arXiv:hep-ph/0604052 v5 6 Sep 2006

Seesaw scales and the steps from the Standard Model towards superstring-inspired flipped E_6

C.R. Das^{1 ∗} and Larisa Laperashvili^{1, 2 †},

1 The Institute of Mathematical Sciences, Chennai, India 2 The Institute of Theoretical and Experimental Physics, Moscow, Russia

Abstract

In the present paper we have investigated a number of available paths from the Standard Model (SM) to the Planck scale unification, considering a chain of flipped models following the seesaw scale extension of the SM: SU(3) × SU(2) × U(1) → SU(3) × SU(2) × U(1) × U(1) → SU(5) × U(1) → SO(10) × U(1) → E_6 × U(1) or E_6.

We have presented five cases including nonsupersymmetric and supersymmetric extensions of the SM and different contents of Higgs bosons providing the breaking of the flipped SO(10) and SU(5) down to the SM. It was shown that the final unification E_6 × U(1) or E_6 at the (Planck) GUT scale M_{SSG} depends on the number of Higgs boson representations considered in theory. Only Higgses belonging to the vector and adjoint representations of SU(5) and SO(10) lead to the asymptotically free behaviour of nonabelian gauge coupling constants at large energies μ >∼ 10^{17} GeV. Asymptotically free models give the final unification E_6 × U(1) with the inversed E_6 fine structure constant α^{−1}_6 (M_{SSG}) ≈ 49 if SUSY comes at the SU(5) GUT scale (M_{SU SY} = M_{GU T} ), and α^{−1}_6 (M_{SSG}) ≈ 30 for M_{SU SY} ∼ O(TeV). Including any additional Higgs representation(s) we obtain asymptotically unfree theory. In this case, considering more than three Higgs representations, we have the final unification E_6 with α^{−1}_6 (M_{SSG}) ≈ 21.

∗ crdas@imsc.res.in † laper@itep.ru, laper@imsc.res.in

1 Introduction

Nature is described by gauge theories and prefers to have the gauge groups with small rank, in comparison with the number N_f of given fermion fields. For instance, the Standard Model (SM) contains 45 known fermion fields and could be described by the enormous global group SU(45) × U(1). Why does Nature choose only small subgroups of this enormous global group? The answer was given in Refs. [1–4]. The principles are simple: the resulting theory has to be (i) free from anomalies and (ii) free from bare masses. The largest simple subgroups of SU(N_f ) × U(1) satisfying conditions (i) and (ii) are listed for a given N_f in the Table 1 of Ref. [2] with N_f going up to N_f = 81. Examples taken from this Table show that we have SU(5) for N_f = 15 and N_f = 45, SO(10) for N_f = 16 and N_f = 48, E_6 for N_f = 27, etc. If there exists one right-handed neutrino per family, in addition to the known SM fermions, then with one, two or three families we have the number of fermions 16, 32, 48, respectively.

The insistence on the simple group is quite necessary. Otherwise, the largest semisimple groups also are possible: [SU(5)]^3 = SU(5)×SU(5)×SU(5) for N_f = 45, [SO(10)]^3 for N_f = 48, [E_6]^3 for N_f = 78, etc., leading to the Family replicated gauge group models.

The last 10 years Grand Unified Theories (GUTs) are inspired by superstring theories [5–9] showing a connection between superstrings and low energy particle physics phenomenology. The most realistic model based on the string theory is the heterotic string-derived flipped E_6 [10, 11]. Compactification theory involving D-branes provides interesting features of the flipped models. Conventional GUT models, such as SU(5) and SO(10), have been investigated in details by a lot of authors, but none of them are not completely satisfactory. In Refs. [10] the gauge group SU(5) × U(1) (“flipped SU(5)”) was suggested as a very economical candidate for unified theory: it may require only 10 + 10 Higgs representations to break the GUT symmetry, in contrast to other unified models which require large representations. There are many attractive experimentally testable results for flipped SU(5), including the prediction of α_s(M_Z ) [12], doublet-triplet mass splitting mechanism [10,13], seesaw neutrino mass relations [13], explanation of the leptophobic Z^′ phenomenon [14]. The hierarchy problem between the electroweak Higgs doublets and the colour Higgs triplets is solved giving a natural suppression of 5-dimensional operators that may mediate rapid proton decay. For this reason flipped SU(5) is in agreement with experimental limits placed upon proton lifetime [15] (see also [16] and [17]). Hybrid inflation in supersymmetric flipped SU(5) predicts the cosmic microwave anisotropy δT/T which is proportional to (M/M_P )^2 (here M denotes the symmetry breaking scale and M_P = 2.4 × 10^{18} GeV is reduced Planck mass) [18]. Flipped SU(5) suggests a natural source for the production of Ultra-High Energy Cosmic Rays (UHECRs) through the decay of superheavy particles called “cryptons” which are additional candidates for Cold Dark Matter (CDM) [19, 20].

Only flipped SU(5) unifies SU(3)_C and SU(2)_W giving the unification scale M_{GU T} ∼ 10^{16} GeV. The discrepancy between the unification scale M_{GU T} and string scale M_{string} ∼ 10^{18} GeV has only one explanation: there are extra intermediate symmetries. In Ref. [21] an N = 1 supersymmetric flipped SO(10) GUT model was constructed providing a desired connection with superstrings. This model was developed in Refs. [22]. Recently flipped E_6 model [23] was extensively investigated due to the heterotic string theory. E_6 maybe broken down to SU(3)×SU(2)×U(1)×U(1) (see [21,24]), or SU(3)×SU(2)_L ×SU(2)_R × U(1) (see [22, 25]).

The paper is organized as follows. In Sect. 2 we consider the content of the flipped E_6 group of symmetry. In Sect. 3 we discuss the two possibilities of the extension of the Standard Model: nonsupersymmetric and supersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X , originated at the seesaw scale by heavy right-handed neutrinos. Sect. 4 is devoted to the general consideration of gauge coupling constant running for SU(N) and SO(N) gauge groups of symmetry. In Sect. 5 we present the five cases of the E_6, SO(10) and SU(5) breakdown towards the Standard Model, depending on the different contents of the Higgs bosons in the flipped models considered.

2 Content of the flipped E_6

The first step in the extension of the SM is related with the left-right symmetry. These models (see [26–28], for example), where an extra gauge boson W_R mediates charged righthanded currents, may be embedded in the GUTs SU(5), SO(10), E_6, etc. by different ways. But we have postponed such models for our future investigations. Amongst a lot of articles devoted to the SU(5), SO(10) and E_6 unifications (see, for example, monographs [29–31], reviews [32–36], articles [37–40], also [41–44] and references therein) we have chosen only flipped models [10–25].

In the present paper we consider the N = 1 supersymmetric flipped E_6 broken down to SU(3)_C × SU(2)_L × U(1)_Y with intermediate flipped SO(10) × U(1), SU(5) × U(1) and SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge groups of symmetry. In this model SU(5) (termed “flipped SU(5)^{′′}) is distinct from the well-known Georgi–Glashow SU(5) [45].

The possibility of the different breaking of E_6 is a result of the fact that there are two ways to embed the electric charge generator in SU(5) × U(1) ⊂ SO(10) giving the observed charges to the quarks and leptons of a family [46]. In the case of the flipped SU(5), its decomposition into SU(3)_C × SU(2)_L × U(1)_Z is not the standard model, but leads to it after linearly combining Z and X into the weak hypercharge Y (see Ref. [46]): Y 2 = 1 5 (X − Z). (1) Here Z is the generator of SU(5) normalized for the five-dimensional representation of SU(5) as diag( -1/3, -1/3, -1/3, 1/2, 1/2). It commutes with SU(3)_C × SU(2)_L. In the flipped models SU(3)_C × SU(2)_L is embedded in SU(5), but U(1)_Y is embedded in SU(5) × U(1)_X .

Three 27-plets of E_6 contain three families of quarks and leptons, including righthanded neutrinos N^c_i (i=1,2,3 is the index of generations). Matter fields (quarks and leptons) of the fundamental 27 representation of the flipped E_6 decompose under SU(5)× U(1)_X subgroup as follows:

27 → (10, 1) + (¯5, 2) + (¯5, −3) + (5, −2) + (1, 5) + (1, 0). (2)

The first and second quantities in the brackets of Eq.(2) correspond to SU(5) representation and U(1)_X charge, respectively. The SM family which contains the doublets of left-handed quarks Q and leptons L, right-handed up and down quarks u^c, d^c, also e^c and right-handed neutrino N^c belong to the (10, 1) + (¯5, −3) + (1, 5) representations of the flipped SU(5) × U(1)_X . These representations decompose under

SU(5) × U(1)_X → SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X (3)

and correspond to ordinary quarks and leptons with charges:

Q_X = 1 √ 40 X and Q_Z = √ 3 5 Z. (4) We normalize all the flipped SU(5) generators T_a such that the trace of T^2_a over the 16 fermions in a single quark-lepton generation is given by T r_{16}(T^2_a ) = 2, what is consistent with the U(1)_Y charge normalization. We consider charges Q_X and Q_Z in the units 1√ 40 and

√_3 5 , respectively, using assignments: Q_X = X and Q_Z = Z. Then for the decomposition (3), we have:

(10, 1) → Q = ( u d ) ∼ ( 3, 2, 1 6 , 1 ) , d^c ∼ ( ¯3, 1, −2 3 , 1 ) , N^c ∼ (1, 1, 1, 1) . (5)

(¯5, −3) → u^c ∼ ( ¯3, 1, 1 3 , −3 ) , L = ( e ν ) ∼ ( 1, 2, − 1 2 , −3 ) , (6)

(1, 5) → e^c ∼ (1, 1, 1, 5) . (7)

The remaining representations in Eq. (4) decompose as follows:

(5, −2) → D ∼ ( 3, 1, − 1 3 , −2 ) , h = ( h^+ h^0 ) ∼ ( 1, 2, 1 2 , −2 ) . (8)

(¯5, 2) → D^c ∼ ( ¯3, 1, 1 3 , 2 ) , h^c = ( h^0 h^− ) ∼ ( 1, 2, − 1 2 , 2 ) . (9)

The light Higgs doublets are accompanied by coloured Higgs triplets D, D^c .

