arXiv:hep-ph/0312256 v2 25 Aug 2004

25 August 2004 hep-ph/0312256

Fock States of Flavor Neutrinos are Unphysical

Carlo Giunti

INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Università di Torino, Via P. Giuria 1, I–10125 Torino, Italy

Abstract

It is shown that it is possible to construct an infinity of Fock spaces of flavor neutrinos depending on arbitrary unphysical mass parameters, in agreement with the theory of Blasone and Vitiello in the version proposed by Fujii, Habe and Yabuki. However, we show by reductio ad absurdum that these flavor neutrino Fock spaces are clever mathematical constructs without physical relevance, because the hypothesis that neutrinos produced or detected in charged-current weak interaction processes are described by flavor neutrino Fock states implies that measurable quantities depend on the arbitrary unphysical flavor neutrino mass parameters.

PACS Numbers: 14.60.Pq, 14.60.Lm Keywords: Neutrino Mass, Neutrino Mixing

1 Introduction

Neutrino oscillations [1–3] is one of the main fields of contemporary experimental and theoretical research in high-energy physics. The main reason is that neutrino oscillations is a consequence of neutrino mixing (see Refs. [4–12] and the the recent review by B. Kayser in Ref. [13]), which consists in a mismatch between flavor and mass: the lefthanded flavor neutrino fields ν_{αL}, with α = e, μ, τ , are unitary linear combinations of the massive neutrino fields ν_{kL}, ν_{αL} = 3∑ k=1 U_{αk} ν_{kL} (α = e, μ, τ ) , (1.1) where U is the mixing matrix. Since neutrinos are massless in the Standard Model, neutrino oscillations represents an open window on the physics beyond the Standard Model (see Refs. [14–17]) The theory of neutrino oscillations has been discussed in many papers (see Ref. [18]) and reviewed in Refs. [4, 5, 9, 19–23].

The standard derivation of the neutrino oscillation probability follows from the description of neutrinos produced or detected in charged-current weak interaction processes through the flavor neutrino states |ν_α⟩ = ∑ k U^∗_{αk} |ν_k⟩ (α = e, μ, τ ) , (1.2) where |ν_k⟩ is the state of a neutrino with mass m_k, which belongs to the Fock space of the quantized massive neutrino field ν_k .

It must be noted that the flavor state (1.2) is not a quantum of the flavor field ν_α [24]. Indeed, one can easily check that the flavor state (1.2) is not annihilated by the flavor field ν_α if the neutrino masses are taken into account.

In Ref. [24] it was argued that it is impossible to construct a Fock space of flavor states. In the proof of this statement it was implicitly assumed that would-be creation (destruction) operators of flavor states can be linear combinations of creation (destruction) operators of massive states only, excluding a contribution from destruction (creation) operators of massive states. As explained in Section 2, this assumption, although physically reasonable, is inconsistent with the theory. It follows that it is possible to construct a Fock space of flavor states, as it was first noticed by Blasone and Vitiello (BV) [25] in 1995 and later discussed in several papers by BV with collaborators [26–28], by Fujii, Habe and Yabuki (FHY) [29, 30], by Blasone et al. [31], by Ji and Mishchenko [32], and other more mathematically oriented authors [33]. Actually, as shown by FHY [29], there is an infinity of flavor Fock spaces depending on arbitrary unphysical mass parameters.

It is then necessary to determine if the flavor Fock states can describe neutrinos produced or detected in charged-current weak interaction processes. As discussed in Section 3 our conclusion is negative, showing that the flavor Fock spaces are clever mathematical constructs without physical relevance. Let us emphasize that this fact precludes the description of neutrinos in oscillation experiments through the flavor Fock states, because these neutrinos must be produced and detected in weak interaction processes.

The plane of the paper is as follows. In Section 2 we review the argument presented in Ref. [24] against a Fock space of flavor states, we show its inconsistency and we explain how an infinity of Fock spaces of flavor states can be constructed, obtaining the BV and FHY results through a different way. In Section 3 we show that the flavor Fock spaces are unphysical and in Section 4 we summarize our conclusions.

