arXiv:hep-ph/0112021 v1 3 Dec 2001

Renormalization Group for Soft SUSY Breaking Parameters and MSSM Coupled with Superconformal Field Theories^a

Haruhiko Terao^b

Institute for Theoretical Physics, Kanazawa University Kanazawa 920-1192, Japan

Abstract

First we give a review of the spurion formalism and the exact renormalization group equations for soft supersymmetry breaking parameters in general gauge theories. Next we discuss the minimal supersymmetric standard model coupled to superconformal theories leading to hierarchical Yukawa couplings by large anomalous dimensions of quarks and leptons. The soft scalar masses are found to satisfy the noble sum rule in IR regime. It is possible construct the models such that the degenerate squark/slepton masses are realized thanks to this IR sum rule. However, it is found also that this degeneracy is slightly broken mainly by the radiative corrections of the SM gaugino mass insertion. We show that the degeneracy is sufficient for the squark sector, but weak for the slepton sector to avoid the supersymmetric flavor problems.

1 Exact RG for soft SUSY breakings

1.1 Soft SUSY breakings and spurion superfields

SUSY has been expected to realize the high energy theories in solving the gauge hierarchy problem. This is based on the fact that UV sensitivity is reduced to logarithmic, i.e. absence of quadratic divergence, ensured by supersymmetry and renormalizability. While SUSY must be broken at TeV scale. The SUSY breaking terms should be introduced so as not to generate power divergences. Such SUSY breakings are called soft in supersymmetric theories. The type of soft SUSY breaking parameters have been clarified for renormalizable theories by using spurion method [1]. We note that all terms with dimension less than 4 are not allowed.

There have been proposed various SUSY breaking and mediation mechanisms. On the other hand Minimal Supersymmetric Standard Model (MSSM) must be compatible with severe constraints from precision experiments. In order to see a given high energy model to satisfy the constraints or not, we need the RG framework for soft SUSY breaking parameters.

a Talk at Summer Institute 2001, Yamanashi, Japan, 2001. bE-mail: terao@hep.s.kanazawa-u.ac.jp

It has been known that the RG equations for the soft SUSY breaking parameters can be derived from the beta functions in the rigid theories. This correspondence is exact in the sense of all order perturbation theory. Therefore non-perturbative analysis is totally beyond our present scope. In this formalism also the spurions are found to be quite useful [1, 2]. However it is rather recent that the formalism for the “exact” RG for soft parameters have been completed. In this section we review the formalism of the exact RG for soft SUSY breaking parameters and try to sum up the findings spreading in the literatures [2, -,14].

Let us start the review to see what kinds of the soft breaking parameters are allowed. Actually the proof relies heavily on the renormalizability of the theory. So we first discuss how renormalizability remove quadratic divergences in supersymmetric theories. There we use the superfield Feynman rules in perturbation theory [15].

We consider the general renormalizable Lagrangian given by L = ∫ d^4θϕ^†_i e^V ϕ^i + ∫ d^2θW (ϕ) + h.c + ∫ d^2θ 1 2g^2

TrW^αW_α + h.c. (1)

First we see θ integration in the N = 1 super-Feynman rules. The superfield propagators are all local in the θ coordinate and are given explicitly by ⟨ϕ^†_i ϕ^j ⟩ = 1 p^2 + m^2 δ^j_i δ^4(θ − θ^′) (2) ⟨ϕ^iϕ^j ⟩ = mD^2 4p^2(p^2 + m^2) δ^{ij} δ^4(θ − θ^′) (3) ⟨V^AV^B⟩ = − 1 p^2 δ^{AB}δ^4(θ − θ^′) (4)

Let us count degrees of divergence for Feynman diagrams. For each vertex ∫ d^4θ integration and four covariant derivatives D or D̄ are attached. If there are E external legs of chiral superfields, then the number of covariant derivatives is reduced by 2E. For each loop with n vertices, the θ integrations are reduced by partial integration and by using the formula, D^2D̄^2D^2 = 16□D^2 , to Γ ∼ ∫ d^4θ_1 ∫ d^4θ_nδ^4(θ_1 − θ_n)(D^2_n)^l(D̄^2_n)^kδ^4(θ_n − θ_1), (5)

where k, l are 0 or 1. Therefore the θ integration does not vanish, only if k = l = 1. Thus the n-point Green functions are always given by the form of Γ = ∑ n ∫ d^4x_1 · · · ∫ d^4x_n ∫ d^4θG(x_1, · · · , x_n)f(ϕ, V, D^αϕ, · · ·) (6) Here the famous non-renormalization of the superpotential follows,^1 since the radiative corrections appears only with ∫ d^4θ integration.

1 The non-renormalization is also shown by a simple argument based on holomorphic property of the superpotential. For the proofs in this line, see Ref. [16, 17].

Now it is seen that the degree of divergence D is given by D = 4L − 2P − C + 2V − E − 2L = 2 − C − E, (7) where L, P, C, V and E denote the number of loops, propagators, chiral propagators, ⟨ϕϕ⟩ and ⟨ϕ^†ϕ^†⟩, vertices, and chiral external lines respectively. By taking into account of the gauge invariance,^2 we find that the divergence is at most logarithmic. Thus the naturalness of supersymmetric theories relies on the renormalizability. For example, if the superpotential contains ϕ^4 term, which is non-renormalizable, then the quadratic divergence appears [18].

The SUSY breaking terms can be incorporated into the superspace perturbation by using spurion superfields. For example, the scalar mass term m^2ϕ^†ϕ is rewritten as ∫ d^4θUϕ^†ϕ by introducing a spurion superfield U = m^2θ^2θ̄^2. Thus, what ensures absence of quadratic divergence in softly broken theories is again renormalizability. If all the SUSY breaking terms represented by means of spurions do not destroy renormalizability, then divergences are at most logarithmic. Therefore the vertex containing a spurion superfield, which is treated as an external field in perturbation, should not carry more than four covariant derivatives. Thus the soft terms are restricted to the followings,

Lsoft = − ∫ d^4θ(m^{2j}_i θ^2θ̄^2)ϕ^†_j ϕ^i − ∫ d^2θ(Mθ^2) 1 g^2

TrW^αW_α − ∫ d^2θ 1 2 (μ_{ij} θ^2)ϕ^iϕ^j − ∫ d^2θ 1 6 (h_{ijk}θ^2)ϕ^iϕ^j ϕ^k − h. c., (8)

which represent the soft scalar masses, B-terms, tri-linear scalar couplings and the gaugino masses. Note that, for example, the fermion mass term given by ∫ d^4θ(mθ^2θ̄^2)D^αϕD_αϕ gives a hard breaking, though the dimension of this term is less than four.

