Received: November 28, 2001, Accepted: December 11, 2001

HYPER VERSION

A kind of prediction from superstring model building

Carlos Muñoz

Theory Division, CERN CH-1211 Geneva 23, Switzerland, and Departamento de Física Teórica C-XI, Universidad Autónoma de Madrid Cantoblanco, 28049 Madrid, Spain, and Instituto de Física Teórica C-XVI, Universidad Autónoma de Madrid Cantoblanco, 28049 Madrid, Spain. E-mail: carlos.munnoz@uam.es

Abstract: Assuming that the Standard Model of particle physics arises from the E_8 × E_8 Heterotic String Theory, we try to solve the discrepancy between the unification scale predicted by this theory (≈ g_{GUT} × 5.27 · 10^{17} GeV) and the value deduced from LEP experiments (≈ 2 · 10^{16} GeV). A crucial ingredient in our solution is the presence at low energies of three generations of supersymmetric Higgses and vector-like colour triplets. As a by-product our analysis gives rise to a strategy which might be useful when constructing realistic models.

Keywords: Superstrings and Heterotic Strings, Superstring Vacua, Compactification and String Models.

Contents

1. Introduction 1

2. Scales of the theory 3

3. Analysis of the RGEs for gauge couplings 4 3.1 Predictions from the unification of α_3 with α_2 6 3.2 Analysis of α_1 9

4. Phenomenology of this scenario 12

5. Final comments and outlook 14

1. Introduction

The Standard Model of particle physics [1] provides a correct description of the observable world. However, there exist strong indications that it is just a low-energy effective theory. There is no answer in the context of the Standard Model to some fundamental questions. For example, How can we unify it with gravity? And then: How can we protect the masses of the scalar particles against quadratic divergences in perturbation theory (the so-called hierarchy problem)? Other questions cannot even be posed: Why is the Standard Model gauge group SU(3) × SU(2) × U(1)_Y ? Why are there three families of particles? Why is the pattern of quark and lepton masses so weird?

Supersymmetry [2] is an interesting step in answering some of these questions. In addition to introducing a kind of unification between particles of different spin, it also contributes to solving the hierarchy problem of the Standard Model. It ensures the stability of the hierarchy between the weak and the Planck scale. Furthermore, its local version, Supergravity [3], leads to a partial unification of the Standard Model with gravity. However, only String Theory has the potential to unify all gauge interactions with gravity [4] in a consistent way [5]. In fact Supergravity is the low-energy limit of (Super)string Theory. In this sense Superstring Theory would be the fundamental theory of particle physics which, in principle, might be able to answer all the above questions. Its detailed analysis is therefore very important.

One crucial step in this analysis consists in achieving contact between the theory and the low-energy world. We need to find a consistent Superstring Theory in four dimensions which is able to accommodate the observed Standard Model of particle physics, i.e. we need to find the Superstring Standard Model. In the late eighties, the compactification of the E_8 × E_8 Heterotic String [6] on six-dimensional orbifolds [7] proved to be an interesting method to carry out these tasks [8]–[24] (other attempts at model building, using Calabi- Yau spaces [25] and fermionic constructions [26], can be found in refs. [27] and [28]–[30], respectively).

– 1 –

It was first shown that the use of background fields (Wilson lines) [7, 8] on the torus defining the symmetric Z_3 orbifold can give rise to four-dimensional supersymmetric models with gauge group SU(3) × SU(2) × U(1)^5 × G_{hidden} and three generations of chiral particles with the correct SU(3) × SU(2) representations (plus many extra particles) [9, 11]. In fact, it was also shown that the three generations appear in a natural way using just two discrete Wilson lines. This is so because in addition to the overall factor of 3 coming from the rightmoving part of the untwisted matter, the twisted matter come in 9 sets with 3 equivalent sectors on each one, since there are 27 fixed points. In this way, all matter (including extra particles) in these constructions appear automatically with three generations.

The next step was the calculation of the U(1) charges and the study of the mechanism for anomaly cancellation in these models [12], since an anomalous U(1) is usually present after compactification [31]. This allowed the construction of combinations of the nonanomalous U(1)’s giving the physical hypercharge for the particles of the Standard Model, although it was also found that the hidden sector is, in general, mixed with the observable one through the extra U(1) charges. Fortunately, it was also noted that the Fayet-Iliopoulos D-term [31], which appears because of the presence of the anomalous U(1), can give rise to the breaking of the extra U(1)’s and, as a consequence, to the hiding of the previously mixed hidden sector [12, 13, 15]. This is because, in order to preserve supersymmetry at high energies, some scalars with U(1)’s quantum numbers acquire large vacuum expectation values (VEVs). It is worth noticing here that the Fayet-Iliopoulos D-term was also proposed in order to produce inflation in these models [32].

In this way it was possible to construct supersymmetric models (or, more precisely, vacuum states) where the original SU(3) × SU(2) × U(1)^5 × SO(10) × U(1)^3 gauge group [9] was broken to SU(3) × SU(2) × U(1)_Y × SO(10)_{hidden} with three generations of particles in the observable sector with the correct quantum numbers [16, 17, 12]. In addition, baryonand lepton-number-violating operators are absent. Unfortunately, we cannot claim that one of these models is the Superstring Standard Model. It is true that, as we will discuss below, the initially large number of extra particles is highly reduced since many of them get a high mass (≈ 10^{16−17} GeV) through the Fayet-Iliopoulos mechanism, thus disappearing from the low-energy theory [16, 17, 12]. However, in general, some extra SU(3) triplets, SU(2) doublets and SU(3) × SU(2) singlets still remain. On the other hand, given the predicted value for the unification scale in the Heterotic String [33], M_{GUT} ≈ g_{GUT} × 5.27 · 10^{17} GeV, with g_{GUT} the unified gauge coupling, the values of the gauge couplings deduced from CERN e^+e^− collider LEP experiments cannot be obtained [19]. Finally, it was not possible to obtain correct Yukawa couplings in these models [12, 17, 18].

In any case, it is plausible to think that another orbifold model could be found with the right properties. In the present paper we will adopt this point of view. We will assume that the Supersymmetric Standard Model arises from the Heterotic String compactified on a Z_3 symmetric orbifold with two Wilson lines. Then, we will try to deduce the phenomenological properties that such a model must have in order to solve the first and second problems mentioned above, namely extra matter and gauge coupling unification.^1 In fact, the two problems are closely related, since the evolution of the gauge couplings from high

1As a matter of fact, our arguments will be general and can be applied to any scheme giving rise to

– 2 – to low energy through the renormalization group equations depends on the existing matter [34, 35]. With our solution we will be able to predict the existence of three generations of supersymmetric Higgses and vector-like colour triplets at low energies. As a by-product, a strategy to construct the sought-after Superstring Standard Model will arise.

Concerning the third problem, how to obtain the observed structure of fermion masses and quark mixing angles, this is the most difficult task in string model building, and beyond the scope of this paper. However, we will mention it briefly in the conclusions. Needless to say, the experimental confirmation of neutrino masses in the near future will make this task even more involved.

Finally, before starting with our computation, let us mention that in the late nineties it has been discovered that explicit models, with interesting phenomenological properties, can also be constructed using D-brane configurations from type I string vacua [36]. It might well be possible that the Superstring Standard Model arose from one of them. However, in our opinion, those models are still not as satisfactory as the (already fourteen years old) heterotic ones described above.

