Published by Institute of Physics Publishing for SISSA Received: June 15, 2005 Accepted: July 29, 2005 Published: August 31, 2005

Dirac neutrinos and hybrid inflation from string theory

Stefan Antusch, Oliver J. Eyton-Williams and Steve F. King

School of Physics and Astronomy, University of Southampton Southampton, SO17 1BJ, U.K.

E-mail: santusch@hep.phys.soton.ac.uk, ojew@hep.phys.soton.ac.uk,

sfk@hep.phys.soton.ac.uk

Abstract: We consider a possible scenario for the generation of Dirac neutrino masses motivated by type-I string theory. The smallness of the neutrino Yukawa couplings is explained by an anisotropic compactification with one compactification radius larger than the others. In addition to this we utilise small Yukawa couplings to develop strong links between the origin of neutrino masses and the physics driving inflation. We construct a minimal model which simultaneously accommodates small Dirac neutrino masses leading to bi-large lepton mixing as well as an inflationary solution to the strong CP and to the μ problem.

Keywords: Supersymmetry Phenomenology, Neutrino Physics, Compactification and String Models.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep082005103.pdf /jhep082005103.pdf

Contents

1. Introduction 1

2. Restrictions and benefits from string selection rules 3

3. Dirac neutrinos 4

4. A brief review of the hybrid inflation model 9

5. Conclusions 11

A. String selection rules 12 A.1 Methodology 13

B. Our convention for lepton mixing 14

1. Introduction

The evidence of neutrino masses is the first clear signal of physics beyond the Standard Model (SM). The most popular explanation of neutrino masses and of their smallness is the well known see-saw mechanism, where heavy SM-singlet right-handed neutrinos are introduced. Another possibility, even more minimal than the see-saw mechanism in the sense that it has less free parameters, is that neutrinos have pure Dirac masses m^ν_{LR} = Y_ν v_u, generated from a Yukawa coupling

(Y_ν )_{ij} L_iH_uν^c_{Rj} . (1.1)

Obviously, generating neutrino masses of order 0.1 eV requires Yukawa couplings (Y_ν )_{ij} ∼ 10^{−12} . This required smallness is the main objection against Dirac neutrinos - and we are going to address it in this letter. Existing explanations of this smallness utilise for instance right-handed singlet neutrinos propagating in the bulk, or allow only highly suppressed effective operators, e.g. by linking the smallness of neutrino masses to supersymmetry breaking [1, 2]. Heterotic string constructions can also lead to Dirac neutrinos and in some classes of Heterotic orbifolds Dirac neutrino masses may even be more favoured than the see-saw mechanism [3].

Small couplings are also required for the inflationary solution to the strong CP and to the μ problem of the MSSM, proposed in [4, 5]. The μ-term arises from a superpotential term

λϕH_uH_d (1.2)

– 1 –

D5_2 (g_{52} : O(1) coupling)

D5_1 (g_{51} : very small coupling)

Y_2

C^{5152} : H_u, H_d, τ^c_R, μ^c_R, t^c_R, b^c_R, . . . C^{52}_3 : Q_i, L_i, . . .

C^{51}_3 : ν^c_{Rj} , ϕ

M^4

Figure 1: Graphical illustration of the origin of small couplings in our scenario. Chiral matter corresponds to open string states C with ends confined either to one of the three orthogonal stacks of D5-branes or to the stack of space-filling D9-branes. While the gauge coupling associated with the stack of branes D5_2 is O(1), the gauge coupling associated with D5_1 is O(10^{−10} ). Fields assigned to states C^{51}_3 can only participate in interactions with small couplings. The stacks of branes overlap in Minkowski space M^4, but are orthogonal in the compactified dimensions. Y_2 is a twisted modulus localised within the extra dimensions, but free to move in Minkowski space.

within the model of inflation proposed in [5]. The vev ⟨ϕ⟩ of the inflaton after inflation generates μ = λ ⟨ϕ⟩ and furthermore breaks Peccei-Quinn symmetry solving the strong CP problem. Satisfying the constraints on the axion decay constant and the scale of μ requires ⟨ϕ⟩ = 10^{13} GeV and a small coupling λ of order 10^{−10} .

From the above discussion, it is clear that very small Yukawa couplings are a prerequisite for both Dirac neutrinos and for the inflationary solution to the strong CP and μ problem. It should also be noted that both the right-handed neutrinos ν_{Ri} and the inflaton ϕ are special in the sense that they should have only small couplings to ordinary matter and that they are effectively SM-singlets. In [6] it has been shown how such small couplings might arise in the context of type-I string theory. The details are reviewed in appendix A. The mechanism has the simple graphical illustration shown in figure 1. Matter corresponds to open string states with ends confined either to one of the three orthogonal stacks of D5- branes or to the stack of space-filling D9-branes. With a compactification radius for one of the D5-branes^1 (D5_1 in figure 1) being larger than the compactification radius for the others it can be shown that the gauge and Yukawa couplings associated with this brane are small. Fields corresponding to open strings confined to D5_2 branes with both ends can only participate in interactions with small couplings and it is some of these fields that we will identify with the right-handed neutrinos. The D5_2 branes wrap with a smaller radius and hence have a gauge coupling large enough to be associated with the Standard Model. As a result the Standard Model gauge group must arise from this stack of branes.

In this letter, we construct a minimal string-motivated model which simultaneously accommodates small Dirac neutrino masses leading to bi-large lepton mixing as well as the inflationary solution [5] to the strong CP and to the μ problem.

1The branes wrap the compact dimensions hence they can be associated with their radii.

– 2 –

By string motivated, we mean that we take some restrictions from string theory, i.e. socalled string selection rules, and construct a field theory model consistent with these rules. We do not claim that an embedding of our particular model in string theory is possible. In fact, we do expect that there will emerge additional constraints if one attempts to embed our scenario in string theory. Nevertheless, we find it useful to identify attractive routes for explaining the smallness of Dirac neutrino masses within the framework of string theory from a bottom-up perspective.

The layout of the rest of the paper is as follows. Section 2 provides a brief discussion of the string framework we consider in this paper to clarify its use in model building. This is followed by the main body of the paper, section 3, in which we detail the model, its construction, the masses and MNS mixings. Having discussed the lepton sector section 4 considers the inflation model that could be realised within the same framework. The conclusions are to be found in section 5 and are followed by two appendices. In appendix A we present a more thorough account of the string framework and we clarify our lepton mixing conventions in appendix B.

