the Peccei-Quinn (PQ) symmetry for solving strong CP problem.

Let us include the QCD axion multiplet [50, 63]:

ΔK = Z_X X^†e^{2qX VU(1)} X + Z_Y Y^†e^{2qY VU(1)} Y + Z_Ψ(Ψ^†e^{2qΨVU(1)} Ψ + Ψ̄^†e^{2qΨ̄VU(1)}Ψ̄) (74)

ΔW =

X^{k+2}Y M^k_{pl}

+ XΨΨ̄. (75)

Here X becomes the QCD axion multiplet, Ψ + Ψ̄ is charged under U(1)_{PQ} and the vector-like messenger under the MSSM gauge group. Then effective potential is given by

V = m^2_X |X_c|^2 + m^2_Y |Y_c|^2 + ( A_{XY} X^{k+2}_c Y_c M^k_∗ + c.c. )

+ 1 M^{2k}_∗ ( |X_c|^{2k+4} + (k + 2)^2|X_c|^{2k+2}|Y_c|^2 ) . (76)

Here X_c = √ Z_X X and Y_c = √ Z_Y Y are canonically normalized fields and M_∗ = √ Z_X M_{pl} ∼ M_{pl}/V^{1/3}, assuming Z_X = Z_Y . We have neglected τ_3 dependence in the couplings in the scalar potential for simplicity. For m^2_X ∼ q_X (α_2/δ_{GS})m^2_{3/2} < 0, the U(1)_{PQ} symmetry breaking is driven by tachyonic X. Note that gauge invariance requires q_X (k + 2) + q_Y = 0 and hence m^2_Y is positive, however Y also acquires the VEV because of the A_{XY} . Then the VEVs are found as f_a ≡ ⟨X_c⟩ ∼ ( |m_X |M^k_∗ ) 1_{k+1} ∼ M_{pl} V^{2/3}

= O(10^{13}) GeV (for k = 1), (77) ⟨Y_c⟩ ∼ A_{XY} m_Y ⟨X_c⟩ < ⟨X_c⟩. (78) Here f_a is the decay constant of the QCD axion and recall that A_{XY} is suppressed by the 1-loop effect. As a consequence of U(1)_{PQ} breaking by X VEV, Arg(X) becomes the QCD axion, which is coupled to gluon after integrating out messenger^{10}. |X_c| is so-called QCD saxion and is so heavy as the gravitino mass. Its lifetime is very short since the saxion rapidly decays into pair of the QCD axions: Γ ∼ m^3_{/2}/(64πf^2_a ) ∼ M_{pl}/V^{5/3} ∼ O(1) TeV. Thus the saxion is harmless in the cosmology.

Since the abundance of the QCD axion is given by

Ω_ah^2 ≃ 0.7 ( f_a 10^{12} GeV

)_{7/6} ( θ π )_2 , (79)

a slight tuning (≈ 10%) of misalignment angle θ gives the correct dark matter abundance. If we set the volume larger, the modulus decays after the QCD phase transition, diluting

10 Note that one obtains F^X /X ∼ A_{XY} and F^Y /Y ∼ m^2_{3/2}/A_{XY} . Hence if the additional coupling of Y to messenger field Ψ^′ + Ψ̄^′, W ⊃ Y Ψ^′Ψ̄^′, the gauge mediation contribution to the soft masses would dominate over the moduli mediation in the visible sector: m_0 ∼ A_{i1 ···in} ∼ M_{1/2} ∼ m_{3/2}.

the QCD axion abundance. In this case, the tuning of θ is relaxed, and the value of f_a can be larger [64].

Lastly we note that the branching fraction of the QCD axions produced by the modulus decay is suppressed by f_a/M_{pl} or the axion mass. Hence the produced QCD axions can not become the main component of the dark radiation in this model.

V. DISCUSSION AND CONCLUSIONS

So far we have assumed that the lightest modulus dominates the energy density of the Universe before it decays. If the inflation scale is sufficiently low, the modulus abundance can be suppressed by (H_{inf} /m_ϕ)^4 [14], and it may not dominate the energy density of the Universe. The Universe is then reheated by the inflaton decay as usual. In this case, the approximate no-scale structure has an advantage such that the non-thermal gravitino production from the inflaton decay is suppressed [40]. The inflaton decay into the visible sector proceeds through the mixing with the modulus. For instance, it will decay into the SM gauge sector through the conformal anomaly [41, 42].

