arXiv:1110.1317v2 [hep-ph] 1 Nov 2011

Do high-energy neutrinos travel faster than photons in a discrete space-time?

She-Sheng Xue^∗ ICRANeT, Piazzale della Repubblica, 10-65122, Pescara, Physics Department, University of Rome “La Sapienza”, Rome, Italy

The recent OPERA measurement of high-energy neutrino velocity, once independently verified, implies new physics in the neutrino sector. We revisit the theoretical inconsistency of the fundamental high-energy cutoff attributing to quantum gravity with the parity-violating gauge symmetry of local quantum field theory describing neutrinos. This inconsistency suggests high-dimension operators of neutrino interactions. Based on these studies, we try to view the OPERA result, high-energy neutrino oscillations and indicate to observe the restoration of parity conservation by measuring the asymmetry of high-energy neutrinos colliding with left- and right-handed polarized electrons.

PACS numbers: 11.30.Cp,11.30.Rd,13.15.+g,14.60.Pq

Introduction. Since their appearance, neutrinos have always been extremely peculiar. Their charge neutrality, near masslessness, flavour mixing, oscillation and parity-violating coupling have been at the center of a conceptual elaboration and an intensive experimental analysis that have played a major role in donating to mankind the beauty of the standard model for particle physics. Recently, the OPERA experiment [1] reports anomaly in flight time of neutrinos (⟨E_ν ⟩ = 17 GeV) from CERN to INFN Gran Sasso. This anomaly corresponds to a relative difference of the muon neutrino velocity with respect to the speed of light (v −c)/c = (2.48±0.28 (stat.)±0.30 (sys.))10^{−5}. As described in Ref. [1], this value is by far much larger than the relative deviation from the speed of light c of the neutrino velocity due to its finite rest mass, that is expected to be smaller than 10^{−19}. In the past, a high energy (E_ν > 30 GeV) and short baseline experiment has been able to test deviations down to |v − c|/c < 4 × 10^{−5} [2]. With a baseline analogous to that of OPERA but at lower neutrino energies (E_ν peaking at ∼ 3 GeV with a tail extending above 100 GeV), the MINOS experiment reported a measurement of (v − c)/c = 5.1 ± 2.9 × 10^{−5} [3]. A larger deviation of the neutrino velocity from c would be a striking result pointing to new physics in the neutrino sector. Given the potential far-reaching consequences of such a result, independent measurements are needed before the effect can either be refuted or firmly established. Nevertheless, in this letter, we revisit the theoretical inconsistency of the fundamental high-energy cutoff attributing to

∗Electronic address: xue@icra.it

quantum gravity with the parity-violating gauge symmetry of local quantum field theory describing neutrinos. This inconsistency suggests high-dimension operators of neutrino interactions. Based on these studies, we try to view the OPERA result, high-energy neutrino oscillations and indicate to observe the restoration of parity conservation by measuring the asymmetry of high-energy neutrinos colliding with left- and right-handed polarized electrons.

In continuum space-time manifold without any length scale at short distances, the Lorentz symmetry group is unbounded at the high boost (or high energy) end. Exact Lorentz symmetry may be broken in the high boost limit [4], if there is a fundamental cutoff, the Planck length (scale) a_{pl} ∼ 10^{−33} cm (Λ_{pl} = π/a_{pl} ∼ 10^{19} GeV) at short distances of space-time, intrinsically attributing to quantum gravity. The possibility of Lorentz symmetry breaking has been considered in many sophisticate theories, Loop quantum gravity [5], string theory and non-commutative geometry [6, 7], standard model extension with Lorentz symmetry breaking operators [8], and phenomenological quantum gravity model [9, 10].

We may conceive that precisely due to the violent fluctuations that the gravitational field must exhibit at a_{pl}, space-time “ends” there. Either by the creation of a Wheeler “foam” [11], or by some other mechanism which we need not discuss here, one may conceive that as a result the physical space-time gets endowed with a fundamental Planck length, a_{pl}, and thus the basic arena of physical reality becomes a random lattice with lattice constant a_{min} ∼ a_{pl} [12]. We recently calculate this minimal length a_{min} ≈ 1.2 a_{pl} [13] in studying quantum Einstein-Cartan theory in the framework of Regge calculus and its variant [11, 14, 15].

