arXiv:quant-ph/0204002 v1 31 Mar 2002

Parity Violation and a Preferred Frame

Tsao Chang Center for Space Plasma and Aeronomy Research University of Alabama in Huntsville Huntsville, AL 35899 Email: changt@cspar.uah.edu

Based on parity violation in the weak interaction and evidences from neutrino oscillation, a natural choice is that neutrinos may be spacelike particles with a tiny mass. To keep causality for spacelike particles, a kinematic time under a non-standard form of the Lorentz transformation is introduced, which is related to a preferred frame. A Dirac-type equation for spacelike neutrinos is further investigated and its solutions are discussed. This equation can be written in two spinor equations coupled together via nonzero mass while respecting maximum parity violation. As a consequence, parity violation implies that the principle of relativity is violated in the weak interaction.

PACS number: 03.65.-w; 14.60.St; 03.30.+p;

I. INTRODUCTION

Parity violation is a specific feature of the weak interaction. It was first argued by T.D. Lee and C.N. Yang in 1956 [1] and experimentally established by C.S. Wu in beta-transition of polarized Cobalt nuclei[2]. In the standard model, neutrinos are naturally massless. Three flavors of neutrinos are purely left-handed, but anti-neutrinos are right-handed. In recent years, many convincing evidences for neutrino oscillation come from the solar and atmospheric neutrino data have shown that neutrinos have tiny mass (about 1 eV) or mass difference [3-5].

If neutrino has a tiny rest mass, it would move slower than light. When taking a Lorentz boost with a speed faster than the neutrino, the helicity of the neutrino would change its sign in the new reference frame. In another word, parity would not be violated in the weak interactions. In order to solve this dilemma, The hypothesis that neutrinos may be spacelike particles is further investigated in this paper. To keep causality for spacelike particles, a kinematic time under a non-standard form of the Lorentz transformation is introduced, which is related to a preferred frame.

Besides neutrino oscillations, the cosmic ray spectrum at E ≈ 1 − 4 PeV [6] has suggested that the electron neutrino is a tachyon. Using a model to fit data, it yields a value for m^2(ν_e) ≈ −3 eV^2, which is consistent with the results from recent measurements in tritium beta decay experiments [7-9]. Moreover, the muon neutrino also exhibits a negative mass squared [10].

The negative value of the neutrino mass-square simply means:

E^2/c^2 − p^2 = m^2_ν c^2 < 0 (1)

The right-hand side in Eq.(1) can be rewritten as (−m^2_sc^2), then m_s has a positive value. The subscript s means spacelike particle, i.e. tachyon. The negative value on the right hand side of Eq.(1) means that p^2 is greater than (E/c)^2. Based on special relativity and known as re-interpretation rule, tachyon as a hypothetical particle was proposed by Bilaniuk et al. in the 1960s [11-12]. Some reviews can be found in Ref.[13].

It is usually to introduce an imaginary mass to consider neutrinos as tachyons, but these efforts could not reach the point of constructing a consistent quantum theory. Some early investigations of Dirac-type equations for tachyons are listed in Ref.[14,15]. An alternative approach was investigated by Chodos et al. [16]. A form of the lagrangian density for tachyonic neutrinos was proposed. Although they did not obtain a satisfactory quantum theory for tachyonic fermions, they suggested that more theoretical work would be needed to determine a physically acceptable theory.

II. GGT AND A PREFERRED FRAME

To keep causality for spacelike particles, a non-standard form of the Lorentz transformation has been studied, which is called the generalized Galilean transformation (GGT). The reason is as follows.

Within the context of the variation principle, It is well known that there is the freedom to choose different types of physical time [17]. In general, the invariant four-line element can be written in arbitrary coordinates ds^2 = g_{μν} dx^μdx^ν (2)

where index μ (or ν) = 0,1,2,3. The 0th coordinate is the time coordinate, which is related to the measured time but may be not identical to it. The action integral for a free particle has a form: S = ∫ (mc)ds = ∫ L(x^μ, ẋ^μ)dλ (3) where ẋ^μ = dx^μ/dλ and λ is called the evolution parameter, which also plays roll of time. L(x^μ, ẋ^μ) is the Lagrangian in four-dimensional space, L(x^μ, ẋ^μ) = (mc)ds/dλ = mc(g_{μν}ẋ^μẋ^ν )^{1/2} (4) When using the Eular-Lagrange equation in terms of the variation principle, we can obtain the geodesic equation. Notice that the above Lagrangian is valid for any choice of the evolution parameter λ in one reference frame. This method can be applied to the space-time theories in flat space though it is frequently used in general relativity for curved space. Furthermore, when we consider a specific evolution parameter as the physical time in all of the inertial frames, certain consistent rules must be imposed. Under this constraint, the definitions of physical time have only a few limited choices.

