arXiv:hep-ph/0212350 v1 23 Dec 2002

KANAZAWA-02-29, KUNS-1810, OSU-HEP-02-19, IFUNAM-FT2002-06

Finite Theories and the SUSY Flavor Problem

K. S. Babu Department of Physics, Oklahoma State University, Stilwater, OK 74078 USA

Tatsuo Kobayashi Department of Physics, Kyoto University, Kyoto 606-8502, Japan

Jisuke Kubo^∗ Instituto de Física, UNAM, Apdo. Postal 20-364, México 01000 D.F., México

Abstract

We study a finite SU(5) grand unified model based on the non-Abelian discrete symmetry A_4. This model leads to the democratic structure of the mass matrices for the quarks and leptons. In the soft supersymmetry breaking sector, the scalar trilinear couplings are aligned and the soft scalar masses are degenerate, thus solving the SUSY flavor problem.

12.60.Jv,11.30.Hv,12.10.-g,12.10.Kt,11.10.Hi

Typeset using REVTEX

∗Permanent address: Institute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan

I. INTRODUCTION

Supersymmetry (SUSY) is broken in nature. It is widely accepted that the effects of supersymmetry breaking appear as soft supersymmetry breaking (SSB) terms [1]. However, if only renormalizability is used to guide the SSB parameters, it is possible to introduce more than 100 new parameters into the minimal supersymmetric standard model (MSSM) [2]. The problem is not only this large number of the independent parameters, but also the fact that one has to highly fine tune these parameters so that they do not cause problems with experimental observations on the flavor changing neutral current (FCNC) processes and CP-violation phenomena [3,4,5,6,7]. This problem, called the SUSY flavor problem, is not new, but has existed ever since supersymetry found phenomenological applications [8].

There are several approaches to overcome this problem. The most well-known one [1] is to simply assume that the SSB parameters have a universal form, independent of the flavor structure of the standard model (SM) at, say, GUT scale M_{GUT}. This is the so-called minimal supergravity model. In this model, supersymmetry breaking occurs in a sector that is hidden to the MSSM sector, and supersymmetry breaking is mediated to the MSSM sector by gravity. There exist other ideas of mediation: gauge mediation [9], anomaly mediation [10] and gaugino mediation [11]. Their common feature is the assumption that there exists a hidden sector that is separated from the MSSM by cleverly chosen interactions or it is separated in space time (for which one needs extra dimensions^1), or both. Another type of idea to overcome the SUSY flavor problem is to use the infrared attractive force of the gauge interactions [13], in four dimensions [14,15,16,17,18] as well as in extra dimensions [19]. In these scenarios, it is not necessary to assume that the supersymmetry is broken in a sector that is separated from the MSSM.

Although it is attractive to find dynamical mechanisms that suppress the dangerous FCNC processes and CP-violating phases, it is also worthwhile to look for other attractive possibilities. In fact, it has been argued [20,21,22,23] that finiteness^2 of softly broken supersymmetric Yang-Mills theories [28,29,30,31,32] may play an important role to understand the universality of the SSB parameters. However, it has turned out [32,33] that the universality is not a necessary condition for finiteness: It has been found [32,33] that more relaxed conditions, sum rules among the soft scalar masses, are sufficient. Clearly, the sum rules do not automatically ensure the degeneracy of the soft scalar masses. In fact, in the unified models of [29,30,31,32] in which the hierarchical structure of the Yukawa couplings emerges, the sum rules cannot sufficiently constrain the individual soft scalar masses in the first two generations of the squarks and sleptons.

Recently, a class of finite models based on SU(5) with certain discrete symmetries has been considered in [34], and it has been found that some of these models yield a democratic structure of the Yukawa couplings. As we will see, the democratic structure is essential to obtain sum rules of the soft scalar masses from which their degeneracy in generation follows.

1There is a problem associated with this approach, the problem of sequestering of branes between the visible sector and the hidden SSB sector [12].

2See [24,25,26,27] for earlier references on finite theories.

Therefore, the exact finiteness in the models of [34] ensures the absence of the SUSY flavor problem.

In Sect. II, we will recapitulate the finiteness conditions in softly broken supersymmetric Yang-Mills theories [28,29,30,31,32]. The unified model of [34] based on SU(5)×A_4 including the SSB sector is investigated in Sect. III, where A_4 is the group of even permutations of four objects. As we will see, the model has a strong predictive power, and we will calculate various low-energy parameters such as the top quark mass and the spectrum of the superpartners that are predicted from the model. In Sect. IV we conclude.

II. SOFTLY BROKEN N = 1 SUPERSYMMETRIC FINITE UNIFIED THEORIES

We start by considering a generic form of the superpotential^3 W = 1 6 Y^{ijk} Φ_iΦ_j Φ_k + 1 2 μ^{ij} Φ_iΦ_j , (1)

along with the Lagrangian for the SSB terms

−L_{SB} = 1 6 h^{ijk} ϕ_iϕ_j ϕ_k + 1 2 B^{ij} ϕ_iϕ_j + 1 2 (m^2)^j_i ϕ^{∗ i}ϕ_j + 1 2 M λλ + H.c., (2)

where ϕ_i is the scalar component of Φ_i, and λ stands for gaugino. Since we consider only finite theories, we assume that the one-loop β function of the gauge coupling g vanishes, i.e., ∑ i T (R_i) − 3C(G) = 0, (3)

where T (R_i) is the Dynkin index of the representation R_i and C(G) is the quadratic Casimir of the adjoint representation of the gauge group G. We also assume that the gauge group is a simple group, and that the theory is free from the gauge anomaly, of course. According to the finiteness theorem of [28], the theory is finite to all orders in perturbation theory^4, if (i) the reduction equation [36,37,38] β^{ijk}_Y = β_g dY^{ijk}/dg (4) admits a unique power series solution Y^{ijk} = g ∑ n=0 ρ^{ijk}_{(n)}g^{2n}, (5)

where β_g and β^{ijk}_Y are the β functions of g and Y^{ijk}, respectively^5, and (ii) the one-loop anomalous dimensions vanish, that is,

3We follow the notation of [35].

