Received: January 19, 2000, Accepted: February 28, 2000

HYPER VERSION

The K_L → π^0νν̄ decay in models of extended scalar sector

Gilad Perez

Department of Particle Physics, Weizmann Institute of Science Rehovot 76100, Israel E-mail: perez@wicc.weizmann.ac.il

Abstract: We calculate new contributions to the K_L → π^0νν̄ decay in models where neutrino Majorana masses require an extension of the scalar sector. First, we study a model where the neutrino mass is induced by the vacuum expectation value of an SU(2)-triplet scalar. Second, we study the Zee model where the Majorana mass comes from one loop diagrams involving a singly charged, SU(2)-singlet scalar. In both models, the Yukawa couplings that involve the new scalar and the neutrinos could be of order one. We find, however, that the contributions to the K_L → π^0νν̄ decay mediated by the new scalars depend on the neutrino masses rather than the Yukawa couplings and are, therefore, negligibly small.

Keywords: Neutrino Physics, Rare Decays, Kaon Physics, Beyond Standard Model.

Contents

1. Introduction 1

2. An SU(2) triplet scalar 2 2.1 The model 2 2.2 The K_L → π^0νν̄ decay rate 4

3. The Zee model 6 3.1 The model 6 3.2 The K_L → π^0νν̄ decay rate 8

4. Final conclusions 11

1. Introduction

Within the standard model (SM) the K_L → π^0νν̄ decay is known to be a CP violating (CPV) process to a very good approximation [1, 2], and subject to a clean theoretical interpretation [3]. In the SM, CP conserving (CPC) contributions are chirally suppressed and smaller by many orders of magnitude than the CPV ones [2]. In a previous work [4], we calculated the CPC contributions that arise when the SM lagrangean is extended to include neutrino mass terms. These contributions are known to be chirally enhanced, but we found that they are suppressed by a factor of order m^2_ν /m^2_W which makes them negligibly small. In this work we study models where, in addition to neutrino mass terms, there are new light scalars. The question that we ask is whether the fact that such scalars can have Yukawa couplings of order one to neutrinos allows for a situation where the new contributions are chirally enhanced while avoiding the m^2_ν /m^2_W suppression factor.

Specifically, we consider the following two models:

1. Neutrino masses are related to the vacuum expectation value of an SU(2)- triplet scalar. We present the model and calculate the new contributions to the K_L → π^0νν̄ decay in section 2.

2. Neutrino masses are related to loop diagrams involving a singly charged SU(2)- singlet and an additional SU(2)-doublet scalar. We present the model and calculate the new contributions to the K_L → π^0νν̄ decay in section 3.

A summary of our conclusions is given in section 4.

2. An SU(2) triplet scalar

2.1 The model

We consider the SM lagrangean with the addition of an SU(2) triplet Higgs field (Δ). The most general scalar potential is given by [5]:

V (H, Δ) = λ_H 2 (H^†_i H^i)^2 + λ_Δ 2 (Δ^†_t Δ^t)^2 + λH^†_i H^iΔ^†_t Δ^t + ~λH^{i†}σ^q_{ij} H^jΔ^{r†}t^q_{rs}Δ^s + + m ( Δ̄^0H^0H^0 + √ 2Δ^−H^+H^0 + Δ^{−−}H^+H^+ ) + + μ^2_H H^†_i H^i + μ^2_ΔΔ^†_t Δ^t + h.c. , (2.1)

where Δ^t = [Δ^{++}, Δ^+, Δ^0], H^i = [H^+, H^0] and σ, t are are SU(2) generators in the J = 1/2, 1 representations, respectively. The m-term in (2.1) breaks the global lepton number symmetry (L) so that the phenomenologically unacceptable [6, 7] Majoron [8] is avoided. For simplicity, we assume that the couplings in (2.1) conserve CP. As concerns the VEVs, ⟨H^0⟩ ≡ v_H / √ 2 and ⟨Δ^0⟩ ≡ v_Δ/ √ 2, we assume for simplicity that they are both real and we take into account the constraints from the ρ parameter [8, 9]: v_Δ v_H ≲ 10^{−2} . (2.2)

