arXiv:hep-ph/0601116 v4 5 Mar 2006

Phys. Rev. D 73, 057301 (2006) hep-ph/0601116 (v4)

Possible new source of T and CP violation in neutrino oscillations

Frans R. Klinkhamer^∗

Institute for Theoretical Physics, University of Karlsruhe (TH), 76128 Karlsruhe, Germany

Abstract

A model is presented to illustrate that vacuum neutrino oscillations can be essentially T and CP invariant up to a certain energy but strongly T and CP noninvariant at much higher energies. Detailed model results for the vacuum probabilities P (ν_μ → ν_e) and P (ν_e → ν_μ) are given, which may be relevant to proposed long-baseline neutrino-oscillation experiments.

PACS numbers: 14.60.St, 11.30.Cp, 11.30.Er, 73.43.Nq

∗Electronic address: frans.klinkhamer@physik.uni-karlsruhe.de

I. INTRODUCTION

One of the main goals of neutrino-oscillation physics in the coming decennia will be to determine (or constrain) the violation of time-reversal (T) invariance and charge-conjugation– parity (CP) invariance in the lepton sector; see, e.g., Refs. [1, 2] for a comprehensive report and recent review article. With three-flavor neutrino oscillations being solely due to mass differences [3], the ultimate source of this T and CP violation would be the complex Dirac phase δ in the unitary mixing matrix (here, denoted X) between weak-interaction states and mass states [4].

Another possible contribution to neutrino oscillations may come from Lorentznoninvariant Fermi-point-splitting effects [5–7]. (The Fermi-point-splitting mechanism of neutrino oscillations has a direct motivation from condensed-matter physics [8–10], but there have been many other suggestions for alternative mechanisms; see, e.g., Ref. [11] for an extensive list of references.) With Fermi-point splittings present, there is then a new unitary mixing matrix (Y ) between weak-interaction states and Fermi-point states. If there are both mass differences and Fermi-point-splittings in the neutrino sector, the relevant mixing matrix for neutrino oscillations is between weak-interaction states and propagation states, where the neutrino propagation is affected simultaneously by mass and Fermi point. This mixing matrix (Z) is determined, in part, by the matrices X and Y of the mass and Fermi-point sectors, respectively.

The crucial point, now, is that the Fermi-point-splitting matrix Y may have mixing angles (χ_{ij} ) and complex Dirac phase (ω) completely different from those of the mass-sector matrix X (usually, denoted θ_{ij} and δ). In particular, there is the possibility that all parameters χ_{ij} and ω are nonvanishing, or even maximal. This would then correspond to a new source of T (and CP) violation effects in neutrino oscillations. The goal of the present article is to illustrate this possibility with a relatively simple model.

A potential new source of leptonic T and CP violation is all the more interesting as neutrinos may play a decisive role in the creation of the observed matter–antimatter asymmetry of the universe [12–14]. The suggestion is that neutrinos would in some way be responsible for the creation of a net lepton number L at very high temperature (T ≫ M_W ≈ 10^2 GeV), which, at the electroweak scale (T ∼ M_W ), is partially transformed by sphaleron processes into a net baryon number B [15–19]. Even though it will be difficult to relate the ultrahighenergy CP violation needed for leptogenesis to any T and CP violation of neutrino-oscillation experiments at relatively low energies [13] and the fundamental mechanism of electroweak

B + L violation at high temperatures (T >∼ M_W ) is not fully understood [19], the topic of leptonic T and CP violation can be expected to play an important role in a discussion of the physics of the early universe.

The outline for the remainder of this article is as follows. In Sec. II, we describe the model. In Sec. III, we give model results for vacuum oscillation probabilities in the so-called “golden channel,” ν_e ↔ ν_μ. In Sec. IV, we present concluding remarks.

II. MODEL

A. General remarks

In a previous article [7], we have considered a simple three-flavor neutrino-oscillation model with both mass-square differences (Δm^2_{ij} ) and timelike Fermi-point splittings (Δb^{(ij)}_0 ). The mixing of the mass sector was taken to be bi-maximal and the one of the Fermi-point-splitting sector trimaximal, with all complex phases vanishing. The model had furthermore a hierarchy of Fermi-point splittings (b^{(1)}_0 = b^{(2)}_0 ≠ b^{(3)}_0 ) which parallels the hierarchy of mass squares (m^2_1 = m^2 ≠ m^2_3). For the physics motivation of this type of model (e.g., quantum phase transitions in superfluids), see Refs. [8–10] and references therein. As to the expected energy scale of neutrino Fermi points, there are speculations [9, 20] but no firm predictions.

