arXiv:0910.1877v1 [hep-ph] 9 Oct 2009

BA-09-21 UMD-PP-09-042

Observable n − n Oscillations with New Physics at LHC

M. Adeel Ajaib^{a1}, I. Gogoladze^{a2}, Yukihiro Mimura^b and Q. Shafi^a

aBartol Research Institute, Department of Physics and Astronomy,

University of Delaware, Newark, DE 19716, USA

bDepartment of Physics, University of Maryland, College Park, MD 20742, USA

Abstract

We explore extensions of the MSSM in which TeV scale vector-like multiplets can mediate observable n − n oscillations, without causing conflict with the proton decay experiments, with a U(1) symmetry playing an important role. The colored vector-like particles, in particular, may be found at the LHC through some decay modes arising from their direct couplings to quarks.

1 E-mail: adeel@udel.edu 2E-mail: ilia@physics.udel.edu On leave of absence from: Andronikashvili Institute of Physics, GAS, 380077 Tbilisi, Georgia.

1 Introduction

Low energy supersymmetry (SUSY) provides one of the most compelling extensions of the standard model (SM). In particular, the minimal supersymmetric standard model (MSSM) with unbroken ‘matter’ parity offers an attractive resolution of the gauge hierarchy problem, delivers a compelling cold dark matter candidate, and nicely implements gauge coupling unification. It also predicts that the lightest CP-even Higgs mass, assuming TeV scale soft SUSY breaking parameters, cannot be much heavier than about 130 GeV. It is gratifying to note that the MSSM predictions will be tested at the soon to be launched Large Hadron Collider (LHC).

Possible extensions of the MSSM have been frequently discussed in the literature. In a recent paper [1] it was shown that by adding new TeV scale vector-like particles, it is possible to increase the upper bound on the mass of the lightest CP-even Higgs boson to 160 GeV, provided there exists a direct coupling between the new vector-like particles and the MSSM Higgs fields. To retain gauge coupling unification it is helpful that the new particles comprise the same particle content as the complete SU(5) multiplets such as 5 + 5 and 10 + 10.

Since LHC is a hadron collider, it is expected that the colored components of these vectorlike fields can be produced there. In general, these colored particles will couple to quarks and leptons, which makes the discussion of the creation and decay modes of the vector-like matter quite interesting [2]. In addition to the direct creation of the new particles in LHC, the new couplings with the new colored particles can generate, as we will see, exotic phenomena related to baryon number violation. Indeed, it has been noted in the past that n − n oscillations [3, 4, 5, 6, 7, 8, 9, 10, 11] can be experimentally accessible if there exist TeV scale colored particles with appropriate baryon number violating couplings to the known particles [8].

Baryon number B is conserved to all orders in perturbation theory in the standard model, up to Planck scale suppressed operators. On the other hand, a naive SUSY extension of the SM leads to rapid nucleon decay via renormalizable couplings. This disaster is usually prevented by introducing a discrete Z_2 ‘matter’ (or R) parity. This version of the MSSM with unbroken matter parity allows nucleon decay to proceed via Planck scale suppressed dimensionfive operators. With the current proton lifetime limit τ_p ≳ 5 × 10^{33} yrs., this implies that the dimensionless coefficients accompanying these operators must be tiny, of order 10^{−7} or less. The coefficients can usually be arranged to be tiny by a flavor structure similar to the small Yukawa couplings for the first generation. However, the flavor suppression is not enough if the non-renormalizable operator is generated via the exchange of the vector-like fields whose masses are much lower than the Planck scale. Besides, dimension-six nucleon decay operators generated via the TeV scale vector-like fields also become dangerous, and thus, irrespective of SUSY or non-SUSY models, the dangerous nucleon decay operators should be forbidden by some suitable symmetry [12, 13]. Nevertheless, it seems important to investigate whether baryon number violation can manifest itself through other processes, such as n − n oscillations mediated by new particles in the TeV mass range and which may be experimentally accessible at the LHC.

In this paper, we consider a framework to discuss baryon number violation in which a U(1) symmetry forbids ΔB = 1 operators while ΔB = 2 operators are permitted. In such a framework, n−n oscillation operators are allowed and they arise via exchange of new TeV scale vector-like fields, while rapid nucleon decays are avoided. We estimate the size of the oscillation time by imposing a familiar flavor symmetry, and show that there is an upper bound on the oscillation time for a given vector-like mass scale. With the vector-like masses at 1 TeV, the bound lies just above the current experimental bound and can be tested in future experiments. The allowed couplings among the vector-like particles and the MSSM fields can be observed, as we will show, at the LHC.

This paper is organized as follows: In section 2, we introduce a U(1) symmetry to forbid ΔB = 1 nucleon decay processes, but allow ΔB = 2 operators responsible for n−n oscillations. In section 3, we show how the n − n oscillation operator is generated by means of the TeV scale vector-like fields. In section 4, a flavor symmetry is introduced to estimate the order of the oscillation time, and we show that n − n oscillations may be observed in the next generation experiments. In section 5, we study the implication of the TeV scale vector-like matter fields in LHC experiments. Section 6 summarizes our conclusions.

2 Symmetry to forbid ΔB = 1 nucleon decay operators

The conservation of the baryon number B and the lepton number L is an important conventional law in high energy physics, and its violation can play a role to construct a model beyond the standard model. The lepton number conservation can be violated by the right-handed neutrino Majorana masses, and it can explain the tiny masses of the neutrinos by the seesaw mechanism [14]. On the other hand, the baryon number violation has not been observed, and it is important to search a possible baryon number violating phenomenon. The particles in the standard model are a collection from the observations below a few hundred GeV, and it is surprising that the renormalizable Lagrangian which is written by the collection of the particles has an accidental baryon number symmetry. This fact implies that the baryon number symmetry may be related to an underlying theory beyond the standard model.

In MSSM, a baryon number violating term is allowed by the SM gauge symmetry even in the renormalizable level, and thus Z_2 parity called R-parity is usually imposed to avoid rapid nucleon decays. The R-parity can be considered a discrete subgroup of the U(1)_{B−L} q u^c d^c ℓ e^c ν^c h_u h_d S −(nB + mL)/2 −^n_6^n_6^n_6 −^m_2^m_2^m_2 0 0 −1

Table 1: U(1) charge assignments to forbid rapid nucleon decay. With n odd and m even, all ΔB = ±1 operators are forbidden.

symmetry [15], and in this sense, the symmetry is also related to the lepton number symmetry, whose violation is responsible for the neutrino Majorana mass. The way to obtain the discrete symmetry from the baryon and lepton number symmetry is not unique, and in this section, we will investigate the generalization of the discrete symmetry to a linear combination of the baryon and lepton number symmetry.