The singlet field S is represented by (1,0):

(1, 0) → S ∼ (1, 1, 2, 2). (10)

It is necessary to notice that the flipping of our SU(5):

d^c ↔ u^c, N^c ↔ e^c, (11)

distinguishes this group of symmetry from the standard Georgi-Glashow SU(5) [45].

The multiplets (5)-(7) fit in the 16 spinorial representation of SO(10):

F (16) = F (10, 1) + F (¯5, −3) + F (1, 5). (12)

Higgs chiral superfields occupy the 10 representation of SO(10):

h(10) = h(5, −2) + h^c(¯5, 2). (13)

In addition to the three 27_i representations of E_6, some models may consider extra 27^′ and 27^′ representations with aim to preserve gauge coupling unification. But such models are out of our investigation.

3 First steps in the extension of the Standard Model

We start from the Standard Model (SM).

It is well-known that in the SM the running of all the gauge coupling constants is well described by the one-loop approximation of renormalization group equations (RGEs). For energy scale μ ≥ M_t, where M_t is the top quark (pole) mass, we have the following evolutions for the inversed fine structure constants α^{−1}_i = 4π/g^2_i (i = 1, 2, 3 correspond to the U(1), SU(2)_L and SU(3)_C groups of the SM) which are revised in Ref. [47] using updated experimental results [48]:

α^{−1}_1 (t) = 58.65 ± 0.02 − 41 20π t, (14)

α^{−1}_2 (t) = 29.95 ± 0.02 + 19 12π t, (15)

α^{−1}_3 (t) = 9.17 ± 0.20 + 7 2π t, (16)

where t = ln(μ/M_t). In Eq. (16) the value α^{−1}_3 (M_t) = 9.17 essentially depends on the value α_3(M_Z ) ≡ α_s(M_Z ) = 0.117 ± 0.002 (see [48]), where M_Z is the mass of Z boson. The inversed constant α^{−1}_3 (M_t) is given by running of α^{−1}_3 (μ) from M_Z up to M_t, via the Higgs boson mass M_H . We have used the central value of the top quark (pole) mass: M_t = 174 GeV given by [48], and M_H = 130 ± 15 GeV, in accordance with the recent experimental data. The accuracy in Eq. (16) corresponds to the accuracy of M_H .

Evolutions (14)-(16) are shown up to the seesaw scale M_{SS} in Fig. 1(a), where x = log_{10} μ(GeV) and t = x ln 10 − ln M_t.

However, we have no guarantee for how far the SM will work up the energy scale. Among different extensions of the SM, we have considered only two first possibilities:

1. An extension of the SM to the gauge symmetry group:

SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X ,

with U(1)_X and U(1)_Z originated at the seesaw scale M_{SS} where heavy (righthanded) neutrinos appear. The consequent unification of the group SU(3)_C × SU(2)_L × U(1)_Z into the flipped SU(5) at the GUT scale M_{GU T} leads to the group SU(5) × U(1)_X . Such a possibility was investigated in Ref. [49]. In this case supersymmetry comes at the scale M_{GU T} together with the flipped SU(5) × U(1)_X .

2. Supersymmetry starts at the scale M_{SU SY} ∼ O(TeV), but supersymmetric group SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X , together with the new physics of heavy righthanded neutrinos, originates at the seesaw scale M_{SS} which is much larger than M_{SU SY} (M_{SS} >> M_{SU SY} ). The supersymmetric group SU(3)_C × SU(2)_L × U(1)_Z gives the unification into the supersymmetric flipped SU(5) at the GUT scale M_{GU T} , and the supersymmetric group SU(5) × U(1)_X works into the region M_{GU T} ≤ μ ≤ M_{SG}, that is, up to the next step of unification at the superGUT scale M_{SG}.

These two possibilities are presented in Figs. 1-4, where the first one is given by Fig. 1, while the second one is shown in Figs. 2-4.

3.1 Nonsupersymmetric extension of the SM

In this case, considered in Ref. [49], M_{SU SY} = M_{GU T} and M_{SS} < M_{GU T} . The particle content of the flipped SU(5) × U(1)_X is given by Eqs.(5)-(10). The five-dimensional (Weinberg-Salam) Higgs boson breaks SU(2)_L × U(1)_Y → U(1)_{em} . An adjoint 24- dimensional Higgs boson A ensures the breakdown:

SU(5) × U(1)_X → SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X .

A singlet Higgs field S, which can be combined with the Higgs bosons of higher representations of SU(5), provides the breakdown

SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X → SU(3)_C × SU(2)_L × U(1)_Y .

In the region M_t ≤ μ ≤ M_{SS} we have evolutions of α^{−1}_i (t) given by Eqs.(14)-(16), but for M_{SS} ≤ μ ≤ M_{GU T} we have a new type of symmetry SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X with the following evolutions of the inversed constants α_i:

α^{−1}_i (μ) = α^{−1}_i (M_{SS} ) + b_i 2π t̃, (17)

where b_X = − 41 10 and b_Z = − 45 10 , (18)

and b_2 and b_3 again are given by Eqs. (15) and (16):

b_2 = 19 6 and b_3 = 7. (19)

In Eq. (17): t̃ = ln( μ M_{SS} ) = t + ln( M_t M_{SS} ) = x ln 10 − ln M_{SS} . (20)

A new U(1)_{(B−L)} group comes at the seesaw scale M_{SS} and its mixture with U(1)_Y leads to the following relation (see Refs. [10, 49]):

α^{−1}_1 (M_{SS} ) = 24 25 α^{−1}_X (M_{SS} ) + 1 25 α^{−1}_Z (M_{SS} ). (21)

At the scale M_{GU T} we have the unification SU(3)_C × SU(2)_L × U(1)_Z → SU(5):

α_Z (M_{GU T} ) = α_2(M_{GU T} ) = α_3(M_{GU T} ) = α_{GU T} . (22)

The GUT scale M_{GU T} is given by the intersection of the evolutions (15) and (16) for α^{−1}_2 (t) and α^{−1}_3 (t). The evolutions of the inversed constants α^{−1}_i (x) for i = 1, 2, 3, X, Z in the region M_t ≤ μ ≤ M_{GU T} are shown in Fig. 1(a).

3.2 Supersymmetric extension of the SM up to the GUT scale

In this Subsection we consider the Minimal Supersymmetric Standard Model (MSSM) when supersymmetry extends the conventional Standard Model from the scale M_{SU SY} ∼ (O) TeV, and gives the following evolutions in the region M_{SU SY} ≤ μ ≤ M_{SS} :

α^{−1}_i (μ) = α^{−1}_i (M_{SU SY} ) + b_i 2π t̄, (23)

with (see Refs. [50, 51]):

b_1 = − 33 5 , b_2 = −1, b_3 = 3 (24)

and t̄ = ln(μ/M_{SU SY} ).

In the region from M_{SS} to M_{GU T} we have a new type of symmetry — supersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X with the evolutions (i = X, Z, 2, 3):

α^{−1}_i (μ) = α^{−1}_i (M_{SS} ) + b_i 2π t̃, (25)

where b_X = − 33 5 , b_Z = −9, b_2 = −1, b_3 = 3, (26)

and t̃ is given by Eq. (20).

The mixture of the two U(1) groups at the seesaw scale M_{SS} leads to the relation (21) for supersymmetric case.

Flipped SU(5) comes at the GUT scale M_{GU T} given by the new intersection of the supersymmetric evolutions (25) (with (26)) for α^{−1}_2 (t) and α^{−1}_3 (t). In Ref. [10] the breakdown of SU(5)×U(1)_X to the MSSM gauge group is achieved by providing superlarge VEVs to the 10 dimensional Higgs 10_H and 10_H along the N^c, N̄^c directions.

The corresponding evolutions of the inverses of the fine structure constants α^{−1}_i (x) (i = 1, 2, 3, X, Z) are presented by Figs. 2(a)-4(a) for the SM and MSSM in the region M_t ≤ μ ≤ M_{GU T} .

4 Renormalization group equations for gauge couplings of the flipped SU(5) and SO(10)

The renormalization beta-group function β(g) has been calculated by various authors ( [52–59], also [50] and [51]) for a Yang-Mills theory described by simple or semi-simple gauge group G, including multiplets of fermions and scalars transforming according to the arbitrary representation of a group G. Supersymmetric models involve new fields giving new contributions to the β-function. In general, considering the supersymmetric gauge group G, we have the following β-function in the one-loop approximation:

β_N (g_N ) = −b_N g_N 16π^2

(27)

with (see [50]) −b_N = −3C_2(G) + 2N_g + ∑ i C_2(S_i)d(S_i), (28)

where N_g is the number of generations of fermions, scalars S_i belong to representations R_i of the group G, C_2(G) is the quadratic Casimir operator for the adjoint representation, C_2(S_i) is the quadratic Casimir operators for scalars S_i and d(S_i) is the dimension of the representation R_i.

For SU(N) gauge group C_2(G) = N, for SO(N) we have C_2(G) =^1_2 (N − 2). In general, RGE for SU(N) is given by

−b_N = −3N + 2N_g + 1 2 N_{vector} + N · N_{adj} + 1 2 (N − 2) · N_{asym} + 1 2 (N + 2) · N_{sym} + ... (29)

and for SO(N) we have: −b_N = − 3 2 (N −2)+2N_g + 1 2 N_{vector} + 1 2 (N −2)·N_{adj} + 1 2 (N −2)·N_{asym} + 1 2 (N +2)·N_{sym} +..., (30) where N_{vec}, N_{adj} , N_{asym}, N_{sym} are the numbers of available by models Higgs bosons belonging to the vector, adjoint, antisymmetric and symmetric 2nd rank tensor representations of SU(N) and SO(N) gauge groups, respectively. We have used the results of Refs. [55, 56].

Finally, for supersymmetric SU(5) we obtain the following RGE parameter b_5:

−b_5 = −15 + 2N_g + 1 2 N_5 + 5N_{24} + 3 2 N_{10} + 7 2 N_{15} + ... (31)

contained in the evolution of the inversed SU(5) fine structure constant:

α^{−1}_5 (μ) = α^{−1}_5 (M_{GU T} ) + b_5 2π t_5, (32)

where t_5 = ln(μ/M_{GU T} ). In Eq. (31) N_5 is the number of Higgs bosons belonging to the 5 + ¯5 representations of SU(5) (minimal value is N_5 = 2), N_{24} is the number of Higgses belonging to the adjoint representation of SU(5) (minimal N_{24} = 1), N_{10} is the number of antisymmetric (2nd rank tensor) representations 10 + 10 of SU(5) (minimal N_{10} = 2), and N_{15} is the number of symmetric (2nd rank tensor) representations 15 + 15 of SU(5) (minimal N_{15} = 2). We do not consider higher representations for Higgs bosons: the generalization is trivial and not necessary for our purposes.

