hep-th/9904043 v2 14 May 1999

The Chern-Simons Coefficient in Supersymmetric Non-Abelian Chern-Simons Higgs Theories

Hsien-chung Kao^† Department of Physics, Tamkang University, Tamsui, Taiwan 25137, R.O.C.

Abstract

By taking into account the effect of the would be Chern-Simons term, we calculate the quantum correction to the Chern-Simons coefficient in supersymmetric Chern-Simons Higgs theories with matter fields in the fundamental representation of SU(n). Because of supersymmetry, the corrections in the symmetric and Higgs phases are identical. In particular, the correction is vanishing for N = 3 supersymmetric Chern-Simons Higgs theories. The result should be quite general, and have important implication for the more interesting case when the Higgs is in the adjoint representation. PACS number(s):11.10.Kk, 11.10.Gh, 11.15.Ex, 11.30.Pb

Typeset using REVTEX

†Email address:hckao@mail.tku.edu.tw

Chern-Simons theories can give rise to particle excitations with fractional spin and statistics, and thus have been used as effective field theories to study the fractional quantum Hall effect [1–3]. They are also interesting when the Higgs fields with a special sixth order potential are included so that the systems admit a Bogomol’nyi bound in energy [4]. The bound is saturated by solutions satisfying a set of first-order self-duality equations [5]. These solutions have rich structure and have been under extensive study especially when the gauge symmetry is non-abelian with the Higgs in the adjoint representation [6]. It is known that the self-duality in these systems signifies an underlying N = 2 supersymmetry and thus the Bogomol’nyi bound is expected to be preserved in the quantum regime [7]. Furthermore, when these theories are dimensionally reduced, an additional Noether charge appears, which in turns yields a BPS-type of domain wall [8].

The quantum correction to the Chern-Simons coefficient has also attracted a lot of attention. For theories without massless charged particles and the gauge symmetry is not spontaneously broken, Coleman and Hill have shown in the abelian case that only the fermion one-loop diagram can contribute to the correction to the Chern-Simons coefficient and yields^1_{4π} [9]. The quantization of the correction can be understood with an topological argument in the spinor space by making use of the Ward-Takahashi identity [10]. When there is spontaneous breaking of gauge symmetry, one can show that there exists in the effective action the so-called would be Chern-Simons terms, which induces terms similar to the Chern-Simons one in the Higgs phase [11]. By taking into account the effect of the would be Chern-Simons term, it has been shown that the one-loop correction in the Higgs phase is identical to that in the symmetric phase [12]. On the other hand, if the charged particles, both scalars and spinors can contribute to the correction at two-loop level and it is not quantized [13].

The situation becomes even more intriguing when the gauge symmetry is non-abelian: the Chern-Simons coefficient must be integer multiple of^1_{4π} for the systems to be invariant under large gauge transformation; otherwise the theories are not quantum-mechanically consistent. Therefore, it is interesting to confirm that the quantization condition is not spoiled by quantum effects. In the symmetric phase, this has been shown to one loop [14]. When there is no bare Chern-Simons term, it is also verified up to two loops considering only the fermionic contribution [15]. In the Higgs phase, it is known for some time that if there is remaining symmetry e.g. SU(n) with n ≥ 3, the quantization condition will still be satisfied [16–18]. However, if the gauge symmetry is completely broken, e.g. SU(2), simple-minded calculation shows that the correction is again complicated and not quantized [11]. Although one may argue that this arises because there is no well-defined symmetry generator in such case, a better way to understand the whole thing is again to note the effect of the would be Chern-Simons terms. They are invariant even under the large gauge transformation, and their coefficients need not to be quantized. Therefore, we must subtract out the their contribution to obtain the correct result. Indeed, more careful calculation shows that for the Higgs being in fundamental SU(n) the quantization condition is always satisfied whether the gauge symmetry is completely broken or not [19]. As a result, a more or less unifying picture of the quantum correction to the Chern-Simons coefficient has emerged.

In pure non-abelian Chern-Simons theories, there is also the so-called regularization dependence of the quantum corrections to the Chern-Simons coefficient: Δκ = sign(C_v ), if we introduce the Yang-Mills term as a UV regulator, while Δκ = 0, if we do not [20]. Here, C_v is the the quadratic Casimir operator in the adjoint representation of the gauge group. Further studies suggest that every local regulator manifestly preserving BRS invariance and unitarity would give rise to the same quantum correction [21]. Interestingly, it has been shown that N = 1 supersymmetric Yang-Mills-Chern-Simons theory is finite to all orders. [22] Moreover, if the regulator is supersymmetric, the corrections become regularization independent [23]. In particular, the corrections are vanishing for N = 2, 3 supersymmetric Chern-Simons theories. Hence, we would like to know what happen if there is also spontaneous breaking of gauge symmetry in the system.