2 Fock space of flavor fields

There is neutrino mixing if the mass matrix is not diagonal in the basis of the flavor neutrino fields ν_α(x), where α = e, μ, τ is the flavor index. If we consider, for simplicity, the mixing of three Dirac neutrinos, the flavor neutrino fields are related to the massive neutrino fields ν_k(x), where k = 1, 2, 3 is the mass index, by the mixing relation^1

ν_α(x) = ∑ k U_{αk} ν_k(x) , (2.1)

where U is the unitary 3 × 3 mixing matrix.

The quantized massive neutrino fields ν_k(x) obey the canonical equal-time anticommutation relations {ν_{kξ}(t, ⃗x) , ν^†_{jη}(t, ⃗y)} = δ(⃗x − ⃗y) δ_{kj} δ_{ξη} , (2.2) where ξ and η are Dirac indices (ξ, η = 1, . . . , 4), and {ν_{kξ}(x) , ν_{jη}(y)} = {ν^†_{kξ}(x) , ν^†_{jη} (y)} = 0 . (2.3) Since the quantized massive neutrino fields must satisfy the free Dirac equation, they can be Fourier expanded as

ν_k(x) = ∫ d⃗p (2π)^{3/2} ∑ h=±1 [ a_{νk} (⃗p, h) u_{νk} (⃗p, h) e^{−iEνk t+i⃗p⃗x} + b^†_{νk} (⃗p, h) v_{νk} (⃗p, h) e^{iEνk t−i⃗p⃗x} ] , (2.4) where E_{νk} = √ ⃗p^2 + m^2_{νk} , h is the helicity, u_{νk} (⃗p, h) and v_{νk} (⃗p, h) are the usual fourcomponent spinors in momentum space such that

(/p − m_{νk} ) u_{νk} (⃗p, h) = 0 , (/p + m_{νk} ) v_{νk} (⃗p, h) = 0 , (2.5)

for which we use the BV normalization [25] u^†_{νk} (⃗p, h) u_{νk} (⃗p, h^′) = v^†_{νk} (⃗p, h) v_{νk} (⃗p, h^′) = δ_{hh}′ . (2.6) The following orthogonality and completeness relations are useful: u^†_{νk} (⃗p, h) v_{νk} (−⃗p, h^′) = 0 , (2.7) ∑ h ( u_{νk} (⃗p, h) u^†_{νk} (⃗p, h) + v_{νk} (−⃗p, h) v^†_{νk} (−⃗p, h) ) = 1 . (2.8)

1More precisely, there are two mixing relations for the left and right handed fields in the basis in which the mass matrix of the charged lepton fields is diagonal: ν_{αL}(x) = ∑ k U_{αk} ν_{kL}(x) , ν_{αR}(x) = ∑ k V_{αk} ν_{kR}(x) , with the unitary matrices U and V such that the mass matrix M is diagonalized by the biunitary transformation V^†M U = M_{diag} (see Ref. [5]). However, since the right-handed fields ν_{αR}(x) do not participate to weak interactions, we can define appropriate right-handed flavor fields ν^′_{αR}(x) = ∑ β ( U V^† ) αβ ν_{βR}(x) = ∑ k U_{αk} ν_{kR}(x) ,

such that the flavor fields ν_α(x) = ν_{αL}(x) + ν^′_{αR}(x) satisfy the mixing relations in Eq. (2.1).

Using the orthonormality relations (2.6) and (2.7), one can find that a_{νk} (⃗p, h) = ∫ d⃗x (2π)^{3/2} e^{iEνk t−i⃗p⃗x} u^†_{νk} (⃗p, h) ν_k(x) , (2.9) b_{νk} (⃗p, h) = ∫ d⃗x (2π)^{3/2} ν^†_k(x) v_{νk} (⃗p, h) e^{iEνk t−i⃗p⃗x} . (2.10) The canonical anticommutation relations (2.2) and (2.3) for the massive neutrino fields imply that {a_{νk} (⃗p, h) , a^†_{νj} (⃗p^′, h^′)} = {b_{νk} (⃗p, h) , b^†_{νj} (⃗p^′, h^′)} = δ(⃗p −⃗p^′) δ_{hh}′ δ_{kj} , (2.11) and all the other anticommutation relations vanish. Since these are the canonical anticommutation relations for fermionic ladder operators, the operators a^†_{νk} (⃗p, h) and b^†_{νk} (⃗p, h) can be interpreted, respectively, as the one-particle and one-antiparticle creation operators which allow to construct the Fock space of massive neutrino states starting from the vacuum ground state |0⟩.

