arXiv:1104.3274v1 [hep-ph] 17 Apr 2011

Preprint typeset in JHEP style - HYPER VERSION KYUSHU-HET 125, TU-882

Mixed Mediation of Supersymmetry Breaking with Anomalous U(1) Gauge Symmetry

Kiwoon Choi,^a Kwang Sik Jeong,^b Ken-Ichi Okumura^c and Masahiro Yamaguchi^b aDepartment of Physics, KAIST, Daejeon 305-701, Korea bDepartment of Physics, Tohoku University, Sendai 980-8578, Japan cDepartment of Physics, Kyushu University, Fukuoka 812-8581, Japan E-mail : kchoi@kaist.ac.kr, ksjeong@tuhep.phys.tohoku.ac.jp,

okumura@phys.kyushu-u.ac.jp, yama@tuhep.phys.tohoku.ac.jp

Abstract: Models with anomalous U(1) gauge symmetry contain various superfields which can have nonzero supersymmetry breaking auxiliary components providing the origin of soft terms in the visible sector, e.g. the U(1) vector superfield, the modulus or dilaton superfield implementing the Green-Schwarz anomaly cancellation mechanism, U(1)-charged but standard model singlet matter superfield required to cancel the Fayet-Iliopoulos term, and finally the supergravity multiplet. We examine the relative strength between these supersymmetry breaking components in a simple class of models, and find that various different mixed mediations of supersymmetry breaking, involving the modulus, gauge, anomaly and D-term mediations, can be realized depending upon the characteristics of D-flat directions and how those D-flat directions are stabilized with a vanishing cosmological constant. We identify two parameters which represent such properties and thus characterize how the various mediations are mixed. We also discuss the moduli stabilization and soft terms in a variant of KKLT scenario, in which the visible sector Kähler modulus is stabilized by the D-term potential of anomalous U(1) gauge symmetry.

Keywords: Anomalous U(1) symmetry, Moduli stabilization, Supersymmetry Breaking.

Contents

1. Introduction 1

2. SUSY breaking in models with anomalous U(1) 2 2.1 SUSY breaking auxiliary components 2 2.2 Soft terms 7

3. Stabilization of the D-flat direction 10 3.1 Uplifting potential 10 3.2 Models with non-perturbative superpotential 11 3.3 Models with radiative stabilization 18 3.4 Models with non-renormalizable superpotential 20 3.5 KKLT with D-term stabilization 22

4. Conclusion 25

1. Introduction

Anomalous U(1) gauge symmetry, which will be referred to as U(1)_A in the following, appears often in 4-dimensional (4D) effective theory of string compactification. It accompanies a modulus T which transforms nonlinearly under U(1)_A, and the holomorphic gauge kinetic function of the model depends on T as f_a ∋ k_aT , where k_a is a real constant. Then the variation of f_a under U(1)_A cancels the anomaly due to the loops of light fermions, realizing the Green-Schwarz (GS) anomaly cancellation mechanism [1]. The U(1)_A gauge boson receives a mass through the Stückelberg mechanism associated with the nonlinear transformation of T , which is typically not far below the string or Planck scale. The nonlinear transformation of T also induces a moduli-dependent Fayet-Iliopoulos (FI) term [2]. It has been noticed that anomalous U(1) gauge symmetry can have a variety of interesting phenomenological implications. It can be used to forbid dangerous interactions such as the ones which lead to a too rapid proton decay, or to explain the smallness of some couplings in the low energy theory. In some cases, it can be identified as a flavor symmetry that explains the observed hierarchical fermion masses [3, 4, 5, 6].

Due to the existence of the GS modulus T and the associated FI term, anomalous U(1) gauge symmetry can play an important role in supersymmetry (SUSY) breaking and its transmission to the supersymmetric standard model [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. In most cases, the FI term has a vacuum expectation value (VEV) far above the weak scale, even close to the Planck scale in some cases. Then, to avoid a too large D-term SUSY breaking, the FI term should be cancelled by other contribution to the U(1)_A D-term due

– 1 – to U(1)_A charged but standard model (SM) singlet matter field X. This SM singlet X can play another important role. In many cases, string models with U(1)_A contain exotic matter fields Φ, Φ^c which are vector-like under the SM gauge group, and these exotic matter fields get a mass far above the weak scale through the Yukawa coupling to X. Then they can be identified as the messenger for gauge-mediated SUSY breaking if the F -component of X develops a nonzero VEV.

Therefore, models with anomalous U(1) gauge symmetry contain various sources of SUSY breaking, including (i) the U(1)_A D-term, (ii) the F -component of the GS modulus T , (iii) the F -component of the chiral matter superfield X whose lowest component cancels the FI term and provides a large mass to exotic matter fields, and finally (iv) the auxiliary component of the supergravity (SUGRA) multiplet which is generically of the order of the gravitino mass m_{3/2}. Then the visible sector soft terms receive modulus-mediated contribution of the order of F^T and gauge-mediated contribution of the order of^{g2}_{8π2}^{F X}_X , as well as the anomaly-mediated contribution of the order of^{g2}_{8π2} m_{3/2}. Furthermore, there can be D-term contribution to scalar masses for U(1)_A charged matter fields. This means that the four well-known mediation schemes of SUSY breaking, i.e. moduli mediation [17], gauge mediation [18, 19], anomaly mediation [20] and D-term mediation, generically appear together in models with U(1)_A.

In this paper we wish to examine the possible pattern of the mediation of SUSY breaking in models with anomalous U(1) gauge symmetry. As we will see, the relative strength between different mediations crucially depends on the characteristics of the Dflat directions, and also on how the D-flat directions are stabilized. Depending upon the detailed form of the Kähler potential and superpotential, various different mixed mediations involving some or all of the moduli, gauge, anomaly and D-term mediations can be realized within a relatively simple class of models.

This paper is organized as follows. In section 2, we discuss generic features of supersymmetry breaking and the resulting pattern of soft terms in models with anomalous U(1) gauge symmetry. In section 3, we consider a set of specific models to examine the stabilization of D-flat directions under the constraint of nearly vanishing cosmological constant, and evaluate the relative strength between different mediations in each model. Section 4 is the conclusion.

2. SUSY breaking in models with anomalous U(1)

In this section, we discuss generic aspects of supersymmetry breaking in models with anomalous U(1) symmetry. We first examine the relations between different SUSY breaking auxiliary components in models with U(1)_A, and then discuss the resulting pattern of soft terms.

2.1 SUSY breaking auxiliary components

In the presence of anomalous U(1) gauge symmetry, the quantum consistency of the theory is ensured by the GS anomaly cancellation mechanism [1]. This mechanism is implemented

– 2 – by a non-linear variation of the GS modulus T → T − δ_{GS} 2 Λ_A (2.1)

under the gauge transformation V_A → V_A − 1 2 (Λ_A + Λ^∗_A), (2.2)

where V_A is the vector superfield containing the U(1)_A gauge field. For the anomaly cancellation to work, the holomorphic gauge kinetic function of the model should contain a T -dependent piece,

f_a = k_aT + · · · , (2.3)

where k_a is a real constant and the ellipsis stands for the T -independent part. In the normalization convention of T for which k_a = O(1), the anomaly cancellation implies δ_{GS} 2 = O ( 1 8π^2 ) . (2.4)

Since the U(1)_A invariance forces the modulus Kähler potential K_0 to be a function of the gauge-invariant combination t_A = T +T^∗ −δ_{GS} V_A, the GS mechanism dynamically induces a modulus-dependent FI term^1

ξ_{F I} = δ_{GS} 2 ∂_T K_0, (2.5)

while rendering the vector superfield V_A massive through the Stückelberg mechanism:

ΔM^2_V = g^2_Aδ^2_{GS} 2 ∂_T ∂¯_T K_0, (2.6)

where g_A is the U(1)_A gauge coupling.

To proceed, let us consider 4D effective SUGRA model with chiral superfields Φ_I = {T_M , ϕ_i}, where T_M = {T, T_α} stand for generic moduli including the GS modulus T and ϕ_i are chiral matter superfields with U(1)_A charge q_i. Under U(1)_A, these chiral superfields transform as

δΦ_I = η^I Λ_A, (2.7)

where the holomorphic Killing vectors η^I are given by

η^T = − 1 2 δ_{GS} , η^{Tα} = 0, η^{ϕi} = q_iϕ_i. Since the moduli stabilization is relatively insensitive to the form of the matter Kähler metric, we assume for simplicity that the Kähler metric of ϕ_i is independent of moduli.

1Unless specified, we will use the convention M_{P l} = 1 throughout this paper, where M_{P l} = 2.4 × 10^{18} GeV is the reduced Planck scale.

– 3 –

(In fact, most of our results apply well at least qualitatively to the case when the matter Kähler metrics are moduli-dependent.) Then the Kähler potential of the model takes the form:

K = K_0(t − δ_{GS} V_A, T_α, T^∗_α) + ∑ i ϕ^∗_i e^{2qiVA} ϕ_i, (2.8)

where t = T + T^∗ and we have ignored the terms of higher order in ϕ_i which are presumed to be suppressed by 1/M_{P l}. The associated U(1)_A gauge boson mass and D-term are given by M^2_V = 2g^2_Aη^I η^J ∂_I ∂¯_J K = 2g^2_A ( M^2_{GS} + ∑ i q^2_i |ϕ_i|^2 ) , D_A = −η^I ∂_I K = ξ_{F I} − ∑ i q_i|ϕ_i|^2, (2.9)

where

ξ_{F I} = δ_{GS} 2 ∂_T K_0, M^2_{GS} = δ^2_{GS} 4 ∂_T ∂¯_T K_0.

From this, one easily finds

m_{3/2}D_A = η^I F^{J̄} ∂_I ∂¯_J K = ∑ i q_i|ϕ_i|^2 ( F^i ϕ_i )_∗ − 1 2 δ_{GS} ∑ M F^{M̄} ∂_T ∂¯_M K_0, (2.10)

where m_{3/2} = e^{K/2}W for the superpotential W , and the auxiliary F -component of Φ_I = {T_M , ϕ_i} is defined as

F^I = −e^{K/2}K^{IJ̄} (∂_J W + W ∂_J K)^∗.

