hep-ph/9906374 15 Jun 1999

BA-99-44

SUPERSYMMETRIC CP VIOLATION ε^′/ε DUE TO ASYMMETRIC A-MATRIX

Shaaban Khalil^{1,2} and Tatsuo Kobayashi^3

1Bartol Research Institute, University of Delaware Newark, DE 19716 2Ain Shams University, Faculty of Science, Cairo 11566, Egypt 3Department of Physics, High Energy Physics Division, University of Helsinki and Helsinki Institute of Physics, P.O. Box 9 (Siltavuorenpenger 20 C) FIN-00014 Helsinki, Finland

ABSTRACT

We study contributions of supersymmetric CP phases to the CP violation ε^′/ε in models with asymmetric A-matrices. We consider asymmetric Amatrices, which are obtained from string-inspired supergravity. We show that a certain type of asymmetry of A-matrices enhances supersymmetric contributions to the CP violation ε^′/ε and the supersymmetric contribution to ε^′/ε can be of order of the KTeV result, ε^′/ε ∼ 10^{−3}.

1. CP violation is sensitive to physics beyond the standard model (SM), that is, CP violation , as well as flavor changing neutral current (FCNC) processes, constrains significantly physics beyond the SM, e.g., supersymmetric models. On the other hand, if any deviation of CP violation from the SM is observed, that would be a strong hint to physics beyond the SM. Many works have been done on CP violation in supersymmetric models [1, 2, 3, 4].

Recently the KTeV collaboration at Fermilab has reported a measurement of the direct CP-violation in K → ππ decays [5]

Re(ε^′/ε) = (28 ± 4) × 10^{−4}. 1

This measurement has confirmed the previous result of the NA31 experiment at CERN [6]. Hence, it excludes the superweak models. The SM predicts non-zero value for ε^′/ε. However, its prediction suffers from a large ambiguity due to the theoretical uncertainties in the hadronic quantities. Recent discussions on (ε^′/ε) can be found in Refs.[7]-[12].

In supersymmetric models, there are several possible sources for CP violation beyond the Cabibbo-Kobayashi-Maskawa (CKM) phase δ_{CKM} in the SM. Two types of physical phases only remain in the minimal supersymmetric standard model (MSSM) after all appropriate field redefinition, namely, the phases of A-parameters and the phase of the μ-term (ϕ_μ). A generic type of A-matrices include many degree of freedom for the real part and imaginary part. However, in most of cases the universality of A-matrices has been assumed. That is good to simplify calculations, but that removes interesting degree of freedom, in particular for CP violation.

Several implications of non-universal A-matrices have been discussed in Ref. [13, 14]. The non-universality among the soft supersymmetry (SUSY) breaking terms plays an important role on all CP violating processes. In particular, it has been shown in Ref. [14] that non-degenerate A-parameters can generate the experimentally observed CP violation ε even with the vanishing CKM CP phase δ_{CKM} = 0, that is, the fully supersymmetric CP violation in the Kaon system is possible. In Ref. [14], an example of symmetric Amatrices for the first 2 × 2 block has been considered with the exact degeneracy of squark masses between the first and second families. Because string-derived soft terms [15, 16] require symmetric A-matrices for exactly degenerate soft masses. This model can lead to the parameter region where we have the SUSY contribution of O(10^{−3}) to ε. However, this type of models provide with a very small value for ε^′/ε. This result is due to an accidental cancellation between the different contributions because of the symmetric form of the A-matrices which have been used.

In this letter, we study the SUSY contributions to the CP violation ε^′/ε in models with asymmetric A-matrices. We consider two possibilities for asymmetric A-matrices keeping the degeneracy of squark masses. One model has almost degenerate squark masses, which are realized by dilaton-dominate SUSY breaking. In the other model, we require a delicate cancellation between string-derived soft masses and the D-term contributions to soft masses. The latter can lead to a large asymmetry for the A-matrix. Using these models, we calculate ε^′/ε explicitly. Then we show that in the case with asymmetric A-terms the

SUSY contribution to ε^′/ε can be of order of the KTeV result, ε^′/ε ∼ 10^{−3}. In the whole analysis we take δ_{CKM} = 0 in order to show the pure SUSY contributions.