If both the inflation scale and the inflaton are sufficiently small compared to the modulus mass, the coherent oscillations of the modulus may not be produced at all. For such low-scale inflation, the successful reheating may require the inflaton to have sizable couplings to the visible sector, for instance, the Higgs field associated with the U(1)_{B−L} symmetry [65].

We have mainly focused on the dark radiation and dark matter in this paper, but successful cosmology requires the generation of the baryon asymmetry as well. Since the modulus decay produces a huge amount of entropy, any pre-existing baryon asymmetry is diluted. Therefore, an efficient baryogenesis is needed to account for the observed baryon asymmetry. In Ref. [14], the Affleck-Dine mechanism [66] was considered in detail, and it was shown that a right amount of the baryon asymmetry can be indeed created.

We showed that the dark radiation is generated from the decay of the lightest modulus in the LARGE volume scenario, studying both cases of sequestered LVS and nonsequestered one. In both models, natural and robust candidate of the dark radiation is the ultralight string theoretic axion, which is the superpartner of the lightest modulus. This is because of the no-scale structure and a large VEV of the modulus. As a result, the abundance of axions from the modulus decay via the axion kinetic term competes nicely that of the Higgses produced by the decay via the GM-term, which is necessary for generating higgsino mass. According to LVS, the existence of the dark radiation is quite plausible outcome.

Depending on the model in string theories, additional ultralight fields may appear. For instance, with respect to the moduli stabilization or an uplifting potential via gaugino condensations, a hidden sector with matter would be also available (by adding the closed/gauge fluxes to the bulk/brane even if the cycle is not rigid one). For such a case, ultralight NG fields might appear by the breakdown of (approximate) chiral global symmetries which are an U(1) or SU(N_{flavor}). This will be also the case for the uplifting potential originating from a dynamical SUSY-breaking sector where such global symmetries are broken down without any generation of gaugino condensations, like in the ISS model [67]. In these cases, such massless modes would be also candidates of dark radiation from the lightest modulus decay since the decay fraction of the lightest modulus into the NG modes can be comparable to the main decay mode in Eq. (48) [56]. Perhaps, their superpartners could become a component of the dark matter candidate since they would also acquire TeV scale SUSY-breaking soft masses.

Further model-dependent study of dark radiation will be significant for viable cosmology derived from string theories.

Note added:

While discussing on the dark radiation in the LVS, we were told from Joe Conlon that he and his collaborators were working on the closely related topics [68].

Acknowledgments

Authors would like to thank Joe Conlon for fruitful discussions and useful comments on the soft scalar mass in the large volume scenario, and Kiwoon Choi for his comments on the radiative breaking of the sequestering. F.T. thanks Kwang Sik Jeong for discussion. Authors would like to thank also the 3rd UTQuest workshop ExDiP 2012 Superstring Cosmophysics held at Obihiro in Japan, where the present work was initiated. 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.

Appendix A: Derivation of ΔN_{eff}

In this Appendix we express ΔN_{eff} in terms of the branching fraction of the axion production (B_a) and the relativistic degrees of freedom at the modulus decay (g_∗(T_d)).

The effective number of neutrinos N_{eff} is equal to 3 in the standard cosmology^{11}. If there are additional relativistic degrees freedom, it is customary to quantify its energy density in the unit of one neutrino species (e.g., ν_e + ν̄_e) when the neutrinos decouple from plasma, i.e., at T ∼ a few MeV. That is, ΔN_{eff} is defined as follows.

ΔN_{eff} ≡ ρ_{DR} ρ_{ν1} | | | |_{ν decouple} , (A1) where ρ_{ν1} represents the energy density of one neutrino species, and ρ_{DR} denotes the dark radiation energy density.

Let us assume that the modulus dominates the energy density of the Universe and decays into massless axions and the SM particles with the reheating temperature T_d.

11 Here we do not take account of the electron positron annihilation. This is valid when one estimates the^4He abundance, while it should be taken into account (although the difference is well below the current sensitivity) when one discusses the effect on CMB.