2. Restrictions and benefits from string selection rules

Let us briefly state how the scenario outlined in the introduction and illustrated in figure 1 restricts model building. For the details we refer the reader to appendix A. In particular we would like to draw the reader’s attention to eq. (A.3) from which we extract the following terms to be utilised in the model:

W = g_{51} C^{51}_3 C^{5152} C^{5152} + g_{52} C^{52}_3 C^{5152} C^{5152} . (2.1)

C^{51}_3 , C^{52}_3 and C^{5152} are low energy excitations of strings: charged chiral superfields. The superscripts denote the branes which the strings end on and terms with different subscripts transform differently under the gauge group associated with the brane. The string construction involves assigning fields to low energy string excitations (the C terms) and showing that only the gauge invariant operators appearing in eq. (A.3) can be written down. For the purpose of our model we will make use of the fact that the only couplings of C^{51}_3 and C^{52}_3 to intersection states C^{5152} appearing in eq. (A.3) are those of eq. (2.1). The C terms can have more than one field assigned to them and the fields can only transform under the gauge groups of the branes to which the C field attaches. For example the C^{5152} term has fields that transform under the gauge groups of the D5_1 and D5_2 branes. If the operator does not appear in eq. (A.3) or cannot transform under gauge groups required by the field theory then we say such an operator is forbidden by the string selection rules. For more details about the rules and the explicit construction we refer the reader to [6] and merely quote the results here. The gauge couplings g_{51} , g_{52} , g_{53} and g_9 on the branes are related to the Planck scale M_p and the string scale M_∗ by

g_{51} g_{52} g_{53} g_9 = 32π^2 � M_∗ M_p

�_2 . (2.2)

– 3 –

Here we shall choose the couplings g_{52} = � 4π/24 (to give α_{GUT} = 1/24, consistent with gauge coupling unification), g_{53} = g_9 = 2 and g_{51} = 10^{−10} , which results in the string scale M_∗ = 10^{13} GeV.^2 The gauge couplings on the branes are related to the extra-dimensional radii as g^2_{5i} = 2πλ_I/(R^2_i M^2_∗ ), g^2_9 = 2πλ_I/(R^2_1R^2R^2_3M^6_∗ ), where λ_I is the ten dimensional dilaton that governs the strength of string interactions.

Thus, the geometry of the compactification determines the couplings of the theory. Furthermore, assigning the superfields of a model to open string excitations restricts the possible superpotential couplings to the ones given in eq. (A.3).

3. Dirac neutrinos

With the right-handed neutrino fields ν^c_{Ri} assigned to string states C^{51}_3 and with the gauge coupling g_{51} on the branes D5_1 being of order 10^{−10} (the choice g_{51} = O(10^{−10} ) is motivated by the hybrid inflation model which we will discuss in section 4) light neutrinos of Diractype naturally emerge - all couplings to ν^c_{Ri} are suppressed by, at least, g_{51} . On the other hand, right-handed charged leptons assigned to string states C^{52}_3 corresponds to the larger charged lepton masses since the gauge coupling g_{52} on the branes D5_2 is of order 1.

Let us now consider the generation of lepton masses in more detail. With H_u and the right-handed tau τ^c_R assigned to intersection states C^{5152} and the lepton doublet assigned to a string state C^{52}_3 , we see from eq. (2.1) that a renormalizable Yukawa coupling y_τ ∼ g_{52} = O(1)

g_{52} C^{52}_3 C^{5152} C^{5152} → g_{52} L_iH_dτ^c_R (O(1) coupling g_{52} ) (3.1)

is allowed by the string selection rules. As we have seen, Yukawa couplings in this string motivated setup cannot be chosen freely, but are fixed by the values of gauge couplings. The O(1)-coupling to τ^c_R of eq. (3.1) can be consistent with low energy experimental data for appropriately chosen large tan β.^3 However, the Yukawa couplings leading e.g. to the mass m_μ of the muon, though allowed by the string selection rules, do not stem from an analogous term to eq. (3.1) since they will be forbidden by the symmetries of the model discussed below. Our strategy is to obtain it from a non-renormalizable operator generated via a supersymmetric Froggatt-Nielsen (FN) [7] mechanism, for example

g_{52} ⟨ψ⟩ ⟨A⟩ L_2H_dμ^c_R . (3.2)

2Gauge coupling unification at the string scale, M∗ = 10^{13} , where the gauge coupling on the brane, g5_2 , is specified, is possible due to power law running. The requirement of gauge coupling unification would constrain the matter content and mass spectrum of complete models - which is however beyond the scope of this letter. In the presence of twisted moduli, this constraint would be modified.

3Note that if 3rd family quark Yukawa couplings also stem from analogous renormalizable couplings, 3rd family gauge-Yukawa unification yτ ∼ y_b ∼ y t ∼ g 5_2 for the SM fermions holds, up to order 1 coefficients, even though they are not unified in an irrep of a unified gauge group. We will not address the details of the quark sector in this letter.

– 4 –

L_2

H_d

g_{52} g_{52} g_{52} g_{52} μ^c_R

A χ_A χ_A

⟨ψ⟩

L_2

H_d μ^c_R

A Figure 2: Froggatt Nielsen supergraphs leading to the muon mass. Higher-dimensional FN diagrams can generate NNLO Yukawa couplings, e.g. for realising the electron mass.

This is represented in figure 2. Such Froggatt-Nielsen supergraphs are allowed by the string selection rules if the messenger fields are assigned to intersection states and if the masses for the messenger fields stem from the vev ⟨ψ⟩ of the scalar component of an additional field ψ, assigned to a string state C^{52}_3 . The flavon field A has to be assigned to a string state C^{52}_3 as well and the muon mass from this operator is suppressed by ⟨A⟩ / ⟨ψ⟩. Generating the muon mass of the right order requires ⟨A⟩ / ⟨ψ⟩ = O(10^{−3} ).^4 We have ignored the electron mass here, which can be generated by higher-dimensional operators in a straightforward way.