This discrete space-time provides a natural regulator for local quantum field theories for particles and gauge interactions. A natural regularized quantum field theory demands the existence of ultraviolet fix points where renormalization group invariance follows so that low-energy observables are independent of high-energy cutoff. Based on low-energy observations of parity violation, the Lagrangian of standard model was built preserving exact chiral-gauge symmetries SU_L(2) ⊗ U_Y (1) that are accommodated by left-handed lepton doublet (ν_i, i)_L and right-handed single (i)_R (i = e, μ, τ). On the other hand, a profound result obtained 30 years ago, in the form of a no-go theorem [16], tells us that there is no any consistent way to transpose straightforwardly on a discrete spacetime the bilinear neutrino Lagrangian of the continuum theory exactly preserving chiral gauge symmetries. This no-go theorem was also demonstrated [17] to be generic and independent of discretization (regularization) scheme of space-time. Either one gived up the gauge principle by explicitly breaking chiral gauge symmetries [18] or we were led to consider at least quadrilinear (four) neutrino interactions to preserve chiral-gauge symmetries [20]. This is not the place for a detailed discussion of this important result and its possible relation to quantum gravity. We focus ourselves to discussions that in discrete space-time, Lorentz symmetry is broken, bilinear neutrino kinetic terms do not preserve chiral-gauge symmetries, and quadrilinear (four) neutrino interactions are introduced in connection with recent on going high-energy neutrino experiments. (The natural units h̄ = c = 1 are adopted, unless otherwise specified).

Energy-momentum relations. In order to simplify discussions, we start with a hypercube lattice with lattice constant a, instead of a complex discrete space-time like the simplicial manifold discussed for quantum gravity [13]. On a spatial lattice (time continuum), the Klein-Gorden motion for a free massive gauge boson is [19] ϕ̈ = 1

a^2

Δϕ(x) − m^2c^4ϕ(x), (1)

where the differentiating operator Δϕ(x) ≡ ∑ μ [ϕ(x + an̂_μ) + ϕ(x − an̂_μ) − 2ϕ(x)] , (2)

and the energy-momentum relation is given by

E^2 = m^2 + 2 a^2 w(k), w(k) ≡ 2 sin^2( ka 2 ) (3) and E^2 ≈ m^2 + k^2 − 1 12 (k^4a^2) + · · · , (4)

for ka ≪ 1. Therefore, the velocity of a massless boson (photon) is given by

v_γ = dE_γ dk ≈ 1 − 1 8 (ka)^2 ≈ 1 − 1 8 (E_γ a)^2. (5)

which is smaller than the speed of light traveling in a continuum space-time.

As discussed in the introductory paragraph, chiral symmetries have to be explicitly broken if Hamiltonian H is bilinear in left-handed (Weyl) neutrino fields ψ, H = ∑ x { − i 2a ψ̄(x)γ_μ[ψ(x + an̂_μ) − ψ(x − an̂_μ)] − B 2a ψ̄(x)Δψ_R(x) + m_νψ̄(x)ψ_R(x) } , (6)

where ψ_R is a right-handed neutrino, and the second term is an explicit chiral-symmetry-breaking term [18]. The energy-momentum relation is [19]

E^2_ν = m^2_ν + sin^2 ka a^2

+ B^2 w^2(k) a^2

, (7) and E^2_ν ≃ k^2 + m^2_ν + 1 4 ( B^2 − 4 3 ) k^4a^2 + · · ·, (8) for ka ≪ 1. Analogously, the velocity of neutrinos is v_ν = dE_ν dk ≈ 1 − 1 2 m^2_ν E^2_ν + 3 8 ( B^2 − 4 3 ) (E_ν a)^2, (9) where k^2 ≈ E^2_ν ≫ m^2_ν . For the Wilson parameter B^2 > 4/3 and large neutrino energy E_ν , Eq. (9) implies the possibility that high-energy neutrinos can travel faster than photons in discrete space-time. In this low-energy region, photon and neutrino energies E_{γ,ν} are much smaller than the cutoff scale Λ = π/a of discrete space-time (E_{γ,ν} ≪ Λ), the Lorentz symmetry is restored, energy-momentum relations E_γ = k and E_ν ≈ k ≫ m_ν , velocities v_γ = 1 and v_ν < 1.