Besides the definition of relativistic time, another natural time, λ = t̃, defined by the generalized Galilean transformation (GGT) has been studied [18-21]. Let us start with a simplified 2-D line element, ds^2 = c^2dT^2−dX^2, in a preferred inertial frame Σ(X, T ). Considering another inertial frame, S(x, t), which moves with a constant velocity v < c along the x axis respect to Σ, the 2-D form of GGT can be expressed as follows: x = γ(X − vT ) t̃ = γ^{−1}T (5)

where γ = (1−v^2/c^2)^{−1/2} is the factor of time dilation or length contraction. It is easily seen from Eq.(5) that the synchronization of distant events is absolute, independent of the choice of the reference frame. It has been shown that GGT is a non-standard form of the Lorentz transformation (LT)[18-21]. GGT and LT are equivalent if we describe particles with velocity less than (or equal to) light. On the other hand, when describing spacelike particles, GGT has its advantages since the GGT time, t̃, always goes forward.

In terms of GGT, 4-D line element in Eq.(2) can be written as:

ds^2 = (cdt̃ − (v/c) · dr)^2 − (dr) · d(r) = (cdt)^2 − (dr) · d(r) (6)

It gives the relationship between GGT time t̃ and the SR time t. Therefore, GGT time is a supplement to SR time. For timelike particles, the 4-D momentum can be defined as P^μ = m_ocdx^μ/ds (7) where the contravariant 4-D momentum P^μ = (p, (ds/cdt̃)^{−1}m_oc). Using tensor calculus, the covariant 4-D momentum can be obtained as P_μ = g_{μν} P^ν . It can be easily proven that the relation of energy and momentum under GGT is the same as in SR [18-21]. For spacelike particles, since ds^2 < 0, we need to introduce an invariant, dτ = √ (−ds^2)/c, the contravariant 4-D momentum can be defined as

P^μ = m_sdx^μ/dτ = m_sΓdx^μ/dt̃ = (m_sΓũ_s, m_sΓc) (8)

where Γ = (dτ /dt̃)^{−1}. In terms of Eq.(8), the relation of energy and momentum under GGT for spacelike particles is also the same as Eq.(1) [18-21]. As a natural choice, we assume that a tachyon has only positive energy in the preferred frame Σ. However, the lowest limitation of momentum and energy for tachyons are different in a non-preferred frame. It can be derived from Eq.(8) when velocity ũ → ∞:

p_∞ = m_sc[1 − (n · v/c)^2]^{−1/2}n

E_∞ = −m_sc^2(u · v/c^2)[1 − (n · v/c)^2]^{−1/2} (9)

where the unit vector n = ũ/ũ. In the preferred inertial frame, v = 0, then the low limit p_∞ = m_scn, and E_∞ = 0. In other inertial frames, the lowest energy is not equal to zero, which could have a limited negative value. In Eq.(9), when the unit vector n changes its direction from x to −x, the sigh of (u · v) is also changed. Because neutrinos are created in the weak interaction, the asymmetry for E_∞ space inversion may be a source of CP violation in the weak interaction. If we identify the preferred frame with the cosmic microwave background radiation (CMBR), the earth frame has a speed of (v/c ≈ 10^{−3}) with respect to CMBR. Since the mass of e-neutrino is about 1 eV , we obtain ΔE_∞ ≈ 10^{−3} eV , which is a undetectable effect at present time.

