arXiv:hep-ph/0407116 v3 24 Sep 2004

WM-04-107

Higgsless GUT Breaking and Trinification

Christopher D. Carone^∗ and Justin M. Conroy^† Particle Theory Group, Department of Physics, College of William and Mary, Williamsburg, VA 23187-8795 (Dated: June 2004)

Abstract

Boundary conditions on an extra-dimensional interval can be chosen to break bulk gauge symmetries and to reduce the rank of the gauge group. We consider this mechanism in models with gauge trinification. We determine the boundary conditions necessary to break the trinified gauge group directly down to that of the standard model. Working in an effective theory for the gauge symmetry-breaking parameters on a boundary, we examine the limit in which the GUT-breaking sector is Higgsless and show how one may obtain the low-energy particle content of the minimal supersymmetric standard model. We find that gauge unification is preserved in this scenario, and that the differential gauge coupling running is logarithmic above the scale of compactification. We compare the phenomenology of our model to that of four-dimensional trinified theories.

∗carone@physics.wm.edu †jmconr@wm.edu

I. INTRODUCTION

Extra spatial dimensions allow for the possibility of gauge symmetry breaking by the appropriate choice of boundary conditions on the fields. The relevance of this point to model building was first realized by Kawamura [1], in the context of SU(5) grand unified theories (GUTS), and was developed substantially afterwards by a number of authors [2]. In the simplest case of an S^1/Z_2 orbifold, the matrix representing the action of the Z_2 symmetry in field space may not commute with all the generators of the gauge symmetry. Boundary conditions may be chosen so that different components of the gauge multiplet have different Z_2 parities, leaving only some with zero modes after the theory is dimensionally reduced. The fact that the zero-mode spectrum includes incomplete multiplets of the gauge group indicates that the symmetry has been broken. Although no Higgs fields are involved, longitudinal gauge boson scattering amplitudes are well behaved at high energies [3]. The same approach may be employed to project away the zero-modes [4] of the color-triplet Higgs in SU(5) GUTS, naturally resolving the doublet-triplet splitting problem [1, 2].

In the simplest orbifold constructions, the orbifold parity commutes with the diagonal generators of the original gauge symmetry, so that the unbroken subgroup has the same rank. For symmetry breakings like SU(5)→SU(3)_C ×SU(2)_W ×U(1)_Y , [1, 2] or SU(3)_W →SU(2)_W ×U(1)_Y [5, 6], the breaking by orbifold boundary conditions provides an economical approach for constructing models. However, larger groups, like E_6 or E_8 can only be broken directly to the standard model gauge group and, at best, a product of additional U(1) factors [7]. One must then rely on the conventional Higgs mechanism to complete the breaking of the residual GUT symmetry. In this paper, we will consider the use of more general boundary conditions to break such unified symmetries directly to the standard model gauge group, and hence, to reduce the rank of the original group. This approach has been discussed in the context of Higgsless electroweak symmetry breaking [3, 8]; here we will employ the same technique at a high scale, while retaining the ordinary Higgs mechanism for the breaking of electroweak symmetry. This choice allows us to eliminate the often complicated and problematic GUT-breaking Higgs sector, while allowing for the easy generation of light fermion masses.

The unified theory we consider is based on the ‘trinified’ gauge group

G_T =SU(3)_C ×SU(3)_L×SU(3)_R ⋉ Z_3 [9, 10, 11, 12, 13, 14]. The semidirect product (indicated by the symbol ⋉) provides for a symmetry that cyclically permutes the gauge group labels C, L, and R. Hence, the SU(3)^3 representation (rep) (1, 3, ¯3) is part of the trinified rep 27 = (1, 3, ¯3) ⊕ (¯3, 1, 3) ⊕ (3, ¯3, 1) . (1.1) Moreover, the Z_3 symmetry assures the equality of the three SU(3) gauge couplings at the GUT scale. As originally pointed out in Ref. [9], an appropriate embedding of U(1)_Y in SU(3)_L×SU(3)_R yields the familiar GUT-scale prediction sin^2 θ = 3/8. We review this construction in Section II. We will work with a supersymmetric trinified theory in which the G_T gauge multiplet may propagate in a single extra dimensional interval. We first consider the simplest case in which all the matter and Higgs fields are confined to a brane on which G_T is broken. Working in an effective theory of gauge-symmetry-breaking ‘spurions’ on this brane, we establish the boundary conditions necessary to break the bulk gauge group to that of the standard model, G_T → G_{SM} . We also include the couplings of these spurions to the matter multiplets of the theory. In the limit in which the symmetry breaking parameters are taken to infinity, we obtain the Higgsless limit of the GUT-breaking sector. In particular, the mass scale for the heavy gauge multiplets becomes determined by the compactification radius, and all exotic matter fields are decoupled from the theory. The low-energy theory is simply that of the minimal supersymmetric standard model (MSSM), with a set of massive gauge multiplets at a scale lower than that of conventional supersymmetric unification, 2×10^{16} GeV. We show that unification is nonetheless preserved. Above the compactification scale, the differential gauge running (i.e., α^{−1}_i (μ)−α^{−1}_j (μ) for i ≠ j) is logarithmic, a feature that has been noted before in the case of SU(5) GUTS broken on a boundary [15]. We then show that viable alternative theories exist in which the Higgs and/or matter multiplets are allowed to propagate in the bulk space, and we discuss the boundary conditions on these fields. In this case, the exotic matter fields remain part of the theory, but with large masses set by the compactification radius.

Our paper is organized as follows. In Section II, we review the symmetry breaking in conventional trinification models, and describe some of the main phenomenological features of these theories. In Section III, we give the extra-dimensional construction of supersymmetric SU(3)^3, determine the boundary conditions necessary to break the gauge group down to that of the standard model, and study the Higgsless limit of the GUT-breaking sector. In Section IV, we study gauge unification in our minimal model, while in Section V we discuss the possibility of allowing chiral multiplets in the bulk. In Section VI, we summarize our conclusions.