Assuming a more complex discrete space-time, inspired by Eqs. (4,8) one may parameterize energy-momentum relations as follow E^2_γ = k^2[1 − (k/Λ_γ )^{αγ} ], (10) E^2_ν = m^2_ν + k^2[1 + (k/Λ_ν )^{αν} ] (11) where parameters are indexes α_{γ,ν} = 1, 2, · · ·, and the characteristic scales Λ_{γ,ν} of Lorentz symmetry breaking. Eqs. (10) and (11) are reminiscent of phenomenological energy-momentum relations adopted for studying arrival time variations of high-energy cosmic particles due to Lorentz symmetry breaking [10]. Suppose that α_ν = 2, Λ_{ν,γ} ∼ Λ_{pl} ≃ 10^{19} GeV the Planck scale due to quantum gravity and neutrino energy (mass) E_ν ≈ 17 GeV (m_ν ∼ 1 eV), neutrino velocity-variation is negligibly small, as given by Eq. (9), because of Planck-scale suppression. The second term due to neutrino mass −(m_ν /E_ν )^2 ∼ −10^{−20} and last term due to discrete space-time gives +10^{−36}, as a result the neutrino velocity-variation (v_ν − c)/c ≈ −10^{−20} + 10^{−36} <∼ 0, and the neutrino velocity is smaller than the speed of light (v_ν <∼ c). Analogously, Eq. (5) gives very small velocity-variation of photons (v_γ − c)/c ≈ −10^{−36} <∼ 0 due to discrete space-time. In order to observe such small effect of Lorentz symmetry breaking due to quantum gravity, one is bound to detect variations of arrival times of high-energy gamma ray and neutrinos from astrophysical sources at cosmological distances.

Instead of small-ka expansions (8) and (9), using Eqs. (3) and (7), we calculate photon velocity dE_γ /dk and neutrino velocity dE_ν /dk, which are plotted in Fig. 1. We find that (i) the photon velocity v_γ < 1 for any value of ka; (ii) the neutrino velocity v_ν > 1 for k ∈ [k_{min}, k_{max}]; (iii) v_ν < 1 for k /∈ [k_{min}, k_{max}]. We approximately obtain k_{min}a ≈ (am_ν )^{1/2}(2^{3/4}/B^{1/2}); k_{max}a ≈ 2 arcsin(1 + 2B/10)^{1/2}. (12) photons neutrinos

FIG. 1: The photon and neutrino velocities in a discrete space-time are plotted as functions of ka, and k_{max}a = 1.3 for for B = (3/2)^{1/2} = 1.225.

The recent OPERA result shows (v_ν −c)/c ≈ 2×10^{−5} for average neutrino energy ⟨E_ν ⟩ ≈ 17 GeV [1], and this neutrino velocity anomaly roughly occurs in the energy range (15GeV–45GeV). Using Eq. (11), we find Λ_ν ∼ 10^3 GeV, which is much smaller than the Planck scale Λ_{pl}. This is indeed surprising, because we do not have any compelling reason to introduce at this energy scale either an explicit chiral-symmetry breaking or a spontaneous chiral-symmetry breaking with new Goldstone bosons for violations of chiral gauge and Lorentz symmetries. This implies that the OPERA result would be very important to indicate new physics and this is also one of reasons to call further confirmations of the OPERA result. Nevertheless, we start to revisit a theoretical scenario, 15 years old, to view the OPERA result, high-energy neutrino oscillations and indicate to observe the restoration of parity conservation by measuring the asymmetry of high-energy neutrinos colliding with left- and right-handed polarized electrons.

Four-neutrino interactions. As discussed in the introductory paragraph, in order to preserve chiral symmetries of Lagrangian in a discrete space-time, we introduced a chiral-symmetric interaction of four neutrino fields [20] g 4a^2 ∑ x,i ψ̄^i_L(x)Δψ_R(x)Δψ̄_R(x)ψ^i_L(x), (13)

where SU_L(2) doublets ψ^i_L(x) = (ν_i, i) carry lepton flavors indicated by “i = e, μ, τ”, ψ_R(x) a unique gauge singlet, and strong four-neutrino coupling g ≫ 1. The Ward identity of the shiftsymmetry ψ_R(x) → ψ_R(x) + const. leads to the one-particle irreducible vertex of four-neutrino interacting,

