arXiv:0902.3070v1 [hep-th] 18 Feb 2009

DESY-09-021 KUNS-2190 LMU-ASC 08/09

Accions

Kang-Sin Choi^1, Hans Peter Nilles^2, Saúl Ramos-Sánchez^3, Patrick K.S. Vaudrevange^4

1 Department of Physics, Kyoto University, Kyoto 606-8502, Japan

2 Bethe Center for Theoretical Physics and Physikalisches Institut der Universität Bonn, Nussallee 12, 53115 Bonn, Germany

3 Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

4 Arnold Sommerfeld Center for Theoretical Physics, Ludwig-Maximilians-Universität München, 80333 München, Germany

Abstract

Axion fields provide the most elegant solution to the strong CP problem. In string compactifications it is difficult to obtain an axion whose decay constant is consistent with current cosmological bounds. We examine this question in theories with accidental U(1) symmetries that appear as low energy remnants of discrete symmetries. We refer to the axion-like particles from the spontaneous breakdown of these symmetries as accions. In such systems, the accion decay constant depends on the vacuum configuration and can be lowered to fit the bounds. Furthermore, we find that such accions with consistent decay constant can be embedded in special vacua of Z_6–II orbifold models with realistic features.

1 Introduction

The most elegant and appealing solution to the strong CP-problem is based on the conjecture of an axion field [1,2]. It requires the existence of an anomalous global Peccei-Quinn symmetry [3] U(1)_{PQ} and its spontaneous breakdown at a scale F_a (where F_a denotes the “axion decay constant”). Constraints (mostly) from astrophysics and cosmology require F_a to be in the axion window

10^9 GeV ≤ F_a ≤ 10^{12} GeV (1)

for the so-called “invisible” axion [4, 5]. The axion field adjusts its vacuum expectation value (VEV) to cancel the θ-parameter of quantum chromodynamics (QCD) to avoid CP-violation due to strong interactions.

In the presence of gravity, the existence of an exact global U(1)-symmetry might be problematic. This holds explicitly in the context of string theory, where potential anomalous U(1)-symmetries appear as gauge (not global) symmetries [6]. Does this exclude the axion solution to the strong CP-problem in the framework of string theory?

In the present work, we focus on a set of realistic string extensions of the minimal supersymmetric standard model (MSSM) in the framework of the E_8 × E_8 heterotic string. We address the following two questions:

• how can we possibly obtain a global U(1)_{PQ}?

• can we disconnect the axion scale F_a from the string scale M_s (which is typically much larger, e.g. 10^{16} − 10^{18} GeV)?

The analysis of the models reveals (among the various local U(1)-symmetries) the appearance of a multitude of discrete symmetries of various types [7,8]. In such a situation we might find accidental U(1)-symmetries [9] if we restrict our attention to superpotentials of a limited degree in the polynomial of the fields. Higher order non-renormalizable terms would break this accidental U(1)_{PQ}-symmetry back to the exact discrete symmetry.^1 In the standard model of particle physics (SM) such accidental symmetries appear as U(1)_{B,L} where B(L) denote baryon(lepton) number, respectively.

Including these accidental symmetries will allow for a multitude of axion candidates in the view of the first question. Apart from the strong CP-problem these fields might be of relevance for hidden sector gauge groups (embedded in the second E_8) or quintessential axions [11, 12].

This new paradigm of string theory, the appearance of accidental global symmetries from exact discrete symmetries, might find interesting applications in the creation of

1Similar ideas have been explored in the context of Calabi-Yau compactifications [10].

hierarchical structures as explained in [13]. This might then give us the freedom to lower the axion scale away from the string scale and thus answering our second question.

Within the application to the axion system, pioneering work has been done by Choi, Kim and Kim [14] in a model based on heterotic string constructions via the Z_{12}-orbifold. Unfortunately, however, in this model the axion decay constant of the QCD axion could not be decoupled from the string scale. In the present paper we analyze the models of the so-called heterotic Mini-Landscape [15–19] in view of potential realistic axion candidates. This requires a careful study of a multi-axion system including a multitude of global and discrete symmetries both of anomalous and non-anomalous nature. Our analysis of section 2 reveals the fact that the properties of the system (apart from the structure of the model itself) will strongly depend on the vacuum configuration.

In section 3 we shall then discuss some representative examples of the Mini- Landscape and show their potential suitability for the answers of the questions raised above. This discussion requires extensive computer calculations and we limit ourselves here to the conceptual questions towards the solution of the strong CP-problem via a suitable axion field. The construction of a complete and fully realistic extension of the MSSM will be relegated to future investigations.

