arXiv:hep-ph/0207180 v2 19 Jul 2002

KAIST-TH 02/17

Operator Analysis of Neutrinoless Double Beta Decay

Kiwoon Choi^∗, Kwang Sik Jeong^† and Wan Young Song^‡ Department of Physics, Korea Advanced Institute of Science and Technology Daejeon 305-701, Korea (July 22, 2002)

Abstract

We study the effective operators of the standard model fields which would yield an observable rate of neutrinoless double beta decay. We particularly focus on the possibility that neutrinoless double beta decay is dominantly induced by lepton-number-violating higher dimensional operators other than the Majorana neutrino mass. Our analysis can be applied to models in which neutrinoless double beta decay is induced either by a strong dynamics or by quantum gravity effects at a fundamental scale near the TeV scale as well as the conventional models in which neutrinoless double beta decay is induced by perturbative renormalizable interactions.

Typeset using REVTEX

∗kchoi@muon.kaist.ac.kr

†ksjeong@muon.kaist.ac.kr

‡wysong@muon.kaist.ac.kr

I. INTRODUCTION

The neutrinoless double beta decay (ββ_{0ν}) provides a very sensitive probe of leptonnumber (L) violating interactions. The most commonly quoted origin of ββ_{0ν} is the eecomponent of Majorana neutrino mass matrix in the charged lepton mass eigenbasis, which is given by

(m^ν )_{ee} = ∑ i U^2_{ei}m_i = c^2_{12}c^2_{13}e^{iα1} m_1 + s^2_{12}c^2_{13}e^{iα2} m_2 + s^2_{13}e^{iα3} m_3 , (1)

where m_i (i = 1, 2, 3) are the neutrino mass eigenvalues, θ_{ij} (i ≠ j) and α_i denote the mixing angles and CP phases in the 3 × 3 neutrino mixing matrix U, and c_{ij} = cos θ_{ij} , s_{ij} = sin θ_{ij} . Recently there has been a report to claim ββ_{0ν} with half-life time τ_{1/2} ≈ 10^{25} yrs [1]. Though the claim is still debatable [2], some implications of this observation have been discussed already in many papers [3]. If the origin of ββ_{0ν} were due to (m^ν )_{ee}, the data suggest

|(m^ν )_{ee}| = 0.1 − 0.6 eV. (2)

When combined with the information from atmospheric and solar neutrino data, this value of (m^ν )_{ee} severely constrains the possible form of neutrino mass matrix. In particular, it does not allow the neutrino mass eigenvalues in normal hierarchy. As is well known, the atmospheric neutrino data imply [4]

Δm^2_{atm} ≡ |m^2_3 − m^2| ≈ 3 × 10^{−3} eV^2, (3)

As for the solar neutrino anomaly, the following four-solutions are possible [5]:

Δm^2_{sol} = |m^2 − m^2_1| sin^2 2θ_{12} LMA : 3.2 × 10^{−5} eV^2 0.75 SMA : 5.0 × 10^{−6} eV^2 2.4 × 10^{−3} LOW : 1.0 × 10^{−7} eV^2 0.96 V AC : 8.6 × 10^{−10} eV^2 0.96 (4)

where LMA, SMA, LOW and VAC mean the large mixing angle MSW, small mixing angle MSW, low mass, and vacuum oscillation solution, respectively, and the numbers in each solution represent the best-fit values. There exists also a constraint on θ_{13} from the CHOOZ reactor experiment [6]:

sin θ_{13} <∼ 0.2 . (5)

If the neutrino mass eigenvalues are in normal hierarchy, i.e. m_3 ≫ m_2 ≫ m_1, which is one of the plausible scenarios, the above information on θ_{ij} and m_i imply

|(m^ν )_{ee}| =

(2 − 5) × 10^{−3} eV (LMA) 10^{−6} eV − Max(m_1, s^2_{13}m_3) (SMA) 10^{−4} eV − s^2_{13}m_3 (LOW ) 10^{−5} eV − s^2_{13}m_3 (V AC) (6) where

s^2_{13}m_3 = 2 × 10^{−3} ( s^2_{13} 4 × 10^{−2} ) eV <∼ 2 × 10^{−3} eV. (7)

Obviously, these values of (m^ν )_{ee} are too small to induce ββ_{0ν} with τ_{1/2} ≈ 10^{25} yrs. So if the claimed ββ_{0ν} turns out to be correct, we would have either (approximately) degenerate neutrino masses or the observed ββ_{0ν} is not due to (m^ν )_{ee}, but due to some other L-violating interactions. This would be true as long as τ_{1/2} ≪ 10^{29} yrs which can be tested in future experiments [7].

The possibility that ββ_{0ν} is dominantly induced by L-violating interactions other than (m^ν )_{ee} has been discussed before in the context of specific models [8–14], and also a brief operator analysis of ββ_{0ν} has been made in [15]. In this paper, we wish to provide a more detailed operator analysis of ββ_{0ν} by studying generic L-violating but baryon-number (B) conserving higher-dimensional operators of the standard model (SM) fields which may induce ββ_{0ν}. The main focus will be given to the possibility that τ_{1/2}(ββ_{0ν}) ≈ 10^{25} yrs though (m^ν )_{ee} is in the range of (6). Our result can be easily matched to the previous studies on specific models in which ββ_{0ν} is induced by perturbative renormalizable interactions. It can be applied also to models in which ββ_{0ν} is induced by either a strong dynamics or quantum gravity effects at energy scales near the TeV scale.