Γ^{(4)} = g w(p + q/2) w(p^′ + q/2), (14) where p + q/2 and p^′ + q/2 are the momenta of the ψ_R field; p − q/2 and p^′ − q/2 are the momenta of the ψ^i_L field (q is the momentum transfer). In high energies, namely large neutrino energy and energy transfer, Γ^{(4)} is so large that bound states of neutrinos, Ψ^i_R ∼ (ψ̄_Rψ^i_L)ψ_R, are form and carry opposite chirality of left-handed neutrinos ψ^i_L. Namely, Ψ^i_R is a right-handed SU_L(2) doublet. Left-handed neutrino ψ^i_L and right-handed composite neutrino Ψ^i_R couple to intermediate gauge bosons in the same way, as a consequence the parity symmetry is restored. In addition, ψ^i_L combines with Ψ^i_R to form a Dirac neutrino Ψ^i_D = (ψ^i_L, Ψ^i_R), whose inverse propagator obtained by the method of strong coupling expansion in terms of (1/g) [20, 21] S^{−1}_{ij} (k) = δ_{ij} i a γ_μ sin(k_μa) + δ_{ij} M(k), (15)

where we neglect small neutrino masses m_ν and M(k) = g a w(k), (16)

is chiral-gauge-symmetric masses of composite Dirac neutrinos [22]. In the light of Occam’s razor, we assume that four-neutrino coupling g is independent of lepton flavors so that the spectrum (15) is diagonal in the flavor space. Instead, normal neutrino mass (m_ν ) matrix is not diagonal.

In low energies, namely small neutrino energy and energy transfer, Γ^{(4)} becomes so small that the binding energies E_{bind}(g, a) of bound states of three neutrinos vanishes, as a result bound states dissolve into their constituents [23] and the mass term M(k) (16) vanishes, that we call dissolving phenomenon. Therefore, neutrino family contains three left-handed neutrinos ν_e, ν_μ, ν_τ and the parity symmetry is violated as described by the standard model [24], in addition to a right-handed neutrino ψ_R = ν_R [25].

However, to quantitatively show such dissolving phenomenon in low-energies by using Eqs. (15) and (16) obtained in high-energies, one is bound to find a ultra-violet fix point and renormalization group equation in the neighborhood of ultra-violet fix point, where the dimension-10 interaction (13) receives anomalous dimensions and becomes renormalizable dimension-4 operator. This is a complicate and difficult issue and needs non-perturbative calculations. Nevertheless, in Refs. [20, 26], we assumed a characteristic energy threshold “E” at which the dissolving phenomenon occurs and postulated that the energy threshold E be much larger than electroweak symmetry breaking scale Λ_{ew} ∼ 250 GeV,

Λ_{ew} ≪ E < Λ_{pl}. (17)

The energy threshold E = E(g, a) also characterizes the energy scale of Lorentz symmetry breaking due to non-vanishing mass term M(k) (16). In this letter, in order to obtain an effective energymomentum relation in low-energy, we further assume that as the four-neutrino coupling g(a) is running with a the lattice constant, an effective four-neutrino coupling G_X (g, a) ≡ aEg(a) follows renormalization group equation in the neighborhood of ultra-violet fix point. In consequence, Eq. (15) gives the energy-momentum relation

E^2_ν = m^2_ν + sin^2 ka a^2 + (2G_X )^2 a^2 sin^4(ka/2), (18)

and for ka ≪ 1

E^2_ν ≃ k^2 + m^2_ν + [(2G_X )^2 − 1 3 ]k^4a^2 + · · ·, (19)

where we replace the four-neutrino coupling g by the effective one G_X . From Eq. (19) and (2G_X )^2 ≫ 1/3, the velocity of high-energy neutrinos is given by

v_ν = dE_ν dk ≈ 1 − 1 2 ( m_ν E_ν )_2

+ (2G_X )^2(ka)^2 + · · · ≈ 1 − 1 2 ( m_ν E_ν )_2 + ( E_ν Ē )_2

+ · · · , (20)

where Ē = E/g, k^2 ≫ m^2_ν and k ≈ E_ν . Eq. (20) implies that high-energy neutrino velocity v_ν > 1, provided the composite Dirac neutrino (15) is formed, the energy-threshold and neutrino energy obey 2^{1/2}E_ν /Ē > m_ν /E_ν . Low-energy neutrino velocity v_ν < 1, for the reason that the composite Dirac neutrino (15) is not formed, the mass term M(k) (16) vanishes and the third term in Eq. (20) is absent. As well known, at much lower energy, in the 10 MeV range, a stringent limit of |v − c|/c < 2 × 10^{−9} was set by the observation of (anti) neutrinos emitted by the SN1987A supernova [27].