We will add vector-like fields to the MSSM particle content, the baryon symmetry can then be broken in general, and a symmetry has to be imposed to keep the nucleon adequately stable. The heavy new fields can be integrated out, and the integration does not change the symmetry of the Lagrangian. Therefore, when we consider the general Lagrangian including non-renormalizable couplings in terms of the MSSM fields, we can study the symmetry of the system independent of the choice of the vector-like fields.

Let us start from the following superpotential terms which respect R-parity:

W = qu^cH_u + qd^cH_d + ℓe^cH_d + ℓν^cH_u + μH_uH_d + M_P ( S M_P )_m ν^cν^c, (1)

where q, u^c, d^c, ℓ, e^c, ν^c are the quark and lepton superfields, H_u and H_d are the Higgs superfields, S is an MSSM singlet whose vacuum expectation value (VEV) provides the Majorana mass of the right-handed neutrino ν^c, and M_P denotes the Planck scale. Since there are 9 fields and 6 terms, there are 3 independent U(1) symmetries in the superpotential. The three symmetries correspond to the hypercharge U(1)_Y , baryon and lepton number symmetries. We can also count the R-symmetry independently, but it will not play a role in the following discussion. The MSSM singlet field S carries lepton number 2/m, which is spontaneously broken when the scalar component of S acquires a non-zero VEV.

When a non-renormalizable coupling is introduced, baryon number symmetry is broken in general. However, there can still remain one linear combination of the baryon and lepton number symmetry, even if we add a baryon number violating non-renormalizable term. Suppose that we allow a non-renormalizable term S^n(u^cd^cd^c)^2. Then, one can find that a U(1) symmetry remains as shown in Table 1. Here the normalization is chosen so that the charge of S is −1. In general, we can consider the −(nB + mL)/2 symmetry even for n < 0, and we can discuss what kind of the baryon and lepton number violation operators are allowed. If n ≥ 0, the ΔB = −2 operator S^n(u^cd^cd^c)^2 is allowed. When n ≤ 0, the ΔB = 2 (non-chiral) operator

(S^†)^n(qqd^{c†})^2 is allowed. One can find that the exponent of S or S^† is −(nΔB + mΔL)/2 or +(nΔB + mΔL)/2. Then, we obtain the important consequence: ΔB = ΔL = ±1 operators (e.g. qqqℓ, u^cd^cu^ce^c and qqu^{c†}e^{c†}) are forbidden when n + m is an odd number. This is because, for example, the charge of qqqℓ operator is −(n + m)/2. Therefore, ΔB = ΔL = ±1 nucleon decay operators are forbidden under the U(1) symmetry when n + m is odd. This result is valid as long as we do not introduce an additional SM singlet field with half-odd-integer charge under the U(1) symmetry and which acquires a non-zero VEV. Similarly, we find that the ΔB = −1, ΔL = 0 operator (u^cd^cd^c), which is an R-parity violating term, is not allowed under the U(1) symmetry when n is an odd number. Finally, the ΔB = 0, ΔL = 1 R-parity violating operators (qd^cℓ ℓℓe^c, ℓh_u) are forbidden when m is odd.

We note that the choice of n = −1 and m = 1 corresponds to the case where there is a B − L symmetry and an SM singlet field with a charge B − L = −2. This is the familiar case that the R-parity is obtained from a discrete subgroup of the B − L symmetry [15, 16].

If ΔB = ΔL = ±1 is forbidden by the −(nB + mL)/2 symmetry, all the R-parity violating terms cannot be forbidden since n+m is even if both n and m are odd. We will discuss the way to forbid R-parity violating terms by forbidding the ΔB = ΔL = ±1 nucleon decay operators later.

Since global symmetry can be broken by gravity, the U(1) symmetry should be gauged. The −(nB + mL)/2 symmetry is anomalous, and Green-Schwarz mechanism [17, 18] is applied. The Green-Schwarz mechanism can be applied only for one of the linear combinations of the anomalous U(1) symmetry. Therefore, the other linear combination (mB − nL symmetry) is global, and gravity can break it. So, it can be natural that there are ΔB = 2 terms in Lagrangian even if ΔB = 1 is forbidden in this framework.

It is interesting that ΔB = ±1 nucleon decay operators are all forbidden when n is odd and m is even, while ΔB = ±2 operators are allowed. In this case, the cutoff scale of the non-renormalizable operators, which is related to the new particle scale, can be much lower than the Planck scale or the grand unified scale. If we can make the new particle scale down to TeV scale, the new particles can be created at LHC. In the next section, we investigate the ΔB = ±2 operators and see whether we can lower the new particle scale or not.

3 Vector-like matter and ΔB = 2 operators

The operator u^c d^c d^c u^c d^c d^c induces ΔB = ±2, ΔL = 0 transitions and contributes to n − n oscillations. The six-quark operator has dimension 9 and therefore, the coupling strength scales as G_{ΔB=2} ∼^1_{M 5∗} , where M_∗ is the scale of new physics. We propose that this scale can be identified with new vector-like matter fields with masses of a few hundred GeV. It is well known that one can extend the matter sector of the MSSM while preserving gauge coupling unification provided the additional matter superfields fall into complete multiplets of any suitable unified group, such as SU(5). Such extended scenarios with TeV scale matter multiplets are well motivated. Within string theory, for instance, one often finds ‘light’ (TeV scale) multiplets in the spectrum [19], and even within the framework of GUTs one can find extra complete multiplets with masses around the TeV scale [20].

An important constraint on the GUT representations and how many such fields can be present at low energy (∼ TeV) comes from the perturbativity condition, which requires that the three MSSM gauge couplings remain perturbative up to the GUT scale M_G. One finds that there are several choices available to satisfy this constraint: (i) up to 4 pairs of (5 + ¯5)’s, (ii) one pair of (10 + 10) or (iii) the combination, (5 + ¯5 + 10 + 10). Here all representations refer to SU(5) multiplets. In addition, any number of MSSM gauge singlets can be added without sacrificing unification or perturbativity. Option (iii), along with a pair of MSSM gauge singlets, are contained in SO(10) spinor representations (16 + 16).

All of the above cases have previously been studied in the literature. For example, it is clear that new matter will contribute at one loop level to the CP-even Higgs mass if there is direct coupling between new matter and the MSSM Higgs fields. The authors in [21, 1] conclude that the mass of the lightest CP-even Higgs mass could be pushed up to 160 GeV, consistent with the perturbativity constraint.