II. FRAMEWORK

Trinification [9, 10, 11, 12, 13, 14] is based on the gauge group G_T =SU(3)_C ×SU(3)_L×SU(3)_R ⋉ Z_3, where ⋉ indicates a semidirect product. The Z_3 symmetry cyclically permutes the gauge group labels C, L and R, ensuring a single unified coupling at the GUT scale. G_T reps consist of the sum of cyclically permuted SU(3)^3 reps. For example, the gauge fields are in the 24-dimensional rep

A^μ_T (24) = A^μ_C (8, 1, 1) + A^μ_L(1, 8, 1) + A^μ_R(1, 1, 8). (2.1)

Here, A^μ_C represent the eight gluon fields of the standard model, while only some of the A^μ_L and A^μ_R above correspond to electroweak gauge bosons. The SU(2)_W gauge group of the standard model is contained entirely in SU(3)_L; writing A = A^aT^a, then the SU(2)_W gauge bosons W^a correspond to A^a_L for a = 1 . . . 3. On the other hand, the hypercharge gauge boson is a linear combination of A^8_L, A^3_R and A^8_R. The choice

A^μ_Y = − 1 √ 5 (A^8_L + √ 3A^3_R + A^8_R)^μ, (2.2)

yields the standard GUT-scale prediction sin^2 θ_W = 3/8. The pattern of gauge symmetry breaking is achieved via one or more Higgs fields in the 27-dimensional rep,

ϕ(27) = ϕ(1, 3, ¯3) + ϕ(3, ¯3, 1) + ϕ(¯3, 1, 3) . (2.3)

Only the first SU(3)^3 factor in this rep allows for color-singlet vacuum expectation values (vevs) that may break SU(3)^3 down to SU(3)_C × SU(2)_L × U(1)_Y :

ϕ(1, 3, ¯3) =

^0 0 0 0 ^0 ^0 0 v_2 v_1

. (2.4)

Here, v_i represent the GUT-scale vevs, while hatted entries denote components capable of eventually breaking the electroweak gauge group. Spontaneous symmetry breaking renders twelve of the original gauge bosons with masses of order the GUT scale. Interestingly, these massive gauge bosons are integrally charged and cannot generate dimension-six operators that contribute to proton decay. Depending on the number of Higgs multiplets and their couplings to the matter fields, proton decay may still occur via color-triplet Higgs exchange.

Standard model fermions are embedded economically in the 27-dimensional representation. In SU(5) language, the 27 decomposes as

27 = [10 ⊕ ¯5] ⊕ 5 ⊕ ¯5 ⊕ 1 ⊕ 1 . (2.5)

The reps in brackets correspond to a full standard model generation, while the remaining reps are exotic. Thus the exotic fields include left- and right-handed fermions with the quantum numbers of a charge −1/3 weak singlet quark (B), a hypercharge −1/2 weak doublet lepton (E^0, E^−) and an electroweak singlet (N). Using the notation

ψ(27) = ψ(1, 3, ¯3) + ψ(¯3, 1, 3) + ψ(3, ¯3, 1) (2.6) ≡ ψ_C + ψ_L + ψ_R , (2.7)

we may choose an SU(2)_W basis in which the fermion reps take the matrix form

ψ_c = E^{0c} E e −E^c E^0 ν e^c N^c N

, ψ_L = u^c_{r̄} u^c_ḡ u^c_{b̄} d^c_{r̄} d^c_ḡ d^c_{b̄} B^c_{r̄} B^c_ḡ B^c_{b̄}

, ψ_R = u_r d_r B_r u_g d_g B_g u_b d_b B_b , (2.8)

where all entries are left-handed. In supersymmetric trinification, these matrices are composed of left-handed chiral superfields, with each entry indicating the fermionic component. Yukawa couplings necessarily involve invariants formed by taking the product of three 27’s. These come in two types, Z_3[ψ_Rψ_Lϕ_{Ci}] , (2.9) and Z_3[ψ_Cψ_C ϕ_{Cj} ] . (2.10) We use the symbol Z_3 to represent the cyclic permutation of R, L and C, e.g,

Z_3[ψ_Rψ_Lϕ_C ] = ψ_Rψ_Lϕ_C + ψ_C ψ_Rϕ_L + ψ_Lψ_C ϕ_R. (2.11)

The index on the field ϕ_C takes into account the possibility that there may be more than one 27-plet Higgs field. If there is only one Higgs 27, then both the up- and down-type quark Yukawa couplings for a given generation originate from a single G_T -invariant interaction, of the form shown in Eq. (2.9). This implies the incorrect GUT-scale mass relation [9] m_u m_d = m_c m_s = m_t m_b . (2.12)

Therefore, at least two Higgs 27’s must couple to the quarks via Eq. (2.9). Generally, the same set of Higgs fields will couple to the leptons via Eq. (2.10) and proton decay may proceed via color-triplet Higgs exchange. If a third Higgs 27-plet is introduced that couples to the leptons only, then proton decay can be prevented by imposing a global symmetry on the Higgs sector that prevents mixing between the third Higgs and the other two. This, however, leads to a symmetry-breaking sector that seems somewhat contrived.