In order to calculate the contribution to the decay, the scalar mass eigenstates and mixing angles should be identified. With the assumption that the scalar potential V (H, Δ) (2.1) is real, the imaginary and the real parts of the neutral scalars remain unmixed. For the CP even fields, √ 2 Re(H^0) and √ 2 Re(Δ^0), we have the following mass matrix [5] (we neglect terms that are higher order in v_Δ/v_H and assume that the λ’s are positive and of order one):

M^2_R = v^2_H ( λ_H^{√2}_{vH} (λ̂^{vΔ√}_2 + m) √ 2 v_H (

λ̂^vΔ_{√2} + m) −^m_{√2vΔ} ) , (2.3)

where λ̂ ≡ λ + ~λ. The eigenvectors of M^2_R are:

ξ_1 = Re(H^0) cos γ + Re(Δ^0) sin γ ξ_2 = − Re(H^0) sin γ + Re(Δ^0) cos γ , (2.4)

where

tan γ = − v_H 2v_Δ ( λ̂+ √ 2m v_Δ )_{−1} λH + m √ 2v_Δ − ( λ_H + m √ 2v_Δ

)_2 + 4 v^2_Δ v^2_H ( λ̂+ √ 2m v_Δ

)_2

≈ 2 v_Δ v_H ( λ̂ + √2m/v_Δ 2λ_H + √ 2m/v_Δ ) ≪ 1 . (2.5)

In deriving the inequality in eq. (2.5) and below we assume that there are no finetuned cancellations among the independent parameters of the scalar sector. The eigenvectors correspond to the following mass eigenvalues:

m^2_{ξ1,2} = v^2_H 2 λH − m √ 2v_Δ ± ( λ_H + m √ 2v_Δ

)_2 + 4 v^2_Δ v^2_H ( λ̂ + √ 2m v_Δ

)_2

≈ v^2_H λH + v^2_Δ v^2_H ( λ̂ + √2m/v_Δ )_2 λ_H + m/ √ 2v_Δ , − m √ 2v_Δ + O ( m v^2_Δ v^2_H ) . (2.6)

For the CP odd fields, √ 2 Im(H^0) and √ 2 Im(Δ^0), we have the following mass matrix:

M^2_I = √ 2m ( −2v_Δ −v_H −v_H −^{v2H}_{2vΔ} ) . (2.7)

The eigenvectors of M^2_I are:

G^0 = Im(H^0) cos η + Im(Δ^0) sin η J^0 = − Im(H^0) sin η + Im(Δ^0) cos η , (2.8)

where | tan η| = | | |2v^Δ v_H | | | ≪ 1 . (2.9)

We learn that mixing in the CP-odd sector is very small and we neglect it from here on. The eigenvectors correspond to the following mass eigenvalues [5]:

m^2_G0_{,J} 0 = [ 0, − mv^2_H √ 2v_Δ ] , (2.10)

where the massless component G^0 ∼ √ 2 Im(H^0) corresponds to the unphysical Goldstone boson which is eaten by the Z boson, while J^0 ∼ √ 2 Im(Δ^0) corresponds to the would-be Majoron. As expected its squared mass is proportional to the explicit lepton number violating parameter m.

For the singly charged scalars, H^± and Δ^±, we have the following mass matrix:

M^2_C = v_H √ 2 ( ~λ v^Δ√ 2 + m ) ( −2^{vΔ}_{vH} √ 2 √ 2 −^{vH}_{vΔ} ) . (2.11)

The eigenvectors of M^2_C are:

G^± = H^± cos η^′ + Δ^± sin η^′ ξ^± = −H^± sin η^′ + Δ^± cos η^′ , (2.12) where

| tan η^′| = | | | | √ 2v_Δ v_H | | | | ≪ 1 . (2.13)

We learn that mixing in the charged sector is very small and we neglect it from here on. The eigenvectors correspond to the following mass eigenvalues:

m^2_G±_{,ξ}± = [ 0, − v^2_H √ 2 ( ~λ √ 2 + m v_Δ )] , (2.14)

where the massless component G^± ∼ H^± corresponds to the unphysical charged Goldstone boson which is eaten by the W^± bosons, while ξ^± ∼ Δ^± corresponds to a new physical charged scalar.