Let g_∗(T_d) be the effective light degrees of freedom at T = T_d. The energy density of non-thermalized axions and thermalized radiation evolves as

ρ_a(t) ∝ a^{−4}(t) (A2)

ρ_{SM} (t) ∝ g^{−1/3}_∗ (t)a^{−4}(t) (A3)

where a(t) denotes the scale factor. Note that it is the entropy in the comoving volume, ∼ a(t)^3g_∗(T )T^3, that is conserved when the number of light degrees of freedom changes. Thus, the ratio changes with time as ρ_a ρ_{SM} | | | T =T_1 = ( g_∗(T_1) g_∗(T_2)

) 1_3 ρ_a ρ_{SM} | | | T =T_2

(A4)

We define B_a as the branching fraction of the modulus into a pair of axions. Then the energy densities of the axion and the SM radiation at the decay is ρ_a ρ_{SM} | | |_{T =Td} ≃ B_a 1 − B_a (A5)

as long as the pair production is the dominant production process of the axions.

Let us now derive the expression for ΔN_{eff} as follows.

ΔN_{eff} ≡ ρ_a ρ_{ν1} | | | ν decouple = ρ_{SM} ρ_{ν1} | | | ν decouple ρ_a ρ_{SM} | | | ν decouple (A6)

= 43 7 × ( 10.75 g_∗(T_d)

) 1_3 ρ_a ρ_{SM} | | | |_{T =Td} (A7) = 43 7 × ( 10.75 g_∗(T_d)

) 1_3 B_a 1 − B_a . (A8)

For instance, if we substitute B_a = 0.25 and g_∗ = 80, we obtain ΔN_{eff} ≈ 1.05.

[1] P. Candelas, G. T. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B 258, 46 (1985).

[2] M. Grana, Phys. Rept. 423, 91 (2006) [hep-th/0509003]; M. R. Douglas and S. Kachru,

Rev. Mod. Phys. 79, 733 (2007) [hep-th/0610102].

[3] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, Phys. Rept. 445, 1 (2007)

[hep-th/0610327].

[4] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys. Rev. D 68, 046005 (2003) [hep-th/0301240].

[5] P. Svrcek and E. Witten, JHEP 0606, 051 (2006) [hep-th/0605206]; references therein. [6] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-Russell, Phys. Rev.

D 81, 123530 (2010) [arXiv:0905.4720 [hep-th]].

[7] J. P. Conlon, JHEP 0605, 078 (2006) [hep-th/0602233]; K. Choi and K. S. Jeong, JHEP 0701, 103 (2007) [hep-th/0611279]; B. S. Acharya, K. Bobkov and P. Kumar, JHEP 1011, 105 (2010) [arXiv:1004.5138 [hep-th]]; T. Higaki and T. Kobayashi, Phys. Rev. D 84, 045021 (2011) [arXiv:1106.1293 [hep-th]]; M. Cicoli, M. Goodsell and A. Ringwald, arXiv:1206.0819 [hep-th].

[8] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, G. G. Ross, Phys. Lett. B131, 59 (1983);

J. R. Ellis, D. V. Nanopoulos, M. Quiros, Phys. Lett. B174, 176 (1986); A. S. Goncharov, A. D. Linde, M. I. Vysotsky, Phys. Lett. B147, 279 (1984); B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, Phys. Lett. B 318, 447 (1993) [hep-ph/9308325].

[9] G. Aad et al. [ATLAS Collaboration], arXiv:1207.7214 [hep-ex]. [10] S. Chatrchyan et al. [CMS Collaboration], [arXiv:1207.7235 [hep-ex]]. [11] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96, 211301 (2006);

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

[12] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006). [13] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. D 74, 023531 (2006). [14] T. Higaki, K. Kamada and F. Takahashi, arXiv:1207.2771 [hep-ph]. [15] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, JHEP 0503, 007 (2005) [hep-th/0502058].

[16] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192 (2011) 18 [arXiv:1001.4538 [astro-ph.CO]].

[17] Astrophys. J. 739, 52 (2011). [arXiv:1009.0866 [astro-ph.CO]]. [18] R. Keisler et al., Astrophys. J. 743 (2011) 28 [arXiv:1105.3182 [astro-ph.CO]]. [19] Z. Hou, R. Keisler, L. Knox, M. Millea and C. Reichardt, arXiv:1104.2333 [astro-ph.CO].

[20] A. X. Gonzalez-Morales, R. Poltis, B. D. Sherwin and L. Verde, arXiv:1106.5052 [astroph.CO].

[21] J. Hamann, S. Hannestad, G. G. Raffelt and Y. Y. Y. Wong, JCAP 1109 (2011) 034 [arXiv:1108.4136 [astro-ph.CO]].

[22] M. Archidiacono, E. Calabrese and A. Melchiorri, Phys. Rev. D 84, 123008 (2011) [arXiv:1109.2767 [astro-ph.CO]].