It is conventionally assumed that the vevs v_1 and v_2 arise in separate Higgs 27-plets:

ϕ(1, 3, ¯3) =

0 0 0 0 0 0 0 0 v_1

, χ(1, 3, ¯3) =

0 0 0 0 0 0 0 v_2 0

. (2.13)

The superpotential terms responsible for quark and lepton masses can now be determined from the invariants Eq.(2.9) and Eq.(2.10),

W_Q = (ψ_L)^j_i (ψ_R)^i_k[g_1(ϕ_C )^k_j + g_2(χ_C )^k_j ] , (2.14)

W_L = 1 2 h(ψ_C )^i_α(ψ_C )^j_β[h_1(ϕ_C )^k_γ + h_2(χ_C )^k_γ ]ϵ_{ijk}ϵ^{αβγ} . (2.15) These may be expanded, yielding

W = g_2v_2 d^cB + g_1v_1B^cB + v_1h_1 ϵ_{ij} L^{ci}_H L^j_H − v_2h_2ϵ_{ij} L^{ci}_H L^j , (2.16)

where the lepton doublets are defined by L_H = (E^0, E), L = (ν, e), and L^c_H = (−E^c, E^{c0}). Clearly, one linear combination of B^c and d^c, and of L_H and L, remain unaffected by GUT symmetry breaking^1, and should be identified with the physical right-handed down quark

1 Ref. [10] states that no light lepton eigenstate will remain if h_2 ≠ 0. This is not correct, since unbroken electroweak symmetry assures that a massless eigenstate must remain.

and lepton doublet superfields:

d^c_{phys} = (−g_2v_2 B^c + g_1v_1 d^c)/ √ g^2_1 v^2_1 + g^2 v^2 L_{phys} = (h_2v_2 L_H + h_1v_1 L)/ √ h^2_1v^2_1 + h^2v^2 . (2.17)

The masses of the heavy quark and lepton states remaining in Eq. (2.16) are given by

m_{B,B}c_{phys} = (g^2_1 v^2_1 + g^2 v^2)^{1/2}, (2.18)

m_Lc_{H ,LH,phys} = (h^2_1v^2_1 + h^2v^2)^{1/2} . (2.19) For this minimal choice of symmetry breaking, the singlets N^c and N remain massless. However, as we discuss in the next section, vevs in other Higgs field representations can give masses to these states as well.

We will not discuss the structure of the Higgs sector in conventional trinified theories since our goal is to dispense with this sector entirely. We henceforth consider supersymmetric trinified theories embedded in 4 + 1 spacetime dimensions. As in Ref. [3], we assume that the extra spatial dimension is compact, and runs over the interval y = 0 to y = πR. We will always assume that the G_T gauge multiplet propagates in the bulk, and we will consider consistent boundary conditions that allow us to break this gauge group directly to that of the standard model upon compactification. The radius of compactification is a free parameter that we will determine based on the condition that supersymmetric gauge unification is preserved. We first consider the simplest case in which all matter and Higgs fields are placed on the y = πR brane, and afterwards discuss the possibility of placing chiral multiplets in the bulk.

In all cases, we will treat the symmetry breaking on the πR brane in an effective theory approach. We will introduce G_T breaking spurions {Φ_i} on this brane and consider both their couplings to brane-localized fields, as well as their effect on the 5D wave function of fields in the bulk. Historically, the term “spurion” refers to a symmetry-breaking parameter that is taken to transform as a spurious field, so that it may be included consistently in an effective Lagrangian. In the present case, one may think of the spurions as a collection of brane Higgs vevs, that can plausibly arise in some ultraviolet completion. Since we will focus on the limit in which these vevs are taken to infinity, we will not defend any particular ultraviolet theory. Partial examples will be given only to justify the consistency of the boundary conditions that we assume. In a few instances, we will require higher-dimension operators involving the spurions, which necessarily involve some cut off Λ. In the decoupling limit, we will take both Φ and Λ to infinity in fixed ratio. In other words, we do not assign Λ to some physical scale, but use this limiting procedure to obtain a consistent Higgsless low-energy effective theory that could otherwise be defined ab initio.

III. SYMMETRY BREAKING

We choose to break the trinified gauge group at the y = πR brane. For a generic gauge field A^μ, the boundary conditions

∂_5A^μ(x^ν , 0) = 0 and ∂_5A^μ(x^ν , πR) = V A^μ(x, πR) (3.1)

lead to a mode expansion of the form

f_k(y) = N_k cos(M_k y) , (3.2)

where M_k is given by the transcendental equation

M_k tan(M_k πR) = −V , (3.3)

and where the normalization

N_k = √ 2 sin(M_k πR)

[πR(1 + M^2_k /V^2) − 1/V ]^{−1/2} (3.4)

assures that ∫_{πR} 0 f^2 = 1 [3]. Note that the symmetry breaking parameter V has dimensions of mass. The nontrivial boundary condition in Eq. (3.1) can be realized in an ultraviolet completion of the theory in which a brane localized Higgs field σ is responsible for the symmetry breaking. The brane equations of motion for the field A^μ includes terms localized at y = πR from the start, as well as surface terms obtained from integrating the bulk action by parts. In particular, the kinetic terms S_{KE} ⊃ ∫ d^4x ∫_{πR} 0 dy [− 1 2 F_{5ν} F^{5ν} + D^μσ^†D_μσ δ(y − πR)] (3.5)

include S_{KE} ⊃ ∫ d^4x ∫_{πR} 0 dy [−∂_5A_ν ∂_5A^ν + g^2_5 2 ⟨σ⟩^†⟨σ⟩A^μA_μ δ(y − πR)] . (3.6)

Variation of this portion of the action with respect to A^ν yields a constraint at y = πR,

− ∂_5A_ν + g^2_5 2 ⟨σ⟩^†⟨σ⟩A^ν = 0 , (3.7) which corresponds to the desired boundary condition if one identifies V ≡ g^2_5 ⟨σ⟩^†⟨σ⟩/2. Since the 5D gauge coupling g_5 has mass dimension −1/2, one finds that V has dimensions of mass, as before.