Let us now consider the flavor fields ν_α(x). In order to generate a Fock space of flavor states, the Fourier expansion of the flavor fields must be written as

ν_α(x) = ∫ d⃗p (2π)^{3/2} ∑ h=±1 [ a_{να} (⃗p, h) u_{να} (⃗p, h) e^{−iEνα t+i⃗p⃗x} + b^†_{να} (⃗p, h) v_{να} (⃗p, h) e^{iEνα t−i⃗p⃗x} ] , (2.12) where E_{να} = √ ⃗p^2 + ~m^2_{να} with arbitrary mass parameters ~m_{να} , and the spinors u_{να} (⃗p, h) and v_{να} (⃗p, h) are assumed to satisfy equations analogous to the ones in Eq. (2.5) [29]:

(/p − ~m_{να} ) u_{να} (⃗p, h) = 0 , (/p + ~m_{να} ) v_{να} (⃗p, h) = 0 . (2.13)

Hence, the spinors u_{να} (⃗p, h) and v_{να} (⃗p, h) satisfy orthonormality and completeness relations analogous to those in Eqs. (2.6)–(2.8): u^†_{να} (⃗p, h) u_{να} (⃗p, h^′) = v^†_{να} (⃗p, h) v_{να} (⃗p, h^′) = δ_{hh}′ , (2.14) u^†_{να} (⃗p, h) v_{να} (−⃗p, h^′) = 0 , (2.15) ∑ h ( u_{να} (⃗p, h) u^†_{να} (⃗p, h) + v_{να} (−⃗p, h) v^†_{να} (−⃗p, h) ) = 1 . (2.16)

Using Eq. (2.4), the mixing relation (2.1) allows to write the flavor fields as

ν_α(x) = ∫ d⃗p (2π)^{3/2} ∑ h=±1 ∑ k U_{αk} [ a_{νk} (⃗p, h) u_{νk} (⃗p, h) e^{−iEνk t+i⃗p⃗x} + b^†_{νk} (⃗p, h) v_{νk} (⃗p, h) e^{iEνk t−i⃗p⃗x} ] . (2.17) Confronting with Eq. (2.12) and assuming that the would-be destruction (creation) operators of flavor states are linear combinations of destruction (creation) operators of massive states only, for the would-be destruction operators of flavor neutrino states a_{να} (⃗p, h) we have a_{να} (⃗p, h) u_{να} (⃗p, h) e^{−iEνα t} = ∑ k U_{αk} a_{νk} (⃗p, h) u_{νk} (⃗p, h) e^{−iEνk t} . (2.18)

Using the orthonormality relation (2.14) we obtain a_{να} (⃗p, h) = ∑ k U_{αk} a_{νk} (⃗p, h) ( u^†_{να} (⃗p, h) u_{νk} (⃗p, h) ) e^i(^{Eνα −Eνk} )^t , (2.19)

With the help of Eq. (2.11) one can calculate the anticommutation relation {a_{να} (⃗p, h) , a^†_{νβ} (⃗p^′, h^′)} = δ(⃗p −⃗p^′) δ_{hh}′ e^i(^{Eνα −Eνβ} )^t × u^†_{να} (⃗p, h) ( ∑ k U_{αk} U^∗_{βk} u_{νk} (⃗p, h) u^†_{νk} (⃗p, h) ) u_{νβ} (⃗p, h) , (2.20) which is not proportional to δ_{αβ} because of the 4 × 4 matrix coefficients u_{νk} (⃗p, h) u^†_{νk} (⃗p, h) that prevent the operativeness of the unitarity relation ∑ k U_{αk} U^∗_{βk} = δ_{αβ}. A similar

derivation applies to the operators b_{να} (⃗p, h).