In unit of the energy-scale Ē, we rewrite the energy-momentum relation (18),

E^2_ν = m^2_ν + (2G_X )^2 sin^2(k/2G_X ) + (2G_X )^4 sin^4(k/4G_X ), (21)

and the chiral symmetric masses (16)

M(k) = (2G_X )^2 sin^2(k/4G_X ). (22)

Using Eq. (21), we numerically calculate the neutrino velocity v_ν = dE_ν /dk and plot the neutrino velocity-variation (v_ν − c)/c in Fig. 2. Numerical calculations show a critical value G^{crit}_X ≈ 1.15 [(2G^{crit}_X )^2 = 5.335], above which G_X > G^{crit}_X , it appears an intermediate energy-range [E^{min}_ν , E^{max}_ν ] where neutrino velocity-variation (v_ν − c)/c > 0. This energy-range and velocity-variation depend on three parameters G_X , E and g. Current high-energy neutrino experiments might start to gain an insight into this theoretical scenario.

FIG. 2: Based on Eq. (21), the neutrino velocity v_ν = dE_ν /dk is numerically calculated for (2G_X )^2 = 5.35 and the neutrino velocity variation (v_ν − c)/c is plotted as a function of the neutrino energy E_ν ≈ k_ν in unit of the energy-scale Ē = E/g.

We turn to the discussions of high-energy neutrino oscillations in this scenario. For a two-flavor system, considering Eq. (15) and normal neutrino masses m_ν , the Hamiltonian in the base of flavor eigenstates is given by

H_{flavor} = E_ν + m^2_1 + m^2 4E_ν + ( Δm^2_{12} 4E_ν ) − cos 2θ sin 2θ sin 2θ cos 2θ + M 0 0 M , (23)

where Δm^2_{12} = m^2 − m^2_1, the first part is a unitary transformation of the Hamiltonian in the base of mass eigenstates

H_{mass} =

E_1 0 0 E_2 ≃ Eν + m^2_1/2E_ν 0 0 m^2/2E_ν , (24)

and the leading contribution to neutrino energy E_{1,2} is obtained by assuming k_1 ≈ k_2 ≈ E_ν , and k_{1,2}a ≪ 0; the unitary transformation U and mixing angle θ are given by

U = cos θ sin θ − sin θ cos θ

, tan 2θ =

2Ĥ_{12} Ĥ_{22} − Ĥ_{11} . (25)

Note that that four-neutrino coupling g and chiral symmetric mass M (16) do not depends on lepton flavors, otherwise, the missing angle θ would depend on neutrino energy [28]. As a result, the energy-difference between neutrino flavors E^i_ν − E^j_ν = Δm^2_{12}/E_ν and the probability of two flavor neutrino oscillation,

P_{i↔j}(L) ≈ sin^2 2θ sin^2 [ (E^i_ν − E^j_ν )L ] , (26)

where L distance neutrino travels.

In addition, the parity symmetry should be restored when the composite Dirac neutrino (15) is formed above the energy-threshold (E), as already mentioned. For example, the effective oneparticle irreducible interacting vertex between neutrino (p), electron (p^′) and W^± gauge boson (q = p^′ − p) [26], Γ^{ij}_μ (p, p^′) = i g_2 2 √ 2 U_{ij} γ_μ [ P_L + f(p, p^′) ] (27) where g_2 is the SU_L(2) coupling, U_{ij} the CKM matrix, and left-handed projector P_L = (1 − γ_5)/2. The vector-like (parity conserving) form factor f(p, p^′) is related to the chiral-symmetric mass (16) by the Ward identity of chiral gauge symmetries. In high-energies, f(p, p^′) ≠ 0 for p, p^′ ≥ E, and chiral-gauge coupling becomes vector-like. Similar discussions and calculations for chiralgauge coupling to the neutral gauge boson Z^0 can be found in Ref. [26]. In consequence, the parity symmetry is restored. This could be experimentally checked by measuring the left-right asymmetry A_{LR} = σ_L − σ_R σ_L + σ_R

(28) where σ_L (σ_R) is the cross-section of high-energy neutrino colliding with left-handed (right-handed) polarized electron. We expect the restoration of parity symmetry, A_{LR} → 0, for high-energy neutrinos and electrons. In low-energies, bound states of neutrinos dissolve into their constituents, the vector-like form factor f(p, p^′) in Eq. (27), f(p, p^′)|_{p,p}′_{→E+0}+ → 0, f(p, p^′)|_{p,p}′_{<E} = 0, (29) which leads to the parity-violating gauge-coupling (P_L-term in Eq. (27)), and A_{LR} = 1 as measured in low-energy experiments. All these features could possibly be verified or falsified by current highenergy neutrinos experiments.