Csáki, Grojean, Murayama, Pilo, and Terning [3], have demonstrated that the boundary conditions given in Eq. (3.1) require a brane-localized Higgs field to cancel contributions to scattering amplitudes that grow with energy as E^2. However, a remarkable feature of branelocalized breaking of gauge symmetries is that one can decouple the Higgs field without decoupling the massive gauge multiplets as well. In the limit that ⟨σ⟩, and hence V , are taken to infinity, one finds from Eq. (3.3) that the KK mass spectrum becomes M_n ≈ M_c 2 (2n + 1)(1 + M_c πV + · · ·) , (3.8)

where M_c is the compactification scale 1/R. Thus, the low-energy theory has no Higgs fields, and the KK tower for the gauge fields is shifted by +M_c/2 relative to the tower one would obtain if V were set to zero.

In the case of G_T , the first SU(3) factor corresponds to the unbroken color group, so we may immediately write down the boundary conditions on the gluon fields A^μ_C ,

∂_5A^μ_C (x, 0) = ∂_5A^μ_C (x, πR) = 0 . (3.9)

Similarly, an SU(2) subgroup of the second SU(3) factor remains unbroken, so that

∂_5A^a_L(x, 0) = ∂_5A^a_L(x, πR) = 0 for a = 1 . . . 3 (3.10)

Since the only remaining unbroken group is a U(1) factor, all gauge fields corresponding to off-diagonal generators must become massive. Thus, we require that

∂_5A^a_L(x, 0) = 0 , ∂_5A^a_L(x, πR) = V_LA^a_L(x, πR) for a = 4 . . . 7 , (3.11)

∂_5A^a_R(x, 0) = 0 , ∂_5A^a_R(x, πR) = V_RA^a_R(x, πR) for a = 1, 2, 4 . . . 7 . (3.12) The remaining U(1) factors are more interesting. As we showed in the previous section, the embedding of hypercharge within SU(3)_L×SU(3)_R that leads to the prediction sin^2 θ = 3/8 requires that the hypercharge gauge boson be identified with the linear combination

A^μ_Y = − 1 √ 5 (A^8_L + √ 3A^3_R + A^8_R)^μ (3.13)

Thinking in terms of an ultraviolet completion, suitable Higgs fields must generate a brane gauge boson mass matrix with a zero eigenvalue corresponding to the eigenvector (−1/ √ 5, − √ 3/ √ 5, −1/ √ 5). The only other necessary constraint on this matrix is that the remaining eigenvalues must be non-vanishing. Restricting ourselves to real entries, for the sake of simplicity, we may parameterize the remaining boundary conditions as follows:

∂_5A^8_L(x, 0) = ∂_5A^3_R(x, 0) = ∂_5A^8_R(x, 0) = 0 , (3.14)

∂_5 A^8_L(x, πR) A^3_R(x, πR) A^8_R(x, πR) = V_1 −^1_2^√_3 (V_1 + V_3) −^1_2 (V_1 − V_3) −^1_2^√_3 (V_1 + V_3)^1_6 (V_2 + V_3)^1_2^√_3 (V_1 − V_2) −^1_2 (V_1 − V_3)^1_2^√_3 (V_1 − V_2)^1_2 (V_2 − V_3)

A^8_L(x, πR) A^3_R(x, πR) A^8_R(x, πR) (3.15) Finally, we consider the A^5 components. In a nonsupersymmetric theory, we could impose the boundary conditions A^5(x, 0) = A^5(x, πR) = 0 on all the gauge fields so that no additional light scalar states remain in the 4D theory. In the supersymmetric case, A^μ and A^5 live within a vector V and chiral Φ_V superfield, respectively. Since supersymmetry is unbroken, the fermionic components of V and Φ_V (say, λ and ψ) must form Dirac spinors with the same mass spectrum as the gauge fields [15]. Since these masses originate from terms of the form ∂_5λψ, the 5D wave function of Φ_V must be proportional to sin M_k y, with M_k given as before.

If one were to assume an ultraviolet completion involving only the minimal Higgs content of conventional 4D trinified theories (localized on the πR brane) one would find that

V_1 = 2 3 (v^2_1 + v^2)g^2_5 V_2 = 1 3 (2 v^2_1 + 5 v^2 )g^2_5 V_3 = − 1 3 (2 v^2_1 − 4 v^2)g^2_5 . (3.16)

The more general values of the parameters V_i may be thought of as arising in some arbitrarily complicated GUT-breaking Higgs sector, which decouples as one takes V_L, V_R and V_i → ∞.

However, we will not wed ourselves to any particular interpretation of the physics responsible for generating the symmetry-breaking parameters on the boundary.

We will proceed with an effective field theory analysis of the possible symmetry breaking on the πR brane. We will introduce the symmetry breaking systematically in terms of constant spurion fields that we may treat as transforming in irreducible reps of SU(3)^3. When we obtain operators that are nonrenormalizable, we will introduce powers of a cutoff, Λ to obtain the proper mass dimension, as discussed at the end of Section II.

A given spurion representation may contribute to the symmetry breaking parameterized by Eq. (3.15) provided that it contains standard model singlet components, with hypercharge defined as in Eq. (3.13), that develop vevs. We know immediately of one possibility from the minimal 4D trinified theory, namely a 27 with vevs in the (1, 3, ¯3) component,

Φ(1, 3, ¯3) ∼

0 0 0 0 0 0 0 v_2 v_1

. (3.17)

As described in Section II, these vevs give mass to the heavy fields B, B^c, L_H and L^c_H while contributing to the boundary condition on the gauge fields via Eq. (3.16). This rep, however, does not contribute to the mass of the new singlet leptons, N^c and N. Since we wish to retain only the particle content of the MSSM at the electroweak scale, we will be more general. The set of SU(3)^3 representations that appear in the product of two 27’s and that are color singlet are (1, 3, ¯3), (1, ¯6, 3), (1, 3, 6), and (1, ¯6, 6). For each, we may isolate the components that are SU(2)_W ×U(1)_Y singlets. The results are shown in Table I. While the reps (1, ¯6, 3) and (1, 3, 6) contain standard model singlet components, it turns out that these do not split the 27 matter multiplets. For example, the coupling of the (1, ¯6, ¯3) to two 27 matter superfields may be written

W = Ψ^a_αΨ^b_β Φ^{(1,¯6,¯3)}_{ab,γ} ϵ^{αβγ} (3.18)

which vanishes for a = b = 3 and γ = 1, because of the antisymmetry of the SU(3)_R epsilon tensor. Of the three new spurion reps in Table I, only the (1, ¯6, 6) gives us something new,

W = Ψ^a_αΨ^b_β Φ^{αβ}_{ab} = v_{22}N^2_R + 2v_{23}N_RN_L + v_{33}N^2_L . (3.19)

TABLE I: SU(3)^3 reps in the product of two trinified 27-plets containing Standard Model singlet components, with hypercharge defined as in Eq. (3.13). Parentheses delimit indices that are symmetric.