Neutrino Majorana masses are induced via the following interaction terms:

L_{νν} = f_{mn}(L^m_{Li})_ατ^2_{αβ} σ^2_{ir}σ^t_{rj} (L^n_{Lj} )_βΔ^t , (2.15)

where τ is an SU(2) generator in the J = 1/2 spinor representation. For simplicity, we take f_{mn} = f_mδ_{mn} with f_m real. In this way, we avoid unnecessary complications related to flavor mixing and CP violation in the neutrino sector (see discussion in ref. [4]). The interaction term (2.15) induces neutrino masses:

(m^{Maj}_ν )_i = f_i⟨Δ^0⟩ (2.16)

with i = 1, 2, 3. In addition, it generates new contributions to the K_L → π^0νν̄ decay.

2.2 The K_L → π^0νν̄ decay rate

The dominant new contributions to the K_L → π^0νν̄ decay come from the diagrams presented in figure 1, which generate the following effective hamiltonian:

H^Δ_{eff} = ∑ ℓ G_F √ 2 α 2π sin^2 Θ_W

(d̄s)(ν^T_ℓ iτ^2ν_ℓ) ( X^{(a)}_ℓ + X^{(b)}_ℓ + X^{(c)}_ℓ ) , (2.17)

where the X^{(i)}_ℓ function corresponds to the diagram in figure 1i. In the X^{(a)}_ℓ and X^{(b)}_ℓ terms, the L breaking effects enter through, respectively, the ΔW W and ΔHH couplings and is related to the spontaneous breaking (⟨Δ^0⟩ ≠ 0):

X^{(a)}_ℓ + X_ℓ^{(b)} = −m^ℓ_ν m_s ∑ i λ_i ( sin^2 γ m^2_{ξ1} + cos^2 γ m^2_{ξ2} ) ( 1 2 + 2x_i λ − ~λ g^2 ) × × [ 1 + x_i (x_i − 1)^3 ( 2x_i ln(x_i) + 1 − x^2_i ) ] , (2.18)

Figure 1: CPC penguin diagrams mediated by a triplet Higgs.

where x_i = (m_i/M_W )^2 and λ_i = V^∗_{is}V_{id}. Since the top quark contribution is dominant, (2.18) can be simplified:

X^{(a)}_ℓ + X^{(b)}_ℓ ≈ −λ_tm^ℓ_ν m_s ( sin^2 γ m^2_{ξ1} + cos^2 γ m^2_{ξ2} ) ×

×x_t [( 1 2 + 2x_t λ − ~λ g^2 ) (2x_t ln(x_t) + 1 − x^2_t ) (x_t − 1)^3 + 2 λ − ~λ g^2 ] . (2.19)

In the X^{(c)}_ℓ term, the L breaking effect enters through the Δ−H mixing and is related to both the soft breaking (m ≠ 0) and the nonzero VEV of Δ^0. The calculation of X^{(c)}_ℓ is simplified by the use of the sdH effective coupling Γ_{sdH} , (represented by a square in figure 1c) which was calculated within the SM in ref. [10]. For our model Γ_{sdH} should be expressed in terms of the appropriate masses and mixing angles. The mixing of the charged scalar can, however, be neglected (see eq. (2.13)) and therefore we use directly the SM calculation: Γ_{sdH} = −λ_t g^3 128π^2 m^2_t m_s M^3_W ( 3 2 + 4λ_H g^2 f_2(x_t) ) (1 + γ^5) , (2.20)

where f_2(x) = x 2(1 − x)^2 ( − x 1 − x ln x + 2 1 − x ln x − 1 2 − 3 2x ) . (2.21)

Then X^{(c)}_ℓ is given by

X^{(c)}_ℓ = −λ_tm^ℓ_ν m_s sin 2γ 8 v_H v_Δ ( 1 m^2_{ξ1} − 1 m^2_{ξ2} ) x_t ( 3 2 + 4λ_H g^2 f_2(x_t) ) . (2.22)

Note that since the lepton and quark operators in the effective hamiltonian H^Δ_{eff} in eq. (2.17) are scalar operators, the new contributions are CPC.

