arXiv:hep-ph/0103165 v3 2 May 2001

CERN-TH/2001-047

Analysis of Couplings with Large Tensor Representations in SO(2N) and Proton Decay

Pran Nath^{a,b,c,d} and Raza M. Syed^b

a. Theoretical Physics Division, CERN CH-1211, Geneve 23, Switzerland b. Department of Physics, Northeastern University, Boston, MA 02115-5000, USA^1 c. Physikalisches Institut, Universität Bonn, Nussallee 12, D-53115 Bonn, Germany d. Max-Planck Institute fuer Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany

Abstract We develop techniques for the analysis of SO(2N) invariant couplings which allow a full exhibition of the SU(N) invariant content of the spinor and tensor representations. The technique utilizes a basis consisting of a specific set of reducible SU(N) tensors in terms of which the SO(2N) invariant couplings have a simple expansion. The technique is specially useful for couplings involving large tensor representations. We exhibit the technique by performing a complete determination of the trilinear couplings in the superpotential for the case of SO(10) involving the 16 plet of matter, i.e., we give a full determination of the 16 − 16 − 10_s, 16 − 16 − 120_a and 16 − 16 − ¯126_s couplings. The possible role of large tensor representations in the generation of quark lepton textures is discussed. It is shown that the couplings involving ¯126 dimensional representation generate extra zeros in the Higgs triplet textures which can lead to an enhancement of the proton decay lifetime by a factor of 10^3. These results also have implications for neutrino mass textures.

1Permanent address of P.N.

1 Introduction

The group SO(10) is one of the candidates for a theory of grand unification and has come under increasing scrutiny since the early work of Ref.[1] because of its desirable features such as the unification of one generation of quarks and leptons in a single multiplet and a relatively natural way in which the doublet-triplet splitting can be achieved in the model[2]. On the technical side the introduction of the oscillator technique[3, 4, 5] in SO(10) analyses has proven useful. However, SO(10) matter interactions may involve large tensor representations, i.e., 120, ¯126 and 210. Specifically the representations 120 and ¯126 have already surfaced in the analyses of quark, charged lepton and neutrino mass textures[6, 7, 8, 9, 10]. However, a full analysis of the couplings of such large representations such as 16 − 16 − 120 and 16 − 16 − ¯126 does not exist in the literature in any explicit form. We develop here a systematic approach that enables one to carry out a full computation of such couplings with relative ease. We then illustrate our technique by giving a complete analysis of the trilinear superpotential with the 16 plet of matter. Since 16 × 16 = 10_s + 120_a + 126_s we give an explicit computation of the 16 − 16 − 10_s, 16 − 16 − 120_a, and 16 − 16 − ¯126_s couplings.

Our technique is a natural extension of the work of Refs.[3, 4] which introduced the oscillator expansion in the analysis of SO(2N) interactions [One may also use completely group theoretic methods to compute the couplings as done in E_6 model building analysis of Ref.[11]. Our technique is field theoretic and more straightforward.]. We briefly review this analysis first. In the oscillator technique of Refs.[3] one defines a set of N operators b_i (i=1,...,N) obeying the anti-commutation rules {b_i, b^†_j} = δ_{ij}; {b_i, b_j} = 0 (1) and represents the set of 2N operators Γ_μ (μ = 1, 2, .., 2N) by Γ_{2i} = (b_i + b^†_i ); Γ_{2i−1} = −i(b_i − b^†_i ) (2)

where Γ_μ satisfy a rank 2N Clifford algebra {Γ_μ, Γ_ν } = 2δ_{μν} . The group SO(2N) has a 2^N dimensional spinor representation ψ. This representation can be split into 2^{N −1} dimensional representation under the action of the chirality operator so that ψ_± = 1 2 (1 ± Γ_0)ψ, Γ_0 = i^N Γ_1Γ_2...Γ_{2N} (3) where ψ_± are each 2^{N −1} dimensional. In the analysis of SO(2N) interactions one encounters couplings of the type ψ̃BΓ_μ..Γ_σψϕ_{μ..σ} where B(= ∏ μ=odd Γμ) is an

SO(2N) charge conjugation matrix. We wish to develop here a simple technique for the explicit evaluation of the couplings in terms of the physical degrees of freedom even for the case when the tensor representation that couples has a large dimensionality.