1.2 Softly broken Wess-Zumino models

In this sub-section we derive the RG equations for softly broken Wess-Zumino model, whose Lagrangian is given by L = ∫ d^4θ(1 − m^2_{0i}θ^2θ̄^2)ϕ^†_i ϕ^i + ∫ d^2θ 1 6 (y_{0ijk} − h_{0ijk}θ^2)ϕ^iϕ^j ϕ^k + h.c., (9)

where the superscript 0 shows that the coupling is bare. Owing to the nonrenormalization of the super potential, the effective Lagrangian is given by^3

Leff = ∫ d^4θZ̃_i(θ, θ̄)ϕ^†_i ϕ^i + ∫ d^2θ 1 6 (y_{0ijk} − h_{0ijk} θ^2)ϕ^iϕ^j ϕ^k + h.c.. (10)

2 In abelian gauge theory, the formula (7) gives D = 2 for the Fayet-Iliopoulos D-term, ∫ d^4θξV . However this D-term does not receive radiative corrections, since TrY = 0 must be guaranteed to avoid gravitational and chiral anomalies [19].

3The Z-factor introduced here may be inverse of the conventional one.

Here we have ignored mixings among the chiral superfields. Since the mixing effects does not change the argument significantly, let us assume the wave function renormalization to be diagonal for a moment. The RG formulae with mixing is shown in Appendix.

It should be noted that the renormalization of (anti-)chiral superfields must be also (anti-)chiral. Therefore we need to extract the (anti-)chiral wave function renormalization factors as [6] Z̃_i(θ, θ̄) = Z̃^†_{ϕi} (θ̄)(1 − m^2_i θ^2θ̄^2)Z̃_{ϕi} (θ), (11)

where m^2 is nothing but the soft scalar mass. By expanding Z̃ into Z̃ = Z + Z^{(1)}θ^2 + Z̄^{(1)}θ̄^2 + Z^{(2)}θ^2θ̄^2, we may represent the chiral wave function factors explicitly also in terms of the components as Z̃_{ϕi} (θ) = Z^{1/2}_i ( 1 + Z^{−1}_i Z^{(1)}_i θ^2 ) . (12)

By using these chiral wave function superfields, we may define the renormalized couplings y_{ijk} and h_{ijk} by

Y_{ijk} (θ) ≡ y_{ijk} − h_{ijk} θ^2 = Z̃^{−1}_{ϕi} (θ)Z̃^{−1}_{ϕj} (θ)Z̃^{−1}_{ϕk} (θ)(y_{0ijk} − h_{0ijk}θ^2). (13)

It is found that the RG equations for the chiral superfield Y_{ijk} are given by μ dY_{ijk} dμ = − ( d ln Z̃_ϕi d ln μ + d ln Z̃_ϕj d ln μ + d ln Z̃_ϕk d ln μ ) Y_{ijk} . (14) Here let us introduce superfield generalization of the anomalous dimensions by using Z̃ as γ̃_i(θ, θ̄) ≡ − d ln Z̃_i d ln μ = γ_i + γ^{(1)}θ^2 + γ̄^{(1)}θ̄^2 + γ^{(2)}θ^2θ̄^2, (15)

where γ_i are nothing but the ordinary anomalous diemnsions. Then the RG equations for y_{ijk} and h_{ijk} are immediately derived from the superfield equation given by (14) and found to be μ dy_{ijk} dμ = 1 2 (γ_i + γ_j + γ_k) y_{ijk} , μ dh_{ijk} dμ = 1 2 (γ_i + γ_j + γ_k) h_{ijk} − ( γ^{(1)}_i + γ^{(1)}_j + γ^{(1)}_k ) y_{ijk}. (16) In this stage we do not know the explicit form of γ^{(1)} or γ̄^{(1)}, therefore, the beta functions for the trilinear couplings h_{ijk} either.

Fortunately the singular part of Z̃_i, i.e. γ̃_i are found to be given, once the wave function renormalization Z_i for the rigid theories are known. Explicitly the wave function superfields Z̃_i are related with their rigid ones through [6] Z̃_i(θ, θ̄) = Z_i(ỹ_{ijk} , ỹ^†_{ijk}), (17) where we introduced a new coupling superfield given by ỹ_{ijk} = Y_{ijk} + 1 2 (m^2_i + m^2_j + m^2_k)y_{ijk}θ^2θ̄^2. (18)

There have been known two kinds of arguments explaining this. The first one is based on the superfield Feynman rules [5, 6]. It is noted that the superfield propagators in the softly broken theories are modified from the rigid ones;

⟨ϕ^iϕ^†_j ⟩soft = ( 1 + 1 2 m^2_i θ^2θ̄^2 ) ⟨ϕ^iϕ^†_j ⟩rigid ( 1 + 1 2 m^2_j θ^2θ̄^2 ) . (19)

The factors with the soft scalar masses may be absorbed by redefining the Yukawa coupling superfields appearing in the superfield Feynman rules to ỹ_{ijk} given by (18) as far as the singular parts of the diagrams are concerned.

The coupling superfields given by (18) are supported also by the symmetry argument as follows [12, 13]. Once we suppose that the coupling superfields are not spurions but dynamical, then the softly broken theories enjoy a global U(1)^c_{ϕi} symmetry corresponding to each chiral superfield ϕ^i. Here the subscript c denotes the complex extension. Explicitly the transformation laws are given with chiral superfields T̃_i as parameters by ϕ^i → e^{T̃i} ϕ^i, ϕ^†_i → ϕ^†_i e^{¯T̃ i} , Y_{0ijk} → e^{−T̃i} Y_{0ijk}, Z̃_i → e^{− ¯T̃} iZ̃_ie^{−T̃}i . (20)

The physical quantities should be invariant under each U(1)^c_ϕi transformation. The obvious invariant is the soft scalar mass m^2_i = − ln Z̃_i|_θ2¯_θ2 . Also the combination Y_{0ijk}Z̃^{−1}_i Y^†_{0ij}′_k′ gives another invariant. Therefore each contraction between the Yukawa couplings should be accompanied with the factor (1+m^2_i θ^2θ̄^2), which is realized with the extension given by (18).

Thus the components in the superfields of anomalous dimensions γ̃ are given explicitly from the rigid anomalous dimensions γ as functions of Yukawa couplings. By introducing the following differential operators, D_1 = −h_{ijk} ∂ ∂y_{ijk} , D_2 = D_1D̄_1 + 1 2 ( m^2_i + m^2_j + m^2_k ) ( y_{ijk} ∂ ∂y_{ijk} + ȳ^{ijk} ∂ ∂ȳ^{ijk} ) , (21)

those are given explicitly by γ^{(1)}_i = D_1γ_i, γ̄^{(1)}_i = D̄_1γ_i and γ^{(2)}_i = D_2γ_i. Resultantly we arrive at the “exact” beta functions for the soft SUSY breaking parameters as well as Yukawa couplings, which are found to be μ dy_{ijk} dμ = 1 2 (γ_i + γ_j + γ_k ) y_{ijk}, μ dh_{ijk} dμ = 1 2 (γ_i + γ_j + γ_k ) h_{ijk} − (D_1γ_i + D_1γ_j + D_1γ_k ) y_{ijk}, μ dm^2_i dμ = D_2γ_i. (22)

1.3 Softly broken supersymmetric gauge theories

In this subsection we extend the arguments to the gauge theories, whose Lagrangian is given by L = ∫ d^4θϕ^†_i e^V ϕ^i + ∫ d^2θS_0TrW^αW_α + h.c., (23)

where S_0 = 1/2g^2_{h0} −iΘ/16π^2 is a holomorphic combination of the bare gauge coupling and the vacuum angle. By the holomorphy argument, it is shown that the holomorphic gauge coupling g_h is renormalized only at 1-loop [16, 17]. Explicitly the RG equation for the holomorphic coupling is given by μ dS dμ = 1 16π^2 ( 3T_G − ∑ i T_i ) , (24)

where T_G = C_2(G) and T_i = T (R_i) for the gauge representation R_i of the chiral superfield ϕ^i.