The present article extends the previous one by presenting results on the appearance probability P_{μe} ≡ P (ν_μ → ν_e) from a generalized model with the same mass hierarchy as the model of Ref. [7] but with equidistant Fermi-point splittings ( b^{(2)}_0 − b^{(1)}_0 = b^{(3)}_0 − b^{(2)}_0 ) and one nonvanishing complex phase (ω = π/4). In addition, we will consider the case of relatively strong Fermi-point-splitting effects compared to mass-difference effects, whereas Ref. [7] focused on relatively weak splitting effects. For this purpose, we introduce a new parametrization (with nonnegative dimensionless parameters ρ and τ ) which makes a straightforward comparison between different long-baseline neutrino-oscillation experiments possible. Relatively weak or strong Fermi-point-splitting effects then correspond to τ ≪ 1 or τ >∼ 1, respectively. The behavior of P_{μe}(ρ, τ ) turns out to be quite complicated for τ >∼ 1.

For this generalized model with complex phase ω = π/4, we also give the model probability of the time-reversed process, ν_e → ν_μ. It will be seen that the generalized model has a rather interesting phenomenology with stealthlike characteristics in certain cases and strong time-reversal noninvariance in others.

In this article, we mainly speak about possible T–violating effects in neutrino oscillations from Fermi-point splitting. Whether or not there are corresponding CP–violating effects depends on the (unknown) physics responsible for the Fermi-point splittings, i.e., whether or not there is CPT invariance. Depending on the Fermi-point splittings of the right-handed “antineutrinos” compared to those of the left-handed “neutrinos,” there may or may not be CP violation in addition to the T violation of the model considered (sin ω ≠ 0); see Sec. 4 of Ref. [6] for further details. For the rest of this article, we take an agnostic point of view on the CPT invariance of Fermi-point splitting, and focus on the manifest T violation from the presence of complex phases in the Hamiltonian.

B. Specifics

Setting ℏ = c = 1 and writing p ≡ |p| for the (large) neutrino momentum, the Hamiltonian of the generalized version of the model of Ref. [7] contains three terms in the (ν_e, ν_μ, ν_τ ) flavor basis,

H ⊃ p 11 + X · D_m · X^† + D_{αβ} · Y · D_{b0} · Y^† · D^†_{αβ} , (1) with diagonal matrices

D_m ≡ diag ( m^2_1/(2p) , m^2/(2p) , m^2_3/(2p) ) , (2a)

D_{b0} ≡ diag ( b^{(1)}_0 , b^{(2)}_0 , b^{(3)}_0 ) , (2b)

D_{αβ} ≡ diag ( exp[iα] , exp[−i(α + β)] , exp[iβ] ) , (2c) and SU(3) matrices

X ≡ M_{32}(θ_{32}) · M_{13}(θ_{13}, δ) · M_{21}(θ_{21}) , (3a)

Y ≡ M_{32}(χ_{32}) · M_{13}(χ_{13}, ω) · M_{21}(χ_{21}) , (3b) in terms of the basic matrices

M_{32}(ϑ) ≡

1 0 0 0 cos ϑ sin ϑ 0 − sin ϑ cos ϑ , (4a)

M_{21}(ϑ) ≡ cos ϑ sin ϑ 0 − sin ϑ cos ϑ 0

0 0 1 , (4b)

M_{13}(ϑ, φ) ≡ cos ϑ 0 e^{iφ} sin ϑ 0 1 0 −e^{−iφ} sin ϑ 0 cos ϑ . (4c)

The following dimensionless parameters are chosen in the mass sector:

R_m ≡ Δm^2_1/Δm^2_{32} ≡ (m^2 − m^2_1)/(m^2_3 − m^2) = 0 , (5a)

θ_{21} = θ_{32} = π/4 , θ_{13} = 0 , δ = 0 , (5b)

in the Fermi-point-splitting sector: R ≡ R_{b0} ≡ Δb^{(21)}_0 Δb^{(32)}_0 ≡ b^{(2)}_0 − b^{(1)}_0 b^{(3)}_0 − b^{(2)}_0 ∈ (−∞, ∞) , (5c) χ_{21} = χ_{32} = χ_{13} = π/4 , ω ∈ [0, 2π) , (5d)

and for the relative complex phases between mass and Fermi-point sectors:

α = β = 0 . (5e)

In addition to the dimensionless parameters R and ω, there are two dimensionful model parameters relevant to neutrino oscillations,

Δm^2_{31} ≡ m^2_3 − m^2_1 > 0 , Δb^{(31)}_0 ≡ b^{(3)}_0 − b^{(1)}_0 > 0 , (6)

which have been taken positive. Remark that the mass-sector parameters (5ab) are not unrealistic (with sin θ_{13} = 0, the chosen value of δ is, in fact, irrelevant) but the sign of Δm^2_{31} is still undetermined experimentally [1, 2].