The organization of this paper is as follows. In section II, we classify the L-violating operators of the SM fields which can trigger ββ_{0ν}. In section III, we tabulate the contraint on those ΔL = 2 operators from the condition τ_{1/2}(ββ_{0ν}) >∼ 10^{25} yrs, and also estimate (m^ν )_{ee} which would be radiatively-induced by the operators triggering ββ_{0ν}. In section IV, we consider two specific models, i.e. a left-right symmetric model [16,11] and a model with scalar diquark and dilepton [17,13], which can give τ_{1/2}(ββ_{0ν}) ≈ 10^{25} yrs, while having (m^ν )_{ee} in the range of (6). We match our results to the previous analysis on these models. Section V is the conclusion.

II. L-VIOLATING OPERATORS

In this section, we classify the L-violating but B-conserving operators of the SM fields which would trigger ββ_{0ν}. A complete analysis of ΔL = 2 operators which would induce a nonzero Majorana neutrino mass can be found in [15]. The ΔL = 2 ββ_{0ν} process may be induced by a double insertion of ΔL = 1 interactions or a single insertion of ΔL = 2 interaction. However with the SM fields alone, there is no way to construct a B-conserving operator with ΔL = 1. Since ββ_{0ν} occurs at energy scales far below the weak scale, the effects of quark-flavor-changing SM interactions on ββ_{0ν} are suppressed by the small Fermi constant and also the small quark-mixing angles. Also there is no renormalizable leptonflavor-changing interaction in the SM. With these observations, we can ignore the effects of fermion-flavor-violation, so limit the analysis to the ΔL = 2 operators containing only the first generation of quarks and leptons. We also limit our study only to the operators without spacetime derivative or gauge field.

We use a notation in which all fermions are two-component Weyl spinors, i.e. ψ is a left-handed spinor and ψ̄ is its right-handed hermitian conjugate. Generic fermion bilinear can be a Lorentz scalar, vector, or tensor: (ψχ)_S = (ψχ), (ψχ̄)_V = (ψσ^μχ̄), (ψχ)_T = (ψσ^{μν}χ), where σ_{μν} = (σ_μσ̄_ν − σ_νσ̄_μ)/4. Left-handed fermions relevant for ββ_{0ν} are

ℓ = (1, 2)_{−1/2}, e^c = (1, 1)_1, q = (3, 2)_{1/6}, u^c = (¯3, 1)_{−2/3}, d^c = (¯3, 1)_{1/3} , (8)

where SU(3)_C × SU(2)_L × U(1)_Y quantum numbers are indicated in parentheses. The SM Higgs doublet is denoted by H = (h^+, h^0) = (1, 2)_{1/2} and H̄ is its hermitian conjugate. We then have the following ΔL = 2 lepton bilinears

(ℓ^iℓ^j )_S = (ℓ^j ℓ^i)_S , (ℓ^iℓ^j )_T = −(ℓ^j ℓ^i)_T , (ℓ^iē^c)_V , (ē^cē^c)_S , (9)

where i, j are SU(2)-doublet indices.

There is a unique ΔL = 2, dimension(d) = 5 operator

L_{d=5} = − ξ Λ (ℓ^iℓ^j )_S H^k H^lϵ_{ik}ϵ_{jl} + h.c. , (10)

where Λ denotes the mass scale of L-violating new physics which is assumed to exceed the weak scale, and the dimensionless ξ represents the strength of the couplings and/or the possible loop suppression factor involved in the mechanism to generate the above d = 5 operator. After the electroweak symmetry breaking by ⟨H⟩ = (0, v/ √ 2) with v = 246 GeV, it gives the ee-component of the 3 × 3 Majorana neutrino mass matrix:

(m^ν )_{ee} = ξv^2 Λ . (11)

This neutrino mass is bounded to be less than 1 eV by ββ_{0ν} . Such a small neutrino mass can be a consequence of very large value of Λ [18,19], e.g. ξ ∼ 1 and Λ ∼ 10^{14} GeV. Alternatively, Λ can be of order TeV, but m^ν is small because ξ is small due to small couplings in the underlying dynamics which may be a consequence of some flavor symmetries [20], e.g. ξ ∼ 10^{−11} and Λ ∼ 1 TeV. At any rate, when combined with the double insertion of the charged-current weak interaction, this Majorana neutrino mass leads to ββ_{0ν} as in Fig. 1.a.

It is rather easy to see that there is no B-conserving d = 6, ΔL = 2 operator. As for d = 7, ΔL = 2 operators which would trigger ββ_{0ν}, we have

L_{d=7} = 1 Λ^3 [ λ^{S,T}_1 ϵ_{ik}ϵ_{lj} (ℓ^iℓ^j )_{S,T} (q^kd^c)_{S,T} H^l + λ^T_2 ϵ_{ij} ϵ_{kl}(ℓ^iℓ^j )_T (q^kd^c)_T H^l

+λ^{S,T}_3 ϵ_{jl}(ℓ^iℓ^j )_{S,T} (q̄_iū^c)_{S,T} H^l + λ^T_4 ϵ_{ij} (ℓ^iℓ^j )_T (q̄_kū^c)_T H^k +λ_5(ℓ^iē^c)_V (d^cū^c)_V H^j ϵ_{ij} ] + h.c. , (12) where again Λ is the mass scale at which the above operators are generated. After the electroweak symmetry breaking, these d = 7 operators yield the following 4-fermion operators: v √ 2Λ^3 [ λ_1 (ν_ee)_S (ud^c)_S + λ_2 (ν_ee)_T (ud^c)_T + λ_3 (ν_ee)_S (d̄ū^c)_S

+λ_4 (ν_ee)_T (d̄ū^c)_T + λ_5 (ν_eē^c)_V (d^cū^c)_V ] + h.c. , (13) where λ_1 = λ^S_1 , λ_2 = λ^T_2 − λ^T_1 , λ_3 = λ^S_3 , λ_4 = λ^T_4 − λ^T_3 .