2 The Basic Theorem

We begin with the observation that the natural basis for the expansion of the SO(2N) vertex is in terms of a specific set of SU(N) reducible tensors which we define below. We introduce the notation ϕ_{ci} = ϕ_{2i} + iϕ_{2i−1} and ϕ_{c̄i} = ϕ_{2i} − iϕ_{2i−1} which can be extended immediately to define the quantity ϕ_{cicjc̄k..} with an arbitrary number of unbarred and barred indices where each c index can be expanded out so that ϕ_{cicjc̄k..} = ϕ_{2icjc̄k ...} + iϕ_{2i−1cjc̄k..}, ϕ_{cicjc̄k ..} = ϕ_{cicj 2k...} − iϕ_{cicj 2k−1...},etc. Thus, for example, the quantity ϕ_{cicjc̄k...cN} is a sum of 2^N terms gotten by expanding all the c indices. ϕ_{cicjc̄k ...cn} is completely anti-symmetric in the interchange of its c indices whether unbarred or barred. We now make the observation that the object ϕ_{cicjc̄k...cn} transforms like a reducible representation of SU(N). Thus if we are able to compute the SO(2N) invariant couplings in terms of these reducible tensors of SU(N) then there remains only the further step of decomposing the reducible tensors into their irreducible parts. Finally, one can take the result obtained in terms of the SU(N) irreducible representations and expand out in terms of the particles of the model.

The result essential to our analysis is the theorem that the quantity Γ_μΓ_ν Γ_λ..Γ_σ ϕ_{μνλ..σ} can be expanded in the following form Γ_μΓ_ν Γ_λ..Γ_σϕ_{μνλ..σ} = b^†_i b^†_jb^†_k..b^†_nϕ_{cicjck ...cn} + (b_ib^†_jb^†_k..b^†_nϕ_{c̄icj ck...cn} + perms) +(b_ib_jb^†_k..b^†_nϕ_{c̄ic̄jck..cn} + perms) + .... + (b_ib_jb_k..b_{n−1}b^†_nϕ_{c̄ic̄jc̄k..c̄n}�_{1cn} + perms) + +b_ib_jb_k.....b_nϕ_{c̄ic̄jc̄k...c̄n} (4) Eq.(4) is the basic result we need in the analysis of the SO(2N) invariant couplings. It is found convenient to arrange the right hand side of Eq.(4) in a normal ordered form by which we mean that all the b’s are either to the right or to the left and all the b^†’s are either to the left or to the right using strictly the anti-commutation relations on the b’s and b^†’s of Eq.(1). When a pair of b^† and b have a summed index such as b^†_nb_n we will move them together either to the left or to the right. After normal ordering one decomposes ϕ_{cicjc̄k..cn} into its SU(N) irreducible components.

The final step consists of carrying out the process of removing all the b and b^† using the anti-commutation relation Eq.(1) along with the condition b_i|0 >= 0 which allows us to compute the couplings in the SU(N) invariant decomposition.

3 The 120 plet and the ¯126 plet tensor couplings

The above procedure makes it straightforward to analyze the SO(2N) invariant couplings involving large tensor representations. As an illustration of our technique we give a complete determination of the superpotential at the trilinear level involving two spinor representations which consists of the couplings 16 × 16 × 10, 16 × 16 × 120 and 16 × 16 × ¯126. We begin by computing the 16 × 16 × 10 coupling which is given by f_{ab}ψ̃_aBΓ_μψ_bϕ_μ (5) where a, b are the generation indices. Following the procedure of sec.2 we decompose the vertex so that Γ_μϕ_μ = b_iϕ_{c̄i} + b^†_i ϕ_{ci} (6) In Eq.(6) the tensors are already in their irreducible form and one can identify ϕ_{ci} with the 5 plet of Higgs and ϕ_{c̄i} with the ¯5 plet of Higgs. To normalize the tensors we define H_{1i} =^{1√}_2 ϕ_{c̄i} , H^i_2 =^{1√}_2 ϕ_{ci} , so that the kinetic energy −∂_αϕ_μ∂^αϕ^†_μ of the tensor ϕ_μ takes the form −∂_αH_{1i}∂^αH^†_{1i} −∂_αH^i_2∂^αH^{i†}_2 . For the computation of the superpotential we need to expand the 16 plet spinor representation ψ_+ in its oscillator modes

|ψ_+ >= |0 > M_0 + 1 2 b^†_i b^†_j|0 > M^{ij} + 1 24 ϵ^{ijklm}b^†_i b^†_jb^†_kb^†_l |0 > M^′_m (7) so that ψ_+ contains 1_M + 10_M + ¯5_M in its SU(5) decomposition. Using the above we compute the 16 − 16 − 10 couplings and find

W^{(10)} = (2 √ 2i)f^{(+)}_{ab} (M^{ij}_a M^′_{ib}H_{1j} − M_{0a}M^′_{ib}H^i_2 + 1 8 ϵ_{ijklm}M^{ij}_a M^{kl}_b H^m_2 ) (8)

where f^{(±)}_{ab} are defined by f^{(±)}_{ab} = 1 2 (f_{ab} ± f_{ba}) (9)

and f^{(±)}_{ab} are symmetric (antisymmetric) under the interchange of generation indices a and b. As expected the 16-16-10 couplings given by Eq.(8) are correctly symmetric in the generation indices. We note that the couplings have the SU(5) invariant structure consisting of 1_M −¯5_M −5_H , 10_M −¯5_M −¯5_H and 10_M −10_M −5_H .