It has been known for some time that this holomorphic gauge coupling is not the physical coupling defined as the 1PI vertex function [20, 21]. The relation between these couplings are found to be

8π^2(S + S^†) − ∑ i T_i ln Z_i = F (α) = 1 α + T_G ln α + ∑ n>0 a_nα^n, (25)

where α = g^2/8π^2 and a_n are scheme dependent constants. The so-called Novikov- Shifman-Veinstein- Zaharov (NSVZ) scheme corresponds to the case of a_n = 0 for all n. Explicit relations between the NSVZ scheme [20] and dimensional reduction (DRED) scheme have been also found up to four-loop order in perturbation [11]. It should be noted that the right hand side of eq. (25) is an invariant under the global U(1)^c_ϕ symmetry [12, 13]. The transformations with a complex parameter T are given by ϕ^i → ϕ^ie^T , Z_i → e^{−T̄} Z_ie^{−T} , S → S − T 8π^2 ∑ i T_i. (26)

The shift in the transformation of the gauge coupling follows from the Konishi anomaly [22], which is supersymmetric extension of the chiral anomaly.

The “exact” beta function for the gauge coupling is derived from the relation given by (25). By noting that the holomorphic gauge coupling satisfies the one loop RG equation (24), the beta function is found to be

β_α = μ dα dμ = 1 F^′(α) [ 3T_G − ∑ i T_i(1 − γ_i) ] , (27)

where γ_i denotes the anomalous dimension for ϕ^i and is defined by

γ_i = −d ln Z_i/d ln μ. (28)

In the NSVZ scheme, the beta function is given by

β_α = − α^2 1 − T_Gα [ 3T_G − ∑ i T_i(1 − γ_i) ] . (29)

Now we discuss the softly broken gauge theories. The soft scalar masses and the gaugino mass are incorporated in the effective Lagrangian by using spurion superfields as

Leff = ∫ d^4θZ̃_iϕ^†_i e^V ϕ^i + ∫ d^2θS̃TrW^αW_α + h.c.. (30)

Here the spurions are given explicitly in terms of the gaugino mass M and the soft scalar masses m^2_i as

S̃ = 1

g^2_h

(1 − 2Mθ^2),

Z̃_i = Z̃_{ϕi} (1 − m^2_i θ^2θ̄^2) ~Z̄_{ϕi} . (31)

The spurion superfield corresponding to the physical gauge coupling may be obtained by extending the relation between the holomorphic and the physical couplings to superfields;

8π^2(S̃ + S̃^†) − ∑ i T_i ln Z̃_i = F (α̃). (32)

Then it is found immediately that the spurion for the gauge coupling should be introduced as 1 g̃^2 = 1 g^2 ( 1 − Mθ^2 − M̄ θ̄^2 − Δ_gθ^2θ̄^2 ) (33)

or for α = g^2/8π^2, α̃ = α ( 1 + Mθ^2M̄θ̄^2 + (2MM̄ + Δ_g)θ^2θ̄^2 ) . (34)

Here Δ_g is also found to be

Δ_g = 1 αF^′(α) [ ∑ i T_im^2_i − (α^2F^′(α))^′MM̄ ] . (35)

In the NSVZ scheme, it is reduced to

Δ_g = − α 1 − T_Gα [ ∑ i T_im^2_i − T_GMM̄ ] . (36)

which coincides with the known result found through different arguments [8, 10].

At a glance Δ_g may seem to be irrelevant, since it does not remain in the Lagrangian after θ integration. In practice, however, the RG equations for soft scalar masses depend on this factor, as is seen later on. Especially Δ_g plays a significant role to realize the IR sum rules among soft scalar masses in superconformal theories, which will be discussed in the next section. Historically, necessity of such a factor was recognized by comparing with the perturbative results in DRED scheme. There the 2-loop beta function for the soft scalar mass depends on the “ϵ-scalar” mass, which is induced by radiative corrections. However it is possible to remove this “ϵ-scalar” mass dependence in a modified scheme, DRED’ [3]. In this scheme, in turn, Δ_g must be introduced [7].^4 Afterwards the exact form given by (36) has been found on the RG invariant trajectory [8]. General validity of the formula has been also confirmed by comparison with perturbative results obtained in DRED’ scheme [10]. It has been also claimed that Δ_g is necessary to be introduced even when assuming supersymmetric regularization and is identified with a soft SUSY breaking mass for the ghost superfield [14].

Now it is rather simple task to derive the RG equations for all soft SUSY breaking parameters in gauge theories with general Yukawa interactions by performing Grasmannian expansion. It is important to note that the singular part of the wave function renormalization Z̃_i may be given from the rigid one as Z̃_i = Z_i(α̃, ỹ_{ijk}, ~ȳ_{ijk}). (37) Then the differential operators D_1 and D_2 are extended to

D_1 = Mα ∂ ∂α − h_{ijk} ∂ ∂y_{ijk} , (38)

D_2 = D̄_1D_1 + (MM̄ + Δ_g)α ∂ ∂α + 1 2 ( m^2_i + m^2_j + m^2_k ) ( y_{ijk} ∂ ∂y_{ijk} + ȳ_{ijk} ∂ ∂ȳ_{ijk} ) . (39)

4 The relation between θ^2θ̄^2 component of the gauge coupling spurion superfield and the “ϵ-scalar” mass is discussed also in Ref. [13]

Consequently the RG equations for the gaugino mass, the tri-linear couplings and the soft scalar masses are obtained as μ dM dμ = μ d ln α̃ dμ | | | |_{θ2} = D^1 ( β_α α ) , (40) μ dh_{ijk} dμ = 1 2 (γ_i + γ_j + γ_k ) h_{ijk} − (D_1γ_i + D_1γ_j + D_1γ_k ) y_{ijk}, (41) μ dm^2_i dμ = D_2γ_i. (42)

These equations are valid in all orders of perturbation theory.

1.4 RG invariant relations

It is remarkable that the spurion formalism enable us to find the RG equations for all soft SUSY breaking parameters, once we know the beta functions in the rigid theories. However the spurion formalism tells us more than that. Interestingly the fact that the spurion superfields satisfy the RG equations, automatically ensures existence of RG invariant relations for the soft parameters [23].