SU(3)^3 rep SU(3)_L×SU(3)_R tensor SM singlet components (1, 3, ¯3) Φ^a_α a = 3, α = 2, 3 (1, ¯6, ¯3) Φ_{(ab)α} a = b = 3, α = 1 (1, 3, 6) Φ^{a(αβ)} a = 3, (αβ) = (12), (13) (1, ¯6, 6) Φ^{(αβ)}_{(ab)} (ab) = (33), (αβ) = (22), (23), (33)

Here v_{ij} corresponds to vevs for the standard model singlet components of the (1, ¯6, 6) spurion, as given in Table I. Hence, we arrive at Majorana and Dirac masses for the exotic neutral leptons, which may be decoupled from the theory if the v_{ij} are taken to infinity. Thus we reach the following conclusion:

Gauge symmetry breaking spurions localized at the πR brane in the 27 and 108 irreducible reps of the trinification group, and with nonvanishing standard model singlet entries in their (1, 3, ¯3) and (1, ¯6, 6) components, respectively, break the trinification gauge group down to the standard model, and yield the MSSM matter content at low energies. In the limit that all the symmetry breaking parameters are taken to infinity, we obtain Higgsless trinification breaking with an incomplete matter multiplet located at the πR brane.

This picture is pleasing since any physics on the brane associated with an ultraviolet completion that might lead to proton decay has been decoupled away. The only issue we have not taken into account is the mechanism for breaking electroweak symmetry and the generation of light fermion masses. We may easily incorporate the standard Higgs mechanism for electroweak symmetry breaking by introducing 27 and 27 Higgs superfields on the πR brane, Ψ_H and Ψ¯_H , respectively. (These are distinguished from matter superfields by unbroken matter or R-parity, which we assume throughout.) We identify H (H̄) as the doublet Higgs field with hypercharge 1/2 (−1/2) living inside the multiplet Ψ_H (Ψ¯_H ). We also introduce another spurion rep, the 192, which includes the color singlet rep Ω ∼ (1, 8, 8). Assuming that the nonvanishing, standard model singlet components of Ω are given by Ω^{αβ}_{ab} = v_Ω T^{8a}_b T^{3α}_β (3.20) then the couplings W = H^a_α(μ δ^α_β δ^b_a + h Ω^{bβ}_{aα})H̄^β_b (3.21) will provide high-scale μ terms for all members of the Higgs multiplet, except for the weak doublets H and H̄, providing that μ = −4 √ 3 h v_Ω. Thus, in this approach, we simply impose a fine-tuning of the parameters to arrange for a doublet-triplet splitting^2. However, since we ultimately take the limit in which v_Ω → ∞, as with the other symmetry-breaking spurions, there is no sign of this fine-tuning in the low-energy theory. From a low-energy perspective, it is completely consistent to assign two electroweak Higgs doublets to the brane in the GUT-Higgsless limit.

One feature of this solution that needs clarification is the coupling of these Higgs doublets to the matter fields. While the up-quark Higgs fields H lives in a 27 and couples to the matter fields via the conventional cubic interactions of 4D trinified theories, the down-type Higgs fields H̄ lies in a 27 and does not couple directly. Nonetheless,we may arrange for a suitable down quark Yukawa matrix by introducing a 27 spurion with the same nonvanishing components as the 27 spurion that we have already considered. Then the down quark Yukawa matrix will originate via a higher-dimension operator 1 Λ Z_3[Φ(1, ¯3, 3)H̄(1, ¯3, 3)Ψ(¯3, 1, 3)Ψ(3, ¯3, 1)] . (3.22)

We may generate the down quark Yukawa couplings by fixing the ratio of the spurion vev to Λ, and taking both to infinity in the Higgsless limit.

IV. GAUGE UNIFICATION

By breaking the GUT gauge group through boundary conditions, the heavy vector superfields that have GUT-scale masses in 4D trinified theories instead have zero-modes with mass M_c/2 in the exact Higgsless limit. The SU(3)_C ×SU(2)_W ×U(1)_Y quantum numbers of

2 Higher order combinations of the other spurions may generate a (1, 8, 8); we assume a fine tuning of the sum of all such contributions.

(b_1, b_2, b_3) (b̃_1, b̃_2, b̃_3) (V, Φ)_{321} (0,-6,-9) (0,-4,-6) (V, Φ)_{heavy} - (-6,-2,0) H, H (^3_5 ,1,0) - Matter (6,6,6) - Total (^{33}_5 ,1,-3) (-6,-6,-6)

TABLE II: Contributions to the beta function coefficients from the zero modes (b_i) and the KK levels (b̃_i) in our minimal scenario. Here Φ represents a chiral multiplet in the adjoint rep.

these states are given by

V_H ∼ (1, 2, 1/2) ⊕ (1, 1, 1) ⊕ (1, 1, 1) ⊕ (1, 1, 0) ⊕ (1, 1, 0) , (4.1)

where the hypercharges are shown here with their standard, rather than their GUT, normalization. KK modes of the ordinary MSSM vector superfields begin at M_c. The two towers of massive states are thus uniformly shifted with respect to each other by M_c/2. Each KK level in these towers consists of an N = 2 supersymmetric multiplet, which includes both a vector and a chiral superfield. The beta function contributions from these towers are indicated in Table II. Notice that the sum of all the KK gauge multiplet contributions to the beta functions is (−6, −6, −6); if the two massive towers were degenerate level by level, they would affect gauge coupling running universally and have no effect on the quality of unification. However, the M_c/2 splitting separates these states into two subsets, each contributing nonuniverally to the beta functions. The shifted towers therefore provide a large number of threshold corrections to the differential gauge coupling running α^{−1}_i (μ) − α^{−1}_j (μ). There is no reason a priori to assume that these corrections will preserve gauge unification. In our trinified theory, we will see that they do.

