arXiv:hep-th/0401114 v2 20 Jan 2004

OUTP-04-03P hep-th/0401114 January 2004

SO(10) heterotic M-theory vacua^∗

Richard S. Garavuso

Theoretical Physics Department, University of Oxford, Oxford OX1 3NP, UK

garavuso@thphys.ox.ac.uk

Abstract This talk adapts the available formalism to study a class of heterotic M-theory vacua with SO(10) grand unification group. Compactification to four dimensions with N = 1 supersymmetry is achieved on a torus fibered Calabi-Yau 3-fold Z = X/τX with first homotopy group π1(Z) = Z2. Here X is an elliptically fibered Calabi-Yau 3-fold which admits two global sections and τX is a freely acting involution on X. The vacua in this class have net number of three generations of chiral fermions in the observable sector and may contain M5-branes in the bulk space which wrap holomorphic curves in Z. Vacua with nonvanishing and vanishing instanton charges in the observable sector are considered. The latter case corresponds to potentially viable matter Yukawa couplings. Since π1(Z) = Z2, the grand unification group can be broken with Z2 Wilson lines.

The motivation is to use the above formalism to extend realistic freefermionic models to the nonperturbative regime. The correspondence between these models and Z2 × Z2 orbifold compactification of the weakly coupled 10-dimensional heterotic string identifies associated Calabi-Yau 3-folds which possess the structure of the above Z and X. A nonperturbative extension of the top quark Yukawa coupling is discussed.

1 Introduction

M-theory on the orbifold S^1/Z_2 is believed to describe the strong coupling limit of the E_8 × E_8 heterotic string [1]. At low energy, this theory is described by 11-dimensional supergravity coupled to a chiral N = 1, E_8 Yang-Mills supermultiplet on each of the two 10-dimensional orbifold fixed planes [2]. This low energy description is known as Hořava-Witten theory.

∗Invited talk presented at the String Phenomenology 2003 Workshop, IPPP, Durham UK, 29 July - 4 August 2003.

Compactifications of Hořava-Witten theory leading to N = 1 supersymmetry in four dimensions [3] are (to lowest order) based on the spacetime structure

M^{11} = M^4 × S^1/Z_2 × X , (1.1)

where M^4 is 4-dimensional Minkowski space and X is a Calabi-Yau 3-fold. Generally, on a given fixed plane, some subgroup G of the E_8 symmetry survives on X . E_8 is broken to G × H, where the grand unification group H is the commutant subgroup of G in E_8. The ‘standard embedding’, in which G = SU (3) is identified with the spin connection of X , corresponds to H = E_6. Vacua with nonstandard embeddings may contain M5-branes [3, 4] in the bulk space. One refers to Hořava-Witten theory compactified to lower dimensions with arbitrary gauge vacua as heterotic M-theory.

Donagi, Ovrut, Pantev and Waldram [5] presented a class of heterotic Mtheory vacua with H = SU (5) grand unification group. The vacua in this class have net number of generations N_{gen} = 3 of chiral fermions in the observable sector and may contain M5-branes in the bulk space at specific points in the orbifold direction. Compactification to four dimensions with N = 1 supersymmetry is achieved on a torus fibered Calabi-Yau 3-fold

Z = X/τ_X (1.2)

with first homotopy group π_1(Z) = Z_2. (1.3)

Here X^π→ B is a torus fibered Calabi-Yau 3-fold which admits two global sections, a zero section σ and a second section ξ, and τ_X is a freely acting involution on X. A torus fibered manifold which admits a zero section is said to be elliptically fibered. Since π_1(Z) = Z_2, the H = SU (5) grand unification group can be broken to the Standard Model gauge group with a Z_2 Wilson line. The M5-branes are required to span M^4 and wrap holomorphic curves in Z.