In this paper, we calculate the quantum corrections to the Chern-Simons coefficient in supersymmetric Chern-Simons Higgs theories with the Higgs being in the fundamental SU(n). It turns out that the result is partially regularization dependent. If we do not introduce the Yang-Mills term, the quantum corrections are quantized and identical in the symmetric and Higgs phase because of supersymmetry. On the other hand, if we do, the result is more complicated. For n ≥ 3, the quantum corrections are still identical in the two phases. For n = 2, however, the quantum corrections becomes different in the two phases. We conclude with some comments on its implication and possible future direction.

With matter fields in the fundamental SU(n), the N = 3 supersymmetric nonabelian Chern-Simons Higgs theories can be simplified to [24]: L = −iκ ϵ^{μνρ} tr { A_μ∂_ν A_ρ − 2 3 iA_μA_ν A_ρ } + |D_μϕ_1|^2 + |D_μΦ_2|^2 + ψ̄γ^μD_μψ + χ̄γ^μD_μχ + 1 κ^2

(|ϕ_1|^2 + |Φ_2|^2) [ (n − 1) 2n (|ϕ_1|^2 − |Φ_2|^2) + v^2

]_2 + 1 4 |ϕ_1|^2|Φ_2|^2 +

(3n − 2)(n − 2) 4n^2

|ϕ^†_1Φ_2|^2 + 1 κ { [v^2 − 1 2n |ϕ_1|^2 −

(2n − 1) 2n |Φ_2|^2]ψ̄ψ + [−v^2 −

(2n − 1) 2n |ϕ_1|^2 − 1 2n |Φ_2|^2]χ̄χ }

+ 1 2 [(ψ̄ϕ_1)(ϕ^†_1ψ) + (χ̄Φ_2)(Φ^†_2χ)] −

(n − 2) 2n [(ψ̄Φ_2)(Φ^†_2ψ) + (χ̄ϕ_1)(ϕ^†_1χ)] (1) + (n − 1) 2n [(ψ̄ϕ_1)(ψ^†ϕ_1) + (ϕ^†_1ψ̄^†)(ϕ^†_1ψ) + (χ̄Φ_2)(χ^†Φ_2) + (Φ^†_2χ̄^†)(Φ^†_2χ)] − (n − 1) 2n [(Φ^†_2ϕ_1)(ψ̄χ) + (ϕ^†_1Φ_2)(χ̄ψ) + (ψ̄ϕ_1)(Φ^†_2χ) + (χ̄Φ_2)(Φ^†_2χ)] −[(ψ̄ϕ_1)(χ^†Φ_2) + (Φ^†_2χ̄^†)(ϕ^†_1ψ)] + 1 n [(ψ̄Φ_2)(χ^†ϕ_1) + (ϕ^†_1χ̄^†)(Φ^†_2ψ)].

Here D_μ = (∂_μ − iA^m_μ T^m) and γ_μ = σ_μ so that the gamma matrices satisfy γ_μγ_ν = δ_{μν} + iϵ_{μνρ}γ_ρ, with ϵ_{012} = 1. The generators satisfy [T^m, T^n] = if^{lmn}T^l, with the normalization tr{T^mT^n} = δ^{mn}/2 and ∑ m(T^m)_{αβ}(T^m)_{γδ} =^1_2 δ_{αδ}δ_{βγ} −^1_{2n} δ_{αβ}δ_{γδ}.

We will use the background field gauge so that the effective action is explicitly gauge invariant and the gauge fields do not get renormalized. This can be done by separating A_μ into the background part A_μ and the quantum part Q_μ. In the Higgs phase, Φ_2 = ϕ_2 + φ with φ^†φ = |φ|^2. As usual, the gauge fixing and the Faddeev-Popov ghost terms are given by

L_{gf} = 1 2ξ { (D̂_μQ_μ)^m + iξ(φ^†T^mϕ_2 − ϕ^†_2T^mφ)