Next we discuss the 16-16-120 coupling which is given by 1 3! f_{ab}ψ̃_aBΓ_μΓ_ν Γ_λψ_bϕ_{μνλ} (10)

We expand the vertex using Eq.(4) and find Γ_μΓ_ν Γ_λϕ_{μνλ} = b_ib_jb_kϕ_{c̄ic̄jc̄k} + b^†_i b^†_jb^†_kϕ_{cicj ck} + 3(b^†_i b_jb_kϕ_{cic̄jc̄k} + b^†_i b^†_jb_kϕ_{cicjc̄k} ) +(3b_iϕ_{c̄ncnc̄i} + 3b^†_i ϕ_{c̄ncnci} ) (11) The 120 plet of SO(10) has the SU(5) decomposition 120 = 5 + ¯5 + 10 + ¯10 + 45 + ¯45. Eq.(11) can be decomposed in terms of these irreducible SU(5) tensors as explained in the appendix. A straightforward computation using Eq.(11)^2 and the normalization of Eq.(23) in the appendix gives

W^{(120)} = i 2 √ 3 f^{(−)}_{ab} (2M_{0a}M_{ib}h^i + M^{ij}_a M_{0b}h_{ij} + M_{ia}M_{jb}h^{ij} −M^{ij}_a M_{ib}h_j + M_{ia}M^{jk}_b h^i_{jk} − 1 4 ϵ_{ijklm}M^{ij}_a M^{mn}_b h^{kl}_n ) (12) The front factor f^{(−)}_{ab} in Eq.(12) exhibits correctly the anti-symmetry in the generation indices. Further, the couplings have the 1_M − ¯5_M − 5_H , 1_M − 10_M − ¯10_H , ¯5_M − ¯5_M − 10_H , 10_M − ¯5_M − ¯5_H , ¯5_M − 10_M − ¯45_H and 10_M − 10_M − 45_H SU(5) invariant structures.

We now turn to the most difficult of the three cases, i.e., the 16 − 16 − ¯126 coupling which is given by 1 5! f_{ab}ψ̃_aBΓ_μΓ_ν Γ_λΓ_ρΓ_σψ_bΔ_{μνλρσ} (13)

where Δ_{μνλρσ} is 252 dimensional and can be decomposed so that Δ_{μνλρσ}=ϕ̄_{μνλρσ}+ ϕ_{μνλρσ}, where[7] ( ϕ̄_{μνλρσ} ϕ_{μνλρσ} ) = 1 2 (δ_{μα}δ_{νβ}δ_{ργ}δ_{λδ}δ_{σθ} ± i 5! ϵ_{μνρλσαβγδθ})Δ_{αβγδθ} (14) and where the ϕ̄_{μνλρσ} is the ¯126 plet and ϕ_{μνλρσ} is the 126 plet representation. It is only the ¯126 that couples in Eq.(13) with the 16 plet spinors. However, for the reduction of the SO(10) vertex it is more convenient initially to work with the full 252 dimensional tensor and in the final computation only the ¯126 couplings will survive. We begin by expanding Γ_μΓ_ν Γ_λΓ_ρΓ_σΔ_{μνλρσ} using Eq.(4) following steps similar

2The symmetrical arrangement in the first brace of Eq.(11) is necessary for achieving an automatic anti-symmetry in the generation indices for the SU(5) 10M � 10M � 45H coupling.

to the previous case using normal ordering and further decomposing the tensors into their irreducible components. The ¯126 and the 126 dimensional representations break into the SU(5) irreducible parts as ¯126 = 1 + 5 + ¯10 + 15 + ¯45 + 50 and 126 = 1 + ¯5 + 10 + ¯15 + 45 + ¯50. The details of the decomposition are given in the appendix. Using Eq.(25) in the appendix a straightforward analysis gives

W^{( ¯126)} = if^{(+)}_{ab} √ 2 √ 15 [− √ 2M_{0a}M_{0b}h − √ 3M_{0a}M^′_{ib}h^i + M_{0a}M^{ij}_b h_{ij} − 1 8 √ 3 M^{ij}_a M^{kl}_b h^mϵ_{ijklm} − h^{ij}_S M^′_{ia}M^′_{jb} + M^{ij}_a M^′_{bk}h^k_{ij} − 1 12 √ 2 ϵ_{ijklm}M^{lm}_a M^{rs}_b h^{ijk}_{rs} ] (15) where we have expressed the result in terms of fields h^i, h_{ij} etc with normalizations given by Eq.(27). As in the 10 plet tensor case the couplings are symmetric under the interchange of generation indices. Further, the 16 − 16 − ¯126 coupling has the SU(5) structure consisting of 1_M − 1_M − 1_H , 1_M − ¯5_M − 5_H , 1_M − 10_M − ¯10_H , 10_M − 10_M − 5_H , ¯5_M − ¯5_M − 15_H , 10_M − ¯5_M − ¯45_H and 10_M − 10_M − 50_M . A similar analysis can be carried out for the tensor couplings involving ¯16 − 16 which includes ¯16−16−45 and ¯16−16−210 couplings. These will be discussed elsewhere.

