arXiv:1303.4332v2 [hep-ph] 23 Mar 2013

UMISS-HEP-2013-05

Tau neutrino as a probe of nonstandard interaction

Ahmed Rashed^{†‡ 1} , Preet Sharma^{† 2} and Alakabha Datta^{† 3}

† Department of Physics and Astronomy, University of Mississippi, Lewis Hall, University, MS, 38677,USA

‡ Department of Physics, Faculty of Science, Ain Shams University, Cairo, 11566, Egypt

(March 26, 2013)

Abstract

We study the Δ-resonance and deep inelastic scattering contributions in the tauneutrino nucleon scattering ν_τ + N → τ^− + X and ν̄_τ + N → τ^+ + X in the presence of a charged Higgs and a W^′ gauge boson. The new physics effects to the quasielastic process have been discussed in a previous work. The extractions of the atmospheric and reactor mixing angles θ_{23} and θ_{13}, respectively, rely on the standard model cross sections for the above processes. Corrections to the cross sections from the charged Higgs and W^′ contributions modify the measured mixing angles. We include form factor effects in the new physics calculations and find the deviations of the mixing angles. If the reactor neutrino experiments are designed to measure the tau antineutrino appearance, the new physics effects to ν̄_τ + N → τ^+ + X can impact the extraction of θ_{13}. Finally, we investigate the new physics effects on the polarization of the τ^∓ leptons produced in ν_τ (ν̄_τ ) nucleon scattering.

1E-mail: amrashed@phy.olemiss.edu
2E-mail: preetsharma@phy.olemiss.edu
3E-mail: datta@phy.olemiss.edu

1 Introduction

Neutrino oscillation results have confirmed that neutrinos are massive and lepton flavors are mixed. This opens a window for searching physics beyond the standard model (SM). Beside the standard matter effects, the possibility of having nonstandard neutrino interactions (NSIs) is opened up. Nonstandard neutrino interactions with matter have been extensively discussed [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. General bounds on NSI are summarized in Refs. [33, 34, 35]. The NSI impact have been studied on solar neutrinos [36, 37, 38], atmospheric neutrinos [39, 40, 41, 42], reactor neutrinos [43, 44], and neutrino-nucleus scattering [45, 46].

At low energy, the most general effective NSI Lagrangian reads [25], if we consider only lepton number conserving operators,

L_{NSI} = L_{V ±A} + L_{S±P} + L_T , (1)

where the different terms are classified according to their Lorentz structure in the following way: L_{V ±A} = G_F √ 2 ∑ f,f^′ ε^{f,f ′,V ±A} αβ [ ν̄_β γ^ρ(1 − γ^5)ℓ_α ] [¯ f^′γ_ρ(1 ± γ^5)f ]

+ G_F √ 2 ∑ f ε^{f,V ±A} αβ [ ν̄_αγ^ρ(1 − γ^5)ν_β ][¯ fγ_ρ(1 ± γ^5)f ] + h.c., L_{S±P} = G_F √ 2 ∑ f,f^′ ε^{f,f ′,S±P} αβ [ ν̄_β(1 + γ^5)ℓ_α ][¯ f^′(1 ± γ^5)f ] + h.c., L_T = G_F √ 2 ∑ f,f^′ ε^{f,f ′,T}_{αβ} [ν̄_β σ^{ρτ} ℓ_α] [¯ f^′σ_{ρτ} f ] + h.c., (2)

where G_F is the Fermi constant, ν_α is the neutrino field of flavor α, ℓ_α is the corresponding charged lepton field, and f, f^′ are the components of an arbitrary weak doublet. The dimensionless NSI parameters ε’s represent the strength of the nonstandard interactions relative to G_F and we consider only left-handed neutrinos. This constraint on the neutrino chirality forbids ννff terms in L_{S±P} and L_T . If the nonstandard interactions are supposed to be mediated by a new state with a mass of order M_{NSI}, the effective vertices in Eq. (2) will be suppressed by 1/M^2_{NSI} in the same way as the standard weak interactions are suppressed by 1/M^2_W. Therefore we expect that |ε| ∼ M^2_W M^2_{NSI}

. (3)

In this work we consider the charged Higgs and W^′ gauge boson contributions to neutrino-nucleon scattering. Such new states arise in many extensions of the standard model and the phenomenology of these states have been widely studied [47]. In this paper we will focus on the Δ-resonance production (Δ-RES) and deep inelastic scattering (DIS) in the interactions ν_τ +N → τ^− +X and ν̄_τ +N → τ^+ +X where N = p, n is a nucleon and X is a possible final state. In the Δ-RES production we discuss the processes with N = n, p and X = Δ^+, Δ^0, respectively. In the neutrino oscillation experiments, the neutrino-nucleus interaction in the detection process is assumed to be SM-like. Therefore, the extracted neutrino mixing angles, using the SM cross section, will have errors if there are new physics (NP) effects in the neutrino-nucleus amplitude. The NP effects modify the standard model cross section for the above processes and thus impact the extraction of the atmospheric and reactor neutrino mixing angles θ_{23} and θ_{13}, respectively. The deviation of the actual mixing angle from the measured one, assuming the standard model cross section, will be studied including form factor effects in the Δ-RES case.

The reaction ν_τ +N → τ^− +X is relevant to experiments like Super-Kamiokande (Super-K) [48, 49] and OPERA [50] that seek to measure ν_μ → ν_τ oscillation by the observation of the τ lepton. If the reactor neutrino experiments are designed to measure the tau antineutrino appearance (ν̄_e → ν̄_τ ), the process ν̄_τ +N → τ^++X will be important to experiments such as Double Chooz [51], Daya Bay [52], and RENO [53]. The DONuT experiment [54] measured the charged-current (CC) interaction cross section of the tau neutrino. The central-value results show deviation from the standard model predictions by about 40% but with large experimental errors; thus, the measurements are consistent with the standard model predictions. In this work we consider NP effects within a neutrino energy range higher than the threshold energy for the τ production where the Δ-RES and DIS contributions are dominant. Near threshold quasielastic scattering is important. The charged Higgs and W^′ contributions to the quasielastic (QE) scattering ν_τ + n → τ^− + p and ν̄_τ + p → τ^+ + n were considered in an earlier paper [55].

The hadronic transition in the charged-current (CC) interactions ν_τ + N → τ^− + X and ν̄_τ + N → τ^+ + X at the partonic level is described by (u, d) → q, where q is a quark. In the Δ-RES case q = u, d, while in the DIS the main contributions are obtained when q = u, d because of the CKM factors. This means that the effective operator of these interactions mainly has the structure O_{NP} = ūΓ_idτ̄Γ_j ν_τ , where Γ_{i,j} are some Dirac structures. Therefore, we can constrain the NP parameters in this work using the constraints that have been discussed in the earlier paper [55] through the τ decay modes τ^− → π^−ν_τ and τ^− → ρ^−ν_τ . These decay channels have operator structures similar to the one in the above CC interactions.