4Finiteness here means only for dimensionless couplings g and Y^{ijk}.

5See [39] for further references on reduction of couplings.

1 2 ∑ p,q ρ_{ipq(0)}ρ^{jpq}_{(0)} − 2δ^j_i C(R_i) = 0, (6)

where ρ_{ipq(0)} = ρ^{∗jpq}_{(0)} . We would like to recall that if the condition (ii) is satisfied, the twoloop expansion coefficients in (5), ρ^{ijk}_{(1)}, vanish [22], and that if (i) and (ii) are satisfied, the anomalous dimensions γ^j_i vanish to all orders [28]. Field theories that satisfy (i) and (ii) possess the exact scale invariance.

In the presence of the SSB terms, the exact scale invariance is broken by them in a strict sense. However, it is expected that the couplings, masses etc in a unified field theory without gravity are VEV’s of certain fields in a more fundamental theory. Therefore, it would be natural to transform them under the scale transformation, too. Then the scale invariance of a 1PI function Γ means: Γ[e^tp, e^th, e^tμ, e^{2t}B, e^{2t}m^2, Y, g] = e^{dΓt}Γ[p, h, μ, B, m^2, Y, g], (7) where p stand for momenta, and d_Γ is the canonical dimension of Γ. Clearly, (7) is correct, only if the theory is finite. Finiteness in the SSB sector can be achieved by using the relations among the renormalization of the SSB parameters and those of an unbroken supersymmetric gauge theory [23,33,35,40,41,42,43,44,45,46,47]^6. Accordingly, the β functions of the M, h and m^2 parameters can be written as [42,43]^7

β_M = 2O ( β_g g ) , (8) β^{ijk}_h = γ^i_lh^{ljk} + γ^j_lh^{ilk} + γ^k_lh^{ijl} − 2γ^i_{1l}Y^{ljk} − 2γ^j_{1l}Y^{ilk} − 2γ^k_{1 l}Y^{ijl}, (9) (β_m2 )^i_j = [ Δ + Xg ∂ ∂g ] γ^i_j , (10) O = ( Mg^2 ∂ ∂g^2 − h^{lmn} ∂ ∂Y^{lmn} ) , (11)

Δ = 2OO^∗ + 2|M|^2g^2 ∂ ∂g^2 + Ỹ_{lmn} ∂ ∂Y_{lmn} + Ỹ^{lmn} ∂ ∂Y^{lmn} , (12)

where (γ_1)^i_j = Oγ^i_j , Y_{lmn} = (Y^{lmn})^∗, and

Ỹ^{ijk} = (m^2)^i_lY^{ljk} + (m^2)^j_lY^{ilk} + (m^2)^k_lY^{ijl}. (13)

X in (10) has been first explicitly calculated in the lowest order [22,49], and later its all order form [33,45,46,47,48]

6In [48] this matter is reviewed in a transparent way. See also [16].

7We do not consider B^{ij} in the following discussions, because they do not enter into the β functions of the other quantities [42,43]. Moreover, they are automatically finite if the other quantities are finite [23].

X = −|M|^2C(G) + ∑ l m^2_l T (R_l) C(G) − 8π^2/g^2

(14)

has been found in the renormalization scheme of Novikov et al., in which the β function of the gauge coupling g is given by [50]

β^{NSVZ}_g = g^3 16π^2 [ ∑ l T (R_l)(1 − 2γ_l) − 3C(G)

1 − g^2C(G)/8π^2 ] . (15)

The key point in [23,33,35] is the assumption that the differential operators O and Δ given in (11) and (12) become total derivative operators on the RG invariant surface which is defined by the solution of the reduction equations for the SBB parameters. It has been shown in [23,33,35] that if the trilinear couplings are expressed in terms of M and g as [23,35]^8 h^{ijk} = −M dY^{ijk} (g) d ln g , (16)

and the soft scalar masses satisfy the sum rules [33]

m^2_i + m^2_j + m^2_k = |M|^2{ 1 1 − g^2C(G)/(8π^2) d ln Y^{ijk} d ln g + 1 2 d^2 ln Y^{ijk} d(ln g)^2 } + ∑ l m^2_l T (R_l) C(G) − 8π^2/g^2 d ln Y^{ijk} d ln g , (17)

the differential operators O and Δ become total derivative with respect to g: O = M 2 d d ln g , (18) Δ + Xg ∂ ∂g = |M|^2{ 1 1 − g^2C(G)/(8π^2) d d ln g + 1 2 d^2 d(ln g)^2 } + ∑ l m^2_l T (R_l) C(G) − 8π^2/g^2 d d ln g . (19)

Note that in the derivations from (16) to (19), it has been assumed that

γ^j_i = γ_iδ^j_i, (20) (m^2)^j_i = m^2_i δ^j_i, (21) Y^{ijk} ∂ ∂Y^{ijk} = Y^{∗ijk} ∂ ∂Y^{∗ijk} on the space of the RG functions. (22)

Therefore, if the anomalous dimensions γ_i vanish to all orders ( which is ensured if (i) and (ii) given in (5) and (6) are satisfied), we have: β_M = β^{ijk}_h = (β_m2 )^i_j = 0.