We shall see that accidental symmetries that naturally appear in the framework of string constructions are very well suited for satisfactory axion candidates with a decay constant in the axion window. Section 4 will summarize our results, address remaining problems and will give an outlook for future research.

2 Multi-Axion Systems

The models under consideration have, in addition to some non-anomalous U(1)_{gauge} gauge symmetries, (accidental) anomalous U(1) symmetries whose breaking provides many axion candidates. This leads to a complicated vacuum structure that requires a careful investigation. Here we rely on previous work [15–19] where the supersymmetric vacua corresponding to D- and F-flat solutions have been analyzed. The models typically have one^2 anomalous gauge symmetry U(1)_A [21] with a non-trivial Fayet-Iliopoulos (FI) term which in turn induces non-vanishing VEVs for some of the scalar fields. These break some of the U(1)_{gauge} symmetries as well as the U(1)_A at a scale one or two orders of magnitude below the string scale M_s. We now also have to analyze the fate of the possible accidental (anomalous) U(1) symmetries. To answer the question towards a satisfactory axion within the “allowed window” we have to understand not only the model but also the vacuum configuration, which we discuss now.

2More are possible in the blow-up version of the models [20]

2.1 Axions from a Single U(1)

Let us start with the simplest case, a supersymmetric theory with standard model (SM) gauge group and one additional global symmetry, U(1)_{PQ}, which is assumed to have a mixed U(1)_{PQ} − SU(3)_C − SU(3)_C anomaly. Consider the matter superfields (φ_i, ψ_i) with U(1)_{PQ} charges q^i. If one scalar SM singlet field, say φ_0, with non-vanishing PQ charge attains a VEV v_0, its phase field a becomes an axion and induces the following term in the effective Lagrangian

L_{eff} ⊃ a F_a g^2 32π^2 tr [ G^{μν} ~G_{μν} ] , (2)

where g denotes the SU(3)_C coupling constant, G_{μν} is the color field strength, and ~G_{μν} its dual. The axion decay constant F_a in this scenario is given by

F_a = q^0 v_0 A (3) that does not depend on the normalization of the PQ symmetry. Here A is the coefficient of the U(1)_{PQ} − SU(3)_C − SU(3)_C anomaly A = ∑ i q^i ℓ_i (4)

with ℓ_i being the SU(3)_C quadratic index of the fermion ψ_i, such that ℓ_i = 1 for ψ_i transforming as a triplet. Note that the chiral PQ transformation of the axion, a → a + q^0 v_0 α (with α being the transformation parameter), reproduces as expected the original anomaly,

L_{eff} → L_{eff} + αA g^2 32π^2 tr [ G^{μν} ~G_{μν} ] . (5)

It is straightforward to generalize this result to the case where various scalar fields obtain a VEV. If the fields φ_i attain VEVs v_i, the resulting axion a is given in terms of the phase fields a_i by a = 1 M ( ∑ i a_i q^i v_i ) ≡ 1 √∑ i(q^i v_i)^2 ( ∑ i a_i q^i v_i ) , (6)

where M defines the scale at which U(1)_{PQ} is broken. The axion decay constant is then given by

F_a = M A . (7)

Considering the PQ transformation of the phase fields a_i, one recovers eq. (5). We would like to point out that in this case the axion decay constant is dominated by the largest VEV. This behavior might change if the low energy theory contains more than one PQ symmetry, as we shall discuss below.

2.2 Axions from Multiple U(1)s

In a next step we consider a supersymmetric theory with two PQ symmetries, denoted by U(1)_P × U(1)_Q, with respective (non-vanishing) anomalies A_P and A_Q, analogously defined as in eq. (4). The scalar fields of the theory transform as

φ_i → e^i(^{α qiP +β qiQ})φ_i (8)

under these symmetries. Note that the U(1) resulting from the linear combination

q^i_f = A_Q q^i_P − A_P q^i_Q (9)

is always anomaly-free.