We are interested in finding the upper bound on the new contributions. We therefore focus on the region in parameter space that maximizes them. For all scalar masses, we will use a lower bound of 45 GeV, thus avoiding any conflict with constraints from the invisible width of the Z boson. From eqs. (2.10) and (2.14) we then find: sign ( m v_Δ ) = −1 , | | | | m v_Δ | | | | ≳ 1 . (2.23)

Substituting the proper values for the masses and angles (2.5), (2.6) into the functions X^{(a)}_ℓ , X^{(b)}_ℓ (2.18) and X^{(c)}_ℓ (2.22) we find:

X^{(a)}_ℓ + X^{(b)}_ℓ ∼ λ_t m^ℓ_ν m_s v^2_H ( v_Δ m + O ( v^2_Δ v^2_H ))

X^{(c)}_ℓ ∼ λ_t m^ℓ_ν m_s v^2_H ( v^2_H λ_H v^2_H + mv_Δ + O ( v^2_Δ v^2_H )) . (2.24)

For m ≫ v_H X^{(a)}_ℓ + X^{(b)}_ℓ and X^{(c)}_ℓ are all highly suppressed, together with the total rate. Larger contributions are found with m in the intermediate regime v_Δ ≲ m ≲ v_H , where X^{(a)}_ℓ + X^{(b)}_ℓ and X^{(c)}_ℓ are all of the order of m^ℓ_ν m_s/v^2_H ∼ m^ℓ_ν m_s/m^2_{ξ1,2} .

The ν_mν_mΔ coupling, that is f_m of eq. (2.15), is proportional to m_{νm} /v_Δ. Naively, one may think that this mechanism of inducing neutrino masses can induce a contribution to the K_L → πνν rate that is enhanced by a factor of order v_H /v_Δ compared to the mechanisms of [4]. We find that this is not the case. For the diagrams in figure 1a,b, there is a v_Δ-factor in the W W Δ and HHΔ couplings. For the diagram in figure 1c, there is a factor of sin 2γv_H (1/m^2_{ξ1} − 1/m^2_{ξ2} ) ∼ v_Δ/v^2_H . In either case, the final result is proportional to f_mv_Δ ∼ m_{νm} and there is no enhancement.

We are now in a position to compare the contribution of the triplet scalar to the leading, CPV one [11]:

R^Δ_{CPV} =

Γ_Δ(K_L → π^0νν̄) Γ_{CPV}(K_L → π^0νν̄) ≲ ( M_K m_{ξlight} m_ν m_{ξlight}

)_2 ≈ 10^{−11} [ m_ν 10 MeV

]_2 [45 GeV

m_{ξlight}

]_4 , (2.25) where m_{ξlight} stands for the lighter between m_{ξ1} and m_{ξ2} . While the direct bound is m_{ντ} ≤ 18.2 MeV [7], there is a significantly stronger bound from cosmology, m_ν ≲ 10 eV [12]. Therefore, very likely, R^Δ_{CPV} ≲ 10^{−23}.

3. The Zee model

3.1 The model The Zee model [13] enlarges the SM scalar sector by a charged SU(2) singlet ϕ^+ and an SU(2) doublet H_2. The SM doublet is denoted by H_1. The lagrangean of the model is [13]:

L_{Zee} ≡ L_{SM} + f_{mn}ϵ_{αβ} (L^{mαT} CL^{nβ}_L)ϕ^+ + μ(H^†_1 H_2 + H^†_2 H_1) + V (H_1, H_2, ϕ^+) , (3.1) where L is a lepton doublet, α, β are SU(2) indices, m, n are flavor indices, C is the Dirac charge conjugation matrix and V (H_1, H_2, ϕ^+) is the most general scalar potential which respects the SM gauge symmetries and L [14]:

V (H_1, H_2, ϕ^+) ≡ λ_1 ( |H_1|^2 − a^2_1 2 )_2 + λ_2 ( |H_2|^2 − a^2 2 )_2 + +λ_3 ( |H_1|^2 − a^2_1 2 ) ( |H_2|^2 − a^2 2 ) + +λ_4(|H_1|^2 |H_2|^2 − H_1^†H_2H_2^†H_1) + λ_5 | |H_1^T iτ^2H_2 | |^2 +