This talk extends the above work by Donagi, Ovrut, Pantev and Waldram by considering the H = SO(10) grand unification group. The SO(10) embedding of the Standard Model spectrum is supported by experimental evidence [6] for neutrino masses. A class of string models which preserves this embedding are the realistic free-fermionic models [7, 8, 9, 10]. These N_{gen} = 3, 4-dimensional string models are constructed using the free-fermionic formulation [11] of the weakly coupled heterotic string. The correspondence [12] between these models and Z_2×Z_2 orbifold compactification of the weakly coupled 10-dimensional heterotic string identifies associated Calabi-Yau 3-folds which possess the structure of the above Z and X. This allows realistic free-fermionic models to be studied in the nonperturbative regime.

The new results presented in this talk have been published by Faraggi, Garavuso and Isidro [13] and Faraggi and Garavuso [14]. Section 2 reviews realistic free-fermionic models and their Z_2 × Z_2 correspondence, explains the connection [13] with the Calabi-Yau 3-folds Z and X, and offers a proposal to obtain a nonperturbative extension [14] of the top quark Yukawa coupling calculation flipped SU (5) SO(10) → SU (5) × U (1) Pati-Salam SO(10) → SO(6) × SO(4) Standard-like SO(10) → SU (3) × SU (2) × U (1)^2 left-right symmetric SO(10) → SU (3) × SU (2)_L × SU (2)_R × U (1)

Table 2.1: SO(10) breaking patterns in realistic free-fermionic models.

[15]. We will see that, although the precise geometrical realization of the full N_{gen} = 3 models is unknown, this coupling can be computed as a 27^3 E_6 or 16 · 16 · 10 SO(10) coupling with N_{gen} = 24. This leads us to present rules for constructing heterotic M-theory vacua allowing H = E_6 and SO(10) grand unification groups with arbitrary N_{gen}. Section 3 summarizes rules [14] allowing grand unification groups H = E_6 , SO(10), and SU (5), corresponding to G = SU (n) with n = 3, 4, and 5, respectively. As discussed by Arnowitt and Dutta [16], requiring vanishing instanton charges in the observable sector yields potentially viable matter Yukawa couplings. N_{gen} = 3, H = SO(10) vacua with nonvanishing [13] and vanishing [14] instanton charges in the observable sector are discussed in Section 4.

2 Realistic free fermionic models

2.1 General structure

A free-fermionic model is generated by a suitable choice of boundary condition basis vectors (which encode the spin structure of the worldsheet fermions) and generalized GSO projection coefficients. The boundary condition basis vectors associated with the realistic free-fermionic models are constructed in two stages. The first stage constructs the NAHE set [17] of five basis vectors denoted by {1, S, b_1, b_2, b_3}. After generalized GSO projections over the NAHE set, the residual gauge group is SO(10) × SO(6)^3 × E_8.

NAHE set models have N = 1 spacetime supersymmetry and 48 chiral generations in the 16 representation of SO(10) (16 from each of the sectors b_1, b_2, and b_3). The sectors b_1, b_2, and b_3 correspond to the three twisted sectors of the associated Z_2×Z_2 orbifold. The second stage of the construction adds three (or four) basis vectors, typically denoted by {α, β, γ, . . .}, which correspond to Wilson lines in the associated Z_2 × Z_2 orbifold formulation. These basis vectors break the SO(10) × SO(6)^3 × E_8 gauge group and reduce the number of chiral generations from 48 to 3 (one from each of the sectors b_1, b_2, and b_3). The SO(10) symmetry is broken to one of its subgroups. The flipped SU (5) [7], Pati-Salam [8], Standard-like [9], and left-right symmetric [10] SO(10) breaking patterns are shown in Table 2.1. In the former two cases, an additional 16 and 16 representation of SO(10) is obtained from the set {α, β, γ, . . .}. Similarly, the hidden E_8 is broken to one of its subgroups. The flavor SO(6) symmetries are broken to flavor U (1) symmetries. Three such symmetries arise from the subgroup of the observable E_8 which is orthogonal to SO(10). Additional U (1) symmetries arise from the pairing of real fermions. The final observable gauge group depends on the number of such pairings.

