arXiv:1203.5043v2 [hep-ph] 26 Mar 2012

Renormalization Group Evolution of the Non-Unitary operator

Subrata Khan^∗,

Physical Research Laboratory, Navrangpura, Ahmedabad -380009, India,

Abstract

Integrating out a heavy field gives rise to effective Lagrangian containing higher dimensional operators. In the context of Type-I seesaw mechanism, integrating out the heavy right handed neutrino field leads to unique dimension five operator which gives the tree level neutrino mass term. Apart from these there are dimension six operators that can have important implications. A linear combination of two such operators gives rise to the non-unitarity in the lepton mixing matrix, U_{PMNS}. In this paper, we discuss the origin of non-unitarity at the high scale and its evolution through renormalization group running.

∗subrata@prl.res.in

1 Introduction

Standard Model (SM) of particle physics does not admit mass terms for the neutrinos. This was motivated by the absence of observational evidence of right handed neutrinos. However, in the last decades, neutrino interferometry experiments have observed oscillation of neutrinos. This is ascribed to neutrino mass and their mixing among different generations. Neutrino oscillation data gives neutrino mass squared differences, Δm^2_1 and | |Δm2 | |_{31}, to the order of O (10−5) and (10−3) eV^2 respectively [1]. Also from cosmology, we have an upper bound on the sum of neutrino masses [2] which is ∑ m_i ≤ 0.5 eV. From the results of these observations it is clear that the neutrino masses are orders of magnitude smaller than other fermions i.e. charged leptons and quarks. A standard procedure to generate such a small neutrino mass naturally is to add heavy fields to the SM particle spectra. Below the mass scale of the heavy field, it gets integrated out from the theory and gives rise to the effective Lagrangian containing higher dimensional operators. These operators are non-renormalizable, and SM gauge group invariant. The lowest dimensional of such operators is the dimension-5 operator [3].

L_5 ∼ c^{(5)}_{ij} ( l^C_{Li}ϵϕ ) ( ϕ^T ϵ^T l_{Lj} ) (1.1)

where l_L and ϕ are respectively the SM lepton and Higgs doublets. As we can see from the above expression, c^{(5)} has the dimension of M^{−1}, where M is the mass of the right handed heavy particle. This operator violates lepton number by two units and leads to Majorana masses for neutrinos. After Spontaneous Symmetry Breaking (SSB), the ϕ field acquires Vacuum Expectation Value (VEV) v and consequently neutrino mass becomes; m_ν ∼^1_2 c^{(5)}v^2. With v ∼ 246 GeV, to produce neutrino mass of ∼ 0.5 eV, M has to be of the order of O(10^{14} GeV). This way of generating small neutrino masses, by integrating out the heavy field is popularly called seesaw mechanism (Type-I) [4].

The next set of higher dimensional operators that arise in the theory are the dimension six operators. List of different dimension six operators can be found in [5]. A linear combination of two such operators is of special relevance in connection with the neutrino mass and mixings [6]. This operator is expressed as

L_6 ∼ c^{(6)}_{ij} ( l_{Li}ϕ̃ ) i/∂ ( ϕ̃^†l_{Lj} ) (1.2)

Note that this operator is of Dirac type in contrast with the Majorana type operator (1.1). After symmetry breaking, the right hand side of Eq. (1.2) becomes

c^{(6)}_{ij} v^2 2 ν_{Li}i/∂ν_{Lj} (1.3) which makes the coefficient of neutrino kinetic term deviate from unity by an amount of^1_2 c^{(6)}v^2. Now, in order to bring the kinetic term in its usual canonical form, the field ν_L is rescaled with a factor of ( 1 +^1_2 c^{(6)}v^2 )_{1/2} . This also modifies the charged current interaction. Consequently the lepton mixing matrix, U_{PMNS}, becomes non-unitary by a factor of ( 1 −^1_4 c^{(6)}v^2 ) [7]. Because of this, the operator in Eq. (1.2) is called the non-unitary operator and c^{(6)} is called the non-unitary parameter. The dimension of c^{(6)} is M^{−2}. With M is of the order of O(10^{14} GeV), non-unitarity is highly suppressed.