}_2

, (2) and L_{F P} = 2 tr { (D̂_μη̄)(D̂_μη) − i(D̂_μη̄)[Q_μ, η] }

+ξ(φ^†η̄ηφ − φ^†ηη̄φ) + ξ(φ^†η̄ηϕ_2 − ϕ^†_2ηη̄φ). (3) Here D̂_μ is the covariant derivative using the background field. Combining Eqs. (1), (2) and (3), we see the relevant quadratic terms are

L_0 = 1 2 Q^m_μ { [iκϵ_{μνρ}∂_ρ]δ_{mn} − 1 ξ ∂_μ∂_ν + δ_{μν} [(φ^†T^mT^nφ) + (φ^†T^nT^mφ)] } Q^n_ν + 1 2 (ϕ^†_2, ϕ^T_2 )

−∂^2 +^{(n−1)} 2_{|φ|}2_{φφ}† 2n2_κ2 +^{ξ|φ|} 2 2 −^{ξφφ†}_{2n}^{(n−1)} 2_{|φ|}2_{φφ}T 2n2_κ2 −^{(n−1)ξφφT}_{2n} (n−1)2|φ|2φ∗φ† 2n2_κ2 −^{(n−1)ξφφ†}_{2n} −∂^2 +^{(n−1)}

2_{|φ|}2_φ∗_φT 2n2_κ2 +^{ξ|φ|} 2 2 −^{ξφ∗φT}_{2n} ϕ_2 ϕ^∗_2 + 1 2 (ψ̄, ψ̄^∗) γ · ∂ −^{|φ|} 2 2κ −^{(n−2)φφ†}_{2nκ} 0 0 γ · ∂ −^{|φ|} 2 2κ −^{(n−2)φ∗φT}_{2nκ} ψ ψ^∗ + 1 2 (χ̄, χ̄^∗) γ · ∂ −^{|φ|} 2 2κ +^{φφ†}_{2κ}^{(n−1)φφT}_{nκ} (n−1)φ∗φ† nκ γ · ∂ −^{|φ|} 2 2κ +^{φ∗φT}_{2κ} χ χ^∗ (4) + f^{lmn} { 1 ξ (∂_μQ^l_μ)A^m_μ Q^n_ν − iκ 2 ϵ_{μνρ}A^l_μQ^m_ν Q^n_ρ }

+ 2(φ^†A_μQ_μϕ_2) + 2(ϕ^†_2Q_μA_μφ) − iψ̄γ^μA_μψ − iχ̄γ^μA_μχ.

In our case, there are two relevant would be Chern-Simons terms:

O_1 = ϵ^{μνρ}i{Φ^†_2T^m(D_μΦ_2) − (D_μΦ_2)^†T^mΦ_2}F^m_{νρ}, O_2 = ϵ^{μνρ}i{Φ^†_2(D_μΦ_2) − (D_μΦ_2)^†Φ_2}(Φ^†_2F_{νρ}Φ_2). (5)

In the Higgs phase, they give rise to ϵ^{μνρ}A^n_μF^m_{νρ}{(φ^†T^mT^nφ) + (φ^†T^nT^mφ)}, 2ϵ^{μνρ}A^n_μF^m_{νρ}(φ^†T^mφ)(φ^†T^nφ), (6) respectively. We note that their transformation property under the SU(n) symmetry are different from the quadratic part of the Chern-Simons term. Therefore, we will leave the VEV φ in general form so that it is easier to extract the correction to the Chern-Simons coefficient. For this purpose, we express the propagators in terms of the following projection operators:

(P_1)_{mn} = δ_{mn} − 2[(φ̂^†T^mT^nφ̂) + (φ̂^†T^nT^mφ̂)] +

2(n − 2) (n − 1)

(φ̂^†T^mφ̂)(φ̂^†T^nφ̂), (P_2)_{mn} = 2[(φ̂^†T^mT^nφ̂) + (φ̂^†T^nT^mφ̂)] − 4(φ̂^†T^mφ̂)(φ̂^†T^nφ̂), (P_3)_{mn} = 2n (n − 1)

(φ̂^†T^mφ̂)(φ̂^†T^nφ̂);

Q_1 = I − φ̂φ̂^† 0 0 I − φ̂^∗φ̂^T ,

Q_2 = 1 2 φ̂φ̂^† φ̂φ̂^T φ̂^∗φ̂^† φ̂^∗φ̂^T ,

Q_3 = 1 2 φ̂φ̂^† −φ̂φ̂^T −φ̂^∗φ̂^† φ̂^∗φ̂^T , (7) where φ̂ ≡ φ/|φ|. With these projection operators, it is now straightforward to obtain the propagators of Q_μ, ϕ_2, ψ, and χ:

Δ^{mn}_{μν} (k) = { [Δ^1_{μν} (k)](P_1)_{mn} + [Δ^2_{μν} (k)](P_2)_{mn} + [Δ^3_{μν} (k)](P_3)_{mn} } , D(k) = { [D^1(k)]Q_1 + [D^2(k)]Q_2 + [D^3(k)]Q_3 } , (8) S_ψ (k) = { [S^1(k)]Q_1 + [S^3(k)]Q_2 + [S^3(k)]Q_3 } , S_χ(k) = { [S^1(k)]Q_1 + [S^2(k)]Q_2 + [S^3(k)]Q_3 } . Here,

Δ^1_{μν} (k) = ϵ_{μνρ}k^ρ κk^2 + ξk_μk_ν k^4 , Δ^2_{μν} (k) = M_W (δ_{μν} − k_μk_ν /k^2) + ϵ_{μνρ}k^ρ κ(k^2 + M^2_W ) + ξk_μk_ν k^2(k^2 +^1_2 ξ|φ|^2) , Δ^3_{μν} (k) = M_Z (δ_{μν} − k_μk_ν /k^2) + ϵ_{μνρ}k^ρ κ(k^2 + M^2_Z ) + ξk_μ k_ν k^2[k^2 +^{(n−1)}_n ξ|φ|^2] ; D^1(k) = 1 (k^2 +^1_2 ξ|φ|^2) , D^2(k) = 1 (k^2 + M^2_Z )

, (9)

D^3(k) = 1 [k^2 +^{(n−1)}_n ξ|φ|^2] ; S^1(k) = 1 (iγ · k − M_W ) , S^2(k) = 1 (iγ · k + M_Z ) , S^3(k) = 1 (iγ · k − M_Z ) , and M = κg^2, M_W = |φ|^2/(2κ), and M_Z = (n − 1)|φ|^2/(nκ).

To determine the renormalization of the Chern-Simons coefficient, it is sufficient to calculate the parity odd part of the vacuum polarization. The three relevant diagrams are shown in Fig. 1: one with a gluon loop, one with a gluon-Higgs loop and one with a fermion loop [18]. After some algebra, we see that the vacuum polarization can be decomposed into three parts: [Π^{mn}_{μν} (p)]_{odd} = ϵ_{μνρ}p_ρ { Π_1(p^2)δ_{mn} +Π_2(p^2)[(φ̂^†T^mT^nφ̂) + (φ̂^†T^nT^mφ̂)] +Π_3(p^2)(φ̂^†T^mφ̂)(φ̂^†T^nφ̂) } . (10) Since the two would be Chern-Simons terms only contribute to Π_2(0) and Π_3(0), we only need to calculate Π_1(0) to find the correction to the Chern-Simons coefficient. In the Landau gauge, Π_1(p) = Π_B(p) + 2Π_F (p), (11) with

Π_B(p) = ∫ d^3k (2π)^3

{ [k^2p^2 − (k · p)^2] p^2(k^2 + M^2_W )[(k − p)^2 + M^2_W ] }{ −M_W 2(k − p)^2 + −M_W 2(k)^2 }

+ ∫ d^3k (2π)^3 { −M_W (k · p) p^2(k^2 + M^2_W )(k − p)^2 + M_W [−k^2p^2 − (k · p)^2 + 2k^2(k · p)] p^2k^2(k^2 + M^2_W )(k − p)^2 } ; (12)

Π_F (p) = ∫ d^3k (2π)^3 { M_W (k^2 + M^2_W )((k − p)^2 + M^2_W ) } . In the zero momentum limit, Π_B(0) = −κ 4π|κ| , (13) Π_F (0) = κ 8π|κ| .

By throwing away ϕ_1 and χ, we can also obtain the correction for N = 2 supersymmetric

Chern-Simons Higgs theories. In sum, the corrections are

Δκ_{N=3} = 0,

Δκ_{N=2} = −κ 8π|κ| . (14)

(15)

Both the results are identical to those in the symmetric phase. Therefore, the degener-

acy between the symmetric and asymmetric vacua is preserved as we have expected for

supersymmetric theories. This is confirmed by calculating the effective potential of ϕ_2.