+λ_6m^2 | |ϕ^+ | |^2 + λ_7 | |ϕ^+ | |^4 + λ_8 | |ϕ^+ | |^2 |H_1|^2 +

+λ_9 | |ϕ^+ | |^2 |H_2|^2 + M ( H^{1T} iτ^2H^2ϕ^− + h.c. ) . (3.2)

Both Higgs doublets develop nonzero VEVs:

⟨H^0_{1,2}⟩ ≡ v_{1,2} √ 2 . (3.3)

For μ = 0, the parameters a_{1,2} would be equal to v_{1,2} respectively. With a nonzero μ term, v_{1,2} are complicated functions of a_i, λ_i and μ. The L-charges of the scalars fields are:

L(H_1) = 0 , L(H_2) = 2 , L(ϕ^+) = −2 . (3.4) Then we see that L is broken spontaneously via the nonzero VEV of H_2. The μterm in eq. (3.1) breaks L explicitly so that the phenomenologically unacceptable Majoron [7, 14, 15] is avoided. For simplicity, we assume that CP is conserved in the lepton sector and take all the dimensionless scalar couplings to be of order one.

In order to calculate the new contribution to the decay, the scalar mass eigenstates and mixing angles should be identified. There are seven physical and three unphysical combinations (eaten by the Z and the W^± bosons). Out of the seven physical combinations, four are charged and three are neutral. The neutral ones are the wouldbe Majoron (which gains mass due to the μ term in eq. (3.1)) and two other real fields. As long as μ is real, the real and imaginary parts of H^0_{1,2} remain unmixed (as in the cases in which L is spontaneously broken [14, 16]), thus the imaginary physical combination corresponds to the would-be Majoron which is irrelevant to our calculation.

The real neutral mass matrix is read from the scalar potential of eq. (3.1):

M_R = 1 2 ( 2λ_1(3v_1^2 − a_1^2) + λ_3(v_2^2 − a_2^2) 2λ_3v_1v_2 + μ 2λ_3v_1v_2 + μ 2λ_2(3v_2^2 − a_2^2) + λ_3(v_1^2 − a_1^2) ) . (3.5) The eigenvectors of M_R are:

ρ_1 = Re(H^0_1 ) cos θ + Re(H^0_2 ) sin θ ρ_2 = − Re(H^0_1 ) sin θ + Re(H^0_2 ) cos θ . (3.6)

Each eigenvector corresponds to an eigenvalue denoted by m_{ρ1,2} . The masses m_{ρ1,2} and tan θ are complicated functions of a_i, λ_i and μ.

The charged mass matrix is:

M_C = 1 2 λ̄v2 − 2μ^v2_{v1} −λ̄v_1v_2 + 2μ √2Mv_2 −λ̄v_1v_2 + 2μ λ̄v^2_1 − 2μ^{v1}_{v2} − √ 2Mv_1 √ 2Mv_2 − √ 2Mv_1 2λ_6m^2 + λ_8v^2_1 + λ_9v^2

, (3.7)

where λ̄ ≡ λ_4 + λ_5. The massless combination of the charged fields (see e.g. refs. [17, 18]) is:

G^± = H^±_1 cos δ + H^±_2 sin δ , (3.8)

with tan δ = v_2 v_1

. (3.9)

The massless combination is not affected by the addition of the singlet field ϕ^+, nor by the μ term, since it is determined (according to the Goldstone theorem) only by the broken SU(2)_L generators. The physical charged fields are given by the following linear combinations of H^±_{1,2} and ϕ^± (which must be orthogonal to G^±):

χ^±_1 = (−H^±_1 sin δ + H^±_2 cos δ) cos β + ϕ^± sin β χ^±_2 = −(−H^±_1 sin δ + H^±_2 cos δ) sin β + ϕ^± cos β , (3.10)

with tan β being a complicated function of the scalar potential parameters. The new interactions in eq. (3.1) induced a neutrino Majorana mass matrix M^ν_{mℓ}. For simplicity we assume the dominance of the one loop induced mass [13, 14, 16, 19]:

M^ν_{mℓ} = 2 √ 2 (4π)^2 f_{mℓ} tan δ sin 2β

(m^2_ℓ − m^2_m) M_W ln ( m_{χ2} m_{χ1} ) , (3.11)

with m, ℓ flavor indices.