4 Large representations, textures and proton lifetime

Proton decay is an important signal for grand unification and detailed analyses for the proton lifetime exist in SU(5) models[12, 13, 14] and in SO(10) models[15, 16]. In this section we discuss the possibility that couplings in the superpotential that involve large representations can drastically change the Higgs triplet textures and affect proton decay in a very significant manner. These results are of significance in view of the recent data from SuperKamiokande which has significantly improved the limit on the proton decay mode p → ν + K^+. Thus the most recent limit from SuperKamiokande gives τ /B(p → ν̄ + K^+) > 1.9 × 10^{33} yr[17]. At the same time there is a new lattice gauge evaluation of the three quark matrix elements α and β of the nucleon wave function[18] (where α and β are defined by[19] ϵ_{abc} < 0|ϵ_{αβ}d^α_{aR}u^β_{bR}u^γ_{cL}|p >=αu^γ_L and ϵ_{abc} < 0|ϵ_{αβ}d^α_{aL}u^β_{bL}u^γ_{cL}|p >=βu^γ_L). Pre- vious evaluations of these quantities have varied over a wide range from β = 0.003GeV^3[20] to β = 0.03GeV^3[19, 21] while recent p decay analyses have often used the lattice gauge evaluation of Gavela et.al.[22] which gives β = (5.6 ± 0.5) × 10^{−3}GeV^3. The more recent evaluation of Ref.[18] gives α = −0.015(1)GeV^3 and β = 0.014(1)GeV^3 which is a factor of about two and a half times larger than the evaluation of Ref.[22]. The new experimental limit on the proton decay lifetime[17] combined with the new lattice gauge evaluations have begun to constrain the SUSY GUT models prompting some reanalyses[23, 24]. In this context the enhancement of the proton lifetime by textures is of interest. To make this idea more concrete we define textures in the low energy theory in the quark lepton sector of the theory just below the GUT scale as follows

W_Y = −M_HH_{1t}H_{2t} + (lA^Ee^ch_1 + qA^Dd^ch_1 + h_2u^cA^U q) +(qB^ElH_{1t} + ϵ_{abc}H_{1ta}d^c_bB^Du^c + H_{2ta}u^c_aB^U e^c + ϵ_{abc}H^a_{2t}u_bC^U d_c) (16)

where A^E, A^D and A^U are the textures in the Higgs doublet sector and B^E, B^D, B^U and C^U are the textures in the Higgs triplet sector. A classification of the possible textures in the Higgs doublet sector is given in Refs.[25, 26]. For our purpose here we adopt the textures in the Higgs doublet sector in the form

A^E =

0 f 0 f −3e 0 0 0 d , A^D = 0 fe^{iϕ} 0 fe^{−iϕ} e 0 0 0 d , A^U = 0 c 0 c 0 b 0 b a (17)

As is well known[25] the appearance of -3 vs 1 in the 22 element of A^E vs A^D is one of the important ingredients in achieving the desired quark and lepton mass hierarchy and may provide an insight into the nature of the fundamental coupling. Now the textures in the Higgs triplet sector are generally different than those in the Higgs doublet sector and they are sensitively dependent on the nature of GUT and Planck scale physics[27]. The current experimental constraints on the proton lifetime leads us to conjecture that the Higgs triplet sector contains additional texture zeros over and above the texture zeros that appear in the Higgs doublet sector and the coupling of the ¯126 tensor field plays an important role in this regard. In the following we shall assume CP invariance and set the phases to zero in Eq.(17). Since in this case the textures of Eq.(17) are symmetric it is only the 10 plet and the ¯126 plet of Higgs couplings that enter in the analysis and the 120 plet couplings do not. To exhibit the above phenomenon more concretely we consider on phenomenological grounds a superpotential in the Yukawa sector of the following type