Signature of such heavy neutrinos cannot be tested at colliders as their mass scale is way beyond the reach of these experiments. Therefore, from the point of view of testability at collider, one needs to bring down the seesaw scale to TeV. One way to circumvent this problem is provided by inverse seesaw [8]. In these scenarios (i.e. TeV scale seesaw [8, 9, 10]), mass scale of the heavy field is of the order of O(10^3 GeV) and hence non-unitarity can be appreciable i.e. c^{(6)}v^2 ∼ O(10^{−2}). Consequently the deviation of U_{PMNS} from unitarity can be significant and can have testable consequences [11]. 1

As we know that these type of operators arise at comparatively higher scale whereas observations are made at a much lower scale [12], the effect of Renormalization Group Evolution (RGE) needs to be incorporated. RGE for the dimension five operator, in the context of seesaw mechanism, is well known in the literature [13, 14]. RGE of the non-unitary operator is, however, not as widely studied. In [6] only part of the β-function of the non unitary parameter is computed. Here we shall present a detailed analysis of the origin of the non-unitary operator in the context of Type-I seesaw and one loop correction to that. Since the non-unitary operator becomes significant in TeV scale models, the RG running of this operator from the TeV scale to the electro-weak symmetry breaking scale is not expected to be as large as operators which are significant at very high energy (10^{12} − 10^{14} GeV). But as neutrino physics has entered the precision era, so strictly speaking, RGE of the non-unitary operator should be explored. Also for some cases, e.g., where symmetry enforces U_{e3} to be zero, a small RG running could evade the symmetry and may give a non-zero value of U_{e3} as indicated by present data [1].

The plan of the paper is as follows; in section 2 we shall present the Lagrangian, origin of non-unitarity at high scale and its renormalization procedure. In section 3 we give the one loop correction to the non-unitary operator, lepton doublet and Higgs doublet. Section 4 contains β-function of the non-unitary operator. We summarize in section 5. Appendix A contains the Feynman rules and appendix B contains the divergent part of different Feynman diagrams.

2 Origin of non-unitarity and Renormalization procedure

We add right handed gauge singlet heavy field to the SM particle spectra with mass is M_j . The extended part of the Lagrangian is

L_{Yuk} = − (Y_ν)_{ij} ϵ_{αβ}l̄_{αi}P_RN_jϕ^∗_β − (Y^∗_ν )_{ij} ϵ_{αβ} ϕ_βN̄_j P_Ll_{αi} (2.1)

L_{Mass} = − 1 2 M_{ij} N^C_i P_RN_j + h.c.

where ϕ denotes SU(2) higgs doublet with ϕ̃ = ϵϕ^∗; ϵ is the 2 × 2 anti-symmetric tensor. The lepton doublet of generation i is denoted by l_i, and N_j denote the heavy neutrino fields. The Yukawa coupling Y_ν is complex-valued i × j matrix in general. After SSB one gets the Dirac mass matrix for the neutrino as m_D ∼ vY_ν . The Majorana mass matrix M is j × j complex symmetric matrix.

2.1 Origin of non-unitarity

With the above Lagrangian (2.1) one can construct four possible dimension-6 Dirac type operators in the context of lϕ → lϕ and lϕ^∗ → lϕ^∗, two in each cases. Here we present one from each of them. The other two will be the same with fermion lines reversed. ϕ_δ l_{γj}

l_{αi} ϕβ

N_k

p_ϕ p^′_l p^′_ϕ

p_l p_l + p_ϕ s≪M^2k−→

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l pϕ p^′_ϕ p^′_l

c^{(6)}

2

Figure 1: Feynman diagram, lϕ → lϕ mediated by heavy right handed neutrino (on the left hand side). On the right hand side, low momentum transfer approximation, leads to c^{(6)} vertex.

Tree level matching of both sides, in the limit s ≪ M^2_k , gives i ( Y_ν M^{−1} ( M^{−1} )_∗ Y^†_ν ) ji ϵ_{γδ}ϵ_{αβ} ( /p_l + /p_ϕ ) P_L = i 2 c^{(6)}_{ji} ϵ_{γδ} ϵ_{αβ} ( /p_l + /p_ϕ ) P_L (2.2)

We identify c^{(6)} = 2Y_ν M^{−1} ( M^{−1} )_∗ Y^†_ν . Note that c^{(6)} is Hermitian. Here s = (p_l + p_ϕ)^2. A second one is as follows

t≪M^2_k −→

ϕ_δ l_{γj}

l_{αi} ϕβ

N_k

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l pϕ p^′_ϕ p^′_l

p_l − p^′_ϕ p_l p_ϕ p^′_ϕ p^′_l

c^{(6)}

Figure 2: Feynman diagram, lϕ^∗ → lϕ^∗ mediated by heavy right handed neutrino (on the left hand side). On the right hand side, low momentum transfer approximation, leads to c^{(6)} vertex.