The situation is quite different, if we introduce the Yang-Mills term as a ultraviolet

regulator. From the result in Ref. [19], we have

Π_B(p) =

(n − 1) 2 Π^{Ia}(p) + 1 2 Π^{Ib}(p), (16)

in the Landau gauge. Here,

Π^{Ia}(p) = ∫ d^3k (2π)^3

{ M[k^2p^2 − (k · p)^2][4M^2 + 10k^2 − 10k · p + 8p^2] p^2k^2(k^2 + M^2)(k − p)^2[(k − p)^2 + M^2] }

+ ∫ d^3k (2π)^3

{ M[−2k^2p^2 − 2(k · p)^2 + 4p^2(k · p)]

p^2k^2(k^2 + M^2)(k − p)^2 } , Π^{Ib}(p) = ∫ d^3k (2π)^3

{ M[k^2p^2 − (k · p)^2] p^2(k^2 + M^2_W +)(k^2 + M^2_W − )[(k − p)^2 + M^2_W +][(k − p)^2 + M^2_W − ] }

× { 6M^2 +

(k^2 + M_W +M_W − )[−M^2 + 8k^2 − 4k · p + 4p^2] k^2 + [(k − p)^2 + M_W +M_W − ][−M^2 + 8k^2 − 12k · p + 8p^2] (k − p)^2

(17) + (k^2 + M_W +M_W − )[(k − p)^2 + M_W +M_W − ][−6k^2 + 6k · p − 4p^2] k^2(k − p)^2 }

+ ∫ d^3k (2π)^3

{ −2M(k · p)[M_W +M_W − + 2k^2 − 2p^2]

p^2(k^2 + M^2_W +)(k^2 + M^2_W − )(k − p)^2 + M(k^2 + M_W +M_W − )[−2k^2p^2 − 2(k · p)^2 + 4k^2(k · p)] p^2k^2(k^2 + M^2_W +)(k^2 + M^2_{W −} )(k − p)^2 } . They come from the unbroken and broken sectors, respectively. In the zero momentum limit,

we see

Π^{Ia}(0) = κ 2π|κ| , Π^{Ib}(0) = 0. (18)

It is obvious that taking the limit that g → ∞ does not change the above result.

For n ≥ 3, there is remaining gauge symmetry and

Π_B(0) = (n − 1)κ 4π|κ| . (19)

Consequently,

Δκ_{N=3} = nκ 4π|κ| , Δκ_{N=2} = (n − 1/2)κ 4π|κ| . (20)

Again, both the above results are identical to those in the symmetric phase. In the SU(2) case the gauge symmetry is completely broken, and there is no such a thing as unbroken part in the Higgs phase. As a result, the first terms in Eq. (16) should not have been there. Since Π^{Ib}(0) = 0 and thus the bosonic part is vanishing, the quantum correction to the Chern-Simons coefficient comes from the fermionic part only and is

Δκ_{N=3} = κ 4π|κ| , Δκ_{N=2} = κ 8π|κ| . (21)

Both results are different from those in the symmetric phase. This indicates that the supersymmetry is broken when the gauge group is fundamental SU(2). Since the Yang-Mills term itself does not respect supersymmetry, it is hardly surprising. The confusing part is why this happens only for the SU(2) case. One possible way to clarify the above confusion is to do a derivative expansion type of calculation as in Ref. [12].

The results that the quantum correction to the Chern-Simons coefficient in supersymmetric Chern-Simons Higgs theories are identical in the symmetric and Higgs phases is interesting and have important implication. It is well-known that non-abelian self-dual

Chern-Simons Higgs theories with the Higgs in the adjoint representation have rich vacuum structure. It has been quite a challenge to verify that the quantum correction to the Chern-Simons coefficient is quantized in these systems. If the results obtained above can be generalized to the adjoint representation, we can calculate the quantum correction in selfdual Chern-Simons Higgs theories by calculating the fermionic part in the corresponding supersymmetric Chern-Simons Higgs theories. Finally, although the calculation done here is only for supersymmtric Chern-Simons Higgs theories, we believe the results also apply to supersymmetric Yang-Mills Chern-Simons Higgs theories based on our experience from Ref. [23].

Acknowledgments

This work is supported in part by the National Science Council of R.O.C. under grant No. NSC88-2112-M-032-003.

REFERENCES

[1] J. Schonfeld, Nucl. Phys. B185, 157 (1981); S. Deser, R. Jackiw and S. Templeton, Ann. Phys. (N.Y.) 140, 37 (1982).