Let us now consider the neutrino sector: since atmospheric neutrino oscillations suggest a neutrino mass scale m_3 ≈ � Δm^2_{31} ≈ 0.05 eV [8], a Yukawa coupling (Y_ν )_{ij} ≈ 10^{−12} − 10^{−13} is required for generating the largest neutrino mass eigenvalue m_3. Thus, a renormalizable Yukawa coupling (Y_ν )_{ij} = g_{51} ∼ 10^{−10} would be already in the right range, but still somewhat too large. In addition to m_3 ≈ 0.05 eV the experimental results for Δm^2_1 require m_2 ≈ � Δm^2_1 ≈ 0.01 eV, which also requires a suppression of about 10^{−3} compared to g_{51} .

In fact, we see that the string selection rules forbid the renormalizable tree level Yukawa couplings involving ν^c_{Rj} and L_i. However, as in the charged lepton sector for m_μ , we can rely on a FN mechanism (cf. figure 3) for obtaining the neutrino Yukawa couplings which can then also have the desired additional suppression. The neutrino Yukawa couplings can then stem from the leading order effective operators g_{51} ⟨ψ⟩ ⟨F_{ij} ⟩ L_iH_uν^c_{Rj} . (3.3)

From figure 3 and eq. (2.1) we can determine appropriate string assignments of the flavons and the messenger superfields and see that the messenger fields have to be assigned to intersection states C^{5152} . The flavons are found to be both intersection and single brane states. In the neutrino sector, suppression factors similar to the one for the muon mass, ⟨F_{ij} ⟩ / ⟨ψ⟩ = O(10^{−2} ) · · · O(10^{−3} ), are needed.

4Note that we do not have to specify the values of the vevs at this stage. We should however keep in mind that that ⟨ψ⟩, i.e. the mass of the messenger fields in the FN mechanism, should be sufficiently below the masses of the winding modes of the messenger fields (in our scenario ≈ n10^8 GeV, see appendix A), so that the effects of the extra dimensions are under control.

– 5 – ν^c_{Rj}

H_u

g_{51} g_{52} g_{52} g_{51}

L_i

F_{ij} χ_{Fij} χ_{Fij}

⟨ψ⟩

ν^c_{Rj}

H_u L_i

F_{ij}

Figure 3: Froggatt Nielsen supergraphs leading to neutrino Yukawa couplings which are slightly suppressed compared to the already small tree-level value g_{51} = 10^{−10} . F_{ij} are flavon superfields and χ_{Fij} ,χ̄_{Fij} are corresponding messenger superfields.

In summary, the Yukawa matrices of neutrinos and charged leptons could stems from LO and NLO operators of the following form (up to O(1)-factors):

Y_ν :

g_{51} ⟨ψ⟩ ⟨F_{ij} ⟩ L_iH_uν^c_{Rj} , (3.4)

Y_e : g_{52} L_3H_dτ^c_R + g_{52} ⟨ψ⟩ ⟨A⟩ L_2H_dμ^c_R . (3.5)

The fact that the renormalizable Yukawa couplings (Y_ν )_{ij} are forbidden helps in three ways. Firstly, as already noted, it can lead to the desired additional suppression compared to the already small gauge coupling g_{51} = O(10^{−10} ). Secondly, if we use flavour symmetries for determining the structure of Y_e and Y_ν , we find that for renormalisable operators large off-diagonal elements in Y_ν would come along with identical large off-diagonal elements in Y_e - making it difficult to construct the desired large neutrino mixings. As we will see below, large lepton mixing can easily be achieved if the renormalisable coupling is forbidden. Thirdly, there is only a very mild mass hierarchy m_3/m_2 ≲ 5 for m_2 and m_3 in the neutrino sector, compared 3rd and 2nd generation masses of quarks and charged leptons. This can be explained by the Yukawa couplings relevant for the neutrino masses m_3 and m_2 being generated at the same (or similar) order in the FN mechanism - which can be a consequence of the forbidden renormalizable term.

Majorana masses for the right-handed neutrinos are not allowed by a renormalisable term due to string selection rules. Higher-dimensional operators for Majorana masses are suppressed by g^n_{51} ∼ (10^{−10} )^n, with n ≥ 2. For obtaining pure Dirac masses, we can impose in addition a global U(1)_{B−L} which forbids Majorana masses for ν^c_{Ri} to all orders.

Let us consider an explicit example with a hierarchical neutrino mass spectrum and how bi-large neutrino mixing can be realised within this scheme. We will assume that the lightest neutrino mass m_1 is approximately zero. Effectively, this means that only two right-handed neutrinos are required or equivalently that ν_{R1}’s Yukawa couplings are generated at higher order and hence heavily surpressed. For our analysis we treat its couplings as being zero. For generating an appropriate set of operators which leads to the observed bi-large lepton mixing, we will use a Z_3-symmetry and the U(1)_R-symmetry (which will

– 6 –

SU(3)_C SU(2)_L U(1)_Y U(1)_R Z_3 String State Q_3 3 2 1/6 −1/2 1 C^{52}_3 t^c_R ¯3 1 −2/3 −1/2 1 C^{5152} b^c_R ¯3 1 1/3 −1/2 1 C^{5152} H_u 1 2 1/2 1 1 C^{5152} H_d 1 2 −1/2 1 1 C^{5152} ν^c_{R2} 1 1 0 −3/2 0 C^{51}_3 ν^c_{R3} 1 1 0 −7/2 1 C^{51}_3 L_1 1 2 −1/2 −1/2 2 C^{52}_3 L_2 1 2 −1/2 −3/2 1 C^{52}_3 L_3 1 2 −1/2 −5/2 1 C^{52}_3 μ^c_R 1 1 1 3/2 1 C^{5152} τ^c_R 1 1 1 7/2 1 C^{5152} ϕ 1 1 0 0 1 C^{51}_3 N 1 1 0 1 1 C^{5152} A 1 1 0 1 0 C^{52}_3 a 1 1 0 3 0 C^{5152} b 1 1 0 4 1 C^{5152} c 1 1 0 5 1 C^{5152} e 1 1 0 6 0 C^{5152} f 1 1 0 7 0 C^{5152} ψ 1 1 0 0 0 C^{52}_3

Table 1: Matter fields and flavons.