2.2 Z_2 × Z_2 correspondence

The precise geometrical realization of the full N_{gen} = 3 models is not yet known. However, the extended NAHE set {1, S, b_1, b_2, b_3, ξ_1}, or equivalently {1, S, ξ_1, ξ_2, b_1, b_2}, has been shown to yield the same data as the Z_2 × Z_2 orbifold of a toroidal Narain model [18] with nontrivial background fields [19]. This Narain model has N = 4 spacetime supersymmetry and either

SO(12) × E_8 × E_8 (2.1) or SO(12) × SO(16) × SO(16) (2.2)

gauge group, depending on the choice of sign for the GSO projection coefficient C(^{ξ1}_{ξ2} ). Let the former and latter Narain models be denoted by N_+ and N_−, respectively. The corresponding Z_2 × Z_2 orbifolds are

Z_+ ≡

N_+ Z_2 × Z_2

, Z_− ≡

N_− Z_2 × Z_2

. (2.3)

In the free-fermionic formulation, the N_+ and N_− data is produced by the set {1, S, ξ_1, ξ_2} with appropriate choices for the sign of C(^{ξ1}_{ξ2} ). Adding the basis vectors b_1 and b_2 corresponds to Z_2 × Z_2 modding. These vectors reduce the spacetime supersymmetry to N = 1, break

SO(12) → SO(4)^3 (2.4)

and either E_8 × E_8 → E_6 × U (1)^2 × E_8 (2.5) or SO(16) × SO(16) → SO(10) × U (1)^3 × SO(16). (2.6)

The three sectors

b_1 ⊕ (b_1 + ξ_1), b_2 ⊕ (b_2 + ξ_2), b_3 ⊕ (b_3 + ξ_3)

correspond to the three twisted sectors of the Z_2 × Z_2 orbifold, each sector producing eight generations in either the 27 representation of E_6 or 16 representation of SO(10). The

Neveu-Schwarz ⊕ ξ_1

sector corresponds to the untwisted sector, producing an additional three 27 and 27 or 16 and 16 repesentations of E_6 or SO(10), respectively.

As the NAHE set is common to all realistic free-fermionic models, Z_+ and Z_− are at their core. To make a connection with the Calabi-Yau 3-folds Z and X, we construct the Z_2 × Z_2 orbifold at a generic point in the Narain moduli space. Start with the 10-dimensional space compactified on the torus T^2_1 × T^2 × T^2_3 parameterized by three complex cooordinates z_1, z_2, and z_3, with the identification

z_i = z_i + 1, z_i = z_i + τ_i (i = 1, 2, 3) (2.7)

where τ_i is the complex parameter of the torus T^2_i . Under a Z_2 twist z_i → −z_i, the torus T^2_i has four fixed points at

z_i = {0, 1/2, τ_i/2, (1 + τ_i)/2}. (2.8)

With the two Z_2 twists

α : (z_1, z_2, z_3) → (−z_1, −z_2, z_3) (2.9) β : (z_1, z_2, z_3) → (z_1, −z_2, −z_3) (2.10)

there are three twisted sectors, α, β, and αβ = α · β, each with 16 fixed points and producing 16 generations in the 27 representation of E_6, for a total of 48. The untwisted sector produces an additional three 27 and 27 representations of E_6. Denote this orbifold by X_+. It corresponds to an elliptically fibered Calabi-Yau 3-fold X with (h^{(1,1)}, h^{(2,1)}) = (51, 3) [20]. Now, add the shift

γ : (z_1, z_2, z_3) → ( z_1 + 1 2 , z_2 + 1 2 , z_3 + 1 2 ) . (2.11)

The product of the γ shift with any of the three twisted sectors α, β, and αβ does not produce any additional fixed points. Therefore, γ acts freely. Under the action of γ, the fixed points from the twisted sectors are identified in pairs. Hence, each twisted sector now has 8 fixed points and produces 8 generations in the 27 representation of E_6, for a total of 24. Consequently, this orbifold has (h^{(1,1)}, h^{(2,1)}) = (27, 3), reproducing the data of Z_+. Since γ acts freely, the associated Calabi-Yau 3-fold has π_1 = Z_2 [21]. Thus, Z_+ and X_+ correspond to the Calabi-Yau 3-folds Z and X, respectively.