Combining (2.10) with the stationary condition ∂_I (V_F + V_D) = 0, one can derive [15, 21] ( V_F + 2|m_{3/2}|^2 + 1 2 M^2_V ) D_A = −F^I F^{J̄} ∂_I ∂¯_J (η^L∂_LK) + V_Dη^I ∂_I g^2_A, (2.11)

where the F and D term scalar potentials are given by

V_F = K_I¯_J F^I F^{J̄} − 3e^K |W |^2, V_D = g^2_A 2 D^2_A. (2.12)

This relation can be generalized to the case including an uplifting potential V_{lift} which might be necessary to achieve a vacuum with nearly vanishing cosmological constant. As long as V_{lift} ≪ M^2_V (in the unit with M_{P l} = 1), which is always the case in models with low energy SUSY, the effect of V_{lift} in the generalized version of (2.11) can be safely ignored, and we can apply (2.11) to the case with V_{lift} as well. We then find

g^2_AD_A = −

F^I F^{J̄} ∂_I ∂¯_J (η^L∂_LK) η^I η^{J̄} ∂_I ∂¯_J K ( 1 + O ( m^2_{3/2} M^2_V ))

= 1 2 δ_{GS} ∑ MN F^M F^{N̄} ∂_T ∂_M ∂¯_N K_0 − ∑ i q_i|F^i|^2 1 4 δ^2_{GS} ∂_T ∂¯_T K_0 + ∑ i q^2_i |ϕ_i|^2 ( 1 + O ( m^2_{3/2} M^2_V )) . (2.13)

– 4 –

In models with low energy SUSY, m_{2/3} and √ D_A have a VEV in TeV or multi-TeV range (or lower than TeV). On the other hand, although it depends on the stabilization of D-flat directions, typically there exist some U(1)_A charged (but SM singlet) matter fields having a VEV far above TeV. Also, with the Stückelberg contribution (2.6), the U(1)_A gauge boson mass M_V is rather close to the Planck scale or the string scale, thus is much higher than TeV. Then the relations (2.9), (2.10) and (2.13) give rise to 1 2 δ_{GS} ∂_T K_0 ≃ ∑ i q_i|ϕ_i|^2, 1 2 δ_{GS} ∑ M F^M ∂_M ∂¯_T K_0 ≃ ∑ i q_i|ϕ_i|^2 ( F^i ϕ_i ) ,

g^2_AD_A ≃ 1 2 δ_{GS} ∑ MN F^M F^{N̄} ∂_T ∂_M ∂¯_N K_0 − ∑ i q_i|ϕ_i|^2 | |_F i_ϕ i | |^2 1 4 δ^2_{GS} ∂_T ∂¯_T K_0 + ∑ i q^2_i |ϕ_i|^2

, (2.14)

which in fact correspond to the lowest component, the F -component, and the D-component of the equation of motion for the U(1)_A vector superfield V_A in the limit that V_A receives a large supersymmetric mass.

Eq. (2.14) includes relations between the moduli F -components F^M , the matter F - components F^i, and the U(1)_A D-term. To see the implication of those relations more clearly, let X denote the U(1)_A charged (but SM singlet) matter field with the largest VEV, and consider the case that the FI term in D_A is cancelled dominantly by q_X |X|^2, so |X|^2 ∼ |ξ_{F I} | ≫ D_A. (2.15) We further assume that F^T and F^X /X are at least comparable to other moduli and matter F -components, respectively. Then, in the convention with q_X = −1, we find F^X X ≃ ( K^{′′}_0 K^′_0 ) F^T ,

g^2_AD_A ≃ (_{K′′0} K^′_0

)_2 −^{K′′′0}_K′_0 1 −^{δGS}_2^{K′′0}_{K′0} |F^T |^2, F^X X = −m^∗_{3/2} ( 1 + ∂_X W X^∗W )_∗ , (2.16)

where the prime denotes the derivative with respect to t = T + T^∗, and the last relation is derived from F^X = −e^{K/2}K^{XĪ} (D_I W )^∗. These relations suggest that the relative ratios between the four SUSY breaking auxiliary components F^T , F^X , m_{3/2} and D_A are determined mostly by

R_1 ≡ − δ_{GS} 2 K^{′′}_0 K^′_0

, R_2 ≡ ( D_X W X^∗W )_∗ = 1 + ( ∂_X W X^∗W )_∗ , (2.17)

where R_1 > 0 in our convention with q_X = −1. More specifically, in the basis where F^T is real, we obtain

F^T : F^X X : m^∗_{3/2} : g_A √ D_A ≃ δ_{GS} 2R_1

: −1 : 1 R_2 : 1 √ R_1 + 1

, (2.18)

– 5 – where the first three relations are precise, while the relative size of √ D_A is approximately estimated under the assumption that K^{′′′}_0 /K^{′′}_0 is comparable to (or smaller than) K^{′′}_0 /K^′_0, which holds true in most cases. In the subsections 3.2 and 3.3, we will discuss explicit examples in which the D-flatness is achieved as (2.15), and therefore the ratios between the SUSY breaking auxiliary components are given by (2.18).

Let us now discuss the possible ranges of R_1 and R_2. The first possibility is that K^{′′}_0 ∼ K^′_0, which would result in

R_1 = O (δ_{GS} ) = O ( 1 8π^2 ) . (2.19)

An example for such case is provided by the modulus Kähler potential

K_0 ≃ −n_0 ln(T + T^∗ − δ_{GS} V_A) (2.20)

for T stabilized at a value of order unity.

Another even more interesting possibility is that T is stabilized at near a point with ξ_{F I} =^1_2 δ_{GS} K^′_0 = 0, which would give

R_1 = O(1) or ≫ 1. (2.21)

This would be a plausible scenario if the Kähler potential admits a limit with ξ_{F I} = 0, or more generally a limit with ξ_{F I} far below M^2_{P l}, since ξ_{F I} = ϕ_i = 0 is a point of enhanced (approximate) symmetry^2 and satisfies the equation of motion in the limit to ignore SUSY breaking effects. Then a (local) minimum of the scalar potential with nonzero but small VEV of |X|/M_{P l} can be developed by small SUSY breaking effects, which results in a tiny VEV of ξ_{F I} /M^2_{P l} ≃ −|X|^2/M^2_{P l}. It has been known that many brane models constructed within type IIA or IIB string theory admit supersymmetric brane configuration with smooth background spacetime geometry, which gives rise to an anomalous U(1) gauge symmetry with ξ_{F I} = 0 [22]. In addition, it has recently been noticed that heterotic string compactification also can give rise to such a solution with ξ_{F I} = 0 [23], which is at the boundary of the Kähler moduli space in which the Hermitian Yang-Mills equations are satisfied. There are also examples that ξ_{F I} = 0 correspond to a singular limit of collapsing cycle (or orbifold) [24]. So an anomalous U(1) symmetry with ξ_{F I} = 0 somewhere in moduli space is not unusual, but appears quite often in phenomenologically interesting set of string compactifications.

The value of R_2 is determined mostly by the mechanism to stabilize the D-flat directions involving X. In case that X is the dominant matter field which cancels the FI term, there is only one relevant D-flat direction described by Xe^{−2T /δGS} . However, if there exists additional matter field Y having an opposite U(1)_A charge and comparable VEV, there will be additional D-flat direction described by a U(1)_A invariant holomorphic monomial of X and Y . If the superpotential of the model is independent of these X-dependent D-flat directions, so ∂_X W = 0, by definition R_2 has a value close to the unity. In this case, the D-flat directions should be stabilized by nontrivial structure of the Kähler potential which

2Note that DA = 0 and the global part of U(1)A is restored at this point.

– 6 – might be induced by radiative corrections. Another possibility is that the superpotential contains a higher dimensional term depending on X, e.g. ΔW ∼ X^3Y for q_Y = −3q_X , and then X is stabilized by the competition between the supersymmetric potential |∂_X W |^2 and the SUSY breaking terms controlled by m_{3/2} ∼ W/M^2_{P l}, e.g. an A-term of the form m_{3/2}X∂_X W or a scalar mass term of the form −m^2_{3/2}|X|^2. Such setup stabilizes the D-flat direction at a (local) minimum satisfying

|∂_X W |^2 ∼ m_{3/2}X∂_X W or m^2_{3/2}|X|^2, (2.22)

for which

R_2 = 1 + ( ∂_X W X^∗W )_∗ = O(1). (2.23)

It is also possible that |R_2| has a value much smaller or much larger than the unity. For instance, if the D-flat direction Xe^{−2T /δGS} is stabilized by a nonperturbative superpotential ΔW ∼ X^ne^{−2nT /δGS} at near the supersymmetric solution with D_X W = 0, we have

|R_2| ≪ 1. (2.24)

In other case that the superpotential provides spontaneous SUSY breaking in the global SUSY limit, e.g. through the Polonyi term of the form ΔW ∼ e^{−2T /δGS} X, it is also possible that

|R_2| ≫ 1. (2.25)

In this case, the condition for vanishing cosmological constant provides an upper limit |R_2| ∼ | | | ∂_X W XW | | | ≲ O ( M_{P l} √ |ξ_{F I} | ) , (2.26)

where we have used |X|^2 ≃ |ξ_{F I} | together with the observation that |∂_X W |^2 ≲ O(|W |^2/M^2_{P l}) in order for the cosmological constant to be nearly vanishing.

The above discussion implies that even within a relatively simple class models a variety of different patterns of SUSY breaking can be realized, depending on the characteristics of D-flat directions and how those D-flat directions are stabilized. In more complicate situation in which there exist multiple number of moduli and/or of U(1)_A-charged matter fields providing non-negligible amount of SUSY breaking, there can be more model-dependent variation in the pattern of SUSY breaking. In the next section, we will examine a set of simple models realizing the scenarios considered above, and evaluate the values of R_1 and R_2 in those models.

2.2 Soft terms

The SUSY-breaking auxiliary components F^T , F^X , m_{3/2} and D_A can generate soft SUSYbreaking masses in the visible sector through various mediation mechanisms as described below.

– 7 –

A) Modulus mediation: Since the gauge kinetic function f_a ∋ k_aT , the F -term of the GS modulus generates the gaugino masses as

M_a(MM) = F^T ∂_T ln Re(f_a) = k_ag^2_a(Λ) 2 F^T , (2.27)

at a scale Λ close to the Planck or string scale [17]. Similarly the T -dependence of matter wave functions gives rise to soft scalar masses which are generically of O(|F^T |^2):

m^2_i (MM) = −|F^T |^2∂_T ∂¯_T ln(e^{−K0/3}Z_i), (2.28)

where Z_i is the Kähler metric of the matter superfield ϕ_i.