3.2 The K_L → π^0νν̄ decay rate

The new interactions also generate new contributions to the K_L → π^0νν̄ decay. Note that the one loop induced mass and the new contributions to the decay (shown in figure 2) are related to mixing between the charged scalars and therefore vanish in the

Figure 2: CPC diagrams in the Zee model.

limit δ, β → 0. Below we concentrate on the contributions which are dominant when sin δ is small. Contributions that are of higher order do not modify significantly the results, even with sin δ ∼ 1, and thus they are omitted. Note that, since v_1 induces the top mass, we always have tan δ ≲ 1.

The scalar operator is induced by the neutral Higgs mediated penguin diagram shown in figure 2. The square in the figures represents an effective sdH_{1,2} vertex denoted by Γ_{sdH1,2} , similar to the one we encountered in section 2.2. The effective vertices Γ_{sdH1,2} induced by the Zee model fields differ from the one calculated within the SM [10]. Since, however, we are only interested in finding an upper bound on the decay rate, we can simply set the charged mixing angles factors to one, and replace the boson masses in the propagator (as explained in section 2.2) with m_{χlight} ∼ 45 GeV. Then we get: Γ_{sdH1,2} ≲ g^3λ_t 128π^2 m^2_t m_s m^3_{χlight}

(1 + γ^5) × [C_{sdH1} , C_{sdH2} ] , (3.12)

where C_{sdHi} is a constant of O(10). Neglecting subdominant contributions of O[(m_ℓ/m_{ρi,χi} )^4], the diagrams in figure 2 generate the following CPC effective hamiltonian: H^ϕ_{eff} = G_F √ 2 α 2π sin^2 Θ_W λ_t(d̄s)(ν^T_miσ^2ν_{Lℓ})(Y^{(a)}_{ℓm} + Y^{(b)}_{ℓm} ) , (3.13)

where the Y^{(i)}_{ℓm} function corresponds to the diagram in figure 2i. Y^{(a)}_{ℓm} is given by:

Y^{(a)}_{ℓm} = 2 M^ν_{ℓm}M_W cos δ m^2_t m_s m^3_{χlight} [ C_{sdH1} ( cos^2 θ m^2_{ρ1} + sin^2 θ m^2_{ρ2} ) + C_{sdH2} sin 2θ 2 ( 1 m^2_{ρ1} − 1 m^2_{ρ2} )] . (3.14) The calculation of the diagram in figure 2b is much more involved. This is due to the fact that each of the trilinear couplings H^0_i H^±_j H^∓_k and H^0_i H^±_j ϕ^∓ (i, j, k = 1, 2) translates into a set of eight couplings in the mass basis. In order to estimate the upper bound on the rate we set (again) all mixing factors to unity and replace the charged scalar propagators by their maximal values, i.e. 1 k^2 − m^2_{χ1} − 1 k^2 − m^2_{χ2} → 1 k^2 − m^2_{χlight} and 1 k^2 − m^2_{χ1} + 1 k^2 − m^2_{χ2} → 2 k^2 − m^2_{χlight} . We then find: Y^{(b)}_{ℓm} ≲ √ 2 g64π^2 f_{ℓm}(m^2_ℓ − m^2_m)

M^2_W m^2_{ρ1} m^2_t m_s m^5_{χlight} [F_1(θ, m_{ρi} , m_{χi} , M) + F_2(θ, m_{ρi} , m_{χi} , M)] = 1 8g cot δ sin 2β ( ln m_{χ2} m_{χ1} )_{−1} M^ν_{mℓ}m_s m^2_{ρ1} m^2_t M^3_W m^5_{χlight} × × [F_1(θ, m_{ρi} , m_{χi} , M) + F_2(θ, m_{ρi} , m_{χi} , M)] , (3.15) where F_1(θ, m_{ρi} , m_{χi} , M) = [ C_{sdH1} ( cos^2 θ + sin^2 θ m^2_{ρ1} m^2_{ρ2} ) + C_{sdH2} sin 2θ 2 ( −1 + m^2_{ρ1} m^2_{ρ2} )] × × ( 2λ_1 + 1 2 λ̄ + 2λ_3 + 2λ_8 + 3M v_1 ) , (3.16) and F_2(θ, m_{ρi} , m_{χi} , M) = [ C_{sdH2} ( sin^2 θ + cos^2 θ m^2_{ρ1} m^2_{ρ2} ) − C_{sdH1} sin 2θ 2 ( −1 + m^2_{ρ1} m^2_{ρ2} )] × × ( 2λ_2 + 2λ_3 + 1 2 λ̄ + 2λ_9 − 5M v_1 ) . (3.17)