When combined with a single insertion of the standard charged current weak interaction, the above ΔL = 2 four-fermi interactions lead to ββ_{0ν} as in Fig. 1.b.

As for the operators with d ≥ 8, we are interested in the operators which can induce ββ_{0ν} without involving the SM weak interaction. Such operators should contain two electrons, so can be written as L_{d≥8} = (ℓ^iℓ^j )_S O^S_{ij} + (ē^cℓ^i)_V O^V_i + (ē^cē^c)_S O^S (14) where O_I = {O^S_{ij}, O^V_i , O^S } are the operators made of the quarks and Higgs fields. In order to be ΔQ_{em} = 2, O_I must contain at least 4-quarks, so we need d ≥ 9. Any ΔQ_{em} = 2 four-quark operator can be written as a product of two ΔQ_{em} = 1 quark-antiquark bilinears: O_I = J_I J^′_I where the quark-antiquark bilinears J_I , J^′_I can be either color-singlet or coloroctet. The hadronic matrix element for ββ_{0ν} can be approximated as ⟨Z + 2|O_I |Z⟩ ∝ ⟨p|J_I |n⟩⟨p|J^′_I |n⟩ for the neutron state |n⟩ and the proton state |p⟩, and then O_I with coloroctet J_I can be ignored in the operator analysis of ββ_{0ν}. The most general d = 9 operators containing two color-singlet quark-antiquark bilinears together with two electrons are given by L_{d=9} = 1 Λ^5 [ κ^{S,T}_1 ϵ_{ik}ϵ_{jl}(ℓ^iℓ^j )_S (q^kd^c)_{S,T} (q^ld^c)_{S,T} + κ^{S,T}_2 (ℓ^iℓ^j )_S (q̄_iū^c)_{S,T} (q̄_jū^c)_{S,T} +κ^{S,T}_3 ϵ_{kj} (ℓ^iℓ^j )_S (q^kd^c)_{S,T} (q̄_iū^c)_{S,T} + κ^V_3 ϵ_{ki}(ℓ^iℓ^j )_S (q^kq̄_j )_V (d^cū^c)_V +κ^{S,T}_4 ϵ_{ji}(ℓ^iē^c)_V (d^cū^c)_V (q^j d^c)_{S,T} + κ^{S,T}_5 (ℓ^iē^c)_V (d^cū^c)_V (q̄_iū^c)_{S,T} +κ_6(ē^cē^c)_S (d^cū^c)_V (d^cū^c)_V ] + h.c. . (15) where all quark bilinears in the parentheses are color- singlet. These d = 9 operators give the following 6-fermion operators which would trigger ββ_{0ν} as in Fig. 1.c: 1 Λ^5 [ κ^{S,T}_1 (ee)_S(ud^c)_{S,T} (ud^c)_{S,T} + κ^{S,T}_2 (ee)_S (d̄ū^c)_{S,T} (d̄ū^c)_{S,T} +κ^{S,T}_3 (ee)_S(ud^c)_{S,T} (d̄ū^c)_{S,T} + κ^V_3 (ee)_S(ud̄)_V (ū^cd^c)_V +κ^{S,T}_4 (eē^c)_V (d^cū^c)_V (ud^c)_{S,T} + κ^{S,T}_5 (eē^c)_V (d^cū^c)_V (d̄ū^c)_{S,T} +κ_6(ē^cē^c)_S (d^cū^c)_V (d^cū^c)_V ] + h.c. . (16) As for the next higher dimensional d = 11 operators, we are interested in the operators which can not be obtained by multiplying the gauge-invariant Higgs bilnear H^iH̄_i to d = 9 operators in (15). Among such operators, the following ones are relevant for ββ_{0ν}:

L_{d=11} = 1 Λ^7 [ η^′_1ϵ_{km}ϵ_{ln}(ℓ^iℓ^j )_S (q^kq̄_i)_V (q^lq̄_j )_V H^mH^n + η^{′′}_1 ϵ_{kj} ϵ_{ln}(ℓ^iℓ^j )_S (q^kq̄_i)_V (q^lq̄_m)_V H^mH^n +η^{′′′}_1 ϵ_{ik}ϵ_{jm}(ℓ^iℓ^j )_S (q^kq̄_l)_V (q^mq̄_n)_V H^lH^n + η_2(ℓ^iℓ^j )_S (d^cū^c)_V (d^cū^c)_V H̄_iH̄_j +η^{′S,T}_3 ϵ_{jl}ϵ_{km}(ℓ^iē^c)_V (q^jq̄_i)_V (q^kd^c)_{S,T} H^lH^m + η^{′′,S,T}_3 ϵ_{ij} ϵ_{ml}(ℓ^iē^c)_V (q^jq̄_k)_V (q^ld^c)_{S,T} H^k H^m +η^{′′′S,T}_3 ϵ_{il}ϵ_{mj} (ℓ^iē^c)_V (q^jq̄_k)_V (q^ld^c)_{S,T} H^mH^k + η^{′S,T}_4 ϵ_{jl}(ℓ^iē^c)_V (q^jq̄_i)_V (q̄_kū^c)_{S,T} H^kH^l +η^{′′S,T}_4 ϵ_{ji}(ℓ^iē^c)_V (q^jq̄_k)_V (q̄_lū^c)_{S,T} H^lH^k + η^{′′′S,T}_4 ϵ_{jl}(ℓ^iē^c)_V (q^jq̄_k)_V (q̄_iū^c)_{S,T} H^lH^k +η^{S,T}_5 ϵ_{ik}ϵ_{jl}(ē^cē^c)_S (q^id^c)_{S,T} (q^j d^c)_{S,T} H^kH^l + η^{S,T}_6 (ē^cē^c)_S (q̄_iū^c)_{S,T} (q̄_jū^c)_{S,T} H^iH^j +η^{S,T}_7 ϵ_{ik}(ē^cē^c)_S (q^id^c)_{S,T} (q̄_jū^c)_{S,T} H^j H^k + η_7ϵ_{ik}(ē^cē^c)_S (q^iq̄_j )_V (d^cū^c)_V H^j H^k ] , (17)