B) Gauge mediation: Soft masses can receive a gauge-mediated contribution if there exist gauge-charged messenger fields which couple to X [18, 19]. Indeed, in most of the known potentially (semi)realistic string models with U(1)_A, there exist exotic matter fields Φ, Φ^c which are vector-like under the SM gauge group and become massive through the Yukawa coupling

ΔW = y_ΦXΦΦ^c. (2.29)

Then, gaugino masses are generated at the messenger scale Λ_Φ = λ_Φ⟨X⟩ according to

M_a(GM) = −

N_Φg^2_a(Λ_Φ) 16π^2 F^X X , (2.30)

where N_Φ is the number of Φ + Φ^c which are assumed to form 5 + ¯5 of SU(5). Gauge mediation induces soft scalar masses also, giving

m^2_i (GM) = O (( 1 8π^2 F^X X )_2)

. (2.31)

An interesting feature of the gauge mediation in models with U(1)_A is the contribution to scalar masses originating from D_A. Because ΦΦ^c carries a U(1)_A charge q_Φ + q_Φc = 1 (note that we use the convention q_X = −1), the supertrace of the messenger mass matrix is non-vanishing due to the D-term contribution. As a result, gauge-mediated soft scalar masses contain the piece [25]

δm^2_i (GM) ≃ ∑ a C^a_i g^4_a

N_Φ ln(Λ/Λ_Φ) (8π^2)^2 g^2_AD_A, (2.32)

where C^a_i is the quadratic Casimir of ϕ_i. This piece can be important for matter fields with q_i = 0 when g^2_AD_A ≳ |F^X /X|^2.

C) Anomaly mediation: Supergravity always mediates SUSY breaking through the conformal anomaly [20]. This effect can be described by introducing the supergravity conformal compensator C with an F -component:

F^C = m^∗_{3/2} + 1 3 F^I ∂_I K, (2.33)

– 8 –

Figure 1: Relative strength of each mediation. Either modulus, gauge, or anomaly mediation dominates over the other two in the blue region, while mixed mediations are realized in the red and green regions. The dashed blue line is the contour for a given value of m_{soft}(D)/m̂_{soft}, where m̂_{soft} is the biggest of m_{soft}(MM, GM, AM).

which is generically of the order^3 of m_{3/2}. In this formulation, due to the super-Weyl invariance, the C-dependence of physical gauge couplings and wavefunction coefficients is determined by the renormalization group running, which results in

M_a(AM) = β_a g_a F^C = O (m_{3/2} 8π^2 ) , m^2_i (AM) = − 1 4 dγ_i d ln μ | |F^C | |^2 = O (( m_{3/2} 8π^2

)_2) , (2.34)

where β_a = dg_a/d ln μ and γ_i = d ln Z_i/d ln μ are the gauge beta-function and the matter anomalous dimension, respectively.

D) D-term contribution: In the presence of anomalous U(1)_A, there can be a D-term contribution to the soft scalar mass for U(1)_A charged matter fields:

m^2_i (D) = −q_ig^2_AD_A, (2.35)

where q_i denotes the U(1)_A charge of the corresponding matter field.

Let us now examine the relative importance of these mediations in the case that

|X|^2 ∼ |ξ_{F I} | ≫ D_A (2.36)

and F^T and F^X /X are at least comparable to other moduli and matter F -components, respectively. In such case, the ratios between auxiliary components are estimated as (2.18), and then we find the following order of magnitude relation between different mediations:

m_{soft}(MM) : m_{soft}(GM) : m_{soft}(AM) : m_{soft}(D) ∼ 1 R_1

: 1 : 1 R_2 : 8π^2 √ R_1 + 1

. (2.37)

3In some case such as the no-scale model, there can be a cancellation between m_{3/2} and^1_3 F^I ∂I K, which would result in |F^C | ≪ |m_{3/2}|.

– 9 –

Note that the ratios between the modulus, gauge and D-term mediations are determined essentially by a single parameter R_1, while the relative importance of anomaly mediation is determined by R_2. Fig. 1 shows the relative strength of modulus, gauge, and anomaly mediation as a function of R_1 and R_2. Also shown in the figure is the contour of the ratio between m_{soft}(D) and the biggest of m_{soft}(MM), m_{soft}(GM) and m_{soft}(AM). As we have noticed, both R_1 and R_2 are quite model-dependent and can have a wide range of values. In the subsections 3.2 and 3.3, we will discuss a set of simple models in which the SUSY breaking auxiliary components are given by (2.18), and therefore the soft masses obey the relation (2.37). In the subsequent subsections, we will consider other type of models which require a separate discussion as the relation (2.18) does not apply.

3. Stabilization of the D-flat direction

In this section, we explore with explicit examples how the D-flat directions in models with U(1)_A can be stabilized at a phenomenologically viable (meta-stable) vacuum with nearly vanishing cosmological constant. We will consider two different types of models, one in which the D-flatness is achieved mostly by the cancellation between ξ_{F I} and the matter field with the largest VEV, and the other in which the D-flatness is achieved mostly by the cancellation between two matter fields with opposite U(1)_A charges. For the first type of models discussed in the subsections 3.2 and 3.3, the simple relations (2.18) and (2.37) are satisfied, so the structure of mixed mediation is determined by R_1 and R_2. On the other hand, (2.18) and (2.37) do not apply to the second type of models discussed in the subsections 3.4 and 3.5. Our results show that various different mixed mediations can be realized within a relatively simple class of models.

3.1 Uplifting potential Quite often, SUSY breaking by U(1)_A charged fields alone cannot give a nearly vanishing cosmological constant, and then one needs to introduce additional SUSY breaking providing an uplifting potential for de-Sitter or Minkowski vacuum solution. If U(1)_A charged fields all get a mass ≫ m_{3/2}, the stabilization would not be affected significantly by the uplifting potential. However, in case that some D-flat direction has a mass ≲ m_{3/2}, the uplifting potential can play an important role for the stabilization. This means that one needs to include the uplifting potential explicitly in the analysis in order to draw a reliable conclusion on the stabilization. To be specific, here we will consider a particular form of uplifting potential which originates from a sequestered SUSY breaking sector in which SUSY is non-linearly realized.

Then the full scalar potential of the model can be derived from the following 4D SUGRA action: ∫ d^4θ CC̄ ( −3e^{−K/3} + CC̄M^4Λ^2Λ̄^2 ) + (∫ d^2θ C^3W + h.c. ) , (3.1)

where C is the chiral compensator superfield introduced to encode the SUSY breaking effects due to the auxiliary component of the SUGRA multiplet, K and W are the conventional Kähler potential and superpotential of the model, and Λ^2Λ̄^2 is the Volkov-Akulov

– 10 –

(VA) action of the Goldstino superfield Λ^α = θ^α +^1_{M 2} λ^α, where λ^α is the Goldstino fermion. Here the C-dependence of the action is determined by the super-Weyl invariance. The VA action might be a low energy consequence of spontaneous SUSY breaking at some high energy scale, e.g. a low energy realization of the action ∫ d^4θCC̄ ( ZZ̄ − Z^2Z̄^2 M^2_1 ) + (∫ d^2θ C^3M^2_2 Z + h.c. ) , (3.2)

where Z is a Polonyi field, and M_1 ∼ M_2 ≫ m_{3/2} are constant mass parameters. Alternatively it might represent the effect of anti-brane stabilized at the tip of warped throat in KKLT-type compactification [26]. In the former case, the Goldstino scale M is determined as M ∼ M_1 ∼ M_2, while in the latter case M is determined by the red-shifted tension of anti-brane. After integrating out all auxiliary components and choosing the Einstein frame condition for the lowest component of the compensator superfield C_0 = e^{K/6}, one finds that the full scalar potential is given by

V_{TOT} = V_{SUGRA} + V_{lift}, (3.3)

where

V_{SUGRA} = V_F + V_D = ( K_I¯_J F^I F^{J∗} − 3e^K |W |^2 ) + g^2_A 2 D^2_A (3.4)

is the conventional SUGRA potential and

V_{lift} = M^4e^{2K/3} (3.5)

is the uplifting potential from the VA action.

3.2 Models with non-perturbative superpotential A natural source of moduli potential in string theory is non-perturbative effect such as stringy instanton or hidden sector gaugino condensation. So let us discuss first the stabilization of D-flat direction by non-perturbative superpotential. For simplicity, we consider the case that the GS modulus does not have a Kähler mixing with other SUSY breaking moduli, and the FI term is cancelled mostly by the U(1)_A charged matter field X with the largest VEV. Since the moduli-dependence of the matter Kähler metric does not change the essential feature of stabilization, it is sufficient to consider the case of moduli-independent matter Kähler metric. Then the Kähler potential relevant for our discussion is given by

K = K_0(t − δ_{GS} V_A) + X^∗e^{−2VA} X, (3.6)

where K_0 can take an arbitrary form. The non-perturbative superpotential generically takes the form

W_{np} ∝ e^{−2nT /δGS} X^n (3.7)

with an integer n > 0 and δ_{GS} > 0. Since we need to stabilize X at a scale far above TeV, it is desirable that X has a flat potential in the global SUSY limit when the D-flat direction is mostly X. This is achieved when n = 1, so we consider W = ω_0 + Ae^{−2T /δGS} X, (3.8)

– 11 – where A is a constant of order unity^4 and ω_0 is a small constant of O(m_{3/2}M^2_{P l}).

For the Kähler potential (3.6) and the superpotential (3.8), it is straightforward to see that the VEV of arg(e^{−2T /δGS} X) is fixed by the F -term potential at arg(e^{−2T /δGS} X) = { arg (_{ω0} A ) + π for R_1 <^{1−ξF I}_{2−|X|2} , arg (_{ω0} A ) for R_1 >^{1−ξF I}_{2−|X|2} , (3.9)

where R_1 = −δ_{GS} K^{′′}_0 /2K^′_0 as defined in (2.17) and ξ_{F I} = δ_{GS} K^′_0/2. Meanwhile, one combination of Im(T ) and arg(X) remains unfixed, and is absorbed into the U(1)_A gauge boson. After replacing arg(e^{−2T /δGS} X) with its VEV, the remaining t = T + T^∗ and |X| can be fixed by the stationary condition

∂_{t,|X|} (V_{SUGRA} + V_{lift}) = 0 (3.10)

under the constraint

⟨V_{SUGRA} + V_{lift}⟩ = 0. (3.11)

To proceed, let us first consider the case with

R_1 ≪ 1. (3.12)

We find that in this case the uplifting potential can be treated as a small perturbation, so one can start with a solution of

∂_{t,|X|}V_{SUGRA} = 0. (3.13)

Then the stationary conditions for V_{SUGRA} give rise to

g^2_AD_A = − 1 δ_{GS} 2 K^{′′}_0 ( V^′_F + (∂_t ln g^2_A)V_D ) , V̇_F = 2|X|^2 δ_{GS} 2 K^{′′}_0 ( V^′_F + (∂_t ln g^2_A)V_D ) , (3.14)

where the prime and dot denote the derivatives with respect to t and ln |X|, respectively. The second relation above determines how the D-flat direction is fixed by the F -term potential. Neglecting small corrections of O(m^4_{3/2}/M^4_V ), the condition for the solution of (3.14) to be a (local) minimum of V_{SUGRA} reads

V̈_F + 4 |X|^4 δ^2_{GS} 4 K^{′′2}_0 ( V^{′′}_F − K^{′′′}_0 K^{′′}_0 V^′_F ) − 4 |X|^2 δ_{GS} 2 K^{′′}_0

V̇^′_F > 0. (3.15)

Note that a supersymmetric solution of (3.14) leads to V̇_F = V^′_F = 0 and D_A = 0.