We see from (17) that the universal choice

8Reduction of massive parameters has been first proposed in [51].

m^2_i = |M|^2 3 (23)

also ensure the finiteness to two-loop order in accord with [21,22,23]. Note that C(G) = ∑ l T (R_l)/3 and d ln Y^{ijk} /d ln g = 1 + 0(g^4). Similarly, the N = 4 supersymmetric case (T (R_l) = C(G)) with the SSB parameters [20] can be simply derived from (16) and (17).

To summarize, finiteness in the SSB sector is guaranteed if h^{ijk} are expressed according to (16), and the sum rules (17) are satisfied. The trilinear couplings h^{ijk} , unless they are aligned, contribute to δ_{RL} [7] which are strongly constrained from FCNC processes and dangerous CP-violating phenomena. The explicit form of h^{ijk} in finite theories is known to two-loop order [21,22]:

h^{ijk} = −MY^{ijk} (g) + O(g^5). (24)

The higher order terms depend on the renormalization scheme. In fact, it is possible [38] to make vanish all the expansion coefficients ρ^{ijk}_{(n)} of (5) except the lowest order one ρ^{ijk}_{(0)} by a suitable redefinition of the Yukawa couplings Y^{ijk}. The redefinition does not modify the form of β function β^{NSVZ}_g (15), because only the anomalous dimensions change in β^{NSVZ}_g . Therefore, in finite theories, h^{ijk} are aligned to all orders, and therefore, h^{ijk} introduce no extra CP-violating phases: h^{ijk} = −MY^{ijk} (g). (25) In contrast to this case, the sum rules (17) of the soft scalar masses do not automatically ensure their degeneracy in the space of generation. However, as we will see in a concrete model, the sum rules (17) can yield the degeneracy of the soft scalar masses. The exact finiteness does not automatically yield a solution to the SUSY flavor problem. But a solution to the SUSY flavor problem can result from the quantum scale invariance.

Since superstring theories are scale invariant theories, a solution to the SUSY flavor problem based on the exact scale invariance may be realized. In fact, in a certain class of orbifold models of superstrings, in which the massive string states are organized into N = 4 supermultiplets [52] (see also [53]), so that they do not contribute to the quantum modification of the kinetic function, the sum rules

m^2_i + m^2_j + m^2_k = |M|^2 1 1 − g^2C(G)/(8π^2) + ∑ l m^2_l T (R_l) C(G) − 8π^2/g^2

(26)

along with h^{ijk} = −MY^{ijk} are satisfied [32]. (See also [55,56,57,58,59,60].) Therefore, the finiteness conditions (25) and (17) coincide with those of the above superstrings models to all orders.

III. MODEL BASED ON SU(5) × A_4

There exist various unified models that are all-order finite at least in the dimensionless sector [28,29,30,31,32]. In all the models, only such solutions of the reduction equations(4) have been considered that admit the hierarchal structure of the Yukawa couplings. As a result, the sum rules (17) are indeed satisfied, but it cannot strongly constrain the individual soft scalar masses in the first two generations (See [32]). In contrast to the previous models, the SU(5) models (two of three models) proposed in [34] yield a democratic structure of the Yukawa couplings. As we will see, the democratic structure (which follows as a consequence of certain discrete symmetries) is essential to obtain sum rules of the soft scalar masses from which their degeneracy follows.

Three generations of quarks and leptons are accommodated in 10_i and 5_i, where i runs over the three generations. A Σ in 24 is used to break SU(5) down to SU(3)_C × SU(2)_L × U(1)_Y , and there are four pairs of Higgs supermultiplets H_a and H_a (a = 1 ∼ 4). The starting superpotential is W = 3∑ i,j=1 4∑ a=1 (1 2 u^a_{ij} 10_i10_j H_a + d^a_{ij} 10_i5_j H_a )

+ 4∑ a,b=1 κ^{ab} H_aΣH_b + λ 3 Σ^3 + μ_Σ 2 Σ^2 + μ^{ab}_H H_aH_b, (27)

and the SSB Lagrangian is

−L_{SSB} = 4∑ a=1 [ m^2_{Ha}Ĥ^∗_aĤ_a + m^2_{H̄a}Ĥ^∗_aĤ_a ] + m^2_ΣΣ̂^†Σ̂ + 3∑ i=1 [ m^2_{5i} ^5^∗_i ^5_i + m^2_{10i} ^10^∗_i ^10_i ] + 1 2 Mλλ + B_ΣΣ̂^2 + 4∑ a,b=1 [ B^{ab}_H Ĥ_aĤ_b + h^{ab}_f Ĥ_aΣ̂Ĥ_b ]

+ h_λ 3 Σ̂^3 +^3∑ i,j=1 4∑ a=1 ( h^a_{u ij} 2 ^10_i ^10_jĤ_a + h^a_{d ij} ^10_i ^5_jĤ_a ) + h.c. , (28) where a hat is used to denote the scalar component of each chiral supermultiplet. The resulting theory has an unbroken R-parity along with the conservation of B − L. Note that we assumed the diagonal soft scalar masses, because non-diagonal soft masses would not satisfy the assumption (6) as well as (20), and hence violates finiteness.