2. Scales of the theory

Since we are interested in the analysis of gauge couplings, we need to first clarify which are the relevant scales for the running between the mass of the Z, M_Z , and the unification point. Two of them are quite clear in heterotic compactifications. We have first the different thresholds associated to the masses of the supersymmetric particles. For the sake of simplicity we will assume that supersymmetry remains unbroken for energies above 500 GeV, and we will use this value as our overall supersymmetric scale M_S . In fact, we will use a similar approximation for the thresholds due to the top quark and light Higgs doublet, since we will take M_Z as our overall non-supersymmetric scale. The second relevant scale is associated to the Fayet-Iliopoulos mechanism to be discussed now.

As mentioned in the Introduction, some scalars, in particular SU(3) × SU(2) singlets, develop VEVs in order to cancel the Fayet-Iliopoulos D-term. This is given by [31]:

D^{(a)} = ∑ i Q^{(a)}_i η_i ∂K ∂η_i + g^2_{GUT} trQ^{(a)} 192π^2

M^2_P , (2.1)

where η_i are the scalar fields with charges Q^{(a)}_i under the anomalous U(1), K is the Kähler potential (e.g. considering an overall modulus T , K = (T + T )^{−n}η_iη^∗_i with n = 1, 2, 3 for untwisted, twisted non-oscillator and twisted oscillator fields, respectively), and M_P = M_{P lanck}/ √ 8π is the reduced Planck mass. Obviously tr Q^{(a)} = 0 if the model does not have any anomalous U(1), a situation that is not very common in Z_3 orbifold constructions, as we will see below. Since we want to have a vacuum state preserving the physical hypercharge Y , we have to look for the subset of singlet fields with vanishing Y -charges. Remarkably enough, in all constructed models there is a large subset of singlets, say χ_j, with Y = 0.

three generations, since extra matter and anomalous U(1)’s are generically present in compactifications of the Heterotic String.

– 3 –

Although their VEVs are model dependent, as we can see from eq. (2.1), an estimate can be done with the average result ⟨χ_j ⟩ ∼ 10^{16−17} GeV (see e.g. ref. [35]). After the breaking, many particles, say ξ, acquire a high mass because of the generation of effective mass terms. These come for example from operators of the type χ_j ξξ. In this way vector-like triplets and doublets and also singlets become very heavy. We will see that this is the type of extra matter that typically appears in orbifold constructions. Again, for the sake of simplicity, we will use the above value as our overall Fayet-Iliopoulos scale M_{F I} ≈ 10^{16−17} GeV.

In principle, other thresholds might appear in these Heterotic String constructions. These would be due to the possible presence of higher order operators. For example, we might have terms in the superpotential of the type^1_{M m−1P} χ_1 · · · χ_mξξ, which would produce masses of the order of (M_{F I} /M_P )^{m−1}M_{F I} . Therefore, depending on m, intermediate scale masses might be generated. Obviously, the presence of particles with these masses is very model-dependent and introduces a high degree of uncertainty in the computation. However, it is important to remark that the presence of the above non-renormalizable couplings is not always allowed in string constructions. First of all, they must be gauge-invariant, something that is not easy, because of the large number of U(1) charges associated to the particles in these models. Even if the couplings fulfil this condition, this does not mean that they are automatically allowed. They must still fulfil the so-called ‘stringy’ selection rules [37]. For example in the SU(3) × SU(2) × U(1)_Y × SO(10)_{hidden} model of ref. [16], whereas a large number of renormalizable couplings are present, generating Fayet-Iliopoulos scale masses M_{F I} for the extra matter, only a small number of non-renormalizable couplings are allowed by gauge invariance. Moreover, at the end of the day, the latter are forbidden by the selection rules.

Taking into account the above comments, we will adopt in this paper the following point of view: all the extra matter in the Z_3 orbifold models to be analysed is massless or very heavy (with masses of the order of M_{F I} ). In the former situation they must acquire masses through the electroweak symmetry breaking, as we will discuss below. In any case, since e.g. no new quarks have been observed in colliders, their masses must be basically heavier than 200 GeV. Again, in order to simplify the analysis, we will consider that the masses of these extra particles are of the order of M_S .

3. Analysis of the RGEs for gauge couplings

Let us turn now to the details of the calculation. The one-loop runnings of the gauge couplings with energy Q are 1 α_i(Q) = 1 α_i(M_Z ) + b^{NS}_i 2π ln M_S M_Z + b^S_i 2π ln M_{F I} M_S + b^{F I}_i 2π ln Q M_{F I} , (3.1)

where α_i = g^2_i /4π with i = 2, 3, Y , and b_i’s are the coefficients of the β-functions. In particular, using the matter content of the standard model (with one Higgs doublet), the non-supersymmetric β-functions are given by b^{NS}_3 = 7, b^{NS}_2 = 19/6 and b^{NS}_Y = −C^2 ×41/6. As we will discuss in detail below, the normalization constant, C, of the U(1)_Y hypercharge generator is not fixed as in the case of grand unified theories (e.g. for SU(5), C^2 = 3/5),

– 4 –

Figure 1: Unification of the gauge couplings of the MSSM at M_{GUT} ≈ 2·10^{16} GeV, using C^2 = 3/5 as the normalization factor for the hypercharge.

so for the moment we consider it as a free parameter. The supersymmetric β-functions between the supersymmetric scale M_S and the Fayet-Iliopoulos scale M_{F I} , considering three supersymmetric generations of standard particles, two Higgs doublets and an arbitrary number of extra particles are b^S_3 = 3 − 1 2 n_3 , (3.2) b^S_2 = −1 − 1 2 n_2 , (3.3) b^S_Y = −C^2 × (11 + q) , (3.4) where q = n_1∑

i=1 Y^2_i + 2

n_2∑

j=1 Y^2_j + 3

n_3∑

k=1 Y^2_k , (3.5)

and n_1, n_2, n_3 is the number of extra SU(3) × SU(2) singlets, SU(2) doublets and SU(3) triplets, respectively, with masses close to M_S and hypercharges Y_l. Finally, the supersymmetric β-functions beyond M_{F I} , considering an arbitrary number of extra singlets, n^{F I}_1 , doublets, n^{F I}_2 , and triplets, n^{F I}_3 , all of them with masses close to M_{F I} , are

b^{F I}_3 = b^S_3 − 1 2 n^{F I}_3 , b^{F I}_2 = b^S_2 − 1 2 n^{F I}_2 , b^{F I}_Y = b^S_Y − C^2 × (q^{F I} ) , (3.6) where q^{F I} is given by eq. (3.5) with the substitution n_{1,2,3} → n^{F I}_{1,2,3}.

– 5 –

It is worth remarking here that moduli-dependent string threshold corrections to eq. (3.1) are absent in the case of the Z_3 orbifold [33]. Moduli-independent ones are generically present but, although model-dependent, they are small [33, 38] and we neglect them in the computation.