4Note that A can always be made to be of order unity through a constant shift of T . We have also chosen the normalization convention of T for which δGS = O(1/8π^2). Whenever we use an explicit form of the modulus Kähler potential, it is defined in such field basis.

– 12 –

It turns out that, in the limit R_1 ≪ 1, the equations (3.14) have a unique solution which is supersymmetric and automatically fulfills the (meta)stability condition (3.15) regardless of the form of K_0. The minimum of V_{SUGRA} is given by |X|^2 = − δ_{GS} 2 K^′_0, | | A ω_0 | | e^{−t/δ}GS = |X| 1 − |X|^2 ≃ |X|, (3.16) and the vacuum solution of V_{TOT} can be obtained by taking into account the small shift from this solution induced by V_{lift}. It is then easy to find that the vacuum solution of V_{TOT} gives F^T ≃ δ_{GS} 2 3∂_t ln V_{lift} K^′_0 m_{3/2} = δ_{GS} m_{3/2} = O (m_{3/2} 8π^2 ) , F^X X ≃ ( K^{′′}_0 K^′_0 ) F^T ≃ −2R_1m_{3/2}, (3.17)

where we have used the sequestered uplifting potential V_{lift} = M^4e^{2K/3}. The above result also leads to R_2 ≃ 2R_1. The D-flat direction, which is mostly T in this case, acquires a mass of ∼ m_{3/2} ln(M_{P l}/m_{3/2}) ≫ m_{3/2}, and this is the reason why F^T ≪ m_{3/2}.

Another limit for which the analysis is straightforward is the case with

R_1 ≫ 1. (3.18)

Since the non-perturbative superpotential stabilizes the GS modulus at t/δ_{GS} ≫ 1 in the field basis with A = O(1), it is plausible to assume that the modulus Kähler potential satisfies | | | ( δ_{GS} 2 )_{k−2} ∂^k_t K_0 K^{′′}_0 | | | ≲ ( δ_{GS} t )_{k−2} ≪ 1 (k ≥ 3) (3.19)

at the stationary point of V_{SUGRA}. We then find that V_{SUGRA} can have a SUSY breaking minimum at |X|^2 = − δ_{GS} 2 K^′_0 + O ( m^2_{3/2}M^2_{P l}

M^2_V ) , | | | A ω_0 | | | e^{−t/δ}GS = ( R_1 + O ( M^2_V M^2_{P l} )) |X|, (3.20) for M_{P l} ≫ M_V ≫ (m_{3/2}M_{P l})^{1/2}. It is straightforward to show that the above field configuration satisfies the stability condition (3.15) and leads to

⟨V_{SUGRA}⟩ = e^K |ω_0|^2 ( −3 + R_1 M^2_{GS} M^2_{P l} + O ( M^2_{GS} M^2_{P l} )) , (3.21)

where the second term in the brackets is the contribution from F^X , and thus R_2 ≃ R_1 at the minimum of V_{SUGRA}. The above form of the vacuum energy density suggests that one

– 13 – can get a de-Sitter or Minkowski minimum without introducing an uplifting potential, if

R_1 = O ( M^2_{Pl} M^2_{GS} ) = O ( 1 δ^2_{GS} ) . (3.22)

In this case, X (approximately) corresponds to the D-flat direction, and its scalar component acquires a mass of O(m_{3/2}M_{P l}/M_{GS} ), while its fermionic component corresponds to the Goldstino absorbed into the gravitino.

Unlike the case with R_1 ≪ 1 or R_1 ≫ 1, the analysis of the vacuum solution of V_{TOT} for R_1 = O(1) is quite nontrivial. In such case, we need more model-dependent and detailed analysis to make sure that there exists a (local) minimum of V_{TOT} with vanishing cosmological constant.

In the following, to examine explicitly the stabilization of T and X, we consider two different forms of the modulus Kähler potential

K^{(I)}_0 = −n_0 ln(t − δ_{GS} V_A), K^{(II)}_0 =^1_2 K^{′′}_0 (t_0)(t − t_0 − δ_{GS} V_A)^2,

(3.23)

with the superpotential and the uplifting potential given by W = ω_0 + AXe^{−2T /δGS} , V_{lift} = M^4e^{2K/3}. (3.24)

In K^{(I)}_0 , T might correspond to a dilaton in the weak coupling limit or a volume modulus in the large volume limit. On the other hand, K^{(II)}_0 assumes that there exists a point in the moduli space where the FI term vanishes [22, 23, 24],

ξ_{F I} (t_0) = 1 2 δ_{GS} K^′_0(t = t_0) = 0, (3.25)

and then the modulus Kähler potential is expanded around t = t_0. Using the field redefinition T → αT + β for real α and β, we can choose the convention |A| = 1, δ_{GS} = 1 2π^2

. (3.26)

Generically K^{′′}_0 (t_0) is expected to be of order unity, however ω_0 is required to be exponentially small to realize low energy SUSY. To be specific, we choose

K^{′′}(t_0) = 1, |ω_0| = e^{−38}, (3.27)

and examine the following four examples:

Model I : K_0 = K^{(I)}_0 with n_0 = 1, Model II : K_0 = K^{(II)}_0 with t_0 = 2.6, Model III : K_0 = K^{(II)}_0 with t_0 = 2.1, Model IV : K_0 = K^{(II)}_0 with t_0 = 1.9.

(3.28)

– 14 –

Figure 2: Stabilization of the GS modulus t = T + T^∗ and the chiral matter ln |X| in each model. In each figure, the blue curve corresponds to the D-flat condition, while the red curve represents the stationary condition, (∂_tD_A)∂_{|X|}V_{TOT} − (∂_{|X|}D_A)∂_tV_{TOT} = 0. We also plot the dashed green curve along which F^T vanishes. For Model II, III and IV, R_1 = 1/2 on the vertical dashed line.

Fig. 2 shows how a minimum of V_{TOT} = V_{SUGRA} + V_{lift} with vanishing cosmological constant is developed in these examples. In each figure, the blue curve corresponds to the Dflat condition, while the red curve represents the stationary condition^5, (∂_tD_A)∂_{|X|}V_{TOT} − (∂_{|X|}D_A)∂_tV_{TOT} = 0. Hence the point where the two curves intersect corresponds to a stationary solution of V_{TOT}. In Model I and II, we have two intersecting points, and the point with smaller t is a (local) minimum, while the other point is a saddle point. The vacuum solution can be considered as a small deviation from the supersymmetric solution which is the intersecting point of the blue and dashed green curves in the figure, and this small deviation is due to V_{lift}. On the other hand, for Model III and IV, the blue and red curves have a unique intersecting point which is a local minimum of the potential. Here

5This stationary condition corresponds to the second relation of (3.14) for Model IV. On the other hand, for other models, one needs to replace VF with VF + V_{lift} in (3.14) since the uplifting potential is needed to cancel the cosmological constant.

– 15 – we have tuned the size of V_{lift} to make the vacuum solution have a vanishing cosmological constant. We then find that the VEVs of |X|^2 M^2_{P l} ≃ − ξ_{F I} M^2_{P l}

, R_1 = − δ_{GS} 2 K^{′′}_0 K^′_0 , |R_2| = | | D^X W XW | | (3.29)

are given by

Model I 1.6 × 10^{−2}, 1.6 × 10^{−2}, 3.1 × 10^{−2} Model II 1.5 × 10^{−2}, 4.2 × 10^{−2}, 8.4 × 10^{−2} Model III 1.6 × 10^{−4}, 4, 3.8 Model IV 1.4 × 10^{−7}, 4.7 × 10^3, 4.7 × 10^3

(3.30)

and therefore the ratios

F^T : F^X X : m^∗_{3/2} : g_A √ D_A ≃ δ_{GS} 2R_1

: −1 : 1 R_2 : 1 √ R_1 + 1

(3.31)

are determined as

Model I 1.6 : −1 : 32 : 1 Model II 0.6 : −1 : 12 : 1 Model III 6 × 10^{−3} : −1 : 0.26 : 0.45 Model IV 5 × 10^{−6} : −1 : 2 × 10^{−4} : 1.5 × 10^{−2}

(3.32)

With the above results, the ratios between the modulus, gauge, anomaly and D-term mediated soft masses in each model can be read off from the following order of magnitude relation

m_{soft}(MM) : m_{soft}(GM) : m_{soft}(AM) : m_{soft}(D) ∼ 1 R_1

: 1 : 1 R_2 : 8π^2 √ R_1 + 1

, (3.33)

where we have assumed that there exist gauge-charged messengers Φ + Φ^c which become massive through the coupling to X:

ΔW = y_ΦXΦΦ^c. (3.34)

Our results indicate that the relative importance of each mediation is quite modeldependent, particularly on the form of the modulus Kähler potential. Models I and II realize mixed modulus-anomaly-D-term mediation, which corresponds to the mirage mediation [27, 28, 29] with additional D-term contribution [15]. On the other hand, in Model III, gaugino masses are determined by mixed modulus-gauge-anomaly mediation, while scalar masses are dominated by the D-term contribution which is one or two orders of magnitudes heavier than gaugino masses. Finally, soft masses in Model IV are determined by mixed gauge-D-term mediation. So various different mixed mediations can be realized even within the simple class of models discussed in this subsection.

Since the U(1)_A vector superfield acquires a large supersymmetric mass, while leaving the D-flat combination of T and ln X light, we can study the low energy dynamics of model with an effective supergravity in which the massive U(1)_A vector superfield is integrated

– 16 – out. In the limit R_1 ≪ 1 or R_1 ≫ 1, the massive and light degrees of freedom can be easily identified, and therefore it is straightforward to derive the effective theory of light fields in this limit. For instance, the relations

M^2_V 2g^2_A ≃ 1 4 δ^2_{GS} K^{′′}_0 + |X|^2, R_1 ≃ δ^2_{GS} 4 K^{′′}_0 |X|^2 (3.35)

suggest that the Goldstone superfield absorbed into the massive U(1)_A vector superfield is mostly ln X in the limit R_1 ≪ 1, while it is mostly T in the opposite limit R_1 ≫ 1.