While the individual α^{−1}_i experience power-law running above M_c/2, a remarkable feature of this tower of threshold corrections is that the α^{−1}_i (μ)−α^{−1}_j (μ) evolve logarithmically. This behavior was pointed out by Nomura, Smith and Weiner [15] in the context of a supersymmetric SU(5) GUT broken on a brane. Thus, theories of this type unify logarithmically, in contrast to the first examples of higher-dimensional gauge unification discussed in Refs. [16].

FIG. 1: Gauge unification for M_c = 4 × 10^{15} GeV.

For our analysis, we follow the conventions of Ref. [15]: We first define gauge coupling differences with respect to α^{−1}_1 ,

δ_i(μ) = α^{−1}_i (μ) − α^{−1}_1 (μ). (4.2)

Unification occurs when δ_2 = δ_3 = 0. Above M_c/2, Eq.(4.2) can be written as

δ_i(μ) = δ_i(M_c/2) − 1 2π R_i(μ) (4.3)

where R_i(μ) represents the differential logarithmic running between all the thresholds from M_c/2 up the the renormalization scale μ. For trinified gauge multiplets in the bulk only, we find R_2(μ) = − 28 5 log( μ M_c/2 ) − 4 ∑ 0<nM_c <μ log( μ nM_c ) + 4 ∑ 0<(n+1/2)M_c<μ log( μ [n + 1/2]M_c

), (4.4)

R_3(μ) = − 48 5 log( μ M_c/2 ) − 6 ∑ 0<nM_c <μ log( μ nM_c ) + 6 ∑ 0<(n+1/2)M_c<μ log( μ [n + 1/2]M_c

). (4.5)

If the two towers of massive modes were degenerate, the last two terms in each of the equations above would have exactly canceled, and the R_i’s would be the same as in the MSSM. The overall effect of the threshold corrections is to delay unification, as shown in Fig. 1.

The shallower slopes above M_c/2 in Fig. 1 can be understood by rewriting Eq. (4.3) in the form.

δ_i(μ) = δ_i(M_c/2) − 1 2π δb_i log( μ M_c/2 ) − 1 2π Δb̃_{321} ∑ nM_c /2<μ (−1)^n log( μ nM_c/2 ) (4.6)

where we have used the fact that the difference in KK gauge multiplet beta functions Δb̃_{321} = −Δb̃_{heavy} . The first and second terms are negative and positive, respectively, and cancel in the MSSM at the unification point. The new term has positive coefficient −^1_{2π} Δb̃_{321}. However, one may estimate the sum via integration, and one finds it is well approximated by −(1 + log(μ/M_c ))/2. Thus, the new threshold corrections serve to reduce the effect of the second term (the MSSM differential logarithmic running) so that unification is delayed.

In the Higgsless limit, there are two significant physical scales in the theory: the compactification scale 1/R, which determines the masses of the super-heavy states in the theory, and the 5D Planck scale, M_∗(5D), which determines where gravity becomes important. In Fig. 2, we show both the unification scale M_{GUT}, defined as the point at which α^{−1}_1 = α^{−1}_2 , and M_∗(5D), as a function of the compactification scale M_c. These scales are identical when M_c ∼ 2 × 10^{15} GeV. For larger M_c, the 5D Planck scale is higher; in this case, one could introduce other, purely gravitational extra dimensions that again bring the higher-dimensional Planck scale in coincidence with M_{GUT}. For M_c ≲ 2×10^{15} GeV, M_∗(5D) is lower than M_{GUT} and a field theoretic calculation of gauge coupling unification can no longer be trusted. For all values of M_c larger than 2 × 10^{15} GeV, the unification scale is increased relative to that of the 4D MSSM, i.e., 2 × 10^{16} GeV. At its maximum value, 1.4 × 10^{17} GeV, the accuracy of gauge unification is ∼ 1%. This estimate assumes that brane-localized, higher-dimension kinetic energy operators have a negligible effect on the equality of the gauge couplings at the unification scale. Such an assumption is reasonable since these effects are volume suppressed by a factor of ∼ πM_∗(5D)/M_c [15], which is generally large. Of course, the precise values of the operator coefficients are unknown, and one cannot rule out the possibility that such operators are simply not present in the theory.

FIG. 2: Unification and 5D Planck scales as functions of M_c. For definitions of scales, see the text.

V. OTHER POSSIBILITIES

In the previous sections, we have allowed all exotic chiral superfields to be perfectly decoupled in the Higgsless limit. This was accomplished by restricting matter and Higgs multiplets to the y = πR brane, and including the most general set of couplings to the symmetry breaking parameters. In this section, we discuss the alternative possibility that some (or all) of the 27’s propagate in the bulk, along with the gauge multiplets. Assuming the same set of symmetry-breaking parameters on the πR brane, exotic fields now acquire masses of order the compactification scale, leaving the MSSM at low energies.