In Ref. [55], we presented a model independent analysis of the NP contributions to the deviations of the mixing angles θ_{23} and θ_{13}. In the case of θ_{23}, the relationship between the ratio of the NP contribution to the SM cross section r_{23} = σ_{NP} (ν_τ )/σ_{SM} (ν_τ ) and the deviation δ_{23} of the mixing angle was obtained in a model independent form as

r_{23} =

[sin 2(θ_{23})_{SM}

sin 2(θ_{23})

]_2 − 1 . (4)

Here, θ_{23} = (θ_{23})_{SM} + δ_{23} is the actual atmospheric mixing angle, whereas (θ_{23})_{SM} is the extracted mixing angle assuming the SM ν_τ scattering cross section and δ_{23} is the deviation . From figure (1) in Ref. [55], one can see that δ_{23} ∼ −5^∘ requires r_{23} ∼ 5%. Similarly for θ_{13} determination, the relationship between r_{13} = σ_{NP} (ν̄_τ )/σ_{SM} (ν̄_τ ) and δ_{13} is given by

r_{13} =

[sin 2(θ_{13})_{SM}

sin 2(θ_{13})

]_2 − 1 , (5)

with θ_{13} = (θ_{13})_{SM} + δ_{13}. In this case, because of the relative smallness of θ_{13} one finds that a larger NP effect is required to produce the deviation. As an example, δ_{13} ∼ −1^∘ requires r_{13} ∼ 25%.

We study, also, the NP effect on the spin polarization of the produced τ lepton. The produced τ decays to several particles including ν_τ and tracing back the τ decay particle distributions indicates the appearance of τ. Because the τ decay distributions depend significantly on its spin polarization [56], the polarization information is essential to identify the τ production signal. Hence it is important to know how NP affects the τ polarization.

The paper is organized as follows: We give in the next section the kinematical relations and formalism required for τ production in the neutrino-nucleon interaction. In the following two sections (3,4) we study the effects of the charged Higgs and W^′ gauge boson contributions to the Δ-RES and DIS scattering processes and the impact on the extracted neutrino mixing angles θ_{23} and θ_{13}. In section (5) we study the spin polarization of the produced τ^± lepton. In the last section, we present our conclusions.

2 Kinematics and formalism

In the interactions ν_τ (ν̄_τ ) + N → τ^−(τ^+) + X, we define the four-momenta of incoming neutrino (k), target nucleon (p) and produced τ lepton (k^′) in the laboratory frame. The hadronic invariant mass

W^2 = (p + q)^2, (6)

where q = k − k^′ is the four-momentum transfer, is defined in the allowed physical region M ≤ W ≤ √ s − m_τ , (7)

where s = (k + p)^2 is the center of mass energy and M is the average nucleon mass.

The three relevant subprocesses in the neutrino-nucleon interactions are classified according to the regions of the hadronic invariant mass W and the momentum transfer q^2(= −Q^2) [57]. One can label QE (quasi-elastic scattering) when the hadronic invariant mass is equal to the nucleon mass W = M, RES (resonance production) when M +m_π < W < W_{cut}, and IS (inelastic scattering) when W_{cut} < W < √ s−m_τ . W_{cut}, taken in the region 1.4 GeV∼1.6 GeV, is an empirical boundary between RES and IS processes, to avoid double counting. The deep inelastic scattering DIS may be labeled within the IS region when Q^2 ≥ 1 GeV^2, where the use of the parton model can be justified.

In this paper, we consider Δ-resonance state production and neglect all the other higher resonance states which give small contributions [58, 59, 60]. One can write

W^2 = M^2 + t + 2p · q, (8)

with p · q = M(E^{cm}_ν − E^{cm}_l ) where the energy and momentum of the lepton and the neutrino in the center of mass (cm) system are E^{cm}_ν = (s − M^2) 2 √ s , p^{cm}_l = √ (E^{cm}_l )^2 − m^2_l , E^{cm}_l = (s − M^2_Δ + m^2_l ) 2 √ s , (9)

with (m_l, M, M_Δ) being the masses of the charged lepton, nucleon, and the Δ state, respectively. In the lab frame, the charged lepton energy is given by

E_l = t + 2ME_ν + M^2 − M^2_Δ 2M . (10)

The threshold neutrino energy to create the charged lepton partner in the Δ-RES case is given by E^{th}_{νl} =

(m_l + M_Δ)^2 − M^2_n 2M_n , (11)

which gives E^{th}_{νl} = 4.35 GeV in the case of tau neutrino production. Using the allowed range of the invariant mass in the resonance production, the allowed region of the momentum transfer t ≡ −Q^2 lies in the interval

(M + m_π)^2 − ( M^2 + 2M(E^{cm}_ν − E^{cm}_l ) ) ≤ t ≤ W^2_{cut} − ( M^2 + 2M(E^{cm}_ν − E^{cm}_l ) ) .(12)

In the DIS part, we calculate the differential cross section with respect to the scaling variables which are defined as follows x = Q^2 2 p·q = Q^2 W^2 + Q^2 − M^2

, (13) y = p·q p·k = W^2 + Q^2 − M^2 s − M^2 = 1 − E_τ E_ν , (14)

where x is the Bjorken variable and y is the inelasticity. The physical regions for x and y are obtained by Albright and Jarlskog [61, 62]

m^2_τ 2M(E_ν − m_τ )

≤ x ≤ 1, (15) and A − B ≤ y ≤ A + B, (16) where A = 1 2 ( 1 − m^2_τ 2ME_ν x − m^2_τ 2E^2_ν ) / ( 1 + xM 2E_ν ) , (17)

B = 1 2 [( 1 − m^2_τ 2ME_ν x )_2 − m^2_τ E^2_ν

] 1_2 / ( 1 + xM 2E_ν ) . (18)

3 Δ-Resonance production

Neutrino-nucleon scattering produces many possible resonance states, one of which is the Δ-state. In this section we are going to consider two processes which include ν_τ and ν̄_τ ,

ν_τ + n → τ^− + Δ^+, ν̄_τ + p → τ^+ + Δ^0. (19)

We will study the contributions of the charged Higgs and W^′ gauge boson to the above interactions. The deviation of the actual mixing angles θ_{23} and θ_{13}, assuming NP contributions, from the measured ones, which depend on the SM cross section, will be discussed.

3.1 Standard model cross section

The hadronic tensor for the Δ resonance production can be calculated using the nucleon-Δ weak transition current J_μ as follows [57]:

W^{RES}_{μν} = cos^2 θ_c 4 ∑ spins J_μJ^∗_ν 1 π W Γ(W ) (W^2 − M^2_Δ)^2 + W^2Γ^2(W )

, (20)

where M_Δ = 1.232 GeV, and Γ(W ) is the running width estimated by assuming the dominance of Δ → N + π decay:

Γ(W ) = Γ(M_Δ)

M_Δ W λ^12 (W^2, M^2, m^2_π) λ^12 (M^2_Δ, M^2, m^2_π)

, (21)

with Γ(M_Δ) = 0.12 GeV and λ(a, b, c) = a^2 + b^2 + c^2 − 2(ab + bc + ca).