III. A SPACELIKE DIRAC-TYPE EQUATION

To follow Dirac’s approach [22], the Hamiltonian form of spacelike Dirac-type equation for neutrinos can be written in:

ÊΨ = c(⃗α · p̂)Ψ + β_sm_sc^2Ψ (10)

with (Ê = ih̄∂/∂t, p̂ = −ih̄∇). ⃗α = (α_1, α_2, α_3) and β_s are 4× 4 matrix, which are defined as

α_i = ( 0 σ_i σ_i 0 ) , β_s = ( 0 I −I 0 ) (11)

where σ_i is 2×2 Pauli matrix, I is 2×2 unit matrix. It is easily to prove that there are commutation relations as follows:

α_iα_j + α_j α_i = 2δ_{ij}

α_iβ_s + β_sα_i = 0

β^2_s = −1 (12)

Furthermore, the relation between the matrix β_s and the standard matrix β is β_s = βγ_5 , where β = ( I 0 0 −I ) , γ_5 = ( 0 I I 0 ) (13)

The spacelike Dirac-type equation (10) was briefly studied in [23]. It can be rewritten in covariant forms by multiplying matrics β and γ_5. The covariant form has been discussed in Ref.[16] and [25-26] except the sign for the momentum operator can be negative. A more general form of Dirac equation with two mass parameters has also been studied in Ref.[27]. In addition, Eq.(10) was investigated in a different way [28].

We now study the spin-^1_2 property of the neutrino (or antineutrino) as a tachyonic fermion. Denote the wave function Ψ by two spinor functions φ(⃗x, t), χ(⃗x, t) the spacelike Dirac-type equation (10) can be rewritten as a pair of two-component equations: ih̄ ∂φ ∂t = −ich̄⃗σ · ∇χ + m_sc^2χ ih̄ ∂χ ∂t = −ich̄⃗σ · ∇φ − m_sc^2φ (14) From Eq.(14), the conserved current can be derived: ∂ρ ∂t + ∇ · ⃗j = 0 (15)

and we obtain ρ = Ψ^†γ_5Ψ, ⃗j = c(Ψ^†γ_5 ⃗αΨ) (16)

where ρ and ⃗j are probability density and current; Ψ^† is the Hermitian adjoint of Ψ .

Considering a plane wave along the z axis for a right-handed particle, ν̄, the helicity H = (⃗σ · ⃗p)/|⃗p| = 1, then Eq.(14) yields the following relation: χ = cp − m_sc^2 E φ (17)

The plane wave can be represented by Ψ(z, t) = ψ_σ exp[^i_{h̄} (pz − Et)], where ψ_σ is a four-component bispinor. Substituting this bispinor into the wave equation (10) or (14), the explicit form of two bispinors with positive-energy states are listed as follows:

ψ_1 = ψ_{↑(+)} = N 1 0 A 0 , ψ_2 = ψ_{↓(+)} = N 0 −A 0 1 (18)

and other two bispinors with the negative-energy states are:

ψ_3 = ψ_{↑(−)} = N 1 0 −A 0 , ψ_4 = ψ_{↓(−)} = N 0 A 0 1 (19)

where the component A and the normalization factor N are A = cp − m_sc^2 |E| , N = √ p + m_sc 2m_sc (20)

For ψ_1 = ψ_{↑(+)}, the conserved current in Eq.(15) becomes:

ρ = Ψ_1^†γ_5Ψ_1 = |E| m_sc^2 , j = p m_s (21)

Clearly, the ratio j/ρ represents the superluminal speed u_s. For ψ_2 = ψ_{↓(+)}, the density ρ is negative so that it should be discarded. If we consider the negative states as mathematics solutions in the preferred frame, then ψ_1 = ψ_{↑(+)} is the only solution with physical identity i.e. ν̄_R. It gives a natural choice that antineutrino is right-handed only. Therefore, maximum parity violation implies that the principle of relativity is violated in the weak interaction. If we identify the preferred frame with CMBR, the earth frame can be considered as the preferred frame approximately (v/c ≈ 10^{−3}). Further study on the negative states and negative ρ may be associated with complicated mathematics under GGT (see [24,25]), which will not be discussed here.

Let Ψ̄ = Ψ^†β, we can obtain the following scalars:

Ψ̄_1Ψ_1 = Ψ̄_3Ψ_3 = 1 (22)

Ψ̄_2Ψ_2 = Ψ̄_4Ψ_4 = −1 (23)

In addition, the pseudo scalar for each spinor satisfies:

Ψ̄γ_5Ψ = 0 (24)

IV. PARITY VIOLATION FOR NEUTRINOS

In order to compare the spacelike Dirac-type equation Eq.(10) with the two component Weyl equation in the massless limit, we now consider a unitary transformation of φ and χ : ξ = 1 √ 2 (φ + χ), η = 1 √ 2 (φ − χ) (25)

where ξ(⃗x, t) and η(⃗x, t) are two-component spinor functions. In terms of ξ and η, Eq.(16) becomes ρ = ξ^†ξ − η^†η, ⃗j = c(ξ^†⃗σξ + η^†⃗ση) (26) Moreover, Eq.(10) can be rewritten in Weyl representation: ih̄ ∂ξ ∂t = −ich̄⃗σ · ∇ξ − m_sc^2η ih̄ ∂η ∂t = ich̄⃗σ · ∇η + m_sc^2ξ (27) In the above equations, both ξ and η are coupled via the mass term m_s.