After the EWSB, these d = 11 operators give the following 6-fermion operators leading to ββ_{0ν} as in Fig. 1.c:

v^2 2Λ^7 [ η_1(ee)_S (ud̄)_V (ud̄)_V + η_2(ee)_S (d^cū^c)_V (d^cū^c)_V

+η^{S,T}_3 (eē^c)_V (ud̄)_V (ud^c)_{S,T} + η^{S,T}_4 (eē^c)_V (ud̄)_V (d̄ū^c)_{S,T} +η^{S,T}_5 (ē^cē^c)_S (ud^c)_{S,T} (ud^c)_{S,T} + η^{S,T}_6 (ē^cē^c)_S (d̄ū^c)_{S,T} (d̄ū^c)_{S,T} +η^{S,T}_7 (ē^cē^c)_S (ud^c)_{S,T} (d̄ū^c)_{S,T} + η_7(ē^cē^c)_S (ud̄)_V (d^cū^c)_V ] + h.c , (18) where

η_1 = η^′_1 + η^{′′}_1 + η^{′′′}_1 , η^{S,T}_3 = η^{′S,T}_3 + η^{′′S,T}_3 + η^{′′′S,T}_3 , η^{S,T}_4 = η^{′S,T}_4 + η^{′′S,T}_4 + η^{′′′S,T}_4 . (19)

III. CONSTRAINTS FROM ββ_{0ν}

To determine the ββ_{0ν} rate induced by the operators presented in section II, one needs to compute the nuclear matrix elements of the involved multi-quark operators^1. In this paper, we will use the results of [21] for the necessary nuclear matrix elements. We will also assume that ββ_{0ν} is dominated by one of the operators in (10),(12), (15) and (17), so ignore possible interference between the contributions from different operators. The resulting τ_{1/2} have several sources of uncertainties, e.g. the RG evolution effects, hadronic uncertainties in the nuclear matrix elements, and also possible interference effects, however still it can be used to constrain L-violating interactions with a reasonable accuracy.

If ββ_{0ν} is induced dominantly by (m^ν )_{ee}, one finds [1]

τ^{−1}_{1/2} = 1.1 × 10^{−13} ( v^2 Λm_e )_2

|ξ|^2 yr^{−1} = 7.4 × 10^{−30} ( (m^ν )_{ee} 4 × 10^{−3} eV

)_2

yr^{−1} (20)

In case that ββ_{0ν} is dominated by one of d ≥ 7 operators in section II, the resulting τ^{−1}_{1/2} can be written as τ^{−1}_{1/2} = |ϵ|^2Φ_ϵ where ϵ contains the operator coefficient, while Φ_ϵ contains the phase space factors and nuclear matrix elements depending on the Lorentz structure of the corresponding operator. Using the results of [21], the numerical values of Φ_ϵ can be obtained as summarized in Tables I and II. For d = 7 operators of (12) giving the 4-fermion operators (13), ββ_{0ν} occurs as in Fig.1(b). We then find the corresponding half–life time

1In fact, since the ΔL = 2 operators are assumed to be generated at scale Λ, one also needs to compute the renormalization group evolution of the operators over the scales from Λ to Λ_{QCD} ∼ 1 GeV. Taking into account the effects of such renormalization group evolution is beyond the scope of this paper, so will be ignored.

τ^{−1}_{1/2} = 1 128 ( v^3 Λ^3

)_2 [ 16|λ_{1,3,5}|^2, |λ_{2,4}|^2 ] Φ_{λi} yr^{−1}, (21)

where the numerical values of Φ_{λi} are listed in Table I. The upperbound on λ’s resulting from the condition τ_{1/2} >∼ 10^{25} yrs are summarized in Table III.

It is also straightforward to compute τ_{1/2} for ββ_{0ν} induced by d = 9 and d = 11 operators of (15) and (17). For d = 9 operators, we find