The current J_μ for the process ν_τ + n → τ^− + Δ^+ in the SM is defined by

J_μ = ⟨Δ^+(p^′)|Ĵ_μ|n(p)⟩ = ⟨Δ^+(p^′)|(V_μ − A_μ)|n(p)⟩ = ψ̄^α_Δ+ (p^′) Γ_{μα} u_n(p), (22) where ψ^α is the spin-3/2 particle wave function and the vertex Γ_{μα} is expressed in terms of the eight weak form factors C^{V,A}_{i=3,4,5,6}[63, 64, 65, 66] as

Γ_{μα} = [ C^V_3 M (g_{μα}q/ − γ_μq_α) + C^V_4 M^2 ( g_{μα}p^′ ·q − p^′_μq_α ) + C^V_5 M^2 (g_{μα}p·q − p_μq_α) + C^V_6 M^2 q_μq_α ] γ_5 + C^A_3 M (g_{μα}q/ − γ_μq_α) + C^A_4 M^2 ( g_{μα}p^′ ·q − p^′_μq_α ) + C^A_5 g_{μα} +

C^A_6 M^2 q_μq_α. (23)

The other nucleon-Δ weak transition currents can be obtained using the isospin invariance and the Wigner-Eckart theorem ⟨Δ^+|Ĵ_μ|n⟩ = ⟨Δ^0|Ĵ_μ|p⟩. (24) From the conserved vector current (CVC) hypothesis, C^V_6 = 0 and the other vector form factors C^V_{i=3,4,5} are related to the electromagnetic form factors. One can adopt the following parametrizations:

C^V_3 (q^2) =

C^V_3 (0) ( 1 − q^2 M^2_V

)_2 , C^V_4 (q^2) = − M M_Δ

C^V_3 (q^2), C^V_5 (q^2) = 0, (25)

with C^V_3 (0) = 2.05 where M^2_V = 0.71 GeV^2 is the vector mass. Using the modified dipole form factors [64, 66], the axial vector form factors C^A_{i=3,4,5} can be written as

C^A_{i=3,4,5}(q^2) = C_i(0) [ 1 − a_iq^2 b_i − q^2 ] ( 1 − q^2 M^2_A )_{−2} , (26)

with C_3(0) = 0, C_4(0) = −0.3, C_5(0) = 1.2, a_4 = a_5 = −1.21, b_4 = b_5 = 2.0 GeV^2 and M_A = 1.35 GeV is the axial mass. And for C^A_6 , we use the following relation [67]

C^A_6 (q^2) = C_5(0)

M^2 m^2_π − q^2

. (27)

We assume the above relations to be valid also for large values of q^2. The pseudoscalar form factor C^A_6 (q^2) has not been measured because its contribution vanishes for massless leptons.

In Eq.(20), summation over the hadronic spins is done by using a spin projection operator of the spin-3/2 particle wave function which is given by [57] P_{μν} = ∑ spin

ψ_μ(p^′) ψ̄_ν (p^′)

= − (p/^′ + M_Δ) { g_{μν} − 2 3 p^′_μp^′_ν M^2_Δ + 1 3 p^′_μγ_ν − p^′_ν γ_μ M_Δ − 1 3 γ_μγ_ν } . (28)

The hadronic tensor is written as

W^{RES}_{μν} = cos^2 θ_c 4 Tr [ P^{βα}Γ_{μα}(p/ + M)Γ_{νβ} ] 1 π W Γ(W ) (W^2 − M^2_Δ)^2 + W^2Γ^2(W )

. (29)

Within the kinematical region of M + m_π < W < W_{cut} with W_{cut} = 1.4 GeV, we estimate the total cross section of the Δ production (Δ-RES) process by integrating over E_τ and cos θ.

3.2 Charged Higgs contribution

We consider here the charged Higgs contribution to ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ +Δ^0. As considered in the previous paper [55], we choose the couplings of charged Higgs interactions to the SM fermions to be given by the two Higgs doublet model of type II (2HDM II) [68] L = g 2 √ 2 [ V_{uidj} ū_i(g^{uidj}_S ± g^{uidj}_P γ^5)d_j + ν̄_i(g^{νilj}_S ± g^{νilj}_P γ^5)l_j ] H^±, (30)

where u_i and d_j refer to up and down type quarks, and ν_i and l_j refer to neutrinos and the corresponding charged leptons. The other parameters are as follows: g = e/ sin θ_W is the SM weak coupling constant, V_{uidj} is the CKM matrix element, and g_{S,P} are the scalar and pseudoscalar couplings of the charged Higgs to fermions. Here, in this work, we assume the couplings g_{S,P} are real and given as g^{uidj}_S = ( m_{dj} tan β + m_{ui} cot β M_W ) , g^{uidj}_P = ( m_{dj} tan β − m_{ui} cot β M_W ) , g^{νilj}_S = g^{νilj}_P = m_{lj} tan β M_W , (31)

where tan β is the ratio between the two vev’s of the two Higgs doublets. From Eq. 30 we can construct the NSI parameters defined in Ref [69] as ε^{ud(L)}τ τ ≡^{mumτ}_{m2H} and ε^{ud(R)}τ τ ≡^{mdmτ tan2 β}_{m2H} . The (pseudo-)scalar hadronic current J for the processes ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 in the 2HDM II is defined by

J = ⟨Δ^+(p^′)|Ĵ|n(p)⟩ = ⟨Δ^0(p^′)|Ĵ|p(p)⟩ = ψ̄^α_Δ+ (p^′) Γ_α u_n(p), (32) where the vertex Γ_α is expressed as Γ_α = g^{uidj}_S G_V X_α + g^{uidj}_P G_AY_αγ^5. (33) Applying the equation of motion, one can obtain the hadronic matrix elements for the scalar and pseudoscalar currents ⟨Δ^+(p^′)|ūd|n(p)⟩ = ψ̄^α_Δ+ (p^′)G_V X_αu_n(p), −⟨Δ^+(p^′))|ūγ_5d|n(p)⟩ = ψ̄^α_Δ+ (p^′)G_AY_αγ_5u_n(p) , (34) where X_α and Y_α are 4-vectors and

G_V (t) =

C^A_5 (t) + C^A_6 (t) t/M^2 m_u − m_d , G_A(t) = 0, X_α = q_α. (35)

The hadronic contribution can be written as

W^{RES} = cos^2 θ_c 4 Tr [ P^{βα}Γ_α(p/ + M)Γ_β ] 1 π W Γ(W ) (W^2 − M^2_Δ)^2 + W^2Γ^2(W )

. (36)

We use here the constraints on the NP parameters (M_H , tan β) discussed in Ref. [55] to calculate the cross sections. The ratios between the charged Higgs contributions to the two processes ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 relative to the SM cross sections r^{23}_H =^{σH (ντ )}_{σSM (ντ )} and r^{13}_H =^{σH (ν̄τ )}_{σSM (ν̄τ )} , respectively, can be obtained within the kinematical interval M + m_π < W < 1.4 GeV. The hadronic contribution to the matrix element is proportional to q_α(= X_α) which varies within the small interval in Eq. 12. Thus, we require relatively large values of the NP parameter tan β to enhance the NP contributions. The ratios r^{23}_H and r^{13}_H decrease with increasing the incident neutrino energy and the charged Higgs mass, see Figs. (1, 3). The deviations δ_{23} and δ_{13} of the atmospheric and reactor mixing angles, respectively, are negative as there is no interference term with the SM, see Figs. (2, 4). Hence, the total cross sections for ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 are always larger than the SM cross section. This means that, if the actual θ_{23} is close to maximal, then experiments should measure θ_{23} larger than the maximal value in the presence of a charged Higgs contribution. As an example, we find that δ_{23} ≈ −5^∘ and r^{23}_H ≈ 6% at E_ν = 4 GeV, M_H = 200 GeV, and tan β = 60. As θ_{13} is a small angle, the deviation δ_{13} for similar set of parameters is small. For instance, we find δ_{13} ≈ −0.3^∘ and r^{13}_H ≈ 6.5% at E_ν = 4 GeV, M_H = 200 GeV, and tan β = 60.