There are constraints on the couplings and masses of new matter fields. The most important constraints are from the S and T parameters which limit the number of additional chiral generations. Consistent with these constraints, one should add new matter which is predominantly vector-like. In the limit where the vector-like mass, M_V , is much heavier than the chiral mass term (mass term arising from Yukawa coupling to the Higgs doublets), the contribution to the T parameter from a single chiral fermion is approximately [23]: δT ≈ N(κv)^2 10π sin^2 θ_W m^2_W [( κv M_V )_2 + O ( κv M_V )_4] , (2)

where κ is the new chiral Yukawa coupling, v is the VEV of the corresponding Higgs field, and N counts the additional number of SU(2) doublets. For instance, N = 3 when 10 + 10 is considered at low scale, while N = 1 for the 5 + ¯5 case. From precision electroweak data T ≤ 0.06(0.14) at 95% CL for m_h = 117 GeV (300 GeV) [22]. We will take δT < 0.1 as a conservative bound and apply it in our analysis. We then see from Eq. (2) that with M_V around 1 TeV, the Yukawa coupling κ can be O(1). We restrict ourselves by introducing low scale vector-like matter belonging to the 5 + ¯5 and 10 + 10 dimensional representations of SU(5) as well as an MSSM singlet field.

The six-quark operators which contribute to n − n oscillations in the SM are u^cd^cd^cu^cd^cd^c, qqd^{c†}qqd^{c†} and qqd^{c†}u^{c†}d^{c†}d^{c†}. Among them, only u^cd^cd^cu^cd^cd^c is holomorphic, and in SUSY theories, it will provide the dominant contribution to n − n oscillations through double gluino and neutralino dressed diagrams (see Figure 1) when m_{SUSY} ≪ M_V . The contribution from the holomorphic operator can be estimated as G_{n−n} ∼ (α_s/4π)^21/(m^2_{SUSY} M^3_V ). On the other hand, the contribution of non-holomorphic operators generated at tree-level are estimated as G_{n−n} ∼ 1/M^5_V . When the vector-like mass M_V is lowered to m_{SUSY}, the tree-level diagram will dominate even for the holomorphic contribution using the bilinear term B_{MV} D_5D_5, which is a soft SUSY breaking bilinear mixing term for M_V D_5D_5. This contribution is estimated to be

G_{n−n} ∼ 1 M_V ( B_{MV} (M^2_V + m^2_0)^2 − B^2_{MV}

)_2 , (3)

where m_0 is a universal soft SUSY breaking scalar mass. Therefore, if m_{SUSY} ∼ M_V , both the holomorphic and non-holomorphic operators can provide comparable contributions to n − n oscillations.

3.1 MSSM + 5 + 5 and n − n Oscillations

The representation 5 + 5 of SU(5) decomposes under the MSSM gauge symmetry as follows:

5 + 5 = L_5 ( 1, 2, − 1 2 ) + L_5 ( 1, 2, 1 2 ) + D_5 ( 3, 1, 1 3 ) + D_5 ( 3, 1, − 1 3 ) . (4)

The 5 + 5 alone cannot generate the effective operator responsible for n − n oscillations. However, it can be done with an additional MSSM singlet field (N, N). The additional contribution to the MSSM superpotential relevant for n − n oscillation is given by

W = κ_1qqD_5 + κ_2u^cd^cD_5 + κ_3D_5d^cN + κ_4D_5d^cN + 1 2 M_N NN + M_V ( D_5D_5 + L_5L_5 + NN ) , (5)

where, for simplicity, we have taken a common vector-like mass for 5 + 5 at the GUT scale and omitted family indices. We note that the couplings D_5d^cν^c, D_5u^ce^c, and D_5qℓ are forbidden for n + m odd by the −(nB + mL)/2 symmetry, when u^cd^cD_5, qqD_5 couplings are allowed by the symmetry. We assume that additional fields (5 + 5 + N + N) are vector-like even when carrying the −(nB + mL)/2 charge. The Majorana mass M_N is forbidden by −(nB + mL)/2 symmetry but it can be generated for instance from the coupling like NNS once S acquires a VEV. If we do not introduce a singlet field with a positive charge, one of the Majorana terms for N and N is absent. We choose only N to have a Majorana mass term.

Figure 1: Diagrams generating the operator (u^cd^cd^c)^2 via 5 + 5. When the vector-like mass is comparable to the SUSY breaking scale, the tree-level diagram (left) dominates instead of the gaugino dressed diagram (right).

Figure 2: Diagram which generates the operator (qqd^{c†})^2 via exchange of 5 + 5.

In Figures 1 and 2, we show how the n − n oscillation operators are generated through the vector-like matter fields. Since our goal is to relate n − n̄ oscillations to LHC physics, we assume that M_V is ∼ TeV. A small M_V compared to the Planck scale may be related to the MSSM μ problem. In the literature there exist several mechanisms for explaining why μ is ∼ 100 GeV, and so we will not address this issue here. To a good approximation we can assume B_{MV} ≈ M^2_V , and for simplicity set M_V > m_0. With this assumption the strength of n − n oscillations can be written as follows,

G_{n−n} ≃ (κ^2_1 + κ^2) [ − 1 2 κ^2_4 M_N M_V + κ_3κ_4 ] 1 M^5_V

. (6)

We note that if M_N ≫ M_V , one of the mass eigenstates of N and N may have a small mass, and should not be integrated out. This corresponds to the first term in the bracket.

The current experimental bound on n − n̄ oscillation, τ_{n−n̄} ⩾ 0.86 × 10^8 s [11], implies an upper limit

G_{n−n} ⩽ 3 × 10^{−28} GeV^{−5}. (7)

The bound on the dimensionless coupling can be expressed as follows:

M^5_V G_{n−n} ⩽ ( M_V 1 TeV

)_5

× 3 × 10^{−13}. (8)

From Eqs. (8) and (6), with comparable magnitudes for the couplings κ_i, we find that κ_i ∼ 10^{−3} − 10^{−4}. In Section 4 we attempt to understand the strengths of these couplings through the Froggatt–Nielsen mechanism [24].

3.2 MSSM + 10 + 10 and n − n Oscillations

The representation 10 + 10 of SU(5) decomposes under the MSSM gauge symmetry as follows:

10 + 10 = Q_{10} ( 3, 2, 1 6 ) + Q_{10} ( 3, 2, − 1 6 ) + U_{10} ( 3, 1, − 2 3 ) + U_{10} ( 3, 1, 2 3 )

+E_{10} (1, 1, 1) + E_{10} (1, 1, −1) . (9)

It was pointed out in ref. [1] that the light CP-even Higgs mass in this case can be as large as 160 GeV. The 10+10 alone cannot generate the effective operator responsible for n−n oscillations. However, analogous to the previous subsection, it can be generated if we introduce an additional MSSM singlet field (N, N), and the additional contribution to the MSSM superpotential which is relevant for n − n oscillations is given by

W = κ_{10}d^cs^cU_{10} + κ^′_{10}U_{10}u^cN + κ^{′′}_{10}U_{10}u^cN + M_V ( Q_{10}Q_{10} + U_{10}U_{10} + E_{10}E_{10} + NN ) , (10)

where, for simplicity, we have assumed a common vector-like mass.