2. Here we consider the possibilities that one can obtain non-degenerate A-matrices keeping degeneracy of the squark masses. First we give a brief review on the soft SUSY breaking terms in string models,

− L_{SB} = 1 6 h_{ijk} ϕ_iϕ_jϕ_k + 1 2 (μB)^{ij} ϕ_iϕ_j + 1 2 (m^2)^j_i ϕ^{∗ i}ϕ_j + 1 2 M_a λλ + H.c. (1)

where the ϕ_i are the scalar parts of the chiral superfields Φ_i and λ are the gauginos. We use the notation of trilinear coupling terms, the so-called A-terms, as h_{ijk} = (Y A)_{ijk}, where Y_{ijk} is the corresponding Yukawa coupling.

We start with the (weakly coupled) string-inspired supergravity theory. Its Kähler potential is

K = − ln(S + S^∗) + 3 ln(T + T^∗) + ∑ i (T + T^∗)^{ni} |Φ^i|^2, (2)

where S and T are the dilaton field and the moduli field. Now we assume a nonperturbative superpotential of S and T , W_{np}(S, T ), is induced and F -terms of S and T contribute to SUSY breaking. In addition, we assume the vanishing vacuum energy. Then we parameterize F -terms [15]

F^S = √ 3m_{3/2}(S + S̄) sin θe^{−iαS} , F^T = m_{3/2}(T + T̄ ) cos θe^{−iαT} . (3)

Within this framework, the soft scalar mass and the A-parameter are obtained

m^2_i = m^2_{3/2}(1 + n_i cos^2 θ), (4) A_{ijk} = − √ 3m_{3/2} sin θe^{−iαs} − m_{3/2} cos θ(3 + n_i + n_j + n_k)e^{−iαT} , (5)

where n_i, n_j and n_k are modular weights of fields in the corresponding Yukawa coupling Y_{ijk}. Here we have assumed the corresponding Yukawa coupling Y_{ijk} is T -independent. In addition, the gaugino masses are obtained

M_a = √ 3m_{3/2} sin θe^{−iαS} . (6)

It is obvious that if we require exact degeneracy of squark masses between the first and second families, i.e. n_{D1} = n_{D2} and similar relations for the other squarks, the first 2 × 2 blocks of the A-matrices for the up and down sector, A^u_{ij} and A^d_{ij}, are degenerate. That is what have been used in Ref. [14]. In such a case we obtain a suppressed contribution to the CP violation ε^′/ε.

In the first model we use, we assign different modular weights for the first and second families in order to have asymmetric A matrices. In the dilaton-dominant case with tan θ >> 1, we have almost degeneracy of the squark masses. In addition, the renormalization group effects due to the gaugino masses dilute the nondegeneracy. In Ref. [15] it has been shown that the goldstino angle θ is constrained cos^2 θ < 1/3 for n_i − n_j = 1 from the FCNC^1. For example, as our first model with the asymmetric A-matrix, we take the following assignment of the modular weights

n_{Q1} = −1, n_{Q2} = −2, n_{Q3} = −3, n_{Di} = n_{Ui} = n_{H1} = −1, n_{H2} = −3, (7)

where i = 1, 2, 3. On the top of that, we restrict our analysis to the region cos^2 θ < 1/3.

Under this assumption, we have the A-parameter matrix for the down sector,

A^d_{ij} = a_d a_d a_d b_d b_d b_d c_d c_d c_d , (8)

where

a_d = − √ 3m_{3/2} sin θ, b_d = m_{3/2}(− √ 3 sin θ + e^{−iα0} cos θ), (9) c_d = m_{3/2}(− √ 3 sin θ + 2e^{−iα0} cos θ).