Analogous formula takes place for supersymmetric SO(10) parameter b_{10}:

−b_{10} = −12 + 2N_g + 1 2 N_{vec} + 5N_{adj} + 3 2 N_{asym} + 7 2 N_{sym} + ... (33) contained in the evolution of the inversed SO(10) fine structure constant:

α^{−1}_{10} (μ) = α^{−1}_{10} (M_{SG} ) + b_{10} 2π t_{10}, (34)

where t_{10} = ln(μ/M_{SG} ). In Eq.(33) N_{vec} is the number of Higgs bosons belonging to the 10 + 10 representations of SO(10) (minimal value is N_{vec} = 2), N_{adj} is the number of Higgses belonging to the adjoint representation 45 of SO(10) (minimal N_{adj} = 1), N_{asym} is the number of antisymmetric (2nd rank tensor) representations 45+45 of SO(10) (minimal N_{asym} = 2), and N_{sym} is the number of symmetric (2nd rank tensor) representations 54+54 of SO(10) (minimal N_{sym} = 2). We do not consider higher Higgs representations for our investigation.

With aim to break

SO(10) × U(1)_{X1} → SU(5) × U(1)_{Z1} × U(1)_{X1} and SU(5) × U(1)_X → SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X .

We have taken the different Higgs boson contents.

5 Breakdown of the flipped SU(5) to the seesaw scale extensions of the SM and MSSM

Case I. The first possibility to break supersymmetric SU(5) × U(1)_X into the nonsupersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X was investigated in Ref. [49]. In this case SU(5) × U(1)_X contains three generations of fermion fields (N_g = 3, i=1,2,3):

F_i = (10, 1), f̄_i = (¯5, −3), l^c_i = (1, 5), (35)

Higgs bosons h and h^c belonging to 5 + ¯5 representations and Higgs field A belonging to the adjoint representation of SU(5). In this case, according to Eq. (31), we have:

−b_5 = −15 + 6 + 1 + 5 = −3 (36) and b_X (SUSY ) = − 33 5 = −6.6. (37)

Singlet Higgs field S = (1, 0) breaks

SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X → SU(3)_C × SU(2)_L × U(1)_Y .

The evolution of α^{−1}_5 (x) is shown in Fig. 1(a,b).

At the next seesaw scale M_{SS1} we see the creation of an additional U(1)_N gauge group which gives a mixture with U(1)_X and leads to the group of symmetry

SU(5) × U(1)_{Z1} × U(1)_{X1}.

The last one exists in the region M_{SS1} ≤ μ ≤ M_{SG}. Here M_{SG} is the superGUT scale of the next unification — SO(10).

Assuming that a new singlet Higgs S_1 has the same U(1)_{Z1} and U(1)_{X1} charges as a singlet S, we have:

Q_{X1} = 2 1 √ 40 = 1 √ 10 and Q_{Z1} = 2 √ 3 5 . (38)

This leads to the same slopes for the running of the inversed constants α^{−1}_{X,Z}(μ) and α^{−1}_{X1,Z1}(μ): b_X = b_{X1} = −6.6, b_Z = b_{Z1} = −9. (39) The mixture of the two groups U(1)_X and U(1)_N into U(1)_{X1} and U(1)_{Z1} at the new seesaw scale M_{SS1} gives the following relation analogous to Eq.(21):

α^{−1}_X (M_{SS1}) = 24 25 α^{−1}_{X1}(M_{SS1}) + 1 25 α^{−1}_{Z1}(M_{SS1}). (40)

As a result, at the superGUT scale M_{SG} we have the second unification:

SU(5) × U(1)_{Z1} → SO(10),

and the group of symmetry SO(10) × U(1)_{X1} works for μ ≥ M_{SG}.

The evolution of the inversed α^{−1}_{10} (t_{10}) is given by

−b_{10} = −12 + 6 + 1 + 4 = −1, (41)

where we have used Eq. (33), inserting N_{vec} = N_{10} = 2 and N_{adj} = N_{45} = 1. Here we assumed the existence of the same Higgses - vector and adjoint - following the flipped SU(5) content considered in this Section.

The third seesaw scale M_{SS2} leads to the group of symmetry

SO(10) × U(1)_{Z2} × U(1)_{X2}

with b_{X2} = −6.6 and b_{Z2} = −9, (42) and with a new condition:

α^{−1}_{X1}(M_{SS2}) = 24 25 α^{−1}_{X2}(M_{SS2}) + 1 25 α^{−1}_{Z2}(M_{SS2}). (43)

The new unification at the supersuperGUT scale M_{SSG} gives:

SO(10) × U(1)_{Z2} → E_6 with the final symmetry E_6 × U(1)_{X2}. The corresponding evolution is presented in Fig. 1(a,b).

We are unable to predict any seesaw scale, or GUT scales M_{SG} and M_{SSG}. In Fig. 1 we have presented an example given by line 3 of Table 1. Different examples are described by Table 1 (lines 1-6).

Fig. 2 presents the Case I with supersymmetric seesaw scale extension of the SM (see Subsection 3.2) and corresponds to the line 3 of Table 3 with M_{SU SY} = 10 TeV.

All values and parameters for the Case I are given by Tables 1-3. In this case the final unification with group of symmetry E_6 × U(1) leads to α^{−1}_6 (M_{SSG} ) ≈ 49 if SUSY scale coincides with the SU(5) GUT scale: M_{SU SY} = M_{GU T} , α^{−1}_6 (M_{SSG} ) ≈ 28 for M_{SU SY} = 1 TeV, and α^{−1}_6 (M_{SSG}) ≈ 30 for M_{SU SY} = 10 TeV. Here α_6(M_{SSG}) is the value of the E_6 fine structure constant at the supersuperGUT scale M_{SSG}.

Here it is pertinent to emphasize that only this type of unification (Case I) conserves the asymptotic freedom: the running of the inversed gauge coupling constants α^{−1}_5 (t) and α^{−1}_{10} (t) shows the asymptotically free behaviour. In general, not every type of unification leads to the asymptotic freedom (see below).

Case II. The most economical unified theory is the flipped SU(5) model suggested by authors of Refs. [10]. They have considered the breakdown of the supersymmetric flipped SU(5) × U(1)_X to the MSSM using only Higgs bosons belonging to 5_h + ¯5_h and 10_H + 10_H representations of SU(5).

Considering such a breakdown of the flipped SU(5) to the supersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry, we start with the Standard Model extended by the MSSM at the SUSY scale M_{SU SY} ∼ O(TeV) (from 1 TeV to 10 TeV). The MSSM stands the test up to the seesaw scale M_{SS} , at which the supersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X comes. Fig. 3 gives an example for M_{SS} = 10^{11} GeV. Tables 2,3 contain examples with M_{SS} = 10^{11} and 10^{14} GeV.

For the group of symmetry SU(5)×U(1)_X working in the region M_{GU T} ≤ μ ≤ M_{SS1}, the Case II gives the following RGE slopes:

−b_5 = −15 + 6 + 1 + 3 = −5, (44)

obtained from Eq. (31), and b_X is given by (37).

The scenario of appearance of the group of symmetry SU(5) × U(1)_{Z1} × U(1)_{X1} at the second seesaw scale M_{SS1}, considered in the Case I, is repeated. The second unification at the scale M_{SG} gives the group of symmetry SO(10) × U(1)_{X1} with the RGE slope:

−b_{10} = −12 + 6 + 1 + 8 = 3, (45)

which was obtained from Eq. (33) using 10_h +10_h and 45_H +45_H representations of SO(10) with N_{vec} = N_{10} = 2 and N_{asym} = N_{45} = 2.

The group of symmetry SO(10) × U(1)_{Z2} × U(1)_{X2} comes at the third seesaw scale M_{SS2} and leads to the next unification at M_{SSG}: SO(10) × U(1)_{Z2} → E_6.

In this scenario we also have the conditions (40) and (43). The evolutions of α^{−1}_5 (x) and α^{−1}_{10} (x) are presented by Fig. 3(a,b) (see also Tables 2,3 for different M_{SU SY} and M_{SS} ). Here α^{−1}_{10} (x) shows asymptotically unfree behaviour which gives the final unification E_6 × U(1)_{X2} at the supersuperGUT scale M_{SSG} with α^{−1}_6 (M_{SSG}) ≈ 29 for M_{SU SY} = 10

TeV and M_{SS} = 10^{11} GeV (line 9 of Table 3). Tables 2,3 illustrate the depending of gauge constant evolutions on parameters of theory.

Case III. Consider the case when the flipped SU(5) includes Higgses 5_h + ¯5_h, 10_H + 10_H and Higgs boson A belonging to the 24-dimensional adjoint representation. Then the gauge group SO(10) correspondingly contains Higgs bosons 10_h +10_h, 45_H +45_H and A belonging to 45-adjoint representation. In this case the evolutions of the inversed fine structure constants α^{−1}_5 (x) and α^{−1}_{10} (x) are described by:

−b_5 = −15 + 6 + 1 + 3 + 5 = 0 (46) and −b_{10} = −12 + 6 + 1 + 8 + 4 = 7, (47)

what follows from Eqs. (31) and (33) with N_{vec} = 2, N_{asym} = 2 and N_{adj} = 1.

The corresponding evolutions are presented in Fig. 5 (given by line 9 of Table 1) and Fig. 8 (given by line 15 of Table 3) with the final unification E_6 + U(1)_{X2}. Here we see an asymptotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification gives α^{−1}_6 (M_{SSG}) ≈ 45 for M_{SU SY} = M_{GU T} and M_{SS} = 10^{11} GeV (line 9 of Table 1), and α^{−1}_6 (M_{SSG}) ≈ 25 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV (line 15 of Table 3).