Let us suppose that both U(1)s are broken spontaneously. This occurs if, for instance, two fields φ_1 and φ_2 develop VEVs, provided that their charges (q^1_P , q^1_Q) and (q^2_P , q^2_Q) are linearly independent, i.e.

q^1_P q^2_Q ≠ q^1_Q q^2_P . (10)

If the charges do not satisfy eq. (10), only one U(1) would be broken. As before, the spontaneous breaking of these U(1)s induces the term

L_{eff} = a F_a g^2 32π^2 tr [ G^{μν} ~G_{μν} ] ≡ ( a_1 F_{a1} + a_2 F_{a2} ) g^2 32π^2 tr [ G^{μν} ~G_{μν} ] . (11)

The constants F_{ai} are found by comparing the variation of L_{eff} due to the chiral PQ transformation of the phase fields, a_i → a_i + v_i (q^i_P α + q^i_Q β), and the one expected from the anomalous nature of U(1)_P × U(1)_Q,

L_{eff} → L_{eff} + (αA_P + βA_Q) g^2 32π^2 tr [ G^{μν} ~G_{μν} ] . (12)

The solutions are

F_{a1} = − v_1 q^1_P q^2_Q − q^1_Q q^2_P q^2_f

, F_{a2} = v_2 q^1_P q^2_Q − q^1_Q q^2_P q^1_f

. (13)

Note that these constants do not depend on the basis chosen for the U(1)s. Then, the axion and its decay constant are respectively given by a = −a_1 q^2_f v_2 + a_2 q^1_f v_1 √ (q^1_f v_1)^2 + (q^2_f v_2)^2

, (14a)

F_a = (( 1 F_{a1} )_2 + ( 1 F_{a2} )_2)−1/2 = v_1 v_2 (q^1_P q^2_Q − q^1_Q q^2_P ) √ (q^1_f v_1)^2 + (q^2_f v_2)^2

. (14b)

A few comments are in order. First, one can easily verify that, contrary to the previous case, if two U(1)s are broken by two fields attaining VEVs, the axion decay constant given by eq. (14b) is dominated by the smaller VEV: this is the key observation in view of a realization of a decay constant within the allowed “axion window”. Secondly, apart from the axion a, clearly the theory must have a Goldstone boson. It is the combination orthogonal to the axion, h = a_1 q^1_f v_1 + a_2 q^2_f v_2 √ (q^1_f v_1)^2 + (q^2_f v_2)^2

, (15)

associated to the broken anomaly-free symmetry, U(1)_f . If this symmetry is gauged, h is ‘eaten’ via the Higgs mechanism by the gauge boson of U(1)_f , making it massive. If U(1)_f is global, h remains as a massless (uncharged) field. As a last remark, from the above discussion we see that in theories with multiple spontaneously broken U(1)s, one could readily identify the axion as the unique combination of the phase fields that is orthogonal to all Goldstone bosons. This observation will help us in the following discussion.

2.3 The general case

The above two examples are sufficient to obtain an understanding of the general situation, where we have more than two U(1) symmetries and where the number of SM singlets acquiring VEVs exceeds the number of symmetries that are broken. In order to shed some light on the form of the axion and its decay constant, let us examine the scenario in which U(1)_P × U(1)_Q gets broken when three fields attain VEVs. One combination of the three phase fields a_i will provide the CP axion a, whereas the other two orthogonal combinations will yield a Goldstone boson h that does perceive chiral transformations, and an invariant phase field a^′.

To find the axion, we can proceed as before and determine the constants F_{ai} . A more manageable approach is to identify first the fields a^′ and h. The axion will be then the combination of a_i orthogonal to them. The result is a generalization of eqs. (14). In particular, assuming a large hierarchy of VEVs, for instance v_1 ≫ v_2 ≫ v_3, the axion decay constant becomes

F_a ≈ v_2 q^1_P q^2_Q − q^1_Qq^2_P

q^1_f

, (16)

that is, F_a is dominated by the second largest VEV (v_2 in our example) and neither by the largest nor by the smallest. The second largest VEV corresponds to the largest scale at which both symmetries, U(1)_P and U(1)_Q, are already broken. So, it seems natural to expect that, for any number of SM fields attaining VEVs, the axion decay constant will be dominated by the scale at which all PQ symmetries get broken. In the current case, with two PQ symmetries and a large VEV hierarchy, the scale of F_a will be given by the second largest VEV.

We can now state the result for the general case of M U(1) symmetries and N ≥ M SM singlet fields that obtain a VEV. By Goldstone’s theorem, we have generically M “Goldstone bosons” from the M spontaneously broken symmetries. This means that we have N − M invariant combinations of phase fields, which are orthogonal to these Goldstone bosons. Suppose that one of the Goldstone bosons lies in the anomalous direction and becomes an axion, while the other M − 1 ones remain massless, possibly eaten by gauge bosons. From the previous discussion, if the U(1)s are broken at hierarchically different scales, then the axion decay constant F_a is dominated by the Mth largest VEV.

