arXiv:0906.5542v1 [hep-ph] 30 Jun 2009

CPT-violating neutrino oscillations

S. Esposito Dipartimento di Scienze Fisiche, Università di Napoli “Federico II” and Istituto Nazionale di Fisica Nucleare, Sezione di Napoli Complesso Universitario di Monte S. Angelo, Via Cinthia, I-80126 Naples, Italy

G. Salesi Università di Bergamo, Facoltà di Ingegneria, viale Marconi 5, 24044 Dalmine (BG), Italy and Istituto Nazionale di Fisica Nucleare, Sezione di Milano via Celoria 16, I-20133 Milan, Italy

We propose a simple phenomenological model predicting, through Lorentz symmetry breaking, a CPT-violating asymmetry between particle and antiparticle states in neutrino oscillations involving sterile neutrinos. Such a model is able to explain the apparently observed anomalous excess of low-energy νe-like events, reported by the MiniBooNE collaboration, as well as the non-observation of the corresponding anomalous excess of νe-like events. The present model leads to very specific physical predictions in the neutrino oscillations scenario, and account for the observed anomalies in terms of only one CPT-Lorentz violation parameter of the order of the Grand-Unification energy scale.

PACS numbers: 11.30.Cp,11.55.Fv,14.60.St,14.60.Pq

In recent years, compelling evidence for the phenomenon of neutrino oscillations [1] has been firmly established by atmospheric [2], solar [3], reactor [4] and long-baseline accelerator [5] neutrino experiments. With a confidence level of more than 7σ, indeed, we now know that solar ν_e’s convert to ν_μ or ν_τ , while atmospheric ν_μ’s disappear (most likely converting to ν_τ ) at a level of more than 15σ. Moreover, the KamLAND experiment has found that reactor ν_e’s disappear over a distance of about 180 km, also observing a distortion of their energy spectrum; while accelerator ν_μ’s disappear over distances of 250 km (K2K experiment) and 735 km (MINOS experiment), again with a distortion in the energy spectrum. All these results clearly imply that different flavored neutrinos are massive and mix according to what originally proposed several decades ago [6]. Further possible evidence comes from the LSND experiment [7], reporting positive signals for ν_μ → ν_e transitions, but such a result has not been confirmed by any other experiment. Very recently, the MiniBooNE collaboration [8] has reported the absence of signal in the 475-3000 MeV energy range due to short-baseline ν_μ → ν_e oscillations with a squared mass difference Δm^2 compatible with the indication of ν_μ → ν_e oscillations found in the LSND experiment. Analogous missing events have been apparently observed in searches for ν_μ → ν_e oscillations, although the Mini- BooNE analysis of antineutrino data is not as precise as that of neutrino data because of a much lower statistics. Interestingly enough, the MiniBooNE collaboration has also reported an anomalous excess of low-energy ν_e-like events, while a corresponding anomalous excess of antineutrino events has not been observed.

A possible explanation of the observed low-energy ν_e anomaly has been proposed [9] in terms of very shortbaseline disappearance of ν_e’s due to oscillations into sterile neutrinos generated by a large squared mass difference (20 eV^2 ≲ Δm^2 ≲ 330 eV^2). This hypothesis is motivated by the anomalous ratio between measured and predicted^{71}Ge production rates observed in the Gallium radioactive source experiments GALLEX [10] and SAGE [11], and has been carefully confronted with the lack of any evidence of very short-baseline ν_e disappearance in existing reactor experiments [12]. The thorough analysis on the experimental data reported in [12] apparently implies a possible CPT violation in the neutrino sector. Indeed, in very simple terms, the apparently observed ν_e/ν_e dissymmetry would point toward an asymmetry between the survival probability P (ν_e → ν_e) of electron neutrinos and that P (ν_e → ν_e) of electron antineutrinos against transitions into a sterile state, which is a clear signal of a CPT violation [1]. At 99.71 % confidence level, quantity A_{ee} ≡ P (ν_e → ν_e) − P (ν_e → ν_e) is negative, with a best-fit value of [12]

A_{ee} = − 0.165 . (1)

The possibility of a CPT violation in the neutrino sector is not a completely novel topic [13] [14], and experimental tests of such a violation have also been performed [15] [16], with negative evidence. However, the result (1) is very specific, and it is of some relevance to take it into due consideration because of its physical consequences. As a matter of fact, a CPT violation would signal, through the CPT theorem, a violation of the Lorentz symmetry, an issue that has been considered extensively in recent times [17]. Let us also recall that neither Lorentz symmetry violation nor CPT violation automatically implies a non-vanishing asymmetry A_{ee} ≠ 0, as also remarked in [14] (while the contrary is always true, as abovesaid [1]). In the following we shall put forward a very simple CPT and Lorentz violating theoretical model for neutrino oscillations keeping our phenomenological discussion as general as possible.