τ^{−1}_{1/2} = ( m_pv^4 8Λ^5

)_2 [ 16|κ^S_{1,2,3,4,5}|^2, 16|κ^V_3 |^2, 4|κ^T_{4,5}|^2, |κ^T_{1,2,3}|^2, 16|κ_6|^2 ] Φ_{κi} yr^{−1}, (22)

and for d = 11 operators,

τ^{−1}_{1/2} = ( m_pv^6 16Λ^7

)_2 [ 16|η_{1,2,7}|^2, 16|η^S_{3,4,5,6,7}|^2, 4|η^T_{3,4}|^2, |η^T_{5,6,7}|^2 ] Φ_{ηi} yr^{−1}, (23)

where m_p is the proton mass and the numerical values of Φ_{κi} and Φ_{ηi} are listed in Table II. The resulting constraints on κ’s and η’s for τ_{1/2} >∼ 10^{25} yrs are summarized in Table IV and V. The above equations (21), (22) and (23) summarizing the ββ_{0ν} rate of d = 7, 9, 11 operators and the resulting constraints on the operator coefficients λ’s, κ’s and η’s listed in Tables III, IV, V are the main results of this paper. Still one of our major concern is the possibility that ββ_{0ν} is induced dominantly by one of d ≥ 7 operators, not by the d = 5 operator for (m^ν )_{ee}. This would occur for instance if some of λ’s or κ’s saturate their bounds from ββ_{0ν}, while ξ is small enough to give (m^ν )_{ee} ≪ 1 eV. In fact, the condition (m^ν )_{ee} ≪ 1 eV constrains the coefficients of d ≥ 7 operators also since those operators can generate (m^ν )_{ee} through loops. For instance, the d = 7 operator with coefficients λ^S_{1,3} in (12) generate the d = 5 operator for (m^ν )_{ee} through the one-loop diagram of Fig. 2.a, yielding δ_λξ ∼ y_{d,u} 16π^2 λ^S_{1,3} , (24)

where we have taken the cutoff of the loop momenta to be Λ and y_{d,u} is the down(up)–quark Yukawa couplings. Other d = 7 operators can generate ξ also, however it involves more loops and/or more insertions of small Yukawa couplings. For instance, the operator with coefficient λ_5 in (12) generates ξ through the 2-loop diagram of Fig. 2.b, yielding δ_λξ ∼ y_uy_dy_e (16π^2)^2 λ_5 , (25)

where y_e is the electron Yukawa coupling. As a result, δ_λξ from other d = 7 operators are negligibly small compared to δ_λξ from λ^S_{1,3}.

Similarly, the d = 9 operators with coefficients κ^S_{1,2,3} in (15) generate the d = 5 operator for (m^ν )_{ee} at two-loop order (Fig. 2.c): δ_κξ ∼ (y^2_d, y^2_u, y_dy_u) (16π^2)^2 κ^S_{1,2,3} , (26)

where again the cutoff of the loop momenta is chosen to be Λ. Other d = 9 operators and also the d = 11 operators can generate ξ, however again the corresponding diagrams involve more loops and/or more insertions of small Yukawa couplings. For instance, the d = 9 operator with coefficient κ_6 generates ξ through the 4-loop diagram of Fig. 2d, yielding δ_κξ ∼ y^2_uy^2_dy^2_e (16π^2)^4 κ_6 , (27)

which is absolutely negligible even when κ_6 saturates the bound from ββ_{0ν}.

Combining (20), (21) and (22) with (24) and (26), one easily finds

τ^{−1}_{1/2}(λ^S_{1,3}) τ^{−1}_{1/2}(δ_λξ)

∼ 3 × 10^3

( TeV Λ )_4 , τ^{−1}_{1/2}(κ^S_{1,2,3}) τ^{−1}_{1/2}(δ_κξ)

∼ 3 × 10^7

( TeV Λ )_8

, (28)

implying that if the scale Λ of L-violating interactions is about 1 TeV, it is quite possible that ββ_{0ν} is dominantly induced by one of ΔL = 2, d = 7 or d = 9 operators. In particular, one of d = 7 or d = 9 operators can give τ_{1/2}(ββ_{0ν}) ≈ 10^{25} yrs even when (m^ν )_{ee} is in the range of (6) as suggested by the atmospheric and solar neutrino oscillation data in normal neutrino mass hierarchy.

IV. APPLICATIONS TO SOME MODELS

Our results in the previous section can be applied to various kind of models providing L-violating interactions for ββ_{0ν} and/or neutrino mass. In this section, we consider some specific models of ββ_{0ν} which have been discussed in the literatures [11,13] and use our results to rederive the constraints on L-violating couplings from the condition τ_{1/2}(ββ_{0ν}) >∼ 10^{25} yrs.

Let us first consider a model in which d = 7 operators can be a dominant source of ββ_{0ν}. An example of such model is the left-right symmetric model [16,11] with gauge group SU(3)_C × SU(2)_L × SU(2)_R × U(1)_{B−L}. The Higgs sector of the model contains a bi-doublet ϕ and also triplets Δ_L and Δ_R whose SU(2)_L × SU(2)_R × U(1)_{B−L} quantum numbers are given by

Δ_L = (3, 1)_2 = ( δ^+_L / √ 2 δ^{++}_L δ^0_L −δ^+_L / √ 2 ) , Δ_R = (1, 3)_2 = ( δ^+_R / √ 2 δ^{++}_R δ^0_R −δ^+_R/ √ 2 ) , ϕ = (2, 2)_0 = ( ϕ^0_1 ϕ^+_1 ϕ^−_2 ϕ^0_2 ) , where the subscripts are the U(1)_{B−L} charges. The model contains also the left and righthanded lepton doublets:

ℓ_L = ( ν e ) = (2, 1)_{−1}, ℓ̄_R = ( N̄^c ē^c ) = (1, 2)_{−1} ,

as well as the quark doublets

Q_L = ( u d ) = (2, 1)_{1/3}, Q̄_R = ( ū^c d̄c ) = (1, 2)_{1/3} .