The M-term in the scalar potential (3.2) does not break any symmetry. One might think then that the ratio M/v_1 that appears in eqs. (3.16) can be arbitrarily large and enhance the decay rate. This is however not the case. For very large M, the scalar potential would spontaneously break U(1)_{EM} . An even stronger upper bound on M comes from two loop contributions to the neutrino masses. We assumed, for simplicity, that the neutrino masses are dominated by the one loop contributions. This assumption requires that M/v_1 is not much larger than the various λ couplings. Adding (3.14) to (3.15), and applying the approximation described above eq. (3.15) we find:

Y^{(a)}_{ℓm} + Y^{(b)}_{ℓm} ≲ m_{ν3} M_W m^2_{ρlight} m^2_t m_s m^3_{χlight} [ C_{sdH1} ( 4 + 3

M^2_W m^2_{χlight} ) + C_{sdH2} ( 1 + 3

M^2_W m^2_{χlight} )]

≲ 10^2 m_{ν3} M_W m^2_{ρlight} m^2_t m_s m^3_{χlight}

, (3.18)

where m_{ν3} is the largest eigenvalue of M^ν_{ℓm}.

We can now compare the CPC rate of the Zee model with the leading CPV one [11]:

R^{Zee}_{CPV} =

Γ_{Zee}(K_L → π^0νν̄) Γ_{CPV}(K_L → π^0νν̄) ≲ ( 10^2 m_ν M_W m^2_{ρlight} m^2_t m_K m^3_{χlight}

)_2

≈ 10^{−5} [ m_ν 10 MeV ( 45 GeV m_{ρlight}

)_2 (

45 GeV m_{χlight}

)_3]2 . (3.19)

Since, very likely, m_{ντ} ≤ 10 eV [20] , we expect R^Δ_{CPV} ≲ 10^{−17}. Recall that this upper bound was obtained using some crude approximations and is expected to be even smaller for an exact calculation.

4. Final conclusions

In this work we examined the question of whether the SM CP violating contribution to the K_L → π^0νν̄ decay is still dominant in the presence of new scalars that induce Majorana masses for neutrinos. We found the following unambiguous answers:

(i) For CPC contributions induced by an SU(2)-triplet scalar, we get:

Γ_Δ(K_L → π^0νν̄) Γ_{SM} (K_L → π^0νν̄) ≲ ( M_K m_ν m^2_{ξlight}

)_2 ≲ 10^{−11} . (4.1)

(ii) For CPC contributions that are generated in the Zee model, we get:

Γ_{Zee}(K_L → π^0νν̄) Γ_{SM} (K_L → π^0νν̄) ≲ ( 10^2 m_ν M_W m^2_{ρlight} m^2_t m_K m^3_{χlight}

)_2 ≲ 10^{−5} . (4.2)

In obtaining the final bounds in eqs. (4.1) and (4.2) we used the direct upper bound on m_{ντ} of order 10 MeV. If we use the cosmological bound, m_ν ≲ 10 eV, then the bounds become stronger by twelve orders of magnitude. It is clear then that the K_L → π^0νν̄ decay provides a very clean measurement of fundamental, CP violating properties and that it does not probe neutrino masses.

Acknowledgments

I thank Yossi Nir for his guidance in this work. I also thank Sven Bergman and Galit Eyal for fruitful discussions.

References

[1] L.S. Littenberg, The CP-violating dacay k^0_L → π^0νν̄, Phys. Rev. D 39 (1989) 3322.

[2] G. Buchalla and G. Isidori, The CP conserving contribution to K_L → π^0νν̄ in the standard model, Phys. Lett. B 440 (1998) 170 [hep-ph/9806501].