A. The degeneracy of the soft scalar masses from their sum rules

To be specific, we consider the model based on SU(5) × A_4 symmetry [34], where A_4 is the group of even permutations^9. A_4 has three irreducible representations 1 , 1^′ , 1^{′′} and 3 [61], and the matter supermultiplets belong to its representation according to [34]

10_i : 3 , 5_i : 3 (H_i, H_4) : 3 + 1^′ , (H_i, H_4) : 3 + 1^{′′} Σ : 1,

9The S_4 model [34] can be treated similarly. We have found that as far as the SSB sector is concerned, it is exactly the same as the A_4 model.

where i = 1 ∼ 3. Then the cubic part of the superpotential (27) invariant under A_4 becomes

W_3 = a 2 (10_110_1 + ω10_210_2 + ω^210_310_3)H_4 + c(10_15_1 + ω^210_25_2 + ω10_35_3)H_4 + b10_110_2H_3 + d(10_15_2 + 10_25_1)H_3 + b10_310_1H_2 + d(10_35_1 + 10_15_3)H_2 (29) + b10_210_3H_1 + d(10_25_3 + 10_35_2)H_1 + k(H_1H_1 + H_2H_2 + H_3H_3)Σ + λ 3 Σ^3,

where w = exp(i2π/3) can be removed by field redefinition. The lowest order solution to the reduction equation (4) is [34]:

a^2 = b^2 = 8 15 g^2 , c^2 = d^2 = e^2 = 2 5 g^2 , k^2 = 1 3 g^2 , λ^2 = 15 7 g^2. (30)

It can be shown that the power series solution (5) exists uniquely, so that the dimensionless sector can be made finite to any finite order in perturbation theory. At this point we assume that a suitable redefinitions of the Yukawa couplings [38] has been performed so that the above solution (30) is exact. Note the mass term for the H and H is not invariant under A_4 for an arbitrary mass matrix μ_H . The choice of μ_H is however very important to make the model phenomenologically viable, because the Cabibbo-Kobayashi-Maskawa (CKM) mixing of the quarks in this model basically originates from μ_H . So, the A_4 invariance has to be broken by the mass term, already at the GUT scale M_{GUT}. Therefore, it is natural to assume that the operators with dimension less than four do not have to respect the A_4 invariance. Since the SSB terms consist of such operators, we should not impose the A_4 invariance on the SSB Lagrangian (28). We proceed with this remark in mind.

Eq. (25) means h^a_{u ij} = −Mu^a_{ij} , h^a_{d ij} = −Md^a_{ij} . (31) Further, the right hand side of (17) (which we denote by M̃^2) can be written as

M̃^2 = |M|^2 1 1 − g^2C(G)/(8π^2) + ∑ l m^2_l T (R_l) C(G) − 8π^2/g^2

. (32)

Using M̃^2 above, we write down all the sum rules (17):

M̃^2 = 2m^2_{101} + m^2_{H4} = 2m^2_{102} + m^2_{H4} = 2m^2_{103} + m^2_{H4} , (33) M̃^2 = m^2_{101} + m^2_{102} + m^2_{H1} = m^2_{101} + m^2_{103} + m^2_{H2} = m^2_{102} + m^2_{103} + m^2_{H3} , (34) M̃^2 = m^2_{101} + m^2_{¯51} + m^2_{H̄4} = m^2_{102} + m^2_{¯52} + m^2_{H̄4} = m^2_{103} + m^2_{¯53} + m^2_{H̄4} , (35) M̃^2 = m^2_{101} + m^2_{¯52} + m^2_{H̄1} = m^2_{102} + m^2_{¯51} + m^2_{H̄1} , (36) M̃^2 = m^2_{101} + m^2_{¯53} + m^2_{H̄2} = m^2_{103} + m^2_{¯51} + m^2_{H̄2} , (37) M̃^2 = m^2_{102} + m^2_{¯53} + m^2_{H̄3} = m^2_{103} + m^2_{¯52} + m^2_{H̄3} , (38) M̃^2 = m^2_{H1} + m^2_{H̄1} + m^2_Σ = m^2_{H2} + m^2_{H̄2} + m^2_Σ = m^2_{H3} + m^2_{H̄3} + m^2_Σ, (39) M̃^2 = 3m^2_Σ. (40)

The sum rules (33) require the degeneracy of m^2_{10i} , and the degeneracy of m^2_{¯5i} follows from (35). Similarly, one can easily derive the degeneracy of m^2_{H̄a} as well as that of m^2_{Ha} :

m^2_{10i} = m^2_{10} , m^2¯_{5i} = 4 3 M̃^2 − 3m^2_{10},

m^2_{Ha} = M̃^2 − 2m^2_{10} , m^2¯_{Ha} = − 1 3 M̃^2 + 2m^2_{10}, (41)

where i = 1 ∼ 3 and a = 1 ∼ 4. As we can see from (41), There are only two independent parameters in the SSB sector, m^2_{10} and the gaugino mass M for instance as we have indicated in (41). To express M̃^2 in terms of M, we have to compute the trace in (32). We find:

m^2_l T (R_l) = 1 2 [_3 ∑ i=1 m^2¯_{5i} + 4∑ a=1 (m^2_{Ha} + m^2¯_{Ha} ) ] + 3 2 3∑ i=1 m^2_{10i} + 5m^2_Σ

= C(SU(5))M̃^2, (42)

where we have used (33)–(40). Using this, we then obtain

M̃^2 = |M|^2. (43)