3.3 W^′ gauge boson contribution

We next consider modification to the Δ-RES production in ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 in models with a W^′ gauge boson. The lowest dimension effective Lagrangian of W^′ interactions to the SM fermions has the form L = g √ 2 V_f ′_ff̄^′γ^μ(g^{f ′f}_L P_L + g^{f ′f}_R P_R)fW^′_μ + h.c., (37)

where f^′ and f refer to the fermions and g^{f ′f}_{L,R} are the left and the right handed couplings of the W^′. We will assume g^{f ′f}_{L,R} to be real. Constraints on the couplings in Eq. (37) come from the hadronic τ decay channels τ^− → π^−ν_τ and τ^− → ρ^−ν_τ discussed in Ref. [55], which are consistent with the ones in Ref. [69]. From Eq. 37, the NSI parameters ε^{ud(L,R)}τ τ defined in Ref. [69] are given as ε^{ud(L,R)}τ τ ≡ g^{τ ν}_L g^{ud}_{(L,R)}(^{MW}_{MW ′} )^2.

Figure 1: Resonance (H): The figures illustrate variation of r^{23}_H % with M_H (left) and E_ν (right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and blue (solid) lines correspond to tan β = 40, 50, 60 at E_ν = 5 GeV (left) and at M_H = 200 GeV (right).

Figure 2: Resonance (H): The figures illustrate variation of δ_{23} with M_H (left) and E_ν (right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and blue (solid) lines correspond to tan β = 40, 50, 60 at E_ν = 5 GeV (left) and at M_H = 200 GeV (right). Here, we use the best-fit value θ_{23} = 42.8^∘ [70].

The current J_μ for the process ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 in the W^′ model is defined as

J_μ = ⟨Δ^+(p^′)|Ĵ_μ|n(p)⟩ = ⟨Δ^0(p^′)|Ĵ_μ|p(p)⟩ = ψ̄^α_Δ+ (p^′) (g^{ud}_L Γ_{μα} + g^{ud}_R Γ^′_{μα}) u_n(p), (38)

where Γ_{μα} is the left-handed vertex, given in Eq. 23, and Γ^′_{μα} is the right-handed vertex, with (γ_5 → −γ_5), for the W^′ gauge boson. The hadronic tensor in the W^′ model is now calculated from

W^{RES}_{μν} = cos^2 θ_c 4 Tr [ P^{βα}(g^{ud}_L Γ_{μα} + g^{ud}_R Γ^′_{μα})(p/ + M)(g^{ud}_L Γ̄_{νβ} + g^{ud}_R Γ̄^′_{νβ}) ] 1 π W Γ(W ) (W^2 − M^2_Δ)^2 + W^2Γ^2(W )

. (39)

Figure 3: Resonance (H): The figures illustrate variation of r^{13}_H % with M_H (left) and E_ν (right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and blue (solid) lines correspond to tan β = 40, 50, 60 at E_ν = 5 GeV (left) and at M_H = 200 GeV (right).

Figure 4: Resonance (H): The figures illustrate variation of δ_{13} with M_H (left) and E_ν (right). The green line corresponds to the SM prediction. The black (dotdashed), red (dashed), and blue (solid) lines correspond to tan β = 40, 50, 60 at E_ν = 5 GeV (left) and at M_H = 200 GeV (right). Here, we use the best-fit value θ_{13} = 9.1^∘ [71].

Using the constraints on the W^′ couplings discussed in Ref. [55], the ratios of the W^′ contributions to ν_τ + n → τ^− + Δ^+ and ν̄_τ + p → τ^+ + Δ^0 relative to the SM cross sections r^{23}_W ′ =^{σW ′ (ντ )}_{σSM (ντ )} and r^{13}_W ′ =^{σW ′ (ν̄τ )}_{σSM (ν̄τ )} , respectively, are shown in Figs. (5, 8). The r^{23}_W ′ and r^{13}_W ′ values are mostly positive which, in turn, leads to δ_{23} and δ_{13} being mostly negative. The variation of δ_{23} and δ_{13} with the W^′ mass and E_ν in the SM-like case, with only left-handed couplings, and for the case where both the LH and RH couplings are present are shown in Figs. (6, 7, 9). As a typical example, we find that δ_{23} ≈ −5^∘ at E_ν = 4 GeV, M_W ′ = 500 GeV, and (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ) = (1.23, 0.84, 0.61). Because of the smallness of θ_{13}, the NP effect on the extraction of θ_{13} is small. Achieving large δ_{13} within the constraints given in Ref. [55] is difficult in this model. As an example, we find that δ_{13} ≈ −0.4^∘ at E_ν = 4 GeV, M_W ′ = 500 GeV, and (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ) = (1.23, 0.84, 0.61).

Figure 5: Resonance (W^′): The left (right) panel figures illustrate the variation of r^{23}_W ′ % with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV.

Figure 6: Resonance (W^′): The left (right) panel figures illustrate the deviation δ_{23} with the W^′ mass M_W ′ (E_ν ) when only left-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L ). The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds to (0.69, 0.89) at E_ν = 17 GeV, and the blue line (solid, lower) in the right figure corresponds to (1.42, 0.22) at M_W ′ = 500 GeV. Here, we use the best-fit value θ_{23} = 42.8^∘ [70].

4 Deep inelastic tau neutrino scattering

We study here the contributions of the charged Higgs and W^′ to the interactions

ν_τ + N → τ^− + X, ν̄_τ + N → τ^+ + X. (40)

Figure 7: Resonance (W^′): The left (right) panel figures illustrate the deviation δ_{23} with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, lower) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV. Here, we use the best-fit value θ_{23} = 42.8^∘ [70].

Figure 8: Resonance (W^′): The left (right) panel figures illustrate the variation of r^{13}_W ′ % with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV.

The deviation of the actual mixing angles θ_{23} and θ_{13}, assuming NP contributions, from the measured ones, which depend on the SM cross section, will be discussed.

Figure 9: Resonance (W^′): The left (right) panel figures illustrate the deviation δ_{13} with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, lower) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV. Here, we use the best-fit value θ_{13} = 9.1^∘ [71].