Suppose spurion superfields X_i satisfy the RG equations μ(dX_i/dμ) = β_i(X). After expanding the superfields into X_i = x_i + y_iθ^2 + ȳ_iθ̄^2 + z_iθ^2θ̄^2, the RG equations for the components, which are regarded as couplings, are easily found to be μ dx_i dμ = β_i(x), μ dy_i dμ = ∑ j y_j ∂β_i ∂x_j (x), μ dz_i dμ = ∑ j z_j ∂β_i ∂x_j (x) + 1 2 ∑ k,l y_kȳ_l ∂^2β_i ∂x_k∂x_l (x). (43)

On the other hand, if there are the RG invariant relations among couplings given by

y_i(μ) = f_i (x(μ)) , z_i(μ) = g_i (x(μ)) , (44)

for all μ, then the couplings must satisfy also the following equations, μ dy_i dμ = ∑ j β_j (x) ∂f_i ∂x_j (x), μ dz_i dμ = ∑ j β_j (x) ∂g_i ∂x_j (x). (45)

From eqs. (43) and eqs. (45), it is seen that the functions f_i and g_i are subject to some differential equations. By solving these equations, we may find the general RG invariant relations; y_i = κβ_i(x), z_i = 1 2 |κ|^2 ∑ k β_k(x) ∂β_i ∂x_k (x) = 1 2 |κ|^2μ dβ_i dμ , (46)

where κ is an integration constant.

By applying the above argument to the spurion superfields appearing in the supersymmetric gauge-Yukawa theories, we can find out the RG invariant relations for the soft SUSY breaking parameters. The results are as follows; M = κ β_α α , (47) h_{ijk} = −κβ_{yijk} , (48) B_{ij} = −κβ_{μij} , (49) (m^2)^j_i = 1 2 |κ|^2μ dγ^j_i dμ . (50)

Eq. (47) was firstly discovered by Hisano and Shifman [4]. It should be noted also that these relations are nothing but the conditions for the soft parameters obtained in anomaly mediated SUSY breaking scenario [24], where the parameter κ is the garavitino mass.

2 IR behavior of sfermion masses in MSSM coupled to SCFTs

2.1 Yukawa hierarchy by large anomalous dimensions

In this section, we discuss the interesting models proposed recently by Nelson and Strassler [25], which may realize Yukawa hierarchy dynamically. Specially we focus on degeneracy of low energy squark and slepton masses in the general models of this type [26, 27]. In this study, it is found that the “exact”” RG equations for soft SUSY breaking parameters discussed in the previous section are found to be quite useful.

Hierarchical structure of the fermion mass matrices has been one of the mysteries in particle physics. Recently this problem has been more attractive stimulated by findings of neutrino oscillation. The most popular scenario leading to fermion mass hierarchy is the Froggatt-Nielsen mechanism [28], where the effective Yukawa couplings are suppressed accordingly to flavor dependent charges n_{qi} of quarks/leptons under an extra U(1)_X symmetry. With introducing a SM gauge singlet field χ with U(1)_X charge −1, the non-renormalizable interactions are allowed in the superpotential; W = ỹ_{ij} ( χ M_0 )_{nqi +nqj} q_iq_j H, (51)

where M_0 is cutoff scale of the theory. In this scenario, we suppose that only the U(1)_X charges generate large flavor dependence, and take the bare couplings ỹ_{ij} to be O(1). If this singlet χ acquires vacuum expectation value of M_c, then the non-renormalizable interactions are reduced to the Yukawa interactions with hierarchical couplings given by y_{ij} ∼ ( M_c M_0 )_{nqi +nqj} . (52)

Indeed we may explain the fermion masses and mixings by using this type of Yukawa matrices with assigning the U(1)_X charges properly.

Nelson and Strassler showed that such Yukawa matrices are realized also by assuming additional interactions of quarks/leptons with unknown strongly coupled sectors, which are (nearly) on the superconformal (SC) fixed points. In order to see this mechanism, let us consider N=1 supersymmetric SU(N_c) QCD with Lagrangian, L = ∫ d^4θ ( Q^†_f e^{−V} Q_f + Q̄_f e^{−V} Q̄^†_f ) + 1 2g^2 ∫ d^2θTrW^2 + h.c.. (53)

It has been known for some time [29] that there exists a IR fixed point if the number of flavors N_f lies in the so-called conformal window, 3/2N_c < N_f < 3N_c. There the gauge beta function must vanish. The exact beta function in NSVZ scheme given by

β_g = μ dg dμ = − g^3 16π^2

3N_c − N_f (1 − γ_Q) 1 −^{Nc}_{8π2} g^2

(54)

tells us that the anomalous dimensions of Q at the fixed point γ^∗_Q is exactly determined and is found to be

− 1 < γ^∗_Q = − 3N_c − N_f N_f < 0. (55)

We note that this anomalous dimension is negative and order of one in general.

Now we introduce a singlet field q with the superpotential W = λqQ̄_1Q_1. Then this interaction is relevant at the IR fixed point of the QCD due to the negative anomalous dimension of Q_1 and Q̄. Therefore the Yukawa coupling λ, hereafter we call it SC-Yukawa coupling, grows rapidly. The RG flows towards IR are shown in Fig. 1, in which A stands for the QCD fixed point. The flow line starting near the fixed point approaches to a new fixed point B. At this IR attractive fixed point,

Figure 1: RG flows of N=1 SQCD with Yukawa interaction

the beta function for the SC-Yukawa coupling, β_λ = (1/2)(γ_q + 2γ_{Q1} )λ, as well as the gauge beta function should vanish. Therefore the anomalous dimension of q is determined to be γ^∗_q = −2γ^∗_{Q1} , which is positive and order of one.

Now we suppose that quark/lepton superfields q_i couple to Φ_i and Φ̄_i in the SC-sector through the superpotential

W = λ_iq_iΦ̄_iΦ_i + y_{ij} q_iq_j H, (56)

where H is the SM Higgs and y_{ij} are the Yukawa couplings to be hierarchical in the end. In the Nelson-Strassler model the flavor dependence is generated by the SC dynamics giving different anomalous dimensions for the SC-sector field such as γ^∗_{Φ1} < γ^∗_{Φ2} < · · · < 0. Then the anomalous dimensions of the quarks/leptons at the IR attractive fixed point become γ^∗_{q1} > γ^∗_{q2} > · · · > 0. As results, the Yukawa couplings y_{ij} decrease rapidly with power of γ^∗_{qi} + γ^∗_{qj} , which give rise to the hierarchical structure at low energy. Here note also that mixed terms like λ^′_2q_1Φ̄_2Φ_2, which are allowed by the symmetry, are irrelevant at the fixed point. Namely the structure of generation in the quarks/leptons are determined by the interaction with the SC-sector.

However, the SC-Yukawa interaction should terminate at a certain scale to produce realistic Yukawa couplings. Therefore we also assume that all the SCfields decouple from the SM-sector at scale M_c, for example, by mass terms M_cΦ̄_iΦ_i. Then the Yukawa couplings in the SM model turn out to be y_{ij} ∼ ( M_c M_0 )_γ^∗_{qi +γ}^∗_{qj} y_{ij} (M_0) (57)

at low energy. Thus the hierarchical Yukawa matrix of the Froggatt-Nielsen type can be realized. In this scenario we may consider the model so that the third generation, at least top quark, does not couple to the SC-sector for the order one Yukawa coupling. It should be noted also that the tri-linear couplings also become hierarchical with the same mechanism.