SU(3)_C SU(2)_L U(1)_Y U(1)_R Z_3 String State χ_A 1 1 1 5/2 1 C^{5152} χ_A 1 1 −1 −1/2 2 C^{5152} χ_e 1 2 −1/2 9/2 1 C^{5152} χ_e 1 2 1/2 −5/2 2 C^{5152} χ_a 1 2 −1/2 5/2 2 C^{5152} χ_a 1 2 1/2 −1/2 1 C^{5152}

Table 2: Messenger fields.

be broken to matter parity) in addition to the SM gauge group SU(3)_C× SU(2)_L× U(1)_Y which is a subgroup of the gauge group G, a copy of which is associated with the branes D5_2.^5 The field content and the corresponding charge assignments of our minimal model is listed in table 1 and table 2, which contain the matter superfields and flavon superfields F_{ij} ∈ {a, b, c, e, f} and A. They also contain the superfields of the messenger sector

5The U(1)R-symmetry is broken down to its Z4 subgroup by the appearance of gauginos’ soft masses. This Z4 is in turn broken to its Z2 subgroup, matter-parity, when A obtains its vev. We require that this breaking takes place before the end of inflation to avoid the domain wall problem.

– 7 – χ_{Fij} ∈ {χ_a, χ_e, χ_A}, respectively. The superpotential then contains the following renormalisable terms:

W_{ren.} = g_{52} L_3H_dτ^c_R + g_{52} L_2H_dχ_A + g_{52} χ_Aψχ̄_A + g_{52}χ̄_Aμ^c_RA + +g_{51} χ_aH_uν^c_{R2} + g_{52} χ_aψχ̄_a + g_{52} L_1χ̄_aa + g_{52} L_2χ̄_ab + g_{52} L_3χ̄_ac + +g_{51} χ_eH_uν^c_{R3} + g_{52} χ_eψχ̄_e + g_{52} L_2χ̄_ee + g_{52} L_3χ̄_ef + +g_{51} ϕH_uH_d + g_{51} ϕN^2 + g_{52} Q_3H_ut^c_R + g_{52} Q_3H_db^c_R . (3.6)

From this superpotential, assuming that the flavons develop vevs, the FN diagrams of figure 2 and figure 3 lead to the mass matrices of the neutrinos and charged leptons^6

m^ν_{LR} ∼ � � � 0 ⟨a⟩ 0 0 ⟨b⟩ ⟨e⟩ 0 ⟨c⟩ ⟨f⟩

� � � · g_{51} ⟨H_u⟩ ⟨ψ⟩ , m^E_{LR} ∼ � � � 0 0 0 0 ⟨A⟩ / ⟨ψ⟩ 0 0 0 O(1)

� � � · g5_2 ⟨Hd⟩ . (3.7)

Let us now discuss neutrino masses and lepton mixing with mass matrices of the structure given in eq. (3.7). We assume the sequential dominance of the Dirac neutrino Yukawa couplings ⟨e⟩ , ⟨f⟩ ≫ ⟨a⟩ , ⟨b⟩ , ⟨c⟩ , (3.8)

where much larger means here larger by about a factor 5. Then, in this approximation, the couplings to ν^c_{R3} will lead to the neutrino mass eigenvalue m_3 ≃ 0.05 eV and the couplings to ν^c_{R2} to the smaller mass eigenvalue m_2 ≃ 0.01 eV. Clearly, since m^E_{LR} is diagonal, the lepton mixing matrix U_{MNS} = R_{23}U_{13}R_{12} will be entirely given by the diagonalization matrix, i.e. U_{MNS} = U^†_{νL} with diag(m_1, m_2, m_3) = U_{νL} m^ν_{LR} U^†_{νR} . Thus we find for the MNS mixings (assuming real flavon vevs for simplicity):^7

tan(θ_{23}) ≈ ⟨e⟩ ⟨f⟩ , (3.9)

tan(θ_{12}) ≈ ⟨a⟩ c_{23} ⟨b⟩ − s_{23} ⟨c⟩

, (3.10)

θ_{13} ≈ 0 , (3.11)

with m_3 and m_2 given by

m_3 ≈ � ⟨e⟩^2 + ⟨f⟩^2 g_{51} v_u ⟨ψ⟩ = ⟨e⟩ s_{23} g_{51} v_u ⟨ψ⟩ , (3.12)

m_2 ≈ � ⟨a⟩^2 + (c_{23} ⟨b⟩ − s_{23} ⟨c⟩)^2 g_{51} v_u ⟨ψ⟩ = ⟨a⟩ s_{12} g_{51} v_u ⟨ψ⟩ , (3.13)

m_1 ≈ 0 . (3.14)

6It is easy to check that all the messenger fields get heavy when the flavons and ψ obtain their vevs. 7Since we assume a form of sequential dominance (SD) [9] for Yν , it is not surprising that the formulae for the mixing angles are very similar to the ones for see-saw neutrino masses under the assumption of SD.

– 8 –

We see that obtaining nearly maximal atmospheric mixing θ_{23} requires ⟨e⟩ ≈ ⟨f⟩. Obtaining a large (but non-maximal) solar mixing θ_{12} requires √ 2 ⟨a⟩ ∼ ⟨b⟩ − ⟨c⟩. Clearly, the neutrino data fixes ⟨e⟩ / ⟨ψ⟩ , ⟨f⟩ / ⟨ψ⟩ (from m_3 and θ_{23} ≈ π/4), ⟨a⟩ / ⟨ψ⟩ (from m_2) and the combination (⟨b⟩ − ⟨c⟩)/ ⟨ψ⟩ from consistency with experimental data for θ_{12} (currently θ_{12} ≈ 30^∘). We have neglected effects from the RG evolution of the neutrino parameters at this stage.

Finally, we remark that although the right-handed neutrinos ν^c_{Ri} as well as the inflaton ϕ are SM-singlets, we shall have in mind that at some stage, they transform in a representation of the gauge group G, a copy of which is associated with each of the three stacks of D-branes.^8 G is just (spontaneously) broken completely on D5_1, whereas on D5_2 the SM gauge group G_{321} ⊂ G is unbroken. To demonstrate this, let us consider two additional U(1) symmetries, U(1)_{51} on D5_1 and U(1)_{52} on D5_2, and assign charges to the SM-singlet fields ϕ, ν^c_{Ri}, N and ψ. First, giving H_u and H_d U(1)_{51} -charge 1, we see that ϕ has charge −2 and thus N has charge 1. From the FN diagram in figure 3 we can determine the charges of the messenger fields if we assign a U(1)_{51} -charge q to the right-handed neutrinos ν^c_{Ri} and finally the flavons F_{ij} , which are intersection states C^{5152} , end up with charge −(q + 1). Note that only fields which are assigned to string states C^{51}_3 and C^{5152} can be charged under U(1)_{51} and only fields C^{52}_3 and C^{5152} can be charged under U(1)_{52} . Similarly for the C^{52}_3 state ψ, from the FN diagram in figure 3 we see how giving it a U(1)_{52} -charge p determines e.g. the charge of χ̄_{Fij} to be −p and the charge of the flavons F_{ij} to be p. It is easy to see that this charge assignment can be extended consistently to all the fields of the model.