4.1 Standard model cross section

The SM differential cross section for the processes in Eq. 40 can be written in terms of leptonic (L^{μν} ) and hadronic (W^{μν} ) tensors as [57] d^2σ^{ντ (ν̄τ )} dxdy = ( G^2_F V^2_{qq}′ K^2 2π ) y L^{ντ (ν̄τ )}_{μν} W^{μν} δ(ξ − x), (41) where K is given as K = ( 1 + Q^2 m^2_W )_{−1} . (42)

The leptonic tensor is L^{ντ (ν̄τ )} μν = ( −k.k^′g_{μν} + k_μk^′_ν + k_ν k^′_μ ∓ iϵ_{μναβ} k^αk^{′β} ) , (43)

where the ∓ sign in the parenthesis corresponds to L^{ντ}_{μν} and L^{ν̄τ}_{μν} . The hadronic tensor can be written using the quark-parton model as W_{μν} = ∑ qq̄ ∫ dξ ξ f_{qq̄}(ξ, Q^2)K^{(qq̄)}_{μν} (p_q, q), (44)

where p^μ_q = ξp^μ is the four-momentum of the scattering quark and ξ is its momentum fraction. f_q and f_{q̄} are the parton distribution functions in the nucleon. The quark tensor after averaging over the initial quark spin and summing over the final quark spins is given as

K^{(qq̄)}_{μν} (p_q, q) = 2δ(2p_q.q−Q^2−m^2_q′ )[−g_{μν} (2p_q.q)+2p_{qμ}p_{qν} +iϵ_{μναβ} p^α_q q^β +(p_{qμ}q_ν +p_{qν} q_μ)]. (45) The hadronic tensor can be written as W_{μν} = ( −W_1g_{μν} + W_2 P_μP_ν M^2

+ W_3 iϵ_{μναβ} P^μq^ν M^2

+ W_5

(P_μq_ν + P_ν q_μ) M^2 ) . (46)

The W^′s are given by the following relations:

W_1(p.q, Q^2) = F_1(x, Q^2),

W_{(i=2,3,5)}(p.q, Q^2) =

M^2 p.q F_{(i=2,3,5)}(x, Q^2), (47) and F_1 = ∑ qq̄ f_{qq̄}(ξ, Q^2), F_2 = 2 ∑ qq̄ ξf_{qq̄}(ξ, Q^2), F_3 = 2 ∑ q f_q(ξ, Q^2) − 2 ∑ q̄ f_{q̄}(ξ, Q^2),

F_5 = 2 ∑ qq̄ f_{qq̄}(ξ, Q^2), (48)

where p.q =^{Q2}_{2x} = ME_ν y. The quantities x, y are defined in section. 2. In the m_c → 0 limit, the Callan-Gross relation F_2 = 2ξF_1 and the Albright-Jarlskog relations F_4 = 0, 2ξF_5 = F_2 hold.

The differential cross section can be parametrized as follows, after setting K^2 ∼ 1 [57] d^2σ^{ντ (ν̄τ )} dxdy = ( G^2_F V^2_{qq}′ 2π ) y ( A W_1 + 1 M^2

B W_2 ± 1 M^2

C W_3 + 1 M^2 D W_5 ) δ(ξ − x), (49) where A,B,C,D are defined as A = y ( yx + m_l^2 2E_ν M ) , B = ( 1 − m_l^2 4E_ν^2 ) − ( 1 + Mx 2E_ν ) y, C = 2y ( x ( 1 − y 2 ) − m_l^2 4E_ν M ) , D = m_l^2 E_ν M , (50) and x and y are related by x = Q^2 2E_ν My . (51)

4.2 Charged Higgs contribution

The charged Higgs contributions to the matrix elements of the interactions ν_τ +N → τ^− + X and ν̄_τ + N → τ^+ + X are given by

M^{ντ}_H = ( G_F V_{qq}′ √ 2 ) X_H g^{ντ τ}_S [ū_τ (k^′) (1 + γ_5)u_{ντ} (k)] [ ū_q′ (p^′_q′ )(g^{qq′}_S + g^{qq′}_P γ_5) u_q(p_q) ] , M^{ν̄τ}_H = ( G_F V_{qq}′ √ 2 ) X_H g^{ντ τ}_S [ v̄_{ντ} (k)(1 − γ_5)v_τ (k^′)] [ ū_q′ (p^′_q′ )(g^{qq′}_S − g^{qq′}_P γ_5) u_q(p_q) ] , (52)

where q, q^′ = (u_i, d_j) and the couplings g^{qq′}_{S,P} , g^{ντ τ}_S are defined in Eq. 31. The leptonic current can be written as

j^{ντ} = ū_τ (k^′)(1 + γ_5)u_{ντ} (k), j^{ν̄τ} = v̄_{ντ} (k)(1 − γ_5)v_τ (k^′). (53)

The leptonic tensor in Eq. 41 for the charged Higgs is

L^{ντ (ν̄τ )} = j^{ντ (ν̄τ )}(j^{ντ (ν̄τ )})^∗. (54)

The hadronic tensor in Eq. 41 for the charged Higgs is

W^{ντ (ν̄τ )} = K^{ντ (ν̄τ )}F_1, (55)

where the partonic tensor for the charged Higgs is

K^{ντ (ν̄τ )} = A^{ντ (ν̄τ )}(A^{ντ (ν̄τ )})^∗, (56)

with A^{ντ (ν̄τ )} = ū_q′ (p^′_q′ )(g^{qq′}_S ± g^{qq′}_P γ_5)u_q(p_q). (57) The differential cross section is given by d^2σ^{ντ (ν̄τ )} dxdy = ( G^2_F V^2_{qq}′ 2π ) X^2_H (g^{vll}_S )^2 y L^{ντ (ν̄τ )}_{μν} W^{μν} δ(ξ − x) = ( G^2_F V^2_{qq}′ E_ν M π ) X^2_H (g^{vll}_S )^2 [ y ( yx + m_l^2 2E_ν M )]

1 4 [ (g^{qq′}_S )^2 + (g^{qq′}_P )^2 ] F_1 δ(ξ − x), (58) where X_H = M^2_W /M^2_H and the definitions of the 2HDM coupling constants are given in Eqs. 31. There is no interference term of the SM and NP amplitudes. Thus, with the constraints on the NP parameters (M_H , tan β) [55], the charged Higgs contributions relative to the SM r^{23}_H = σ_H (ν_τ )/σ_{SM} (ν_τ ) and r^{13}_H = σ_H (ν̄_τ )/σ_{SM} (ν̄_τ ) are small within the kinematical interval W_{cut} < W < √ s−m_τ GeV with W_{cut} = 1.4 GeV. Thus, the deviations δ_{23} and δ_{13} of the mixing angles are negligibly small.