Since it provides an efficient way to understand our results, let us derive the effective theory explicitly in the limit R_1 ≪ 1 or R_1 ≫ 1. When R_1 ≪ 1, the massive vector superfield and the light D-flat direction are identified as

V_H = V_A − ln ( |X| M_{P l} ) , T̃ = T − 1 2 δ_{GS} ln ( X M_{P l} ) , (3.36)

both of which are invariant under U(1)_A. Then it is convenient to introduce the U(1)_Ainvariant combination of matter fields

ϕ̃_i = ( X M_{P l} )_{qi} ϕ_i, (3.37)

and rewrite the Kähler potential and superpotential in terms of V_H , T̃ and ϕ̃_i: K = K_0(t − δ_{GS} V_A) + X^∗e^{−2VA} X + ϕ^∗_i e^{2qiVA} ϕ_i = K_0(t̃ − δ_{GS} V_H ) + e^{−2VH} + ϕ̃^∗_i e^{2qiVH} ϕ̃_i, W = ω_0 + AXe^{−2T /δGS} + λ_{ijk}X^{qi+qj +qk} ϕ_iϕ_j ϕ_k = ω_0 + Ae^{−2T̃ /δGS} + λ_{ijk}ϕ̃_iϕ̃_jϕ̃_k, (3.38)

where t = T + T^∗ and t̃ = T̃ + T̃^∗. Now the massive vector superfield V_H can be integrated out by solving the equation of motion

∂_{VH} K = 0, (3.39)

whose solution is given by 2 δ_{GS} e^{−2VH} = K^′_0(t̃) + O(δ_{GS} ). (3.40)

Inserting this solution into the Kähler potential, we find the effective Kähler potential of T̃ and ϕ̃_i (≠ X̃) is given by

K_{eff} = K_0(t̃) + O(δ_{GS} ) + ∑ i≠X ( δ_{GS} 2 ( K^′_0(t̃) + O(δ_{GS} ) ))^{−qi} |ϕ̃_i|^2, (3.41)

from which all the low energy consequences of (3.38), including the SUSY breaking auxiliary components of light fields and the soft terms of visible sector fields, can be derived in the approximation in which the subleading corrections suppressed by δ_{GS} are ignored.

– 17 –

On the other hand, in the other limit R_1 ≫ 1, the massive vector superfield and the light matter fields (including the D-flat direction X̃) are given by

V_H = V_A − 1 δ_{GS} (t − t_0), ϕ̃_i = ϕ_ie^{2qi(T −T0)/δGS} , (3.42) where t_0 is the modulus value for which the FI term vanishes:

K^′_0(t = t_0) = 0. (3.43)

We then have

K = K_0(t − δ_{GS} V_A) + ∑ I=X,i ϕ^∗_I e^{2qI VA} ϕ_I = K_0(t_0 − δ_{GS} V_H ) + ∑ I=X,i ϕ̃^∗_I e^{2q}I^VH ϕ̃_I , W = ω_0 + AXe^{−2T /δGS} + λ_{ijk}X^{qi+qj +qk} ϕ_iϕ_j ϕ_k = ω_0 + Ae^{−2T0/δGS} X̃ + λ_{ijk}X̃^{qi+qj +qk}ϕ̃_iϕ̃_jϕ̃_k, (3.44) for which the solution of the equation of motion (3.39) is given by

V_H = − ∑ I q_Iϕ̃^∗_Iϕ̃_I 2M^2_{GS} + O ( |ϕ̃|^4 M^4_{GS} ) , (3.45)

where M^2_{GS} = δ^2_{GS} K^{′′}_0 (t = t_0)/4. The resulting effective Kähler potential and superpotential are given by

K_{eff} = K_0(t_0) + ∑ I=X,i |ϕ̃_I |^2 − ∑ IJ=X,i q_I q_J 2M^2_{GS}

|ϕ̃_I |^2|ϕ̃_J |^2 + O ( |ϕ̃|^6 M^4_{GS} ) , W_{eff} = ω_0 + Ae^{−2T0 /δGS} X̃ + λ_{ijk}X̃^{qi+qj +qk}ϕ̃_iϕ̃_jϕ̃_k. (3.46)

One is thus led to the low energy theory where X̃ acts as a Polonyi field and is stabilized by the same way as in sweet-spot SUSY [30]. In that scenario, the Higgs sector feels SUSY breaking also through direct interactions with the Polonyi field, in addition to gaugemediated one. But, the higher dimensional operator q_i|X̃|^2|ϕ̃_i|^2/M^2_{GS} in the above effective Kähler potential can transmit SUSY breaking not only to the Higgs fields but also to the sfermions if they are charged under U(1)_A.

3.3 Models with radiative stabilization

In some case, non-perturbative superpotential of the GS modulus might not be available because either δ_{GS} < 0, so it is forbidden by U(1)_A, or the corresponding instanton amplitude is vanishing due to the zero mode structure. Even in such case, if the Kähler potential admits a limit with ξ_{F I} = 0 or more generally a limit with ξ_{F I} far below M^2_{P l}, for which the D-flat direction is described by X, the scalar potential of D-flat direction can receive a field-theoretic radiative correction which can fix the VEV of X at a proper value.

– 18 –

As an example of such model, let us consider K = K_0(t − δ_{GS} V_A) + ∑ i ϕ^∗_i e^{2qiVA} ϕ_i, W = ω_0 + y_ΦXΦΦ^c, (3.47) where ϕ_i = {X, Φ, Φ^c} for the exotic matter fields Φ + Φ^c which form 5 + ¯5 of SU(5) with the U(1)_A charges satisfying q_Φ + q_Φc = 1, and K_0 is assumed to satisfy K^′_0(t = t_0) = 0. (3.48) It is straightforward to analyze this model if one uses the effective theory in which the massive U(1)_A vector superfield V_H = V_A − (t − t_0)/δ_{GS} is integrated out. Using the procedure described in the previous section (see Eqs. (3.45) and (3.46)), one easily finds

V_H = |X̃|^2 2M^2_{GS}

+ · · · , (3.49)

and the resulting effective Kähler potential takes the form

K_{eff} = |X̃|^2 − 1 2 |X̃|^4 M^2_{GS} + · · · , (3.50)

where the ellipses denote the terms involving Φ, Φ^c. Then the scalar potential of |X| at tree level includes a quartic term originating from the quartic term in K_{eff} :

(V_{SUGRA} + V_{lift})|_{tree} = 1 2 m^2_{3/2} M^2_{GS} |X̃|^4 + · · · . (3.51)

There are also radiative corrections to the scalar potential for |X|, in particular the anomaly mediated soft scalar mass associated with the Yukawa coupling y_ΦXΦΦ^c, which is given by ΔV = N_Φy^2_Φ ( 5(5N_Φ + 2)y^2_Φ − 16g^2_3 − 6g^2 − 2g^2_1 ) ( m_{3/2} 16π^2

)_2

|X̃|^2, (3.52)

where N_Φ is the number of Φ + Φ^c, and g_a are the SM gauge couplings at the scale y_Φ|X|. In order for X to develop nonzero VEV, we need 5(5N_Φ + 2)y^2_Φ < 16g^2_3 + 6g^2 + 2g^2_1 (3.53) at the scale y_Φ|X|. Then, the VEV of |X̃| is determined as ⟨|X̃|⟩ = ( N_Φy^2_Φ ( 16g^2_3 + 6g^2 + 2g^2_1 − 5(5N_Φ + 2)y^2_Φ ))_{1/2} M_{GS} 16π^2

, (3.54)

for which

R_1 = M^2_{GS} |X̃|^2 = (16π^2)^2 N_Φy^2_Φ(16g^2_3 + 6g^2 + 2g^2_1 − 5(5N_Φ + 2)y^2_Φ)

. (3.55)

– 19 –

In fact, this model possesses an anomalous global Peccei-Quinn (PQ) symmetry

U(1)_{P Q} : ϕ̃_i → e^{qiα}ϕ̃_i (3.56)

which can solve the strong CP problem through the axion mechanism [31, 32]. Then the phase degree of freedom of X̃ can be identified as the QCD axion with a decay constant v_{P Q} = ⟨|X̃|⟩ which is constrained as 10^9GeV ≲ v_{P Q} ≲ 10^{12}GeV. The axion scale of the model can be in this range if

10^{−5} ≲ y_Φ ≲ 10^{−2}. (3.57)

On the other hand, for this range of y_Φ, we have

R_1 ≫ (8π^2)^2, R_2 = 1 + ( ∂_X W X^∗W )_∗ ≃ 1. (3.58)

Applying this result to

F^T : F^X X : m^∗_{3/2} : g_A √ D_A ≃ δ_{GS} 2R_1

: −1 : 1 R_2 : 1 √ R_1 + 1

, (3.59)

we find the modulus, gauge, anomaly and D-term mediated soft masses are estimated as

m_{soft}(GM) ∼ m_{soft}(AM) ≫ m_{soft}(D) ≫ m_{soft}(MM), (3.60)

and therefore soft masses in this model are determined by mixed gauge-anomaly mediation [33, 34]. The radial scalar and fermion components of X̃ correspond to the saxion s and the axino ã, respectively. Their masses are given by m_s ∼ m_{3/2} √ R_1 , m_ã ∼ m_{3/2} R_1

, (3.61)

which suggest that the axino is the LSP in this model.

3.4 Models with non-renormalizable superpotential

In this subsection, we consider a model with additional U(1)_A-charged matter Y with q_Y > 0, which can cancel the D-term contribution from X. Then there are two D-flat directions in the model, parameterized by Xe^{−2T /δGS} and X^{qY} Y . The superpotential is allowed to contain these two U(1)_A-invariant holomorphic operators. Here we discuss only the case when q_Y = −3q_X = 3, and the superpotential contains X^3Y , but no nonperturbative term involving Xe^{−2T /δGS} .

Then the Kähler potential and superpotential of the model are given by

K = K_0(t − δ_{GS} V_A) + X^∗e^{−2VA} X + Y^∗e^{6VA} Y,

W = ω_0 + λ

X^3Y M_{P l} + y_ΦXΦΦ^c, (3.62)

where the last term in the superpotential is not crucial for the stabilization of D-flat directions, but is introduced for the gauge mediation of SUSY breaking by F^X . A key

– 20 – assumption on the model is that the Kähler potential of the GS modulus admits a point with vanishing FI term:

K^′_0(t = t_0) = 0. (3.63)

We also assume for simplicity that the matter Kähler metric of X and Y are independent of the GS modulus, however our results equally apply to the case with moduli-dependent matter Kähler metric.