Case IV. In this case we consider Higgses 5_h + ¯5_h, 15_H ′ + 15_H ′ and A belonging to the 24-dimensional adjoint representation of the flipped SU(5), also SO(10) Higgs bosons 10_h + 10_h, 54_H ′ + 54_H ′ and A belonging to 45-adjoint representation. Then we have:

−b_5 = −15 + 6 + 1 + 5 + 7 = 4 (48) and −b_{10} = −12 + 6 + 1 + 4 + 12 = 11, (49)

with N_{vec} = 2, N_{sym} = 2 and N_{adj} = 1 in Eqs. (31) and (33).

The asymptotically unfree evolutions of α^{−1}_5 (x) and α^{−1}_{10} (x) are presented in: Fig. 6 (line 15 of Table 1), Fig. 9 (line 21 of Table 3) and Fig. 10 (line 1 of Table 4). All these figures are given for M_{SS} = 10^{11} GeV. Figs. 6,9 show the final unification E_6 + U(1)_{X2} with α^{−1}_6 (M_{SSG}) ≈ 42 for M_{SU SY} = M_{GU T} (nonsupersymmetric seesaw scale extension of the SM), and α^{−1}_6 (M_{SSG}) ≈ 21 for M_{SU SY} = 10 TeV.

However, special cases of parameters given by Table 4 and Fig. 10 may lead to the E_6 unification. Fig. 10 demonstrates such a special example with α^{−1}_6 (M_{SSG} ) ≈ 18 for M_{SU SY} = 1 TeV.

Tables 1-4 describe the Case IV for different parameters of theory. Case V. This case considers Higgs bosons 5_h + ¯5_h, 10_H + 10_H , 15_H ′ + 15_H ′ and adjoint A of the flipped SU(5), and correspondingly Higgs bosons 10_h + 10_h, 45_H + 45_H , 54_H ′ + 54_H ′ and adjoint A of the flipped SO(10). Such a consideration gives:

−b_5 = −15 + 6 + 1 + 5 + 3 + 7 = 7 (50) and −b_{10} = −12 + 6 + 1 + 4 + 8 + 12 = 19, (51)

with N_{vec} = 2, N_{asym} = 2, N_{sym} = 2 and N_{adj} = 1 inserted in Eqs. (31) and (33).

The evolutions of α^{−1}_5 (x) and α^{−1}_{10} (x) are presented in Fig. 4(a,b) and Fig. 7. They are asymptotically unfree.

Fig. 7 (line 21 of Table 1) corresponds to the nonsupersymmetric seesaw scale extension of the SM and leads to the final unification E_6 × U(1) with α^{−1}_6 (M_{SSG}) ≈ 39. The supersymmetric seesaw scale extension of the SM always gives only E_6 final unification at the scale M_{SSG}. Fig. 4(a,b) (line 9 of Table 5) presents this case giving α^{−1}_6 (M_{SSG} ) ≈ 21 for M_{SU SY} = 10 TeV.

Tables 1 and 5 contain different examples for the Case V. For all cases II-V we have:

b_X = b_{X1} = b_{X2} = −6.6 and b_Z = b_{Z1} = b_{Z2} = −9. (52)

Also the conditions (40) and (43) take place.

Adding higher representations of Higgs bosons to the representations 5_h + ¯5_h, 10_H + 10_H and adjoint A of SU(5) we always have asymptotically unfree behaviour at high energies μ ≥ M_{GU T} . In such cases there exists only E_6 final unification for the supersymmetric seesaw scale extension of the SM with α^{−1}_6 (M_{SSG}) ≈ 20.

6 Conclusions

In the present paper we have considered a number of possibilities how Nature can choose its path from the Standard Model to the Planck scale. We have passed through a chain of the flipped models:

E_6 → SO(10) × U(1) → SU(5) × U(1) → SU(3) × SU(2) × U(1) × U(1) → SU(3) × SU(2) × U(1), showing that different extensions of the SM, supersymmetric and nonsupersymmetric, may lead to the final unification E_6 × U(1) or E_6 at the Planck scale. These different paths essentially depend on the fact whether the flipped unifications SU(5) and SO(10) show asymptotically free or asymptotically unfree behaviour of gauge couplings. Such a behaviour is connected with the number of representations of Higgs bosons, providing the breaking of the flipped SO(10) and SU(5) down to the SM.

We have investigated five cases (Case I-Case V) for the chain

SU(3)_C × SU(2)_L × U(1)_Y → SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X →

SU(5) × U(1)_X → SU(5) × U(1)_{Z1} × U(1)_{X1} → SO(10) × U(1)_{X1} →

SO(10) × U(1)_{Z2} × U(1)_{X2} → E_6 × U(1)_{X2} or E_6,

which contains three seesaw scales M_{SS} , M_{SS1}, M_{SS2} and is ended by the flipped E_6 ×U(1) or E_6 final unification at the scale M_{SSG} ∼ M_{P l}.

We are not able to predict all seesaw scales and GUT scales M_{SG} (for SO(10) unification) and M_{SSG} (for E_6). Only M_{GU T} is fixed by the intersection of evolutions α^{−1}_2 (x) and α^{−1}_3 (x) for all cases.

Considering different seesaw scales (M_{SS} = 10^{11} GeV and M_{SS} = 10^{14} GeV), we have chosen examples (see Tables 1-5) with: M_{SS1} ≈ 10^{17} or 10^{17.5} GeV, M_{SS2} ≈ 10^{18.5} GeV, M_{SG} ≈ 10^{18} GeV and M_{SSG} ≈ 10^{19} GeV, having an exclusion only for the Case V and special Case IV, when M_{SSG} is determined by theory.

Nothing forbids to have M_{SS1} = M_{GU T} or M_{SS2} = M_{SG}, also M_{SG} = M_{GU T} (absence of SU(5)), M_{SSG} = M_{SG} (absence of SO(10)) or M_{SSG} = M_{GU T} (absence SU(5) and SO(10)).

We have considered the following general cases.

Case I describes the breakdown of SU(5) × U(1)_X to the nonsupersymmetric or supersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X with two Higgs bosons 5_h + ¯5_h and adjoint Higgs field A [49]. In this case the final unification is E_6 × U(1).

Only this case shows an asymptotically free behaviour of all nonabelian gauge coupling constants at large energies μ from M_{GU T} up to the Planck scale.

This case is presented by Figs.1(a,b),2(a,b) and Tables 1-3.

Case II corresponds to the first suggestion of the flipped SU(5) in Refs. [10] with the minimal Higgs boson content 5_h + ¯5_h and 10_H + 10_H leading to the breakdown of the flipped SU(5) to the supersymmetric extension of the SM (we have used the MSSM model). This case gives an asymptotically unfree behaviour for SO(10) gauge coupling running. The final unification is E_6 × U(1).

Examples are given by Figs. 3(a,b) and Tables 2,3.

The next cases - Case III and Case IV - correspond to the 5_h + ¯5_h, adjoint A, 10_H + 10_H or 15_H ′ + 15_H ′ contents of Higgs bosons in the flipped SU(5), respectively. All these cases are asymptotically unfree with the final unification E_6 × U(1).

The Case III is described by Figs. 5,8 and Tables 1-3. The Case IV is given by Figs. 6,9 and Tables 1-4.

Case IV shows E_6 final unification only for special parameters of theory (see Fig. 10 and Table 4).

Case V with content 5_h + ¯5_h, adjoint A, 10_H + 10_H and 15_H ′ + 15_H ′ of SU(5) Higgs bosons gives asymptotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x), and for M_{SU SY} <∼ M_{SS} always has the final unification E_6 with α^{−1}_6 (M_{SSG} ) ∼ 20.

The same properties will be repeated for all flipped models containing 5_h +¯5_h, adjoint A and 10_H + 10_H with additional higher representations of Higgs bosons.

In the present paper we wanted to show that the adding of higher representations of Higgs bosons to the flipped models SU(5) and SO(10) changes the behaviour of running coupling constants at high energies, and the final unification depends on this fact.

Of course, our present investigation is not complete and perfect. This paper is the first attempt to analyse the paths from the Standard Model to the Planck scale physics, considering only flipped models as more promising.

We have omitted a set of possibilities:

1. The extension of the SM with the group of symmetry SU(3) × SU(2)_L × SU(2)_R × U(1) [23].

2. The extension of the SM with the Two Higgs Doublet Model (2HDM) [60–62].

3. The Split Supersymmetry [63].

4. The extension of the SM with the Family replicated gauge group models. This very interesting possibility to consider anomaly free family replicated theories was first suggested in Refs. [64, 65], where the model with gauge group of symmetry [SU(3)×SU(2)×U(1)]^3 was developed as an extension of the SM. A lot of successful results were obtained in this approach (see reviews [66–68]).

5. The next step to consider family replicated model [SU(5)]^3 was suggested in Refs. [69– 72], and the model [SO(10)]^3 was investigated in Ref. [73] (see also Refs. [71]). In general, the possibility to investigate the flipped family replicated models is very attractive. We have left this type of models for future investigation.

All theories, considered and mentioned in the present paper, are anomaly free, according to the principles given by Refs. [1–4].

7 Acknowledgements

LVL deeply thanks the Institute of Mathematical Sciences (Chennai, India) and personally Prof. N.D. Hari Dass for wonderful hospitality and financial support.

This work was supported by the Russian Foundation for Basic Research (RFBR), project N^o 05–02–17642.

References

[1] F. Wilczek and A. Zee, Phys.Rev.Lett. 42, 421 (1979).

[2] A. Zee, Phys.Lett. B99, 110 (1981).

[3] H. Georgi and S.L. Glashow, Phys.Rev. D6, 429 (1972); J. Banks and H. Georgi, Phys.Rev. D14, 1159 (1976); H. Georgi, Nucl.Phys. B156, 126 (1979).

[4] S. Okubo, Phys.Rev. D16, 3528 (1977).

[5] J. Schwarz, Phys.Rep. 89, 223 (1982); M.B. Green, Surv.High.En.Phys. 3, 127 (1984).

[6] D.J. Gross, J.A. Harvey, E. Martinec and R. Rohm, Phys.Rev.Lett. 54, 502 (1985);

Nucl.Phys. B256, 253 (1985); ibid., B267, 75 (1986).

[7] P. Candelas, G. Horowitz, A. Strominger and E. Witten, Nucl.Phys. B258, 46 (1985).