4.3 W^′ gauge boson contribution

The matrix elements are M^{ντ}_W ′ = ( −iG_F V_{qq}′ K_W ′ √ 2 ) [ū_τ (k^′)γ^μ(1 − γ_5)u_{ντ} (k)] [ ū_q′ (p^′_q′ ) γ_μ (γ^ρ_W ′ − γ^κ_W ′ γ_5) u_q(p_q) ] , M^{ν̄τ}_W ′ = ( −iG_F V_{qq}′ K_W ′ √ 2 ) [v̄_{ντ} (k)γ^μ(1 − γ_5)v_τ (k^′)] [ ū_q′ (p^′_q′ ) γ_μ (γ^ρ_W ′ − γ^κ_W ′ γ_5) u_q(p_q) ] , (59)

where the definitions are γ^ρ_W ′ = X_W ′ g^{ντ τ}_L (g^{qq′}_L + g^{qq′}_R ), γ^κ_W ′ = X_W ′ g^{ντ τ}_L (g^{qq′}_L − g^{qq′}_R ), X_W ′ = ( m^2_W m^2_W ′ ) , K_W ′ = ( 1 + Q^2 m^2_W ′ )_{−1} . (60)

The total differential cross section has the same form as the SM one in Eq. (49), after setting K^2_W ′ ∼ 1, d^2σ^{ντ (ν̄τ )}_{SM+W} ′ dxdy = ( G^2_F V^2_{qq}′ 2π ) y ( A^′ W_1 + 1 M^2

B^′ W_2 ± 1 M^2

C^′ W_3 + 1 M^2

D^′ W_5 ) δ(ξ−x), (61) where A^′,B^′,C^′, and D^′ are defined as:

A^′ = 1 2 A ( |a^′|^2 + |b^′|^2 ) , B^′ = 1 2 B ( |a^′|^2 + |b^′|^2 ) , C^′ = Re[a^′b^{′∗}]C, D^′ = 1 2 D ( |a^′|^2 + |b^′|^2 ) . (62)

with

a^′ = 1 + γ^ρ_W ′ , b^′ = 1 + γ^κ_W ′ . (63)

The ratios of the W^′ contributions to the SM cross sections r^{23}_W ′ and r^{13}_W ′ and the deviations δ_{23} and δ_{13} are shown within the allowed kinematical range M + m_π < W < 1.4 GeV in Figs. (10, 11, 12, 13). The r^{23}_W ′ and r^{13}_W ′ values are mostly positive which, in turn, leads to δ_{23} and δ_{13} being mostly negative, respectively. As some examples, we find that δ_{23} ≈ −5^∘ and δ_{13} ≈ −0.25^∘ at E_ν = 17 GeV, M_W ′ = 500 GeV, and (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ) = (−0.94, −1.13, −0.85).

Figure 10: DIS (W^′): The left (right) panel figures illustrate the variation of r^{23}_W ′ % with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV.

5 Polarization of the produced τ^±

In this section we study the effects of NP on the polarization of the produced τ. The starting point is to construct the spin-density matrix ρ_{λ,λ}′ , where λ and λ^′ are the helicity of the τ lepton. The spin-density matrix ρ_{λ,λ}′ is related to the spin dependent differential cross section as dσ_{λ,λ}′ dE_ld cos θ = |ρ_{λλ}′ |^2 dσ_{total} dE_ld cos θ , (64)

where the total cross section σ_{total} = σ 1_2 1_2 + σ_− 1_{2 −} 1_2 . The spin-density matrix ρ_{λ,λ}′ is expressed in terms of the spin dependent matrix element M_{λ,λ}′ = L^{μν}_{λ,λ}′ W_{μν} as ρ_{λ,λ}′ = M_{λ,λ}′ ∑ λ=±^1_2 Mλ,λ . (65)

Figure 11: DIS (W^′): The left (right) panel figures illustrate the deviation δ_{23} with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, lower) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV. Here, we use the best-fit value θ_{13} = 9.1^∘ [71].

Figure 12: DIS (W^′): The left (right) panel figures illustrate the variation of r^{13}_W ′ % with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, lower) corresponds to the SM prediction. The blue line (solid, upper) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, upper) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV.

The most general form of the polarization density matrix ρ of a fermion is parametrized as ρ = [ρ_{λ,λ}′ ] = 1 2 (I + τ^a · ⃗P ) = 1 2 ( 1 + P_z P_x − iP_y P_x + iP_y 1 − P_z ) , (66)

Figure 13: DIS (W^′): The left (right) panel figures illustrate the deviation δ_{13} with the W^′ mass M_W ′ (E_ν ) when both left and right-handed W^′ couplings are present. The lines show predictions for some representative values of the W^′ couplings (g^{τ ντ}_L , g^{ud}_L , g^{ud}_R ). The green line (solid, upper) corresponds to the SM prediction. The blue line (solid, lower) in the left figure corresponds to (-0.94 , -1.13 , -0.85) at E_ν = 17 GeV, and the blue line (solid, lower) in the right figure corresponds to (1.23 , 0.84 , 0.61) at M_W ′ = 500 GeV. Here, we use the best-fit value θ_{13} = 9.1^∘ [71].

where I is the 2 × 2 identity matrix and ⃗P is the polarization vector of the decaying spin-1/2 lepton.

To determine the components (P_x, P_y, P_z) of the polarization vector we choose the following kinematic variables. The four-momenta of incoming neutrino (k), target nucleon (p) and produced lepton (k^′) in the laboratory frame are

k^μ = (E_ν , 0, 0, E_ν) , p^μ = (M, 0, 0, 0) , k^{′μ} = (E_l, p_l sin θ cos ϕ, p_l sin θ sin ϕ, p_l cos θ) . (67)

We introduce three four-vectors s^a_μ , a = 1, 2, 3 such that the s^a and k^′_l/m_l form an orthonormal set of four-vectors as defined in [72]: We choose the three spin four-vectors of the lepton such that

s^a · k^′ = 0, s^a · s^b = −δ^{ab}, s^a_μ · s^b_ν = −g_{μν} + k^′_μk^′_ν m^2_l

, (68)

where

s^1_μ = (0, cos θ cos ϕ, cos θ sin ϕ, − sin θ) , s^2_μ = (0, − sin ϕ, cos ϕ, 0) , s^3_μ = (p_l/m_l, E_l/m_l sin θ cos ϕ, E_l/m_l sin θ sin ϕ, E_l/m_l cos θ) . (69)

Finally we define the degree of τ polarization P as P = √ P^2_x + P^2_y + P^2_z . (70)

The SM results for the polarization components P_x, P_y, P_z can be found in Ref. [57] for the processes QE, Δ-RES and DIS. We also found these components in the presence of charged Higgs and W^′ contributions. The plots in Fig. (14) show the degree of τ polarization P with respect to E_τ in the QE, Δ-RES, and DIS scattering in the SM, charged Higgs, and W^′ model for 0 degree, 5 degrees and 10 degrees. The incident neutrino energy is at 10 GeV. In the polarization plots we see the charged Higgs and W^′ model produce small deviation from the SM values.