4. A brief review of the hybrid inflation model

We will now review the inflation model [5] where the required small couplings might also originate from the string motivated scenario outlined here [6]. In fact, the requirement of very small couplings - and their possible common solution - might provide a link between the origin of (Dirac) neutrino masses and the physics driving inflation.

The starting point of the field theory model is the following part of the superpotential eq. (3.6) relevant to inflation (with λ ∼ κ ∼ g_{51} = 10^{−10} ) and the corresponding soft terms:

W_{inf.} = λϕH_uH_d + κϕN^2 . (4.1)

V_{soft} = V (0) + λA_λ ϕH_uH_d + κA_κ ϕN^2 + h.c. + +m^2_0(|H_u|^2 + |H_d|^2 + |N|^2) + m^2_ϕ |ϕ|^2 . (4.2)

ϕ and N are, respectively, the inflaton and waterfall fields. These fields are singlets of the Minimal Supersymmetric Standard Model (MSSM) [10] gauge group and the other fields are just the usual quarks and Higgs multiplets of the MSSM with standard MSSM quantum numbers.

8This is one point which distinguishes our approach from approaches where right-handed neutrinos are gauge singlets and propagate in the bulk.

– 9 –

This model utilises hybrid inflation [11 – 15] to provide a simultaneous solution to the strong CP and μ [10] problems, as we will now briefly outline (for a more detailed discussion see [5] and the references therein):

• During inflation, the scalar potential reduces to the simple form

V = V (0) − m^2_ϕ ϕ^2 , (4.3)

and the vacuum energy dominates the potential during inflation. Inflation ends by a second order phase transition if ϕ reaches a critical value

ϕ^±_c =

A_k 4k � −1 ± � 1 − 4 m^2_N A^2_k � . (4.4)

In the minimum of the potential after inflation, the field values are [5]

⟨ϕ⟩ = −

A_λ 4λ , (4.5)

⟨N⟩ =

A_λ 2 √ 2λ � 1 − 4 m^2_0 A^2_λ

. (4.6)

• The model has the Peccei-Quinn (PQ) symmetry U(1)_{PQ} where the global charges of the fields satisfy

Q_ϕ + Q_{Hu} + Q_{Hd} = 0 , Q_ϕ + 2Q_N = 0 . (4.7)

• After inflation has ended the VEV of the inflaton ⟨ϕ⟩ both generates the μ term (in a similar way to the NMSSM [16, 17]), when λϕH_uH_d → μH_uH_d and breaks the U(1)_{PQ} [18] symmetry solving the strong CP problem.

The model leads to the following constraints on the scales and couplings of the theory: With the VEV of ϕ given by ⟨ϕ⟩ = −^{Aλ}_{4λ} , we can use the constraints on the axion decay constant to determine the value of λ. For soft terms at the TeV scale, we see that an axion decay constant should lie in the range 10^{10} GeV ≤ f_a ≤ 10^{13} GeV (see [19, 20] for derivation of the allowed region) requires that λ lie in the range 10^{−7} ≥ λ ≥ 10^{−10} . If we take the smallest value in this range this allows^9 λ ∼ 10^{−10} and it is this small coupling that we have used in the neutrino sector.

Requiring the stability of the vacuum post inflation and that inflation ends imposes constraints on the range of allowed ratios of the soft terms:

8m^2_0 > |A_λ |^2 > 4m^2_0 . (4.8)

Hence we were able to show that:

μ^2 = (0.25 − 0.5)m^2_0 , (4.9)

where m_0 is a soft scalar mass common to many of the matter fields of order a TeV, whose universality was shown to result from the string construction.

9The origin of this small coupling is discussed in appendix A.

– 10 –

5. Conclusions

We have shown that type-I string theory provides a natural framework for the construction of Dirac neutrino models. Small couplings are essential to our model and type-I string theory, compactified on an orbifold, is equipped with a geometric explanation for these small couplings. The large ratios between the different couplings are explained in terms of the anisotropy of the compact space. These extra dimensions are not especially large since two radii are of order the Planck length and one approximately 10^{−8} GeV^{−1} .

These small Yukawa couplings allow us to relate physics at very different scales: namely the neutrino mass, electroweak and Peccei-Quinn scales. In so doing we connect the physics of neutrino mass and inflation. Specifically we construct a model which consistently describes neutrino mass generation and an inflationary solution to the strong CP and μ problems and has its roots in type-I string theory. Consistency with the measured values of the MNS matrix is achieved by generating the mass matrix from non-renormalisable operators. These operators are field theoretic in origin, coming from a supersymmetric generalisation of the Froggatt-Nielsen mechanism. The set of allowed operators is restricted by the inclusion of an additional U(1)_R × Z_3 symmetry which leads to the angles and masses shown in eq. (3.10)–(3.14). It would be interesting to extend this model to include the quark sector. In such an approach it may be possible to relate the Cabibbo angle θ_C to the neutrino mass hierarchy m_2/m_3 in terms of an expansion parameter λ = θ_C in a more direct way than in the see-saw mechanism.