From these considerations one can see that the operators a_{να} (⃗p, h) and b_{να} (⃗p, h) calculated in this way do not have the properties of fermionic ladder operators. From similar considerations, in Ref. [24] it was concluded that a Fock space of flavor states do not exist. Let us emphasize again that this conclusion follows from the assumption that the wouldbe destruction (creation) operators of flavor states are linear combinations of destruction (creation) operators of massive states only. This is equivalent to assume that the vacuum of the Fock space of flavor states is the same as the vacuum of the Fock space of massive states, because the vacuum of the Fock space of massive states is obviously annihilated by the operators a_{να} (⃗p, h) in Eq. (2.19) (and by the b_{να} (⃗p, h) defined in an analogous way). We think that this is a necessary requirement for a physical interpretation of Fock space of flavor states, because there is only one vacuum in the real world.

However, the condition that the would-be destruction (creation) operators of flavor states are linear combinations of destruction (creation) operators of massive states only is in contradiction with the Fourier expansion (2.12) of ν_α(x) and the orthonormality relations of the spinors u_{να} (⃗p, h) and v_{να} (⃗p, h) in Eqs. (2.14)–(2.16), which imply that the operators a_{να} (⃗p, h) and b_{να} (⃗p, h) are given by relations analogous to those in Eqs. (2.9) and (2.10): a_{να} (⃗p, h) = ∫ d⃗x (2π)^{3/2} e^{iEνα t−i⃗p⃗x} u^†_{να} (⃗p, h) ν_α(x) , (2.21) b_{να} (⃗p, h) = ∫ d⃗x (2π)^{3/2} ν^†_α(x) v_{να} (⃗p, h) e^{iEνα t−i⃗p⃗x} . (2.22) Using the mixing relation (2.1) and the Fourier expansion (2.4) of the massive neutrino fields, we obtain a_{να} (⃗p, h) = e^{iEνα t} ∑ k U_{αk} [ a_{νk} (⃗p, h) ( u^†_{να} (⃗p, h) u_{νk} (⃗p, h) ) e^{−iEνk t} + b^†_{νk} (−⃗p, h) ( u^†_{να} (⃗p, h) v_{νk} (−⃗p, h) ) e^{iEνk t} ] , (2.23) b_{να} (⃗p, h) = e^{iEνα t} ∑ k U^∗_{αk} [ a^†_{νk} (−⃗p, h) ( u^†_{νk} (−⃗p, h) v_{να} (⃗p, h) ) e^{iEνk t}

+ b_{νk} (⃗p, h) ( v^†_{νk} (⃗p, h) v_{να} (⃗p, h) ) e^{−iEνk t} ] . (2.24)

These relations are identical to those obtained by FHY [29,30] (see also Ref. [27]) through a generalization of the BV formalism^2 [25]. The operators a_{να} (⃗p, h) and b_{να} (⃗p, h) satisfy the canonical anticommutation relations {a_{να} (⃗p, h) , a^†_{νβ} (⃗p^′, h^′)} = {b_{να} (⃗p, h) , b^†_{νβ} (⃗p^′, h^′)} = δ(⃗p −⃗p^′) δ_{hh}′ δ_{αβ} , (2.25) and all the other anticommutation relations vanish. Therefore, the argument presented in Ref. [24] against a Fock space of flavor states is inconsistent and, as pointed out by BV [25], the operators a^†_{να} (⃗p, h) and b^†_{να} (⃗p, h) can be interpreted, respectively, as the oneparticle and one-antiparticle creation operators which allow to construct a Fock space of flavor neutrino states starting from a vacuum ground state. However, such vacuum ground state is different from the vacuum ground state of massive neutrinos, that we have denoted by |0⟩, as one can immediately see from the fact that the operators a_{να} (⃗p, h) and b_{να} (⃗p, h) in Eqs. (2.23) and (2.24) do not annihilate |0⟩: a_{να} (⃗p, h) |0⟩ = e^{iEνα t} ∑ k U_{αk} ( u^†_{να} (⃗p, h) v_{νk} (−⃗p, h) ) e^{iEνk t} |ν̄_k(−⃗p, h)⟩ , (2.26) b_{να} (⃗p, h) |0⟩ = e^{iEνα t} ∑ k U^∗_{αk} ( u^†_{νk} (−⃗p, h) v_{να} (⃗p, h) ) e^{iEνk t} |ν_k(−⃗p, h)⟩ . (2.27) Therefore, the vacuum ground state of the flavor neutrino Fock space is different from the vacuum ground state of the massive neutrino Fock space [25]. Actually, there is an infinity of Fock spaces of flavor neutrinos depending on the values of the arbitrary parameters ~m_{να} [29].