2.2 IR sum rules for soft scalar masses in SCFTs

It is very non-trivial for supersymmetric models to be compatible with constraints from precision experiments of FCNC, LFV, EDM and so on [30]. In order to avoid the so-called supersymmetric flavor problem, there have been proposed three types of solutions for the soft scalar mass matrices of squarks/sleptons; 1. degenerate masses [31], 2. alignment to Yukawa matrices [32] and 3. decoupling of the first and the second generations [33]. As for the degenerate solution, it is rather non-trivial to make masses of quarks/leptons hierarchical with keeping the squark/slepton masses to be flavor universal. Related to the Froggatt-Nielsen mechanism, therefore, possibilities of the alignment [32] and the decoupling solutions [34] have been investigated.

However totally successful models have not been known. For example, the decoupling solution may be naturally realized in the anomalous U(1)_X SUSY breaking scenario due to the flavor dependent D-term contributions [34]. On the other hand, however, it has been also claimed that the heavy squarks in the first and the second generations make the radiative EW breaking unstable [33] and even bring about color breaking by tachyonic s-top [35]. Hence, mechanisms leading to Yukawa hierarchy with naturally avoiding the supersymmetric flavor problems are highly desired.

The remarkable property of the Nelson-Strassler models is not only to generate flavor hierarchy. Interestingly enough, these models have possibility to realize degenerate squark/slepton masses in low energy irrespectively of the SUSY breaking dynamics. The key observation is the soft scalar masses can be suppressed owing to strong interaction with the SC-sector [36, 37]. After the SC-sector is decoupled, the soft masses grow slowly by radiative corrections from the SM gaugino masses, which are flavor blind. Therefore it may be expected that masses of the first and the second generation sfermions become degenerate and the supersymmetric flavor problem is also avoided.^5 A sketch of running sfermion masses in the Nelson-Strassler model is shown in Fig. 2.

In this subsection, we examine the behavior of soft scalar masses added to general superconformal gauge theories by using the exact RG equations for them. As results, it is found that the soft scalar masses enjoy sum rules at IR [26, 27]. Actually we can construct models coupled to SCFTs such that the suppression of squark/slepton masses are guaranteed thanks to these sum rules.

5 Here we concern only the block diagonal part of squark/slepton mass matrices, i.e. (m^2)_{LL} and (m^2)_{RR}, which are given by the soft scalar masses. The off-diagonal parts, (m^2)_{LR} induced from the tri-linear couplings are less problematic due to alignment. For studies of experimental constraints for the off-diagonal parts, see Ref. [27].

Figure 2: A sketch of running sfermion masses.

Now we suppose a SCFT on a IR attractive fixed point. Then, by definition, any infinitesimal variation of the gauge coupling g and the Yukawa coupling y^{ijk} from their fixed point values should decrease towards IR. This is represented explicitly as follows. The linear perturbation of the coupled RG equations for α = g^2/8π^2 and α^{ijk}_y = |y^{ijk}|^2/8π^2 around the fixed point gives the equations given by μ d dμ ( δα δα^{lmn}_y ) = ∂β_α ∂α | |_∗^{∂βα}_{∂αijky} | | | |_∗ ∂β^{lmn}_{αy} ∂α | | | |_∗ ∂β^{lmn}_{αy} ∂α^{ijk}_y | | | |_∗

( δα δα^{ijk}_y ) , (58)

where |_∗ stands for evaluation at the fixed point. The IR attractive nature implies that the matrix appearing in this equation is positive definite.

The spurion formalism discussed in the previous section enables us to see behavior of soft SUSY breaking parameters added to this SCFT quite easily. We note that the spurion superfields corresponding to α and α^{ijk}_y satisfy the same RG equations as the rigid ones, μ dα̃ dμ = β_α(α̃, α̃_y ), μ dα̃^{ijk}_y dμ = β^{ijk}_{αy} (α̃, α̃_y ). (59)

The Grassmanian expansion with respect to θ^2 and θ̄^2 of these equations gives us the RG equations for the soft SUSY breaking parameters. Since the RG equations for the gauge coupling and the Yukawa coupling are not modified, we fix them to be the fixed point values. Then the Grassmanian expansion corresponds to the linear perturbation of the RG equations around the fixed point. In other words, the θ^2 and the θ^2θ̄^2 parts satisfy the exactly same equation given by (58) respectively.

From the θ^2 terms of the spurions, the infinitesimal variations in eqn. (58) may be replaced as δα = α_∗Mθ^2 and δα^{ijk}_y = −(1/8π^2)ȳ^{ijk}_∗ h^{ijk}θ^2. Therefore the gaugino mass M and the tri-linear couplings h^{ijk} are found to be suppressed with a certain power of scale. In the NSVZ scheme, the θ^2θ̄^2 terms are given by δα = − α^2_∗ 1 − T_Gα_∗ ∑ i T_im^2_i θ^2θ̄^2

δα^{ijk}_y = α^{ijk}_{y∗} (m^2_i + m^2_j + m^2_k)θ^2θ̄^2, (60)

where we have omitted M and h^{ijk} . Thus it is found that the soft scalar masses satisfy the IR sum rules,^6 ∑ i T_im^2_i → 0,

m^2_i + m^2_j + m^2_k → 0. (61)

Note that the second condition holds for each Yukawa coupling y_{ijk} ϕ^iϕ^j ϕ^k.

So far we have assumed the soft scalar masses to be flavor diagonal. In taking the mixing effects into considerations, these sum rules are found to be valid among the diagonal components. It can be also shown that each off-diagonal component of the soft scalar mass matrix is suppressed by power law. For details, see Ref. [27].

2.3 Convergence of the soft scalar masses and flavor dependence

In the Nelson-Strassler models it is necessary for squark/slepton masses of the first and second generations vanish at the decoupling scale M_c to realize degeneracy at low energy. Indeed there exist some types of models in which the sum rules enforce the squark/slepton masses to be suppressed. The condition for these models is that the anomalous dimension of quark/lepton superfield is fixed uniquely by the relations among anomalous dimensions, which follows from the vanishing beta functions.^7

Here let us present a simple toy model with one generation. We consider SU(3)_{SC} as the gauge group of the SCFT and SU(3)_C as the SM gauge group. The field contents and their representation under the group are as follows;

6 It is speculated that similar sum rules hold in the presence of non-renormalizable interactions in the superpotential of SCFT [25, 26].

7 This condition may be restated that the R-charge of quark/lepton superfield is uniquely fixed.

Q Q̄ P P̄ q_i q̄_i H SU(3)_{SC} 3 ¯3 3 ¯3 1 1 1 SU(3)_C ¯3 3 3 ¯3 3 ¯3 1

We also assume the superpotential given by

W = λ(q_1Q̄P + q̄_1P̄ Q) + y_iq̄_iq_iH (62)

Then the IR sum rules are found to be

m^2_Q + m^2_P + m^2¯_Q + m^2¯_P → 0, m^2_{q1} + m^2_{Q̄} + m^2_P → 0, m^2_{q̄1} + m^2_Q + m^2¯_P → 0. (63)

From these equations, it follows that m^2_{q1} + m^2_{q̄1} vanishes at IR. Therefore the squark mass is suppressed by imposing left-right symmetry for their initial values. Examples of RG flows for the squark (mass)^2 with the SM gaugino (mass)^2 in this model are shown with various initial values in Fig. 3. There t denotes ln(μ/M_0). Thus the information of the bare squark masses are completely lost at the decoupling scale (t = −3 in Fig. 3).