Due to color anti-symmetricity, the effective operator at tree-level leads to Λ − Λ rather than n − n oscillation. However, the n − n oscillation operator can be generated through radiative corrections via a flavor changing interaction [9]. More precisely, we note that the gluino dressing diagram in the previous subsection also needs a flavor changing interaction in the gluino-squark-quark vertex due to the total anti-symmetry of the color indices. When the SUSY breaking bilinear masses are inserted, we do not need flavor changing neutral current (FCNC) effects in the diagram for the previous subsection. However, we do need flavor changing effects induced by radiative corrections even in the case of SUSY breaking mass insertion when the d^c_i d^c_j U_{10} coupling is used, where i, j are the anti-symmetric generation indices. Therefore, in this case, the effective n − n transition operator is rather suppressed compared to the case of vector-like matter fields in the previous subsection. We note that non-holomorphic operators are not generated with just 10 + 10 vector-like matter.

3.3 MSSM + 5 + 5 + 10 + 10 and n − n Oscillations

In this section we will consider extra vector-like matter belonging to the representations 5 + 5 + 10 + 10 of SU(5). The MSSM superpotential acquires the following additional contribution

Figure 3: Generating (u^cd^cd^c)^2 by means of 10 + 10. Since the U_{10}d^c_i d^c_j coupling is antisymmetric in the flavor indices, the n − n transition operator requires radiative corrections and is suppressed by FCNC.

Figure 4: Diagram to generate the operator u^cu^cd^cd^cd^cd^c by means of 5 + 5 + 10 + 10.

W = κ_1d^cu^cD_5 + κ_2D_5u^cE_{10} + κ_3E_{10}d^cU_{10} + κ_4U_{10}d^c(s^c + b^c) + M_V ( Q_{10}Q_{10} + U_{10}U_{10} + E_{10}E_{10} + L_5L_5 + D_5D_5 ) . (11)

The holomorphic and non-holomorphic n − n oscillation operators are generated as shown in Figure 4 for the holomorphic operators. Again, since we are using the coupling d^c_i d^c_jU_{10}, we need FCNC to generate n − n oscillations as previously discussed. Thus the operators are suppressed due to the experimental bound on the right-handed quark FCNCs.

In order to saturate the bound in Eq. (8), one has to assume that the dimensionless coefficients in Eq. (11) are given by

κ_1 ≃ κ_2 ≃ κ_3 ≃ κ_4 ≃ 10^{−3}. (12)

These relatively small parameters can be understood within the framework of an anomalous U(1)_A flavor symmetry.

3.4 ΔB = ΔL = 2 operators

Before including the flavor structure, we briefly discuss other possible ΔB = 2 operators allowed by the symmetry. In addition to ΔB = 2, ΔL = 0 operators, ΔB = ΔL = 2 operators can be allowed under the −(nB + mL)/2 symmetry. The ΔB = ΔL = 2 operators (typically (qqqℓ)^2) are responsible for H − H (hydrogen-anti hydrogen) oscillations, and double nucleon decays (e.g. pp → e^+e^+) [25]. The most stringent bound on these operators comes from the limit on the lifetime for the double proton decay, τ_{pp} >∼ 10^{30} years [22]. This is interpreted as τ_{H−H} >∼ 10^{17} years. This bound implies that G_{H−H} <∼ 3 × 10^{−26} GeV^{−8} [25]. If there are vectorlike matter fields 5 + 5 + 10 + 10, it is possible to generate ΔB = ΔL = 2 operators, similar to the n − n operators. If the vector-like masses are around 1 TeV, the couplings accompanying these operators should be small, but not necessarily tiny, compared to the n − n operators. Depending on the choice of the fermion couplings with the vector-like matter, it is possible for the double proton decay to be observed instead of n − n oscillations. With the decay modes to positrons more suppressed than the ones to muons due to flavor suppression, pp → μ^+μ^+ will be a possible observable mode.

4 Anomalous U(1)_A Flavor Symmetry and n − n Oscillations

As we know the Yukawa couplings related to the first and second generations are suppressed and the inter-generation mixing in the quark sector is small. Anomalous flavor U(1)_A symmetries are often considered to explain this structure [26]. The new couplings in Eq.(5) involving quarks, leptons and vector-like fields can also be controlled by this anomalous flavor symmetry. We will superpose the U(1)_A flavor symmetry on the −(nB + mL)/2 symmetry discussed in section 2.

In the string motivated theories, there are towers of vector-like fields at the string/Planck scale. When those vector-like fields are integrated out, all possible non-renormalizable couplings allowed by U(1)_A symmetry are generated [24]. A general form of the superpotential which can explain the fermion masses and mixing hierarchy through the Froggatt–Nielsen mechanism has q_i u^c_i d^c_i ℓ_i e^c_i ν^c_i h_u h_d S U(1)_A −^n_6 + n^q_i^n_6 + n^u_i^n_6 + n^d_i −^m_2 + n^ℓ_i^m_2 + n^e_i^m_2 + n^ν_i 0 0 −1

Table 2: The U(1)_A charge assignment. The integers (such as n^q, n^u and so on) to generate the mass hierarchy for quarks and leptons are given in Eq.(15).

the form W = y^u_{ij}q_iu^c_jH_u ( S M_{st} )_nu_{ij} + y^d_{ij}q_id^c_jH_d ( S M_{st} )_nd_{ij}

+ y^e_{ij}ℓ_ie^c_j H_d ( S M_{st} )_ne_{ij} + y^ν_{ij}ℓ_iν^c_j H_u ( S M_{st} )_nν_{ij}

+ y_{Rij} ν^c_i ν^c_j M_{st} ( S M_{st} )_{m+n}ν^c_{ij} + μH_uH_d , (13)

where M_{st} denotes the string scale, i, j = (1, 2, 3) are family indices, n^u_{ij} , n^d_{ij} , n^e_{ij}, n^ν_{ij} and n^{νc}_{ij} are fixed by the choice of U(1)_A charge assignments. The numbers n_{ij} are written as n^u_{ij} = n^q_i + n^u_j , n^d_{ij} = n^q_i +n^d_j , n^e_{ij} = n^ℓ_i +n^e_j , n^ν_{ij} = n^ℓ_i +n^ν_j , and n^{νc}_{ij} = n^ν_i +n^ν_j , where n^q_i , n^u_i , n^d_i , n^ℓ_i , n^e_i , and n^ν_i are all positive integers. The coefficients (y^u_{ij}, y^d_{ij} etc.) are the coupling constants which are all taken to be ∼ 1. As previously discussed in section 2, there are two independent U(1)_A symmetries in addition to the hypercharge. We can choose to gauge one of the linear combinations, while the other linear combination is explicitly broken by additional terms. Proceeding as in section 2, we choose the U(1) symmetry given in Table 2, and call this the anomalous U(1)_A symmetry. If n + m is an odd integer, ΔB = ΔL = ±1 operators are all forbidden. We assign the integers (n^q_i , n^u_i , etc.) such that the observed fermion mass and mixing hierarchies are realized. As we will show explicitly, the expansion parameter ϵ = ⟨S⟩/M_{st} is naturally of order 0.2 in the anomalous U(1) models.