Let us denote with |0_{{ ~m}}⟩ the vacuum ground state of the flavor neutrino Fock space corresponding to a set of values of the parameters ~m_{να} . In principle we should add a suffix { ~m} also to the operators a_{να} (⃗p, h) and b_{να} (⃗p, h) in Eqs. (2.23) and (2.24), but we refrain from complicating the notation in such way, being understood that the operators are assumed to act on the corresponding vacuum state with the same values of the parameters ~m_{να} .

Having proved the mathematical possibility to construct Fock spaces of flavor neutrinos, it is necessary to investigate if these Fock spaces and their associated vacuums have any physical relevance. In Section 3 we will see that the hypothesis that real flavor neutrinos produced and detected in charged-current weak interaction processes are described by flavor Fock states leads to the absurd result that the arbitrary mass parameters ~m_{να} are measurable. Hence, the only Fock space which describes reality is the massive neutrino Fock space and its vacuum ground state is the physical vacuum.

This fact may be also clear from the above derivation, in which we started with the quantization of the massive neutrino fields, which are the fundamental quantities, and we defined arbitrarily the Fourier expansion of the flavor fields in Eq. (2.12), through the arbitrary mass parameters ~m_{να} and the arbitrary relations (2.13). Instead the masses of the massive neutrino fields and the relations (2.5) are not arbitrary, because they are determined by the Dirac Lagrangian, which implies free Dirac equations for the massive

2BV assumed that ~m_{νe} = m_{ν1} , ~m_{νμ} = m_{ν2} , ~m_{ντ} = m_{ν3} .

neutrino fields. On the other hand, the flavor neutrino fields do not satisfy any sort of free Dirac equation, because neutrino mixing implies that the equations of the flavor neutrino fields are coupled by the off-diagonal mass terms in the flavor basis. Indeed, using Eqs. (2.13), (2.23) and (2.24) one can directly check that the flavor fields ν_α(x) in Eq. (2.12) do not satisfy a free Dirac equation with mass ~m_{να} , because the operators a_{να} (⃗p, h) and b_{να} (⃗p, h) are time-dependent. Therefore, the definition of the spinors u_{να} (⃗p, h) and v_{να} (⃗p, h) through Eqs. (2.13) is completely arbitrary and the mass parameters ~m_{να} are unphysical. Indeed, it has been emphasized by FHY [29] that the mass parameters ~m_{να} should disappear in all measurable quantities. Since the Fourier expansion of the flavor fields in Eq. (2.12) is an arbitrary mathematical construct, we are not surprised by the fact that the corresponding Fock space of flavor neutrinos has no physical relevance.

3 Measurable Quantities

In Ref. [25] BV define the flavor one-neutrino state as |ν_α(⃗p, h)⟩ = a^†_{να} (⃗p, h) |0⟩ , (3.1) whereas in Refs. [26–28] they adopt the definition |ν_α(⃗p, h)⟩ = a^†_{να} (⃗p, h) |0_{{ ~m}}⟩ , (3.2) whose motivations are explained in Ref. [26]. It seems to us that it is obvious that the definition (3.2) is the correct one from the point of view of someone which believes that the Fock space of flavor states describes reality, because the states in Eq. (3.2) belong to such Fock space, whereas the states in Eq. (3.1) are time-dependent superpositions of states belonging to the Fock space of massive neutrinos, if a_{να} (⃗p, h) is interpreted according to Eq. (2.23).