[23] J. Hamann, JCAP 1203, 021 (2012) [arXiv:1110.4271 [astro-ph.CO]]. [24] K. A. Olive and E. D. Skillman, Astrophys. J. 617 (2004) 29 [arXiv:astro-ph/0405588]. [25] Y. I. Izotov, T. X. Thuan, Astrophys. J. 710, L67-L71 (2010). [arXiv:1001.4440 [astroph.CO]].

[26] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra and Y. Y. Y. Wong, Phys. Rev. Lett.

105 (2010) 181301 [arXiv:1006.5276 [hep-ph]].

[27] K. M. Nollett and G. P. Holder, arXiv:1112.2683 [astro-ph.CO].

[28] R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and F. Quevedo, JHEP 0909, 007 (2009) [arXiv:0906.3297 [hep-th]].

[29] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, JCAP 0705, 008 (2007) [hep-ph/0703034 [HEP-PH]].

[30] J. Jaeckel, J. Redondo and A. Ringwald, Phys. Rev. Lett. 101, 131801 (2008) [arXiv:0804.4157 [astro-ph]].

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

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

[33] J. Hasenkamp, Phys. Lett. B 707, 121 (2012) [arXiv:1107.4319 [hep-ph]]. [34] K. S. Jeong and F. Takahashi, JHEP 1208 (2012) 017 [arXiv:1201.4816 [hep-ph]]. [35] K. Choi, K. -Y. Choi and C. S. Shin, arXiv:1208.2496 [hep-ph]. [36] P. Graf and F. D. Steffen, arXiv:1208.2951 [hep-ph]. [37] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988).

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

[39] L. J. Dixon, V. Kaplunovsky and J. Louis, Nucl. Phys. B 355, 649 (1991); V. Kaplunovsky and J. Louis, Nucl. Phys. B 422, 57 (1994) [hep-th/9402005]; V. Kaplunovsky and J. Louis, Nucl. Phys. B 444, 191 (1995) [hep-th/9502077].

[40] M. Endo, K. Kadota, K. A. Olive, F. Takahashi and T. T. Yanagida, JCAP 0702 (2007) 018 [hep-ph/0612263].

[41] M. Endo, F. Takahashi, T. T. Yanagida, Phys. Lett. B658, 236-240 (2008) [hep-ph/0701042]; Phys. Rev. D76, 083509 (2007) [arXiv:0706.0986 [hep-ph]].

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

[43] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999) [hep-th/9810155]; G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998) [hep-ph/9810442].

[44] G. Aldazabal, L. E. Ibanez, F. Quevedo and A. M. Uranga, JHEP 0008, 002 (2000) [hep-th/0005067]; J. F. G. Cascales, M. P. Garcia del Moral, F. Quevedo and A. M. Uranga, JHEP 0402, 031 (2004) [hep-th/0312051]; J. P. Conlon, A. Maharana and F. Quevedo, JHEP 0905, 109 (2009) [arXiv:0810.5660 [hep-th]]; S. Krippendorf, M. J. Dolan, A. Maharana and F. Quevedo, JHEP 1006, 092 (2010) [arXiv:1002.1790 [hep-th]]; M. J. Dolan, S. Krippendorf and F. Quevedo, JHEP 1110, 024 (2011) [arXiv:1106.6039 [hep-th]]; M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo and R. Valandro, arXiv:1206.5237 [hep-th]; See also L. E. Ibanez, R. Rabadan and A. M. Uranga, Nucl. Phys. B 542, 112 (1999) [hep-th/9808139].

[45] K. Becker, M. Becker, M. Haack and J. Louis, JHEP 0206, 060 (2002) [hep-th/0204254]. [46] A. Giryavets, S. Kachru, P. K. Tripathy and S. P. Trivedi, JHEP 0404, 003 (2004) [hep-th/0312104]; J. P. Conlon and F. Quevedo, JHEP 0410, 039 (2004) [hep-th/0409215].

[47] See for a review, R. Blumenhagen, M. Cvetic, S. Kachru and T. Weigand, Ann. Rev. Nucl.

Part. Sci. 59, 269 (2009) [arXiv:0902.3251 [hep-th]]; references therein.