Note that the democratic structure for the quark mass matrices is essential to obtain the set of the sum rules (35) and (36)–(38) that yields the universal soft masses (41). To summarize, finiteness requires that the trilinear couplings have to be aligned (31) and the soft scalar masses have to have the universal form (41). Before the diagonalization of μ^{ab}_H , the Yukawa couplings u_{ij} and d_{ij} are real numbers. Note that there are no restrictions on μ^{ab}_H and B^{ab}_H from finiteness. The diagonalization of μ^{ab}_H and an appropriate phase rotation of H_a and H_a will introduce phases into the Yukawa couplings, which yields the ordinary CKM phase. The redefinition of the superfields above does not destroy the alignment of the trilinear couplings (31) and the universality of the soft masses (41). Then only the gaugino mass M and B^{ab}_H are complex numbers and contain CP-violating phases in this model. They may contribute to the EDM of the neutron, for instance [5]. Nevertheless, the SUSY flavor problem is drastically reduced in this finite unified model.

B. Predictions at low-energy

Since there are four pairs of the Higgs supermultiplets, it is not all automatic that there is only one pair of light Higgs doublets at low energies after a fine tuning at M_{GUT}. Furthermore, the Yukawa couplings are of oder O(g), and so we have to worry about the problem of fast proton decay [63] via dimension five operators [64]. These problems are related to the choice of the supersymmetric Higgs mass matrix μ^{ab}_H in the superpotential (29), which we would like to leave for feature problem. Note that there are no constraints on μ^{ab}_H from finiteness. In what follows, we simply assume that there is one pair of light Higgs doublets and the proton decay can be sufficient suppressed.

The finiteness conditions (30), (31) and (41) do not restrict the renormalization property at low energies, because the gauge symmetry is spontaneously broken below M_{GUT}. This should be contrasted to the case of the anomaly mediated supersymmetry breaking [10].

Therefore, the conditions (30), (31) and (41) are just boundary conditions at M_{GUT} in our case. By assumption, the evolution of the parameters below M_{GUT} is governed by the MSSM [65]. We further assume a unique supersymmetry breaking scale M_{SUSY}, which is identified with √ (m^2_{t1} + m^2_{t2} )/2, where m^2_{ti} are two stop masses, so that below M_{SUSY} the SM is the correct effective theory. We recall that tan β is usually determined in the Higgs sector. However, in the case at hand, it is convenient to define tan β by using the matching condition at M_{SUSY},

α^{SM}_t = α_t sin^2 β , α^{SM}_b = α_b cos^2 β , α^{SM}_τ = α_τ cos^2 β,

α_λ = 1 4 ( 3 5 α_1 + α_2) cos^2 2β, (44)

where α^{SM}_i (i = t, b, τ ) are the SM Yukawa couplings and α_λ is the Higgs coupling (α_I = g^2_I /4π^2). The matching conditions (44) and the boundary conditions at M_{GUT} can be satisfied only for a specific value of tan β. This is the reason of why it is possible without knowing the details of the scalar sector of the MSSM to predict various parameters such as the top and quark masses [29,31,62].

Since tan β is fixed in the dimension-zero sector and the soft scalar masse have to satisfy the boundary conditions (41) at M_{GUT}, it is by no means trivial that the electroweak symmetry is correctly broken at low energies [66]. Fortunately, the supersymmetric mass parameter μ_H for the pair of the light Higgs doublets and the corresponding B term are not constrained by the finiteness conditions. Therefore, we use this freedom to fix μ_H and B to trigger the electroweak symmetry breaking. To proceed we write down the up-quark mass matrix at M_{GUT} which can be read off from (29) and (30):

M^u = √ 8 15 g < H_4 > 1 1 + ϵ_1 1 + ϵ_2 1 + ϵ_1 1 1 + ϵ_3 1 + ϵ_2 1 + ϵ_3 1 , (45) where

ϵ_i = < H_i > < H_4 >

− 1 with i = 1, 2, 3. (46)

As we can see also from (29) and (30), the down-type quark mass matrix has the same structure. It has been found [67] that the above democratic mass matrix with ϵ_i << 1 agree with experimental data. Therefore, H_a have to have almost equal VEV’s, although there is only one pair of light Higgs doublets.

After so much remarks, we are now in position to compute low energy quantities. We use the renormalization group equations of two-loop order for dimensionless parameters and those of one-loop order for dimensional ones [65]. To see the gross nature of the low energy predictions of the present model, we however neglect ϵ_i in the mass matrix (45), and the the threshold corrections at M_{GUT} as well as M_{SUSY} , while we take into account the SM correction to the physical mass of the top quark m_t, and m_b which is the running bottom mass at m_b. Under this simplification, the top and bottom Yukawa couplings at M_{GUT} are given by

y_t = √ 6/5 g , y_b = √ 9/10 g. (47)

In Table I, we present the predictions for α_3(M_Z ), tan β, m_t and m_b for different choices of the unified gaugino mass M. Comparing, for instance, the m_t prediction above with the most recent experimental value [68],

m_t = (174.3 ± 5.1) GeV , (48)

and recalling that we have neglected ϵ_i in (45), and the the threshold corrections, we see that the prediction can be consistent with the experimental data.