2.3 Nonperturbative top quark Yukawa coupling

The Yukawa coupling of the top quark is obtained at the cubic level of the superpotential and is a coupling between states from the twisted-twisted-untwisted sectors. For example, in the Standard-like models [9], the relevant coupling is t^c_1Q_1h_1, where t^c_1 and Q_1 are respectively the quark SU(2) singlet and doublet from the sector b_1, and h_1 is the untwisted Higgs. One can calculate this coupling in the full N_{gen} = 3 model, or at the level of either the Z_+ or Z_− orbifolds as a 27^3 E_6 or 16 · 16 · 10 SO(10) coupling, respectively. The nonperturbative top quark Yukawa coupling at the grand unification scale is computed, at least in principle, as an integral over Z [22], with Z taken to be the Calabi-Yau 3-fold associated with Z_+ or Z_−.

3 Summary of rules

This section summarizes rules for constructing heterotic M-theory vacua with H = E_6, SO(10), and SU (5) grand unification groups and arbitrary N_{gen}. For more details, refer to [14] or [23]. These rules are an adaptation of those presented in [5]. Compactification to four dimensions with N = 1 supersymmetry is achieved on a torus-fibered Calabi-Yau 3-fold Z = X/τ_X with first homotopy group π_1(Z) = Z_2. The H = E_6, SO(10), and SU (5) vacua correspond [24] to semistable holomorphic vector bundles V^{(1)}_Z over Z having structure group G_C = SU (n)_C with n = 3, 4, and 5, respectively. The vector bundles V^{(1)}_Z and V^{(2)}_Z are located on the observable and hidden orbifold fixed planes, M^{10}_{(1)} and M^{10}_{(2)} , respectively. V^{(2)}_Z is taken to be a trivial bundle so that E_8 remains unbroken in the hidden sector. The vacua with nonstandard embeddings may contain N M5-branes in the bulk space which wrap holomorphic curves W^{(ℓ)}_Z (ℓ = 1, . . . , N ) in Z. The class of the total M5-brane curve is denoted by [W_Z]. β^{(0)}_i and β^{(N+1)}_i (i = 1, . . ., h^{(1,1)}(Z)) are the instanton charges on the observable and hidden orbifold fixed planes, respectively, and β^{(ℓ)}_i are the magnetic charges of the M5-branes. Requiring vanishing instanton charges in the observable sector yields potentially viable matter Yukawa couplings [16]. In a nutshell, the procedure is

1. Construct Z = X/τ_X.

2. Construct V^{(1)}_Z over Z with structure group G_C = SU (n)_C.

3. N_{gen} =^1_2 ∫ Z c_3(V^{(1)}_Z )

4. Require [W_Z] = c_2(TZ) − c_2 ( V^{(1)}_Z ) − c_2 ( V^{(2)}_Z ) for anomaly cancellation.

5. Require β^{(0)}_i = 0.

The elliptically fibered Calabi-Yau 3-fold X^π→ B admits global sections σ and ξ which satisfy ξ + ξ = σ. This condition facilitates the construction of the freely acting involution τ_X as the composition τ_X = α ∘ t_ξ. Here, α is the lift to X of an involution τ_B on the base B, and t_ξ(x) = x + ξ(b) (x ∈ π^{−1}(b), b ∈ B) is a translation on the fiber π^{−1}(b). The Calabi-Yau condition c_1(TX) = 0 restricts the base [25] to be a del Pezzo (dP_r, r = 0, . . . , 8), rational elliptic (dP_9), Hirzebruch (F_r , r ≥ 0), blown-up Hirzebruch, or an Enriques surface.