[48] J. P. Conlon and E. Palti, Phys. Rev. D 80, 106004 (2009) [arXiv:0907.1362 [hep-th]]; See also J. P. Conlon, JHEP 0904, 059 (2009) [arXiv:0901.4350 [hep-th]]; J. P. Conlon and E. Palti, JHEP 0909, 019 (2009) [arXiv:0906.1920 [hep-th]]; J. P. Conlon, M. Goodsell and E. Palti, JHEP 1011, 087 (2010) [arXiv:1007.5145 [hep-th]].

[49] J. P. Conlon and F. G. Pedro, JHEP 1006, 082 (2010) [arXiv:1003.0388 [hep-th]]. [50] K. Choi, H. P. Nilles, C. S. Shin and M. Trapletti, JHEP 1102, 047 (2011) [arXiv:1011.0999 [hep-th]].

[51] I. R. Klebanov and M. J. Strassler, JHEP 0008, 052 (2000) [hep-th/0007191]. [52] S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev. D 66, 106006 (2002) [hep-th/0105097].

[53] M. Cicoli, A. Maharana, F. Quevedo and C. P. Burgess, JHEP 1206, 011 (2012) [arXiv:1203.1750 [hep-th]].

[54] A. Saltman and E. Silverstein, JHEP 0411, 066 (2004) [hep-th/0402135]; O. Lebedev, H. P. Nilles and M. Ratz, Phys. Lett. B 636, 126 (2006) [hep-th/0603047]; E. Dudas, C. Papineau and S. Pokorski, JHEP 0702, 028 (2007) [hep-th/0610297]; H. Abe, T. Higaki, T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019 (2007) [hep-th/0611024]; R. Kallosh and A. D. Linde, JHEP 0702, 002 (2007) [hep-th/0611183]; H. Abe, T. Higaki and T. Kobayashi, Phys. Rev. D 76, 105003 (2007) [arXiv:0707.2671 [hep-th]].

[55] C. P. Burgess, R. Kallosh and F. Quevedo, JHEP 0310, 056 (2003) [hep-th/0309187];

A. Achucarro, B. de Carlos, J. A. Casas and L. Doplicher, JHEP 0606, 014 (2006) [hep-th/0601190].

[56] M. Cicoli and A. Mazumdar, JCAP 1009, 025 (2010) [arXiv:1005.5076 [hep-th]]. [57] J. P. Conlon and L. T. Witkowski, JHEP 1112, 028 (2011) [arXiv:1109.4153 [hep-th]]. [58] A. Hebecker, A. K. Knochel and T. Weigand, JHEP 1206, 093 (2012) [arXiv:1204.2551 [hep-th]].

[59] For instance, see T. Higaki, N. Kitazawa, T. Kobayashi and K. -j. Takahashi, Phys. Rev. D 72, 086003 (2005) [hep-th/0504019]; R. S. Gupta and J. D. Wells, Phys. Rev. D 81, 055012 (2010) [arXiv:0912.0267 [hep-ph]]; references therein.

[60] M. Laine and Y. Schroder, Phys. Rev. D 73 (2006) 085009 [hep-ph/0603048].

[61] C. S. Shin, JHEP 1201, 084 (2012) [arXiv:1108.5740 [hep-ph]].

[62] M. Berg, M. Haack and E. Pajer, JHEP 0709, 031 (2007) [arXiv:0704.0737 [hep-th]; M. Cicoli, J. P. Conlon and F. Quevedo, JHEP 0801, 052 (2008) [arXiv:0708.1873 [hep-th]].

[63] H. Murayama, H. Suzuki and T. Yanagida, Phys. Lett. B 291, 418 (1992); K. Choi, E. J. Chun and J. E. Kim, Phys. Lett. B 403, 209 (1997) [hep-ph/9608222].

[64] M. Kawasaki, T. Moroi and T. Yanagida, Phys. Lett. B 383 (1996) 313 [hep-ph/9510461]. [65] K. Nakayama and F. Takahashi, JCAP 05(2012)035 [arXiv:1203.0323 [hep-ph]]; see also JCAP 1110 (2011) 033 [arXiv:1108.0070 [hep-ph]]; Phys. Lett. B 707 (2012) 142 [arXiv:1108.3762 [hep-ph]].

[66] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985).

[67] K. A. Intriligator, N. Seiberg and D. Shih, JHEP 0604, 021 (2006) [hep-th/0602239]. [68] M. Cicoli, J. P. Conlon and F. Quevedo, “Dark Radiation in LARGE Volume Models,” arXiv:1208.3562 [hep-ph].