Next we turn to the SSB sector with the finiteness conditions (31) and (41). As we can see from (41), we may treat M and m_{10} as independent parameters. The nice feature of (41) is that the soft scalar masses of H_a and H_a are degenerate. Therefore, one pair of the light Higgs doublets, H_u and H_d, which can be obtained after the diagonalization by an appropriate unitary matrix, has exactly the same soft scalar mass. Then we look for the parameter space in the m_{10} −M plane, in which a successful radiative electroweak symmetry breaking occurs and the lightest neutralino is the LSP. In Fig. 1, we show the result, where the region with dots and open squares leads to a successful radiative electroweak symmetry breaking. In the region with dots, the lightest neutralino is the LSP, while in the region with open squares the LSP is the stau. So the phenomenologically viable parameter space in the M − m_{10} plane is very restricted; m_{10} has to lie approximately on the straight line given by m_{10} = 5/8M. That is, for a given unified gaugino mass M, the spectrum of the superpartners is basically fixed. In Table II we present the results for M = 1 TeV and 1.5 TeV in an obvious notation.

The dotted region in Fig. 1 is interesting also from the cosmological viewpoint. In the dotted region, the lightest neutralino χ_1 and the light stau τ̃_1 are nearly degenerate in mass, that is, m_{τ̃1} − m_{χ1} < 25 GeV, where the light stau τ̃_1 is the next-to-LSP. With this type of spectrum, neutralino-stau co-annihilation can occur and that reduces the relic LSP density [69]. Thus, this parameter region is quite interesting for the LSP dark matter scenario.

IV. CONCLUSION

Although it was suggested in past [20,21,22,23] that finiteness of softly broken supersymmetric Yang-Mills theories may play an important role to understand the universality of the SSB parameters, there was so far no finite model based on softly broken N = 1 supersymmetry in which the universality of the SSB parameters follows solely from finiteness. The simple reason is the relaxed finiteness condition, the sum rule (17).

In this paper we considered the finite model of [34] which is based on the discrete symmetry A_4 and has the democratic structure of the mass matrices for the quarks and leptons. We included the SSB sector to this model and required that this sector does not destroy finiteness. A_4 symmetry in the SSB sector was not assumed, because A_4 symmetry has to be broken at M_{GUT} by operators with dimension less than four. We found that finiteness in this model requires that the trilinear couplings have to be aligned (31) and the soft scalar masse have to have the universal form (41). The democratic structure of the mass matrices played the essential role to obtain the universality of the soft scaler masses. Therefore, this model shows that finiteness can offers a solution to the SUSY flavor problem, and indicates that the SUSY flavor problem is closely related to the exact scale invariance.

ACKNOWLEDGMENTS

We would like to than M. Mondragon for useful discussions. This work is supported by the Grants-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (JSPS) (No. 14540252,13135210, 14540256). The work of KB is supported in part by DOE Grant # DE-FG03-98ER-41076, a grant from the Research Corporation and by DOE Grant # DE-FG02-01ER-45684. This work was partially conducted by way of a grant awarded by the Government of Mexico in the Secretariat of Foreign Affairs.

TABLES

TABLE I. The predictions for different M.

M [TeV] α_{3(5f)}(M_Z ) tan β m_b [GeV] m_t [GeV] 1 0.118 52 4.6 179 1.5 0.117 52 4.6 179

TABLE II. The predictions of the spectrum of the superpartners for M = 1 TeV with m_{10} = 0.63 TeV and M = 1.5 TeV with m_{10} = 0.94 TeV.

m_{χ1} (TeV) 0.45 0.69 m_{s̃1} = m_{d̃1} (TeV) 1.9 2.8 m_{χ2} (TeV) 0.84 1.3 m_{s̃2} = m_{d̃2} (TeV) 2.2 3.2 m_{χ3} (TeV) 1.3 1.9 m_{τ̃1} (TeV) 0.43 0.69 m_{χ4} (TeV) 1.3 1.9 m_{τ̃2} (TeV) 0.72 1.0 m_χ±_1 (TeV) 0.84 1.3 m_{μ̃1} = m_{ẽ1} (TeV) 0.78 1.2 m_χ±_2 (TeV) 1.3 1.9 m_{μ̃2} = m_{ẽ2} (TeV) 1.1 1.6 m_{t̃1} (TeV) 1.5 2.2 m_{ν̃τ} (TeV) 0.68 1.0 m_{t̃2} (TeV) 1.7 2.5 m_{ν̃μ} = m_{ν̃e} (TeV) 0.78 1.2 m_{b̃1} (TeV) 1.5 2.2 m_A (TeV) 0.62 0.93 m_{b̃2} (TeV) 1.7 2.5 m_H ± (TeV) 0.63 0.94 m_{c̃1} = m_{ũ1} (TeV) 2.1 3.1 m_H (TeV) 0.63 0.93 m_{c̃2} = m_{ũ2} (TeV) 2.2 3.2 m_h (TeV) 0.13 0.13

FIGURES

FIG. 1.

REFERENCES

[1] For recent reviews, see, for instance, S.P. Martin, hep-ph/9709356; G.L. Kane, hepph/0202185, and references therein.

[2] S. Dimopoulos and D. Sutter, Nucl. Phys. B452, 496 (1995).

[3] L. Hall, V.A. Kostalecky and S. Raby, Nucl. Phys. B267, 415 (1986); F. Gabbiani and A. Masiero, Phys. Lett. B209, 289 (1988).

[4] J. Ellis and D.V. Nanopoulos, Phys. Lett. B110, 44 (1982); R. Barbieri and R. Gatto, Phys. Lett. B110, 343 (1982); B. Campbell, Phys. Rev. D 28, 209 (1983); M.J. Duncan, Nucl. Phys. B221, 285 (1983); J.F. Donahue and H.P. Nilles and D. Wyler, Phys. Lett. B128, 55 (1983).