For the sake of simplicity, we consider only the mixing (with an angle θ) between an active electron neutrino state ν_e and a sterile (under weak interaction) state ν_s, with masses m_1 and m_2, respectively. Standard simple calculations [1] show that the survival probability for a beam of ν_s with momentum p traveling for a time t from the source can be generally cast in the following form:

P (ν_e → ν_e) = 1 − sin^2 2θ sin^2

E_2 − E_1 2 t . (2)

In the usually considered ultrarelativistic case (p ≫ m, distance x ≃ t), the energies E_1, E_2 of the two states approximate to

E_{1,2} ≃ p + m^2_{1,2} 2p , (3)

so that we recover the standard formula

P (ν_e → ν_e) ≃ 1 − sin^2 2θ sin^2

Δm^2 4p x (4)

with Δm^2 ≡ m^2 − m^2_1. The same formula (4) applies also for antineutrinos, P (ν_e → ν_e) = P (ν_e → ν_e), since the change of sign in E_1, E_2 has no effect on the survival probability in (2) or (4).

At variance with the standard approach, let us assume that the dispersion relation between neutrino (and, possibly, also for other particles) energy and momentum is not that leading to Eqs. (3), E^2 = p^2 + m^2, but is modified by effects beyond the Standard Model. Such a possibility, indeed, has been extensively investigated by means of quite different approaches, sometimes extending, sometimes abandoning the formal and conceptual framework of Einstein’s Special Relativity. Moreover, some authors suspect that the Lorentz symmetry breaking may play a role in extreme astrophysical phenomena as, e.g., the observation of ultra-high energy cosmic rays with energies [18] beyond the Greisen-Zatsepin-Kuzmin [19] cut-off, and of gamma rays bursts with energies beyond 20 TeV originated in distant galactic sources [20]. Lorentz-breaking observable effects appear [21] in Grand- Unification Theories, in M-Theory and String theories, in (Loop) Quantum Gravity, in foam-like quantum spacetimes; in spacetimes endowed with a nontrivial topology or with a discrete structure at the Planck length, or with a (canonical or noncanonical) noncommutative geometry; in so-called “effective field theories” and “extensions” of the Standard Model including Lorentz violating dimension-5 operators; in theories with a variable speed of light or variable physical constants. An interesting theoretical approach to Lorentz symmetry violation is found in DSR [22, 23, 24] working in k-deformed Liealgebra noncommutative (k-Minkowski) spacetimes, in which both the Planck scale and the speed of light act as characteristic scales of a 6-parameter group of spacetime 4-rotations with deformed but preserved Lorentz symmetries. In any of these theories, the most important consequence of a Lorentz violation is the modification of the ordinary energy-momentum dispersion relation, at energy scales usually assumed to be of the order of the Planck energy, by means of additional terms which vanish in the low-momentum limit. Such terms may produce nice physical effects, explaining for example baryogenesis [25], and several constraints (in the neutrino sector) on them have been obtained [26] from existing data coming from laboratory experiments. Consequences of a nonstandard dispersion law on neutrino oscillations has been analyzed in [27] and [28]; observable effects of relativistic non-covariance on the flavor eigenstates have been investigated in [29].