In this Section we show that the interpretation of the definition (3.2) as a physical state describing a flavor neutrino produced or detected in a charged-current weak interaction process leads to the absurd result that the unphysical arbitrary parameters ~m_{να} are measurable. This does not mean that the definition (3.1) is any better, as we will see in the following.

Let us consider the simplest case of the pion decay process

π^+ → μ^+ + ν_μ . (3.3)

If the flavor one-neutrino states are real, the outgoing muon neutrino in Eq. (3.3) is described by the state |ν_μ(⃗p, h)⟩ = a^†_μ(⃗p, h) |0_{{ ~m}}⟩ . (3.4) The amplitude of the decay is given by A = ⟨μ^+(⃗p_μ, h_μ), ν_μ(⃗p, h)| − i ∫ d^4x H_I(x)|π^+(⃗p_π), 0_{{ ~m}}⟩ , (3.5) where we have written explicitly the vacuum flavor state just to make clear that it is assumed to correspond to the physical vacuum. The effective interaction Hamiltonian H_I(x) is given by

H_I(x) =

G_F √ 2 ν_μ(x) γ^ρ (1 − γ_5) μ(x) J_ρ(x) , (3.6)

where G_F is the Fermi constant and J_ρ(x) is the hadronic weak current, whose matrix element is given by ⟨0|J_ρ(x)|π^+(⃗p_π)⟩ = i⃗p_{πρ} f_π cos ϑ_C e^{−ipπ x} , (3.7)

where f_π is the pion decay constant and ϑ_C is the Cabibbo angle (see, for example, Ref. [34]). Using Eqs. (2.12), (2.25) and (3.4) we obtain A = 2π G_F √ 2 ⃗p_{πρ} f_π cos ϑ_C δ^4(p_π − p_μ − p) u_{νμ} (⃗p, h) γ^ρ (1 − γ_5) v_μ(⃗p_μ, h_μ) . (3.8)

It is clear that if this expression were correct the arbitrary unphysical mass parameter ~m_{νμ} would be a measurable quantity, because the energy of the muon neutrino is E_{νμ} = √ ⃗p + ~m^2_{νμ} . Since the unphysical mass parameter ~m_{νμ} enters in the energy-conservation delta function and in the spinor u_{νμ} (⃗p, h), it determines the measurable four-momentum of the muon through energy-momentum conservation and the measurable decay rate of the pion. Hence, we conclude that the state (3.4) is unphysical.

Considering other charged-current weak interaction processes one can rule out the physical relevance of the states (3.2) for all flavors α.

The definition (3.1), whatever its meaning, does not lead to anything better. In this case the amplitude of the pion decay (3.3) is given by A = ⟨μ^+(⃗p_μ, h_μ), ν_μ(⃗p, h)| − i ∫ d^4x H_I(x)|π^+(⃗p_π), 0⟩ , (3.9)

where we have written explicitly the vacuum state of the massive neutrino Fock space in order to make clear that it is assumed to correspond to the physical vacuum, and |ν_μ(⃗p, h)⟩ = a^†_{νμ} (⃗p, h) |0⟩ . (3.10) Using Eqs. (2.11), (2.17) and (2.23), for the matrix element of the neutrino field we obtain ⟨ν_μ(⃗p, h)|ν_μ(x)|0⟩ = 1 (2π)^{3/2} e^{iEνμ t−i⃗p⃗x} ∑ k |U_{μk}|^2 ( u^†_{νμ} (⃗p, h) u_{νk} (⃗p, h) ) u_{νk} (⃗p, h) , (3.11) which implies that again both energy-momentum conservation and the pion decay rate depend on the unphysical mass ~m_{νμ} .