W_Y = f^{(0)}_{ij} (Y, M)ψ_iψ_jϕ^{(0)}_{¯126} + f^{(d)}_{12} (Y, M)ψ_1ψ_2ϕ^{(1)}_{10} + f^{(u)}_{12} (Y, M)ψ_1ψ_2ϕ^{(2)}_{10} +f^{(d)}_{22} (Y, M)ψ_2ψ_2ϕ^{(1)}_{¯126} + f^{(u)}_{23} (Y, M)ψ_2ψ_3ϕ^{(2)}_{¯126} + f^{(d)}_{33} (Y, M)ψ_3ψ_3ϕ^{(1)}_{10} +f^{(u)}_{33} (Y, M)ψ_3ψ_3ϕ^{(2)}_{¯126} (18) where M is a superheavy scale and f^{(d)}_{ij} (Y, M) and f^{(u)}_{ij} (Y, M) are functions of a set of scalar fields Y which develop VEVs and the appropriate factors of < Y^nϕ > /M^n generate the right sizes. The model of Eq.(18) is of the generic type discussed in refs.[7, 10]. We do not go into detail here regarding the symmetry breaking mechanism, the doublet-triplet splitting and the mass generation for the pseudogoldstone bosons. All of these topics have been dealt with at some length in the previous literature[2, 7, 8, 9]. Further, while models with large representations are not asymptotically free and lead rapidly to non-perturbative physics above the unification scale, the effective theories below the unification scale gotten by integration over the heavy modes are nonetheless perfectly normal and thus such theories are acceptable unified theories. For our purpose here we assume a pattern of VEV formation for the neutral components of the Higgs so that < ϕ^{(0)}_{¯126} > develops a VEV along the SU(5) singlet direction (this corresponds to h in Eq.(15) developing a VEV), < ϕ^{(1)}_{10} > develops a VEV in the ¯5 plet of SU(5) direction (this corresponds to H_1 developing a VEV in Eq.(8)), < ϕ^{(2)}_{10} > develops a VEV in the 5 plet direction (this corresponds to H_2 developing a VEV in Eq.(8)), < ϕ^{(1)}_{¯126} > develops a VEV in the direction of ¯45 plet of Higgs (this corresponds to h^k_{ij} in Eq.(15) developing a VEV), and < ϕ^{(2)}_{¯126} > develops a VEV in the direction of 5 plet of Higgs (this correspons to h^i in Eq.(15) developing a VEV). It is the VEV of the 45 plet that leads to -3 and 1 factors in A^E vs A^D. The superpotential of Eq.(18) with the above VEV alignments then leads automatically to the textures in the Higgs doublet sector of Eq.(17). One may now compute the textures in the Higgs triplet sector that result from superpotential of Eq.(18). One finds

B^E =

0 f 0 f 0 0 0 0 d , B^U = 0 c 0 c 0 0 0 0 0

(19)

and B^D = B^E and C^U = B^U . We note the existence of the additional zeros in B^E and B^D relative to A^E and A^D and in B^U and C^U relative to A^U . We shall show shortly that the existence of the additional zeros in B^E, B^D,B^U and C^U increases in a very significant manner the proton decay lifetime. Before we discuss this enhancement in greater detail, we wish to discuss the origin of the additional zeros. It is easy to see that a coupling of the matter sector with the ¯126 of Higgs which contributes a non-vanishing element in the Higgs doublet sector produces a vanishing contribution in the lepton and baryon number violating dimension five operator or equivalently generates a corresponding zero in the texture in the Higgs triplet sector. The reason for this is rather straightforward. While one also needs a 126 plet of Higgs to cancel the D term generated by the VEV of the ¯126 of Higgs, the 126 plet of Higgs has no coupling with the ordinary 16 plet of matter. Since the only bilinear with the ¯126 in the superpotential is of the form 126 × ¯126 (i.e., one cannot write a (126)^2 term in the superpotential) one finds that no lepton and baryon number violating dimension five operators arise as a consequence of integrating out the 126 and ¯126 of Higgs which effectively corresponds to a texture zero in the Higgs triplet sector. Of course, the extra zeros in the Higgs triplet sector could also arise from accidental cancellations. However, the group theoretic origin is more appealing.

The extra zeros in the textures in the Higgs triplet sector lead to a substantial enhancement of the proton decay lifetime. To see their effect we begin by integrating out the Higgs triplet field in Eq.(16) which generates lepton and baryon number violating dimension five operators with the chiral structure LLLL and RRRR. Of these the LLLL operator involves the textures B^E and C^U while the RRRR operator involves the textures B^D and B^U . Since the number of extra zeros in B^E and B^D are the same and the same holds for B^U and C^U , it suffices to discuss only one of these operators, and in the following we focus on the LLLL dimension five operator. Here the texture zero in the 22 element of B^E suppresses the ν̄_μK^+ decay mode of the proton by a factor m_d/m_s making the ν̄_τ K^+ the dominant mode. Since the decay channel ν̄_μK^+ is highly suppressed (while the decay channel ν̄_eK^+ which is normally suppressed remains suppressed) we estimate that there is an over all suppression in all the neutrino decay channels from the extra zero in B^E to be about a factor of about 2. The texture zeros in C^U lead roughly to a replacement of m_c by √ m_um_c and thus lead to a suppression of the proton decay lifetime roughly by m_u/m_c. A similar suppression holds for decays via the RRRR dimension five operator. Including the suppression from both B^E and C^U and using m_c = 1.35 GeV and the up quark mass in the range 1-5 MeV, one finds that the texture zeros can lead to an enhancement of the proton decay lifetime in the ν̄K^+ mode by a factor of (1.5 ± 1) × 10^3 over the minimal SU(5) model. Such lifetimes fall in the interesting range for the next generation of proton decay experiments. The texture effects are generic and similar effects are expected in other decay modes as well. The superpotential of Eq.(18) also generates a Dirac neutrino mass matrix which is given by

M_{νLR} = 0 c 0 c 0 −3b 0 −3b −3a h_2 (20)