Now, using for example the above equations with n_3 = n_2 = q = n^{F I}_3 = n^{F I}_2 = q^{F I} = 0, one is able to reproduce straightforwardly the well-known prediction of the Minimal Supersymmetric Standard Model (MSSM), namely the three gauge couplings unify (assuming the normalization constant of SU(5)) at M_{GUT} ≈ 2 · 10^{16} GeV. This is shown in figure 1, using the experimental values [39] M_Z = 91.187 GeV, α^{−1}_3 (M_Z ) = 8.39 ± 0.2, α^{−1}_2 (M_Z ) = 29.567 ± 0.02 and α^{−1}_Y (M_Z ) = C^2 × (98.333 ± 0.02), which are given in the MS scheme. We neglect the conversion factors to the usual DR supersymmetric scheme since they are very small (see e.g. [40]). In addition we are neglecting higher-loop corrections to the running (for an estimate of these small corrections see [41]). The results shown in this and the other figures in this paper are not going to be modified qualitatively by these (small) effects. We have checked it explicitly (adding also moduli-independent string threshold corrections). For instance, even if two-loop effects spoiled the unification, they could be counteracted by adjusting e.g. the scale M_S .

As discussed in the Introduction, we are interested in the unification of the gauge couplings at M_{GUT} ≈ g_{GUT} × 5.27 · 10^{17} GeV. This is not a simple issue, and various approaches towards understanding it have been proposed in the literature [42]. Some of these proposals consist of using string GUT models, extra matter at intermediate scales, heavy string threshold corrections, non-standard hypercharge normalizations, etc. In our case, we will try to obtain this value by using first the existence of extra matter at the scale M_S . We will see that this is not sufficient and more ideas must be involved.

3.1 Predictions from the unification of α_3 with α_2 Let us concentrate for the moment on α_3 and α_2, neglecting the scale M_{F I} . Recalling that three generations appear automatically for all the matter in Z_3 orbifold scenarios with two Wilson lines, the most natural possibility is to assume the presence of three light generations of supersymmetric Higgses. This implies that we have four extra Higgs doublets with respect to the case of the MSSM and therefore we have to use n_2 = 4 and n_3 = 0 in eqs. (3.3) and (3.2), respectively. Unfortunately, this goes wrong. Whereas α^{−1}_3 remains unchanged, the line of figure 1 for α^{−1}_2 is pushed down (see eq. (3.1)). As a consequence, the two couplings cross at a very low scale (≈ 10^{12} GeV). We could try to improve this situation by assuming the presence of extra triplets in addition to the four extra doublets. Then the line for α^{−1}_3 is also pushed down and therefore the crossing might be obtained for larger scales. However, even for the minimum number of extra triplets that can be naturally obtained in our scenario, 3 × {(3, 1) + (¯3, 1)}, i.e. n_3 = 6, the “unification” scale turns out to be too large (≈ 10^{21} GeV). The next simplest possibility, n_2 = 7 and n_3 = 6, produces the crossing at the scale ≈ 10^{15} GeV, again well below the required value, as in our first attempt. More extra triplets would imply at least n_3 = 12 and therefore α^{−1}_3 becomes negative at the scale ≈ 10^{13} GeV. Summarizing, using extra matter at M_S we are not able to obtain the Heterotic String unification scale since α_3 never crosses α_2

– 6 – at M_{GUT} ≈ g_{GUT} × 5.27 · 10^{17} GeV. Fortunately, this is not the end of the story. As we will show now, the Fayet-Iliopoulos scale M_{F I} is going to play an important role in the analysis.

Using eq. (3.1) with i = 3, 2, and imposing α_3(Q = M_{GUT}) = α_2(Q = M_{GUT}), one obtains the following value for the unification scale, taking into account M_{F I} :

ln M_{GUT} M_{F I} = 4π [ α^{−1}_2 (M_Z )−α^{−1}_3 (M_Z ) ] −(23/3) ln(M_S /M_Z )−[8+(n_2 −n_3)] ln(M_{F I} /M_S ) [ 8+ (n_2 −n_3)+(n^{F I}_2 −n^{F I}_3 ) ] . (3.7) In order to determine whether or not the Heterotic String unification scale can be obtained, we need to know the number of doublets and triplets in our construction with masses of the order of the Fayet-Iliopoulos scale M_{F I} (in fact knowing the difference between the number of doublets and the number of triplets, n^{F I}_2 − n^{F I}_3 , is enough). Let us explain this calculation in some detail.

In principle one can construct, within the Z_3 orbifold with two Wilson lines, a number of the order of 50000 of three-generation models with the SU(3) × SU(2) × U(1)^5 gauge group associated to the first E_8 and the (3, 2) matter representation in the untwisted sector (in case of the (3, 2) representation in the twisted sector, SU(3) × SU(3) × U(1)^4 is the smallest gauge group that can be obtained associated to the first E_8 [23]). However, a detailed analysis implied that most of them are equivalent. In fact, at the end of the day, only 9 models are left [21]. The (observable) untwisted matter associated with the first E_8 is uniquely determined and can be easily computed. There are only two types. Considering just the SU(3) triplets and SU(2) doublets, these are 3 × {(3, 2)} and 3 × {(3, 2) + (¯3, 1) + (1, 2)} [21]. Thus there are three more doublets than triplets in both cases. The determination of the twisted matter of these models on a model-by-model basis is more involved, since one has to add several hidden-sector parts associated to the second E_8. This is necessary even for the twisted matter associated to the observable sector. However, taking into account the result for the untwisted matter, duality-anomaly cancellation arguments show that there must be nine more doublets than triplets in the observable twisted sector [43]. Altogether one obtains that there are twelve more doublets than triplets in all models. Since the Standard Model (excluding the Higgs sector) contains the same number of doublets as triplets, 3×{(3, 2) + 2(¯3, 1) + (1, 2)}, we obtain the relation 2 + n_2 + n^{F I}_2 = n_3 + n^{F I}_3 + 12. It is now straightforward to check, using eq. (3.7), that only models with n_2 = 4 , n_3 = 6 , (3.8)

and therefore n^{F I}_2 − n^{F I}_3 = 12, may give rise to the Heterotic String unification scale (the other possibilities for n_2, n_3, discussed above do not even produce the crossing of α_3 and α_2). This is shown in figure 2. There we are using M_{F I} = 2 · 10^{16} GeV as will be discussed below. We also postpone for the moment the discussion about the coupling α_1.

Note that at low energy we then have (excluding singlets)

3 × {(3, 2) + 2(¯3, 1) + (1, 2)} + 3 × {(3, 1) + (¯3, 1) + 2(1, 2)} , (3.9)

– 7 –

Figure 2: Unification of the gauge couplings at M_{GUT} ≈ g_{GUT} × 5.27 · 10^{17} GeV for the Heterotic String construction analysed in the text with three light generations of supersymmetric Higgses and vector-like colour triplets, n_2 = 4, n_3 = 6. Cases a), b), c) and d) correspond to the four possible patterns of heavy matter in eq. (3.10). For each case, the line corresponding to α_1 is just one example of the many possibilities discussed below eq. (3.11).

i.e. the matter content of the Supersymmetric Standard Model with three generations of Higgses and vector-like colour triplets. In section 4 we will discuss in some detail the phenomenology associated to this scenario, where extra matter at low energy is present.