The Dirac nature of neutrino masses would have far reaching phenomenological consequences: Dirac neutrinos would, for instance, not induce any signal in neutrinoless double beta (0νββ) decay experiments [27]. Since in our scenario the Dirac mass matrix is not directly related to the mass matrices of quarks and charged leptons, there is a priori no reason for favouring a hierarchical neutrino mass spectrum compared to an inverted or quasi-degenerate one. Although we have discussed the case of a hierarchical spectrum in this work, from a model building point of view a quasi-degenerate neutrino mass spectrum for Dirac neutrinos can emerge, e.g., from additional abelian, non-abelian or discrete symmetries in our scenario. Such quasi-degenerate Dirac neutrino masses could be observable in Tritium β-decay experiments like KATRIN [28]. Together with non-observation of 0νββ decay, this could prove the Dirac nature of neutrinos. In our scenario, the inflaton can only have small couplings of order g_{51} ∼ 10^{−10} to matter. This generically implies a low reheat temperature after inflation O(1 − 10) GeV, which is interesting with respect to gravitino (and other similar) constraints in some supergravity models [29]. On the other hand, with Dirac neutrinos the original leptogenesis mechanism [30] via the out-of equilibrium decay of heavy right-handed neutrinos is obviously not available. However other versions of leptogenesis, such as Dirac leptogenesis [31], which rely on sphaleron transitions for converting lepton into baryon asymmetry could work for a low reheat temperature [32] due to preheating. In summary, we feel that in addition to interesting theoretical issues regarding, e.g., the embedding in string theory, scenarios of Dirac neutrinos and inflation like the one discussed in this work have a rich phenomenology, which deserves further exploration.

– 11 –

Acknowledgments

We acknowledge support from the PPARC grant PPA/G/O/2002/00468.

A. String selection rules

We will now review the properties of type-I string theory relevant for model building, first presented in [21], and summarise the model presented in [6]. We will be working with a Dbrane setup which includes a geometric mechanism for generating small gauge and Yukawa couplings. We consider the class of spaces known as orientifolds (see [22] for a study of possible orientifolds) requiring the addition of intersecting stacks of orthogonal D5-branes and space-filling D9-branes for consistency. These spaces are all constructed from a 6-torus and it is the volume and anisotropy of this torus that leads to the generation of a hierarchy of couplings. The 6-torus itself is constructed out of three 2-tori each of which has one radius associated with it. We will show that if one radius is of order 10^{−8} GeV^{−1} and the other two are of order 10^{−18} GeV^{−1} then we obtain a coupling of order 10^{−10} .

After compactification we end up with, in the most general case, a model consisting of three orthogonal stacks of D5-branes and a stack of D9-branes.

The gauge couplings on the branes can be shown to be the following functions of the extra-dimensional radii.

g^2_{5i} =

2πλ_I R^2_i M^2_∗

(A.1)

g^2_9 =

2πλ_I R^2_1R^2R^3M^2_∗

. (A.2)

Where λ_I is the ten dimensional dilaton that governs the strength of string interactions, M_∗ is the type-I string scale and R_i are the radii of compactification.

The non-canonical, D = 4, N = 1 effective superpotential has only O(1) Yukawa couplings [23], but the Kähler metric, although diagonal, is significantly different from the identity. To understand our theory in the low energy, after the dilaton and moduli have acquired vevs, we must canonically normalise the Kähler potential and take the flat limit in which M_p → ∞ while m_{3/2} is kept constant [24, 25]. This gives a theory containing superfields with canonical kinetic terms interacting via renormalisable operators. Notice that the Yukawa couplings can be identified with the gauge couplings (up to the O(1) factors present before normalisation):

W = g_9 � C^9_1 C^9_2 C^9_3 + C^{5152} C^{5253} C^{5351} + 3� i=1 C^9_i C^{95i} C^{95i} � + (A.3)

+ 3� i,j,k=1

g_{5i} � C^{5i}_1 C^{5i}_2 C^{5i}_3 + C^{5i}_i C^{95i} C^{95i} + d_{ijk}C^{5i}_j C^{5i5k} C^{5i5k} + 1 2 d_{ijk}C^{5j 5k} C^{95j} C^{95k} � . where the C terms are low energy excitations of strings: charged chiral superfields. The superscripts denote the branes which the strings end on and terms with different subscripts transform differently under the gauge group associated with the brane.

– 12 –

The D = 4 Planck scale is related to the string scale by

M^2_p =

8M^8_∗ R^2_1R^2R^2_3 λ^2_I

. (A.4)

From this and eqs. (A.1) to (A.2) we find that

g_{51} g_{52} g_{53} g_9 = 32π^2 � M_∗ M_p

�_2

. (A.5)

Another important relation is

λ_I = g_{51} g_{52} g_{53} 2πg_9

. (A.6)

In the model discussed in the next section, we shall require at least one coupling of O(10^{−10} ) and one of O(1). According to the above results, this constrains the size of our radii and the value of the string scale. For definiteness we consider the case where g_{51} ∼ 10^{−10} and the remaining gauge couplings are all O(1). From eq. (A.5) we see this is clearly allowed if we have a 10^{13} GeV string scale. Specifically our couplings are g_{52} =

�_{4π} 24 (to give α_{GUT} = 1/24, consistent with gauge coupling unification), g_{53} = g_9 = 2 and g_{51} = 10^{−10} gives M_∗ = 10^{13} GeV.

The hierarchy in gauge couplings corresponds to a hierarchy in the radii. Using eqs. (A.6) and (A.1) for the above couplings we find that

R^{−1}_1 = 1.3 × 10^8 GeV (A.7) R^{−1}_2 = 9.1 × 10^{17} GeV (A.8) R^{−1}_3 = 2.4 × 10^{18} GeV . (A.9)

These radii are all too small to have Kaluza-Klein (KK) or winding modes that will be readily excitable at collider energies. The winding modes of R_1 are ≈ n10^{18} GeV and R_2 and R_3 have winding modes of ≈ n10^8 GeV. The KK modes for R_1 are ≈ n10^8 GeV and R_2 and R_3 are ≈ n10^{18} GeV. In principle these massive modes could affect inflation. However the inflationary scale is 10^8 GeV so it is unlikely that these modes would appear with any great abundance.

A.1 Methodology

Our approach in this paper is one of string inspired phenomenology. We make use of a number of the generic properties of low energy effective string theory so as to keep our analysis as general as possible and avoid specialising to a particular model. The rules we enforce are:

• All supersymmetric terms must be found within the low energy effective superpotential eq. (2.1).

• The string states, C^{5152} etc., can represent more than one low energy field.

– 13 –

• Each low energy field can only be assigned to one string state.

• The gauge quantum numbers of a string state are determined by the stacks of branes which it ends on.

We will now clarify and expand on the final point. Clearly the ends of the string can either both be on the same stack of branes or attached to two different stacks. The string ends’ locations determine the transformation properties of their low energy excitations since the brane stacks have an associated gauge group under which the strings transform. If both string ends attach to the same brane stack then it is commonly the case that fields transform as reducible representations of that stack’s gauge group, typically U(N). In the other case, with ends on different stacks, then the fields generally transform as fundamental representations of both stack’s gauge groups. We impose this requirement in our model building.