However, a full analysis of neutrino masses requires a model for the Majorana mass matrix M_{Maj} to generate a see-saw mechanism[28] so that M_{νLL} = −M^T_{νLR}M^{−1}_{Maj}M_{νLR} where the mass scale associated with M_{Maj} is much larger than the mass scale that appears in M_{νLR}. M_{Maj} depends on f^{(0)}_{ij} in Eq.(18) which are in general additional arbitrary parameters. [For a sample of recent analyses on neutrino masses in SO(10) see Ref.[10, 29] and for a review and a classification of models of neutrino masses see Ref.[30]]. The appearance of M_{Maj} in the analysis of neutrino masses with additional arbitrary parameters and a scale much larger than the mass scale that appears in M_{νLR} implies that there is not a rigid relationship between proton decay and neutrino masses in SO(10). Nonetheless, it is interesting to investigate the correlation that exists between these two important phenomena in specific models. A more extensive analysis of this topic involving the detailed coupling structure of Eqs.(8), (12) and (15) as well as other texture possibilities in the Higgs doublet sector[26] will be discussed elsewhere.

In conclusion, we have developed a technique which allows the explicit computation of the SO(2N) invariant couplings in terms of SU(N) invariant couplings. The technique is specially useful in the analysis of couplings involving large tensor representations. We have illustrated the technique by carrying out a complete analysis of the SO(10) invariant superpotential at the trilinear level involving interactions of matter with Higgs which consists of the 16_a16_b10_H , 16_a16_b120_H , and the 16_a16_b ¯126_H couplings. The technique can be used with relative ease to compute other couplings involving large tensor representations such as ¯16 − 16 − 210. We note that the decomposition of SO(10) into multiplets of SU(5) is merely a convenient device for expanding the SO(10) interaction in a compact form and does not necessarily imply a preference for the symmetry breaking pattern. Indeed one can compute the SO(10) interactions using the technique used here and then use any symmetry breaking scheme one wishes to get to the low energy theory. We also discussed in this paper the phenomena that the coupling of the ¯126 with matter leads to extra zeros in the Higgs triplet sector and the existence of such zeros can enhance the proton decay lifetime by as much as 10^3. Thus ¯126 couplings might help relieve the constraint on SUSY GUT models because of the recent SuperKamiokande data and improved lattice gauge calculations of α and β. The coupling involving large tensor representation given in sec.3 also have implications for neutrino mass textures. Finally, the technique discussed here is easily extendible to models with SO(2N+1) invariance. [Note added: The enhancement of the proton lifetime by a factor of O(10^3) discussed here may be needed to overcome the light sparticle spectrum (see e.g., U. Chattopadhyay and P. Nath, hep-ph/01021577) implied by the Brookhaven g-2 experiment, H.N. Brown et.al, hep-ex/0102017.]

Acknowledgements

We wish to thank Pierre Ramond for a discussion. One of us (PN) wishes to thank the Physics Institute at the University of Bonn and the Max Planck Institute, Heidelberg, for hospitality and acknowledges support from the Alexander von Humboldt Foundation. This research was supported in part by NSF grant PHY-9901057.

Appendix: Details of 120 plet and ¯126 plet couplings and normalizations We discuss now the details of the 120 plet and ¯126 plet couplings. For the tensors that appears in the 120 plet coupling, can be decomposed in their irreducible forms by the decomposition ϕ_{cicjc̄k} = f^{ij}_k + 1 4 (δ^i_kf^j − δ^j_kf^i), ϕ_{cic̄jc̄k} = f^i_{jk} + 1 4 (δ^i_jf_k − δ^i_kf_j) ϕ_{cicj ck} = ϵ^{ijklm}f_{lm}, ϕ_{c̄ic̄jc̄k} = ϵ_{ijklm}f^{lm}, ϕ_{c̄ncnci} = f^i, ϕ_{c̄ncnc̄i} = f_i (21) where f^{ij}_k and f^i_{jk} are traceless and are the 45 plet and the ¯45 plet representations of SU(5). The irreducible tensors f^i, f^{ij} etc are not yet properly normalized. To normalize them we make the following redefinition of fields

f^i = 4 √ 3 h^i, f^{ij} = 1 √ 3 h^{ij}, f^{ij}_k = 2 √ 3 h^{ij}_k f_i = 4 √ 3 h_i, f_{ij} = 1 √ 3 h_{ij}, f^i_{jk} = 2 √ 3 h^i_{jk} (22)

In terms of the redefined fields the kinetic energy term for the 120 multiplet which is given by −∂_αϕ_{μνλ} ∂^αϕ^†_{μνλ} takes on the form

L^{(120)}_{kin} = −( 1 2 ∂_αh^{ij} ∂^αh^{ij†} + 1 2 ∂_αh_{ij}∂^αh^†_{ij} + 1 2 ∂_αh^{ij}_k ∂^αh^{ij†}_k + 1 2 ∂_αh^i_{jk}∂^αh^{i†}_{jk} + ∂_αh^i∂^αh^{i†} + ∂_αh_i∂^αh^†_i ) (23)

where the factors of 1/2 are to account for (ij) permutations.