We employ the textures advocated in Ref. [27, 28], namely

M_u ∼ ⟨H_u⟩ ϵ^{8−2α} ϵ^{6−α} ϵ^{4−α} ϵ^{6−α} ϵ^4 ϵ^2 ϵ^{4−α} ϵ^2 1 , Md ∼ ⟨Hd⟩ϵ ϵ^{5−α} ϵ^{4−α} ϵ^{4−α} ϵ^3 ϵ^2 ϵ^2 ϵ 1 1 ,

M_e ∼ ⟨H_d⟩ϵ ϵ^{5−α} ϵ^3 ϵ ϵ^{4−α} ϵ^2 1 ϵ^{4−α} ϵ^2 1 , Mν_D ∼ ⟨Hu⟩ϵ^{γ+1} ϵ^2 ϵ ϵ ϵ 1 1 ϵ 1 1 ,

M_νc ∼ M_{st}ϵ^{m+2γ} ϵ^2 ϵ ϵ ϵ 1 1 ϵ 1 1

⇒ M^{light}_ν ∼ ⟨H_u⟩^2 ϵ^{m−2}M_{st} ϵ^2 ϵ ϵ ϵ 1 1 ϵ 1 1 , (14) with

n^q_i = (4 − α, 2, 0), n^u_i = (4 − α, 2, 0), n^d_i = (2, 1, 1), n^ℓ_i = (2, 1, 1), n^e_i = (4 − α, 2, 0), n^ν_i = (γ + 1, γ, γ), (15)

where α is 0 or 1. Here M_u, M_d and M_e are the up–quark, down–quark, and the charged lepton mass matrices (written in the basis uM_uu^c, dM_dd^c, etc.), M_{νD} is the Dirac neutrino mass matrix, and M_νc is the right–handed neutrino Majorana mass matrix. The light neutrino mass matrix M^{light}_ν is derived from the seesaw mechanism. We have not exhibited order one coefficients in the matrix elements in Eq. (14). The expansion parameter is ϵ ∼ 0.2, and in this case tan β ∼ 10. Note that the texture alone does not fix the integer γ appearing in M_{νD} in Eq. (14), to get correct light neutrino masses, while the Majorana mass scale and the neutrino Dirac Yukawa couplings depend on the integer γ. It was shown in Ref.[28] that the above mass matrix texture nicely fits the observed fermion masses and mixings.

It is interesting that the U(1)_A suppression factor for the holomorphic operators is calculated independent of the choice of vector-like matter fields and their U(1)_A charge assignments. For example, the n − n oscillation operator u^cd^cd^cu^cd^cd^c will be given by the following expression if we use the choice of parameter in Eq.(15) [2n^u_1 + 4n^d_1 = 16 − 2α]: 1 M^5_V ( S M_{st} )_{n+16−2α} u^cd^cd^cu^cd^cd^c, (16)

where M_V is the effective mass scale associated with the TeV scale vector-like matter fields. Additional suppression factors can be supplied through FCNC as previously mentioned. It is interesting that the current bound on n − n oscillations, (See Eqs. (7, 8)), ϵ^{n+16−2α} <∼ ( M_V 1 TeV

)_5

× 3 × 10^{−13}, (17)

is easily satisfied if n is positive, and with M_V ∼ 1 TeV. Note that 0.2^{18} = 2.6 × 10^{−13}.

There is another holomorphic operator responsible for n − n oscillations, (qqqH_d)^2. Since the down-type quark s^′ in q_2 = (c, s^′) includes the down quark in the mass eigenstate, the n − n operator can be estimated as [2n^q_1 + 4n^q_2 = 16 − 2α]: 1 M^5_V

⟨H^0_d ⟩^2 M^2_V sin^4 θ_C ( S M_{st} )_{−n+16−2α} u d d u d d, (18) where θ_C is a Cabibbo angle ≃ ϵ. It is interesting to note that the coefficients of n in the exponent have opposite signatures between Eq.(16) and Eq.(18). This sign change comes from

Q_{10} U_{10} D_5 L_5 E_{10} N U(1)_A^n_3 +^{XQ}_2 −^n_3 −^{XU}_2 −^n_3 −^{XD}_2^n_2 +^{XL}_2 −^n_2 −^{XE}_2 −^n_2 −^{XN}_2

Table 3: U(1)_A charge assignments for the vector-like fields. The parameters X_Q, X_U etc. are all integers. We assume that the charges of the vector-like pair have the same absolute magnitude but opposite signature (e.g. the charge of U_{10} is n/3 + X_U /2).

the fact that these are ΔB = −2 and +2 operators. As a result, the n − n oscillation time has an upper bound for a given M_V value which can be estimated as

τ_{n−n} <∼ 10^8 sec (α = 1), 3 × 10^9 sec (α = 0), (19)

when M_V = 1 TeV and tan β = 10. This bound can be achieved by planning experiments with cold neutron horizontal beam [10].

5 Implications for LHC

As we have previously mentioned, vector-like matter fields at the TeV scale can be found at the LHC as they decay into MSSM matter fields as well as gauginos. The coupling terms with quarks and leptons in the superpotential are W = ( S M_{st} )_nd_{i +n}d_{j −}^XU_2

U_{10}d^c_i d^c_j + ( S M_{st} )_nu_{i +n}ν_{j +}^XU_{2 +} n+m_2 U_{10}u^c_i ν^c_j (20) + ( S M_{st} )_nq_{i +n}q_{j +}^XD_2

D_5q_iq_j + ( S M_{st} )_nu_{i +n}e_{j +}^XD_{2 +} n+m_2 D_5u^c_i e^c_j + ( S M_{st} )_nd_{i +n}ν_{j +}^XD_{2 +} n+m_2 D_5d^c_i ν^c_j + ( S M_{st} )_nq_{i +n}ℓ_{j −}^XD_{2 −} n+m_2 D_5q_iℓ_j + ( S M_{st} )_nu_{i +n}d_{j −}^XD_2 D_5u^c_i d^c_j.