[5] J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114, 231 (1982); W. Buchmüller and D. Wyler, Phys. Lett. B121, 321 (1983); J. Polchinski and M.B. Wise, Phys. Lett. B125, 393 (1983); F. del Aguila, M.B. Gavela, J.A. Grifols and A. Méndez, Phys. Lett. B126, 71 (1983); D.V. Nanopoulos and M. Srednicki, Phys. Lett. B128, 61 (1983).

[6] S. Bertolini, F. Borzumati, A. Masiero and G. Ridolfi, Nucl. Phys. B353, 591 (1991);

R. Barbieri and G.F. Giudice, Phys. Lett. B309, 86 (1993).

[7] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B477, 321 (1996);

A. Bartl, T. Gajdosik, E. Lunghi, A. Masiero, W. Porod, H. Stremnitzer and O. Vives, Phys. Rev. D64, 076009 (2001), and references therein.

[8] S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981); N. Sakai, Z. Phys. C11, 153 (1981).

[9] M. Dine and A. E. Nelson, Phys. Rev. D48, 1277 (1993); M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D51, 1362 (1995); For a review, G. F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999).

[10] L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999); G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazi, JHEP 12, 027 (1998).

[11] D. E. Kaplan, G. D. Kribs and M. Schmaltz, Phys. Rev. D62, 035010 (2000); Z. Chacko, M. A. Luty, A. E. Nelson and E. Ponton, JHEP 01, 003 (2000).

[12] A. Anisimov, M. Dine, M. Graesser and S. Thomas, hep-th/0111235; hep-th/0201256. [13] B. Pendleton and G.G Ross, Phys. Lett. B 98, 291 (1981); M. Lanzagorta and G.G. Ross, Phys. Lett. B 349, 319 (1995).

[14] A. Karch, T. Kobayashi, J. Kubo, and G. Zoupanos, Phys. Lett. B441, 235 (1998);

M. Luty and R. Rattazzi, JHEP 11, 001 (1999). [15] A. E. Nelson and M. J. Strassler, JHEP 0009, 30 (2000) . [16] A. E. Nelson and M. J. Strassler, JHEP 0207, 21 (2002).

[17] T. Kobayashi and H. Terao, Phys. Rev. D64, 075003 (2001); T. Kobayashi, H. Nakano and H. Terao, Phys. Rev. D65, 015006 (2002); T. Kobayashi, H. Nakano, T. Noguchi and H. Terao, hep-ph/0202023, to be published in Phys. Rev. D; hep-ph/0205071.

[18] M. A. Luty and R. Sundrum, Phys. Rev. D65, 066004 (2002); hep-th/0111231. [19] J. Kubo and H. Terao, to be published in Phys. Rev. D. hep-ph 0205247. [20] A. Parkes and P. West, Nucl. Phys. B222, 269 (1983).

[21] D.R.T. Jones, L. Mezinchescu and Y.-p. Yao, Phys. Lett. B148, 317 (1984). [22] I. Jack and D.R.T. Jones, Phys. Lett. B333, 372 (1994). [23] D.I. Kazakov, Phys. Lett. B421, 211 (1998).

[24] A.J. Parkes and P.C. West, Phys. Lett. B138, 99 (1984); Nucl. Phys. B256, 340 (1985);

P. West, Phys. Lett. B137, 371 (1984); D.R.T. Jones and A.J. Parkes, Phys. Lett. B160, 267 (1985); D.R.T. Jones and L. Mezinescu, Phys. Lett. B136, 242 (1984); B138, 293 (1984); A.J. Parkes, Phys. Lett. B156, 73 (1985).

[25] S. Hamidi, J. Patera and J.H. Schwarz, Phys. Lett. B141, 349 (1984); X.D. Jiang and X.J. Zhou, Phys. Lett. B197, 156 (1987); B216, 160 (1985) .

[26] S. Hamidi and J.H. Schwarz, Phys. Lett. B147, 301 (1984); D.R.T. Jones and S. Raby, Phys. Lett. B143, 137 (1984) ; J.E. Bjorkman, D.R.T. Jones and S. Raby, Nucl. Phys. B259, 503 (1985).

[27] J. León et al. , Phys. Lett. B156, 66 (1985).

[28] C.Lucchesi, O. Piquet and K. Sibold, Helv. Phys. Acta 61, 321 (1988); O. Piquet and K.

Sibold, Int. J. Mod. Phys. A1, 913 (1986); Phys. Lett. B177, 373 (1986). [29] D. Kapetanakis, M. Mondragón and G. Zoupanos, Zeit. f. Phys. C60, 181 (1993); M.

Mondragón and G. Zoupanos, Nucl. Phys. B (Proc. Suppl) 37C, 98 (1995). [30] D.I. Kazakov, M.Yu. Kalmykov, I.N. Kondrashuk and A.V. Gladyshev, Nucl. Phys. B471, 389 (1996).

[31] K. Yoshioka, Phys. Rev. D61, 055008 (2000).

[32] T. Kobayashi, J, Kubo, M. Mondragon and G. Zoupanos, Nucl. Phys. B511, 45 (1998). [33] T. Kobayashi, J, Kubo, and G. Zoupanos, Phys. Lett. B427 291 (1998). [34] K.S. Babu, Ts. Enkhbat and I. Gogoladze, hep-ph/0204246. [35] I. Jack, D.R.T. Jones and A. Pickering, Phys. Lett. B426, 75 (1998). [36] W. Zimmermann, Com. Math. Phys. 97, 211 (1985); R. Oehme and W. Zimmermann Com. Math. Phys. 97, 569 (1985); R. Oehme, K. Sibold and W. Zimmermann, Phys. Lett. B147, 117 (1984); B153, 42 (1985).