Now the U(1)_A D-term is given by

g^2_AD_A = ξ_{F I} + |X|^2 − 3|Y |^2, (3.64)

where ξ_{F I} = δ_{GS} K^′_0/2. In section 2 and also in the previous subsections, we were focusing on the case that D-flatness is achieved through the cancellation between ξ_{F I} and |X|^2, yielding |ξ_{F I} | ≃ |X|^2 ≫ g^2_AD_A. Note that X was defined as the U(1)_A-charged matter field with the largest VEV. In fact, this model realizes a different scenario with

|X|^2 ∼ |Y |^2 ≫ ξ_{F I} , (3.65)

and as a consequence does not obey the relations in (2.16) except for the last one.

For the above Kähler potential and superpotential, one of the stationary conditions for scalar potential takes the form

∂_t (V_{SUGRA} + V_{lift}) = ( V_F + 2 3 V_{lift} + ( 2 − K^′_0K^{′′′}_0 K^{′′2}_0 ) e^K |W |^2 ) K^′_0 + δ_{GS} 2 K^{′′}_0 g^2_AD_A + (∂_t ln g^2_A) g^2_A 2 D^2_A = 0, (3.66)

which is satisfied by the D-flat direction given by

t = t_0, |X|^2 = 3|Y |^2. (3.67)

In the region with |X|^2 ≪ M^2_{GS} = δ^2_{GS} K^{′′}_0 /4, the scalar potential along this D-flat direction is written as

V_{TOT} ≃ e^K ( 4|λ|^2|X|^6 − 2 √ 3 |λω_0||X|^4 − 3|ω_0|^2 ) , (3.68)

for Arg(X^3Y ) fixed at Arg(λ^∗ω_0) + π by the minimization condition. Here we have set M_{P l} = 1, and neglected small corrections suppressed by |X|^2/M^2_{P l}. This determines the VEVs of X and Y as

|X|^2 = 3|Y |^2 ≃ √ 3 9|λ| m_{3/2}M_{P l}. (3.69)

The resulting SUSY breaking auxiliary components are given by F^X X = F^Y Y ≃ − 2 3 m_{3/2}, F^T = D_A = 0, (3.70)

– 21 – so soft masses are determined by mixed gauge-anomaly mediation:

m_{soft}(GM) ∼ m_{soft}(AM) ≫ m_{soft}(MM), m_{soft}(D). (3.71)

For X stabilized at |X| ≪ M_{GS} , the longitudinal component of the massive U(1)_A vector superfield comes mostly from T . The non-renormalizable superpotential term provides masses to X and Y , which include two radial scalars s_{1,2}, the massive angular scalar a_h, and two fermions ã_{1,2}: m_{s1} ≃ 1 3 m_{3/2}, m_{s2} ≃ √ 3 3 m_{3/2}, m_{ah} ≃ √ 6 3 m_{3/2}, m_{ã1} ≃ 0.1m_{3/2}, m_{ã2} ≃ 0.8m_{3/2}. (3.72)

One combination of Arg(X) and Arg(Y ) remains unfixed.

We note that the above model possesses a PQ symmetry:

U(1)_{P Q} : ϕ_i → e^{qiα}ϕ_i (3.73)

which is spontaneously broken by the VEVs of X and Y . The corresponding axion scale v_{P Q} can take naturally an intermediate scale value v_{P Q} ∼ √ m_{3/2}M_{P l} ∼ 10^{11}GeV, (3.74)

when m_{3/2} ∼ 10^4GeV for which m_{soft} ∼^{g2}_{8π2} m_{3/2} has a weak scale size.

3.5 KKLT with D-term stabilization

In this subsection, we discuss a class of models in which multiple number of moduli, including the GS modulus, participate in SUSY breaking. As a concrete example, we consider a variant of KKLT scenario with multiple number of Kähler moduli, in which the visible sector Kähler modulus T is stabilized by the D-term potential of U(1)_A, while the other Kähler moduli are stabilized by nonperturbative superpotential as in the original KKLT scenario [26].

The motivation for this variant is the observation that instantons wrapping the visible sector 4-cycle in KKLT setup have SM-charged zero modes of chiral fermions, and as a result the corresponding nonperturbative superpotential of T should involve a gauge invariant product of SM-charged chiral matter superfields [35]. This would effectively make the nonperturbative superpotential of T vanish, and then one needs other mechanism to stabilize the visible sector Kähler modulus. As we will see, if the model contains an anomalous U(1)_A with T being the GS modulus, and the moduli Kähler potential admits a limit in which the FI term has a value far below M^2_{P l}, all Kähler moduli can be stabilized even in the absence of nonperturbative superpotential of T .

Since the generalization to the case with more moduli is straightforward, here we consider a simple case with two Kähler moduli T and T^′, where t = T + T^∗ corresponds to the volume of 4-cycle supporting the visible sector, while t^′ = T^′ + T^{′∗} stands for hidden sector 4-cycle. We assume that there exists a nonperturbative superpotential of T^′

– 22 – generated by stringy instanton wrapping the hidden cycle, while no nonperturbative term of T due to the fermion zero modes on the visible sector cycle. In Type IIB string theory for KKLT compactification, the Kähler potential of T_α = {T, T^′} takes the no-scale form at the leading order in the α^′ and string loop expansion, so we consider a no-scale Kähler potential obeying

K_0(γt_A, γt^′) = K_0(t_A, t^′) − 3 ln γ (3.75)

for arbitrary real constant γ, where t_A = t − δ_{GS} V_A. We further assume that there exists a solution in the moduli space with vanishing FI term:

∂_tK_0 = 0, (3.76)

and explore the (local) minimum of the scalar potential near this solution^6.

In the absence of nonperturbative effects breaking the axionic shift symmetry T → T + iβ (β = real constant), the U(1)_A symmetry leads to an anomalous global symmetry

U(1)_{P Q} : ϕ_i → e^{iα}ϕ_i, (3.77)

which can be identified as a PQ symmetry solving the strong CP problem. Then, this PQ symmetry should be broken spontaneously by the VEV of SM singlet but U(1)_A charged matter fields at a scale between 10^9GeV and 10^{12}GeV. As for those matter fields, we consider the example of the previous subsection. Then the Kähler potential and superpotential of the model are given by

K = K_0(t_A, t^′) + X^∗e^{−2VA} X + Y^∗e^{6VA} Y,

W = ω_0 + Ae^{−aT ′} + λ

X^3Y M_{P l} + y_ΦXΦΦ^c. (3.78)

Here we assume for simplicity that the matter Kähler metric of X and Y are independent of moduli, however our results equally apply to the case with moduli-dependent matter Kähler metric. For a no-scale moduli Kähler potential, we have

K^{αβ̄}_0 ∂¯_β K_0 = −(T^α + T^{α∗}), K^{αβ̄}_0 (∂_αK_0)∂¯_β K_0 = 3, (3.79) and 2(∂_tK_0)∂_tK^{T T̄ ′}_0 + (∂_t′ K_0)∂_tK^{T ′T̄ ′}_0 = 0, (3.80)

where K^{αβ̄}_0 is the inverse of the moduli Kähler metric K_{0α}¯_β = ∂_α∂¯_β K_0. With these relations, one can find

∂_t (V_{SUGRA} + V_{lift}) = ( V_F + 2 3 V_{lift} − 2 ∂_tK^{T T ′}_0 ∂_t′ K_0 e^K |W_T ′ |^2 ) ∂_tK_0 + δ_{GS} 2 (∂^2_t K_0)g^2_AD_A + (∂_t ln g^2_A) g^2_A 2 D^2_A, (3.81)

6A simple example of such Kähler potential is the one discussed in [23]: K0 = − ln((t1 − δGS VA)(t2 + δGS VA)^2 +^1_6 (t2 + δGS VA)^3), where t = t1 − t2, t^′ = t1 + t2, and the Kähler cone is defined by t1,2 > 0. Note that ξF I = δGS (∂1K0 − ∂2K0)/2 = 0 on the wall in the Kähler cone defined by t2 = 4t1.

– 23 – where

D_A = δ_{GS} 2 ∂_tK_0 + |X|^2 − 3|Y |^2. (3.82)

The stationary condition ∂_t(V_{SUGRA} + V_{lift}) = 0 is thus satisfied by the field configuration satisfying

∂_tK_0 = 0, |X|^2 = 3|Y |^2, (3.83)

for which D_A = 0. On the other hand, as in the original KKLT scenario, the stationary condition ∂_t′ (V_{SUGRA} + V_{lift}) = 0 leads to D_T ′ W = (∂_t′ K_0)W ln(M_{P l}/m_{3/2}) ( 1 + O ( 1 ln(M_{P l}/m_{3/2}) )) . (3.84)

We then find t and t^′ are fixed by the conditions

∂_tK_0 = 0, ∂_t′ K_0 = aAe^{−aT ′} w_0 ( 1 + O ( 1 ln(M_{P l}/m_{3/2}) )) , (3.85)

and X and Y are fixed at

|X|^2 = 3|Y |^2 ≃ √ 3 9|λ| m_{3/2}M_{P l}, Arg(X^3Y ) = Arg(λ^∗ω_0) + π. (3.86)

At this minimum, the SUSY breaking auxiliary components have VEVs as F^X X = F^Y Y ≃ − 2 3 m_{3/2}, D_A = 0, F^T T + T^∗ ≃ F^{T ′} T^′ + T^{′∗} ≃ m_{3/2} ln(M_{P l}/m_{3/2})

, (3.87)

where the relation between F^T and F^{T ′} is derived from the no-scale relation K^{αβ̄}_0 ∂¯_βK_0 = −(T^α + T^{α∗}). Therefore, this variant of KKLT setup gives rise to a mixed modulus-gauge-anomaly mediation^7:

m_{soft}(MM) ∼ m_{soft}(GM) ∼ m_{soft}(AM) ≫ m_{soft}(D), (3.88)

which was dubbed as deflected (or axionic) mirage mediation [37, 38]. As in the model discussed in the previous subsection, the Goldstone boson from spontaneously broken U(1)_{P Q} can play the role of the QCD axion with the axion scale given by v_{P Q} ∼ √ m_{3/2}M_{P l}.

7It is worth noting that, if it is not charged under U(1)A, T can alternatively be stabilized by the uplifting potential [36]. This gives a similar pattern of SUSY breaking, while the axion scale is around the GUT or string scale.

– 24 –

4. Conclusion

There can be various sources of SUSY breaking in models with anomalous U(1) gauge symmetry: the U(1) D-term, the F -components of the Green-Schwarz modulus T and the chiral matter X introduced to cancel the Fayet-Iliopoulos term, and also the SUGRA auxiliary component of the order of m_{3/2}. Then the visible sector soft masses generically receive a modulus-mediated contribution of the order of F^T and a D-term contribution of the order of √ D_A as well as the anomaly-mediated contribution of the order of^{g2}_{8π2} m_{3/2}.