[3] G. Buchalla and A.J. Buras, QCD corrections to rare K and B decays for arbitrary top quark mass, Nucl. Phys. B 400 (1993) 225; K → πνν̄ and high precision determinations of the CKM matrix Phys. Rev. D 54 (1996) 6782 [hep-ph/9607447]; A.J. Buras, Precise determinations of the ckm matrix from CP asymmetries in b decays and K_L → π^0νν̄, Phys. Lett. B 333 (1994) 476 [hep-ph/9405368]; M. Misiak and J. Urban, QCD corrections to fcnc decays mediated by Z-penguins and W-boxes, Phys. Lett. B 451 (1999) 161 [hep-ph/9901278];

G. Buchalla and A.J. Buras, The rare decays K → πνν̄, B → Xνν̄ and B → l^+l^−, Nucl. Phys. B 548 (1999) 309 [hep-ph/9901288].

[4] G. Perez, Implications of neutrino masses on the K_L → π^0νν̄ decay, J. High Energy Phys. 09 (1999) 019 [hep-ph/9907205].

[5] E. Ma and U. Sarkar, Neutrino masses and leptogenesis with heavy Higgs triplets, Phys. Rev. Lett. 80 (1998) 5716 [hep-ph/9802445].

[6] M.C. Gonzalez-Garcia and Y. Nir, Implications of a precise measurement of the Z width on the spontaneous breaking of global symmetries, Phys. Lett. B 232 (1989) 383.

[7] Particle Data Group, Review of particle physics, Eur. Phys. J. C 3 (1998) 1.

[8] G.B. Gelmini and M. Roncadelli, Lefthanded neutrino mass scale and spontaneously broken lepton number, Phys. Lett. B 99 (1981) 411.

[9] R.D. Peccei, Neutrino physics, hep-ph/9906509;

LEP Electroweak Working Group, CERN-EP/99-15, Feb. 1999.

[10] R.S. Willey and H.L. Yu, The decays K_± → π_± lepton_+ lepton_− and limits on the mass of the neutral Higgs boson, Phys. Rev. D 26 (1982) 3287;

B. Grzadkowski and P. Krawczyk, Higgs particle effects in flavor changing transitions, Z. Physik C 18 (1983) 43.

[11] T. Inami and C.S. Lim, Effects of superheavy quarks and leptons in low-energy weak processes K_L → μμ̄, K_+ → π_+νν̄ and K_0 ↔ K̄_0, Prog. Theor. Phys. 65 (1981) 297.

[12] H. Harari and Y. Nir, Bounds on neutrino masses from neutrino decay rates, cosmology and the seesaw mechanism, Nucl. Phys. B 292 (1987) 251.

[13] A. Zee, A theory of lepton number violation, neutrino Majorana mass, and oscillation, Phys. Lett. B 93 (1980) 389;

Charged scalar field and quantum number violations, Phys. Lett. B 161 (1985) 141.

[14] S. Bertolini and A. Santamaria, The doublet majoron model and solar neutrino oscillations, Nucl. Phys. B 310 (1988) 714.

[15] J.E. Kim and J.S. Lee, Neutrino mass and lepton number violation with charged scalars, hep-ph/9907452.

[16] S.T. Petcov, Remarks on the Zee model of neutrino mixing (μ → eγν_{heavy} → ν_{light}γ, etc.), Phys. Lett. B 115 (1982) 401.

[17] H.E. Haber, G. Kane and T. Sterling, The fermion mass scale and possible effects of Higgs bosons on experimental observables, Nucl. Phys. B 161 (1979) 493.

[18] J.F. Gunion, H.E. Haber, G. Kane and S. Dawson, The Higgs hunter’s guide, Addison- Wesley, Frontiers in Physics Series 1990.

[19] C. Jarlskog, M. Matsuda, S. Skadhauge and M. Tanimoto Zee mass matrix and bimaximal neutrino mixing, Phys. Lett. B 449 (1999) 240 [hep-ph/9812282].

[20] R.N. Mohapatra and P.B. Pal, Massive neutrinos in physics and astrophysics, World Scientific, Singapore 1998.