[8] K.S. Narain, Phys.Lett. B169, 41 (1986); M. Kawai, D.L. Lewellyn and S.H.H. Tye, Phys.Rev.Lett. 57, 1832 (1986).

[9] I. Antoniadis and C. Bachas, Nucl.Phys. B298, 586 (1988).

[10] I. Antoniadis, J. Ellis, J.S. Hagelin and D.V. Nanopoulos, Phys.Lett. B194, 231 (1987); J. Ellis, J.S. Hagelin, S. Kelley and D.V. Nanopoulos, Nucl.Phys. B311, 1 (1988).

[11] M. Berkooz, M.R. Douglas and R.G. Leigh, Nucl.Phys. B480, 265 (1996); arXiv:

hep-th/9606139.

[12] J. Ellis, J.L. Lopez and D.V. Nanopoulos, Phys.Lett. B371, 65 (1996); arXiv:

hep-ph/9510246.

[13] M. Axenides, E. Floratos and C. Kokorelis, JHEP 0310, 006 (2003); arXiv:

hep-th/0307255.

[14] J.L. Lopez and D.V. Nanopoulos, Phys.Rev. D55, 397 (1997), arXiv:

hep-ph/9605359; J.L. Lopez, Nucl.Phys.Proc.Suppl. A52, 284 (1997), arXiv: hep-ph/9607231.

[15] J.R. Ellis, P. Kanti and D.V. Nanopoulos, Nucl.Phys. B647, 235 (2002); arXiv:

hep-th/0206087.

[16] I. Klebanov and E. Witten, Nucl.Phys. B664, 3 (2003); arXiv: hep-th/0304079. [17] C. Kokorelis, JHEP 0209, 029 (2002); ibid., 0208, 036 (2002); arXiv:

hep-th/0205147; hep-th/0206108.

[18] L.E. Ibanez, F. Marchesano and R. Rabadan, JHEP 0111, 002 (2001), arXiv:

hep-th/0105155; B. Kyae and Q. Shafi, Phys.Lett. B635, 247 (2006), arXiv: hep-ph/0510105.

[19] M. Berkooz and R.G. Leigh, Nucl.Phys. B483, 187 (1997), arXiv: hep-th/9605049;

S. Forste, G. Honecker and R. Schreyer, Nucl.Phys. B593, 127 (2001), arXiv: hep-th/0008250.

[20] C.D. Froggatt and H.B. Nielsen, Phys.Rev.Lett. 95, 231301 (2005). [21] K. Tamvakis, Phys.Lett. B201, 95 (1988).

[22] X.G. He and S. Meljanac, Mod.Phys.Lett. A4, 1217 (1989); N. Maekawa and T. Yamashita, Phys.Lett. B567, 330 (2003), arXiv: hep-ph/0304293.

[23] J.O. Eeg, Z.Phys. C46, 665 (1990).

[24] A. Campbell, J. Ellis, K. Enqvist, M.K. Gaillard and D.V. Nanopoulos, Int.Journ.Mod.Phys. A2, 831 (1987).

[25] E. Ma, Phys.Rev. D36, 274 (1987).

[26] J.C. Pati and A. Salam, Phys.Rev. D10, 275 (1974); [27] R.N. Mohapatra and G. Senjanovic, Phys.Rev.Lett. 44, 912 (1980). [28] M. Lindner and M. Weiser, Phys.Lett. B383, 405 (1996); arXiv: hep-ph/9605353. [29] R.N. Mohapatra, Unification and Supersymmetry, Springer-Verlag, ed. J.W. Lynn, N.Y. 1992.

[30] L.B. Okun, Leptons and Quarks, Moscow (Fiz.Mat.Lit.Press., 1981).

[31] M.B. Voloshin and K.A. Ter-Martirosyan, Theory of Gauge Interactions of Elementary Particles, Moscow (Energoatomizdat, 1984).

[32] P. Langacker, Phys.Rept. 72, 185 (1981).

[33] K.R. Dienes, Phys.Rept. 287, 447 (1997); arXiv: hep-th/9602045.

[34] N. Maekawa, A Road to the standard grand unified theory. Talk given at Post Summer Institute Workshop on Neutrino Physics, Fujiyoshida, Japan, 21-24 Aug 2001; arXiv: hep-ph/0110276.

[35] C.S. Aulakh, GUT genealogies for SUSY seesaw Higgs, in: *Dubna 2001, Supersymmetry and unification of fundamental interactions*, p. 242, Dubna, Russia, 2002; arXiv: hep-ph/0204098.

[36] B. Bajc, Fermion masses and mixings in SO(10) GUTs. Talks given at 2nd Southeastern European Workshop on Challenges Beyond the Standard Model (BW2005 Workshop), Vrnjacka Banja, Serbia, 19-23 May, 2005, and 11th International Symposium on Particles, Strings and Cosmology (PASCOS 2005), Gyeongju, Korea, 30 May - 4 Jun, 2005. Published in: AIP Conf.Proc. 805, 326 (2006) and *Gyeongju 2005, Particles, strings and cosmology*, 2006, p.326; arXiv: hep-ph/0602166.

[37] B. Bajc, G. Senjanovic and F. Vissani, Phys.Rev. D70, 093002 (2004); arXiv:

hep-ph/0402140.

[38] C.S. Aulakh and A. Girdhar, Int.J.Mod.Phys. A20, 865 (2005), arXiv:

hep-ph/0204097; Nucl.Phys. B711, 275 (2005), arXiv: hep-ph/0405074.

[39] K. Bhattacharya, C.R. Das, B.R. Desai, G. Rajasekaran and U. Sarkar, Phys.Rev.

D74, 015003 (2006); arXiv: hep-ph/0601170.

[40] M.K. Parida, B. Purkayastha, C.R. Das and B.D. Cajee, Eur.Phys.J. C28, 353 (2003); arXiv: hep-ph/0210270.

[41] V. Barger, N.G. Deshpande, R.J.N. Phillips and K. Whisnant, Phys.Rev. D33, 1912 (1986); Erratum-ibid. D35, 1741 (1987).

[42] J.L. Hewett and T.G. Rizzo, Phys.Rept. 183, 193 (1989).

[43] B. Stech and Z. Tavartkiladze, Phys.Rev. D70, 035002 (2004); arXiv:

hep-ph/0311161.

[44] S.F. King, S. Moretti and R. Nevzorov, Phys.Lett. B634, 278 (2006), arXiv:

hep-ph/0511256; hep-ph/0601269.

[45] H. Georgi and S.L. Glashow, Phys.Rev.Lett. 32, 438 (1974).

[46] S.M. Barr, Phys.Lett. B112, 219 (1982).

[47] C.D. Froggatt, L.V. Laperashvili and H.B. Nielsen, Phys.At.Nucl. 69, 67 (2006);

arXiv: hep-ph/0407102.

[48] S. Eidelman et al., Particle Data Group, Phys.Lett. B592, 1 (2004). [49] C.R. Das, C.D. Froggatt, L.V. Laperashvili and H.B. Nielsen, Mod.Phys.Lett. A21, 1151 (2006); arXiv: hep-ph/0507182.

[50] D.R.T. Jones, Phys.Rev. D25, 581 (1982); M.B. Einhorn and D.R.T. Jones, Nucl.Phys. B196, 475 (1982).

[51] M.E. Machacek and M.T. Vaughn, Nucl.Phys. B222, 83 (1983); ibid, B236, 221 (1984); ibid, B249, 70 (1985).

[52] D.T. Gross and F. Wilczek, Phys.Rev.Lett. 30, 1343 (1973); Phys.Rev. D8, 3633 (1973).

[53] H.D. Politzer, Phys.Rev.Lett. 30, 1346 (1973).

[54] D.R.T. Jones, Nucl.Phys. B75, 531 (1974); ibid, B87, 127 (1975). [55] T.P. Cheng, E. Eichten and Ling-Fong Li, Phys.Rev. D9, 2259 (1974). [56] T.P. Cheng, Ng Wing-Chiu and K. Young, Phys.Rev. D10, 2459 (1974). [57] O.V. Tarasov, A.A. Vladimirov and A.Yu. Zharkov, Phys.Lett. B93, 429 (1980). [58] W.J. Marciano and G. Senjanovic, Phys.Rev. D25, 3092 (1982). [59] C. Ford, D.R.T. Jones, P.W. Stephenson and M.B. Einhorn, Nucl.Phys. B395, 17 (1993); C. Ford, I. Jack and D.R.T. Jones, Nucl.Phys. B387, 373 (1992), arXiv: hep-lat/9210033; Erratum, ibid., B504, 551, (1997), arXiv: hep-ph/0111190.

[60] C. D. Froggatt, L. Laperashvili, R. Nevzorov, H.B. Nielsen and M. Sher, Phys.Rev.

D73, 095005 (2006); arXiv: hep-ph/0602054.

[61] C. D. Froggatt, L. Laperashvili, R. Nevzorov, H.B. Nielsen and M. Sher, in: Proceedings to the 7th Workshop ‘What Comes Beyond the Standard Model’, Bled, Slovenia, 19–31 July, 2004 (DMFA, Zaloznistvo, Ljubljana, M. Breskvar et al., Dec 2004), pp.28–39; arXiv: hep-ph/0412208, arXiv: hep-ph/0412333.

[62] L.V. Laperashvili, Phys.Part.Nucl.Suppl. 36, 38 (2005); arXiv: hep-ph/0411177. [63] N. Arkani-Hamed and S. Dimopoulos, JHEP 0506, 073 (2005), arXive:

hep-th/0405159; N. Arkani-Hamed and S. Dimopoulos G.F. Giudice and A. Romanino, Nucl.Phys. B709, 3 (2005), arXiv: hep-ph/0409232; G.F. Giudice and A. Romanino, Nucl.Phys. B699, 65 (2004), arXiv: hep-ph/0406088.

[64] D.L. Bennett, H.B. Nielsen and I. Picek, Phys.Lett. B208, 275 (1988). [65] C.D. Froggatt and H.B. Nielsen, Origin of Symmetries, (World Sci., Singapore, 1991).

[66] C.D. Froggatt, L.V. Laperashvili, H.B. Nielsen and Y. Takanishi, Family Replicated Gauge Group Models, in: Proceedings of the Fifth International Conference ‘Symmetry in Nonlinear Mathematical Physics’, Kiev, Ukraine, 23–29 June, 2003, Ed. by A.G. Nikitin, V.M. Boyko, R.O. Popovich and I.A. Yehorchenko (Institute of Mathematics of NAS of Ukraine, Kiev, 2004), Vol.50, Part 2, p.737; arXiv: hep-ph/0309129.