A semistable holomorphic vector bundle V^{(1)}_X over X with structure group G_C = SU (n)_C can be constructed by the spectral cover method [26]. This method requires the specification of a divisor C of X (known as the spectral cover) and a line bundle N over C. The condition c_1(V^{(1)}_X ) = 0 implies that the spectral data (C, N ) can be written in terms of an effective divisor class η in the base B and coefficients λ and κ_i (i = 1, . . ., 4η · c_1(B)). Constraints are placed on η , λ , and the κ_i by the condition that

c_1(N ) = n ( 1 2 + λ ) σ + ( 1 2 − λ ) π^∗_Cη + ( 1 2 + nλ ) π^∗_Cc_1(B) + ∑ iκ_iN_i (3.1) β^{(0)}_i ≠ 0 ∃ B = F_2 Class B vacua ∃ B = F_r (r even ≥ 4) Class B vacua* ∄ B = F_0 Class A or Class B vacua ∄ B = F_r (r odd ≥ 1) Class A or Class B vacua ∄ B = dP_3 Class A or Class B vacua

β^{(0)}_i = 0 ∃ B = dP_7 vacua* ∄ B = dP_r (r = 0, . . ., 6, 8) vacua ∄ B = F_r (r ≥ 0) vacua

Table 4.1: H = SO(10) heterotic M-theory vacua with N_{gen} = 3. The ‘∗’ indicates that these vacua have been demonstrated to exist when certain constraints on τ_B are satisfied.

be an integer class. To ensure that c_1(N ) is an integer class, one can impose the sufficient (but not necessary) Class A or Class B constraints discussed in Section 4. More generally, c_1(N ) will be an integer class if the constraints q ≡ n ( 1 2 + λ ) ∈ Z (3.2) ( 1 2 − λ ) π^∗_Cη + ( 1 2 + nλ ) π^∗_Cc_1(B) is an integer class (3.3) κ_i − 1 2 m ∈ Z, m ∈ Z (3.4) are simultaneously satisfied. To ensure that H is the largest subgroup of E_8 preserved by V^{(1)}_X , impose the stability constraint [27] η ≥ nc_1(B) (n ≥ 2). Requiring τ^∗_X(V^{(1)}_X ) = V^{(1)}_X ensures that V^{(1)}_X descends to a bundle V^{(1)}_Z over Z.

4 N_{gen} = 3, H = SO(10) vacua

N_{gen} = 3, H = SO(10) heterotic M-theory vacua with nonvanishing and vanishing instanton charges in the observable sector are searched for in [13] and [14], respectively. In the former work, the search is restricted to vector bundles satisfying the Class A or Class B constraints:

Class A: λ ∈ Z, η = c_1(B) mod 2, κ_i − 1 2 m ∈ Z (4.1)

Class B: λ − 1 2 ∈ Z, c_1(B) is an even class, κ_i − 1 2 m ∈ Z (4.2)

where m ∈ Z. In the latter work, the more general constraints (3.2), (3.3), and (3.4) with n = 4 are imposed. Table 4.1 summarizes the results.

Acknowledgements

I would like to thank Alon E. Faraggi and Jose M. Isidro.

References

[1] P. Hořava and E. Witten, Nucl. Phys. B460 (1996) 506.

[2] P. Hořava and E. Witten, Nucl. Phys. B475 (1996) 94.

[3] E. Witten, Nucl. Phys. B471 (1996) 135.

[4] A. Lukas, B.A. Ovrut and D. Waldram, Phys. Rev. D59 (1999) 106005.

[5] R. Donagi, B.A. Ovrut, T. Pantev and D. Waldram, Adv. Theor. Math.

Phys. 5 (2002) 93; Class. Quant. Grav. 17 (2000) 1049.