Here we have rotated the gaugino mass terms into real and rotated the A-terms at the same time and α^′ denotes α^′ ≡ α_T − α_S. In this case, we have the asymmetry between A^d_{12} and A^d_{21}, but it is limited because of cos^2 θ < 1/3. Such asymmetry can be enlarged in the h_{ijk}-matrix if we take an asymmetric Yukawa matrix. Thus, we discuss the two cases: one case has a typical symmetric Yukawa matrix and the other case has an example of asymmetric Yukawa matrices. As a typical type of the symmetric and realistic Yukawa matrices, we use the type which are shown explicitly in Ref. [14]. The Yukawa matrices among this type lead to similar results for the CP violation each other. As an example

1Furthermore, in Ref. [17] it has been shown that a certain type of non-universal A-terms reduce the difference at low energy and even could tune it to vanish.

of asymmetric Yukawa matrices, we take the following form,

Y^u_{ij} = y^u λ^8 λ^5 λ^3 λ^7 λ^4 λ^2 λ^5 λ^2 1 , Y^d_{ij} = y^d λ^5 λ^3 λ^3 λ^4 λ^2 λ^2 λ^2 1 1 , (10)

where λ ∼ 0.22. These correspond to the Yukawa matrices with one O(λ) deviation in Ref. [18].

3. We explain the second model which we use. We assume an extra U(1) gauge symmetry^2 and it is broken by the vacuum expectation value (VEV) of the Higgs field χ. This breaking induces another type of contribution to soft scalar masses, i.e. the D-term contribution, which is proportional to a charge of the broken symmetry. In this case, the soft scalar mass is obtained

m^2_i = m^2_{3/2}(1 + n_i cos^2 θ) + q_im^2_D, (11)

where q_i is the charge of the broken U(1) of the matter field, and m^2_D is the universal part of the D-term contributions. Thus, the soft scalar masses are, in general, non-degenerate for n_i and q_i. However, the soft scalar masses m^2_i and m^2_j are degenerate if the following two conditions are satisfied,

(a) n_i − n_j = C(q_i − q_j), where C is universal for i and j,

(b) m^2_{3/2} cos^2 θ + m^2_D/C = 0.

In this case, we obtain the degenerate soft scalar masses for different n_i and n_j , that is, we can obtain non-degenerate A-matrices keeping degenerate soft scalar masses. Thus, this is a very interesting fine-tuned case in the whole parameter space.

Before calculations of ε^′/ε in this model, we give comments on the conditions (a) and (b). We denote here the modular weight and the U(1) charge of χ by n_χ and q_χ and we take the normalization such that q_ϕ = −1. The VEV of χ induces the following terms in the superpotential, W_{Y ukawa} = Y^u_{ij} θ(q_{H2} + q_{Qi} + q_{Uj})(< χ > /M)^{(qH2+qQi+qUj)}Q^iU^j H_2 + Y^d_{ij} θ(q_{H1} + q_{Qi} + q_{Dj})(< χ > /M)^{(qH1+qQi+qDj)}Q^iD^j H_1. (12) The superpoetential includes a similar term for the lepton sector. Here the couplings Y^u_{ij} and Y^d_{ij} are naturally of O(1). The suppression factors (< χ > /M)^{(qH2+qQi+qUj)}

2This U (1) symmetry may be anomalous [19] or anomaly-free.

and (< χ > /M)^{(qH1+qQi+qDj)} can lead to realistic hierarchies of the Yukawa matrices [20, 21, 18].

Now we consider the T -duality transformation, T → aT − ib icT + d , (13) where ad − bd = 1 and a, · · · , d are integers. We assume that the chiral field transforms Φ^i → (icT + d)^{ni} Φ^i. (14) Then we require G ≡ K+ln |W |^2 is duality-invariant. That implies that the superpotential should have the total modular weight ∑ n_i = −3, that is, [22]^3 (q_{H2} + q_{Qi} + q_{Uj})n_χ + n_{H2} + n_{Qi} + n_{Uj} = −3, (q_{H1} + q_{Qi} + q_{Dj})n_χ + n_{H1} + n_{Qi} + n_{Dj} = −3, (15) for non-vanishing couplings. Thus, it is obvious that for Q^i fields the condition (a) is satisfied, i.e. n_{Qi} − n_{Qj} = −n_χ(q_{Qi} − q_{Qj}), (16) if the (i, k) and (j, k) entries do not vanish for one of k in either the up-sector or downsector. Similarly we obtain n_{Ui} − n_{Uj} = −n_χ(q_{Ui} − q_{Uj}), n_{Di} − n_{Dj} = −n_χ(q_{Di} − q_{Dj}), (17) if (k, i) and (k, j) entries do not vanish for one of k in the up-sector and down-sector, respectively. Thus, a certain type of symmetries can realize the condition (a).