Summarizing, we have shown that both the definitions (3.1) and (3.2) adopted by BV, FHY and others cannot correspond to a physical flavor neutrino state because they would imply that the arbitrary unphysical parameters ~m_{να} are measurable^3. Since the introduction of these unphysical parameters is necessary for the construction of a Fock space

3Let us notice that also the arbitrary BV assumption ~m_{νe} = m_{ν1} , ~m_{νμ} = m_{ν2} , ~m_{ντ} = m_{ν3} does not lead to acceptable results. For example, it would imply that the pion decay process (3.3) depends only on the neutrino mass m_{ν2} if the definition (3.2) is adopted. On the other hand, using the definition (3.1) one obtains that energy-momentum conservation depends only on m_{ν2} , although all the neutrino masses contribute in a complicated way to the decay rate.

of flavor neutrinos, we conclude that such Fock spaces are only mathematical constructs, without physical relevance.

Let us emphasize that the unacceptable results obtained in this Section are an unavoidable consequence of the hypothesis that the flavor Fock space is real, which means that flavor neutrinos are described by flavor Fock states. In this case it is not allowed to use the flavor Fock states for some calculations (for example neutrino oscillations) and the massive Fock states for other calculations (for example pion decay), all of which involve neutrinos created or detected in charged-current weak interactions^4. The obvious reason is that the flavor Fock states, if real, are just the states which describe the neutrinos produced and detected in any charged-current weak interaction process, including those operating in neutrino oscillation experiments. In the calculation of these processes the flavor neutrino Fock states would have the same relevance as the Fock states of all other particles.

The correct way to calculate decay rates (as well as other processes) taking into account neutrino masses and mixing has been discussed in Refs. [35–37]. It is based on the fact that the massive neutrinos have definite kinematical properties and constitute the possible orthogonal asymptotic states of the decay. In other words, each decay in a massive neutrino constitutes a possible decay channel and the total decay probability is the sum of the decay probabilities in the different massive neutrinos ν_k weighted by the squared absolute value of the element of the mixing matrix that weights the contribution of ν_k to the charged-current weak interaction Hamiltonian. The description of neutrinos produced or detected in charged-current weak interaction processes through the standard flavor neutrino states (1.2) leads to the same result [38]. Hence, the standard flavor neutrino states (1.2) can be used to describe in a consistent framework neutrino interactions and oscillations in neutrino oscillation experiments.

4 Conclusions

We have shown that the argument presented in Ref. [24] against the existence of a Fock space of flavor neutrinos is inconsistent. Hence, we agree with BV, FHY and others [25–33] that it is possible to construct a Fock space of flavor neutrinos. However, there is an infinity of such Fock spaces of flavor neutrinos depending on the values of arbitrary unphysical mass parameters [29]. We have shown that the hypothesis that the flavor Fock states describe real flavor neutrinos produced or detected in weak interaction charged-current processes leads to the absurd consequence that the arbitrary unphysical mass parameters are measurable quantities. In particular, the flavor Fock states are inadequate for the description of flavor neutrinos in oscillations experiments, because these flavor neutrinos are produced and detected through weak interaction charged-current processes. Therefore, we conclude that the Fock spaces of flavor neutrinos are ingenious mathematical constructs without physical relevance.

4Since we have shown that the flavor Fock space is unphysical, there is no need to discuss neutralcurrent weak processes.

References

[1] B. Pontecorvo, Sov. Phys. JETP 6 (1957) 429, [Zh. Eksp. Teor. Fiz. 33, 549 (1957)]. [2] B. Pontecorvo, Sov. Phys. JETP 7 (1958) 172, [Zh. Eksp. Teor. Fiz. 34, 247 (1958)]. [3] B. Pontecorvo, Sov. Phys. JETP 26 (1968) 984. [4] S.M. Bilenky and B. Pontecorvo, Phys. Rept. 41 (1978) 225. [5] S.M. Bilenky and S.T. Petcov, Rev. Mod. Phys. 59 (1987) 671. [6] J.W.F. Valle, Prog. Part. Nucl. Phys. 26 (1991) 91.