Let us remark that although in this scenario M_{GUT} only depends on the difference between the number of doublets and the number of triplets n^{F I}_2 − n^{F I}_3 , the value of the unified coupling constant g_{GUT} indeed depends on the precise number of matter multiplets. For example, using eq. (3.1) with i = 2 we need to know n^{F I}_2 . Since n^{F I}_2 − n^{F I}_3 = 12, the

– 8 – following patterns of matter with masses of the order of M_{F I} are allowed:

a) n^{F I}_3 = 0 , n^{F I}_2 = 12 → 3 × {4(1, 2)} , b) n^{F I}_3 = 6 , n^{F I}_2 = 18 → 3 × {(3, 1) + (¯3, 1) + 6(1, 2)} , c) n^{F I}_3 = 12 , n^{F I}_2 = 24 → 3 × {2[(3, 1) + (¯3, 1)] + 8(1, 2)} , d) n^{F I}_3 = 18 , n^{F I}_2 = 30 → 3 × {3[(3, 1) + (¯3, 1)] + 10(1, 2)} . (3.10)

Patterns with 24 or more colour triplets (and the corresponding SU(2) doublets) can be discarded. The reason is the following. Recently, the analysis of ref. [21] discussed above was extended in ref. [44]. There, the number of inequivalent models associated to the first E_8 was reduced further and only 6 were left. In addition, when the second E_8 was added in the analysis, only 192 different models were found. They have only five possible hiddensector gauge groups, SO(10) × U(1)^3, SU(5) × SU(2) × U(1)^3, SU(4) × SU(2)^2 × U(1)^3, SU(3) × SU(2)^2 × U(1)^4, SU(2)^2 × U(1)^6. Then, the matter content of the 175 models associated to the first four gauge groups was analysed in detail [35]. It is straightforward to obtain from that classification that for 162 of those models only the above four patterns are present. For the rest, either they have no anomalous U(1) associated (7 of them), and therefore the Fayet-Iliopoulos mechanism does not work, or they have no extra triplets at all, n_3 = n^{F I}_3 = 0 (6 of them).

For a given Fayet-Iliopoulos scale, M_{F I} , each one of the four patterns in eq. (3.10) will give rise to a different value for g_{GUT}. Adjusting M_{F I} appropriately, we can always get M_{GUT} ≈ g_{GUT} × 5.27 · 10^{17} GeV. In particular this is so for M_{F I} ≈ 2 × 10^{16} GeV as shown in figure 2. It is remarkable that this number is within the allowed range for the Fayet-Iliopoulos breaking scale discussed below eq. (2.1). We also see in figure 2 that patterns a), b), c) and d) have g ≈ 1.1, g ≈ 1.2, g ≈ 1.3 and g ≈ 1.5, respectively, and therefore M_{GUT} ≈ 5.8 · 10^{17} GeV, M_{GUT} ≈ 6.3 · 10^{17} GeV, M_{GUT} ≈ 6.8 · 10^{17} GeV and M_{GUT} ≈ 7.9 · 10^{17} GeV.

3.2 Analysis of α_1

Of course, we cannot claim to have obtained the Heterotic String unification scale until we have shown that the coupling α_1 joins the other two couplings at M_{GUT}. The analysis becomes more involved now because we need to know not only the hypercharges of the extra doublets and triplets of our scenario but also the ones of the extra singlets. In particular the latter are present in large numbers in these models ∼ 3×(25–60). Thus the analysis has to be carried out on a model-by-model basis. In addition, as already mentioned above, the normalization constant C of the U(1) hypercharge generator is not fixed as in the case of grand unified theories. In string constructions, the correct hypercharge for the physical particles is obtained as a combination of U(1)’s [12], Y = ∑ c_iU_i, and therefore the normalization factor is given by C = ( ∑ c^2_i )^{−1/2} [19]. This means that the combination for the hypercharge depends on the model and, even for a specific model, there exist many acceptable combinations [12].

The only model-independent information we have concerning the value of C is the upper bound found in ref. [19] for the case of Z_3 orbifold compactifications, namely C ≤ 1.

– 9 –

On the other hand, the normalization factors of the 175 models mentioned above were analysed in ref. [35] and it seems that only C <∼ √ 3/5 may be obtained.

Then, what we will try to do is to study whether or not it is plausible, in these models, to obtain the correct value for α_1 at M_{GUT}. Let us analyse first the value of q in eq. (3.5). We know that the four extra doublets contribute with q = 2, since they are Higgses with hypercharges ±1/2. On the other hand, we cannot know, without a model-by-model analysis, the hypercharges associated to the six extra triplets. The same argument applies to the extra singlets, which could also be present at M_S . However, concerning the latter, we have already argued above that, at least some of them, and in some explicit example all of them [17], will have vanishing hypercharge. For the computation of q^{F I} the situation is more uncertain, since we do not even know the hypercharges associated to the extra doublets. So the only thing we can say about q and q^{F I} is that they must fulfil the lower bounds q > 2, q^{F I} > 0. Of course these bounds are very conservative. For example, if we assume that all extra singlets left at the scale M_S have Y = 0, some of the other singlets with masses close to the scale M_{F I} will have non-vanishing values, and therefore will contribute to q^{F I} .

Using eq. (3.1) with i = Y we can compute, for given values of q and q^{F I} , the appropriate value of C^2 in order to unify the coupling α_1 with the others at the Heterotic String unification scale M_{GUT}:

C^2 = (3.11) = 2πα^{−1}(M_{GUT}) 2π × 98.333−(41/6) ln(M_S /M_Z )−(11+q) ln(M_{F I} /M_S)−(11+q+q^{F I}) ln(M_{GUT}/M_{F I}) . The results are shown in figure 3, where three possible values for q are considered, q = 2.08, 2.5, 4, corresponding to six extra colour triplets (in addition to the four extra Higgs doublets) at M_S , say D and D, with hypercharges Y = ±1/15, ±1/6, ∓1/3, respectively. These hypercharges for triplets appear in the three Z_3 orbifold models with two Wilson lines studied in detail in the literature. In particular, extra triplets with Y = ∓1/3 appear in the model of ref. [16], with Y = ±1/6 (and also with Y = ∓1/3) in the model of ref. [17], and with Y = ±1/15 in [35]. Triplets with hypercharge ±2/3 also appear in the models of refs. [16, 17]. However, their contribution would imply a large value for q, in particular q = 10, and therefore no solution for positive C^2 can be found, even with q^{F I} = 0. Thus it would be better to give, through the Fayet-Iliopoulos mechanism, heavy masses for those triplets (contributing only to q^{F I} ).

From figure 3a we obtain that pattern a) implies the following lower bound for the normalization constant: C^2 >∼ 3/7. For instance, for q = 2.08 and q^{F I} = 12 we need to have C^2 ≈ 3/5 in order to unify α_1 with the other couplings. This example is the one shown in figure 2a. The lower bound associated to pattern b) is C^2 >∼ 3/9. For the above example we would now need C^2 ≈ 3/6, and this is shown in figure 2b. To pattern c) is associated the bound C^2 >∼ 3/11. For instance, for q = 2.5 and q^{F I} = 9 we need C^2 ≈ 3/7. This is shown in figure 2c. Finally, for pattern d) the bound is C^2 >∼ 3/15. In figure 2d we show the case q = 4, q^{F I} = 5, where C^2 ≈ 3/6 must be used.

– 10 –

Figure 3: Normalization factor of the hypercharge C^2 versus q^{F I} in order to obtain the Heterotic String unification scale, for three different values of q. As discussed in the text we are using q = 2.08, 2.5, 4. The straight line indicates the usual SU(5) normalization, C^2 = 3/5. The results for the four possible patterns of heavy extra matter in eq. (3.10), a), b), c) and d), are shown.