The U(1)_A charges of U_{10} and D_5 are taken to be −n/3 − X_U /2 and −n/3 − X_D/2 respectively, where, X_U and X_D are integers. The U(1)_A charge assignments of vector-like matter are displayed in Table 3. All unwanted couplings can be excluded by choosing the integers X_Q, X_U , etc. to be even or odd. We assume that the fields are vector-like also under the U(1)_A charge, so that their masses do not depend on the VEV of S. If the exponent of the S field is not an integer, the corresponding coupling is prohibited. One can check that one of the couplings D_5qq or D_5qℓ is prohibited if n + m is an odd number. In this case, therefore, the dangerous operator qqqℓ is not generated by the exchange of D_5 and D_5.

Suppose we take X_D = 0, so that the D_5q_3q_3 coupling coefficient is O(1), and the D_5t^cb^c coupling is O(ϵ). In this case, D_5 can be considered as a ‘diquark’ whose baryon number is

Figure 5: Diagram which generates the operator qqqqd^{c†}d^{c†} operator through exchange of 5 + 5 + 10 + 10. We need radiative corrections to realize the n − n oscillations.

−2/3. If D_5 (scalar) is created at the LHC, its main decay mode will be D_5 → t̄ b̄. If the diquarks are pair created in the collider, the associated decay mode is t b t̄ b̄, and therefore it may happen that the energy distribution of t b t̄ b̄ deviates from the standard model prediction. Even if X_D is not equal to zero, either the D_5q_iq_j or D_5u^c_i d^c_j coupling will be large, and D_5 or D_5 can decay into two quarks. The analyses of diquark production and decay in LHC can be found in [2]. In these analyses, the diquark is a color sextet instead of a triplet, and decays into t̄ t̄.

If we take X_D + n + m = 0, then both D_5u^ce^c and D_5qℓ couplings are possible. The field D_5 for this case can be considered a ‘leptoquark’, and the main decay mode will be D_5 → t τ. Therefore, the decay process from pair created leptoquarks is D_5D^∗_5 → t τ t̄ τ̄. This decay can be quite significant since ττ̄ production is suppressed in hadron colliders. However, in this case, the n − n oscillation operators will not be generated by means of vector-like fields.

As it can be seen from Figures 1-5, vector-like masses for uncolored vector-like matters (L_5, E_{10}, N) violate baryon number conservation. If these uncolored matter particles are light and the colored vector-like particles decay through uncolored matter exchange, this violation of baryon number may be observed at the LHC. A possible baryon number violating diquark decay is D_5 → b b D^∗_5 → b b t b. This possibility is especially interesting if baryon number violation can be related to the cosmological baryon asymmetry.

Let us consider the constraints on X_U and X_D. The U_{10}, D_5 and D_5 couplings with fermions can generate box diagrams for meson-antimeson mixings (such as K-K̄, D-D̄, and B-B̄). Note that U_{10}d^c_i d^c_j couplings are antisymmetric with respect to the flavor index, and thus the mesonantimeson diagram is not generated at tree-level. If X_D = 2, the D_{10}t^cs^c coupling is O(1), and the K-K̄ box contribution through this coupling can be comparable to or even exceed the SM contribution if the vector-like masses are 1 TeV. Therefore, a large value of |X_D| is not favored if the vector-like matter is to be ‘light’. The same statement is also true for X_U . However, if

X_U = X_D = 0, then there are flavor suppression factors and the contributions can be much smaller than the SM contribution. The coupling of the vector-like colored field to the third generation left-handed quarks is order unity in this case.

As we previously mentioned, the U(1)_A suppression factor of the effective holomorphic operators u^cd^cd^cu^cd^cd^c does not depend on the charge assignments of the vector-like fields and diagrams which generate this operator. On the other hand, for the non-holomorphic operators (e.g. qqqqd^{c†}d^{c†}) the U(1)_A suppression factor depends on the charge assignments of the vectorlike fields. For example, the U(1)_A suppression factor of the operator generated by the diagram in Figure 5 is of order ϵ^{16−2α−n−XU} . As we have previously mentioned, in addition to the U(1)_A suppression, there is also a FCNC suppression factor due to the antisymmetricity of the coupling U_{10}d^c_i d^c_j . Therefore, if n is a large positive number (which suppresses the holomorphic operator since the corresponding suppression is ∼ ϵ^{16−2α+n}), the non-holomorphic operator can become large and in excess of the experimental bound when X_U = 0. It can be checked that the experimental bound is satisfied due to the flavor suppression factors with X_U = X_D = 0, even if we consider different diagrams to generate the non-holomorphic operators for n − n oscillations. It is interesting to emphasize that the coefficient of n in the exponent of the flavor suppression factor can be both positive and negative. As a result, n − n oscillations can be in the accessible range with the vector-like masses at TeV scale (accessible at the LHC), as we have found in the previous section.

Before closing this section, let us consider the dimension-four R-parity violating terms. The term u^cd^cd^c is forbidden if n is odd, while qℓd^c, ℓℓe^c and ℓh_u are forbidden if m is odd. Thus if n + m is odd to forbid ΔB = ΔL = ±1 operators, we cannot forbid all dimension-four R-parity violating terms. Therefore, R-parity should be imposed in our framework. The R-parity of the vector-like fields are chosen to be positive for colored vector-like fields, and to be negative for uncolored vector-like fields in order to allow the desired couplings for n − n oscillations.

Due to U(1)_A symmetry, the MSSM fermions and the vector-like fields do not mix (Dirac terms such as qQ_{10}, u^cU_{10} are forbidden) if n is odd, m is even, and X_F (F = Q, U, D, L, E, N) given in Table 3 are all even. Indeed the couplings U_{10}d^c_i d^c_j and D_5u^c_i d^c_j resemble the MSSM R-parity violating couplings. It is interesting to note that the decay modes of the D_5 and U_{10} may be confused with the R-parity violating decay of the right-handed squarks at the LHC. However, since the mixing between u^c and U_{10} (as well as the mixing between d^c and D_5) is forbidden, this does not contradict with the existence of stable nuclei.

We also need to check that a large neutrino mass term (ℓℓH_uH_u) is not generated from the presence of vector-like fields since the ΔL = 2 term is allowed by the symmetry in the framework. If terms like ℓqD_5, ℓQ_{10}d^c, ℓQ_{10}D_5, ℓL_5e^c etc. are allowed, unacceptably large neutrino masses can be generated by loop diagrams. Such terms are all forbidden when we impose R-parity as above and choose n, m and X_F so as not to mix the vector-like fields with the MSSM fields.