In general, a bulk matter field consists of an N = 2 hypermultiplet Ψ = (ψ, ψ^c), where ψ and ψ^c are each left-handed, 4D N = 1 chiral superfields; in our case, these fields transform as a 27 and a 27, respectively. We wish to argue that it is consistent within our framework to apply the following simple boundary conditions to elements of the 27 (and conjugate elements in the 27) that we require to become massive:

∂_5ϕ |_{y=0} = ϕ^c |_{y=0} = ϕ |_{y=πR} = ∂_5ϕ^c |_{y=πR} = 0 . (5.1)

Here, ϕ and ϕ^c represented the scalar components of Ψ and Ψ^c, respectively. These boundary conditions are satisfied for ϕ = ∑ k N_k cos(M_k y) ϕ^{(k)} ϕ^c = ∑ k N_k sin(M_ky) ϕ^{c(k)} , (5.2)

where N_k = (πR/2)^{−1/2}, and M_k = (k + 1/2) M_c , for integer k. Of course, Eq. (5.2) solve the bulk equations of motion ∂_M ∂^M ϕ = 0 provided that the KK modes satisfy the on-shell relation p^2_k = M^2_k . Since supersymmetry is unbroken, the same conditions apply to the fermionic components as well.

To show that these boundary conditions are consistent, let us consider one possible ultraviolet completion. First, let us generalize our boundary conditions to

∂_5ϕ |_{y=0} = 0 , ϕ^c |_{y=0} = 0 (− sin η ϕ^c + cos η ϕ) |_{y=πR} = 0 , ∂_5(cos η ϕ^c + sin η ϕ) |_{y=πR} = 0 (5.3)

which are satisfied by Eq. (5.2), if

tan(M_k πR) = cot η . (5.4)

Notice that one linear combination of the fields in Eq. (5.3) satisfies Dirichlet boundary conditions at y = πR, while the orthogonal satisfies has Neumann boundary conditions. The precise linear combination is determined by the mixing angle η, which is a free parameter. Our desired boundary conditions are obtained from Eq. (5.3) in the limit that η → 0.

Now consider the following 5D Lagrangian, with a brane-localized μ-term

L_5 = ∫ d^4 θ[ψ^†ψ + ψ^{c†}ψ^c] + ∫ d^2θ [ψ^c∂_5ψ + 1 2 cot η ψ^2δ(y − πR)] (5.5)

Here we have displayed the effective N = 1 supersymmetric Lagrangian, following the construction described in Ref. [17]. Extracting the purely scalar components, one finds

L_5 = F^†F + ∂_μϕ^†∂^μϕ + F^{c†}F^c + ∂_μϕ^{c†}∂^μϕ^c + [ ϕ^c∂_5F + F^c∂_5ϕ + cot η ϕF δ(y − πR) + h.c.] (5.6)

Aside from the bulk equations of motion for the auxiliary fields F = ∂_5ϕ^{c†} and F^c = −∂_5ϕ^†, one finds from the nonvanishing surface terms the boundary condition

− ϕ^cδF |_{y=0} + (ϕ^c + cot η ϕ)δF |_{y=πR} = 0 (5.7) which is clearly satisfied by the boundary conditions in Eq (5.3). Substituting out the auxiliary fields, one is left with the Lagrangian

L = ∂_5ϕ^{c†}∂_5ϕ^c − ∂^2_5 ϕ^{c†}ϕ^c + ϕ^†_c∂^2_5 ϕ_c + ∂_μϕ^{c†}∂^μϕ^c + ∂_μϕ^†∂^μϕ − ∂_5ϕ^†∂_5ϕ − cot η δ(y − πR)(∂_5ϕ^{c†}ϕ + ϕ^†∂_5ϕ^c) . (5.8)

Variation of the action with respect to ϕ leads to the further brane constraint

∂_5ϕ^†δϕ|_{y=0} + ∂_5(−ϕ^† + cot η ϕ^{c†}) δϕ|_{y=πR} = 0 (5.9)

which is satisfied by the remaining boundary conditions in Eq (5.3). Thus, our more general set of boundary conditions are consistent with this explicit brane Lagrangian. In particular, the simpler boundary conditions in Eq. (5.1) arise in the limit that the coupling cot η is allowed to become nonperturbatively large.

In the context of our previous discussion, the dimensionless brane coupling proportional to cot θ arises at some order in the symmetry breaking spurions Φ. Generically, W = − 1 2 λ(Φ/Λ) ψψ δ(y − πR) , (5.10) where, λ is a dimensionless coupling, and cot η is identified with λΦ/Λ. Any exotic field that decoupled in our earlier construction, will receive a brane coupling proportional to cot η in the present one. Thus, in the η → 0 limit, we recover the boundary conditions of Eq. (5.1) applied to that particular field, whose zero mode obtains a mass of M_c/2.

If we take this completion literally, then we would want to restrict cot η by the condition that the coupling λ remain perturbative. However, we are not wedding ourselves to any particular origin for the boundary conditions. We will take the example just discussed as motivation for the consistency of Eq. (5.1), and work in the exact η = 0 limit. The reader who disagrees with this approach may simply consider our results an approximation to the explicit ultraviolet completion discussed above when cot η is taken to be somewhat strongly coupled.

In the case where the bulk 27’s are the three standard model generations, the exotic N, E and B fields will become massive given our choice of brane spurions. Our results for gauge unification will not be affected since these fields form the complete SU(5) reps 5 ⊕ ¯5 ⊕ 1 ⊕ 1. Another possibility is to place the 27 and 27 Higgs multiplets in the bulk. In this case, we have a tower of KK modes beginning at M_C /2 for the massive components, and a tower beginning at M_C for those components with massless zero modes. This leads to an additional threshold correction of the type discussed in Section IV. We find that this tends to spoil unification for values of 1/R that are significantly smaller than the conventional supersymmetric unification scale, M_u = 2 × 10^{16} GeV. Thus, this possibility may be realized if 1/R and M_u are within a factor of a few of each other so that unification is preserved to good approximation.