The simplicity of the constraints that we have found is extremely useful in order to perform a systematic analysis of the phenomenological viability of all possible vacua. It is very likely that most of them can easily be discarded. Good examples are the above mentioned models [16, 17, 35]. In ref. [12] two possible U(1) combinations for the hypercharge were obtained for the model introduced in ref. [9]. One of them, with C^2 = 3/17 [19], was studied in detail [16]. Assuming condition (3.8) after the Fayet-Iliopoulos breaking, the model corresponds to pattern d) in eq. (3.10), with q = 4, q^{F I} = 99. We can check in figure 3d that there is no solution because of the large value of q^{F I} . In other words, C^2 becomes negative using eq. (3.11), and therefore unification of the coupling α_1 with

– 11 – the others is not possible. In ref. [17] the other combination with C^2 = 3/11 was studied. Its analysis yields q = 2.5, q^{F I} = 64.5. Again, because of the large value of q^{F I} , unification is not possible. Finally, let us consider the model studied in ref. [35] with C^2 = 15/37 ≈ 0.4, which, assuming condition (3.8), would correspond to pattern a). Its analysis yields q = 2.08, q^{F I} = 21.2. Now, as can be seen from figure 3a, a solution for C^2 producing unification is possible, namely C^2 ≈ 0.76. Unfortunately, the latter does not coincide with the normalization of the model written above. Furthermore, as discussed above, C^2 is unlikely to be much bigger than 0.6.

It is important to remark again that the combination for the hypercharge is not unique in these orbifold constructions [12]. There are a lot of choices and some of them could satisfy the constraints that we have found. Anyway, even if this is not the case for these models, there are other 177 models that have not yet been analysed in detail.

4. Phenomenology of this scenario

The main characteristic of the scenario studied in previous sections, is the presence at low energy of extra matter. In particular, we have obtained that three generations of Higgses and vector-like colour triplets are necessary.

Since more Higgs particles than in the MSSM are present, there will be of course a much richer phenomenology [45]–[48]. Note for instance that the presence of six Higgs doublets implies the existence of sixteen physical Higgs bosons, eleven of them are neutral and five charged. On the other hand, it is well known that dangerous flavour-changing neutral currents (FCNCs) may appear when fermions of a given charge receive their mass through couplings with several Higgs doublets [49]. This is because the transformations diagonalizing the fermion mass matrices do not, in principle, diagonalize the Yukawa interactions. This situation might be present here since we have three generations of supersymmetric Higgses. In general, the most stringent limit on flavour-changing processes comes from the small value of the K_L −K_S mass difference [50]. There are two approaches in order to solve this potential problem. In one of them one assumes that the extra Higgses are sufficiently massive making ΔS = 2 neutral currents small enough not to contradict the experimental data [51, 50, 52]. In this case the actual lower bound on Higgs masses depends on the particular texture choosen for the Yukawa matrices, but can be as low as 120–200 GeV [53]. In the other approach the Yukawa couplings have some symmetries eliminating FCNCs completely [49]. The simplest example is when the couplings between the extra Higgses and quarks of a given charge are forbidden. If the three Yukawa-coupling matrices are present, still one can avoid FCNCs if the matrices are proportional. In this case one can always choose a basis in which only one generation of Higgses couples to quarks. It would be very interesting to analyse which approach arises naturally in these orbifold models thanks to the stringy selection rules [54].

Concerning the three generations of vector-like colour triplets, D and D, they should acquire masses above the experimental limit O(200 GeV). This is possible, in principle, through couplings with some of the extra singlets with Y = 0, say N_i, which are usually left at low energies, even after the Fayet-Iliopoulos breaking. For example, in the model of

– 12 – ref. [16], there are 13 of these singlets. Thus couplings N_iDD might be present. From the electroweak symmetry breaking, the fields N_i a VEV might develop. Note in this sense that the Giudice-Masiero mechanism to generate a μ term through the Kähler potential is not available in prime orbifolds as Z_3 [55]. Thus an interesting possibility to generate it, given the large number of singlets present in orbifold models, is to consider couplings of the type N_j H_uH_d. It is also worth noticing that some of these singlets might not have the necessary couplings to develop VEVs and then might be candidates for right-handed neutrinos.

Before concluding, a few comments about the hypercharges of the extra colour triplets are necessary. Of the three models that we have used as examples in the previous section, two of them, the ones with C^2 = 15/37 and C^2 = 3/11, have triplets with non-standard fractional electric charge, ±1/15 and ±1/6 respectively. The existence of this kind of matter is a generic property of the massless spectrum of supersymmetric models [56, 57]. This means that they have necessarily colour-neutral fractionally charged states, since the triplets bind with the ordinary quarks. For example, the model with triplets with electric charge ±1/6 will have mesons and baryons with charges ±1/2 and ±3/2. On the other hand, the model with C^2 = 3/17 has ‘standard’ extra triplets, i.e. with electric charges ∓1/3 and ±2/3; these will therefore give rise to colour-neutral integrally charged states. For example, a d-like quark D forms states of the type uD, uuD, etc. These results are consistent with general arguments [58]: level-one string models can be modular-invariant and free of colour-neutral fractionally charged states if and only if 7 12 + C^{−2} 4 = 0 (mod 1) . (4.1)

It is trivial to see that only the model with C^2 = 3/17 fulfils this condition.

Let us now briefly discuss if our assumption of light extra colour triplets to solve the unification problem is consistent with the above results. In principle, the existence of stable charged states creates conflicts with cosmological bounds. For example, thermal production of these particles would overclose the Universe unless their masses are below a few TeV [59, 60]. In models with ‘non-standard’ extra triplets, the lightest colour-neutral fractionally charged state, due to electric charge conservation, will be stable. However, since its mass must be of the order of the supersymmetric scale M_S to have unification, the above mentioned conflict is not present in our case. On the other hand, as pointed out in ref. [57], the estimation of its relic abundance contradicts limits on the existence of fractional charge in matter (less than 10^{−20} per nucleon [60]). Thus, avoiding such fractionally charged states is necessary. A possible mechanism to carry it out is inflation. Inflation would dilute these particles, saving these unification models. The reheating temperature T_{RH} should be low enough not to produce them again. A recent calculation implies that T_{RH} must be smaller than 10^{−3} times the mass of the particle [61], i.e. T_{RH} <∼ 1 GeV in our case. This is possible in principle, since the only constraint on this temperature is to be larger than 1 MeV not to spoil the successful nucleosynthesis predictions. Another possibility studied in the literature [62] to solve the problem is that the extra triplets transform also under a non-abelian group in the hidden sector. Then, they may be confined into integrally charged

– 13 – states. However, in the orbifold models studied here this possibility is not available, since the extra triplets are always singlets under the non-abelian hidden groups.