In many of the theories above mentioned, the modified dispersion relation takes the general form

E^2 = p^2 + m^2 − λ E p^2 , (5)

where λ is a Lorentz violation parameter (with the dimensions of an inverse energy) satisfying the relation λE ≪ 1. In such approximation, deducing E from Eq. (5) we obtain (neglecting λ^2-order terms)

E = ± √ p^2 + m^2 − λ p^2 2 , (6)

where, as usual, the upper (lower) sign refers to particle (antiparticle) states. In the ultrarelativistic limit achieved in the neutrino oscillation experiments, we thus have E ≃ ± ( p + m^2 2p ) − λ p^2 2 . (7)

As for the mass, the λ parameter is, in general, particledependent and, as shown in [25] on very general grounds, the requiring of CPT invariance would lead to a change of sign for λ when we pass from particle to antiparticle states. For our purpose, instead, we take a different view, and assume that CPT does not hold anymore and λ can have the same value for particles and antiparticles. Consequently, the energy difference between ν_e and ν_s in Eq. (2) is given by

E_2 − E_1 ≃

Δm^2 2p − p^2Δλ 2 ≡ ΔM^2(p) 2p , (8)

while, for ν_e and ν_s,

E_2 − E_1 ≃ −

Δm^2 2p − p^2Δλ 2 ≡ − ΔM^2(p) 2p . (9)

For simplicity we have introduced the parameters

ΔM^2(p) ≡ Δm^2 − p^3Δλ

= Δm^2 [ 1 − ( p^2 Δm^2 ) p Δλ ] ,

ΔM^2(p) ≡ Δm^2 + p^3Δλ

= Δm^2 [ 1 + ( p^2 Δm^2 ) p Δλ ] , (10)

that can be interpreted as “effective”, momentumdependent, squared mass differences. Note that, since p ≫ m, the “correction” terms in Eqs. (10), that is ( p^2 Δm^2 ) p Δλ, may not in principle be vanishingly small,

depending on how much ultrarelativistic is the regime considered. Since ΔM^2(p) ≠ ΔM^2(p), the survival probabilities for neutrino and antineutrino states

P (ν_e → ν_e) ≃ 1 − sin^2 2θ sin^2

ΔM^2(p) 4p x (11)

P (ν_e → ν_e) ≃ 1 − sin^2 2θ sin^2

ΔM^2(p) 4p x (12)

result to be not identical. Let us remark that the effect introduced here phenomenologically, although driven by a violation of the Lorentz symmetry, is substantially different from analogous effects introduced earlier by other authors [28], with different phenomenological predictions (and in absence of a CPT violation), as a simple comparison shows.

Very roughly, in order to explain the apparently observed asymmetry (1), the model proposed may be implemented as follows. For simplicity, let as assume that for ordinary ν_e’s we have λ_e ≈ 0, while for the sterile neutrino the λ parameter is significatively different from zero: Δλ ≃ −λ_s. If the non-observation of an anomalous excess of low-energy antineutrino events, reported by the MiniBooNE collaboration, will be confirmed, it means that, in the given energy range, P (ν_e → ν_e) ≃ 1, that is ΔM^2(p) ≃ 0 or, from (10), λ_s ≃ Δm^2 p^3

. (13)

Because of Eq. 10 this relation automatically implies ΔM^2 ≃ 2Δm^2, so that the survival probability for neutrinos, P (ν_e → ν_e), is significatively different from 1, thus explaining the observed anomalous excess of low-energy ν_e-like events. Note that such a scenario is favored for “low-energy” events since, otherwise, the formula (13) would require an exceedingly small λ_s.

Remarkably, if Eq. (13) holds true, P (ν_e → ν_e) has a form and an effective energy dependence similar to the standard one in (4), but with Δm^2 replaced by 2Δm^2. This allows a very rapid estimate of the order of magnitude for the λ_s parameter. By using [12] Δm^2 ∼ 100 eV^2, p ∼ 1 GeV, from Eq. (13) we obtain

λ^{−1}_s ≃ 10^{16} GeV , (14)

which is a completely reasonable estimate once assumed that the Lorentz violation is induced by effects taking place, while approaching the Planck energy scale, around the Grand-Unification scale.

Summing up, we have proposed a very simple phenomenological model which predicts a CPT-violating asymmetry between particle and antiparticle states in neutrino oscillations involving a sterile neutrino. If the recent analysis in [12] is further confirmed by novel experimental results, our model would imply that the standard energy-momentum dispersion relation for this sterile neutrino is modified according to Eq. (5), with a CPT/Lorentz violation parameter λ of the order of the Grand-Unification energy scale. This would directly affect the survival probabilities for neutrino and antineutrino oscillations (11), (12), with a possible extreme suppression of antineutrino transitions with respect to neutrino oscillations which, instead, would take place at a sizeable level.