B. Our convention for lepton mixing

For the mass matrix of the charged leptons m^E_{LR} = Y_ev_d defined by L_e = −m^E_{LR}e^f_Le^{cf}_R + h.c. and for the Dirac neutrino mass matrix m^ν_{LR} = Y_ν v_u defined by L_ν = −m^ν_{LR}ν^f_Lν^{cf}_R + h.c., where v_u = � H^0_u � and v_d = � H^0_d � , the change from flavour basis to mass eigenbasis can be performed with the unitary diagonalization matrices U_{eL} , U_{eR} and U_{νL} , U_{νR} by

U_{eL} m^E_{LR} U^†_{eR} = � � � m_e 0 0 0 m_μ 0 0 0 m_τ

� � � , Uν_L m^ν_{LR} U^†_{νR} = � � � m_1 0 0 0 m_2 0 0 0 m_3

� � � . (B.1)

The mixing matrix in the lepton sector, the MNS matrix, is then given by

U_{MNS} = U_{eL} U^†_{νL} . (B.2)

We use the parameterisation U_{MNS} = R_{23}U_{13}R_{12} with R_{23}, U_{13}, R_{12} defined as

R_{12} := � � � c_{12} s_{12} 0 −s_{12} c_{12} 0 0 0 1

� � � , U13 := � � � c_{13} 0 ~s_{13} 0 1 0 −~s^∗_{13} 0 c_{13}

� � � , R23 := � � � 1 0 0 0 c_{23} s_{23} 0 −s_{23} c_{23}

� � � ,

and where s_{ij} and c_{ij} stand for sin(θ_{ij}) and cos(θ_{ij}), respectively. δ is the Dirac CP phase relevant for neutrino oscillations and we have defined ~s_{13} := s_{13}e^{−iδ} .

References

[1] For models of Dirac neutrinos, see e.g.: N. Arkani-Hamed, L.J. Hall, H. Murayama, D.R.

Smith and N. Weiner, Small neutrino masses from supersymmetry breaking, Phys. Rev. D 64 (2001) 115011 [hep-ph/0006312];

F. Borzumati and Y. Nomura, Low-scale see-saw mechanisms for light neutrinos, Phys. Rev. D 64 (2001) 053005 [hep-ph/0007018];

– 14 –

R. Kitano, Small dirac neutrino masses in supersymmetric grand unified theories, Phys. Lett. B 539 (2002) 102 [hep-ph/0204164];

R. Arnowitt, B. Dutta and B. Hu, Yukawa textures, neutrino masses and Hořava-Witten M-theory, Nucl. Phys. B 682 (2004) 347 [hep-th/0309033];

S. Abel, A. Dedes and K. Tamvakis, Naturally small dirac neutrino masses in supergravity, Phys. Rev. D 71 (2005) 033003 [hep-ph/0402287];

C. Hagedorn and W. Rodejohann, Minimal mass matrices for dirac neutrinos,

hep-ph/0503143.

[2] For recent reviews on alternatives to the see-saw mechanism and extensive lists of references on models of Dirac neutrinos, see e.g.: A.Y. Smirnov, Alternatives to the seesaw mechanism,

hep-ph/0411194;

P. Langacker, Neutrino physics (theory), hep-ph/0411116;

H. Murayama, Alternatives to seesaw, Nucl. Phys. 137 (Proc. Suppl.) (2004) 206 [hep-ph/0410140].

[3] See e.g.: J. Giedt, G.L. Kane, P. Langacker and B.D. Nelson, Massive neutrinos and (heterotic) string theory, Phys. Rev. D 71 (2005) 115013 [hep-th/0502032]; P. Ko, T. Kobayashi and J.-h. Park, Lepton masses and mixing angles from heterotic orbifold models, Phys. Rev. D 71 (2005) 095010 [hep-ph/0503029].

[4] M. Bastero-Gil and S.F. King, A next-to-minimal supersymmetric model of hybrid inflation, Phys. Lett. B 423 (1998) 27 [hep-ph/9709502]; F-term hybrid inflation in effective supergravity theories, Nucl. Phys. B 549 (1999) 391 [hep-ph/9806477].

[5] O.J. Eyton-Williams and S.F. King, Inflationary solution to the strong CP and μ problems, Phys. Lett. B 610 (2005) 87 [hep-ph/0411170].

[6] O.J. Eyton-Williams and S.F. King, Small yukawa couplings from type-I string theory and the inflationary solution to the strong CP and μ problems, JHEP 06 (2005) 040 [hep-ph/0502156].

[7] C.D. Froggatt and H.B. Nielsen, Hierarchy of quark masses, cabibbo angles and CP-violation, Nucl. Phys. B 147 (1979) 277.

[8] Super-Kamiokande collaboration, T. Toshito, Super-kamiokande atmospheric neutrino results, hep-ex/0105023.

[9] S.F. King, Atmospheric and solar neutrinos with a heavy singlet, Phys. Lett. B 439 (1998) 350 [hep-ph/9806440]; Atmospheric and solar neutrinos from single right-handed neutrino dominance and U(1) family symmetry, Nucl. Phys. B 562 (1999) 57 [hep-ph/9904210]; Large mixing angle MSW and atmospheric neutrinos from single right-handed neutrino dominance and U(1) family symmetry, Nucl. Phys. B 576 (2000) 85 [hep-ph/9912492]; S. Antusch and S.F. King, Neutrino mixing from the charged lepton sector with sequential right-handed lepton dominance, Phys. Lett. B 591 (2004) 104 [hep-ph/0403053]; for a review, see: S. Antusch and S.F. King, Sequential dominance, New J. Phys. 6 (2004) 110 [hep-ph/0405272].

[10] For an up to date review see: D.J.H. Chung et al., The soft supersymmetry-breaking lagrangian: theory and applications, Phys. Rept. 407 (2005) 1 [hep-ph/0312378].

[11] A.D. Linde, Eternal extended inflation and graceful exit from old inflation without Jordan-Brans-Dicke, Phys. Lett. B 249 (1990) 18.

– 15 –

[12] A.D. Linde, Axions in inflationary cosmology, Phys. Lett. B 259 (1991) 38.