2.4 Embedding in the heterotic string theory

In the heterotic string, there are various sources for axions. The spontaneous breakdown of the pseudo-anomalous U(1)_A gauge symmetry together with the Green-Schwarz mechanism produce the so-called model-independent axion, whose decay constant is fixed by the Planck scale (see e.g. [22]), too high to solve the strong CP problem. Model-dependent axions arise from the internal components of the B−field. Unfortunately, their decay constants are in general not much lower than in the previous case [22]. Admissible axions, on the other hand, might arise from the breaking of accidental global U(1) symmetries realized as low energy remnants of (stringy) discrete symmetries. In this case, the axion decay constant shall depend on the VEVs of the fields responsible for the breakdown of such global U(1)s.

In general, there is a set of fields with a large VEV dictated by the FI term (one or two orders of magnitude below the string scale). This is the scale where (some of) the gauge U(1) symmetries are broken and where also some of the anomalous U(1)s will be broken. The latter ones should not have a QCD anomaly (they could have e.g. hidden sector anomalies) and/or should be candidates for a quintessential axion. There could in addition be another set of singlet fields that obtain smaller VEVs that break the relevant PQ-symmetry at a scale in the axion window and thus give a hierarchically smaller F_a. The requirements for a satisfactory model are thus clear:

• find a model with an accidental (color)-anomalous U(1)^∗,

• identify a vacuum configuration where the VEVs driven by the FI term do not break U(1)^∗,

• search for a vacuum configuration where U(1)^∗ is broken by a VEV in the axion window (some other gauge U(1)s might be broken here as well),

• check that higher order non-renormalizable terms that break U(1)^∗ explicitly are sufficiently suppressed to avoid a too “large” axion mass.

A comment regarding the latter requirement is in order. Higher order terms in the superpotential break explicitly the accidental U(1)^∗ symmetry. This can pull the axion off from the CP-conserving vacuum and generate an additional contribution to the axion mass m^2_∗ [23, 24]. m^2_∗ is constrained by the bounds on the electric dipole moment of the neutron [25, 26]:

m^2_∗ ≲ 10^{−11} m^2_{QCD} ≈ 10^{−15}

GeV^4 F^2_a

, (17)

where m^2_{QCD} ≈ 10^{−4} GeV^4/F^2_a is the axion mass induced by QCD instantons. Not every U(1)^∗–violating superpotential term, however, contributes to the axion mass. The magnitude of the axion mass, induced by the explicit breaking of the U(1)^∗ symmetry, does not necessarily depend on the order of the lowest term in the superpotential that breaks this symmetry. It rather depends on the order of the (lowest) U(1)^∗–violating term that contributes to the axion mass directly. Note e.g. that if a superpotential term breaks U(1)^∗ explicitly, but contains two or more fields that do not develop VEVs, it does not contribute to the axion mass. It follows then that verifying whether eq. (17) is satisfied depends strongly on the specifics of the vacuum configuration and must be analyzed case by case.

We shall explore some candidate models in the next section.

3 QCD Axions in Orbifold Models

Let us turn now to the question of whether we can find suitable QCD axions in heterotic orbifold models. Recent progress in this framework has revealed that models resembling many features of the MSSM can be constructed [27–31]. In particular, we analyze a subset of the models found in [15] and identify those with the following properties: a) their superpotentials W must be symmetric under an accidental PQ symmetry, and b) they should admit vacua such that the PQ symmetry gets spontaneously broken at a phenomenologically admissible scale (see eq. (1)).

Identifying PQ symmetries of the superpotential W of a model requires to verify whether all superpotential terms of a given order preserve some U(1) symmetry other than the gauged ones. To find these accidental symmetries, it is convenient to use the method of [14], which we briefly summarize in the following. The superpotential of a model can be written as W = # terms ∑ i W_i with W_i =

# fields∏

j Φ^{λij}_j , (18)

where all coefficients are set to one and λ_{ij} are non-negative integers constrained by the order n of the superpotential according to ∑ j λ_{ij} ≤ n, for all i. Each element of the kernel (or null space) of the matrix ( λ^T λ ) defines the charges of the fields under an Abelian symmetry of W. Subtracting those symmetries contained in the gauge group, one is left with all accidental symmetries denoted by U(1)_{acc}.