Yukawa interactions of the 1st generation are given by

L_Y = hℓ_Lϕℓ_R + h̃ℓ_Lσ_2ϕ^∗σ_2ℓ_R + h^QQ_LϕQ_R + h̃^QQ_Lϕ̃Q_R

+ fℓ_Liσ_2Δ_Lℓ_L + fℓ_Riσ_2Δ^†_Rℓ_R + h.c. (29)

Parameters in the Higgs potential can be chosen to yield the Higgs vacuum expectation values ⟨δ^0_{L,R}⟩ = v_{L,R} and ⟨ϕ⟩ = diag(κ, κ^′) with the scale hierarchy v_R ≫ κ ≫ κ^′ ≫ v_L. Then the fermion masses of the model are given by m_e ≈ h̃κ, m^u ≈ h^Qκ, m^d ≈ h̃^Qκ for κ ∼ 180 GeV, and the neutrino mass

(m^ν )_{ee} ≈

(hκ)^2 − 4f^2v_Lv_R 2fv_R . (30)

The model can generate also the d = 7 operators of (12) (with coefficients λ^S_{1,3}) through the diagram of Fig.3.a, yielding

λ^S_1 Λ^3 ≈ γv_Rf m^2_{ΔL} ( h^Q m^2_{ϕ1} − h̃Q m^2_{ϕ2} ) , λ^S_3 Λ^3 ≈ γv_Rf m^2_{ΔL} ( h̃Q m^2_{ϕ1} − h^Q m^2_{ϕ2} ) , (31)

where γ is the coefficient of the term tr(Δ^†_LϕΔ_Rϕ^†) in the Higgs potential. Then there exists a parameter range of the model in which ββ_{0ν} is dominated by these d = 7 operators. For instance, if fv_R ∼ m_{ΔL} ∼ 10^5 GeV, m_ϕ ∼ 2 × 10^2 GeV, and γ ∼ 10^{−1}, the resulting λ^S_{1,3}/Λ^3 ∼ 10^{−6}/(TeV)^3 saturates the bound listed in Table III, so lead to ββ_{0ν} with τ_{1/2} ∼ 10^{25} yrs. Though not very natural, still the parameters of the model can be tuned to yield (m^ν )_{ee} = O(10^{−3}) eV, while keeping λ^S_{1,3}/Λ^3 ∼ 10^{−6}/(TeV)^3. So the model can accomodate τ_{1/2}(ββ_{0ν}) ∼ 10^{25} yrs together with the atmospheric and solar neutrino oscillation data in hierarchical neutrino mass scenario.

As an example of model in which d = 9 operators of (15) can be a dominant source of ββ_{0ν}, let us consider a model containing scalar-diquarks and scalar-dilepton [17,13] with the following SU(3)_c × SU(2)_L × U(1)_Y quantum numbers:

Δ_u = (6, 1)_{4/3}, Δ_d = (6, 1)_{−2/3}, Δ_e = (1, 1)_{−2} . (32)

The Yukawa couplings of the model are assumed to include

h_uΔ_uu^cu^c + h_dΔ_dd^cd^c + h_eΔ_ee^ce^c (33)

and also the Higgs potential contains

μΔ_uΔ^†_dΔ_e (34)

which breaks L-conservation.

With the above interactions, a d = 9 operator for ββ_{0ν} is generated at tree level as depicted in Fig. 3b. The resulting operator corresponds to the κ_6 term of (15):

κ_6 Λ^5

(ē^cē^c)_S (d^cū^c)_V (d^cū^c)_V , (35)

where

κ_6 Λ^5 = μh_uh_dh_e 8m^2_{Δu} m^2_{Δd} m^2_{Δe}

. (36)

If h_{u,d,e} ∼ 1, m_{Δu,d,e} ∼ 1 TeV and μ ∼ 250 GeV, the resulting κ_6/Λ^5 ∼ 3 × 10^{−2}/(TeV)^5 saturates the bound in Table IV, so the model leads to ββ_{0ν} with τ_{1/2} ∼ 10^{25} yr. On the other hand, (m^ν )_{ee} induced by the L-violating interaction (34) is 4-loop suppressed and involves 6-powers of small Yukawa couplings as in Fig. 2.d:

(m^ν )_{ee} ∼ y^2_uy^2_dy^2_e (16π^2)^4 h_uh_dh_eμ⟨H⟩^2 m^2_Δ

. (37)

This (m^ν )_{ee} is absolutely negligible, (m^ν )_{ee} ∼ 10^{−30} eV, even when κ_6/Λ^5 saturates its bound. So one needs additional L-violating interactions to generate neutrino masses which would explain the atmospheric and solar neutrino oscillation data in hierarchical neutrino mass scenario.

V. CONCLUSION

Motivated by the recent claim of observing ββ_{0ν} with τ_{1/2} ≈ 10^{25} yrs, we studied the effective ΔL = 2 operators of the SM fields which would generate ββ_{0ν}. We classified such operators up to mass dimension d = 11, and find the upper bound on each operator coefficient resulting from the condition τ_{1/2} >∼ 10^{25} yrs. Our results are summarized in Tables III, IV, V. We also examined the possibility that d = 7 or 9 operators are a dominant source of ββ_{0ν} in the context of generic operator analysis, particularly the possibility that τ_{1/2}(ββ_{0ν}) ∼ 10^{25} yrs, while (m^ν )_{ee} = O(10^{−3}) eV as suggested by the atmospheric and solar neutrino oscillation data in hierarchical neutrino mass scenario. As we have demonstrated in section IV, our results can be easily matched to the previous analysis on specific models in which ββ_{0ν} is induced by perturbative renormalizable interactions. They can be also applied to models in which ββ_{0ν} is induced by either a strong dynamics or quantum gravity effects at scales near the TeV scale.