Some remarks. We end this letter by making some remarks. Due to quantum gravity, the verysmall-scale structure of space-time and high-dimensional operators of fermion-interactions must be much more complex [29]. Because it is difficult to have a complete theory at the Planck scale and carry out non-perturbative calculations leading to observables at low-energy scale. In our theoretical scenario, we adopt the simplest space-time discretization and four-neutrino interaction (13), leading to a phenomenological model in low-energies. The recent experiment for high-energy neutrino [1], if it is further confirmed, might begin to shed light on this most elusive and fascinating arena of fundamental particle physics.

In a recent paper [30], based on the radiative correction to an electron propagator via exchanging a W-boson within the standard model, authors show

δv_e = g^2_{su2} ∫ d_4k (4π)^4 δv_ν (k) (k^2)[(k + p)^2 − M^2_W ] >∼ ( E_{OPERA} (4π)Λ_{ew}

)_2 δc_ν (E_{OPERA}) ∼ 10^{−9}, (30) for the OPERA result δv_ν (E_{OPERA}) ∼ 10^{−5} at E_{OPERA} ∼ 20GeV. Eq. (30) is clearly inconsistent with the experimental bound on electron velocity-variation δv_e < 10^{−14}. This is indeed a problem that implies two possibilities either the OPERA result is wrong or the standard model needs some modifications. In the scenario we present, high-energy neutrino acquires a large chiral-symmetric mass M (16) and gauge-coupling to W-bosons is no longer purely left-handed (27). Therefore, (i) the radiative correction to an electron propagator contains not only kinetic term, but also mass term, (ii) neutrino propagator ∼ 1/(k^2 + M^2), this can give a suppression factor (k/M)^2 in the right-handed side of Eq. (30). It looks a possibility to get around this problem. In future work, one needs to do some detailed calculations of radiative corrections to the propagators of neutrinos and charged leptons in the scenario presented in this letter.

In another recent paper [31], based on the standard model, authors discuss the Cherenkov radiation of superluminal neutrinos via the process ν → ν + e^+ + e^− with the energy-threshold E_0 = 2m_e/(v^2_ν − v^2_e )^{1/2}. The OPERA result δv_ν ≈ 10^{−5} and δv_e < 10^{−14} lead to E_0 = 140 MeV. This indicates that it is impossible to observe 17–45 GeV superluminal neutrinos, because of energy-lost via Cherenkov radiation. This again implies that either the OPERA result is wrong or the standard model needs some modifications. In this scenario, in addition to the four-fermion interaction (13) for the set of left-handed SU_L(2)-doublets, there is an analogous four-fermion interaction for right-handed SU_L(2)-singlets [20, 26], g 4a^2 ∑ x,i ψ̄^i_R(x)Δν_L(x)Δν̄_L(x)ψ^i_R(x), (31)

where singlet ψ^i_R = e_R, μ_R, τ_R and ν_L is the left-handed counterpart of ν_R [25]. Analogously, strong coupling (g ≫ 1) leads to form left-handed bound states (singlets), for example (ν̄_L · e_R)ν_L, which combines with e_R to form a composite Dirac particle [e_R, (ν̄_L · e_R)ν_L] with a large chiral-gauge invariant mass M (16). In this case, electron mass m_e should be replaced by the mass M in the energy-threshold E_0 = 2M/(v^2_ν − v^2_e )^{1/2}, which becomes much larger than 140MeV for M ≫ m_e. This may provide a possibility that the OPERA result is not in contradiction to energy-lost via Cherenkov radiation. In future work, some detailed analysis of Cherenkov radiation of superluminal neutrinos should be carried out in the scenario presented in this letter. We would like to mention some early papers on superluminal neutrinos as tachyons [32]. At the present situation, we are facing two possibilities: (i) the OPERA result is confirmed to be wrong; (ii) the OPERA result is confirmed to be correct and further neutrino experiments should be proposed to indicate what modifications standard model needs at high-energies.