For high-energy neutrino oscillations over a travel distance L, two dimensionless parameters can be defined as follows (E_ν ∼ p): ρ ≡ 2 E_ν ℏc L |Δm^2_{31}| c^4

≈ 1.5786 ( E_ν 10 GeV )( 10^3 km L ) ( 2.5 × 10^{−3} eV^2/c^4 |Δm^2_{31}| ) , (7a)

τ ≡ L |Δb^{(31)}_0 | ℏc ≈ 5.0671 ( L 10^3 km )( |Δb^{(31)}_0 | 10^{−12} eV ) , (7b)

with ℏ and c temporarily reinstated. These two dimensionless parameters, together with R and ω, completely determine the oscillation probabilities, at least for the simple model considered and with matter effects neglected [21].

III. RESULTS

The model defined by Eqs. (1)–(6), for R = 1 and ω = π/4, gives the vacuum probability P_{μe} ≡ P (ν_μ → ν_e) shown in Fig. 1 as a function of the parameters ρ and τ from Eqs. (7ab).

For ρ → ∞ (high neutrino energies at fixed Δm^2_{31} × L), this model is similar to the pure Fermi-point-splitting model studied previously [5, 6], for which P_{μe} is known exactly [22]. For ρ → 0 (low energies), the P_{μe} behavior can also be understood analytically [23].

These last remarks explain the observed stealthlike behavior of P_{μe}(ρ, τ ) at certain special values of τ , with the appearance probability being nonzero only for a relatively small range of energies. An example would be given by the case of τ ≈ 12 in Fig. 1. For a given nonzero value of Δb^{(31)}_0 , the particular appearance probability P_{μe} would be nearly shut off at the corresponding distance L ≈ 12/|Δb^{(31)}_0 |, reappearing, however, at generic values of L [24].

The model with R = 1 and ω = π/4 can be expected to have T violation for large enough neutrino energy. (The corresponding pure mass-difference model, relevant at low energies, does not have T violation, in particular, because sin θ_{13} vanishes.) The probability of the ν_e → ν_μ process is shown in Fig. 2 and the difference with Fig. 1, for ρ >∼ 0.2 and generic values of τ , indeed signals time-reversal noninvariance.

If CPT invariance holds true (cf. Sec. II A), the curves of Fig. 2 also apply to P (ν_μ → ν_e) and the difference with Fig. 1 signals CP noninvariance. If, on the other hand, CPT invariance is violated maximally, the probability P (ν_μ → ν_e) is given by the curves of Fig. 1 and there is only T violation, with P (ν_μ → ν_e) = P (ν_μ → ν_e) ≠ P (ν_e → ν_μ).

IV. CONCLUSION

Figures 1 and 2 show strong time-reversal (T) noninvariance of vacuum neutrino oscillations ν_μ ↔ ν_e at high energies, which traces back to the large complex phase ω of the model considered, together with the large mixing angles χ_{ij} and ratio R in the Fermi-point-splitting sector [25]. (As mentioned in the last paragraph of Sec. II A, there may or may not be a corresponding CP violation, depending on whether or not the Fermi-point splittings respect CPT.) In other words, this T (and CP) violation would primarily take place outside the mass sector and show up at the high end of the neutrino energy spectrum [26].

A neutrino factory with broad energy spectrum E_ν ≈ 10−50 GeV and several detectors at baselines L up to 12800 km would be the ideal machine, in principle, to establish such strong T (and CP) violation in high-energy neutrino oscillations [1, 27–29]. Perhaps nearer in the future, (redesigned) superbeam experiments such as NOνA [30] can also look for possible new sources of CP violation. High-energy cosmic neutrinos might provide additional information; cf. Ref. [11].

As mentioned in the Introduction, any new source of T (and CP) violation in neutrino

FIG. 1: Numerical model results for the vacuum neutrino-oscillation probability P_{μe} ≡ P (ν_μ → ν_e) as a function of the dimensionless parameters ρ and τ, defined by Eqs. (7ab). The model, described in Sec. II B, has Fermi-point-splitting ratio R = 1 and complex phase ω = π/4. Shown are constant– τ slices of P (ρ, τ) ≡ P_{μe}(ρ, τ), where the solid, long-dashed, and short-dashed curves correspond to τ = 1, 2, 0 (mod 3), respectively.