Comparing Eq.(27) with the well known Weyl equation, we take a limit, m_s = 0, then the first equation in Eq.(27) reduces to ∂ξ_{ν̄} ∂t = −c⃗σ · ∇ξ_{ν̄} (28) In addition, the second equation in Eq.(27) vanishes because φ = χ when m_s = 0.

Eq.(28) is the two-component Weyl equation for describing antineutrinos ν̄, which is related to the maximum parity violation discovered in 1956 by Lee, Yang and Wu [1,2]. They pointed out that no experiment had shown parity to be a good symmetry for weak interactions. Now we see that, in terms of Eq.(27), once if neutrino has some mass, no matter how small it is, two equations should be coupled together via the mass term while still respecting maximum parity violation.

Indeed, the Weyl equation (28) is only valid for the antineutrinos since the antineutrino always has right-handed spin, which is opposite to the neutrino. In order to describe the left-handed neutrino, we now take a minus sign for the momentum operator, then Eq.(2) becomes

ÊΨ_ν = −c(⃗α · p̂)Ψ_ν + β_sm_sc^2Ψ_ν (29)

Similar to the solutions for Eq.(10), Eq.(29) yields one physical solution for the neutrino: ψ_ν = ψ_{↓(+)}. Therefore, only ν̄_R and ν_L exist in nature. From Eq.(29), the two-component Weyl equation for massless neutrino becomes: ∂ξ_ν ∂t = c⃗σ · ∇ξ_ν (30) Some related discussions the CPT theorem can be found in Ref.[29].

V. REMARKS

Based on parity violation in the weak interaction and evidences from neutrino oscillation, a natural choice is that neutrinos may be spacelike particles with a tiny mass. A Dirac-type equation for spacelike neutrinos is further investigated and its solutions are discussed. This equation can be written in two spinor equations coupled together via nonzero mass while respecting maximum parity violation. As a consequence, parity violation implies that the principle of relativity is violated in the weak interaction.

Spacelike neutrinos have many peculiar features, which are very different from all other particles. Neutrino has left-handed spin in any reference frame, but anti-neutrino always has right-handed spin. This means that the speed of neutrinos must be equal to or greater than the speed of light. Otherwise, the spin direction of neutrino would be changed in some reference frames when taking a Lorentz boost. Moreover, as shown in this paper, the energy of a tachyonic neutrino (or anti-neutrino), E_ν , could be negative in non-preferred frames, which was studied in Ref.[30].

The electron neutrino and the muon neutrino may have slightly different proper masses. It provides a natural explanation why the numbers of e-lepton and μ-lepton are conserved respectively in low energy experiments.

Comparing with the electron mass, the mass term of the e-neutrino in Eq.(10) is approximately close to zero. Moreover, from Eq.(24),

Ψ̄γ_5Ψ = 0 for Spacelike neutrinos. It means that the mass term in Eq.(10) can be negligible in most experiments. In fact, the momentum of a neutrino is much greater than (m_sc) in most measurements. For instance, let p_s = 10(m_sc) = 16 eV/c, the speed of the e-neutrino is about u_s = 1.005c. It also yields the component of bispinor A ≃ 1 in Eq.(18). Therefore, spacelike neutrinos behave just like the massless neutrinos. This similarity may also play role at the level of SU(2) gauge theory.

According to special relativity [31], if there is a spacelike particle, it might travel backward in time. Besides the re- interpretation rule introduced in the 1960s, another approach is to introduce a kinematic time under GGT [18-21]. Therefore, special relativity can be extended to the spacelike region without causality violation.

The author is grateful to G-j. Ni for helpful discussions. Thanks also due to helpful correspondence with E. Recami and H-B. Ai.