Most of the known (semi) realistic string models with U(1)_A include also exotic SM gauge charged matter fields Φ, Φ^c which become massive through the Yukawa coupling to X, and therefore play the role of messenger for the gauge mediation of SUSY breaking by F^X . In such case, soft masses also receive a gauge-mediated contribution of the order of^{g2}_{8π2}^{F X}_X .

In this paper, we have examined the relative strength of these modulus, gauge, anomaly and D-term mediations in a simple class of models, and find that various different mixed mediation scenarios can be realized depending upon the characteristics of the D-flat directions and how those D-flat directions are stabilized. A key quantity which would determine the characteristics of the D-flat directions is the ratio between the Stückelberg contribution to the U(1)_A gauge boson mass-square and the Fayet-Iliopoulos term. Our results suggest that although its accurate structure is quite model-dependent, it is quite common that soft terms in models with U(1)_A are not dominated by a single mediation, but determined by a proper mixture of the moduli, gauge, anomaly and D-term mediations.

Acknowledgement

We thank A. Uranga for useful discussions. KC is supported by the KRF Grants funded by the Korean Government (KRF-2008-314-C00064 and KRF-2007-341-C00010) and the KOSEF Grant funded by the Korean Government (No. 2009-0080844). KSJ is supported by the JSPS Grant-in-Aid 21-09224 for JSPS Fellows. KO is supported by the Grant-in-aid for Scientific Research No.21740155 and No.18071001 from MEXT of Japan.

References

[1] M. B. Green and J. H. Schwarz, “Anomaly Cancellation In Supersymmetric D=10 Gauge Theory And Superstring Theory,” Phys. Lett. B 149, 117 (1984).

[2] M. Dine, N. Seiberg and E. Witten, “Fayet-Iliopoulos Terms in String Theory,” Nucl. Phys.

B 289, 589 (1987); M. Dine, I. Ichinose and N. Seiberg, “F Terms And D Terms In String Theory,” Nucl. Phys. B 293, 253 (1987).

[3] C. D. Froggatt and H. B. Nielsen, “Hierarchy Of Quark Masses, Cabibbo Angles And CP Violation,” Nucl. Phys. B 147, 277 (1979).

[4] L. E. Ibanez and G. G. Ross, “Fermion masses and mixing angles from gauge symmetries,” Phys. Lett. B 332, 100 (1994) [arXiv:hep-ph/9403338]; V. Jain and R. Shrock, “Models of fermion mass matrices based on a flavor dependent and generation dependent U(1) gauge symmetry,” Phys. Lett. B 352, 83 (1995) [arXiv:hep-ph/9412367]; P. Binetruy and P. Ramond, “Yukawa textures and anomalies,” Phys. Lett. B 350, 49 (1995)

– 25 –

[arXiv:hep-ph/9412385]; E. Dudas, S. Pokorski and C. A. Savoy, “Yukawa matrices from a spontaneously broken Abelian symmetry,” Phys. Lett. B 356, 45 (1995) [arXiv:hep-ph/9504292]; Y. Nir, “Gauge unification, Yukawa hierarchy and the mu problem,” Phys. Lett. B 354, 107 (1995) [arXiv:hep-ph/9504312]; P. Binetruy, S. Lavignac and P. Ramond, “Yukawa textures with an anomalous horizontal Abelian symmetry,” Nucl. Phys. B 477, 353 (1996) [arXiv:hep-ph/9601243].

[5] E. J. Chun and A. Lukas, “Quark and lepton mass matrices from horizontal U(1) symmetry,” Phys. Lett. B 387, 99 (1996) [arXiv:hep-ph/9605377]; E. Dudas, C. Grojean, S. Pokorski and C. A. Savoy, “Abelian flavour symmetries in supersymmetric models,” Nucl. Phys. B 481, 85 (1996) [arXiv:hep-ph/9606383]; K. Choi, E. J. Chun and H. D. Kim, “Supersymmetry hierarchy problems and anomalous horizontal U(1) symmetry,” Phys. Lett. B 394, 89 (1997) [arXiv:hep-ph/9611293]; A. E. Nelson and D. Wright, “Horizontal, anomalous U(1) symmetry for the more minimal supersymmetric standard model,” Phys. Rev. D 56, 1598 (1997) [arXiv:hep-ph/9702359]; A. E. Faraggi and J. C. Pati, “A family-universal anomalous U(1) in string models as the origin of supersymmetry breaking and squark degeneracy,” Nucl. Phys. B 526, 21 (1998) [arXiv:hep-ph/9712516].

[6] H. K. Dreiner, H. Murayama and M. Thormeier, “Anomalous flavor U(1)(X) for everything,” Nucl. Phys. B 729, 278 (2005) [arXiv:hep-ph/0312012]. P. H. Chankowski, K. Kowalska, S. Lavignac and S. Pokorski, “Update on fermion mass models with an anomalous horizontal U(1) symmetry,” Phys. Rev. D 71, 055004 (2005) [arXiv:hep-ph/0501071]; H. K. Dreiner, C. Luhn, H. Murayama and M. Thormeier, “Baryon Triality and Neutrino Masses from an Anomalous Flavor U(1),” Nucl. Phys. B 774, 127 (2007) [arXiv:hep-ph/0610026].

[7] Y. Kawamura and T. Kobayashi, “Soft Scalar Masses in String Models with Anomalous U(1) symmetry,” Phys. Lett. B 375, 141 (1996) [Erratum-ibid. B 388, 867 (1996)] [arXiv:hep-ph/9601365]; P. Binetruy and E. Dudas, “Gaugino condensation and the anomalous U(1),” Phys. Lett. B 389, 503 (1996) [arXiv:hep-th/9607172]; G. R. Dvali and A. Pomarol, “Anomalous U(1) as a mediator of supersymmetry breaking,” Phys. Rev. Lett. 77, 3728 (1996) [arXiv:hep-ph/9607383]; Y. Kawamura and T. Kobayashi, “Generic formula of soft scalar masses in string models,” Phys. Rev. D 56, 3844 (1997) [arXiv:hep-ph/9608233]; G. R. Dvali and A. Pomarol, “Anomalous U(1), gauge-mediated supersymmetry breaking and Higgs as pseudo-Goldstone bosons,” Nucl. Phys. B 522, 3 (1998) [arXiv:hep-ph/9708364].

[8] B. Murakami, K. Tobe and J. D. Wells, “D-term challenges for supersymmetric gauged abelian flavor symmetries,” Phys. Lett. B 526, 157 (2002) [arXiv:hep-ph/0111003]; T. Higaki, Y. Kawamura, T. Kobayashi and H. Nakano, “Anomalous U(1) D-term contribution in type I string models,” Phys. Rev. D 69, 086004 (2004) [arXiv:hep-ph/0308110].

[9] B. Kors and P. Nath, “Hierarchically split supersymmetry with Fayet-Iliopoulos D-terms in string theory,” Nucl. Phys. B 711, 112 (2005) [arXiv:hep-th/0411201]; K. S. Babu, T. Enkhbat and B. Mukhopadhyaya, “Split supersymmetry from anomalous U(1),” Nucl. Phys. B 720, 47 (2005) [arXiv:hep-ph/0501079]; E. Dudas and S. K. Vempati, “Large D-terms, hierarchical soft spectra and moduli stabilisation,” Nucl. Phys. B 727, 139 (2005) [arXiv:hep-th/0506172].

[10] N. Arkani-Hamed, M. Dine and S. P. Martin, “Dynamical supersymmetry breaking in models with a Green-Schwarz mechanism,” Phys. Lett. B 431, 329 (1998) [arXiv:hep-ph/9803432]; T. Barreiro, B. de Carlos, J. A. Casas and J. M. Moreno, “Anomalous U(1), gaugino condensation and supergravity,” Phys. Lett. B 445, 82 (1998) [arXiv:hep-ph/9808244].

– 26 –

[11] M. P. Garcia del Moral, “A new mechanism of Kahler moduli stabilization in type IIB theory,” JHEP 0604, 022 (2006) [arXiv:hep-th/0506116]; G. Villadoro and F. Zwirner, “de Sitter vacua via consistent D-terms,” Phys. Rev. Lett. 95, 231602 (2005) [arXiv:hep-th/0508167]; S. L. Parameswaran and A. Westphal, “de Sitter string vacua from perturbative Kaehler corrections and consistent D-terms,” JHEP 0610, 079 (2006) [arXiv:hep-th/0602253]; A. Achucarro, B. de Carlos, J. A. Casas and L. Doplicher, “de Sitter vacua from uplifting D-terms in effective supergravities from realistic strings,” JHEP 0606, 014 (2006) [arXiv:hep-th/0601190]. D. Gallego and M. Serone, “Moduli Stabilization in non-Supersymmetric Minkowski Vacua with Anomalous U(1) Symmetry,” JHEP 0808, 025 (2008) [arXiv:0807.0190 [hep-th]]; S. Krippendorf and F. Quevedo, “Metastable SUSY Breaking, de Sitter Moduli Stabilisation and Káhler Moduli Inflation,” JHEP 0911, 039 (2009) [arXiv:0901.0683 [hep-th]].

[12] C. A. Scrucca, “Soft masses in superstring models with anomalous U(1) symmetries,” JHEP 0712, 092 (2007) [arXiv:0710.5105 [hep-th]]; T. Jelinski, Z. Lalak and J. Pawelczyk, “Non-minimal Gauge Mediation and Moduli Stabilization,” Phys. Lett. B 689, 186 (2010) [arXiv:0912.3735 [hep-ph]].

[13] E. Dudas, Y. Mambrini, S. Pokorski and A. Romagnoni, “Moduli stabilization with Fayet-Iliopoulos uplift,” JHEP 0804, 015 (2008) [arXiv:0711.4934 [hep-th]]; E. Dudas, Y. Mambrini, S. Pokorski, A. Romagnoni and M. Trapletti, “Gauge vs. Gravity mediation in models with anomalous U(1)’s,” JHEP 0903, 011 (2009) [arXiv:0809.5064 [hep-th]].

[14] C. P. Burgess, R. Kallosh and F. Quevedo, “de Sitter String Vacua from Supersymmetric D-terms,” JHEP 0310, 056 (2003) [arXiv:hep-th/0309187]; H. Jockers and J. Louis, “D-terms and F-terms from D7-brane fluxes,” Nucl. Phys. B 718, 203 (2005) [arXiv:hep-th/0502059].

[15] K. Choi and K. S. Jeong, “Supersymmetry breaking and moduli stabilization with anomalous U(1) gauge symmetry,” JHEP 0608, 007 (2006) [arXiv:hep-th/0605108].

[16] K. Choi, H. P. Nilles, C. S. Shin and M. Trapletti, “Sparticle Spectrum of Large Volume Compactification,” JHEP 1102, 047 (2011) [arXiv:1011.0999 [hep-th]].