Tree level matching of both sides, in the limit t ≪ M^2_k , gives ( Y_ν M^{−1} ( M^{−1} )_∗ Y^†_ν ) ji ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L = i 2 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L (2.3)

Here t = ( p_l − p^′_ϕ )_2

. Note that the external scalar lines as well as the momentum dependence in s-channel and t-channel are different. For the dimension-5 operator both s-channel and t-channel contribute to the same effective vertex. But here they contribute to different vertices. The effective dimension-6 operator (at low energy) in the Lagrangian is given by

L^{(6)} = 1 2 c^{(6)}_{ji} ( l_{Lj}ϵϕ^∗ ) i/∂ ( ϕ^T ϵ^T l_{Li} ) (2.4)

2.2 Renormalization procedure

Here we consider the effect of incorporating one loop corrections to the non-unitary operator (2.4) i.e. renormalization of this operator. This requires wave function renormalization of l_L and ϕ doublet as well as the c^{(6)} vertex renormalization. The wave function renormalization is defined as

(l_{Li})_B = ( Z^{12}_{lL} ) ij l_{Lj} ϕ_B = Z^{12}_ϕ ϕ (2.5)

The subscript B stands for bare a quantity. Fields on the right hand side are the renormalized quantities. We shall follow the dimensional regularization procedure. Z’s are the renormalization constants which contain the divergence arising from quantum corrections. Among different possibilities, we shall follow minimal subtraction (MS) scheme. In this scheme the divergent part of a loop diagram is absorbed in the counter term, defined as

Z_i = 1 + ∑ j≥1 δZ_{i,j} 1 ϵ^j (2.6) 3 where ϵ is 4 − d and δZ_{,j} are coefficients of^1_ϵ in the divergent part of a loop diagram. In the same spirit, the bare Lagrangian can be written as the sum of renormalized Lagrangian and the counter term

L^{(6)}_B = L^{(6)} + L^{(6)} (2.7)

with L^{(6)}, given by

L^{(6)} = 1 2 Δc^{(6)}_{ji} ( l_{Lj}ϵϕ^∗ ) i/∂ ( ϕ^T ϵ^T l_{Li} ) (2.8)

Δc^{(6)} is the counterterm, related to the bare and renormalized coupling as below

c^{(6)}_B = Z^{− 12}_ϕ Z^{− 12}_{lL} ( c^{(6)} + Δc^{(6)} ) μ^ϵZ^{− 12}_{lL} Z^{− 12}_ϕ (2.9)

where μ is the renormalization scale.

3 One loop correction

In this section we shall present the one loop correction to the lepton and Higgs self energy as well as the c^{(6)} vertex. Here we shall give only the one loop diagrams and the corresponding counter term. Expressions for individual diagram can be found in appendix B. In the MS scheme, the counterterm is determined by compensating the divergence arising from all possible one loop 1 particle irreducible diagrams. Pictorially it is shown below for c^{(6)}

= + ∑One-loop 1PI diagrams +

= UV finite l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

Figure 3: One loop renormalized c^{(6)} vertex (on the left hand side). First diagram on the right hand side is the tree level c^{(6)} vertex. Diagram on the extreme right is the counterterm vertex which eventually cancels the divergence.

the above figure can be expressed in terms of words as

Divergent part of all diagrams + the counterterm = 0 (3.1)

Same procedure is followed to calculate the counterterms of l_L and ϕ form the self energy diagrams.

3.1 One loop correction of the lepton doublet l_L

The one loop self energy diagram of l_L consists of the following diagrams [15] l_{αi} lγj N_k ϕ_β q

p + q p p l_{αi} lγj e_k ϕ_β q

p + q p p l_{αi} lγj l_{ρk}

B q

p + q p p l_{αi} lγj l_{ρk}

W^a q

p + q p p

(I) (II) (III) (IV)

Figure 4: One loop self energy diagrams of l_L. 4

Taking the divergent part of the above diagrams and following Eq. (3.1) we find the expression for the counterterm as ΔZ_{lL,1} = − 1 16π^2 [ Y_ν Y^†_ν + Y_eY^†_e + 1 2 ξ_Bg^2_1 + 3 2 ξ_W g^2 ] (3.2)

In the above expression, Y_e is the Yukawa coupling coming from the l − e − ϕ vertex. g_1, g_2 are U(1)_Y and SU(2)_L gauge coupling constant. ξ_B , ξ_W are the gauge fixing parameters for the U(1)_Y and SU(2)_L gauge fields respectively. Y_ν Y^†_ν term contributes till the heavy field gets integrated out from the theory.