ACKNOWLEDGMENTS

This work is supported in part by BK21 Core program of MOE, KRF Grant No. 2000- 015-DP0080, KOSEF Sundo-Grant, and KOSEF through CHEP at Kyungpook National University.

REFERENCES

[1] H. V. Klapdor-Kleingrothaus, A. Dietz, H. L. Harney, and I. V. Krivosheina, Mod. Phys. Lett. A16 2409 (2001) [arXiv:hep-ph/0201231].

[2] F. Feruglio, A. Strumia, and F. Vissani, arXiv:hep-ph/0201291; C. E. Aalseth et al, arXiv:hep-ex/0202018; See, also, H. V. Klapdor-Kleingrothaus, arXiv:hep-ph/0205228; H. L. Harney, arXiv:hep-ph/0205293.

[3] H. V. Klapdor-Kleingrothaus and U. Sarkar, Mod. Phys. Lett. A16, 2469 (2001) [arXiv:hep-ph/0201224]; E. Ma, Mod. Phys. Lett. A17, 289 (2002) [arXiv:hepph/0201225]; H. V. Klapdor-Kleingrothaus and U. Sarkar, arXiv:hep-ph/0201226; V. Barger, S. L. Glashow, D. Marfatia, and K. Whisnant, Phys. Lett. B 532, 15 (2002) [arXiv:hep-ph/0201262]; Y. Uehara, Phys. Lett. B 537, 227 (2002) [arXiv:hepph/0201277]; T. Hambye, arXiv:hep-ph/0201307; H. Minakata and H. Sugiyama, Phys. Lett. B 532, 275 (2002) [arXiv:hep-ph/0202003]; G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and M. N. Rebelo, arXiv:hep-ph/0202030; Z. Z. Xing, Phys. Rev. D 65, 077302 (2002) [arXiv:hep-ph/0202034]; I. Jack, D. R. Jones and R. Wild, Phys. Lett. B 535, 193 (2002) [arXiv:hep-ph/0202101]; N. Haba and T. Suzuki, Mod. Phys. Lett. A17, 865 (2002) [arXiv:hep-ph/0202143]; G. Bhattacharyya, S. Goswami and A. Raychaudhuri, arXiv:hep-ph/0202147; C. Giunti and M. Laveder, arXiv:hep-ph/0202152; H. Nishiura, K. Matsuda, T. Kikuchi and T. Fukuyama, Phys. Rev. D 65, 097301 (2002) [arXiv:hep-ph/0202189]; M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 65, 115012 (2002) [arXiv:hepph/0202210]; M. Frigerio and A. Y. Smirnov, arXiv:hep-ph/0202247; M. Y. Cheng and K. M. Cheung, arXiv:hep-ph/0203051; Y. Koide and A. Ghosal, arXiv:hep-ph/0203113; H. B. Nielsen and Y. Takanishi, arXiv:hep-ph/0203147; S. Pakvasa and P. Roy, Phys. Lett. B 535, 181 (2002) [arXiv:hep-ph/0203188]; Z. Fodor, S. D. Katz and A. Ringwald, JHEP 0206, 046 (2002) [arXiv:hep-ph/0203198]; W. Rodejohann, arXiv:hepph/0203214; H. J. He, D. A. Dicus and J. N. Ng, Phys. Lett. B 536, 83 (2002) [arXiv:hepph/0203237]; G. Barenboim, J. F. Beacom, L. Borissov and B. Kayser, Phys. Lett. B 537, 227 (2002) [arXiv:hep-ph/0203261]; N. N. Singh, N. N. Singh and M. Patgiri, arXiv:hep-ph/0204021; H. B. Nielsen and Y. Takanishi, Nucl. Phys. B636, 305 (2002) [arXiv:hep-ph/0204027]; D. V. Ahluwalia and M. Kirchbach, arXiv:hep-ph/0204144; K. Matsuda, T. Kikuchi, T. Fukuyama and H. Nishiura, arXiv:hep-ph/0204254; F. Simkovic, P. Domin and A. Faessler, arXiv:hep-ph/0204278; X. J. Bi and Y. B. Dai, arXiv:hep-ph/0204317; D. Falcone, arXiv:hep-ph/0204335; S. F. King, arXiv:hepph/0204360; S. Pascoli, S. T. Petcov, arXiv:hep-ph/0205022; Z. Z. Xing, Phys. Lett. B 539, 85 (2002) [arXiv:hep-ph/0205032]; N. Haba, N. Nakamura, and T. Suzuki, arXive:hep-ph/0205141; S. J. Huber and Q. Shafi, arXiv:hep-ph/0205327; H. Nunokawa, W. J. C. Teves, R. Zukanovich Funchal, arXiv:hep-ph/0206137; K. S. Babu, Ernest Ma, J. W. F. Valle, arXiv:hep-ph/0206292.

[4] T. Toshito [SuperKamiokande Collaboration], arXiv:hep-ex/0105023. [5] J. N. Bahcall, M. C. Gonzalez-Garcia, and C. Pena-Garay, JHEP 0204 007 (2002) [arXiv:hep-ph/0111150]; J. N. Bahcall, M. C. Gonzalez-Garcia, C. Pena-Garay, arXiv:hep-ph/0204314.

[6] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466 415 (1999) [arXiv:hepex/9907037].

[7] S. R. Elliot and P. Vogel, arXiv:hep-ph/0202264.

[8] R. N. Mohapatra, Phys. Rev. D 34, 3457 (1986); J. D. Vergados, Phys. Lett. B 184, 55 (1987); M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Rev. Lett. 75, 17 (1995); Phys. Rev. D 53, 1329 (1995).