Let us concentrate now on the ‘standard’ extra triplets. In addition to the possible mass terms, NDD, discussed above, these triplets could have FCNC couplings with ordinary quarks, e.g. H_dQD. Then decays of the D’s through couplings with Higgses and quarks are possible, and therefore the colour-neutral integrally charged states will not be stable. Other decay channels are present in this case. It is well known that FCNC couplings may appear if all fermions with the same charge and helicity do not have the same SU(2) quantum numbers, because of their mixing through mass matrices [49, 63]. This is true even for one family of Higgses. As a consequence, the D’s can also decay through charged and neutral currents. Thus models where this type of triplets are light (∼ M_S ) may unify the couplings at M_{GUT} without any cosmological problem, and will only be observed in collider experiments. Analyses of their production modes and decays will be similar to those of extra fermions in E_6 theories [64]. Of course, there are further dangerous operators involving the D’s, like QLD, ūd̄D, etc., which must be forbidden by U(1) gauge invariance or stringy selection rules. Recall, as discussed below eq. (3.11), that light triplets with hypercharge ±2/3 are not good to obtain the correct value for C^2, so only light D’s with hypercharge ∓1/3 will be helpful. Note that the above model with C^2 = 3/11 may also belong to this class since, in addition to triplets with electric charge ±1/6, it also has triplets with charge ∓1/3, and these could be the light ones.

On the other hand, the colour-neutral integrally charged states are not automatically unstable in all models. The appropriate Yukawa couplings may be forbidden by U(1) gauge invariance or stringy selection rules, and therefore these states would be stable.

5. Final comments and outlook

We have attacked the problem of the unification of gauge couplings in Heterotic String constructions. Assuming that the Standard Model arises from the Z_3 orbifold, we have obtained that α_3 and α_2 cross at the right scale, in a natural way, when a certain type of extra matter is present. In this sense three families of supersymmetric Higgses and vectorlike colour triplets might be observed in forthcoming experiments. The unification with α_1 is obtained if the model has the appropriate normalization factor of the hypercharge. Our solution implies that the apparent unification of the MSSM using SU(5) normalization is just an accident, without any physical relevance.

Let us recall that although we have been working with explicit orbifold examples, our arguments are quite general and can be used for other schemes where the Standard Model gauge group with three generations of particles is obtained, since extra matter and anomalous U(1)’s are generically present in compactifications of the Heterotic String. Even models with gauge groups larger than that of the Standard Model might be analyzed following the lines of this paper, after their breaking, using e.g. the Fayet-Iliopoulos term, to SU(3) × SU(2) × U(1)_Y × G_{hidden}.

Once we have guessed the right phenomenological properties that, in our opinion, the candidates to the Superstring Standard Model must have, the next natural step consists

– 14 – in searching explicitly the right model [65]. The main difficulty resides in how to obtain the observed structure of fermion masses and mixing angles. It is true that one can find interesting results in the literature. In particular, orbifold spaces have a beautiful mechanism to generate a mass hierarchy at the renormalizable level. Namely, Yukawa couplings can be explicitly computed and they get suppression factors, which depend on the distance between the fixed points to which the relevant fields are attached [37, 66]. These distances can be varied by giving different VEVs to the T -moduli associated to the size and shape of the orbifold. Of course, as usual in String Theory, it is extremely difficult to implement this mechanism in a particular model. However, we argue again that if the Standard Model arises from this type of constructions, there must exist one model where this can be done. Perhaps we may turn the above difficulty into a virtue, since the weird structure of Yukawas might be used as a hint to find the model.

If, at the end of the day, a model with the characteristics described above is found, this would be a great success. Of course it is not the end of the story, since in order to compute the explicit values of Yukawas we need to know the VEVs of the T -moduli. Unfortunately, these are related to the breaking of supersymmetry, and this is one of the biggest problems in String Theory. As a matter of fact we should also be able to compute the value of g_{GUT} obtained through phenomenological arguments in section 3. But, again, this is given by the VEV of another modulus field (S), and therefore it is also connected with the mechanism of supersymmetry breaking. It is true that there are candidates for this task, such as gaugino condensation in a hidden sector, and that we have hidden gauge groups that could condensate. However, again, implementing this mechanism in a particular model is not easy.

Finally, the soft terms should be computed in order to connect the Supersymmetric Standard Model with the low-energy world. They should fulfil all kinds of phenomenological requirements. For instance, avoiding dangerous FCNCs is one of them. Z_3 orbifold models with two Wilson lines automatically fulfil it, since the three generations of a given type of particle are associated to the same sector.

In conclusion, the task to be carried out in order to find the Superstring Standard Model is very hard, cumbersome, and in some sense, tedious, but indispensable if one wants to show that String Theory is the fundamental theory of particle physics.

Acknowledgments

We gratefully acknowledge J.A. Casas for illuminating discussions and for his collaboration during the early stages of this work. We also thanks D.G. Cerdeño for his invaluable help.

This work has been supported in part by the CICYT, under contract FPA2000-0980, and the European Union, under contract HPRN-CT-2000-00148.

References

[1] S.L. Glashow, Partial symmetries of weak interactions, Nucl. Phys. 22 (1961) 579;

M. Gell-Mann, A schematic model of baryons and mesons, Phys. Lett. A 8 (1964) 214; G. Zweig, An SU(3) model for strong interaction symmetry and its breaking, CERN-TH 401 (1964), unpublished;

– 15 –

S. Weinberg, A model of leptons, Phys. Rev. Lett. 19 (1967) 1264; A. Salam, Weak and electromagnetic interactions, in Proceedings of the Eighth Nobel Symposium, 1968, N. Svartholm ed., Almqvist and Wiksell, Stockholm, p. 367.

[2] Y.A. Golfand and E.P. Likhtman, Extension of the algebra of Poincaré group generators and violation of P invariance, Sov. Phys. JETP Lett. 13 (1971) 323;

D.V. Volkov and V.P. Akulov, Is the neutrino a goldstone particle?, Phys. Lett. B 46 (1973) 109;

J. Wess and B. Zumino, Supergauge transformations in four-dimensions, Nucl. Phys. B 70 (1974) 39.

[3] D.Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Progress toward a theory of supergravity, Phys. Rev. D 13 (1976) 3214;

S. Deser and B. Zumino, Consistent supergravity, Phys. Lett. B 62 (1976) 335.

[4] J. Scherk and J.H. Schwarz, Dual models for nonhadrons, Nucl. Phys. B 81 (1974) 118;

T. Yoneya, Connection of dual models to electrodynamics and gravidynamics, Prog. Theor. Phys. 51 (1974) 1907.

[5] M.B. Green and J.H. Schwarz, Anomaly cancellation in supersymmetric D = 10 gauge theory and superstring theory, Phys. Lett. B 149 (1984) 117.

[6] D.J. Gross, J.A. Harvey, E.J. Martinec and R. Rohm, The heterotic string, Phys. Rev. Lett.

54 (1985) 502; Heterotic string theory. 1.The free heterotic string, Nucl. Phys. B 256 (1985) 253; Heterotic string theory. 2.The interacting heterotic string, Nucl. Phys. B 267 (1986) 75.

[7] L.J. Dixon, J.A. Harvey, C. Vafa and E. Witten, Strings on orbifolds, Nucl. Phys. B 261 (1985) 678; Strings on orbifolds. 2, Nucl. Phys. B 274 (1986) 285.

[8] L.E. Ibáñez, H.P. Nilles and F. Quevedo, Orbifolds and Wilson lines, Phys. Lett. B 187 (1987) 25.

[9] L.E. Ibáñez, J.E. Kim, H.P. Nilles and F. Quevedo, Orbifolds compactifications with three families of SU(3) × SU(2) × U(1)^n, Phys. Lett. B 191 (1987) 3.