3.2 One loop correction of the Higgs doublet ϕ The one loop self energy diagram of ϕ consists of the following diagrams [15]

ϕ_α ϕβ ϕ_γ q p p ϕ_α ϕβ ϕ_γ q p p p + q

B ϕ_α ϕ_β ϕ_γ q p p p + q

W^a ϕ_α ϕβ B, W^a q p p

(I) (II) (III) (IV)

ϕ_α ϕβ p p q

p + q N_k l_{γm} ϕ_α ϕβ p p q

p + q e_k l_{γm} ϕ_α ϕβ p p q

p + q u_k q_{γm} ϕ_α ϕβ p p q

p + q d_k q_{γm}

(V) (VI) (VII) (VIII)

Figure 5: One loop self energy diagrams of ϕ.

Note that the fourth diagram (IV) vanishes in dimensional regularization, hence does not contribute. Following the similar procedure as above we find

ΔZ_{ϕ,1} = − 1 16π^2 [ 2T − 1 2 (3 − ξ_B) g^2_1 − 3 2 (3 − ξ_W ) g^2 ] (3.3)

where, in general,

T = Tr [ Y_ν Y^†_ν + Y_eY^†_e + 3Y_uY^†_u + 3Y_dY^†_d ] (3.4)

Y_u, Y_d are the Yukawa coupling arising from the q − u − ϕ, q − d − ϕ vertices respectively. Below the mass scale M, the heavy field N gets decoupled from the theory. In that case, diagram V will not contribute to the self energy of ϕ, consequently one needs to omit the term Y_ν Y^†_ν from the expression of the T . Here we are not writing down the higgs mass counterterm because it is irrelevant for the present work.

3.3 One loop correction of c^{(6)} up to O(1/M^2) Below we give all the one loop diagrams which contribute up to O(1/M^2) towards the correction of c^{(6)}. In the following, we proceed with the kind of vertex in Fig. 2^†.

†Taking the other vertex, Fig. 1, will give same β-function.

(I) (II) (III) q

l_{αi} ϕ_β l_{γj} ϕ_δ

e_k l_{ρm}

ϕ_η p_l p^ϕ p^′_l p^′_ϕ

q + p_l q + p_l − p^′_ϕ q

l_{αi} ϕ_β l_{γj} ϕ_δ

e_k l_{ρm} ϕ_η

p_l p_ϕ p^′_l p^′_ϕ

q + p^′_l

q + p^′_l − p_ϕ q l_{αi} ϕ_β l_{γj} ϕ_δ l_{ρk}

ϕ_η p_l p_ϕ p^′_l p^′_ϕ q + p_l − p′_ϕ

l_{αi} ϕβ l_{γj} ϕ_δ

l_{ρk} ϕ_η B q

p_l pϕ q + p_l p^′_l p^′_ϕ q + p^′_ϕ

l_{αi} ϕ_β ϕ_δ l_{γj}

B q

p_l p_ϕ p^′_l p^′_ϕ l_{ρk}

ϕ_η q + p^′_l

q + p_ϕ l_{αi} ϕ_β ϕ_δ l_{γj}

l_{ρk} ϕ_η

B q q + p_l q − p_ϕ

p_l p_ϕ p^′_ϕ p^′_l

(IV) (V) (VI)

q B

l_{αi} ϕ_β l_{γj} ϕ_δ

l_{ρk} ϕ_η

p_l p_ϕ p^′_l p^′_ϕ

q + p^′_l q − p^′_ϕ

l_{αi} ϕβ l_{γj} ϕ_δ

ϕ_ρ ϕ_η B q

p_l p_ϕ p^′_l p^′_ϕ q − p^′_ϕ

q − p_ϕ

l_{αi} ϕβ l_{γj} ϕ_δ

l_{ρk} l_{ηm}

q B q + p_l q + p^′_l

p_l p_ϕ p^′_l p^′_ϕ

(VII) (VIII) (IX)

q

l_{αi} ϕ^β ϕ_δ l_{γj}

ϕ_ρ ϕ_η

p_l p_ϕ p^′_ϕ p^′_l q + p_l − p^′_l

(X) Figure 6: Diagrams for one loop correction of c^{(6)}.