As a result, we can conclude that vector-like particles can lie in the TeV range and they can be found at the LHC without contradicting any of the current experimental bounds. These particles can give rise to observable n − n oscillations.

We note that the vector-like fields can couple with the MSSM Higgs fields when we choose X_Q = X_U for example. Then, the bound of the lightest CP-even Higgs mass can be increased.

Under the anomalous −(nB+mL)/2 gauge symmetry, dimension-six proton decay operators such as qqu^{c†}e^{c†} are forbidden. Therefore, the string scale, in principle, can be much lower than the (4 dimensional) Planck scale or even the GUT scale. The bound on the string scale will come from the general non-holomorphic ΔB = 2 operators (e.g. (S^†)^{n+2}qqd^{c†}u^{c†}d^{c†}d^{c†}). For the general non-holomorphic operators, the flavor suppression may not work so well. If the string scale is lowered, the U(1)_A gauge boson mass is also lowered. Then, FCNCs induced by the U(1)_A gauge boson [29] may have an impact on flavor changing processes such as K-K̄, D-D̄ and μ → 3e. For these two reasons, the string scale needs to be more than 10^5-10^6 GeV.

Finally, we note a generalization of the −(nB + mL)/2 symmetry. We have considered the nB + mL symmetry by introducing one SM singlet with charge nB + mL = 2. In general, we can take the SM singlet charge to be nB + mL = K. Suppose that K = 4, n = 4k + 2, and m = 4k^′ +1 (k, k^′ are integers). Then, ΔB = ΔL = 1 as well as all the unwanted dimension-four R-parity violating terms are forbidden, and we do not need to introduce a separate R-parity. Since ΔB = 2 is allowed, n − n oscillations are still possible. However, since ΔL = 2 is not allowed with this choice, the neutrino only has a Dirac mass. Surely, proper neutrino masses can be obtained since the size of the Dirac neutrino mass can be controlled by a choice of the U(1)_A charge. If n = 4k + 1, and m = 4k^′ + 2, then ΔL = 2 is allowed, and the neutrino has a Majorana mass. However, n − n oscillations are forbidden in this case. In either case, the vector-like colored fields can be at TeV scale without contradicting nuclei stability, and they can be created at the LHC.

6 Conclusion

We have explored the possible existence of TeV scale vector-like particles, detectable at the LHC, and which can mediate observable n − n oscillations without creating any conflict with proton lifetime limits. We find that a U(1)_A symmetry generated by −(nB + mL)/2, a linear combination of baryon and lepton number, is particularly effective in achieving this scenario. If n + m is an odd number, all ΔB = ΔL = ±1 operators are forbidden, as long as there is no SM singlet field with half-odd-integer charge under the −(nB + mL)/2 symmetry, or, if present, such half-odd-integer charged SM singlet fields do not acquire VEVs. The ΔB = 1, ΔL = 0 operator is also forbidden if n is odd. The nucleon is ‘sufficiently’ stable and its lifetime satisfies the current experimental bounds even if the colored vector-like fields have TeV masses. We have seen that n − n oscillations could be observed in the near future within the framework of a familiar flavor model for generating quark and lepton mass hierarchies with vector-like masses at the TeV scale. The couplings among the quarks and the vector-like fields which lead to observable n − n oscillations can be tested through the decay modes of these new fields. This would provide an exciting new window to probe fundamental interactions at the LHC which violate baryon number conservation.

Acknowledgments

We thank Borut Bajc and Rizwan Khalid for useful comments and discussion. This work is supported in part by the DOE Grant #DE-FG02-91ER40626 (I.G. and Q.S.), GNSF grant 07 462 4-270 (I.G.), and NSF grant No. PHY-0652363 (Y.M.).

References

[1] K. S. Babu, I. Gogoladze, M. U. Rehman and Q. Shafi, Phys. Rev. D 78, 055017 (2008) [arXiv:0807.3055 [hep-ph]].

[2] R. N. Mohapatra, N. Okada and H. B. Yu, Phys. Rev. D 77, 011701 (2008) [arXiv:0709.1486 [hep-ph]]; C. R. Chen, W. Klemm, V. Rentala and K. Wang, Phys. Rev. D 79, 054002 (2009) [arXiv:0811.2105 [hep-ph]].

[3] V. A. Kuzmin, JETP Lett. 12, 228 (1970) [Pisma Zh. Eksp. Teor. Fiz. 12, 335 (1970)].

[4] S. L. Glashow, in Proceedings of the 1979 Cargèse Summer Institute on Quarks and Leptons (M. Lévy et al eds.), Plenum Press, New York, 1980, p. 687.

[5] R. N. Mohapatra and R. E. Marshak, Phys. Rev. Lett. 44, 1316 (1980) [Erratum-ibid. 44, 1643 (1980)].

[6] Riazuddin, Phys. Rev. D 25, 885 (1982).

[7] G. Lazarides, C. Panagiotakopoulos and Q. Shafi, Phys. Lett. B 175, 309 (1986); Z. Phys.

C 34, 553 (1987).

[8] Z. Chacko and R. N. Mohapatra, Phys. Rev. D 59, 055004 (1999) [arXiv:hep-ph/9802388];

K. S. Babu and R. N. Mohapatra, Phys. Lett. B 518, 269 (2001) [arXiv:hep-ph/0108089]; K. S. Babu, P. S. Bhupal Dev and R. N. Mohapatra, Phys. Rev. D 79, 015017 (2009) [arXiv:0811.3411 [hep-ph]]; B. Dutta, Y. Mimura and R. N. Mohapatra, Phys. Rev. Lett. 96, 061801 (2006) [arXiv:hep-ph/0510291].

[9] J. L. Goity and M. Sher, Phys. Lett. B 346, 69 (1995) [Erratum-ibid. B 385, 500 (1996)] [arXiv:hep-ph/9412208].

[10] For a review see R. N. Mohapatra, arXiv:0902.0834 [hep-ph].

[11] M. Baldo-Ceolin et al., Z. Phys. C 63, 409 (1994).

[12] K. S. Babu, I. Gogoladze and K. Wang, Phys. Lett. B 570, 32 (2003) [arXiv:hep-ph/0306003]; B. L. G. Bakker, A. I. Veselov and M. A. Zubkov, Phys. Lett. B 620, 156 (2005) [arXiv:hep-lat/0502006]; H. Davoudiasl, R. Kitano, G. D. Kribs and H. Murayama, Phys. Rev. D 71, 113004 (2005) [arXiv:hep-ph/0502176]; M. A. Zubkov, Phys. Lett. B 649, 91 (2007) [Erratum-ibid. B 655, 91 (2007)] [arXiv:hep-ph/0609029]; H. K. Dreiner, C. Luhn and M. Thormeier, Phys. Rev. D 73, 075007 (2006) [arXiv:hep-ph/0512163]; R. N. Mohapatra and M. Ratz, Phys. Rev. D 76, 095003 (2007) [arXiv:0707.4070 [hep-ph]].