[10] D. Bailin, A. Love and S. Thomas, A three generation orbifold compactified superstring model with realistic gauge group, Phys. Lett. B 194 (1987) 385.

[11] L.E. Ibáñez, J. Mas, H.-P. Nilles and F. Quevedo, Heterotic strings in symmetric and asymmetric orbifold backgrounds, Nucl. Phys. B 301 (1988) 157.

[12] J.A. Casas, E.K. Katehou and C. Muñoz, U(1) charges in orbifolds: anomaly cancellation and phenomenological consequences, Nucl. Phys. B 317 (1989) 171.

[13] A. Font, L.E. Ibáñez, H.P. Nilles and F. Quevedo, Degenerate orbifolds, Nucl. Phys. B 307 (1988) 109.

[14] J.E. Kim, The strong CP problem in orbifold compactifications and an

SU(3) × SU(2) × U(1)^n model, Phys. Lett. B 207 (1988) 434.

[15] J.A. Casas and C. Muñoz, Three generation SU(3) × SU(2) × U(1)_Y × U(1) orbifold models through Fayet-Iliopoulos terms, Phys. Lett. B 209 (1988) 214.

[16] J.A. Casas and C. Muñoz, Three generation SU(3) × SU(2) × U(1)_Y models from orbifolds, Phys. Lett. B 214 (1988) 63.

[17] A. Font, L.E. Ibáñez, H.P. Nilles and F. Quevedo, Yukawa couplings in degenerate orbifolds:

towards a realistic SU(3) × SU(2) × U(1) superstring, Phys. Lett. B 210 (1988) 101.

– 16 –

[18] J.A. Casas and C. Muñoz, Yukawa couplings in SU(3) × SU(2) × U(1)_Y orbifold models, Phys. Lett. B 212 (1988) 343.

[19] J.A. Casas and C. Muñoz, Restrictions on realistic superstring models from renormalization group equations, Phys. Lett. B 214 (1988) 543.

[20] A. Font, L.E. Ibáñez, F. Quevedo and A. Sierra, The construction of ’realistic’ four-dimensional strings through orbifolds, Nucl. Phys. B 331 (1990) 421.

[21] J.A. Casas, M. Mondragon and C. Muñoz, Reducing the number of candidates to standard model in the Z_3 orbifold, Phys. Lett. B 230 (1989) 63.

[22] Y. Katsuki et al., Z(n) orbifold models, Nucl. Phys. B 341 (1990) 611.

[23] H.B. Kim and J.E. Kim, An orbifold compactification with three families from twisted sectors, Phys. Lett. B 300 (1993) 343 [hep-ph/9212311].

[24] G. Aldazabal, A. Font, L.E. Ibáñez and A.M. Uranga, Building GUTs from strings, Nucl.

Phys. B 465 (1996) 34 [hep-th/9508033].

[25] P. Candelas, G.T. Horowitz, A. Strominger and E. Witten, Vacuum configurations for superstrings, Nucl. Phys. B 258 (1985) 46.

[26] H. Kawai, D.C. Lewellen and S.H.H. Tye, Construction of four-dimensional fermionic string models, Phys. Rev. Lett. 57 (1986) 1832, Erratum, ibid. 58 (1987) 429; H. Kawai, D.C. Lewellen and S.H.H. Tye, Construction of fermionic string models in four-dimensions, Nucl. Phys. B 288 (1987) 1;

I. Antoniadis, C.P. Bachas and C. Kounnas, Four-dimensional superstrings, Nucl. Phys. B 289 (1987) 87.

[27] B.R. Greene, K.H. Kirklin, P.J. Miron and G.G. Ross, A superstring inspired standard model, Phys. Lett. B 180 (1986) 69; A three generation superstring model. 1. compactification and discrete symmetries, Nucl. Phys. B 278 (1986) 667; A three generation superstring model. 2. Symmetry breaking and the low-energy theory, Nucl. Phys. B 292 (1987) 602.

[28] I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, GUT model building with fermionic four-dimensional strings, Phys. Lett. B 205 (1988) 459; An improved SU(5) × U(1) model from four-dimensional string, Phys. Lett. B 208 (1988) 209; Addendum, ibid. B213 (1988) 562; The flipped SU(5) × U(1) string model revamped, Phys. Lett. B 231 (1989) 65.

[29] A.E. Faraggi, D.V. Nanopoulos and K.-J. Yuan, A standard like model in the 4-D free fermionic string formulation, Nucl. Phys. B 335 (1990) 347;

G.B. Cleaver, A.E. Faraggi and D.V. Nanopoulos, String derived MSSM and M-theory unification, Phys. Lett. B 455 (1999) 135 [hep-ph/9811427];

G.B. Cleaver, A.E. Faraggi, D.V. Nanopoulos and J.W. Walker, Phenomenology of non-abelian flat directions in a minimal superstring standard model, hep-ph/0104091.

[30] S. Chaudhuri, S.W. Chung, G. Hockney and J. Lykken, String consistency for unified model building, Nucl. Phys. B 456 (1995) 89 [hep-ph/9501361];

S. Chaudhuri, G. Hockney and J. Lykken, Three generations in the fermionic construction, Nucl. Phys. B 469 (1996) 357 [hep-th/9510241].

[31] E. Witten, Some properties of O(32) superstrings, Phys. Lett. B 149 (1984) 351;

M. Dine, N. Seiberg and E. Witten, Fayet-Iliopoulos terms in string theory, Nucl. Phys. B 289 (1987) 317;

– 17 –

J.J. Atick, L.J. Dixon and A. Sen, String calculation of Fayet-Iliopoulos D terms in arbitrary supersymmetric compactifications, Nucl. Phys. B 292 (1987) 109;

M. Dine, I. Ichinose and N. Seiberg, F terms and D terms in string theory, Nucl. Phys. B 293 (1987) 253.

[32] J.A. Casas and C. Muñoz, Inflation from superstrings, Phys. Lett. B 216 (1989) 37;

J.A. Casas, J.M. Moreno, C. Muñoz and M. Quirós, Cosmological implications of an anomalous U(1): inflation, cosmic strings and constraints on superstring parameters, Nucl. Phys. B 328 (1989) 272.

[33] V.S. Kaplunovsky, One loop threshold effects in string unification, Nucl. Phys. B 307 (1988) 145 [hep-th/9205068] Erratum, ibid. B382 (1992) 436.

[34] For previous works using this mechanism, see I. Antoniadis, J.R. Ellis, S. Kelley and D.V.

Nanopoulos, The price of deriving the standard model from string, Phys. Lett. B 272 (1991) 31; I. Antoniadis, G.K. Leontaris and N.D. Tracas, Grand unified string models and low-energy couplings, Phys. Lett. B 279 (1992) 58;

D. Bailin and A. Love, String unification, grand unification and string loop threshold corrections, Phys. Lett. B 292 (1992) 315;

M.K. Gaillard and R.-L. Xiu, Analysis of running coupling constant unification in string theory, Phys. Lett. B 296 (1992) 71 [hep-ph/9206206];

A.E. Faraggi, Gauge coupling unification in superstring derived standard - like models, Phys. Lett. B 302 (1993) 202 [hep-ph/9301268].

[35] J. Giedt, Spectra in standard-like Z(3) orbifold models, hep-th/0108244.