One loop correction of c^{(5)}c^{∗(5)} which is of the order of O ( 1/M^2 ) contributes towards the correction of c^{(6)} (diagram III). There will be six additional gauge boson diagrams with B replaced by W^a. Collecting the divergences from all diagrams and with the help of (3.1), we find the expression for

Δc^{(6)}_{,1} as below

Δc^{(6)}_{,1} = − 1 16π^2 [ 2 ( c^{(6)}Y_eY^†_e + Y_eY^†_e c^{(6)} ) + 5 2 c^{(5)}c^{∗(5)} + ( ξ_B − 3 2 ) g^2_1 c^{(6)} +3 ( ξ_W − 1 2 ) g^2 c^{(6)} ] (3.5)

In deriving Eq. (3.5), we have used the on-shell condition for the external fermions.

4 β-function of c^{(6)}

Now we are ready to compute the β-function of the parameter, c^{(6)}. We collect different expressions from the earlier section. From Eq. (2.9), the bare non-unitary parameter c^{(6)}_B is related to the renormalized one as

c^{(6)}_B = Z^{− 12}_ϕ Z^{− 12}_{lL} ( c^{(6)} + Δc^{(6)} ) μ^ϵZ^{− 12}_{lL} Z^{− 12}_ϕ

To one loop order, Z_{lL} , Z_ϕ and c^{(6)} from (3.2), (3.3), (3.5) read ΔZ_{lL,1} = − 1 16π^2 [ Y_eY^†_e + 1 2 ξ_B g^2_1 + 3 2 ξ_B g^2 ] (4.1)

ΔZ_{ϕ,1} = − 1 16π^2 [ 2T − 1 2 (3 − ξ_B ) g^2_1 − 3 2 (3 − ξ_B) g^2 ] (4.2)

Δc^{(6)}_{,1} = − 1 16π^2 [ 2 ( c^{(6)}Y_eY^†_e + Y_eY^†_e c^{(6)} ) + 5 2 c^{(5)}c^{∗(5)} + ( ξ_B − 3 2 ) g^2_1 c^{(6)} +3 ( ξ_W − 1 2 ) g^2 c^{(6)} ] (4.3)

As we discussed earlier, c^{(6)} gets generated below the mass scale M, when the heavy particle gets integrated out effectively implying that the term Y_ν Y^†_ν can be dropped from the above expressions. Also the expression for T becomes

T = Tr [ Y_eY^†_e + 3Y_uY^†_u + 3Y_dY^†_d ] (4.4)

To compute the β-function we shall use the general equation for β-function, derived in [14]. The β-function for the non-unitary parameter, c^{(6)}, works out to be β^{1−loop} c^{(6)} = − 1 16π^2 [ 3 2 ( c^{(6)}Y_eY^†_e + Y_eY^†_e c^{(6)} ) − 2T c^{(6)} + 5 2 c^{(5)}c^{∗(5)} + 3g^2 c^{(6)} ] (4.5)

This is the one loop β-function of the non-unitary parameter which governs the RGE of c^{(6)}. It is almost similar to the β-function of dimension-5 parameter, widely known as κ in the literature [13, 14]. The term c^{(5)}c^{∗(5)} is additional here^‡.

5 Summary

In summary, we have discussed the origin of non-unitarity at high energy for type-I seesaw. Below the mass scale of the heavy particle, the dimension-6 Dirac type effective operator leads to the nonunitarity of the lepton mixing matrix. We have calculated the one loop correction and derived the β-function which governs RG evolution of the non-unitary operator. Since non-unitarity becomes

‡Coefficient of this term differs from an earlier paper [6]. 7 significant in TeV scale models, running is low as compared to the operators originated at a higher scale. But in fine tuned situation this running may give significant modification to the result. RGE of non-unitary operator may also become relevant for precision measurement of neutrino mixings.

Acknowledgment

I sincerely thank S. Goswami for inspiring me to do this project and careful reading of the draft. I also thank N. Mahajan, S. Maji, S. Mohanty, S. Roy for useful discussions. I am also thankful to J. Kersten, A. Raychaudhuri for their feedback.