FIG. 2: Same as Fig. 1 but for the time-reversed process with probability P^′ ≡ P (ν_e → ν_μ). If CPT invariance holds, P^′ also corresponds to P (ν_μ → ν_e).

oscillations, especially at the high end of the neutrino energy spectrum, may be relevant to the physics of the early universe. Moreover, this new T (and CP) violation could be related to the emergence of the Standard Model from a nonrelativistic underlying theory. The search for new sources of T and CP violation in high-energy neutrino oscillations is therefore an important task of future superbeam and neutrino-factory experiments.

ACKNOWLEDGMENTS

It is a pleasure to thank Gustavo Branco, Jacob Schneps, and Grisha Volovik for useful discussions.

[1] M. Apollonio et al., “Oscillation physics with a neutrino factory,” in: A. Blondel et al., ECFA/CERN Studies of a European Neutrino Factory Complex, report CERN-2004-002, April 2004 [hep-ph/0210192].

[2] B. Kayser, “Neutrino physics,” in: 32nd SLAC Summer Institute on Particle Physics (SSI 2004): Natures Greatest Puzzles, eConf C040802, L004 (2004) [hep-ph/0506165].

[3] S.M. Bilenky and B. Pontecorvo, “Lepton mixing and neutrino oscillations,” Phys. Rept. 41, 225 (1978).

[4] Z. Maki, M. Nakagawa, and S. Sakata, “Remarks on the unified model of elementary particles,” Prog. Theor. Phys. 28, 870 (1962); M. Kobayashi and T. Maskawa, “CP violation in the renormalizable theory of weak interaction,” ibid. 49, 652 (1973).

[5] F.R. Klinkhamer, “Neutrino oscillations from the splitting of Fermi points,” JETP Lett. 79, 451 (2004) [hep-ph/0403285].

[6] F.R. Klinkhamer, “Lorentz-noninvariant neutrino oscillations: Model and predictions,” Int.

J. Mod. Phys. A 21, 161 (2006) [hep-ph/0407200].

[7] F.R. Klinkhamer, “Possible energy dependence of Θ_{13} in neutrino oscillations,” Phys. Rev. D 71, 113008 (2005) [hep-ph/0504274].

[8] F.R. Klinkhamer and G.E. Volovik, “Quantum phase transition for the BEC–BCS crossover in condensed matter physics and CPT violation in elementary particle physics,” JETP Lett. 80, 343 (2004) [cond-mat/0407597].

[9] F.R. Klinkhamer and G.E. Volovik, “Emergent CPT violation from the splitting of Fermi points,” Int. J. Mod. Phys. A 20, 2795 (2005) [hep-th/0403037].

[10] F.R. Klinkhamer and G.E. Volovik, “Merging gauge coupling constants without grand unification,” JETP Lett. 81, 551 (2005) [hep-ph/0505033].

[11] D. Hooper, D. Morgan, and E. Winstanley, “Lorentz and CPT invariance violation in highenergy neutrinos,” Phys. Rev. D 72, 065009 (2005) [hep-ph/0506091].

[12] M. Fukugita and T.Yanagida, “Baryogenesis without grand unification,” Phys. Lett. B 174, 45 (1986).

[13] G.C. Branco, R. Gonzalez Felipe, F.R. Joaquim, I. Masina, M.N. Rebelo, and C.A. Savoy, “Minimal scenarios for leptogenesis and CP violation,” Phys. Rev. D 67, 073025 (2003) [hepph/0211001].

[14] W. Buchmuller, R.D. Peccei, and T. Yanagida, “Leptogenesis as the origin of matter,” Annu.

Rev. Nucl. Part. Sci. 55, 311 (2005) [hep-ph/0502169].

[15] G. ’t Hooft, “Symmetry breaking through Bell–Jackiw anomalies,” Phys. Rev. Lett. 37, 8 (1976).

[16] N.H. Christ, “Conservation law violation at high-energy by anomalies,” Phys. Rev. D 21, 1591 (1980).

[17] F.R. Klinkhamer and N.S. Manton, “A saddle-point solution in the Weinberg–Salam theory,” Phys. Rev. D 30, 2212 (1984).

[18] V.A. Kuzmin, V.A. Rubakov, and M.E. Shaposhnikov, “On the anomalous electroweak baryon number nonconservation in the early universe,” Phys. Lett. B 155, 36 (1985).