References

[1] T.D. Lee and C.N. Yang, Phys. Rev. 104 (1956) 254; Phys. Rev.

105 (1957) 1671.

[2] C.S. Wu et al., Phys. Rev. 105 (1957) 1413.

[3] Y. Fukuda et al., Super-Kamiokande Collaboration, Phys. Rev.

Lett., 86 5651 (2001); 82 1810; 82 2430 (1999); 81, 1562 (1998).

[4] C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2560 (1995); 77, 3082 (1996); nucl-ex/9706006.

[5] J.R. Klein for the SNO Collaboration, ”Solar Neutrino results from SNO”, hep-ex/0111040; J.N. Bahcall, M.C. Gonzalez-Garcia and C. Pena-Garay, ”Global Analysis of Solar Neutrino Oscillations Including SNO Measurement”, JHEP 0108 (2001) 014; hepph/0106258.

[6] R. Ehrlich, Phys. Lett. B 493, (2000) 229; Phys. Rev. D 60, (1999) 17302; Phys. Rev. D 60, (1999) 73005.

[7] Ch. Weinhermer et al., Phys. Lett. B 460 (1999) 219. [8] V. M. Lobashev et al., Phys. Lett. B 460 (1999) 227. [9] J. Bonn and Ch. Weinheimer, Acta Phys. Pol., 31 (2000) 1209. [10] K. Assamagan et al., Phys. Rev. D 53 (1996) 6065. [11] O.M.P. Bilaniuk, V.K. Deshpande, and E.C.G. Sudarshan, Am.J.Phys. 30 (1962) 718.

[12] G. Feinberg, Phys. Rev. 159 (1967) 1089.

[13] E. Recami et al, Tachyons, Monopoles and Related Topics, North- Holland, (1978), Riv. Nuo. Cim., 9, No.6, (1986) 1-178 and references therein; Found. Phys., 31 (2001)1119.

[14] E.C.G. Sudarshan: in Proceedings of the VIII Nobel Symposium, ed. by N. Swartholm ( J. Wiley, New York, 1970), P.335.

[15] J. Bandukwala and D. Shay, Phys. Rev. D 9 (1974) 889; D. Shay, Lett. Nuovo Cim. 19 (1977) 333.

[16] A. Chodos, A.I. Hauser, and V. A. Kostelecky, Phys. Lett. B 150 (1985) 431.

[17] C. Moller, The Theory of Relativity (Oxford University Press, Oxford, 1972), Section 8.5.; T. Chang, Found. Phys., 18 (1988) 651.

[18] R. Tangherlini, Nuov. Cim Suppl., 20 (1961) 1.

[19] T. Chang, T. Chang, Phys. Lett. A70, 1 (1979); J. Phys. A 12 (1979) L203; ”Does a free tachyon exist ?”, Proceedings of the Sir A. Eddington Centenary Symposium, Vol. 3, Gravitational Radiation and Relativity”, p.431 (1986).

[20] J. Rembielinski, Phys. Lett., A 78 (1980) 33; [21] T. Chang and D.G. Torr, Found. Phys. Lett., 1 (1988) 343.

[22] P.A.M. Dirac, Proc. R. Soc. Ser, A 117; 610, 118 (1928) 351. [23] T. Chang and G-j. Ni, ”An Explanation on Possible Negative Mass-Square of Neutrinos”, Fizika (2002, in press); e-print hepph/0009291. G-j. Ni and T. Chang, ”Is Neutrino a Superluminal Particle ?”, hep-ph/0103051 (2001).

[24] P. Caban and J. Rembielinski, Phys. Rev. A59 (1999) 4187. [25] J. Rembielinski, Int. J. Mod. Phys.,A 12 (1997) 1677. [26] J. Ciborowski and J. Rembielinski, Europ. Phys. J., C8 (1999) 157.

[27] A. Raspini, Fizika B7 (1998) 223; 8 (1999) 483. [28] G. Salesi, Int. J. Mod. Phys., A12 (1997) 5103.

[29] G-j. Ni and T. Chang, ”Is Neutrino a Superluminal Particle ?”, hep-ph/0103051 (2001).

[30] A. Chodos et al, Phys.Lett. B 336 (1994) 295.

[31] A. Einstein, H.A. Lorentz, H. Minkowski, and H. Weyl, The Principle of Relativity (collected papers), Dover, New York (1952).