Next we discuss details of the ¯126 plet couplings. Here the reducible tensors that enter in the expansion of the vertex are Δ_{cicjck clc̄m} , Δ_{cicj ckc̄lc̄m} etc. These can be decomposed into their irreducible parts as follows Δ_{cicj ckclc̄m} = f^{ijkl}_m + 1 2 (δ^i_mf^{jkl} − δ^j_mf^{ikl} + δ^k_mf^{ijl} − δ^l_mf^{ijk}) Δ_{cicj ckc̄lc̄m} = f^{ijk}_{lm} + 1 2 (δ^i_l f^{jk}_m − δ^j_l f^{ik}_m + δ^k_l f^{ij}_m − δ^i_mf^{jk}_l + δ^j_mf^{ik}_l − δ^k_mf^{ij}_l ) + 1 12 (δ^i_l δ^j_mf^k − δ^j_l δ^i_mf^k − δ^i_l δ^k_mf^j + δ^k_l δ^i_mf^j + δ^j_l δ^k_mf^i − δ^k_l δ^j_mf^i) Δ_{cicjc̄kc̄lc̄m} = f^{ij}_{klm} + 1 2 (δ^i_kf^j_{lm} − δ^i_l f^j_{km} + δ^i_mf^j_{kl} − δ^j_kf^i_{lm} + δ^j_l f^i_{km} − δ^j_mf^i_{kl}) + 1 12 (δ^i_kδ^j_l f_m − δ^i_kδ^j_mf_l − δ^i_lδ^j_kf_m + δ^i_lδ^j_mf_l + δ^i_mδ^j_kf_l − δ^i_mδ^j_l f_k) Δ_{cic̄jc̄kc̄lc̄m} = f^i_{jklm} + 1 2 (δ^i_jf_{klm} − δ^i_kf_{jlm} + δ^i_l f_{jkm} − δ^i_mf_{jkl}) Δ_{cicj ckclcm} = ϵ^{ijklm}f, Δ_{c̄ic̄jc̄kc̄lc̄m} = ϵ_{ijklm}f̄ (24) In terms of the irreducible tensors the vertex that enters in Eq.(13) can be decomposed as follows

Γ_μΓ_ν Γ_λΓ_ρΓ_σΔ_{μνλρσ} = (ϵ_{ijklm}b_ib_jb_kb_lb_mf + ϵ^{ijklm}b^†_i b^†_jb^†_kb^†_l b^†_mf̄) + +(15b^†_i f^i − 20b^†_i b^†_nb_nf^i + 5b^†_i b^†_nb_nb^†_mb_mf^i + 15b_if_i − 20b^†_nb_nb_if_i + 5b^†_nb_nb^†_mb_mb_if_i) +10(b^†_i b^†_jb^†_kf^{ijk} − b^†_i b^†_jb^†_kb^†_nb_nf^{ijk} + b_ib_jb_kf_{ijk} − b^†_nb_nb_ib_jb_kf_{ijk}) +(60b^†_i b^†_jb_kf^{ij}_k − 30b^†_i b^†_jb_kb^†_nb_nf^{ij}_k + 60b^†_i b_jb_kf^i_{jk} − 30b^†_nb_nb^†_i b_jb_kf^i_{jk}) +(5b^†_i b^†_jb^†_kb^†_l b_mf^{ijkl}_m + 5b^†_i b_jb_kb_lb_mf^i_{jklm}) + (10b^†_i b^†_jb^†_kb_lb_mf^{ijk}_{lm} + 10b^†_i b^†_jb_kb_lb_mf^{ij}_{klm})(25)

The fields that appear above are not yet properly normalized. To normalize the fields we carry out a field redefinition so that f = 2 √ 15 h, f^i = 4 √ 2 √ 5 h^i, f^{ijk} = √ 2 √ 15 ϵ^{ijklm}h_{lm} f^i_{jklm} = √ 2 √ 15 ϵ_{jklmn}h^{(S)ni}, f^i_{jk} = 2 √ 2 √ 15 h^i_{jk}, f^{ijk}_{lm} = 2 √ 15 h^{ijk}_{lm} , (26) The kinetic energy for the ¯126 plet field −∂_αϕ_{μνλρσ}∂^αϕ^†_{μνλρσ} in terms of the normalized fields is then given by

L^{( ¯126)}_{kin} = −(∂_αh∂^αh^† + ∂_αh^i∂^αh^{i†} + 1 2 ∂_αh_{ij} ∂^αh^†_{ij} + 1 2 ∂_αh^{(S)ij}∂^αh^{(S)ij†} + 1 2 ∂_αh^i_{jk}∂^αh^{i†}_{jk} + 1 3!2 ∂_αh^{ijk}_{lm} ∂^αh^{ijk†}_{lm} ) (27) where the numerical factors are to account for the permutations.

References

[1] H. Georgi, in Particles and Fields (edited by C.E. Carlson), A.I.P., 1975; H.

Fritzch and P. Minkowski, Ann. Phys. 93(1975)193.

