ISSN1330–0016 CODEN FIZBE7

AN EXPLANATION OF POSSIBLE NEGATIVE MASS-SQUARE OF NEUTRINOS

TSAO CHANG^a and GUANGJIONG NI^b

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

bDepartment of Physics, Fudan University, Shanghai, 200433, China and Department of Physics, Portland State University, Portland, OR 97207, USA

Received 30 April 2001; revised manuscript received 30 October 2001 Accepted 19 November 2001; Online 25 May 2002

The recent data of mass-square for the electron neutrino and the muon neutrino are probably negative. Motivated by this fact, we have further investigated the hypothesis that neutrinos are superluminal fermions. A tachyonic Dirac-type equation is further studied. This equation is equivalent to two Weyl equations coupled together via nonzero mass while respecting the maximum parity violation. It reduces to one Weyl equation when the neutrino mass becomes zero.

PACS numbers: 03.65.-w, 03.30.+p, 14.60.St UDC 539.123

Keywords: mass-square of neutrinos, Dirac equation, tachyonic fermions

1. Introduction

The square of the neutrino mass is measured in tritium beta-decay experiments by fitting the shape of the beta spectrum near the endpoint. In many experiments, it has been found to be negative. The most recent data are listed in “Review of Particle Physics, 2000” [1] and references therein. The weighted average from two experiments reported in 1999 [2–3] is

m^2(ν_e) = (−2.5 ± 3.3) eV^2 . (1)

However, nine other measurements from different experiments in 1991 – 1995 are not used for the average. For instance, a value of m^2(ν_e) = (−130 ± 20) eV^2 with the 95% confidence level was measured in LLNL in 1995 [4]. It is now broadly accepted that the old values of negative mass-square of the neutrino are originated from experimental shortcomings.

Interesting enough, the pion decay experiment also obtained a negative value for the muon neutrinos [5],

m^2(ν_μ ) = (−0.016 ± 0.023) MeV^2 . (2)

The negative value of the neutrino mass-square simply means

E^2/c^2 − p^2 = m^2_ν c^2 < 0 . (3)

The right-hand side in Eq.(3) can be rewritten as (−m^2_sc^2), then m_s has a positive value. Equations (1) and (2) suggests that neutrinos might be particles moving faster than light, no matter how small m_s is. This hypothesis is further investigated in this paper.

Based on the special relativity and known as reinterpretation rule, superluminal particles were proposed by Bilaniuk et al. in 1960s [6–8]. The sign of the 4-D world line element, ds^2, is associated with three classes of particles. For simplicity, let dy = dz = 0, then

> 0 Class I (subluminal particles) ds^2 = c^2dt^2 − dx^2 = 0 Class II (photon) < 0 Class III (superluminal particles) (4)

For Class III particles, i.e. superluminal particles, the relation of momentum and energy is given in Eq. (3). The negative value on the right-hand side of Eq. (3) for superluminal particles means that p^2 is greater than (E/c)^2. The velocity of a superluminal particle, u_s, is greater than the speed of light. The momentum and energy in terms of u_s are as follows p = m_su_s √ u^2_s/c^2 − 1

, E = m_sc^2 √ u^2_s/c^2 − 1

, (5)

where the subscript s means superluminal particle, i.e. tachyon. From Eq. (5), it is easily seen that when u_s is increased, both p and E would be decreased. This property is the opposite of the Class I particle.

Any physical reference system is built of Class I particles (atoms, molecules etc.), which requires that any reference frame must move slower than light. On the other hand, once a superluminal particle is created in an interaction, its speed is always greater than the speed of light. The neutrino is the most likely candidate for a superluminal particle because it has left-handed spin in any reference frame. On the other hand, the anti-neutrino always has right-handed spin.

The first step in this direction is usually to introduce an imaginary mass, but these efforts could not reach the point of constructing a consistent quantum theory. Some early investigations of a Dirac-type equation for tachyonic fermions can be found in Ref. [9]. An alternative approach was investigated by Chodos et al. [10]. They examined the possibility that neutrinos might be tachyonic fermions. 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 tachyonic theory.

2. A Dirac-type equation for tachyonic neutrinos

In this paper, we will start with a different approach to derive a Dirac-type equation for tachyonic neutrinos. In order to avoid introducing the imaginary mass, Eq. (3) can be rewritten as

E = ±(c^2p^2 − m^2_sc^4)^{1/2} , (6)

where m_s is called proper mass or tachyonic mass, for instance, m_s(ν_e) = 1.6 eV from Eq. (1). To follow Dirac’s search [11], the Hamiltonian must be first order in the momentum operator p̂

Ê = −c(⃗α · p̂) + β_sm_sc^2 , (7)

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

α_i = ( 0 σ_i σ_i 0 ) , β_s = ( 0 I −I 0 ) , (8)

where σ_i are 2×2 Pauli matrices and I is the 2×2 unit matrix. Notice that β_s is a new matrix, which is different from the one in the traditional Dirac equation. The relation between the matrix β_s and the traditional matrix β is as follows

β_s = βγ_5 , (9)

where β = ( I 0 0 −I ) , γ_5 = ( 0 I I 0 ) . (9a)

When we take the square of both sides of Eq. (7) and consider the following relations α_iα_j + α_j α_i = δ_{ij} ,

α_iβ_s + β_sα_i = 0 , (10)

β^2_s = −1 , the expressions in Eq. (3) and Eq. (6) are reproduced. Since Eq. (6) is related to Eq. (5), this means that β_s is the right choice to describe neutrinos as superluminal particles.