Acknowledgment. The author thanks M. Creutz, G. t’Hooft, L. Maiani, H.B. Nielson,

G. Preparata and M. Testa for the discussions on lattice chiral fermions, H. Kleinert for the discussions on neutrino physics, torsion and strong coupling expansion. The author thanks G. Amelino- Camdedia for reading the manucript and communications on the issue, and Roberto Battiston for clear explanations on the OPERA result. The author also thanks G. Preparata and R. Ruffini who led his attention to Wheeler’s foam [11], Planck-scale structure of space-time, the arena of physical reality. Finally, the author thanks anonymous referee for his/her questions and comments that greatly improve the manuscript.

[1] OPERA Collaboration, T. Adam, et. al. arXiv:1109.4897 [hep-ex]. [2] G. R. Kalbfleisch, Phys. Rev. Lett. 43, 1361 (1979);

J. Alspector et al., Phys. Rev. Lett. 36, 837 (1976).

[3] MINOS Collaboration, P. Adamson at al., Phys. Rev. D 76 (2007) 072005. [4] S. R. Coleman and S. L. Glashow, Phys. Rev. D 59, 116008 (1999);

F. W. Stecker and S. L. Glashow, Astropart. Phys 16, 97 (2001). [5] R. Gambini and J. Pullin, Phys. Rev. D 59, 124021 (1999);

J. Alfaro, H. A. Morales-Tecotl and L. F. Urrutia, Phys. Rev. Lett. 84, 2318 (2000); S. Sarkar, Mod. Phys. Lett. A17:1025-1036 (2002).

[6] N. R. Douglas and N. A. Nekrasov, Rev. Mod. Phys. 73, 977 (2001);

A. Matusis, L. Susskind and N. Toumbas, JHEP 0012, 002 (2000); V. A. Kostelecky and S. Samuel, Phys. Rev. D 39, 683 (1989); O. Bertolami Class Quant. Grav. 14, 2785 (1997).

[7] S. M. Carroll, J. A. Harvey, V. A. Kostelecky, C. D. Lane and T. Okamoto, Phys. Rev. Lett. 87 141601 (2001);

M. Chaichian, P. P. Kulish, K. Nishijima and A. Tureanu, Phys. Lett. B 604 98 (2004); Z. Guralnik, R. Jackiw, S. Y. Pi, A. P. Polychronakos, Phys. Lett. B 517, 450 (2001).

[8] D. Colladay and V.A. Kostelecky, Phys. Rev. D 58:116002,(1998).

[9] G. Amelino-Camelia, New. J. Phys. 6, 188 (2004) and Int. J. Mod. Phys. D11 (2002) 35-60;

V. A. Kostelecky, Phys. Rev. D 69, 105009(2004).

[10] G. Amelino-Camelia and T. Piran, Phys. Rev. D 64, 036005 (2001);

Uri Jacob, T. Piran, Nature Phys. 3:87-90, (2007).

[11] J. A. Wheeler, “Geometrodynamics and the Issue of the Final State”, in Relativity, groups and Topology, B. DeWitt and C. DeWitt (eds.) (Gordon and Breach, New York, 1964) 463.

[12] We recall the “Planck lattice”: a discretized space-time with minimal spacing of the Planck length due to quantum gravity. G. Preparata & S.-S. Xue, Phys. Lett. B264, (1991) 35;

see also, S. Cacciatori, G. Preparata, S. Rovelli, I. Spagnolatti, and S.-S. Xue; Phys. Lett. B 427 (1998)

254; G. Preparata, R. Rovelli and S.-S. Xue, Gen. Rel. Grav. 32 (2000) 1859; and see also Ref. [34].

[13] S.-S. Xue, Phys. Lett. B682 (2009) 300 and Phys. Rev. D82, 064039 (2010). [14] T. Regge, Nuovo Cimento 19 (1961) 558.

[15] H. W. Hamber, in Les Houches Summer School in Theoretical Physics, Session 43: Critical Phenomena, Random Systems, Gauge Theories, Les Houches, France, Aug 1 - Sep 7, 1984, edited by K. Osterwalder and R. Stora, Les Houches Summer School Proceedings (North-Holland, Amsterdam, 1986); and “Quantum Gravitation - The Feynman Path Integral Approach”, ISBN 978-3-540-85292-6 (Springer Publishing, Berlin and Heidelberg, 2008), references therein.