Figure 3: RG flows of SM-sector gaugino (mass)^2 and squark (mass)^2.

However, the Nelson-Strassler models are not exactly superconformal, since the SM-sector interactions act as weak perturbation. The significant effects appear through the SM gaugino mass insertions. By taking into account of this corrections at one loop, the RG equations for the soft scalar masses are changed to be μ dm^2_i dμ = M_{ij} m^2_j − ∑ a=1,2,3 C_{ia}α_aM^2_a , (64) where M_{ij} stands for the positive definite matrix appearing in eq. (58). Also α_a and M_a denote the gauge couplings and the gaugino masses of the SM gauge groups of SU(3) × SU(2) × U(1), and C_{ia} = 4C_2(R_i). The eigenvalues of the matrix M are supposed to be order of one in general. It should be noted that this matrix is necessarily flavor dependent in the Nelson-Strassler models.

With this additional term, the soft scalar masses for squark/slepton do not disappear, but converge a non-vanishing values at the decoupling scale. Compared with the rapid suppression of the soft scalar masses, the evolution of the gauge couplings and the gaugino masses in the SM-sector is very slow. Therefore we may evaluate the convergence as m^2_qi → C_{ia} Γ_i α_a(M_c)M^2_a (M_c), (65)

where Γ_i is the smallest eigenvalue of matrix M. This factor is of order one and flavor dependent. Thus, though the soft scalar masses are suppressed, small flavor dependence remains at the decoupling scale in practice. This non-degeneracy appears as a sizable effect to squark/slepton spectra at the weak scale in considering the supersymmetric flavor problems.

2.4 Degeneracy of squark/slepton masses in low energy

Before going into the low energy degeneracy of squark/slepton masses, let us see the gross aspect of their mass spectra. After the SC-sector is decoupled, the squark/slepton masses are generated by radiative correction with SM gaugino mass insertion. This correction is flavor blind and may be evaluated at one-loop perturbation. For the doublet squark, the mass squared at the weak scale is given by m^2_Qi (M_Z ) = m^2_Qi (M_C ) + 8 9 [ α^2_3(M_Z ) α^2_3(M_C )

− 1]M^2_3 (M_c) + · · · . (66)

If we use the GUT relation for the gaugino masses, M_a(μ) = α_a(μ)M, then this relation may be represented also as

m^2_Qi (M_Z ) − m^2_Qi (M_c) = 8 9 [ α^2_3(M_Z ) − α^2_3(M_c) ] M^2 + · · · . (67)

Since the soft masses for the first two generations at the decoupling scale is suppressed, the low energy masses are determined by the radiative corrections. Then ratio of squark/slepton masses and the gluino mass M_3 is fixed, once the decoupling scale is given. In Fig. 4 these ratio are plotted for some range of the decoupling scale. The dotted lines represent the ratio of M_2 and M_1 to M_3. It is seen that the right-handed slepton appears as the lightest supersymmetric particle (LSP). This is because the right-handed slepton carries only U(1) charge, and, therefore, the radiative correction is small. However the LSP must be either the lightest neutralino or the sneutrino, unless R-parity is violated.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

10 11 12 13 14 15 16

m~_f /M_3

log_{10}(M_C ) [GeV]

Q̃

ẽ

L̃

Figure 4: Ratio of sfermion masses (bold line), M_2, M_1 to M_3.

In the Nelson-Strassler model the LSP problem may be ameliorated by considering the hypercharge D-term contribution. Actually the hypercharge D-term contribution cannot be ignored for slepton masses. Now the interaction with the SC-sector does not constrain soft masses of the third generation sfermion or higgs particles. Therefore the D-term contribution given by S =TrY m^2_i (M_c) is not determined. In Fig. 5, the low energy right-handed slepton mass is shown in ratio to M_3 in the case of S = 0 and S = −0.5M^2_3 . It is seen that the LSP problem can be avoided, as long as the decoupling scale is larger than some intermediate scale, say, 10^{10}GeV.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

10 11 12 13 14 15 16

m_ẽ/M_3

log_{10}(M_C ) [GeV]

S = 0

S = −0.5M^2_3

Figure 5: U(1)_Y D-term contribution to right handed slepton mass.

Finally we examine how good degeneracy between the low energy sfermion masses of the first two generations can be achieved in the Nelson-Strassler models. The important quantities in the view point of flavor changing processes are the off-diagonal elements of the soft scalar masses in the base that quark/lepton masses are diagonalized. These are usually represented as (δ^q_{12})_{LL} or (δ^q_{12})_{RR} in the literatures. In the original base, the off-diagonal elements are suppressed enough by the strong interaction with the SC-sector. Therefore, what we should evaluate here is the degree of splitting among the diagonal components of the soft scalar mass matrices;

δ^q_{12} = m^2_q2 − m^2_q1 m̄^2_q

, (68)

where m̄^2_q denotes average of the diagonal masses of squarks/sleptons q. Then the off-diagonal elements (δ^q_{12})_{LL} or (δ^q_{12})_{RR} may be obtained by δ^q_{12} times the mixing angle of the quarks/leptons.

The splitting obtained in the Nelson-Strassler model is now evaluated as

δ^q_{12} = Δ_{q̃} ( 1 Γ_2 − 1 Γ_1 ) , (69)

Δ_{q̃} = C_{qa}α_a(M_c)

M^2_a (M_c) m̄^2_q(M_Z )

. (70)

Here the factor Γ_i are model dependent but Δ_{q̃} is determined without any ambiguities except for the decoupling scale M_c. It should be noted here that the quantity Δ_{q̃} are independent of the gaugino mass M, since the average mass m̄_q is also proportional to M.

In Fig. 6 and 7, Δ_{q̃} are explicitly shown for q = Q, d, L and e for some range of the decoupling scale. The result for q = u is similar to those for q = d, therefore has been omitted. As results, degeneracy of squark masses is found to be less than 1%. This value is good enough in avoiding the supersymmetric flavor problem. For example, (δ^d_{12})_{LL} is reduced to be less than 0.2% due to the Cabbibo angle, which satisfies the experimental bound from K^0-K̄^0 mixing [30].

However the degeneracy in the slepton sector is not strong as the squarks. Especially for the right-handed sleptons ẽ, the expected degeneracy is at most a few %. Therefore the constraints from lepton flavor violation (LFV) processes, e.g. μ → e + γ, seem severe to be satisfied in general. For models with the factor Γ_i ≫ 1, this restriction is ameliorated. There would be other ways of improving this situation. For example, if the Nelson-Strassler mechanism would work within the GUT framework, the slepton masses will be significantly changed. Indeed degeneracy of the right-handed sleptons is found to be mach improved in the flipped SU(5) GUT [39].

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

10 11 12 13 14 15 16

Δ~_f

log_{10}(M_C ) [GeV]

Q̃

d̃

Figure 6: Δ~_Q and Δ~_d against M_c.