[67] L.V. Laperashvili, Phys.At.Nucl. 57, 471 (1994) [Yad.Fiz. 57, 501 (1994)]; ibid., 59, 162 (1996) [Yad.Fiz. 59, 172 (1996)].

[68] C.R. Das and L.V. Laperashvili, Int.J.Mod.Phys. A20, 5911 (2005); arXiv:

hep-ph/0503138.

[69] S. Rajpoot, Nucl.Phys.Proc.Suppl. A51, 50 (1996).

[70] S. Dimopoulos, G. Dvali, R. Rattazzi and G.F. Giudice, Nucl.Phys. B510, 12 (1998).

[71] L.V. Laperashvili, H.B. Nielsen and D.A. Ryzhikh, Int.J.Mod.Phys. A18, 4403 (2003), arXiv: hep-th/0211224; Phys.At.Nucl. 66, 2070 (2003) [Yad.Fiz. 66, 2119 (2003)], arXiv: hep-th/0212213; ibid., 65, 353 (2002) [Yad.Fiz. 65, 377 (2002)], arXiv: hep-th/0109023.

[72] L.V. Laperashvili and D.A. Ryzhikh, [SU(5)]^3 SUSY unification, arXiv:

hep-th/0112142; Phase transition in gauge theories and the Planck scale physics, preprint ITEP–24–01, Oct. 2001, 82pp; arXiv: hep-ph/0212221; partially published in: Proceedings ‘Bled 2000/2001, What comes beyond the Standard Model’, (DMFA, Zaloznistvo, Ljubljana, ed. M. Breskvar et al., Dec 2002), Vol.1, pp.83-100; arXiv: hep-th/0110127.

[73] F.S. Ling and P. Ramond, Phys.Rev. D67, 115010 (2003); arXiv: hep-ph/0302264.

Table 1:

SM: M_t = 174 GeV, M_{SS1} = 10^{17.5} GeV, M_{SG} = 10^{18.3} GeV, M_{SS2} = 10^{18.5} GeV, M_{SSG} = 10^{19} GeV Sl. α_3 M_{SS} M_{GUT} α^{−1}_1 α^{−1}_X α^{−1}_Z α^{−1}_X α^{−1}_5 α^{−1}_X α^{−1}_{X1} α^{−1}_{Z1} α^{−1}_{10} α^{−1}_{X1} α^{−1}_{X2} α^{−1}_{Z2} α^{−1}_{X2} α^{−1}_6 No. (M_Z) in GeV in GeV (M_{SS}) (M_{SS} ) (M_{SS} ) (M_{GUT}) (M_{GUT}) (M_{SS1} ) (M_{SS1} ) (M_{SS1} ) (M_{SG} ) (M_{SS2} ) (M_{SS2}) (M_{SS2} ) (M_{SSG} ) (M_{SSG} ) Case-I 1 0.115 10^{11} 10^{16.83} 45.49 45.03 56.51 36.28 46.90 34.65 33.96 51.16 48.52 31.54 30.76 50.43 29.55 48.78 2 0.115 10^{14} 10^{16.83} 40.98 40.54 51.56 36.30 46.90 34.67 33.98 51.16 48.52 31.56 30.78 50.43 29.57 48.78 3 0.117 10^{11} 10^{16.93} 45.49 45.02 56.81 36.11 47.02 34.73 34.05 51.17 48.53 31.63 30.85 50.43 29.64 48.78 4 0.117 10^{14} 10^{16.93} 40.98 40.53 51.86 36.12 47.02 34.75 34.07 51.17 48.53 31.65 30.87 50.43 29.66 48.78 5 0.119 10^{11} 10^{17.03} 45.49 45.01 57.09 35.94 47.14 34.82 34.13 51.17 48.53 31.71 30.93 50.44 29.73 48.79 6 0.119 10^{14} 10^{17.03} 40.98 40.52 52.15 35.96 47.14 34.83 34.15 51.17 48.53 31.73 30.95 50.44 29.75 48.79 Case-III 7 0.115 10^{11} 10^{16.83} 45.49 45.03 56.51 36.28 46.90 34.65 34.03 49.54 46.90 31.61 30.98 46.75 29.77 45.11 8 0.115 10^{14} 10^{16.83} 40.98 40.54 51.56 36.30 46.90 34.67 34.05 49.54 46.90 31.63 31.00 46.75 29.79 45.11 9 0.117 10^{11} 10^{16.93} 45.49 45.02 56.81 36.11 47.02 34.73 34.11 49.66 47.02 31.69 31.06 46.88 29.85 45.23 10 0.117 10^{14} 10^{16.93} 40.98 40.53 51.86 36.12 47.02 34.75 34.13 49.66 47.02 31.71 31.08 46.88 29.87 45.23 11 0.119 10^{11} 10^{17.03} 45.49 45.01 57.09 35.94 47.14 34.82 34.19 49.78 47.14 31.77 31.14 47.00 29.93 45.35 12 0.119 10^{14} 10^{17.03} 40.98 40.52 52.15 35.96 47.14 34.83 34.21 49.78 47.14 31.79 31.16 47.00 29.95 45.34 Case-IV 13 0.115 10^{11} 10^{16.82} 45.49 45.03 56.51 36.28 46.90 34.65 34.12 47.38 44.74 31.70 31.21 43.57 30.00 41.92 14 0.115 10^{14} 10^{16.83} 40.98 40.54 51.56 36.30 46.90 34.67 34.14 47.38 44.74 31.72 31.22 43.57 30.02 41.92 15 0.117 10^{11} 10^{16.93} 45.49 45.02 56.81 36.11 47.02 34.73 34.19 47.66 45.02 31.78 31.27 43.85 30.06 42.20 16 0.117 10^{14} 10^{16.93} 40.98 40.53 51.86 36.12 47.02 34.75 34.21 47.66 45.02 31.80 31.29 43.85 30.08 42.20 17 0.119 10^{11} 10^{17.03} 45.49 45.01 57.09 35.94 47.14 34.82 34.27 47.93 45.29 31.85 31.34 44.12 30.13 42.47 18 0.119 10^{14} 10^{17.03} 40.98 40.52 52.15 35.96 47.14 34.83 34.29 47.93 45.29 31.87 31.36 44.12 30.15 42.47 Case-V 19 0.115 10^{11} 10^{16.83} 45.49 45.03 56.51 36.28 46.90 34.65 34.19 45.76 43.12 31.77 31.43 39.90 30.22 38.25 20 0.115 10^{14} 10^{16.83} 40.98 40.54 51.56 36.30 46.90 34.67 34.20 45.76 43.12 31.79 31.45 39.90 30.24 38.25 21 0.117 10^{11} 10^{16.93} 45.49 45.02 56.81 36.11 47.02 34.73 34.26 46.15 43.52 31.84 31.49 40.29 30.28 38.64 22 0.117 10^{14} 10^{16.93} 40.98 40.53 51.86 36.12 47.02 34.75 34.28 46.15 43.52 31.86 31.51 40.29 30.30 38.64 23 0.119 10^{11} 10^{17.03} 45.49 45.01 57.09 35.94 47.14 34.82 34.33 46.54 43.90 31.91 31.54 40.67 30.33 39.02 24 0.119 10^{14} 10^{17.03} 40.98 40.52 52.15 35.96 47.14 34.83 34.35 46.55 43.90 31.93 31.56 40.67 30.35 39.02

Table 2:

MSSM: M_t = 174 GeV, M_{SUSY} = 10^3 GeV, M_{SS1} = 10^{17} GeV, M_{SG} = 10^{18} GeV, M_{SS2} = 10^{18.5} GeV, M_{SSG} = 10^{19} GeV Sl. α_3 M_{SS} M_{GUT} α^{−1}_3 α^{−1}_1 α^{−1}_X α^{−1}_Z α^{−1}_5 α^{−1}_X α^{−1}_{X1} α^{−1}_{Z1} α^{−1}_{10} α^{−1}_{X1} α^{−1}_{X2} α^{−1}_{Z2} α^{−1}_{X2} α^{−1}_6 No. (M_Z) in GeV in GeV (M_{SUSY} ) (M_{SS} ) (M_{SS}) (M_{SS}) (M_{GUT}) (M_{SS1} ) (M_{SS1} ) (M_{SS1} ) (M_{SG}) (M_{SS2} ) (M_{SS2} ) (M_{SS2} ) (M_{SSG} ) (M_{SSG} ) Case-I 1 0.115 10^{11} 10^{16.25} 11.43 38.16 37.95 43.32 26.00 23.43 23.11 31.22 27.92 19.48 19.05 29.94 17.84 28.30 2 0.115 10^{14} 10^{16.25} 11.43 30.91 30.80 33.42 26.00 23.54 23.23 31.22 27.92 19.60 19.17 29.94 17.96 28.29 3 0.117 10^{11} 10^{16.35} 11.28 38.16 37.93 43.61 25.96 23.42 23.10 31.07 27.77 19.48 19.05 29.79 17.84 28.14 4 0.117 10^{14} 10^{16.35} 11.28 30.91 30.79 33.72 25.96 23.53 23.22 31.07 27.77 19.59 19.17 29.79 17.96 28.14 5 0.119 10^{11} 10^{16.45} 11.14 38.16 37.92 43.90 25.93 23.41 23.10 30.93 27.63 19.47 19.05 29.65 17.84 28.00 6 0.119 10^{14} 10^{16.45} 11.14 30.91 30.78 34.01 25.93 23.52 23.21 30.93 27.63 19.58 19.16 29.65 17.96 28.00 Case-II 7 0.115 10^{11} 10^{16.25} 11.43 38.16 37.95 43.31 26.00 23.43 23.06 32.50 29.21 19.43 19.00 29.76 17.79 28.11 8 0.115 10^{14} 10^{16.25} 11.43 30.91 30.80 33.42 26.00 23.54 23.17 32.50 29.21 19.54 19.12 29.76 17.91 28.11 9 0.117 10^{11} 10^{16.35} 11.28 38.16 37.93 43.61 25.96 23.42 23.05 32.28 28.98 19.43 19.00 29.53 17.79 27.88 10 0.117 10^{14} 10^{16.35} 11.28 30.91 30.79 33.72 25.96 23.53 23.17 32.28 28.98 19.54 19.12 29.53 17.91 27.88 11 0.119 10^{11} 10^{16.45} 11.14 38.16 37.92 43.90 25.93 23.41 23.05 32.07 28.77 19.42 19.01 29.32 17.80 27.67 12 0.119 10^{14} 10^{16.45} 11.14 30.91 30.78 34.01 25.93 23.52 23.16 32.07 28.77 19.54 19.13 29.32 17.92 27.67 Case-III 13 0.115 10^{11} 10^{16.25} 11.43 38.16 37.95 43.32 26.00 23.43 23.19 29.30 26.00 19.56 19.33 25.08 18.12 23.43 14 0.115 10^{14} 10^{16.25} 11.43 30.91 30.80 33.42 26.00 23.54 23.31 29.30 26.00 19.68 19.45 25.08 18.24 23.43 15 0.117 10^{11} 10^{16.35} 11.28 38.16 37.93 43.61 25.96 23.42 23.18 29.26 25.96 19.55 19.32 25.05 18.11 23.40 16 0.117 10^{14} 10^{16.35} 11.28 30.91 30.79 33.72 25.96 23.53 23.29 29.26 25.96 19.67 19.44 25.05 18.23 23.40 17 0.119 10^{11} 10^{16.45} 11.14 38.16 37.92 43.90 25.93 23.41 23.17 29.23 25.93 19.54 19.31 25.01 18.10 23.36 18 0.119 10^{14} 10^{16.45} 11.14 30.91 30.78 34.01 25.93 23.52 23.28 29.23 25.93 19.65 19.43 25.01 18.22 23.36 Case-IV 19 0.115 10^{11} 10^{16.25} 11.43 38.16 37.95 43.32 26.00 23.43 23.30 26.73 23.44 19.67 19.61 21.05 18.40 19.40 20 0.115 10^{14} 10^{16.25} 11.43 30.91 30.80 33.42 26.00 23.54 23.41 26.73 23.44 19.78 19.73 21.05 18.52 19.40 21 0.117 10^{11} 10^{16.35} 11.28 38.16 37.93 43.61 25.96 23.42 23.28 26.85 23.55 19.65 19.59 21.16 18.38 19.52 22 0.117 10^{14} 10^{16.35} 11.28 30.91 30.79 33.72 25.96 23.53 23.39 26.85 23.55 19.77 19.71 21.16 18.50 19.52 23 0.119 10^{11} 10^{16.45} 11.14 38.16 37.92 43.90 25.93 23.41 23.26 26.95 23.65 19.63 19.57 21.27 18.36 19.62 24 0.119 10^{14} 10^{16.45} 11.14 30.91 30.78 34.01 25.93 23.52 23.38 26.95 23.65 19.75 19.69 21.27 18.48 19.62

Table 3:

MSSM: M_t = 174 GeV, M_{SUSY} = 10^4 GeV, M_{SS1} = 10^{17} GeV, M_{SG} = 10^{18} GeV, M_{SS2} = 10^{18.5} GeV, M_{SSG} = 10^{19} GeV Sl. α_3 M_{SS} M_{GUT} α^{−1}_3 α^{−1}_1 α^{−1}_X α^{−1}_Z α^{−1}_5 α^{−1}_X α^{−1}_{X1} α^{−1}_{Z1} α^{−1}_{10} α^{−1}_{X1} α^{−1}_{X2} α^{−1}_{Z2} α^{−1}_{X2} α^{−1}_6 No. (M_Z) in GeV in GeV (M_{SUSY} ) (M_{SS} ) (M_{SS}) (M_{SS}) (M_{GUT}) (M_{SS1} ) (M_{SS1} ) (M_{SS1} ) (M_{SG}) (M_{SS2} ) (M_{SS2} ) (M_{SS2} ) (M_{SSG} ) (M_{SSG} ) Case-I 1 0.115 10^{11} 10^{16.29} 14.00 39.08 38.83 44.97 27.51 24.32 23.97 32.69 29.39 20.34 19.88 31.40 18.67 29.76 2 0.115 10^{14} 10^{16.29} 14.00 31.82 31.69 35.07 27.51 24.43 24.09 32.69 29.39 20.46 20.00 31.40 18.79 29.76 3 0.117 10^{11} 10^{16.39} 13.85 39.08 38.82 45.26 27.47 24.31 23.97 32.54 29.24 20.34 19.88 31.26 18.67 29.61 4 0.117 10^{14} 10^{16.39} 13.85 31.82 31.67 35.37 27.47 24.42 24.08 32.54 29.24 20.45 20.00 31.26 18.79 29.61 5 0.119 10^{11} 10^{16.49} 13.71 39.08 38.81 45.55 27.44 24.30 23.96 32.40 29.10 20.33 19.88 31.11 18.67 29.46 6 0.119 10^{14} 10^{16.49} 13.71 31.82 31.66 35.66 27.44 24.41 24.07 32.40 29.10 20.45 20.00 31.11 18.79 29.46 Case-II 7 0.115 10^{11} 10^{16.29} 14.00 39.08 38.83 44.97 27.51 24.32 23.92 33.94 30.64 20.29 19.84 31.19 18.63 29.54 8 0.115 10^{14} 10^{16.29} 14.00 31.82 31.69 35.07 27.51 24.43 24.03 33.94 30.64 20.41 19.96 31.19 18.75 29.54 9 0.117 10^{11} 10^{16.39} 13.85 39.08 38.82 45.26 27.47 24.31 23.92 33.72 30.42 20.29 19.84 30.97 18.64 29.32 10 0.117 10^{14} 10^{16.40} 13.85 31.82 31.68 35.37 27.47 24.42 24.03 33.72 30.42 20.40 19.96 30.97 18.75 29.32 11 0.119 10^{11} 10^{16.49} 13.71 39.08 38.81 45.55 27.44 24.30 23.91 33.50 30.20 20.28 19.85 30.75 18.64 29.10 12 0.119 10^{14} 10^{16.49} 13.71 31.82 31.66 35.66 27.42 24.41 24.03 33.50 30.20 20.40 19.97 30.75 18.76 29.10 Case-III 13 0.115 10^{11} 10^{16.29} 14.00 39.08 38.83 44.97 27.51 24.32 24.05 30.81 27.51 20.42 20.16 26.60 18.96 24.95 14 0.115 10^{14} 10^{16.29} 14.00 31.82 31.69 35.07 27.51 24.43 24.16 30.81 27.51 20.54 20.28 26.60 19.08 24.95 15 0.117 10^{11} 10^{16.40} 13.85 39.08 38.82 45.26 27.47 24.31 24.04 30.77 27.47 20.41 20.15 26.56 18.95 24.91 16 0.117 10^{14} 10^{16.40} 13.85 31.82 31.67 35.37 27.47 24.42 24.15 30.77 27.47 20.53 20.27 26.56 19.06 24.91 17 0.119 10^{11} 10^{16.49} 13.71 39.08 38.81 45.55 27.44 24.30 24.03 30.74 27.44 20.40 20.14 26.52 18.94 24.87 18 0.119 10^{14} 10^{16.49} 13.71 31.82 31.66 35.66 27.44 24.41 24.14 30.74 27.44 20.51 20.26 26.52 19.05 24.87 Case-IV 19 0.115 10^{11} 10^{16.29} 14.00 39.08 38.83 44.97 27.51 24.32 24.15 28.31 25.01 20.53 20.44 22.63 19.23 20.98 20 0.115 10^{14} 10^{16.29} 14.00 31.82 31.69 35.07 27.51 24.43 24.27 28.31 25.01 20.65 20.56 22.63 19.35 20.98 21 0.117 10^{11} 10^{16.40} 13.85 39.08 38.82 45.26 27.47 24.31 24.14 28.42 25.12 20.51 20.42 22.74 19.21 21.09 22 0.117 10^{14} 10^{16.40} 13.85 31.82 31.67 35.37 27.47 24.42 24.25 28.42 25.12 20.62 20.54 22.74 19.33 21.09 23 0.119 10^{11} 10^{16.49} 13.71 39.08 38.81 45.55 27.44 24.30 24.12 28.53 25.23 20.49 20.39 22.85 19.18 21.20 24 0.119 10^{14} 10^{16.49} 13.71 31.82 31.66 35.66 27.44 24.41 24.23 28.53 25.23 20.61 20.51 22.85 19.30 21.20

Table 4:

MSSM: M_t = 174 GeV, M_{SS1} = 10^{17} GeV Sl. α_3 M_{SS} M_{GUT} M_{SG} M_{SSG} α^{−1}_3 α^{−1}_1 α^{−1}_X α^{−1}_Z α^{−1}_5 α^{−1}_X α^{−1}_{X1} α^{−1}_{Z1} α^{−1}_{10} α^{−1}_6 No. (M_Z) in GeV in GeV in GeV in GeV (M_{SUSY} ) (M_{SS}) (M_{SS}) (M_{SS}) (M_{GUT}) (M_{SS1} ) (M_{SS1} ) (M_{SS1} ) (M_{SG}) (M_{SSG} ) Case-IV (Special): M_{SUSY} = 10^3 GeV 1 0.115 10^{11} 10^{16.25} 10^{17.65} 10^{19.01} 11.43 38.16 37.95 43.32 26.00 23.43 23.32 26.09 23.95 18.46 2 0.115 10^{14} 10^{16.25} 10^{17.70} 10^{19.02} 11.43 30.91 30.80 33.42 26.00 23.54 23.43 26.18 23.88 18.54 3 0.117 10^{11} 10^{16.35} 10^{17.60} 10^{19.01} 11.28 38.16 37.93 43.61 25.96 23.42 23.31 26.11 24.13 18.45 4 0.117 10^{14} 10^{16.35} 10^{17.65} 10^{19.02} 11.28 30.91 30.79 33.72 25.96 23.53 23.42 26.20 24.06 18.53 5 0.119 10^{11} 10^{16.45} 10^{17.56} 10^{19.02} 11.14 38.16 37.92 43.90 25.93 23.41 23.30 26.15 24.30 18.41 6 0.119 10^{14} 10^{16.45} 10^{17.60} 10^{19.02} 11.14 30.91 30.78 34.01 25.93 23.52 23.40 26.22 24.24 18.53 Case-IV (Special): M_{SUSY} = 10^4 GeV 7 0.115 10^{11} 10^{16.29} 10^{17.38} 10^{19.01} 14.00 39.08 38.83 44.97 27.51 24.32 24.20 27.17 25.92 19.33 8 0.115 10^{14} 10^{16.29} 10^{17.43} 10^{19.02} 14.00 31.82 31.69 35.07 27.51 24.43 24.31 27.26 25.84 19.42 9 0.117 10^{11} 10^{16.39} 10^{17.33} 10^{19.01} 13.85 39.08 38.82 45.26 27.47 24.31 24.19 27.19 26.10 19.32 10 0.117 10^{14} 10^{16.39} 10^{17.38} 10^{19.02} 13.85 31.82 31.67 35.37 27.47 24.42 24.30 27.28 26.03 19.41 11 0.119 10^{11} 10^{16.49} 10^{17.29} 10^{19.02} 13.71 39.08 38.81 45.55 27.44 24.30 24.17 27.22 26.27 19.28 12 0.119 10^{14} 10^{16.49} 10^{17.33} 10^{19.02} 13.71 31.82 31.66 35.66 27.44 24.41 24.29 27.30 26.21 19.40