Let us give a comment on the condition (b), too. Now our free parameters are m_{3/2}, θ and m^2_D and these are determined by VEVs. Note that if the condition (a) is satisfied, we have the very special direction in our parameter space, i.e. m_{3/2} cos^2 θ = n_χm^2_D, (18) which corresponds to the condition (b). Along this direction, we have the degenerate soft scalar masses, m_{Q(U,D)i} = m_{Q(U,D)j} for i, j. For simplicity, we assume that all squark masses are universal for the direction (18), i.e. m^2_{Q(U,D)i} = m^2_0. Now we consider a vicinity around (18) and there are two types of directions to change parameters. One is to violate the degeneracy and the other is to keep the degeneracy. Here let us consider only the

3See also for D-term contributions derived superstring theory e.g. [23].

direction to violate the degeneracy and treat the degree of freedom of the corresponding VEV as a dynamical parameter. Thus, we can write

m^2_i = m^2_0 + q_iδm^2_0, (19)

around (18), where δm^2_0 corresponds to the dynamical direction to violate the degeneracy. It is obvious that such direction is proportional to q_i for m_i, because of eq.(11) and the linear relation between q_i and n_i.

Now let us consider the one-loop effective potential,

ΔV_1 = 1 64π^2

StrM^4(ln M^2/Q^2 − 3/2). (20)

Around (18), we can expand

ΔV_1 = [ΔV_1]_m2_{i =m}2_0 + Tr q_i[dΔV_1/dδm^2_0]_m2_{i =m}2_0 δm^2_0 + Tr (q_i)^2[d^2ΔV_1/d(δm^2_0)^2]_m2_{i =m}2_0 (δm^2_0)^2 + · · · . (21)

Note that the gaugino masses have no direction corresponding to δm^2_0. If Tr q_i = 0 and d^2ΔV_1/d(δm^2_0)^2 > 0, the fine-tuning direction (18) is a locally minimum.

As explained above, we obtain the degenerate soft scalar mass with non-degenerate A-parameters under the conditions (a) and (b). Note that the assignment of the modular weights are related with the assignment of the U(1) charges. As a simple example, we use the following assignment,

n_{Q1} = −4, n_{Q2} = −3, n_{Q3} = −1, (22)

n_{U1} = −6, n_{U2} = −3, n_{U3} = −1, (23)

n_{D1} = −3, n_{D2} = −1, n_{D3} = −1, (24)

n_{H1} = −1, n_{H2} = −1. (25)

This assignment of the modular weights and the corresponding U(1) charge assignment lead to the Yukawa matrices (10) [18]. In realistic string models, we have constraints on the modular weights for the MSSM matter fields [24], and it might be difficult to obtain e.g. the quark field with n_{U1} = −6. However, we use this assignment as a toy supergravity model. If we make our model more complicated e.g. by use of complicated extra symmetries or we concentrate only the first two families, it might be possible to assign more natural values of modular weights.

Namely, our initial conditions in the second model are as follows. We assume m^2_i = m^2_0, and furthermore we assume m^2_0 = m^2_{3/2}. We use the Yukawa matrices (10) and the A-matrices (5) with the above assignment of the modular weights.