VI. CONCLUSIONS

The breaking of gauge symmetries through the choice of consistent boundary conditions on an extra dimensional interval provides a powerful new tool for model building. Unlike the orbifold case, a more general choice of boundary conditions allows one to reduce the rank of the bulk gauge group. Aside from the breaking of electroweak symmetry [2, 3], this approach is naturally of interest in the breaking of grand unified and other gauge extensions of the standard model that have gauge groups with rank greater than four. We have demonstrated this explicitly in the case of gauge trinification. We obtained boundary conditions necessary to break the trinified gauge group directly down to that of the standard model, while preserving the GUT-scale relation sin^2 θ_W = 3/8. Symmetry breaking was introduced consistently in terms of spurions localized on the πR brane. In the Higgsless limit, in which these spurions are taken to infinity, the massive gauge multiplets have zeromodes at M_c/2, where M_c is the compactification scale. In the same limit, all exotic matter and Higgs fields are decoupled from the theory, and Higgs-mediated proton decay is avoided. We retain the light Higgs doublets of the MSSM, so that light fermion masses may be easily obtained. By placing the gauge multiplets in the bulk, there is power law running due to the KK modes. As in other 5D unified theories with gauge symmetries broken on a boundary [15], we find that the running of the differences α^{−1}_i − α^{−1}_j remains logarithmic. For the massive gauge fields in our trinified theory, we find that unification is preserved, and that the scale at which the couplings unify is increased. For M_c ∼ 2 × 10^{15} GeV, the gauge couplings unify at the 5D Planck mass 1.4 × 10^{17} GeV, with a percent accuracy at the one-loop level.

Acknowledgments

J.C. thanks Y. Nomura for a useful clarification of Ref. [15]. We thank the NSF for support under Grant No. PHY-0140012 and supplement PHY-0352413. In addition, CDC thanks the William and Mary Endowment Association for its support.

[1] Y. Kawamura, Prog. Theor. Phys. 103, 613 (2000) [arXiv:hep-ph/9902423]; Prog. Theor.

Phys. 105, 999 (2001) [arXiv:hep-ph/0012125]; Prog. Theor. Phys. 105, 691 (2001) [arXiv:hep-ph/0012352].

[2] For some examples, see A. Hebecker and J. March-Russell, Nucl. Phys. B 613, 3 (2001) [arXiv:hep-ph/0106166]; A. Hebecker and J. March-Russell, Nucl. Phys. B 625, 128 (2002) [arXiv:hep-ph/0107039]; L. J. Hall, Y. Nomura, T. Okui and D. R. Smith, Phys. Rev. D 65, 035008 (2002) [arXiv:hep-ph/0108071]; L. J. Hall and Y. Nomura, Phys. Rev. D 65, 125012 (2002) [arXiv:hep-ph/0111068]; L. J. Hall and Y. Nomura, Phys. Rev. D 66, 075004 (2002) [arXiv:hep-ph/0205067].

[3] C. Csaki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev. D 69, 055006 (2004) [arXiv:hep-ph/0305237].

[4] I. Antoniadis, C. Munoz and M. Quiros, Nucl. Phys. B 397, 515 (1993) [arXiv:hep-ph/9211309].

[5] I. Antoniadis and K. Benakli, Phys. Lett. B 326, 69 (1994) [arXiv:hep-th/9310151]. [6] L. J. Hall and Y. Nomura, Phys. Lett. B 532, 111 (2002) [arXiv:hep-ph/0202107]. [7] C. S. Huang, J. Jiang, T. j. Li and W. Liao, Phys. Lett. B 530, 218 (2002) [arXiv:hep-th/0112046].

[8] R. Foadi, S. Gopalakrishna and C. Schmidt, JHEP 0403, 042 (2004) [arXiv:hep-ph/0312324];

J. Hirn and J. Stern, Eur. Phys. J. C 34, 447 (2004) [arXiv:hep-ph/0401032]; G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, arXiv:hep-ph/0401160; S. Gabriel, S. Nandi and G. Seidl, arXiv:hep-ph/0406020; R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, arXiv:hep-ph/0406077; C. Schwinn, Phys. Rev. D 69, 116005 (2004) [arXiv:hep-ph/0402118]; T. Ohl and C. Schwinn, arXiv:hep-ph/0312263.

[9] S. L. Glashow, Fifth workshop on grand unification : proceedings Workshop on Grand Unification, 5th, Providence, R.I., Apr 12-14, 1984, Eds. K. Kang, H, Fried, P. Frampton, 1984, World Scientific.

[10] K. S. Babu, X. G. He and S. Pakvasa, Phys. Rev. D 33, 763 (1986).

[11] G. Lazarides and C. Panagiotakopoulos, Phys. Lett. B 336, 190 (1994) [arXiv:hep-ph/9403317]. G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 51, 2486 (1995) [arXiv:hep-ph/9407286].

[12] K. S. Choi and J. E. Kim, Phys. Lett. B 567, 87 (2003) [arXiv:hep-ph/0305002]; J. E. Kim, [arXiv:hep-th/0301177].

[13] S. Willenbrock, Phys. Lett. B 561, 130 (2003) [arXiv:hep-ph/0302168]. [14] G. R. Dvali and Q. Shafi, Phys. Lett. B 339, 241 (1994) [arXiv:hep-ph/9404334]. [15] Y. Nomura, D. R. Smith and N. Weiner, Nucl. Phys. B 613, 147 (2001) [arXiv:hep-ph/0104041].

[16] K. R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B 537, 47 (1999) [arXiv:hep-ph/9806292]; See also D. Ghilencea and G. G. Ross, Phys. Lett. B 442, 165 (1998) [arXiv:hep-ph/9809217]; C. D. Carone, Phys. Lett. B 454, 70 (1999) [arXiv:hep-ph/9902407].

[17] N. Arkani-Hamed, T. Gregoire and J. Wacker, JHEP 0203, 055 (2002).