Denote the wave function as Ψ = ( φ(⃗x, t) χ(⃗x, t) ) , with φ = ( φ_1 φ_2 ) , χ = ( χ_1 χ_2 ) . (11)

From Eq. (7), the complete form of the Dirac-type equation for tachyonic neutrinos becomes ÊΨ = −c(⃗α · p̂)Ψ + β_sm_sc^2Ψ . (7a)

Since β^2_s = −1 in the Eq. (7a), this Dirac-type equation is different from the traditional Dirac equation in any covariant representation in terms of the γ matrices.

We now study the spin-1/2 property of the neutrino as a tachyonic fermion. Equation (7a) 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 .

(12)

Equation (12) is invariant under the space-time inversion transformation, i.e., for ⃗x → −⃗x, t → −t [12],

φ(−⃗x, −t) → χ(⃗x, t), χ(−⃗x, −t) → φ(⃗x, t) . (13)

From Eq. (12), the continuity equation can be derived ∂ρ ∂t + ∇ · ⃗ȷ = 0 , (14)

and we have ρ = φ^†χ + χ^†φ, ⃗ȷ = −c(φ^†⃗σφ + χ^†⃗σχ) , (15)

where ρ and ⃗ȷ are the probability density and current; φ^† and χ^† are the Hermitian adjoints of φ and χ, respectively.

Equation (15) can be rewritten as

ρ = Ψ^†γ_5Ψ, ⃗ȷ = −c(Ψ^†γ_5⃗αΨ) . (15a)

Considering a plane wave along the z axis for a particle with negative helicity, (⃗σ · ⃗p)/p = −1, Eq. (12) yields the following solution χ = cp − m_sc^2 E φ . (16)

We now consider a linear combination of φ and χ, ξ = 1 √ 2 (φ + χ) , η = 1 √ 2 (φ − χ) , (17)

where ξ(⃗x, t) and η(⃗x, t) are two-component spinor functions. In terms of ξ and η, Eq. (15) is given by

ρ = ξ^†ξ − η^†η, ⃗ȷ = −c(ξ^†⃗σξ + η^†⃗ση) . (18)

It is easy to see that the probability density ρ is positive definite when ξ^†ξ > η^†η. Since ρ can be negative, it may be interpreted as the charge density as suggested by a referee. More discussion on the physical meaning of ρ is needed. A comparison between the tachyonic Dirac equation and the ordinary Dirac equation can be found in Ref. [13].

In terms of Eq. (17), Eq. (12) can be rewritten in the Weyl representation

ih̄ ∂ξ ∂t = ich̄⃗σ · ∇ξ − m_sc^2η , ih̄ ∂η ∂t = −ich̄⃗σ · ∇η + m_sc^2ξ .

(19)

In Eq. (19), both ξ and η are coupled via mass m_s.

In order to compare Eq. (19) with the well known two-component Weyl equation, we take the limit m_s = 0, then the two equations in (19) are decoupled, and the first one reduces to ∂ξ_ν ∂t = c⃗σ · ∇ξ_ν , (20)

while the second equation in Eq. (19) vanishes because φ = χ for the massless limit.

Equation (20) is the two-component Weyl equation for describing neutrinos, which is related to the maximum parity violation discovered in 1956 by Lee, Yang and Wu [14,15]. 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. (19), if a neutrino has some mass, no matter how small it is, the two equations are coupled together via the mass term while still respecting maximum parity violation.

From experimental point of view, the shape of the allowed β-spectrum near the endpoint is mainly determined by the statistical factor, p_eE_ep_ν E_ν , which is related to the mass term of the neutrino. For the tachyonic neutrino, it has zero energy at the endpoint in the Kurie plot. Therefore, the shape near the endpoint and the location at the endpoint of the β-spectrum are different for tachyonic neutrino and the neutrino with a rest mass. In addition, the shape of the tritium β-spectrum for tachyonic neutrinos may depend on more parameters than the tachyonic mass m_s alone [16].

3. Remarks

In this paper, we have further investigated the hypothesis that neutrinos are tachyonic fermions. A Dirac-type equation is further studied for tachyonic neutrinos. It may help to solve the puzzle of negative mass-square of neutrinos.

Notice that the matrix β_s in the Dirac-type equation (7a) is not a 4 × 4 Hermitian matrix. However, based on the above study, we now realize that violation of the Hermitian property is related to violation of parity. Though a non-Hermitian Hamiltonian is not allowed for a subluminal particle, it does work for superluminal neutrinos. The tachyonic Dirac-type equation (7a) can be rewritten in covariant forms by multiplying matrices β and γ_5. A covariant form has been discussed in Refs. [10] and [16] except that the sign for the momentum operator is negative in Eq. (7a). The negative sign in Eq. (7a) may be not trivial because it is related to the fixed helicity of the neutrino. A more general form of Dirac equation with two mass parameters has also been studied in Ref. [17], which covers the case discussed in this paper.