4. The convenient basis to discuss flavor changing effects in the SUSY loop with gluino exchange is the so-called super-CKM basis [25]. In this basis the relevant quark mass matrix is diagonalized, and the squarks are rotated in the same way. We define (δ_{ij})_{LR} by normalizing the off diagonal components by average squark mass squared m^2_{q̃}. The relevant contribution, in our models, to CP violation comes from the terms proportional to (δ_{12})_{LR} and (δ_{12})_{RL}. The mass insertion (δ_{12})^d_{LR}, for instance, is given by

(δ_{12})^d_{LR} = 1 m^2_{q̃}

U_{1i}(h^d)_{ij} U^T_{j2}, (26)

where U is the matrix diagonalizing the down quark mass matrix. It was shown in Ref. [14] that to obtain a large SUSY contribution to ε it is necessary to enhance the values of Im(δ_{12})_{LR} and Im(δ_{12})_{RL}. The non-degeneracy of A-terms is an interesting example for enhancing these quantities. From eq.(26) we notice that the phases of the all entries of the A-matrix contribute to (δ_{12})_{LR}. It is remarkable that we have Im(δ^d_{12})_{LR} ≠ Im(δ^d_{12})_{RL} in the models with asymmetric h-matrices unlike the case of symmetric h-terms. For a wide region of the parameter space we find that Im(δ^d_{12})_{LR} is of order 10^{−4} − 10^{−5}. That is similar to the case with the symmetric h-terms discussed in Ref. [14]. For these values the CP violation ε, as explained in Ref. [14], is of order of the experimental limit 2.2 × 10^{−3}. Note that this is a genuine SUSY contribution since we are assuming that δ_{CKM} = 0. Also in this analysis we have assumed the vanishing of the phase of ϕ_μ, which is usually constrained by the experimental limit of the electric dipole moment of the neutron [26, 27].

Now we estimate the ΔS = 1 CP violating parameter ε^′/ε in our two models. (δ^d_{12})_{LR} and (δ^d_{12})_{RL} give the important contributions to the CP violation processes in kaon physics. The relevant part of the effective hamiltonian H_{eff} for ΔS = 1 CP violation is

H_{eff} = C_8O_8 + C̃_8Õ_8, (27)

where the Wilson coefficient C_8 and the ΔS = 1 effective Hamiltonian O_8 are given in Ref.[3]. The dependence on (δ^d_{12})_{LR} and (δ^d_{12})_{RL} appear in C_8 and C̃_8,

C_8 = α_sπ m^2_{q̃} [ (δ^d_{12})_{LL}(− 1 3 M_3(x) − 3M_4(x)) + (δ^d_{12})_{LR} m_{g̃} m_s (− 1 3 M_1(x) − 3M_2(x)) ] (28) where x = m^2_{g̃}/m^2_{q̃} and C̃_8 can be obtained from C_8 by exchange L ↔ R while the matrix element of the operator Õ_8 is obtained from the matrix element of O_8 multiplying them by (−1). The functions M_1, M_2, M_3 and M_4 can be found in Ref. [3]. The expression for ε^′ is given by the following formula,

ε^′ = e^{π4} ω √ 2 ξ(Ω − 1) (29)

where ω = ReA_2/ReA_0, ξ = ImA_0/ReA_0 and Ω = ImA_2/(ωImA_0). The amplitudes A_I are defined as ⟨ππ(I)|H_{eff}|K^0⟩ where I = 0, 2 is the isospin of the final two-pion state.

Let us discuss the first model with the symmetric and asymmetric Yukawa matrices. We take cos θ = 1/ √ 10 and α^′ ≃ π/2. In both cases, we have Im(δ^d_{12})_{LR} and Im(δ^d_{12})_{RL} of order 10^{−4} − 10^{−5} and they are not degenerate. Thus, it is possible to obtain large values of ε^′/ε. Indeed for Im(δ^d_{12})_{LR} ≃ 10^{−5} we obtain ε^′/ε of order of the experimental results of NA31 and KTeV, ε^′/ε = 2.8 × 10^{−3}. It is interesting to note that even for Im(δ^d_{12})_{LR} ∼ 10^{−5} one can obtain a sizable contribution to ε. As pointed out in Ref. [9], for Re(δ^d_{12})_{LR} ≃ 10^{−3} the ε-requirement |2Re(δ^d_{12})^2_{LR}Im(δ^d_{12})^2_{LR}|^12 ≃ 2 × 10^{−4} is satisfied for the region of the parameter space which leads to ε^′/ε ∼ 10^{−3}.