Not every accidental symmetry of the theory can play the role of a U(1)_{PQ}. It is crucial that such symmetries also produce mixed U(1)_{acc} − SU(3) − SU(3) anomalies, that is, A = ∑ j ℓ_j q^j_{acc} ≠ 0 , (19)

where q^j_{acc} denote the accidental charges of the fields φ_j and ℓ_j refer, as before, to the quadratic indices of the SU(3) representations.

Using the method outlined above, we search for the accidental symmetries in a subset of realistic Z_6–II orbifold models found previously in the so-called Mini-Landscape [15, 17, 18]. We use the notation introduced there. We analyze 55 orbifold models based on the Mini-Landscape shift V^{SO(10),1} exhibiting the following properties:

• SM gauge group, • non-anomalous hypercharge U(1)_Y ⊂ SU(5), • spectrum = 3 generations + vector-like exotics, • heavy top, and • supersymmetric vacua.

The last property deserves a comment. The pseudo-anomalous symmetry U(1)_A (generically present in orbifold models) induces the FI term [32]

D_A ≈ ∑ j q^j_A |⟨φ_j ⟩|^2 +

M^2_{Pl} 192π^2 ∑ j q^j_A . (20)

Therefore, in supersymmetric vacua a set of fields φ_j have to acquire non-vanishing VEVs, such that D_A = 0. In general, solutions of the D = 0 conditions can be expressed by gauge invariant monomials [33],

I = φ^{m1}_1 φ^{m2}_2 . . . , (21)

where m_i are positive integers. In the case of an anomalous U(1), such a monomial must be invariant only with respect to the non-anomalous gauge symmetries in order to cancel the FI term, eq. (20). Since in our conventions ∑ j q^j_A > 0, a suitable vacuum configuration exists if there is a set of SM singlets, s_i ⊂ φ_j , that build a monomial with a total negative anomalous charge, ∑ j m_j q^j_A < 0 [30]. Therefore, the condition D_A = 0 sets the VEVs of the singlets s_i and, thereby, the scale of the breakdown of U(1)_A. In heterotic orbifolds, this scale can be as high as ∼ 10^{17} GeV. All models studied here have vacua satisfying D = 0 and preserving the SM gauge group unbroken (including

Order of W # Models with some # Models with some U(1)_{acc} U(1)_{PQ} 3 55 55 4 55 54 5 55 15 6 34 0

Table 1: Statistics of frequency of accidental PQ symmetries in a subset of promising Z_6–II heterotic orbifold models.

hypercharge).^3 This contradicts recent statements about model building in heterotic string orbifolds [34].

For each model, we choose a monomial suitable to cancel the FI term that involves only a few SM singlets. The VEVs of the fields in such a monomial is set close to the string scale by eq. (20). Further VEVs for other SM singlets which we will consider later are assumed to be significantly smaller. The global U(1)s in which we are interested are those of the effective superpotential at finite orders obtained after the cancelation of the FI term. We find that the studied orbifold models have generically one or more accidental symmetries. As presented in table 1, although most of the models have approximate global symmetries up to high orders, only at orders 3 and 4 most of them exhibit U(1)_{acc} − SU(3)−SU(3) anomalies. In fact, at order 6 in W, no model of the limited sample analyzed in this study has symmetries which can serve as a U(1)_{PQ}.

The explicit breaking of all accidental PQ symmetries at order 6 in these models could spoil the CP-conserving vacuum. However, from the discussion of sec. 2.4, a solution to the strong CP problem is still possible provided that the PQ-violating couplings contributing to the axion mass appear at higher orders. In addition, we have seen that requiring a hierarchy of VEVs lets us set the axion decay constant at an intermediate scale. Such a hierarchy could arise in this type of models from other symmetries of the low energy theory [13]. In the following we examine a model with only one U(1)_{PQ}.

3.1 A Z_6–II Model with a QCD Axion

A Z_6–II orbifold model which can lead to a suitable QCD axion is defined by the following gauge shift and Wilson lines:

V^{SO(10),1} = ( 1 3 , − 1 2 , − 1 2 , 0, 0, 0, 0, 0 ) ( 1 2 , − 1 6 , − 1 2 , − 1 2 , − 1 2 , − 1 2 , − 1 2 , 1 2 ) , W_3 = ( − 1 2 , − 1 2 , 1 6 , 1 6 , 1 6 , 1 6 , 1 6 , 1 6 ) ( 1, 0, − 1 3 , − 2 3 , 2 3 , − 5 3 , − 2 3 , 1 3 ) , 3As we only know the form of the superpotential without coefficients, we have to assume that F = 0 can be fulfilled and stabilizes the remaining D-flat directions. For generic coefficients of order 1, this has been checked in some examples.