Figure 14: The degree of τ polarization P at incident neutrino energy 10 GeV versus E_τ in the QE (left), Δ-RES (middle), and DIS (right) scattering. In the QE plots the following are the color schemes. For 0 degree: black circle-SM, blue square-charged Higgs, red triangle-W^′; For 5 degrees: gray circle-SM, green square-charged Higgs, brown triangle-W^′; For 10 degrees: magenta circle-SM, cyan square-charged Higgs, purple triangle-W^′. At the lower E_τ value P remains almost the same for the three scattering angles. In the Δ-RES and DIS plots the solid lines are for 0 degree, the dashed lines are for 5 degrees, and the dotted lines are for 10 degrees. The black color is for the SM, red is for W^′, and blue is for charged Higgs.

6 Conclusion

New physics contributions to the tau-neutrino nucleon scattering were considered in this work. We discussed charged Higgs and W^′ effects to the Δ resonance production ν_τ (ν̄_τ ) + n(p) → τ^−(τ^+) + Δ^+(Δ^0) and deep inelastic scattering ν_τ (ν̄_τ ) + N → τ^−(τ^+) + X in the neutrino-nucleon interactions. Considering these effects in the neutrino detection process at neutrino oscillation experiments modify the measured atmospheric and reactor mixing angles θ_{23} and θ_{13}, respectively. In the resonance production, we included form factor effects in the calculations of the deviations δ_{23} and δ_{13} of the actual mixing angles from the measured ones. We constrained the parameters of both models from τ^− → π^−ν_τ and τ^− → ρ^−ν_τ decays that is discussed in a previous work. The cross section of the Δ resonance production was calculated within the kinematical interval M + m_π < W < W_{cut}, while the deep inelastic scattering was calculated within the range W_{cut} < W < √ s − m_τ with W_{cut} = 1.4 GeV. If the reactor neutrino experiments are able to measure the transition ν̄_e → ν̄_τ , the NP effects can impact the extraction of θ_{13}. As θ_{13} is a small angle, large NP parameters are required to produce observable deviations δ_{13}.

In the case of Δ resonance production, the charged Higgs contribution was found to be proportional to q^2 which suppressed the NP effect within the allowed kinematical region. The values of the deviations δ_{23} and δ_{13} were negative as the interference term in the cross section vanishes in the limit of ignoring the neutrino mass and, in turn, the total cross section is always larger than the SM one. The values of δ_{23} and δ_{13} in the W^′ gauge boson contributions were found to be both positive and negative, but were mostly negative. The δ_{23} and δ_{13} values decreased in magnitude with increasing incident neutrino energy and the new state masses (M_W ′ , M_H ).

In the case of deep inelastic scattering, the charged Higgs contribution does not have interference with the SM cross section. With the constraints on the NP parameters, the NP effects were negligible and the deviations δ_{23} and δ_{13} were very small. The values of deviations were found to be mostly negative in the W^′ model. The δ_{23} and δ_{13} values increased in magnitude with increasing incident neutrino energy and decreased with increasing M_W ′ . Finally, we studied the NP effects on the degree of polarization of the produced τ and found that the deviation of the polarization results in the NP models from the SM values were negligibly small at different scattering angles.

Acknowledgements

We thank Sandip Pakvasa, Nita Sinha, and Murugeswaran Duraisamy for useful comments and discussions. This work was financially supported in part by the National Science Foundation under Grant No. NSF PHY-1068052.

References

[1] L. Wolfenstein, Phys. Rev.D17, 2369, 1978.

[2] S. P. Mikheyev and A. Y. Smirnov, Sov. J. Nucl. Phys. 42, 913, 1985.

[3] E. Roulet, Phys. Rev. D 44, 935 (1991).

[4] G. Brooijmans, hep-ph/9808498.

[5] M. C. Gonzalez-Garcia, M. M. Guzzo, P. I. Krastev, H. Nunokawa, O. L. G. Peres, V. Pleitez, J. W. F. Valle and R. Zukanovich Funchal, Phys. Rev. Lett. 82, 3202 (1999) [hep-ph/9809531].

[6] M. M. Guzzo, A. Masiero and S. T. Petcov, Phys. Lett. B 260, 154 (1991).

[7] S. Bergmann, M. M. Guzzo, P. C. de Holanda, P. I. Krastev and H. Nunokawa, Phys. Rev. D 62, 073001 (2000) [hep-ph/0004049].

[8] M. M. Guzzo, H. Nunokawa, P. C. de Holanda and O. L. G. Peres, Phys. Rev.

D 64, 097301 (2001) [hep-ph/0012089].

[9] M. Guzzo, P. C. de Holanda, M. Maltoni, H. Nunokawa, M. A. Tortola and J. W. F. Valle, Nucl. Phys. B 629, 479 (2002) [hep-ph/0112310].

[10] Y. Grossman, Phys. Lett. B 359, 141 (1995) [hep-ph/9507344]. [11] T. Ota and J. Sato, Phys. Lett. B 545, 367 (2002) [hep-ph/0202145]. [12] A. Friedland and C. Lunardini, Phys. Rev. D 72, 053009 (2005) [hep-ph/0506143].

[13] N. Kitazawa, H. Sugiyama and O. Yasuda, hep-ph/0606013. [14] A. Friedland and C. Lunardini, Phys. Rev. D 74, 033012 (2006) [hep-ph/0606101].

[15] M. Blennow, T. Ohlsson and J. Skrotzki, Phys. Lett. B 660, 522 (2008) [hep-ph/0702059 [HEP-PH]].

[16] A. Esteban-Pretel, J. W. F. Valle and P. Huber, Phys. Lett. B 668, 197 (2008) [arXiv:0803.1790 [hep-ph]].

[17] M. Blennow, D. Meloni, T. Ohlsson, F. Terranova and M. Westerberg, Eur.

Phys. J. C 56, 529 (2008) [arXiv:0804.2744 [hep-ph]].

[18] M. C. Gonzalez-Garcia, Y. Grossman, A. Gusso and Y. Nir, Phys. Rev. D 64, 096006 (2001) [hep-ph/0105159].

[19] A. M. Gago, M. M. Guzzo, H. Nunokawa, W. J. C. Teves and R. Zukanovich Funchal, Phys. Rev. D 64, 073003 (2001) [hep-ph/0105196].

[20] P. Huber and J. W. F. Valle, Phys. Lett. B 523, 151 (2001) [hep-ph/0108193]. [21] T. Ota, J. Sato and N. -a. Yamashita, Phys. Rev. D 65, 093015 (2002) [hep-ph/0112329].

[22] M. Campanelli and A. Romanino, Phys. Rev. D 66, 113001 (2002) [hep-ph/0207350].

[23] M. Blennow, T. Ohlsson and W. Winter, Eur. Phys. J. C 49, 1023 (2007) [hep-ph/0508175].

[24] J. Kopp, M. Lindner and T. Ota, Phys. Rev. D 76, 013001 (2007) [hep-ph/0702269 [HEP-PH]].

[25] J. Kopp, M. Lindner, T. Ota and J. Sato, Phys. Rev. D 77, 013007 (2008) [arXiv:0708.0152 [hep-ph]].

[26] N. C. Ribeiro, H. Minakata, H. Nunokawa, S. Uchinami and R. Zukanovich- Funchal, JHEP 0712, 002 (2007) [arXiv:0709.1980 [hep-ph]].