Figure 1 shows ε^′/ε versus m_{3/2}. The solid line and the dotted line correspond to the symmetric and the asymmetric Yukawa matrices, respectively. In the both cases, the SUSY phase has a sizable contribution to ε^′/ε. As expected, the asymmetric Yukawa matrix provides with larger values of ε^′/ε than the symmetric case. For example, the asymmetric Yukawa matrix leads to the value ε^′/ε = 2.8 × 10^{−3} at m_{3/2} ∼ 450 GeV.

Similarly, we can discuss the second model. Actually, the asymmetry of the A-matrices is large compared with the first model. Thus, the second model predicts much larger values of ε^′/ε for the same value of cos θ. For example, we have ε^′/ε = O(10^{−2} ∼ 10^{−1}) for cos θ = 1/ √ 10 and m_{3/2} = O(100) GeV. Such a case, i.e. such magnitude of asymmetry in the h-matrices, is excluded by the KTeV result. We find ε^′/ε = O(10^{−3}) for cos θ = 1/10. For instance, we have ε^′/ε = 3.3 × 10^{−3} for m_{3/2} = 600 GeV, cos θ = 1/10 and α^′ ≃ π/2. The behaviour of the m_{3/2}-dependence is similar to the both cases of the first model.

Furthermore, the CP violation ε^′/ε can be reduced if any elements in the Yukawa matrices (10) include suppression factors such that the asymmetry of the h-matrices is reduced. For example, here we replace the (3,1) element of the down Yukawa matrix as λ^2 → xλ^2. For x = 0.1 we have ε^′/ε = O(10^{−3}) in the case with cos θ = 1/ √ 10 and

Figure 1. The value of ε^′/ε as a function of the gravitino mass

m_{3/2} = O(100) GeV. For instance, we find ε^′/ε = 2.5 × 10^{−3} for x = 0.1, cos θ = 1/ √ 10 and m_{3/2} = 300 GeV.

5. We have studied the CP violation ε^′/ε in the models with asymmetric A-matrices as well as asymmetric h-matrices. We have shown that a certain type of the asymmetry enhances ε^′/ε and it can be of order of the KTeV result, ε^′/ε ∼ 10^{−3}. A large magnitude of the asymmetry leads to too large CP violation ε^′/ε. Thus, we have a constraint on the large asymmetry of h-matrices from the experimental value ε^′/ε ∼ 2.8 × 10^{−3}. Other CP violating aspects and FCNC processes would also give further constraints.

The authors would like to thank S.M.Barr for useful discussions. S.K. would like to acknowledge the support given by the Fulbright Commission and the hospitality of the Bartol Research Institute. T.K. is supported in part by the Academy of Finland under the Project no. 44129.

References

[1] See for early works,

J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114 (1982) 231; W. Buchmüler and D. Wyler, Phys. Lett. B121 (1983) 321; J. Polchinski and M.B. Wise, Phys. Lett. B125 (1983) 393;

F. de Aguila, M. Gavela, J. Gridols and A. Mendez, Phys. Lett. B126 (1983) 71; J.M. Frere and M.B. Gavela, Phys. Lett. B132 (1983) 107; E. Franco and M. Mangano, Phys. Lett. B135 (1984) 445;

J.M. Gerard, W, Grimus, A. Raychaudhuri and G. Zoupanos, Phys. Lett. B140 (1984) 349. [2] F. Gabbini and A. Masiero, Nucl. Phys. B 322 (1989) 235;

J.S. Hagelin, S. Kelly and T. Tanaka, Nucl. Phys. B 415 (1994) 293; E. Gabrielli, A. Masiero and L. Silverstrini, Phys. Lett. B 374 (1996) 80.

[3] F. Gabbini, E. Gabrielli, A. Masiero and L. Silverstrini, Nucl. Phys. B 477 (1996) 321. [4] See for a review, e.g.,

Y. Grossman, Y. Nir and R. Rattazzi, SLAC-PUB-7379, hep-ph/9701231; A. Masiero and L. Silverstrini, TUM-HEP-303/97, hep-ph/9711401 and references therein.

[5] Seminar presented by P. Shawhan for KTeV collaboration, Fermilad, Feb. 24 1999; http./fnphyxxxx.fnal.gov/experiments/ktev/epsprime/ epsprime.html.