[13] H. K. Dreiner, C. Luhn, H. Murayama and M. Thormeier, Nucl. Phys. B 774, 127 (2007) [arXiv:hep-ph/0610026]; Nucl. Phys. B 795, 172 (2008) [arXiv:0708.0989 [hep-ph]].

[14] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan, 1979, p. 95; M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity (P. van Nieuwenhuizen et al. eds.), North Holland, Amsterdam, 1979, p. 315; R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[15] R. N. Mohapatra, Phys. Rev. D 34, 3457 (1986); A. Font, L. E. Ibanez and F. Quevedo, Phys. Lett. B 228, 79 (1989); S. P. Martin, Phys. Rev. D 46, 2769 (1992) [arXiv:hep-ph/9207218].

[16] In the framework of GUTs such as Spin(10) (SO(10)), the Z_2 subgroup of its center Z_4 acts as matter parity. To realize this only tensor representations of SO(10) can acquire non-zero VEVs. See T. W. B. Kibble, G. Lazarides and Q. Shafi, Phys. Lett. B 113, 237 (1982).

[17] M. B. Green and J. H. Schwarz, Phys. Lett. B 149, 117 (1984); Nucl. Phys. B 255, 93 (1985); M. B. Green, J. H. Schwarz and P. C. West, Nucl. Phys. B 254, 327 (1985).

[18] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. B 289, 589 (1987); J. J. Atick, L. J. Dixon and A. Sen, Nucl. Phys. B 292, 109 (1987).

[19] For a review see K. R. Dienes, Phys. Rept. 287, 447 (1997).

[20] K. S. Babu and J. C. Pati, Phys. Lett. B 384, 140 (1996) [arXiv:hep-ph/9606215];

C. F. Kolda and J. March-Russell, Phys. Rev. D 55, 4252 (1997) [arXiv:hep-ph/9609480]; M. Bastero-Gil and B. Brahmachari, Nucl. Phys. B 575, 35 (2000) [arXiv:hep-ph/9907318]; J. L. Chkareuli, I. G. Gogoladze and A. B. Kobakhidze, Phys. Rev. Lett. 80, 912 (1998); J. L. Chkareuli, C. D. Froggatt, I. G. Gogoladze and A. B. Kobakhidze, Nucl. Phys. B 594, 23 (2001) [arXiv:hep-ph/0003007]; T. Li, D. V. Nanopoulos and J. W. Walker, arXiv:0910.0860 [hep-ph].

[21] T. Moroi and Y. Okada, Phys. Lett. B 295, 73 (1992); Mod. Phys. Lett. A 7, 187 (1992).

[22] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).

[23] L. Lavoura and J.P. Silva, Phys. Rev. D 47, 2046 (1993); N. Maekawa, Phys. Rev. D 52, 1684 (1995).

[24] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979).

[25] G. Feinberg, M. Goldhaber and G. Steigman, Phys. Rev. D 18, 1602 (1978); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 49, 7 (1982); L. Arnellos and W. J. Marciano, Phys. Rev. Lett. 48, 1708 (1982); J. Basecq and L. Wolfenstein, Nucl. Phys. B 224, 21 (1983); S. P. Misra and U. Sarkar, Phys. Rev. D 28, 249 (1983); W. M. Alberico, A. Bottino, P. Czerski and A. Molinari, Phys. Rev. C 32, 1722 (1985).

[26] L. E. Ibanez and G. G. Ross, Phys. Lett. B 332, 100 (1994) [arXiv:hep-ph/9403338];

P. Binetruy and P. Ramond, Phys. Lett. B 350, 49 (1995) [arXiv:hep-ph/9412385]; E. Dudas, S. Pokorski and C. A. Savoy, Phys. Lett. B 356, 45 (1995) [arXiv:hep-ph/9504292]; Y. Nir, Phys. Lett. B 354, 107 (1995) [arXiv:hep-ph/9504312]; P. Binetruy, S. Lavignac and P. Ramond, Nucl. Phys. B 477, 353 (1996) [arXiv:hep-ph/9601243]; Y. Nir and R. Rattazzi, Phys. Lett. B 382, 363 (1996) [arXiv:hep-ph/9603233]; E. J. Chun and A. Lukas, Phys. Lett. B 387, 99 (1996) [arXiv:hep-ph/9605377]; P. Binetruy, S. Lavignac, S. T. Petcov and P. Ramond, Nucl. Phys. B 496, 3 (1997) [arXiv:hep-ph/9610481]; Y. Grossman, Y. Nir and Y. Shadmi, JHEP 9810, 007 (1998) [arXiv:hep-ph/9808355];

G. Altarelli and F. Feruglio, Phys. Rept. 320, 295 (1999); M. E. Gomez, G. K. Leontaris, S. Lola and J. D. Vergados, Phys. Rev. D 59, 116009 (1999) [arXiv:hep-ph/9810291]; W. Buchmuller and T. Yanagida, Phys. Lett. B 445, 399 (1999) [arXiv:hep-ph/9810308]; Q. Shafi and Z. Tavartkiladze, Phys. Lett. B 451, 129 (1999) [arXiv:hep-ph/9901243]; Phys. Lett. B 482, 145 (2000) [arXiv:hep-ph/0002150]; J. L. Feng, Y. Nir and Y. Shadmi, Phys. Rev. D 61, 113005 (2000) [arXiv:hep-ph/9911370]; J. Sato and T. Yanagida, Phys. Lett. B 493, 356 (2000) [arXiv:hep-ph/0009205]; M. Tanimoto, Phys. Lett. B 501, 231 (2001) [arXiv:hep-ph/0010088]; N. Maekawa, Prog. Theor. Phys. 106, 401 (2001) [arXiv:hep-ph/0104200].

[27] K. S. Babu, I. Gogoladze and K. Wang, Nucl. Phys. B 660, 322 (2003) [arXiv:hep-ph/0212245].

[28] K. S. Babu, T. Enkhbat and I. Gogoladze, Nucl. Phys. B 678, 233 (2004) [arXiv:hep-ph/0308093].

[29] T. Maehara and T. Yanagida, Prog. Theor. Phys. 61, 1434 (1979); R. N. Cahn and H. Harari, Nucl. Phys. B 176, 135 (1980).