[9] Riazuddin, R. E. Marshak, and R. N. Mohapatra, Phys. Rev. D 24, 1310 (1981);

R. N. Mohapatra, Phys. Rev. D 34, 909 (1986); M. Hirsch, H. V. Klapdor-Kleingrothaus and O. Panella, Phys. Lett. B 374 7 (1996).

[10] J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); D 25, 2951 (1982);

R. N. Mohapatra and J. D. Vergados, Phys. Rev. Lett. 47, 1713 (1981); L. Wolfenstein, Phys. Rev. D 26, 2507 (1982).

[11] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 75, 2276 (1995). [12] M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Lett. B 372 181 (1996); Erratum-ibib. B 381 488 (1996).

[13] B. Brahmachari and E. Ma, Phys. Lett. B 536, 259 (2002) [arXive:hep-ph 0202262]. [14] M. Hirsch, V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Rev. D 54, 4207 (1996).

[15] K. S. Babu and C. N. Leung, Nucl. Phys. B619, 667 (2001). [16] R. N. Mohapatra and G. Senjanovic, Ref. [18]; Phys. Rev. D 23, 165 (1981). [17] For general studies of scalar bilinears, see E. Ma, M. Raidal, and U. Sarkar, Eur. Phys. J. C8, 301 (1999); Phys. Rev. D 60, 076005 (1999).

[18] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity (ed. P. van Nieuwenhuizen and D. Freedman, North-Holland, Amsterdam, 1979); T. Yanagida, in Proceeding of the Workshop on the Unified Theory and the Baryon Number in the Universe (ed. O. Sawada and A. Sugamoto, KEK Report No. 79-18, 1979); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[19] E. Ma and Utpal Sarkar, Phys. Rev. Lett. 80, 5716 (1998); E. Ma, Phys. Rev. Lett. 81, 1171 (1998).

[20] K. Choi, E. J. Chun and H. D. Kim, Phys. Lett. B 394, 89 (1997); K. Choi, E. J. Chun and K. Hwang, Phys. Rev. D 60, 031301 (1999).

[21] H. Päs, M. Hirsh, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Lett. B 453 194 (1999); Phys. Lett. B 498 35 (2001), and references therein.

FIGURES

FIG. 1. Feynman diagrams for ββ_{0ν} . (a) corresponds to the conventional ββ_{0ν} induced by (m^ν )_{ee}. (b) represents ββ_{0ν} induced by the combined effects of a d = 7, ΔL = 2 operator (dark blob) and the SM charged current weak interaction, while (c) represents ββ_{0ν} induced by a d = 9 or 11, ΔL = 2 operator.

FIG. 2. Feynman diagrams for the d = 5 operator for (m^ν )_{ee} radiatively induced by d = 7 or d = 9 operators

FIG. 3. (a) Feynman diagram for the d = 7 operator with coefficients λ^S_{1,3} in the left–right symmetric model. (b) Feynman diagram for the d = 9 operator with coefficient κ_6 induced by the exchange of scalar diquarks and dilepton.

TABLES TABLE I. Numerical values of Φ_{λi} obtained using the results of Ref. [21].

λ_1 λ_2 λ_3 λ_4 λ_5 6.9 × 10^{−10} 2.9 × 10^{−8} 6.9 × 10^{−10} 2.0 × 10^{−7} 1.7 × 10^{−13}

TABLE II. Numerical values of Φ_{κi} and Φ_{ηi} obtained using the results of Ref. [21].

κ^S_{1,2,3}, η^S_{5,6,7} κ^T_{1,2,3}, η^T_{5,6,7} κ_6, η_{1,2} κ_3, η_7 κ^S_{4,5}, η^S_{3,4} κ^T_{4,5}, η^T_{3,4} 6.2 × 10^{−13} 1.4 × 10^{−8} 3.5 × 10^{−11} 5.6 × 10^{−10} 1.4 × 10^{−12} 1.4 × 10^{−10}

TABLE III. Upperbounds on the coefficient of d = 7 operators from τ_{1/2} ≥ 10^{25} yrs. Here Λ_{T eV} = Λ/TeV

λ_1/Λ^3_{TeV} λ_2/Λ^3_{TeV} λ_3/Λ^3_{TeV} λ_4/Λ^3_{TeV} λ_5/Λ^3_{TeV} 2.3 × 10^{−6} 1.4 × 10^{−6} 2.3 × 10^{−6} 5.3 × 10^{−7} 1.4 × 10^{−4}

TABLE IV. Upperbounds on the coefficients of d = 9 operators

κ^S_{1,2,3}/Λ^5_{TeV} κ^T_{1,2,3}/Λ^5_{TeV} κ^V_3 /Λ^5_{TeV} κ^S_{4,5}/Λ^5_{TeV} κ^T_{4,5}/Λ^5_{TeV} κ_6/Λ^5_{TeV} 2.3 × 10^{−1} 6.2 × 10^{−3} 7.7 × 10^{−3} 1.5 × 10^{−1} 3.1 × 10^{−2} 3.1 × 10^{−2}

TABLE V. Upper bounds on the coefficients of d = 11 operators

η_{1,2}/Λ^7_{TeV} η^S_{3,4}/Λ^7_{TeV} η^T_{3,4}/Λ^7_{TeV} η^S_{5,6,7}/Λ^7_{TeV} η^T_{5,6,7}/Λ^7_{TeV} η_7/Λ^7_{TeV} 1.0 5.1 1.0 7.6 0.2 0.3