# Representation Label # (Anti-)Repr. Label 3 (3, 2; 1, 1)_{1/6} q_i 9 (1, 2; 1, 1)_{−1/2} ℓ_i 6 (1, 2; 1, 1)_{1/2} ℓ̄_i 3 (1, 1; 1, 1)_1 ē_i 3 (3, 1; 1, 1)_{−2/3} ū_i 8 (3, 1; 1, 1)_{1/3} d̄_i 5 (3, 1; 1, 1)_{−1/3} d_i 12 (1, 1; 1, 1)_{1/2} s^+_i 12 (1, 1; 1, 1)_{−1/2} s^−_i 2 (1, 1; 1, 2)_{1/2} x^+_i 2 (1, 1; 1, 2)_{−1/2} x^−_i

# Representation Label 4 (1, 2; 1, 1)_0 m_i 2 (1, 2; 1, 2)_0 n_i 65 (1, 1; 1, 1)_0 s^0_i 12 (1, 1; 1, 2)_0 h_i 10 (1, 1; 4, 1)_0 w_i 10 (1, 1; 4, 1)_0 w̄_i

Table 2: Massless spectrum. The quantum numbers are shown with respect to SU(3)_C × SU(2)_L × SU(4) × SU(2), the hypercharge is given by the subscript.

W_2 = ( 3 4 , 1 4 , 1 4 , 1 4 , 1 4 , − 1 4 , − 1 4 , − 1 4 ) ( 5 2 , − 3 2 , −2, − 5 2 , − 5 2 , −2, −2, 2 ) . (22)

The unbroken gauge group after compactification is

G = SU(3)_C × SU(2)_L × U(1)_Y × [SU(4) × SU(2) × U(1)_A × U(1)^7] , (23)

where U(1)_Y denotes the standard SU(5) hypercharge and U(1)_A, the anomalous U(1). The massless matter spectrum is given in table 2; it contains three MSSM generations plus vector-like exotics with respect to SU(3)_C × SU(2)_L × U(1)_Y . All non-Abelian and Abelian charges of the massless particles are provided at our web page [35].

The selected vacuum has to preserve N = 1 SUSY. With this purpose, we require that the fields contained in the gauge invariant monomial

I_{FI} = ( s^0_{19}

)_2 s^0_{49} ( s^0_{52}

)_3 s^0_{57} ( s^0_{59}

)_2 (24)

(with total U(1)_A charge q_A(I_{FI}) = −25/6) acquire VEVs such that the FI term is canceled. As a consequence, the gauge symmetry is further broken to

G^′ = SU(3)_C × SU(2)_L × U(1)_Y × [SU(4) × SU(2) × U(1)^3] . (25)

After symmetry breaking, the effective superpotential W of this model contains 870 couplings of order up to five and is invariant with respect to 19 accidental U(1)s, in addition to the gauge symmetry group G^′. Only one accidental U(1), that we denote U(1)_{PQ}, presents mixed PQ-SU(3)_C anomalies: A = ∑ i ℓ_iq^i_{PQ} = 1 ≠ 0 . (26)

If the fields entering the gauge invariant monomial

I = s^0_1 s^0_{36} s^0_{37} (27)

Label q_A q_Y q_3 q_4 q_5 q_6 q_7 q_8 q_9 q_{PQ} s^0_1^5_3 0 −1 −3 0 0 −10 0 0 −2 s^0_{19} −^{11}_{18} 0^1_2^{11}_6 −^5_3 −^1_2 −^1_2^1_3 −^2_3 0 s^0_{36}^{22}_9 0 0 4 0 0 2 0 0 0 s^0_{37}^{13}_9 0 1 −1 0 0 8 0 0 1 s^0_{49}^7_9 0 −^1_2^4_3^5_6 0 12 −^2_3^4_3 0 s^0_{52} −^{22}_9 0 0 −4 0 0 −2 0 0 0 s^0_{57} −^4_9 0^1_2^1_3^5_6 0 −14 −^2_3^4_3 0 s^0_{59} −^{13}_9 0 −^1_2^{10}_3^5_6^1_2^9_2^1_3 −^2_3 0

Table 3: U(1) charges of the relevant non-Abelian singlets of a Z_6–II orbifold model with a PQ symmetry.

acquire VEVs, U(1)_{PQ} is broken spontaneously and the axion a = 1 M ( q^1_{PQ}v_1a_1 + q^{36}_{PQ}v_{36}a_{36} + q^{37}_{PQ}v_{37}a_{37} ) (28)

appears in the theory. Here a_i, q^i_{PQ} and v_i denote respectively the phase components, PQ charges and VEVs of the singlets of eq. (27). The U(1)_{PQ} breakdown scale M is read off from eq. (6).