[6] G.D. Barr et al., NA31 Collaboration, Phys. Lett. B 317 (1993) 233. [7] Y.-Y. Keum, U. Nierste and A.I. Sanda, hep-ph/9903230. [8] X.-G. He, hep-ph/9903242.

[9] A. Masiero and H. Murayama, hep-ph/9903363.

[10] S. Bosch, A.J. Buras, M. Gorbahn, S. Jäger, M. Jamin, M.E. Lautenbacher and L. Silverstrini, hep-ph/9904408.

[11] K.S. Babu, B. Dutta and R.N. Mohapatra, hep-ph/9905464. [12] F. Benatti and R. Floreanini, hep-ph/9906272. [13] S.A. Abel and J.-M. Frére, Phys. Rev. D 55 (1997) 1623.

[14] S. Khalil, T. Kobayashi and A. Masirero, hep-ph/9903544, to be published in Phys. Rev. D. [15] A. Brignole, L.E. Ibanez and C. Munoz, Nucl. Phys. B 422 (1994) 125;

A. Brignole, L.E. Ibanez, C. Munoz and C. Scheich, Z. Phys. C74 (1997) 157. [16] T. Kobayashi, D. Suematsu, K. Yamada and Y. Yamagishi, Phys. Lett. B348 (1995) 402. [17] D. Choudhury, F. Eberlein, A. König, J. Louis and S. Pokorski, Phys. Lett. B342 (1995) 180. [18] E. Dudas, S. Pokorski and C.A. Savoy, Phys. Lett.B356 (1995) 45. [19] See for recent discussions of anomalous U (1), e.g.

T. Kobayashi and H. Nakano, Nucl. Phys. B 496 (1997) 103; G.B. Cleaver, Nucl. Phys. Proc. Suppl. 62 (1998) 161; G.B. Cleaver and A.E. Faraggi, hep-ph/9711339;

G. Aldazabal, A. Font, L.E. Ibanez and G. Violero, Nucl. Phys. B 536 (1998) 29; Z. Lalak, S. Pokorski and S. Thomas, hep-ph/9807503; L.E. Ibanez, R. Rabadan and A.M. Uranga, hep-th/9808139;

E. Poppitz, Nucl. Phys. B 542 (1999) 31;

Z. Lalak, S. Lavignac and H.P. Nilles, hep-th/9903160 and references therein. [20] C.D. Froggatt and H.B Nielsen, Nucl. Phys. B 147 (1979) 277. [21] M. Leurer, Y. Nir and N. Seiberg, Nucl. Phys. B 420 (1994) 468;

L.E. Ibanez and G.G. Ross, Phys. Lett. B332 (1994) 100; P. Binetruy and P. Ramond, Phys. Lett. B350 (1995) 49; V. Jain and R. Schrock, Phys. Lett. B356 (1995) 83;

P. Binetruy, S. Lavignac and P. Ramond, Nucl. Phys. B477 (1996) 353. [22] E. Dudas, S. Pokorski and C.A. Savoy, Phys. Lett.B369 (1996) 255;

E. Dudas, C. Grojean, S. Pokorski and C.A. Savoy, Nucl. Phys. B481 (1996) 85. [23] Y. Kawamura and T. Kobayashi, Phys. Lett. B375 (1996) 141; Phys. Rev. D56 (1997) 3844;

Y. Kawamura, T. Kobayashi and T. Komatsu, Phys. Lett. B400 (1997) 284. [24] L.E. Ibanez and D. Lüst, Nucl. Phys. B382 (1992) 305;

H. Kawabe, T. Kobayashi and N. Ohtsubo, Phys. Lett. B325 (1994) 77; Nucl. Phys. B434 (1995) 210.

[25] L.J. Hall, V.A. Kobstelecki and S. Raby, Nucl. Phys. B 267 (1986) 415.

[26] T. Ibrahim and P. Nath, Phys. Lett. B418 (1998) 98; Phys. Rev. D57 (1998) 478; Erratum ibid D58 (1998) 019901.

[27] S. Barr and S. Khalil, hep-ph/9903425.