[37] J. Kubo, K. Sibold and W. Zimmermann, Nucl. Phys. B259, 331 (1985); Phys.

Lett. B200, 185 (1989); K.S. Babu, S. Nandi, Preprint OSU-RN-202, UR-1056, ER- 13065533,1988 (unplublished).

[38] R. Oehme, Prog. Theor. Phys. Suppl. 86, 215 (1986). [39] J. Kubo, Lect. Notes Phys. 558, 106 (2000). [40] Y. Yamada, Phys. Rev. D50, 3537 (1994). [41] J. Hisano and M. Shifman, Phys. Rev. D56, 5475 (1997). [42] I. Jack and D.R.T. Jones, Phys. Lett. B415, 383 (1997).

[43] L.V. Avdeev, D.I. Kazakov, and I.N. Kondrashuk, Nucl. Phys. B510, 289 (1998). [44] G.F. Giudice and R. Rattazi, Nucl. Phys. B511, 25 (1998); N. Arkani-Hamed, G.F.

Giudice, M.A. Luty and R. Rattazi, Phys. Rev. D58, 115005 (1998). [45] I. Jack, D.R.T. Jones and A. Pickering, Phys. Lett. B432, 114 (1998). [46] D.I. Kazakov and V.N. Velizhanin, Phys. Lett. B485, 393 (2000 ). [47] E. Kraus and D. Stockinger, Phys. Rev. D65, 105014 (2002). [48] H. Terao, hep-ph/0112021.

[49] I. Jack, D.R.T. Jones, S.P. Martin, M.T. Vaughn and Y. Yamada, Phys. Rev. D50, R5481 (1994).

[50] V. Novikov, M. Shifman, A. Vainstein and V. Zakharov, Nucl. Phys. B229, 381 (1983);

Phys. Lett. B166, 329 (1986); M. Shifman, Int. J. Mod. Phys.A11, 5761 (1996) and references therein.

[51] J. Kubo, M. Mondragon and G. Zoupanos, Phys. Lett. B389, 523 (1996).

[52] L.J. Dixon, V.S. Kaplunovsky and J. Louis, Nucl. Phys. B355, 649 (1991); I. Antoniadis, K.S. Narain and T.R. Taylor Phys. Lett. B267, 37 (1991).

[53] L.E. Ibáñez and D. Lüst, Nucl. Phys. B382, 305 (1992).

[54] I. Antoniadis, Phys. Lett. B 246, 377 (1990); I. Antoniadis, C. Muñoz and M. Quirós, Nucl. Phys. B397, 515 (1993).

[55] A. Brignole, L.E.Ibáñez and C. Muñoz, Nucl. Phys. B422, 125 (1994). [56] T. Kobayashi, D. Suematsu, K. Yamada and Y. Yamagishi, Phys. Lett. 348B, 402 (1995). [57] A. Brignole, L.E. Ibáñez, C. Muñoz and C. Scheich, Z. f. Phys. C74, 157 (1997); A.

Brignole, L.E. Ibáñez and C. Muñoz, Soft supersymmetry breaking terms from supergravity and superstring models, hep-ph/9707209.

[58] D. Suematsu, Phys. Rev. D54, 5715 (1996).

[59] Y. Kawamura, T. Kobayashi and J. Kubo, Phys. Lett. B405, 64 (1997); Phys. Lett.

B43,2 108 (1998).

[60] H.B. Kim and C. Muñoz, Z. f. Phys. C75, 367 (1997); Mod. Phys. Lett. A12, 325 (1997). [61] E. Ma and G. Rajasekaran, Phys. Rev. D64 (2001) 113012.

[62] J. Kubo, M. Mondragon and G. Zoupanos, Nucl. Phys. B424, 291 (1994); J. Kubo, M. Mondragon, M. Olechowski and G. Zoupanos, Nucl. Phys. B479 25 (1996).

[63] N. Deshpande, X-G. He and E. Keith, Phys. Lett. B332, 88 (1994). [64] N. Sakai and T. Yanagida, Nucl. Phys. B197, 533 (1982); S. Weinberg, Phys. Rev. D26, 287 (1982).

[65] S.P. Martin and M.T. Vaughn, Phys. Lett. B318, 331 (1993); Phys. Rev. D50, 2282 (1994); Y. Yamada, Phys. Lett. B316, 109 (1993); Phys. Rev. Lett. 72, 25 (1994); Phys. Rev. D50, 3537 (1994); I. Jack, D.R.T. Jones, S.P. Martin, M.T. Vaughn and Y. Yamada, Phys. Rev. D50, R5481 (1994).

[66] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982);

L.E. Ibáñez and G.G. Ross, Phys. Lett. B110, 215 (1982).

[67] P.M. Fishbane and P. Kaus, Phys. Rev. D49, 4780 (1994); Z. Phys. C75, 1 (1997). [68] Particle Data Group, Phys. Rev. D66, 010001 (2002).

[69] J. Ellis, T. Falk and K. Olive, Phys. Lett. B444, 367 (1998); J. Ellis, T. Falk, K. Olive and M. Srednicki, Astropart. Phys. 13, 181 (2000); M. Gomez, G. Lazarides and C. Pallis, Phys. Rev. D61, 123512 (2000); Phys. Lett. B487, 313 (2000); M. Gomez and J. Vergados, Phys. Lett. B512, 252 (2001); R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B606, 59 (2001).