[27] A. Bandyopadhyay et al. [ISS Physics Working Group Collaboration], Rept.

Prog. Phys. 72, 106201 (2009) [arXiv:0710.4947 [hep-ph]].

[28] N. C. Ribeiro, H. Nunokawa, T. Kajita, S. Nakayama, P. Ko and H. Minakata, Phys. Rev. D 77, 073007 (2008) [arXiv:0712.4314 [hep-ph]].

[29] J. Kopp, T. Ota and W. Winter, Phys. Rev. D 78, 053007 (2008) [arXiv:0804.2261 [hep-ph]].

[30] M. Malinsky, T. Ohlsson and H. Zhang, Phys. Rev. D 79, 011301 (2009) [arXiv:0811.3346 [hep-ph]].

[31] A. M. Gago, H. Minakata, H. Nunokawa, S. Uchinami and R. Zukanovich Funchal, JHEP 1001, 049 (2010) [arXiv:0904.3360 [hep-ph]].

[32] A. Palazzo and J. W. F. Valle, Phys. Rev. D 80, 091301 (2009) [arXiv:0909.1535 [hep-ph]]. A. Palazzo, Phys. Rev. D 83, 101701 (2011) [arXiv:1101.3875 [hepph]].

[33] S. Davidson, C. Pena-Garay, N. Rius and A. Santamaria, JHEP 0303, 011 (2003) [arXiv:hep-ph/0302093].

[34] J. Abdallah et al. [DELPHI Collaboration], Eur. Phys. J. C 38, 395 (2005) [arXiv:hep-ex/0406019].

[35] C. Biggio, M. Blennow and E. Fernandez-Martinez, JHEP 0908, 090 (2009) [arXiv:0907.0097 [hep-ph]].

[36] Z. Berezhiani, R. S. Raghavan and A. Rossi, Nucl. Phys. B 638, 62 (2002) [hep-ph/0111138].

[37] A. Friedland, C. Lunardini and C. Pena-Garay, Phys. Lett. B 594, 347 (2004) [hep-ph/0402266].

[38] O. G. Miranda, M. A. Tortola and J. W. F. Valle, JHEP 0610, 008 (2006) [hep-ph/0406280].

[39] S. Bergmann, Y. Grossman and D. M. Pierce, Phys. Rev. D 61, 053005 (2000) [hep-ph/9909390].

[40] N. Fornengo, M. Maltoni, R. Tomas and J. W. F. Valle, Phys. Rev. D 65, 013010 (2002) [hep-ph/0108043].

[41] M. C. Gonzalez-Garcia and M. Maltoni, Phys. Rev. D 70, 033010 (2004) [hep-ph/0404085].

[42] A. Friedland, C. Lunardini and M. Maltoni, Phys. Rev. D 70, 111301 (2004) [hep-ph/0408264].

[43] F. J. Escrihuela, O. G. Miranda, M. A. Tortola and J. W. F. Valle, Phys. Rev.

D 80, 105009 (2009) [Erratum-ibid. D 80, 129908 (2009)] [arXiv:0907.2630 [hep-ph]].

[44] J. Barranco, O. G. Miranda and T. I. Rashba, Nucl. Phys. Proc. Suppl. 188, 214 (2009) [arXiv:0810.5361 [hep-ph]].

[45] J. Barranco, O. G. Miranda and T. I. Rashba, JHEP 0512, 021 (2005) [hep-ph/0508299].

[46] J. Barranco, O. G. Miranda and T. I. Rashba, Phys. Rev. D 76, 073008 (2007) [hep-ph/0702175].

[47] See for example R. A. Diaz, hep-ph/0212237; A. Datta, P. J. O’Donnell, Z. H. Lin, X. Zhang and T. Huang, Phys. Lett. B 483, 203 (2000) [hep-ph/0001059].

[48] K. Abe et al. [Super-Kamiokande Collaboration], arXiv:1206.0328 [hep-ex].

[49] K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 97, 171801 (2006) [hep-ex/0607059].

[50] [OPERA Collaboration], arXiv:1107.2594 [hep-ex]. B. Wonsak [OPERA Collaboration], J. Phys. Conf. Ser. 335, 012051 (2011).

[51] Y. Abe et al. [DOUBLE-CHOOZ Collaboration], Phys. Rev. Lett. 108, 131801 (2012) [arXiv:1112.6353 [hep-ex]].

[52] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012) [arXiv:1203.1669 [hep-ex]].

[53] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012) [arXiv:1204.0626 [hep-ex]].

[54] K. Kodama et al. [DONuT Collaboration], Phys. Rev. D 78, 052002 (2008) [arXiv:0711.0728 [hep-ex]].

[55] A. Rashed, M. Duraisamy and A. Datta, arXiv:1204.2023 [hep-ph].

[56] S. Jadach, Z. Was, R. Decker and J. H. Kuhn, Comput. Phys. Commun. 76, 361 (1993).

[57] K. Hagiwara, K. Mawatari and H. Yokoya, Nucl. Phys. B 668, 364 (2003) [Erratum-ibid. B 701, 405 (2004)] [hep-ph/0305324].

[58] E. A. Paschos and J. Y. Yu, Phys. Rev. D65(2002)033002. [59] D. Rein and L. M. Sehgal, Ann. Phys. 133(1981)79. [60] E. A. Paschos, L. Pasquali and J. Y. Yu, Nucl. Phys. B588(2000)263. [61] S. Kretzer and M. H. Reno, Phys. Rev. D66(2002)113007. [62] C. H. Albright and C. Jarlskog, Nucl. Phys. B84(1975)467. [63] C. H. Llewellyn Smith, Phys. Rep. 3(1972)261. [64] P. A. Schreiner and F. Von Hippel, Nucl. Phys. B58(1973)333. [65] G. L. Fogli and G. Nardulli, Nucl. Phys. B160(1979)116.

[66] L. Alvarez-Ruso, S. K. Singh and M. J. Vicente Vacas, Phys. Rev.

C57(1998)2693.

[67] S. K. Singh, Nucl. Phys. B (Proc. Suppl.) 112(2002)77.

[68] See, e.g., R. A. Diaz, hep-ph/0212237, O. Deschamps, S. Descotes-Genon, S. Monteil, V. Niess, S. T’Jampens and V. Tisserand, Phys. Rev. D 82, 073012 (2010) [arXiv:0907.5135 [hep-ph]], G. C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher and J. P. Silva, arXiv:1106.0034 [hep-ph].

[69] C. Biggio, M. Blennow and E. Fernandez-Martinez, JHEP 0908, 090 (2009) [arXiv:0907.0097 [hep-ph]].

[70] M. C. Gonzalez-Garcia, M. Maltoni and J. Salvado, JHEP 1004, 056 (2010) [arXiv:1001.4524 [hep-ph]].

[71] D. V. Forero, M. Tortola and J. W. F. Valle, arXiv:1205.4018 [hep-ph]. [72] H. E. Haber, In *Stanford 1993, Spin structure in high energy processes* 231- 272 [hep-ph/9405376].