Table 5:

MSSM: M_t = 174 GeV, M_{SS1} = 10^{17} GeV, M_{SG} = 10^{18} GeV Sl. α_3 M_{SS} M_{GUT} M_{SSG} α^{−1}_3 α^{−1}_1 α^{−1}_X α^{−1}_Z α^{−1}_5 α^{−1}_X α^{−1}_{X1} α^{−1}_{Z1} α^{−1}_{10} α^{−1}_6 No. (M_Z ) in GeV in GeV in GeV (M_{SUSY} ) (M_{SS} ) (M_{SS} ) (M_{SS} ) (M_{GUT}) (M_{SS1} ) (M_{SS1}) (M_{SS1} ) (M_{SG} ) (M_{SSG}) Case-V: M_{SUSY} = 10^3 GeV 1 0.115 10^{11} 10^{16.25} 10^{18.12} 11.43 38.16 37.95 43.32 26.00 23.43 23.38 24.81 21.51 20.66 2 0.115 10^{14} 10^{16.25} 10^{18.10} 11.43 30.91 30.80 33.42 26.00 23.54 23.49 24.81 21.51 20.84 3 0.117 10^{11} 10^{16.35} 10^{18.18} 11.28 38.16 37.93 43.61 25.96 23.42 23.36 25.03 21.73 20.51 4 0.117 10^{14} 10^{16.35} 10^{18.15} 11.28 30.91 30.79 33.72 25.96 23.53 23.47 25.03 21.73 20.69 5 0.119 10^{11} 10^{16.45} 10^{18.23} 11.14 38.16 37.92 43.90 25.93 23.41 23.33 25.25 21.95 20.36 6 0.119 10^{14} 10^{16.45} 10^{18.20} 11.14 30.91 30.78 34.01 25.93 23.52 23.45 25.25 21.95 20.54 Case-V: M_{SUSY} = 10^4 GeV 7 0.115 10^{11} 10^{16.29} 10^{18.29} 14.00 39.08 38.83 44.97 27.51 24.32 24.23 26.43 23.13 21.11 8 0.115 10^{14} 10^{16.29} 10^{18.26} 14.00 31.82 31.69 35.07 27.51 24.43 24.35 26.43 23.13 21.29 9 0.117 10^{11} 10^{16.39} 10^{18.34} 13.85 39.08 38.82 45.26 27.47 24.31 24.21 26.65 23.35 20.96 10 0.117 10^{14} 10^{16.39} 10^{18.32} 13.85 31.82 31.67 35.37 27.47 24.42 24.33 26.65 23.35 21.14 11 0.119 10^{11} 10^{16.49} 10^{18.40} 13.71 39.08 38.81 45.55 27.44 24.30 24.19 26.87 23.57 20.81 12 0.119 10^{14} 10^{16.49} 10^{18.37} 13.71 31.82 31.66 35.66 27.44 24.41 24.30 26.87 23.57 20.99

Fig. 1: The running of the inversed gauge coupling constants α^{−1}_i (x) for i = 1, 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 in the Case I which describes the breakdown of the flipped SU(5) to the nonsupersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons 5_h + ¯5_h and 24-dimensional adjoint A. This case shows an asymtotically free behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x) and gives the final unification E_6 ×U(1) with α^{−1}_6 (M_{SSG}) ≈ 49. Fig. 1(a) presents the runnings of gauge coupling constants for the region of energies μ from the top quark mass M_t up to the supersuperGUT scale M_{SSG} ∼ 10^{19} GeV. Fig. 1(b) gives the same runnings from μ = 10^{14} GeV. Figures contain three seesaw scales M_{SS} , M_{SS1}, M_{SS2} and three GUT scales: SU(5) GUT scale M_{GU T} , SO(10) superGUT scale M_{SG} and E_6 supersuperGUT scale M_{SSG} . Figs. 1(a,b) are given by line 3 of Table 1. 24

Fig. 2: The running of the inversed gauge coupling constants α^{−1}_i (x) for i = 1, 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 in the Case I corresponding to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h and adjoint representations of SU(5). This example (line 3 of Table 3) shows an asymtotically free behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification is E_6 × U(1) with α^{−1}_6 (M_{SSG} ) ≈ 30 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV. Fig. 2(a) presents the region of energies M_t ≤ μ ≤ M_{SSG}. Fig. 2(b) gives the region of energies μ ≥ 10^{14} GeV.

Fig. 3: The running of the inversed gauge coupling constants α^{−1}_i (x) for i = 1, 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 in the Case II corresponding to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h and 10_H + 10_H representations of SU(5). This example (line 9 of Table 3) shows an asymtotically free behaviour of α^{−1}_5 (x) and asymtotically unfree behaviour of α^{−1}_{10} (x). The final unification is E_6 × U(1) with α^{−1}_6 (M_{SSG}) ≈ 29 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV. Fig. 3(a) corresponds to the region of energies M_t ≤ μ ≤ M_{SSG} . Fig. 3(b) describes the region of energies μ ≥ 10^{14} GeV.

Fig. 4: The running of the inversed gauge coupling constants α^{−1}_i (x) for i = 1, 2, 3, X, Z, X1, Z1, 5, 10 in the Case V corresponding to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 10_H + 10_H , 15_H ′ + 15_H ′ and adjoint A representations of SU(5). This example (given by line 9 of Table 5) shows an asymtotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification is E_6 with α^{−1}_6 (M_{SSG}) ≈ 21 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV. Fig. 4(a) describes the region of energies M_t ≤ μ ≤ M_{SSG} . Fig. 4(b) is given for the region of energies μ ≥ 10^{14} GeV.

Fig. 5: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 for the Case III in the region of energies μ ≥ 10^{14} GeV. This case corresponds to the breakdown of the flipped SU(5) to the nonsupersymmetric SU(3)_C ×SU(2)_L ×U(1)_Z ×U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 10_H + 10_H and 24-dimensional adjoint A representations of SU(5). This example is given by line 9 of Table 1. It shows an asymtotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification is E_6 with α^{−1}_6 (M_{SSG}) ≈ 45 for M_{SS} = 10^{11} GeV.

Fig. 6: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 for the Case IV in the region of energies μ ≥ 10^{14} GeV. The Case IV corresponds to the breakdown of the flipped SU(5) to the nonsupersymmetric SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 15_H ′ + 15_H ′ and 24-dimensional adjoint A representations of SU(5). The example presented by this figure is given by line 15 of Table 1. The evolutions α^{−1}_5 (x) and α^{−1}_{10} (x) show an asymtotically unfree behaviour. The final unification is E_6 × U(1) with α^{−1}_6 (M_{SSG}) ≈ 42 for M_{SS} = 10^{11} GeV.

Fig. 7: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 for the Case V in the region of energies μ ≥ 10^{14} GeV. This case corresponds to the breakdown of the flipped SU(5) to the nonsupersymmetric SU(3)_C ×SU(2)_L ×U(1)_Z ×U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 10_H + 10_H , 15_H ′ + 15_H ′ and adjoint A representations of SU(5). The example is given by line 21 of Table 1. The evolutions α^{−1}_5 (x) and α^{−1}_{10} (x) show an asymtotically unfree behaviour. The final unification is E_6 ×U(1) with α^{−1}_6 (M_{SSG}) ≈ 39 for M_{SS} = 10^{11} GeV.

Fig. 8: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 for the Case III in the region of energies μ ≥ 10^{14} GeV. The Case III corresponds to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h and 10_H + 10_H and adjoint A representations of SU(5). This example given by line 15 of Table 3 shows an asymtotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification is E_6 × U(1) with α^{−1}_6 (M_{SSG}) ≈ 25 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV.

Fig. 9: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, X2, Z2, 5, 10 for the Case IV in the region of energies μ ≥ 10^{14} GeV. This case corresponds to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 15_H ′ + 15_H ′ and adjoint A representations of SU(5). This example is given by line 21 of Table 3 and shows an asymtotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). The final unification is E_6 × U(1) with α^{−1}_6 (M_{SSG}) ≈ 21 for M_{SU SY} = 10 TeV and M_{SS} = 10^{11} GeV.

Fig. 10: The running of the inversed gauge coupling constants α^{−1}_i (x) with i = 2, 3, X, Z, X1, Z1, 5, 10 for the special Case IV in the region of energies μ ≥ 10^{14} GeV. The Case IV corresponds to the breakdown of the flipped SU(5) to the supersymmetric (MSSM) SU(3)_C × SU(2)_L × U(1)_Z × U(1)_X gauge group of symmetry with Higgs bosons belonging to 5_h + ¯5_h, 15_H ′ + 15_H ′ and adjoint A representations of SU(5). The figure gives an asymtotically unfree behaviour of α^{−1}_5 (x) and α^{−1}_{10} (x). This example (described by line 1 of Table 4) shows that for a special set of parameters the final unification is E_6 with α^{−1}_6 (M_{SSG}) ≈ 18.5 for M_{SU SY} = 1 TeV and M_{SS} = 10^{11} GeV.