[2] D. p. Arovas, J. R. Schrieffer, F. Wilczek and A. Zee, Nucl. Phys. B251, 117 (1985);

T. H. Hnsson, M. Rŏcek, I. Zahed and S. C. Zhang, Phys. Lett. B 214, 475 (1988). [3] R. E. Prange and S. M. Girvin, The Quantum Hall Effect, (Springer-Verlag, Berlin, 1990); X. G. Wen, Topological orders and Edge excitations in FQH states, condmat/9506066.

[4] E. Bogomol’nyi, Sov. J. Nucl. Phys. 24, 449 (1976).

[5] J. Hong, Y. Kim and P.Y. Pac, Phys. Rev. Lett. 64, 2230 (1990); R. Jackiw and E.J.

Weinberg, ibid. 64, 2234 (1990); R. Jackiw, K. Lee and E.J. Weinberg, Phys. Rev. D 42, 3488 (1990).

[6] K. Lee, Phys. Lett. B 255, 381 (1991); K. Lee, Phys. Rev. Lett. 66, 553 (1990); G.

Dunne, Phys. Lett. B 324, 359 (1994); H-C. Kao and K. Lee, Phys. Rev. D 50, 6626 (1994); G. Dunne, Nucl. Phys. B433, 333 (1995); G. Dunne, Phys. Lett. B 345, 452 (1995); G. Dunne, Self-Dual Chern-Simons Theories (Springer-Verlag, Berlin, 1995).

[7] C. Lee, K. Lee, and E.J. Weinberg, Phys. Lett. B 243, 105 (1990); E.A. Ivanov,ibid.

268, 203 (1991); S.J. Gates and H. Nishino, ibid. 281, 72 (1992). [8] H-C. Kao, K. Lee and T. Lee, Phys. Rev. D 55, 6447 (1997). [9] S. Coleman and B. Hill, Phys. Lett. B 159, 184 (1985).

[10] K. Ishikawa and T.Matsuyama, Z. Phys C33, 41, (1986); K. Ishikawa and T.Matsuyama, Nucl. Phys. B280, 523 (1987); T.Matsuyama, Prog. Theor. Phys. 77, 711, (1987); N. Imai et al, Phys. Rev. B42, 10610, (1990).

[11] S.Y. Khlebnikov and M.E. Shaposhnikov, Phys. Lett. B 254, 148 (1991).

[12] A. Khare, R. MacKenzie, and M. B. Paranjape, Phys. Lett. B 343, 239 (1995); H.-C.

Kao, Mod. Phys. Lett. A 12, 763 (1997).

[13] G.W. Semenoff, P. Sodano and Y.-S. Wu, Phys. Rev. Lett. 62, 715 (1989); W. Chen, Phys. Lett. B 251, 415 (1991); V.P. Spiridonov and F.V. Tkachov, ibid. 260, 109 (1991); D.K. Hong, T. Lee and S.H. Park, Phys. Rev. D 48, 3918 (1993).

[14] R.D. Pisarski and S. Rao, Phys. Rev. D 32, 2081 (1985); G. Giavirini, C.P. Martin and F. Ruiz Ruiz, Nucl. Phys. B381, 222 (1992).

[15] Y.-C. Kao and M. Suzuki, Phys. Rev. D 31, 2137 (1985).

[16] L. Chen, G. Dunne, K. Haller, and E. Lim-Lombridas, Phys. Lett. B 348, 468 (1995). [17] A. Khare, R. B. MacKenzie, P. K. Pannigrahi, and M. B. Paranjape, Phys. Lett. B 355, 236 (1995).

[18] H.-C. Kao, Y.-C. Kao, and Y.-L. Lee, Phys. Rev. D 54, 1826, (1996). [19] H.-C. Kao, Phys. Rev. D. 57, 7416 (1998).

[20] M. Asorey, F. Falceto, J.L. López and G. Luzón, Nucl. Phys. B429, 344 (1994). [21] G. Giavarini, C.P. Martin, and F. Ruiz Ruiz, Phys. Lett. B 314, 328 (1993); G. Giavarini, C.P. Martin, and F. Ruiz Ruiz, Phys. Lett. B 332, 345 (1994).

[22] F. Ruiz Ruiz and P. van Nieuwenhuizen, Nucl. Phys. B486 443, (1997) [23] H.-C. Kao, K. Lee, and T. Lee, Phys. Lett. B 373, 94, (1996). [24] H.-C. Kao, Phys. Rev. D. 50, 2881 (1994).

13