[19] F.R. Klinkhamer and Y.J. Lee, “Spectral flow of chiral fermions in nondissipative gauge field backgrounds,” Phys. Rev. D 64, 065024 (2001) [hep-th/0104096]; F.R. Klinkhamer, “Electroweak baryon number violation,” in: XIV-th Rencontre de Blois: Matter–Antimatter Asymmetry, edited by L. Iconomidou-Fayard and J. Trân Thanh Vân, The Gioi Publishers, Vietnam, p. 171 [hep-ph/0209227].

[20] Consider, for example, an emergent-physics scenario [10] with N_F = 3 fermion families and two cutoff scales: E_{UV} ∼ 10^{42} GeV corresponding to the fundamental, Lorentz-violating fermionic theory and E_c ∼ 10^{13} GeV corresponding to the compositeness scale of the Standard Model gauge bosons. (The approximate numerical values of these cutoff scales are based on the gauge coupling constants measured at LEP and the corresponding renormalization group equations.) The idea, now, is that the ultrahigh-energy Lorentz violation re-enters at ultralow energy (E_c)^2/E_{UV} ∼ 10^{−7} eV and that this energy scale determines the Lorentz noninvariance in the neutrino sector (b^{(i)}_0 ≠ 0). Re-entrance effects in superfluid^3He–A have been discussed by G.E. Volovik, “Reentrant violation of special relativity in the low-energy corner,” JETP

Lett. 73, 162 (2001) [hep-ph/0101286].

[21] For standard mass-difference neutrino oscillations, matter effects (coherent forward scattering) from the Earth’s mantle become important at E_ν ∼ 10 GeV and L ∼ 2500 km; cf. Refs. [1, 2].

[22] The notation of the neutrino dispersion relation in Refs. [5, 6] differs from the one used here and in Ref. [7], but the different sign of b^{(f )}_0 can be compensated by a sign change of the complex phase ϵ. For example, setting ϵ = −ω in the exact model probablity P (ν_μ → ν_e) from Eq. (11e) in Ref. [6] reproduces the numerical ρ → ∞ results for R = 1, ω = χ_{21} = χ_{32} = π/4, and χ_{13} = arctan √ 1/2 ≈ π/5 (these numerical results resemble those of Fig. 1 for χ_{13} = π/4).

[23] Degenerate perturbation theory for ρ → 0 and fixed τ (arbitrary R and ω) gives P_{μe} ∼ (4R^2/S) sin^2 [ √ S τ/(8 + 8R)] with S ≡ 4 + 4R + 9R^2.

[24] For a case study and further model results, see an earlier version of this article, F.R.

Klinkhamer, “More on a possible energy dependence of Θ_{13} in vacuum neutrino oscillations,” hep-ph/0509111.

[25] Super–Kamiokande data, interpreted with a pure Fermi-point-splitting model, may hint at a nonzero value of the complex phase, as argued in footnote b of Ref. [6].

[26] Model (1) can also have T and CP violation at intermediate neutrino energies, for example, by setting δ = ω = 0 and having generic α and β.

[27] S. Geer, “Neutrino beams from muon storage rings: Characteristics and physics potential,” Phys. Rev. D 57, 6989 (1998); D 59, 039903 (E) (1999) [hep-ph/9712290].

[28] A. Cervera, A. Donini, M.B. Gavela, J.J. Gomez Cadenas, P. Hernandez, O. Mena, and S.

Rigolin, “Golden measurements at a neutrino factory,” Nucl. Phys. B 579, 17 (2000); B 593, 731 (E) (2001) [hep-ph/0002108].

[29] A. Bueno, M. Campanelli, S. Navas-Concha, and A. Rubbia, “On the energy and baseline optimization to study effects related to the δ–phase (CP–/T–violation) in neutrino oscillations at a neutrino factory,” Nucl. Phys. B 631, 239 (2002) [hep-ph/0112297]. See, in particular, Fig. 18 for the T–violation discriminant Δ_T ≡ P_{eμ} − P_{μe} from pure mass-difference neutrino oscillations for reference values θ_{13} ≈ 0.113 and R_m = 1/30, with Δ_T rapidly dropping to zero for E_ν → ∞. In contrast, the reference values of our model parameters are χ_{13} = π/4 and R = 1, with Δ_T approaching a (generically nonzero) constant value for E_ν → ∞.

[30] D.S. Ayres et al. [NOνA Collaboration], “Proposal to build a 30 kiloton off-axis detector to study ν_μ → ν_e oscillations in the NuMI beamline,” hep-ex/0503053.