[13] E.J. Copeland, A.R. Liddle, D.H. Lyth, E.D. Stewart and D. Wands, False vacuum inflation with Einstein gravity, Phys. Rev. D 49 (1994) 6410 [astro-ph/9401011].

[14] D.H. Lyth, Models of inflation and the spectral index of the density perturbation,

hep-ph/9609431.

[15] A.D. Linde and A. Riotto, Hybrid inflation in supergravity, Phys. Rev. D 56 (1997) 1841 [hep-ph/9703209].

[16] P. Fayet, Supergauge invariant extension of the Higgs mechanism and a model for the electron and its neutrino, Nucl. Phys. B 90 (1975) 104;

H.P. Nilles, M. Srednicki and D. Wyler, Weak interaction breakdown induced by supergravity, Phys. Lett. B 120 (1983) 346;

J.P. Derendinger and C.A. Savoy, Quantum effects and SU(2) × U(1) breaking in supergravity gauge theories, Nucl. Phys. B 237 (1984) 307;

J.R. Ellis, J.F. Gunion, H.E. Haber, L. Roszkowski and F. Zwirner, Higgs bosons in a nonminimal supersymmetric model, Phys. Rev. D 39 (1989) 844; L. Durand and J.L. Lopez, Upper bounds on Higgs and top quark masses in the flipped SU(5) × U(1) superstring model, Phys. Lett. B 217 (1989) 463;

M. Drees, Supersymmetric models with extended Higgs sector, Int. J. Mod. Phys. A 4 (1989) 3635.

[17] The phenomenology of the NMSSM has been widely discussed in the literature, see for example: U. Ellwanger, M. Rausch de Traubenberg and C.A. Savoy, Particle spectrum in supersymmetric models with a gauge singlet, Phys. Lett. B 315 (1993) 331 [hep-ph/9307322]; Higgs phenomenology of the supersymmetric model with a gauge singlet, Z. Physik C 67 (1995) 665 [hep-ph/9502206];

T. Elliott, S.F. King and P.L. White, Unification constraints in the next-to-minimal supersymmetric standard model, Phys. Lett. B 351 (1995) 213 [hep-ph/9406303]; S.F. King and P.L. White, Resolving the constrained minimal and next-to-minimal supersymmetric standard models, Phys. Rev. D 52 (1995) 4183 [hep-ph/9505326]; U. Ellwanger, J.F. Gunion, C. Hugonie and S. Moretti, Nmssm Higgs discovery at the LHC,

hep-ph/0401228; Towards a no-lose theorem for nmssm Higgs discovery at the LHC,
hep-ph/0305109.

[18] R.D. Peccei and H.R. Quinn, CP conservation in the presence of instantons, Phys. Rev. Lett.

38 (1977) 1440.

[19] G.G. Raffelt, Particle physics from stars, Ann. Rev. Nucl. Part. Sci. 49 (1999) 163–216 [hep-ph/9903472].

[20] M.S. Turner, Cosmic and local mass density of ’invisible’ axions, Phys. Rev. D 33 (1986) 889;

K. Choi, E.J. Chun and J.E. Kim, Cosmological implications of radiatively generated axion scale, Phys. Lett. B 403 (1997) 209 [hep-ph/9608222].

[21] L.E. Ibáñez, C. Muñoz and S. Rigolin, Aspects of type-I string phenomenology, Nucl. Phys. B 553 (1999) 43 [hep-ph/9812397].

[22] G. Aldazabal, A. Font, L.E. Ibáñez and G. Violero, D = 4, N = 1, type-IIB orientifolds, Nucl. Phys. B 536 (1998) 29 [hep-th/9804026].

[23] L.L. Everett, G.L. Kane and S.F. King, D-branes and textures, JHEP 08 (2000) 012 [hep-ph/0005204].

– 16 –

[24] A. Brignole, L.E. Ibáñez and C. Muñoz, Soft supersymmetry-breaking terms from supergravity and superstring models, hep-ph/9707209.

[25] V.S. Kaplunovsky and J. Louis, Model independent analysis of soft terms in effective supergravity and in string theory, Phys. Lett. B 306 (1993) 269 [hep-th/9303040].

[26] S.F. King and D.A.J. Rayner, Twisted moduli and supersymmetry breaking, JHEP 07 (2002) 047 [hep-ph/0111333];

B.C. Allanach, S.F. King and D.A.J. Rayner, Phenomenology of twisted moduli in type-I string inspired models, JHEP 05 (2004) 067 [hep-ph/0403255].

[27] See e.g.: C. Aalseth et al., Neutrinoless double beta decay and direct searches for neutrino mass, hep-ph/0412300.

[28] KATRIN collaboration, A. Osipowicz et al., Katrin: a next generation tritium beta decay experiment with sub-ev sensitivity for the electron neutrino mass, hep-ex/0109033.

[29] M.Y. Khlopov and A.D. Linde, Is it easy to save the gravitino?, Phys. Lett. B 138 (1984) 265;

J.R. Ellis, J.E. Kim and D.V. Nanopoulos, Cosmological gravitino regeneration and decay, Phys. Lett. B 145 (1984) 181;

J.R. Ellis, D.V. Nanopoulos and S. Sarkar, The cosmology of decaying gravitinos, Nucl. Phys. B 259 (1985) 175;

T. Moroi, H. Murayama and M. Yamaguchi, Cosmological constraints on the light stable gravitino, Phys. Lett. B 303 (1993) 289;

M. Kawasaki, K. Kohri and T. Moroi, Hadronic decay of late-decaying particles and big-bang nucleosynthesis, astro-ph/0402490.

[30] M. Fukugita and T. Yanagida, Baryogenesis without grand unification, Phys. Lett. B 174 (1986) 45.

[31] K. Dick, M. Lindner, M. Ratz and D. Wright, Leptogenesis with dirac neutrinos, Phys. Rev.

Lett. 84 (2000) 4039 [hep-ph/9907562];

H. Murayama and A. Pierce, Realistic dirac leptogenesis, Phys. Rev. Lett. 89 (2002) 271601 [hep-ph/0206177].

[32] M. Bastero-Gil and S.F. King, Leptogenesis in a realistic supersymmetric model of inflation with a low reheat temperature, Phys. Rev. D 63 (2001) 123509 [hep-ph/0011385].

– 17 –