[17] V. S. Kaplunovsky and J. Louis, “Model independent analysis of soft terms in effective supergravity and in string theory,” Phys. Lett. B 306, 269 (1993) [arXiv:hep-th/9303040]; A. Brignole, L. E. Ibanez and C. Munoz, “Towards a theory of soft terms for the supersymmetric Standard Model,” Nucl. Phys. B 422, 125 (1994) [Erratum-ibid. B 436, 747 (1995)] [arXiv:hep-ph/9308271].

[18] M. Dine, W. Fischler and M. Srednicki, “Supersymmetric Technicolor,” Nucl. Phys. B 189, 575 (1981); S. Dimopoulos and S. Raby, “Supercolor,” Nucl. Phys. B 192, 353 (1981); M. Dine and W. Fischler, “A Phenomenological Model Of Particle Physics Based On Supersymmetry,” Phys. Lett. B 110, 227 (1982); C. R. Nappi and B. A. Ovrut, “Supersymmetric Extension Of The SU(3) X SU(2) X U(1) Model,” Phys. Lett. B 113, 175 (1982); L. Alvarez-Gaume, M. Claudson and M. B. Wise, “Low-Energy Supersymmetry,” Nucl. Phys. B 207, 96 (1982); S. Dimopoulos and S. Raby, “Geometric Hierarchy,” Nucl. Phys. B 219, 479 (1983).

[19] M. Dine, A. E. Nelson and Y. Shirman, “Low-Energy Dynamical Supersymmetry Breaking Simplified,” Phys. Rev. D 51, 1362 (1995) [arXiv:hep-ph/9408384]; M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, “New tools for low-energy dynamical supersymmetry breaking,” Phys. Rev. D 53, 2658 (1996) [arXiv:hep-ph/9507378]; G. F. Giudice and R. Rattazzi,

– 27 –

“Theories with gauge-mediated supersymmetry breaking,” Phys. Rept. 322, 419 (1999) [arXiv:hep-ph/9801271].

[20] L. Randall and R. Sundrum, “Out of this world supersymmetry breaking,” Nucl. Phys. B 557, 79 (1999) [arXiv:hep-th/9810155]; G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, “Gaugino Mass without Singlets,” JHEP 9812, 027 (1998) [arXiv:hep-ph/9810442]; J. A. Bagger, T. Moroi and E. Poppitz, “Anomaly mediation in supergravity theories,” JHEP 0004, 009 (2000) [arXiv:hep-th/9911029].

[21] Y. Kawamura, “Model independent analysis of soft masses in heterotic string models with anomalous U(1) symmetry,” Phys. Lett. B 446, 228 (1999) [arXiv:hep-ph/9811312].

[22] See for instance M. Cvetic, G. Shiu and A. M. Uranga, “Chiral four-dimensional N=1 supersymmetric type 2A orientifolds from intersecting D6 branes,” Nucl. Phys. B 615, 3 (2001) [arXiv:hep-th/0107166]; D. Cremades, L. E. Ibanez and F. Marchesano, “SUSY quivers, intersecting branes and the modest hierarchy problem,” JHEP 0207, 009 (2002) [arXiv:hep-th/0201205]; G. Villadoro and F. Zwirner, “D terms from D-branes, gauge invariance and moduli stabilization in flux compactifications,” JHEP 0603, 087 (2006) [arXiv:hep-th/0602120].

[23] L. B. Anderson, J. Gray, A. Lukas and B. Ovrut, “Stability Walls in Heterotic Theories,” JHEP 0909, 026 (2009) [arXiv:0905.1748 [hep-th]].

[24] G. Aldazabal, A. Font, L. E. Ibanez and G. Violero, “D = 4, N = 1, type IIB orientifolds,” Nucl. Phys. B 536, 29 (1998) [arXiv:hep-th/9804026]; Z. Lalak, S. Lavignac and H. P. Nilles, “String dualities in the presence of anomalous U(1) symmetries,” Nucl. Phys. B 559, 48 (1999) [arXiv:hep-th/9903160]; R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster and F. Quevedo, “SUSY Breaking in Local String/F-Theory Models,” JHEP 0909, 007 (2009) [arXiv:0906.3297 [hep-th]].

[25] N. Arkani-Hamed, J. March-Russell and H. Murayama, “Building models of gauge-mediated supersymmetry breaking without a messenger sector,” Nucl. Phys. B 509, 3 (1998) [arXiv:hep-ph/9701286]; E. Poppitz and S. P. Trivedi, “Some remarks on gauge-mediated supersymmetry breaking,” Phys. Lett. B 401, 38 (1997) [arXiv:hep-ph/9703246].

[26] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240].

[27] K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski and S. Pokorski, “Stability of flux compactifications and the pattern of supersymmetry breaking,” JHEP 0411, 076 (2004) [arXiv:hep-th/0411066]; K. Choi, A. Falkowski, H. P. Nilles and M. Olechowski, “Soft supersymmetry breaking in KKLT flux compactification,” Nucl. Phys. B 718, 113 (2005) [arXiv:hep-th/0503216].

[28] M. Endo, M. Yamaguchi and K. Yoshioka, “A bottom-up approach to moduli dynamics in heavy gravitino scenario: Superpotential, soft terms and sparticle mass spectrum,” Phys. Rev. D 72, 015004 (2005) [arXiv:hep-ph/0504036]; K. Choi, K. S. Jeong and K. i. Okumura, “Phenomenology of mixed modulus-anomaly mediation in fluxed string compactifications and brane models,” JHEP 0509, 039 (2005) [arXiv:hep-ph/0504037]; A. Falkowski, O. Lebedev and Y. Mambrini, “SUSY Phenomenology of KKLT Flux Compactifications,” JHEP 0511, 034 (2005) [arXiv:hep-ph/0507110]; H. Baer, E. K. Park, X. Tata and T. T. Wang, “Collider and dark matter searches in models with mixed modulus-anomaly mediated SUSY breaking,” JHEP 0608, 041 (2006) [arXiv:hep-ph/0604253]; “Collider and Dark Matter Phenomenology of Models with Mirage Unification,” JHEP 0706, 033 (2007) [arXiv:hep-ph/0703024].

– 28 –

[29] K. Choi, K. S. Jeong, T. Kobayashi and K. i. Okumura, “Little SUSY hierarchy in mixed modulus-anomaly mediation,” Phys. Lett. B 633, 355 (2006) [arXiv:hep-ph/0508029]; R. Kitano and Y. Nomura, “A solution to the supersymmetric fine-tuning problem within the MSSM,” Phys. Lett. B 631, 58 (2005) [arXiv:hep-ph/0509039]; O. Lebedev, H. P. Nilles and M. Ratz, “A note on fine-tuning in mirage mediation,” arXiv:hep-ph/0511320; A. Pierce and J. Thaler, “Prospects for Mirage Mediation,” JHEP 0609, 017 (2006) [arXiv:hep-ph/0604192]; K. Choi, K. S. Jeong, T. Kobayashi and K. i. Okumura, “TeV Scale Mirage Mediation and Natural Little SUSY Hierarchy,” Phys. Rev. D 75, 095012 (2007) [arXiv:hep-ph/0612258].

[30] M. Ibe and R. Kitano, “Sweet Spot Supersymmetry,” JHEP 0708, 016 (2007) [arXiv:0705.3686 [hep-ph]]; “Sweet Spot Supersymmetry and Composite Messengers,” Phys. Lett. B 663, 242 (2008) [arXiv:0710.3796 [hep-ph]].

[31] R. D. Peccei and H. R. Quinn, “CP Conservation In The Presence Of Instantons,” Phys.

Rev. Lett. 38, 1440 (1977); “Constraints Imposed By CP Conservation In The Presence Of Instantons,” Phys. Rev. D 16, 1791 (1977).

[32] For a review, see J. E. Kim, “Light Pseudoscalars, Particle Physics and Cosmology,” Phys.

Rept. 150, 1 (1987); H. Y. Cheng, “The Strong CP Problem Revisited,” Phys. Rept. 158, 1 (1988); J. E. Kim and G. Carosi, “Axions and the Strong CP Problem,” arXiv:0807.3125 [hep-ph].

[33] A. Pomarol and R. Rattazzi, “Sparticle masses from the superconformal anomaly,” JHEP 9905, 013 (1999) [arXiv:hep-ph/9903448]; R. Rattazzi, A. Strumia and J. D. Wells, “Phenomenology of deflected anomaly mediation,” Nucl. Phys. B 576, 3 (2000) [arXiv:hep-ph/9912390].

[34] N. Abe, T. Moroi and M. Yamaguchi, “Anomaly mediated supersymmetry breaking with axion,” JHEP 0201, 010 (2002) [arXiv:hep-ph/0111155].

[35] R. Blumenhagen, S. Moster and E. Plauschinn, “Moduli Stabilisation versus Chirality for MSSM like Type IIB Orientifolds,” JHEP 0801, (2008) 058 [arXiv:0711.3389 [hep-th]].

[36] K. Choi and K. S. Jeong, “String theoretic QCD axion with stabilized saxion and the pattern of supersymmetry breaking,” JHEP 0701, 103 (2007) [arXiv:hep-th/0611279]; K. Bobkov, V. Braun, P. Kumar and S. Raby, “Stabilizing All Kahler Moduli in Type IIB Orientifolds,” JHEP 1012, 056 (2010) [arXiv:1003.1982 [hep-th]].

[37] S. Nakamura, K. i. Okumura and M. Yamaguchi, “Axionic Mirage Mediation,” Phys. Rev. D 77, 115027 (2008) [arXiv:0803.3725 [hep-ph]].

[38] L. L. Everett, I. W. Kim, P. Ouyang and K. M. Zurek, “Deflected Mirage Mediation: A Framework for Generalized Supersymmetry Breaking,” Phys. Rev. Lett. 101, 101803 (2008) [arXiv:0804.0592 [hep-ph]]; “Moduli Stabilization and Supersymmetry Breaking in Deflected Mirage Mediation,” JHEP 0808, 102 (2008) [arXiv:0806.2330 [hep-ph]]; K. Choi, K. S. Jeong, S. Nakamura, K. I. Okumura and M. Yamaguchi, “Sparticle masses in deflected mirage mediation,” JHEP 0904, 107 (2009) [arXiv:0901.0052 [hep-ph]]; B. Altunkaynak, B. D. Nelson, L. L. Everett, I. W. Kim and Y. Rao, “Phenomenological Implications of Deflected Mirage Mediation: Comparison with Mirage Mediation,” JHEP 1005 (2010) 054 [arXiv:1001.5261 [hep-ph]].

– 29 –