[7] S.M. Bilenky, C. Giunti and W. Grimus, Prog. Part. Nucl. Phys. 43 (1999) 1,

hep-ph/9812360.

[8] P. Fisher, B. Kayser and K.S. McFarland, Ann. Rev. Nucl. Part. Sci. 49 (1999) 481,

hep-ph/9906244.

[9] S.M. Bilenky and C. Giunti, Int. J. Mod. Phys. A16 (2001) 3931, hep-ph/0102320. [10] M. Gonzalez-Garcia and Y. Nir, Rev. Mod. Phys. 75 (2003) 345, hep-ph/0202058. [11] R. McKeown and P. Vogel, (2004), hep-ph/0402025.

[12] C. Giunti and M. Laveder, (2003), hep-ph/0310238, In ’Developments in Quantum Physics - 2004’, edited by F. Columbus and V. Krasnoholovets, Nova Science Publishers, Inc. URL:

http://www.novapublishers.com/detailed_search.asp?id=1-59454-003-9.

[13] Particle Data Group, S. Eidelman et al., Phys. Lett. B592 (2004) 1, URL:

http://pdg.lbl.gov.

[14] G. Altarelli and F. Feruglio, Phys. Rept. 320 (1999) 295, hep-ph/9905536. [15] H. Fritzsch and Z.z. Xing, Prog. Part. Nucl. Phys. 45 (2000) 1, hep-ph/9912358. [16] I. Masina, Int. J. Mod. Phys. A16 (2001) 5101, hep-ph/0107220. [17] S.F. King, Rept. Prog. Phys. 67 (2004) 107, hep-ph/0310204. [18] C. Giunti and M. Laveder, http://www.nu.to.infn.it.

[19] F. Boehm and P. Vogel, Physics of massive neutrinos (Cambridge University Press, 1992).

[20] C.W. Kim and A. Pevsner, Neutrinos in physics and astrophysics (Harwood Academic Press, Chur, Switzerland, 1993), Contemporary Concepts in Physics, Vol. 8. [21] M. Zralek, Acta Phys. Polon. B29 (1998) 3925, hep-ph/9810543.

[22] M. Beuthe, Phys. Rept. 375 (2003) 105, hep-ph/0109119. [23] A.D. Dolgov, Phys. Rept. 370 (2002) 333, hep-ph/0202122. [24] C. Giunti, C.W. Kim and U.W. Lee, Phys. Rev. D45 (1992) 2414. [25] M. Blasone and G. Vitiello, Ann. Phys. 244 (1995) 283, hep-ph/9501263. [26] M. Blasone, P.A. Henning and G. Vitiello, Phys. Lett. B451 (1999) 140,

hep-th/9803157.

[27] M. Blasone and G. Vitiello, Phys. Rev. D60 (1999) 111302, hep-ph/9907382. [28] M. Blasone, A. Capolupo and G. Vitiello, Phys. Rev. D66 (2002) 025033,

hep-th/0204184.

[29] K. Fujii, C. Habe and T. Yabuki, Phys. Rev. D59 (1999) 113003, hep-ph/9807266. [30] K. Fujii, C. Habe and T. Yabuki, Phys. Rev. D64 (2001) 013011, hep-ph/0102001. [31] M. Blasone, P.P. Pacheco and H.W.C. Tseung, Phys. Rev. D67 (2003) 073011,

hep-ph/0212402.

[32] C.R. Ji and Y. Mishchenko, Phys. Rev. D65 (2002) 096015, hep-ph/0201188. [33] K.C. Hannabuss and D.C. Latimer, J. Phys. A33 (2000) 1369. [34] S.M. Bilenky, Introduction to Feynman diagrams and electroweak interactions physics (Editions Frontieres, 1994).

[35] R.E. Shrock, Phys. Lett. B96 (1980) 159. [36] R.E. Shrock, Phys. Rev. D24 (1981) 1232. [37] R.E. Shrock, Phys. Rev. D24 (1981) 1275. [38] C. Giunti, (2004), hep-ph/0402217.