6 Appendix A

Relevant Feynman rules, those are used to compute above diagrams. Arrows on the particle line indicate charge flow. Arrows by the side of particle lines indicate momentum flow. Grey arrows indicate orientation, introduced in [16]. propagators:

i p^2−m^2+iε δβα ϕ_α ϕ_β i^{−gμν +} (1−ξB,W )^{pμpν}_{p2} p^2+iε δabδβα (B, W^a)_μ (B, W^b)_ν

i(/p+Mj ) p^2−M^2_j +iε δji N_i N_j p i/p p^2+iε δjiδβα f_{αi} f_{βj} p when momentum is opposite to the orientation, p should be replaced by −p. f denotes Dirac fermions. In case of singlet, the SU(2) indices (i.e. α, β) should be omitted. ϕ^4 interaction:

−^i_2 μ^ϵλ (δ_{βα}δ_{γδ} + δ_{βδ}δ_{γα})

ϕ_α ϕ_β ϕ_γ ϕ_δ

gauge boson interaction:

−^i_2 μ^{ϵ/2}g_1 ( p_μ + p^′_μ ) δ_{βα}

ϕ_α ϕ_β

p p^′ B_μ −^i_2 μ^{ϵ/2}g_1 ( p_μ + p^′_μ ) σ^a_{βα}

ϕ_α ϕ_β

p p^′ W a_μ

i 2 μ^{ϵ/2}g_1δ_{βα}δ_{ji}γ_μP_L

l_{αi} l_{βj}

B_μ −^i_2 μ^{ϵ/2}g_1δ_{βα}δ_{ji}γ_μP_L

l_{αi} l_{βj}

B_μ

−^i_2 μ^{ϵ/2}g_2σ^a_{βα}δ_{ji}γ_μP_L

l_{αi} l_{βj}

W^a_μ i 2 μ^{ϵ/2}g_2σ^a_{βα}δ_{ji}γ_μP_R

l_{αi} l_{βj}

W^a_μ

i 2 μ^ϵg^2 g^{μν} δ_{αβ} δ_{ab} ϕ_α ϕ_β W^b_ν

W^a_μ

i 2 μ^ϵg^2_1 g^{μν} δ_{αβ} ϕ_α ϕ_β B_ν

B_μ

i 2 μ^ϵg_1g_2g^{μν} σ^a_{αβ} ϕ_α ϕ_β B_ν

W^a_μ Yukawa interaction:

−iμ^{ϵ/2} (Y^∗_ν )_{ij} ϵ_{αβ} P_L

l_{αi}

N_j

ϕ_β −iμ^{ϵ/2} (Y^∗_ν )_{ij} ϵ_{αβ} P_L

l_{αi}

N_j

ϕ_β

−iμ^{ϵ/2} (Y_ν )_{ij} ϵ_{αβ} P_R

l_{αi}

N_j

ϕ_β −iμ^{ϵ/2} (Y_ν )_{ij} ϵ_{αβ} P_R

l_{αi}

N_j

ϕ_β

−iμ^{ϵ/2} (Y^∗_e )_{ij} δ_{αβ} P_L

l_{αi} e_j

ϕ_β −iμ^{ϵ/2} (Y^∗_e )_{ij} δ_{αβ} P_L

l_{αi} e_j

ϕ_β

−iμ^{ϵ/2} (Y_e)_{ij} δ_{αβ} P_R

l_{αi} e_j

ϕ_β −iμ^{ϵ/2} (Y_e)_{ij} δ_{αβ} P_R

l_{αi} e_j

ϕ_β

dimension-5 effective vertex, c^{(5)}:

i 2 μ^ϵc^{(5)}_{ji} (ϵ_{γδ}ϵ_{αβ} + ϵ_{γβ}ϵ_{αδ}) P_R

l_{αi} ϕ_β ϕ_δ l_{γj}

c^{(5)} i 2 μ^ϵc^{∗(5)}_{ji} (ϵ_{γδ}ϵ_{αβ} + ϵ_{γβ}ϵ_{αδ}) P_L

l_{αi} ϕ_β ϕ_δ l_{γj}

c^{(5)}

dimension-6 effective vertex, c^{(6)}:

i 2 μ^ϵc^{(6)}_{ji} ϵ_{γδ}ϵ_{αβ} ( /p_l + /p_ϕ ) P_L

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6) i}_2 μϵc^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)}

i 2 μ^ϵc^{∗(6)}_{ji} ϵ_{γδ}ϵ_{αβ} ( /p_l + /p_ϕ ) P_R

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)} i_2 μϵc^{∗(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_R