[6] Super-Kamiokande Collaboration (Y. Fukuda et al.), Phys.Lett. B436 (1998) 33;

SNO Collaboration (Q.R. Ahmad et al.), Phys. Rev. Lett. 87 (2001) 071301.

[7] I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, Phys. Lett.

231 (1989) 65;

J.L. Lopez, D.V. Nanopoulos and K. Yuan, Nucl. Phys. B399 (1993) 654.

[8] I. Antoniadis, G.K. Leontaris, and J. Rizos, Phys. Lett. B245 (1990) 161;

G.K. Leontaris, Phys. Lett. B372 (1996) 212.

[9] A.E. Faraggi, D.V. Nanopoulos and K. Yuan, Nucl. Phys. B335 (1990) 347;

A.E. Faraggi, Phys. Lett. B278 (1992) 131; Nucl. Phys. B387 (1992) 239.

[10] G.B. Cleaver, A.E. Faraggi and C. Savage, Phys. Rev. D63 (2001) 066001;

G.B. Cleaver, D.J. Clements and A.E. Faraggi, Phys. Rev. D65 (2002) 106003.

[11] H. Kawai, D.C. Lewellen, and S.-H.H. Tye, Nucl. Phys. B288 (1987) 1;

I. Antoniadis, C.P. Bachas, and C. Kounnas, Nucl. Phys. B289 (1987) 87.

[12] A.E. Faraggi, Phys. Lett. B326 (1994) 62; Phys. Lett. B544 (2002) 207;

J.R. Ellis, A.E. Faraggi and D.V. Nanopoulos, Phys. Lett. B419 (1998) 123.

[13] A.E. Faraggi, R.S. Garavuso and J.M. Isidro, Nucl. Phys. B641 (2002) 111.

[14] A.E. Faraggi and R.S. Garavuso, Nucl. Phys. B659 (2003) 224.

[15] A.E. Faraggi, Phys. Lett. B274 (1992) 47; Phys. Lett. B377 (1996) 43;

J.R. Ellis, A.E. Faraggi and D.V. Nanopoulos, B419 (1998) 123.

[16] R. Arnowitt and B. Dutta, Nucl. Phys. B592 (2001) 143. [17] A.E. Faraggi and D.V. Nanopoulos, Phys. Rev. D48 (1993) 3288. [18] K.S. Narain, Phys. Lett. B169 (1986) 41.

[19] K.S. Narain, M.H. Sarmadi and E. Witten, Nucl. Phys. B279 (1987) 369. [20] C. Voisin, in Journées de géométrie algébrique d’Orsay, Astérisque 218 (1993) 273;

C. Borcea, Essays on Mirror Manifolds, Vol. 2, International Press, Cambridge (1997) 717.

[21] P. Berglund, J.R. Ellis, A.E. Faraggi, D.V. Nanopoulos and Z. Qiu, Phys.

Lett. B433 (1998) 269.

[22] A. Lukas, B.A. Ovrut and D. Waldram, JHEP 9904 (1999) 009. [23] R.S. Garavuso, D.Phil. thesis (in preparation). [24] S. Donaldson, Proc. London Math. Soc. 3 (1985) 1;

K. Uhlenbeck and S.-T. Yau, Comm. Pure App. Math. 39 (1986) 257; Comm. Pure App. Math. 42 (1986) 703.

[25] A. Grassi, Internat. J. Math. 4 (1993) 203;

D.R. Morrison and C. Vafa, Nucl. Phys. B476 (1996) 437.

[26] R. Friedman, J. Morgan, and E. Witten, Commun. Math. Phys. 187 (1997) 679;

R. Donagi, Asian J. Math. 1 (1997) 214;

M. Bershadsky, A. Johansen, T. Pantev and V. Sadov, Nucl. Phys. B505 (1997) 165.

[27] P. Berglund and P. Mayr, JHEP 9912 (1999) 009.