On the other hand, the ordinary Dirac equation is valid for positive-mass electron, which can be both left-handed and right-handed. When writing the ordinary Dirac equation in the Weyl representation [18], one sign for the mass term is opposite to the tachyonic Dirac-type equation (19). Under the transformation of space reflection, the ordinary Dirac equation has invariant property, but Eq. (19) does not. Therefore, the results derived from the ordinary and tachyonic Dirac equation have major differences, especially for the symmetry of parity.

In the light of the above theoretical framework, the results from the tachyonic Dirac-type equation agree with the fact that the symmetry of parity is violated in the weak interactions. Therefore, neutrinos might be tachyonic fermions with permanent helicity if the neutrino mass-square is negative. Of course, more accurate tritium beta-decay experiments are needed to further determine the neutrino masssquare.

According to the special relativity [19], if there is a superluminal particle, it might travel backward in time. However, a reinterpretation rule has been introduced since 1960s [6–8]. Another approach is to introduce a kinematic time under a nonstandard form of the Lorentz transformation where the kinematic time always goes forward in any inertial frame [20–23]. Therefore, special relativity can be extended to the space-like region, and superluminal particles are allowed without violation of causality.

Acknowledgements

The authors wish to thank S. Y. Zhu, G. Germany and Y. Takahashi for helpful discussions. Thanks also due to the comments from one of the referees.

References

[1] Review of Particle Physics, Euro. Phys. J. C 15 (2000) 350. [2] Ch. Weinhermer et al., Phys. Lett. B 460 (1999) 219. [3] V. M. Lobashev et al., Phys. Lett. B 460 (1999) 227. [4] W. Stoeffl et al., Phys. Rev. Lett. 75 (1995) 3237. [5] K. Assamagan et al., Phys. Rev. D 53 (1996) 6065.

[6] O. M. P. Bilaniuk, V. K. Deshpande and E. C. G. Sudarshan, Am. J. Phys. 30 (1962) 718.

[7] E. Recami et al., Tachyons, Monopoles and Related Topics, North-Holland, (1978), and references therein; Found. Phys. 31 (2001) 1119.

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

[9] See e.g. E. C. G. Sudarshan, in Proceedings of the VIII Nobel Symposium, ed. by N.

Swartholm, Wiley, New York (1970) p. 335; J. Bandukwala and D. Shay, Phys. Rev. D 9 (1974) 889; D. Shay, Lett. Nuovo Cim. 19 (1977) 333.

[10] A. Chodos, A. I. Hauser and V. A. Kostelecky, Phys. Lett. B 150 (1985) 431. [11] P. A. M. Dirac, Proc. Roy. Soc. Ser. A 117 610; 118 (1928) 351. [12] G-j. Ni and S-q. Chen, On the Essence of Special Relativity, Fudan University (Natural Science) 35 (1996) 325; G-j. Ni et al., Chin. Phys. Lett. 17 (2000) 393.

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

[14] T. D. Lee and C. N. Yang, Phys. Rev. 104 (1956) 254; Phys. Rev. 105 (1957) 1671. [15] C. S. Wu et al., Phys. Rev. 105 (1957) 1413.

[16] J. Ciborowski and J. Rembielinski, Euro. Phys. J. C 8 (1999) 157. [17] A. Raspini, Fizika B (Zagreb) 7 (1998) 223; 8 (1999) 483. [18] C. Strachan, The Theory of Beta-Decay, Pergamon Press, (1969), Section 3.2. [19] A. Einstein, H.A. Lorentz, H. Minkowski and H. Weyl, The Principle of Relativity (collected papers), Dover, New York (1952).

[20] R. Tangherlini, Nuovo Cimento (Suppl.) 20 (1961) 1.

[21] T. Chang, J. Phys. A 12 (1979) L203; Does a Free Tachyon Exist?, Proc. Sir A.

Eddington Centenary Symp., Vol. 3, Gravitational Radiation and Relativity, (1986) p.431.

[22] T. Chang and D. G. Torr, Found. Phys. Lett. 1 (1988) 343.

[23] J. Rembielinski, Phys. Lett. A 78 (1980) 33; Int. J. Mod. Phys. A12 (1997) 1677.

OBJAŠNJENJE MOGUĆEG NEGATIVNOG KVADRATA MASE NEUTRINA

Nedavni su ishodi mjerenja kvadrata masa elektronskog i mionskog neutrina vjerojatno negativne vrijednosti. Ti su nas podaci pobudili nastaviti istraživanja hipoteze da su neutrini nadsvjetlosne čestice (tahioni). Proučavamo Diracovu jednadžbu tahionskog tipa. Ta je jednadžba jednakovrijedna dvjema Weylovim jednadžbama vezanim preko mase različite od nule, uz zadržavanje najvećeg kršenja parnosti. One se svode na jednu Weylovu jednadžbu ako je masa neutrina jednaka nuli.