0.04

0.05

0.06

0.07

0.08

0.09 0.1 0.11

10 11 12 13 14 15 16

Δ~_f

log_{10}(M_C ) [GeV]

L̃ ẽ

Figure 7: Δ~_Q and Δ~_d against M_c.

3 Summary and discussions

In the first section recent development on the exact RG equations for the soft SUSY breaking parameters was reviewed. There we saw that the spurion formalism is a quite powerful method in discussing the RG. The simple derivation of the gauge coupling spurion superfield has been given also.

In the second section we have discussed the Nelson-Strassler type of models: SSMs coupled with SCFTs. First it was shown that the hierarchical texture of the Yukawa couplings can be realized by large anomalous dimensions for quarks and leptons. The interaction with superconformal sector brings about the large anomalous dimensions. Then behavior of the soft SUSY breaking parameters in these models are investigated in details. We have found the IR sum rules among soft scalar masses in the general superconformal field theories. In the proof of the sum rules also, the exact RG equations and the spurion formalism discussed in the first section play an essential role. With these IR sum rule, we found the conditions for the models to realize degenerate sfermion masses at low energy.

It is remarkable that the Nelson-Strassler models offer us possibilities to realize Yukawa hierarchy with avoiding the supersymmetric flavor problem. Moreover the low energy sfermion masses for the first two generations are determined irrespectively of the SUSY breaking mechanism, or the initial values of SUSY breaking parameters at cutoff scale. However, it has been pointed out also that the flavor dependence in the sfermion masses are not completely washed out. In a realistic case with non-vanishing gauge couplings of the SM sector, the radiative corrections of SM gaugino mass insertion in RG equations of sfermion masses play a significant role. These corrections are small but flavor dependent. Therefore the sfermion masses lose complete universality at low energy.

We have shown explicitly how much degeneracy we obtain between sfermion masses in the MSSM. For squarks we can have suppression strong enough to avoid the FCNC problem. On the other hand, for sleptons such suppression was found to be weak in general.

Lastly let us mention also the possibilities to achieve completely universal sfermion masses. The origin of non-degeneracy of sfermion masses in the Nelson- Strassler models lies in that the couplings to the SC-sector are necessarily flavor dependent. If these couplings are also flavor universal, then we will obtain completely degenerate masses. Then what about Yukawa hierarchy? Interestingly the hierarchy of Yukawa couplings in SM-sector can be induced by changing the bare SC-Yukawa couplings to be flavor dependent. We call such scenarios “Yukawa hierarchy transfer” [38]. There flavor universality in squark/slepton masses is compatible with the hierarchical quark/lepton masses. For details, see the report by Nakano in this proceeding of the Summer Institute.

Acknowledgements

The author is grateful to the organizers for the stimulating Summer Institute with nice atmosphere. It is also a pleasure to thank Tatsuo Kobayashi, Hiroaki Nakano and Tatsuya Noguchi for fruitful collaborations. Most of the work reviewed in this paper was done in collaboration with Tatsuo Kobayashi.

A Exact RG equations with mixings

In the section 1. we have been ignoring the field mixing in the effective Lagrangian. In the Appendix we consider the exact RG equations for the soft SUSY breaking parameters with taking mixing effect into considerations in the Wess-Zumino models. Actually it is not difficult to incorporate the field mixing by improving the argument given in section 1 [27].

The effective Lagrangian is given by

Leff = ∫ d^4θZ̃(θ, θ̄)^j_i ϕ^†_j ϕ^i + ∫ d^4θ 1 6 Y_{0ijk} ϕ^iϕ^j ϕ^k + h.c., (71)

where Y_{0ijk} = (y_{0ijk} − h_{0ijk}θ^2θ̄^2) is the chiral spurion superfield of the bare couplings. What to be considered newly is that the wave function renormalization factors are matrices. We extract the (anti-)chiral part from Z̃ by

Z̃(θ, θ̄)^j_i = Z̃^†_ϕ(θ̄)^j_k(δ^k_l − (m^2)^k_l θ^2θ̄^2)Z̃_ϕ(θ)^l_i. (72)

Note that the soft scalar masses also appear as a matrix. By using the chiral superfield matrix Z̃_ϕ, the renormalized couplings are defined by

Y_{ijk}(θ) = y_{ijk} − h_{ijk} θ^2 = Y_{0i}′_j′_k′ (θ)Z̃^{−1}_ϕ (θ)^{i′}_i Z̃^{−1}_ϕ (θ)^{j′}_j Z̃^{−1}_ϕ (θ)^{k′}_k . (73)

The effective Lagrangian turns out to be invariant under global U(N)^c_ϕ transformation in taking spurions as dynamical superfields. The transformations are extended to ϕ → e^{T̃} ϕ, ϕ^† → ϕ^†e^{¯T̃} , Z̃ → e^{− ¯T̃} Z̃e^{−T̃} , Y_0 → Y_0 ( e^{−T̃} ⊗ e^{−T̃} ⊗ e^{−T̃} ) , (74)

where T̃ = T̃ (θ) is a matrix of chiral superfield. We also define a matrix superfield X̃(θ, θ̄)^j_i = ( δ^j_k − 1 2 (m^2)^j_kθ^2θ̄^2 ) Z̃_ϕ(θ)^k_i , (75)

which satisfies X̃^†X̃ = Z̃ and the transformation X̃ → X̃ exp(−T̃ ) under U(N)^c_ϕ.

The physical quantities must be invariant under this global symmetry. The soft scalar masses are again invariant, since (m^2)^j_i = −(ln Z̃)^j_i |_θ2¯_θ2 . The invariant combination made of the Yukawa coupling superfields is given by

ỹ_{ijk} = Y_{0i}′_j′_k′ (X̃^{−1})^{i′}_i (X̃^{−1})^{j′}_j (X̃^{−1})^{k′}_k , = y_{ijk} − h_{ijk} θ^2 + 1 2 [ y_i′_{jk}(m^2)^{i′}_i + y_{ij}′_k(m^2)^{j′}_j + y_{ijk}′ (m^2)^{k′}_k ] θ^2θ̄^2. (76)

The key point is again that the wave function factor Z̃ is given by replacing the Yukawa couplings with the invariant combination ỹ in the rigid one; Z̃(θ, θ̄)^j_i = Z(ỹ, ¯ỹ)^j_i .