Along the D-flat direction described by eq. (27), the VEVs of the singlets are equal. Thus, the axion decay constant is given by

F_a = M A = √( q^1_{PQ}v_1

)_2 + ( q^{36}_{PQ}v_{36}

)_2 + ( q^{37}_{PQ}v_{37}

)_2 = √ 5 v_1 , (29)

where we have considered the singlet charges displayed in table 3. Provided that the VEVs v_i are well below the scale of the FI term, say at ∼ 10^{12} GeV, the inverse axion coupling can agree with the current experimental bounds, eq. (1). Note that we have disregarded the axion-like components of the fields that acquire VEVs at the larger scale (see eq. (24)) as their contributions are subdominant.

There are two issues that still have to be addressed. First, since the U(1)_{PQ} is broken at order 6, we have to verify whether there appear large contributions to the axion mass. In the current model, the first contribution to the axion mass from the explicit breaking of U(1)_{PQ} arises at order 16. We have estimated the contribution to the axion mass to be m^2_∗ ∼ 10^{−18} GeV^4/F^2_a , consistent with the current experimental bound, eq. (17). Second, in the vacuum configuration chosen here, most of the exotics remain massless. This problem is due to the small number of fields that are chosen to develop large VEVs (see eq. (24)). However, as shown in [15–19], there exist supersymmetric vacua where all exotics acquire masses because (almost) all the SM singlets attain VEVs. In the current model, we find a monomial I_{FI} containing 32 fields that leaves a U(1)_{PQ} symmetry unbroken and provides masses for many more exotics. Whether there exist configurations where all exotics are decoupled and simultaneously a U(1)_{PQ} is retained is a question beyond the scope of the current letter and will be addressed elsewhere. Note that this is related to the magnitude of m^2_∗, as integrating out heavy exotics could induce further contributions to the axion mass.

4 Conclusions

Discrete symmetries (as found abundantly in models of the heterotic brane world) are suited to solve the strong CP problem in a satisfactory way. They might give rise to accidental global U(1)_{PQ} symmetries as “low energy” remnants. Accions – the axion like particles of the spontaneous breakdown of these symmetries – could have a decay constant F_a in the allowed axion window, eq. (1).

The key observation for this latter fact has been explained in section 2, formula (14). In a system with an anomalous and a non-anomalous U(1) symmetry broken by two fields with nontrivial VEVs, it is the smallest of these VEVs that corresponds to the accion decay constant F_a. This allows a decoupling of F_a from the large VEVs required to cancel the FI terms (which appear to be only one or two orders of magnitude below the string scale). The actual value of F_a depends strongly on the vacuum configuration of the system and requires further model building. In this framework of models with accidental U(1) symmetries, such a hierarchy of the scales could be potentially created along the lines explained in ref. [13].

The implementation of the accion-system in the framework of realistic MSSM models from the heterotic string is still in its infancy. The identification of suitable candidates for accidental U(1)’s requires an enormous amount of computer work. In section 3 we have examined a few candidate models from our previous MSSM search that can serve as an existence proof for the accion solution to the strong CP-problem. A few things remain to be done: the decoupling of exotics at higher order in the superpotential and a detailed discussion of the accion mass arising from the explicit breakdown of the accidental U(1) symmetry. Such an analysis is beyond the scope of the present paper. It would require substantially higher computer power and/or new algorithms to efficiently attack the problem. Work along this direction is under way.

Acknowledgments

We would like to thank Jihn E. Kim and Michael Ratz for useful discussions. KSC is supported in part by the Grant-in-Aid for Scientific Research No. 20·08326 and 20540266 from the Ministry of Education, Culture, Sports, Science and Technology of Japan. P.V. would like to thank LMU Excellent for support. This research was supported by the DFG cluster of excellence Origin and Structure of the Universe, the European Union

6th framework program MRTN-CT-2006-035863 “UniverseNet” and SFB-Transregio 33 ”The Dark Universe” by Deutsche Forschungsgemeinschaft (DFG).