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)} counterterm of l_L and ϕ: l_{αi} p i/p (ΔZ_{lL} )_{ij} P_Lδ_{βα} l_{βj}

p ϕ_α ϕβ i ( p^2ΔZ_ϕ − Δm^2 ) δ_{βα}

c^{(6)} counterterm: l_{γj}

i 2 μ^ϵΔc^{(6)}_{ji} ϵ_{γδ}ϵ_{αβ} ( /p_l + /p_ϕ ) P_L

l_{αi} ϕ_β ϕ_δ

p_l p_ϕ p^′_ϕ p^′_l

c^{(6) i}_2 μ^ϵΔc^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)}

i 2 μ^ϵΔc^{∗(6)}_{ji} ϵ_{γδ}ϵ_{αβ} ( /p_l + /p_ϕ ) P_R

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)} i_2 μϵΔc∗(6)_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_R

l_{αi} ϕ_β ϕ_δ l_{γj}

p_l p_ϕ p^′_ϕ p^′_l

c^{(6)}

7 Appendix B

Here we give the divergent part of different diagrams

Self energy diagrams of l_L, Fig. 4: (I) i 16π^2 ( Y_ν Y^†_ν ) ji δ_{γα}/pP_L 1 ϵ + UV finite

(II) i 16π^2 ( Y_eY^†_e ) ji δ_{γα}/pP_L 1 ϵ + UV finite

(III) i 16π^2 g^2_1 2 δ_{ji}δ_{γα}ξ_B /pP_L 1 ϵ + UV finite

(IV) i 16π^2 3 2 g^2 δ_{ji}δ_{γα}ξ_W /pP_L 1 ϵ + UV finite

Self energy diagrams of ϕ, Fig. 5: (I) i 16π^2 3λm^2δ_{βα} 1 ϵ + UV finite 11

(II) i 16π^2 g^2_1 2 δ_{βα} [ (−3 + ξ_B ) p^2 − ξ_Bm^2 ] 1 ϵ + UV finite

(III) i 16π^2 3 2 g^2 δ_{βα} [ (−3 + ξ_W ) p^2 − ξ_W m^2 ] 1 ϵ + UV finite (V) i 16π^2

2 (Y_ν )_{jk} ( Y^†_ν ) ki δ_{βα} [ p^2 − 2M^2_k ] 1 ϵ + UV finite

(VI) i 16π^2 2Tr ( Y_eY^†_e ) δ_{βα}p^2 1 ϵ + UV finite

(VII) i 16π^2 6Tr ( Y_uY^†_u ) δ_{βα}p^2 1 ϵ + UV finite

(VIII) i 16π^2 6Tr ( Y_dY^†_d ) δ_{βα}p^2 1 ϵ + UV finite

One loop correction of c^{(6)}, Fig. 6: (I) i 16π^2 μ^ϵ ( c^{(6)}Y_eY^†_e ) ji ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L 1 ϵ + UV finite

(II) i 16π^2 μ^ϵ ( Y_eY^†_e c^{(6)} ) ji ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_L 1 ϵ + UV finite

(III) i 16π^2 μ^ϵ ( c^{(5)}c^{∗(5)} ) ji ( ϵ_{γβ}ϵ_{αδ} + 1 4 δ_{βδ}δ_{γα} ) ( /p_l − /p^′_ϕ ) P_L 1 ϵ + UV finite

(IV) i 16π^2 μ^ϵ g^2_1 4 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_Lξ_B 1 ϵ + UV finite

Corresponding W boson diagram is three times the B diagram with g_1 replaced by g_2. (V) i 16π^2 μ^ϵ g^2_1 4 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ( /p_l − /p^′_ϕ ) P_Lξ_B 1 ϵ + UV finite

Corresponding W boson diagram is three times the B diagram with g_1 replaced by g_2. (VI) i 16π^2 μ^ϵ g^2_1 4 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} [ 3 2 / p_ϕ + ξ_B/p^′_ϕ ] P_L 1 ϵ + UV finite 12

Corresponding W boson diagram is identical with the B diagram with g_1 replaced by g_2. (VII) i 16π^2 μ^ϵ g^2_1 4 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} [( 3 2 + ξ_B ) /p^′_ϕ + ξB /p^′_l − ξB/p_l ] P_L 1 ϵ + UV finite

Corresponding W boson diagram is identical with the B diagram with g_1 replaced by g_2. (VIII) i 16π^2 μ^ϵ g^2_1 4 c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ} ξ_B ( /p_l − /p^′_ϕ ) P_L 1 ϵ + UV finite

Corresponding W boson diagram is identical with the B diagram with g_1 replaced by g_2. (IX) i 16π^2 μ^ϵ ( − g^2_1 4 ) c^{(6)}_{ji} ϵ_{γβ}ϵ_{αδ}ξ_B ( /p^′_l + /p^′_ϕ ) P_L 1 ϵ + UV finite