Next we introduce the matrix of anomalous dimensions extended to superfield. By taking account that the anomalous dimensions also must be invariant under U(N)^c_ϕ, we may define them as γ̃(θ, θ̄)^j_i = ( X̃ d X̃ −1 d ln μ + d(X̃^†)^{−1} d ln μ X̃^† )_j i . (77)

If we expand the anomalous dimension matrix superfield with respect to θ^2, θ̄^2 as γ̃(θ, θ̄) = γ + γ^{(1)}θ^2 + γ̄^{(1)}θ̄^2 + γ^{(2)}θ^2θ̄^2, then the each component enjoys the following relations; γ = Z_ϕ dZ^{−1}_ϕ d ln μ + d(Z^†_ϕ)^{−1} d ln μ Z^†_ϕ, (78)

which gives the hermitian matrix of anomalous dimensions,

γ^{(1)} = X̃ dX̃^{−1} d ln μ | | | | θ^2

= D_1γ, (79)

γ^{(2)} = dm^2 d ln μ = D_2γ. (80)

Here the differential operators are given explicitly by D_1 = −h_{ijk} ∂ ∂y_{ijk} , (81)

D_2 = D_1D̄_1 + 1 2 (m^2)^a_b ( y_{ajk} ∂ ∂y_{bjk} + y_{iak} ∂ ∂y_{ibk} + y_{ija} ∂ ∂y_{ijb} )

+ 1 2 (m^2)^b_a ( ȳ^{ajk} ∂ ∂ȳ^{bjk} + ȳ^{iak} ∂ ∂ȳ^{ibk} + ȳ^{ija} ∂ ∂ȳ^{ijb} ) (82)

Now let us consider the RG equations for the U(N)^c_ϕ invariant couplings ỹ. By taking derivative with respect to renormalization scale μ in eq. (76), we obtain μ dỹ dμ = ỹ ( X̃ d X̃ −1 d ln μ ⊗ 1 ⊗ 1 + 1 ⊗ X̃ dX̃^{−1} d ln μ ⊗ 1 + 1 ⊗ 1 ⊗ X̃ dX̃^{−1} d ln μ ) . (83)

The RG equations for the soft SUSY breaking parameters and the Yukawa couplings may be immediately obtained by expanding this equation with respect to θ^2 and θ̄^2. The results are written down neatly by using the differential operators as μ dy_{ijk} dμ = 1 2 ( y_i′_{jk} γ^{i′}_i + y_{ij}′_k γ^{j′}_j + y_{ijk}′ γ^{k′}_k ) , (84) μ dh_{ijk} dμ = 1 2 ( h_i′_{jk}γ^{i′}_i + h_{ij}′_kγ^{j′}_j + h_{ijk}′ γ^{k′}_k ) − ( y_i′_{jk}D_1γ^{i′}_i + y_{ij}′_kD_1γ^{j′}_j + y_{ijk}′ D_1γ^{k′}_k ) , (85) μ d(m^2)^j_i dμ = D_2γ^j_i . (86)

References

[1] L. Girardello and M. T. Grisaru, Nucl. Phys. B194 (1982) 65. [2] Y. Yamada, Phys. Rev. D 50 (1994) 3537.

[3] I. Jack, D. R. T. Jones, S. P. Martin, M. T. Vaughn and Y. Yamada, Phys. Rev. D50 (1994) 5481.

[4] J. Hisano and M. Shifman, Phys. Rev. D56 (1997) 5475. [5] I. Jack and D. R. T. Jones, Phys. Lett. B415 (1997) 383. [6] L. V. Avdeev, D. I. Kazakov and I. N. Kondrashuk, Nucl. Phys. B 510 (1998) 289.

[7] I. Jack, D. R. T. Jones and A. Pickering, Phys. Lett. B 426 (1998) 73;

Phys. Lett. B 432 (1998) 114.

[8] T. Kobayashi, J. Kubo and G. Zoupanos, Phys. Lett. B427 (1998) 291. [9] Y. Kawamura, T. Kobayashi and J. Kubo, Phys. Lett. B432 (1998) 108. [10] I. Jack, D. R. T. Jones and A. Pickering, Phys. Lett. B432 (1998) 114. [11] I. Jack, D. R. T. Jones and A. Pickering, Phys. Lett. B435 (1998) 61. [12] G. F. Giudice and R. Rattazi, Nucl. Phys. B511 (1998) 25. [13] N. Arkani-Hamed, G. F. Giudice, M. A. Luty and R. Rattazzi, Phys. Rev.

D58 (1998) 115005.

[14] D. I. Kazakov and V. N. Velizhanin, Phys. Lett B426 (2000) 393. [15] M. T. Grisaru, W. Siegel and M. Roček, Nucl Phys. B159 (1979) 429;

S. J. Gates, Jr., M. T. Grisaru, M. Roček and W. Siegel, SUPERSPACE or One Thousand and One, Benjamin, (1983).

[16] N. Seiberg. Phys. Lett. B318 (1993) 469. [17] S. Weinberg, Phys. Rev. Lett. 80 (1998) 3702.

[18] K. Fujikawa and W. Lang, Nucl. Phys. B88 (1975) 61.

[19] W.Fischler, H. P. Nilles, J. Polchinski, S. Raby and L. Susskind, Phys. Rev. Lett. 47 (1981) 757.

[20] V. Novikov, M. Shifman, A. Vainstein and V. Zakharov, Nucl. Phys. B229 (1983) 381; Phys. Lett. B166 (1986) 329; M. Shifman, Int. J. Mod. Phys. A11 (1996) 5761 and references therein.

[21] N. Arkani-Hamed and H. Murayama, Phys. Rev. D57 (1998) 6638; JHEP 0006 (2000) 030.

[22] K. Konishi, Phys. Lett. B135 1984 439.

[23] I. Jack and D. R. T. Jones, Phys. Lett. B465 (1999) 148. [24] L. Randall and R. Sundrum, Nucl. Phys. B557 (1999) 79; G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazi, JHEP 9812 (1998) 27; A. Pomarol and R. Rattazi, JHEP 9905 (1999) 013.

[25] A.E. Nelson and M.J. Strassler, JHEP 0009 (2000) 030. [26] T. Kobayashi and H. Terao, Phys. Rev. D64 (2001) 075003. [27] A.E. Nelson and M.J. Strassler, hep-ph/0104051.

[28] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B147 (1979) 277; L. Ibáñez and G. G. Ross, Phys. Lett. 332 (1994) 100.

[29] T. Banks and A. Zaks, Nucl. Phys. B196 (1982) 189; N. Seiberg, Nucl. Phys.

B435 (1995) 129; K. Intrilligator and N. Seiberg, Nucl. Phys. Proc. Suppl. 45BC (1996) 1.

[30] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B477 (1996) 321; See for a review, e.g. M. Misiak, S. Pokorski and J. Rosiek, hep-ph/9703442; J. L. Feng, hep-ph/0101122 and references therein.

[31] M. Dine, R. Leigh and A. Kagan, Phys. Rev. D48 (1993) 4269. [32] Y. Nir and M. Seiberg. Phys. Lett. B309 (1993) 337; M. Leurer, Y. Nir and N. Seiberg, Nucl. Phys. B398 (1993) 319.

[33] S. Dimopoulos and G. F. Giudice, Phys. Lett. B357 (1995) 573. [34] P. Binétruy and E. Dudas, Nucl. Phys. B442 (1995) 21; G. Dvali and A. Pomarol, Phys. Rev. Lett. 77 (1996) 3728.

[35] N. Arkani-Hamed and H. Murayama, Phys. Rev. D56 (1997) R6733.

[36] A. Karch, T. Kobayashi, J. Kubo and G. Zoupanos, Phys. Lett. B 441 (1998) 235.

[37] M. A. Luty and R. Rattazi, JHEP 9911 (1999) 001.

[38] T. Kobayashi, H. Nakano and H. Terao, to be published in Phys. Rev. D;

T. Kobayashi, H. Nakano and H. Terao, in preparation. [39] T. Kobayashi, H. Nakano, T. Noguchi and H. Terao, in preparation.