[2] S. Dimopoulos and F. Wilczek, Report. No. NSF-ITP-82-07, August 1981(unpublished); R.N. Cahn, I. Hinchliffe and L. Hall, Phys. Lett.109B(1982)426; K.S. Babu and S.M. Barr, Phys. Rev. D48(1993)5354; ibid, D50(1994)3529.

[3] R.N. Mohapatra and B. Sakita, Phys. Rev.D21(1980)1062.

[4] F. Wilczek and A. Zee, Phys. Rev. D25(1982)553.

[5] S. Nandi, A. Stern, E.C.G. Sudarshan, Phys. Rev. D26(1982)1653.

[6] H. Georgi and D.V. Nanopoulos, Nucl. Phys. B159(1979)16.

[7] J.A. Harvey, P. Ramond, and D.B. Reiss, Phys. Lett. B92(1980)309; J.A.

Harvey, D.B. Reiss and P. Ramond, Nucl. Phys. B199(1982)223.

[8] K.S. Babu and R.N. Mohapatra, Phys. Rev. Lett.70(1993)2845.

[9] C.S. Aulakh, A. Melfo, A. Rasin and G. Senjanovic, Phys. Lett.

B459(1999)557; hep-ph/0004031.

[10] M-C. Chen and K.T. Mahanthappa, Phys. Rev. D62(2000)113007.

[11] G.W. Anderson and T. Blazek, J. Math. Phys. 41 (2000)8170; hepph/0101349.

[12] S. Dimopoulos, S. Raby and F.Wilczek, Phys. Lett. 112B(1982)133; J. Ellis, D.V. Nanopoulos and S. Rudaz, Nucl. Phys. B202, (1982)43; J. Ellis, J.S. Hagelin, D.V. Nanopoulos and K. Tamvakis, Phys. Lett. B124(1983)484; S. Chadha, G.D. Coughlan, M. Daniel, and G.G. Ross, Phys. Lett. 149B(1984)477.

[13] R. Arnowitt, A.H. Chamseddine and P. Nath, Phys. Lett. 156 (1985)215; P.

Nath, R. Arnowitt and A.H. Chamseddine, Phys. Rev.D32, (1985)2348; P. Nath and R. Arnowitt, Phys. Rev. D38(1988)1479; J. Hisano, H. Murayama and T. Yanagida, Nucl. Phys. B402(1993)46; T. Goto and T.Nihei, Phys. Rev.D59(1999)115009.

[14] An analysis including the effects of CP violation on proton decay is given in T. Ibrahim and P. Nath, Phys. Rev. D62(2000)095001.

[15] V. Lucas and S. Raby, Phys. Rev. D55(1997)6986.

[16] K.S. Babu, J.C. Pati and F. Wilczek, Phys. Lett. B423, (1998)337; Nucl.

Phys. B566(2000)33.

[17] Y. Totsuka, Talk at the SUSY 2K conference at CERN, June 2000. [18] S. Aoki et.al., Phys. Rev.D62(2000)014506.

[19] See., e.g., S.J. Brodsky, J. Ellis, J.S.Hagelin, C. Sachradja, Nucl. Phys.

B238(1984)561.

[20] J. Donoghue and E. Golowich, Phys. Rev. D26(1982)3092. [21] Y. Hara, S. Itoh, Y. Iwasaki, and T. Yoshie, Phys. Rev. D34 (1986)3399. [22] M.B. Gavela et.al., Nucl. Phys. B312(1989)269. [23] R. Dermisek, A. Mafi and S. Raby, hep-ph/0007213. [24] G. Altarelli, F. Feruglio and I. Masina, hep-ph/0007254. [25] H. Georgi and C. Jarlskog, Phys. Lett. B86(1979)297. [26] P. Ramond, R. Roberts and G. Ross, Nucl. Phys. B406(1993)19. [27] P. Nath, Phys.Rev.Lett.,76(1996)2218; Phys.Lett.B381(1996)147. [28] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, ed. by P. van Niewenhuizen and D.Z. Freedman, North Holand, Amsterdam, 1979, pp.315; T.Yanagida, In Proc. of the Workshop on the Unified Theory and Baryon Number in the Universe, Tsukuba, Japan, 1979, ed. by O. Swada and A. Sugamoto, pp.95; R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett.44, 912(1980).

[29] R. Barbieri, L.J. Hall, S. Raby and A. Romanino, Nucl. Phys. B493(1997)3;

C.H. Albright and S.M. Barr, Phys. Rev. D62(2000)093008; T. Blazek, S. Raby and K. Tobe. Phys. Rev.D62(2000)055001; Q. Shafi and Z.

Tavatkiladze, Phys. Lett. B487(2000)145; Z. Bereziani and A. Rossi, hepph/0003084; C. Aulakh, B. Bajc, A. Melfo, A. Rasin and G. Senjanovic, hep-ph/0004031.

[30] S.M. Barr and I. Dorsner, hep-ph/0003058.