Corresponding W boson diagram is identical with the B diagram with g_1 replaced by g_2. (X) − i 16π^2 μ^ϵ λ 8 c^{(6)}_{ji} (δ_{γα}δ_{βδ} + ϵ_{γβ} ϵ_{αδ}) ( /p_l + /p^′_l ) P_L 1 ϵ + UV finite

In the above expressions, a term proportional to δ_{γα}δ_{βδ} arises in cases of diagram III and all the W boson diagrams. We used the identity ϵ_{γβ}ϵ_{αδ} = δ_{γα}δ_{βδ} − δ_{βα}δ_{γδ} ⇒ δ_{γα}δ_{βδ} = ϵ_{γβ} ϵ_{αδ} + δ_{βα}δ_{γδ} to change δ_{γα}δ_{βδ} to ϵ_{γβ}ϵ_{αδ}. The other part (i.e. δ_{βα}δ_{γδ}) is orthogonal to the non-unitary operator [6].

References

[1] T. Schwetz, M. Tortola and J. W. F. Valle; New J.Phys.10:113011,2008 arXiv:1108.1376.

[2] S. Hannestad, Phys. Rev. Lett. 95, 221301 (2005); Prog. Part. Nucl. Phys. 65 (2010) 185-208, arXiv:1007.0658; E. Komatsu et. al. (WMAP Collaboration), Astrophys. J. Suppl. 180, 330 (2009).

[3] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979); Phys. Rev. D 22, 1694 (1980).

[4] P. Minkowski, Phys. Lett. B 67 (1977) 421; R.N. Mohapatra, G. Senjanovic, Phys. Rev. Lett.

44 (1980) 912.

[5] W. Buchmuller and D. Wyler, Nucl. Phys. B 268, 621 (1986);

[6] A. Broncano, M. B. Gavela, E. Jenkins; Phys. Lett. B 522, 177 (2003).

[7] A. Abada, C. Biggio, F. Bonnet, M.B. Gavela, T. Hambye; JHEP 12 (2007) 061.

[8] R.N. Mohapatra, J.W.F. Valle, Phys. Rev. D 34, 1642 (1986); F. Deppisch, J.W.F. Valle, Phys. Rev. D 72, 036001 (2005).

[9] R. Adhikari, A. Raychaudhuri, Phys. Rev. D 84, 033002 (2011).

[10] J. Kersten, A. Y. Smirnov, Phys. Rev. D 76, 073005 (2007). 13

[11] D. Meloni, T. Ohlsson, W. Winter, H. Zhang JHEP 04 (2010) 041; W. Rodejohann, Phys.

Lett. B 684, 40 (2010).

[12] S. Antusch, C. Biggio, E. Fernndez-Martnez, M. B. Gavela and J. Lpez-Pavn, JHEP 10 (2006) 084. E. Fernndez-Martnez, M. B. Gavela, J. Lpez-Pavna, O. Yasuda, Phys. Lett. B 649, 427 (2007).

[13] P. H. Chankowski, Z. Pluciennik, Phys. Lett. B 316 (1993) 312; P. H. Chankowski, S. Pokorski, Int. J. Mod. Phys. A 17 (2002) 575; K. S. Babu, C. N. Leung, J. T. Pantaleone, Phys. Lett. B 319 (1993) 191; J. R. Ellis, S. Lola, Phys. Lett. B 458 (1999) 310; M. S. Carena, J. R. Ellis, S. Lola, C. E. M. Wagner, Eur. Phys. J. C 12 (2000) 507; S. Antusch, J. Kersten, M. Lindner, M. Ratz, Nucl. Phys. B 674 (2003) 401; S. Antusch, M. Drees, J. Kersten, M. Lindner, M. Ratz, Phys. Lett. B 525 (2002) 130; M. A. Schmidt, Phys. Rev. D 76 (2007) 073010; J. Chakrabortty, A. Dighe, S. Goswami, S. Ray, Nucl. Phys. B 820 (2009) 116.

[14] S. Antusch, M. Drees, J. Kersten, M. Lindner, and M. Ratz; Phys. Lett. B 519, 238 (2001), hep-ph/0108005.

[15] J. Kersten, Diploma thesis, Renormalization Group Evolution of Neutrino Masses.

[16] A. Denner, H. Eck, O. Hahn, J. Kublbeck; Nucl. Phys. B 387, 467 (1992).