[16] H.B. Nielson and M. Ninomiya, Nucl. Phys. B185 (1981) 20; ibid B193 (1981) 173. [17] H.B. Nielsen and M. Ninomiya, Phys. Lett. B105 (1981) 219, Int. J. Mod. Phys. A6 (1991) 2913. [18] K. G. Wilson, “Quarks: from paradox to myth”, in New Phenomena in Subnuclear Physics, Published in Subnucl.Ser.13:13-32,1977.

It should be pointed out that the explicit chiral-symmetry-breaking Wilson term is at the space-time cutoff scale B/(2a) and chiral gauge symmetries SU_L(2) ⊗ U_Y (1) are bound to be broken at the same scale.

[19] see for example, J. B. Kogut, Rev. Mod. Phys. 55, 775 (1983).

[20] S.-S. Xue, Phys. Lett. B 381 (1996) 277, ibid B 408 (1997) 299; Nucl. Phys. B 486 (1997) 282, ibid B 580 (2000) 365; Phys. Rev. D 61 (2000) 054502, ibid D 64 (2001) 094504.

[21] S.-S. Xue, Phys. Lett. B665 (2008) 54.

[22] In Refs.[20, 21], we also obtained neutral composite Dirac neutrinos Ψ^n_D = (Ψ^n_L, ψ_R) (gauge singlet), where Ψ^n_L ∼ (ψ̄^i_Lψ_R)ψ^i_L. These states can be candidates for cold dark matter, for being very massive and very weak interacting [26].

[23] Bound states of three neutrinos are presented as poles of four-neutrino interacting S-matrix, locating at E_{bind}(g, a) < 0 in the energy-momentum plane. When the coupling g becomes smaller, E_{bind} → 0^−, these poles of the four-neutrino interacting S-matrix become cuts, representing three elementary neutrino states.

[24] In the phase transition of neutrino bound states Ψ_R ∼ (ψ̄_Rψ)ψ_R formation (dissolution) from (into) their constitutes, chiral symmetries are exactly preserved, and realized by different chiral fermion (neutrino) contents [20]. It should be pointed out that this phenomenon is not a spontaneous symmetry breaking and no Goldstone bosons are produced [33].

[25] In Ref. [20, 26], it can be found that the Ward identity of the shift-symmetry ν_{R,L}(x) → ν_{R,L}(x)+const.

requires the right(left)-handed neutrino ν_{R,L} to be free particles that could be candidates of warm dark matter.

[26] S.-S. Xue, Phys. Lett. B 398 (1997) 277; Mod. Phys. Lett. A, Vol. 14 No. 39 (1999) 2701; J. Phys. G:

Nucl. Part. Phys. 29 (2003) 2381; the proceedings of International workshop on masses and mixings of quarks and leptons, Shizuoda, Japan, Mach 1997, ed. Yoshio Koide, World Scientific 1997.

[27] K. Hirata et al., Phys. Rev. Lett. 58 (1987) 1490;

R. M. Bionta et al., Phys. Rev. Lett. 58 (1987) 1494; M. J. Longo, Phys. Rev. D 36 (1987) 3276.

[28] V. A. Kostelecky and M. Mewes Phys. Rev. D 69 016005 (2004).

[29] In the Einstein-Cartan theory, four-fermion interactions are generated by integrating over static torsion fields, see for example, Refs. [21, 34].

[30] G. F. Giudice, S. Sibiryakov, A. Strumia, arXiv:1109.5682. [31] A. G. Cohen and S. L. Glashow, arXiv:1109.6562. [32] E. Majorana, Nuovo Cimento 9 (1932) 335;

see also, Ettore Majorana: Unpublished Research Notes on Theoretical Physics Series: Fundamental Theories of Physics , Vol. 159 S. Esposito, E. Recami, A. van der Merwe, R. Battiston (Eds.) 2009, LVI, 451 p., Hardcover ISBN: 978-1-4020-9113-1, and D. M. Fradkin, American Journal of Physics, Volume 34, Issue 4, pp. 314-318, EJTP 3, No. 10 (2006) 305;

A. Chodos, A. I. Hauser, V. A. Kostelecky, Phys. Lett. B 150 431 (1985); R. Ehrlich Phys. Rev. D 60 017302 (1999); N. P. Chang Mod. Phys. Lett. A 16 2129 (2001).

[33] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345.

[34] H. Kleinert, “Multivalued Fields”, (World Scientific, Singapore, 2008), ISBN 978-981-279-171-92.