[36] For a recent review, see for instance L.E. Ibáñez, Standard model engineering with intersecting branes, hep-ph/0109082.

[37] For an analysis of Yukawas, see for instance J.A. Casas, F. Gómez and C. Muñoz, Fitting the quark and lepton masses in string theories, Phys. Lett. B 292 (1992) 42 [hep-th/9206083] and references therein.

[38] P. Mayr, H.P. Nilles and S. Stieberger, String unification and threshold corrections, Phys.

Lett. B 317 (1993) 53 [hep-th/9307171];

M. Chemtob, Threshold corrections in orbifold models and superstring unification of gauge interactions, Phys. Rev. D 53 (1996) 3920 [hep-th/9506178].

[39] Particle Data Group collaboration, D.E. Groom et al., Review of particle physics, Eur.

Phys. J. C 15 (2000) 1.

[40] P. Langacker and N. Polonsky, Uncertainties in coupling constant unification, Phys. Rev. D 47 (1993) 4028 [hep-ph/9210235].

[41] K.R. Dienes, A.E. Faraggi and J. March-Russell, String unification, higher level gauge symmetries and exotic hypercharge normalizations, Nucl. Phys. B 467 (1996) 44 [hep-th/9510223].

[42] For a review, see K.R. Dienes, String theory and the path to unification: a review of recent developments, Phys. Rept. 287 (1997) 447 [hep-th/9602045].

[43] L.E. Ibáñez and D. Lüst, Duality-anomaly cancellation, minimal string unification and the effective low-energy lagrangian of 4D strings, Nucl. Phys. B 382 (1992) 305.

[44] J. Giedt, Completion of standard-like embeddings, Ann. Phys. (NY) 289 (2001) 251.

– 18 –

[45] For works analysing multi-doublet models, see R.A. Flores and M. Sher, Higgs masses in the standard, multi-Higgs and supersymmetric models, Ann. Phys. (NY) 148 (1983) 95; H.E. Haber and Y. Nir, Multiscalar models with a high-energy scale, Nucl. Phys. B 335 (1990) 363;

M. Masip and A. Rasin, CP-violation in multi-Higgs supersymmetric models, Nucl. Phys. B 460 (1996) 449 [hep-ph/9508365].

[46] For works analysing four-doublet models, see M. Drees, Supersymmetric models with extended Higgs sector, Int. J. Mod. Phys. A 14 (1989) 3635;

A.E. Nelson and L. Randall, Naturally large tan β, Phys. Lett. B 316 (1993) 516 [hep-ph/9308277];

M. Masip and A. Rasin, Spontaneous CP-violation in supersymmetric models with four Higgs doublets, Phys. Rev. D 52 (1995) 3768 [hep-ph/9506471].

[47] For works analysing six-doublet models, see K. Griest and M. Sher, Phenomenology and cosmology of extra generations of Higgs bosons, Phys. Rev. Lett. 64 (1990) 135; Phenomenology and cosmology of second and third family Higgs bosons, Phys. Rev. D 42 (1990) 3834;

A. Aranda and M. Sher, Generations of Higgs bosons in supersymmetric models, Phys. Rev. D 62 (2000) 092002 [hep-ph/0005113].

[48] For a work analysing models with six doublets and three singlets, see J.R. Ellis, D.V.

Nanopoulos, S.T. Petcov and F. Zwirner, Gauginos and Higgs particles in superstring models, Nucl. Phys. B 283 (1987) 93.

[49] S.L. Glashow and S. Weinberg, Natural conservation laws for neutral currents, Phys. Rev. D 15 (1977) 1958.

[50] B. McWilliams and L.-F. Li, Virtual effects of Higgs particles, Nucl. Phys. B 179 (1981) 62;

O. Shanker, Flavor violation, scalar particles and leptoquarks, Nucl. Phys. B 206 (1982) 253.

[51] H. Georgi and D.V. Nanopoulos, Suppression of flavor changing effects from neutral spinless meson exchange in gauge theories, Phys. Lett. B 82 (1979) 95.

[52] T.P. Cheng and M. Sher, Mass matrix ansatz and flavor nonconservation in models with multiple Higgs doublets, Phys. Rev. D 35 (1987) 3484;

M. Sher and Y. Yuan, Rare B decays, rare τ decays and grand unification, Phys. Rev. D 44 (1991) 1461;

H.E. Haber and Y. Nir, in ref. [45].

[53] N.V. Krasnikov, Electroweak model with a Higgs democracy, Phys. Lett. B 276 (1992) 127;

A. Antaramian, L.J. Hall and A. Rasin, Flavor changing interactions mediated by scalars at the weak scale, Phys. Rev. Lett. 69 (1992) 1871 [hep-ph/9206205]; A. Aranda and M. Sher, in ref. [47].

[54] J.A. Casas et al., in preparation

[55] G. Lopes-Cardoso, D. Ls̈t and T. Mohaupt, Moduli spaces and target space duality symmetries in (0, 2) Z_N orbifold theories with continuous Wilson lines, Nucl. Phys. B 432 (1994) 68 [hep-th/9405002];

I. Antoniadis, E. Gava, K.S. Narain and T.R. Taylor, Effective μ term in superstring theory, Nucl. Phys. B 432 (1994) 187 [hep-th/9405024].

[56] X.-G. Wen and E. Witten, Electric and magnetic charges in superstring models, Nucl. Phys.

B 261 (1985) 651.

– 19 –

[57] G.G. Athanasiu, J.J. Atick, M. Dine and W. Fischler, Remarks on Wilson lines, modular invariance and possible string relics in Calabi-Yau compactifications, Phys. Lett. B 214 (1988) 55.

[58] A.N. Schellekens, Electric charge of quantization in string theory, Phys. Lett. B 237 (1990) 363.

[59] S. Davidson, B. Campbell and D.C. Bailey, Limits on particles of small electric charge, Phys.

Rev. D 43 (1991) 2314;

S. Chang, C. Corianó and A.E. Faraggi, Stable superstring relics, Nucl. Phys. B 477 (1996) 65 [hep-ph/9605325].

[60] For a review, see, M.L. Perl et al., The search for stable, massive, elementary particles, Int.

J. Mod. Phys. A 16 (2001) 2137 [hep-ex/0102033].

[61] D.J.H. Chung, E.W. Kolb and A. Riotto, Production of massive particles during reheating, Phys. Rev. D 60 (1999) 063504 [hep-ph/9809453].

[62] I. Antoniadis, J. Ellis, J.S. Hagelin and D.V. Nanopoulos, in the last paper of ref. [28].

[63] E.A. Paschos, Diagonal neutral currents, Phys. Rev. D 15 (1977) 1966.

[64] See, for instance, V.D. Barger, N. Deshpande, R.J.N. Phillips and K. Whisnant, Extra fermions in E_6 superstring theories, Phys. Rev. D 33 (1986) 1912;

T.G. Rizzo, Phenomenology of exotic particles in E_6 theories, Phys. Rev. D 34 (1986) 1438; H. Ciftci and S. Sultansoy, New hadrons formed by the fourth SM family and iso-singlet quarks, hep-ph/0107321.

[65] J.A. Casas et al., in preparation.

[66] For recent works related to Yukawas, see, for instance, O. Lebedev, The CKM phase in heterotic orbifold models, Phys. Lett. B 521 (2001) 71 [hep-th/0108218].

– 20 –