References

[1] S. Weinberg, Phys. Rev. Lett. 40 (1978), 223–226. [2] F. Wilczek, Phys. Rev. Lett. 40 (1978), 279–282.

[3] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 (1977), 1440–1443. [4] J. E. Kim, Phys. Rev. Lett. 43 (1979), 103.

[5] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B104 (1981), 199. [6] T. Banks and L. J. Dixon, Nucl. Phys. B307 (1988), 93–108.

[7] T. Kobayashi, H. P. Nilles, F. Plöger, S. Raby, and M. Ratz, Nucl. Phys. B768 (2007), 135–156, [hep-ph/0611020].

[8] T. Araki et al., Nucl. Phys. B805 (2008), 124–147, [0805.0207]. [9] S. Weinberg, Phys. Rev. Lett. 29 (1972), 1698–1701.

[10] G. Lazarides, C. Panagiotakopoulos, and Q. Shafi, Phys. Rev. Lett. 56 (1986), 432. [11] J. E. Kim, JHEP 05 (1999), 022, [hep-ph/9811509].

[12] J. E. Kim and H. P. Nilles, Phys. Lett. B553 (2003), 1–6, [hep-ph/0210402]. [13] R. Kappl et al., (2008), 0812.2120.

[14] K.-S. Choi, I.-W. Kim, and J. E. Kim, JHEP 03 (2007), 116, [hep-ph/0612107]. [15] O. Lebedev et al., Phys. Lett. B645 (2007), 88–94, [hep-th/0611095]. [16] O. Lebedev et al., Phys. Rev. Lett. 98 (2007), 181602, [hep-th/0611203]. [17] O. Lebedev et al., Phys. Rev. D77 (2008), 046013, [0708.2691]. [18] O. Lebedev, H. P. Nilles, S. Ramos-Sánchez, M. Ratz, and P. K. S. Vaudrevange, Phys. Lett. B668 (2008), 331–335, [0807.4384].

[19] H. P. Nilles, S. Ramos-Sánchez, M. Ratz, and P. K. S. Vaudrevange, Eur. Phys. J.

C59 (2009), 249–267, [0806.3905].

[20] S. Groot Nibbelink, H. P. Nilles, and M. Trapletti, Phys. Lett. B652 (2007), 124– 127, [hep-th/0703211].

[21] E. Witten, Phys. Lett. B149 (1984), 351–356.

[22] P. Svrček and E. Witten, JHEP 06 (2006), 051, [hep-th/0605206]. [23] S. M. Barr and D. Seckel, Phys. Rev. D46 (1992), 539–549.

[24] M. Kamionkowski and J. March-Russell, Phys. Lett. B282 (1992), 137–141, [hep-th/9202003].

[25] C. A. Baker et al., Phys. Rev. Lett. 97 (2006), 131801, [hep-ex/0602020]. [26] J. E. Kim and G. Carosi, (2008), 0807.3125.

[27] S. Förste, H. P. Nilles, P. K. S. Vaudrevange, and A. Wingerter, Phys. Rev. D70 (2004), 106008, [hep-th/0406208].

[28] T. Kobayashi, S. Raby, and R.-J. Zhang, Nucl. Phys. B704 (2005), 3–55, [hep-ph/0409098].

[29] W. Buchmüller, K. Hamaguchi, O. Lebedev, and M. Ratz, Nucl. Phys. B712 (2005), 139–156, [hep-ph/0412318].

[30] W. Buchmüller, K. Hamaguchi, O. Lebedev, and M. Ratz, (2006), hep-th/0606187. [31] J. E. Kim and B. Kyae, Nucl. Phys. B770 (2007), 47–82, [hep-th/0608086]. [32] J. J. Atick, L. J. Dixon, and A. Sen, Nucl. Phys. B292 (1987), 109–149. [33] F. Buccella, J. P. Derendinger, S. Ferrara, and C. A. Savoy, Phys. Lett. B115 (1982), 375.

[34] R. Tatar and T. Watari, Nucl. Phys. B810 (2009), 316–353, [0806.0634]. [35] K.-S. Choi, H. P. Nilles, S. Ramos-Sánchez, and P. K. S. Vaudrevange, Orbifold tables, 2009, http://www.th.physik.uni-bonn.de/nilles/Z6IIorbifold/axions/.