Future neutrino oscillation experiments will allow to compare the present model with the standard scenario of flavor (or other) oscillations. Indeed, the dependence in our model of P (ν_e → ν_e) and P (ν_e → ν_e) on the energy of the neutrino beam is different from the standard case [compare Eqs. (11), (12) with Eq. (4)], and this may be easily tested in experiments with different baselines and energy ranges. We then expect that further interesting results may be achieved in a near future, along the lines depicted in the present paper.

Acknowledgements The authors are indebted with M. Laveder for his suggestions to work about the topic of the present paper and for very useful discussions.

[1] See, for example, C. Giunti and C.W. Kim, Fundamentals of Neutrino Physics and Astrophysics (University Press; Oxford 2007) and references therein [2] Y. Ashie et al. [Super-Kamiokande Collaboration], Phys.Rev. D71, 112005 (2005); J. Hosaka et al. [Super- Kamiokande Collaboration], Phys.Rev. D74, 032002 (2006); H. Sekiya for the Super-Kamiokande Collaboration, arXiv:astro-ph/0810.0595; M. Ambrosio et al. [MACRO Collaboration], Eur.Phys.J. C36, 323 (2004); M.C. Sanchez et al. [Soudan 2 Collaboration], Phys.Rev. D68, 113004 (2003) [3] Y. Fukuda et al. [Kamiokande Collaboration], Phys.Rev.Lett. 77 (1996) 1683; B.T. Cleveland et al., Astrophys.J. 496, 505 (1998); W. Hampel et al. [GALLEX Collaboration], Phys.Lett. B447, 127 (1999); J. N. Abdurashitov et al. [SAGE Collaboration],

J.Exp.Theor.Phys. 95, 181 (2002); T.A. Kirsten [GNO Collaboration], Nucl.Phys.Proc.Suppl. 118, 33 (2003); S. Fukuda et al. [Super-Kamiokande Collaboration], Phys.Lett. B539, 179 (2002); J.P. Cravens et al. [Super-Kamiokande Collaboration], Phys.Rev. D78, 032002 (2008); Q.R. Ahmad et al. [SNO Collaboration], Phys.Rev.Lett. 87, 071301 (2001); ibid. 89, 011301 (2002); ibid. 89, 011302 (2002); S.N. Ahmed et al. [SNO Collaboration], Phys.Rev.Lett. 92, 181301 (2004); B. Aharmim et al. [SNO Collaboration], Phys.Rev. C72, 055502 (2005) [4] M. Apollonio et al. [CHOOZ Collaboration], Phys.Lett.

B466, 415 (1999); M. Apollonio et al. [CHOOZ Collaboration], Eur.Phys.J. C27, 331 (2003); F. Boehm et al., Phys.Rev.Lett. 84, 3764 (2000); Phys.Rev. D62, 072002 (2000); and ibid. 64, 112001 (2001); K. Eguchi et al. [KamLAND Collaboration], Phys.Rev.Lett. 90, 021802 (2003); T. Araki et al. [KamLAND Collaboration], Phys.Rev.Lett. 94, 081801 (2005) ; S. Abeet al. [KamLAND Collaboration], Phys.Rev.Lett. 100, 221803 (2008) [5] M.H. Ahn et al. [K2K Collaboration], Phys.Rev. D74, 072003 (2006); D.G. Michael et al. [MINOS Collaboration], Phys.Rev.Lett. 97, 191801 (2006); P. Adamsonet al. [MINOS Collaboration], arXiv:0806.2237 [hep-ex]; arXiv:0807.2424 [hep-ex] [6] B. Pontecorvo, Sov.Phys.JETP 6, 429 (1958); B. Pontecorvo, Sov. Phys. JETP 7, 172 (1959); B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968); Z. Maki, M. Nakagawa and S. Sakata, Prog.Theor.Phys. 28, 870 (1962) [7] A. Aguilar et al. [LSND collaboration], Phys.Rev. D64, 112007 (2001) [8] A.A. Aguilar-Arevalo et al. [MiniBooNE collaboration], arXiv:hep-ex/0904.1958; A.A. Aguilar-Arevalo et al. [NiniBooNE collaboration], arXiv:hep-ex/0812.2243 [9] C. Giunti and M. Laveder, Phys.Rev D77, 093002 (2008) [10] P. Anselmann et al. [GALLEX collaboration], Phys.Lett.

B342, 440 (1995); W. Hampel et al. [GALLEX collaboration], Phys.Lett. B420, 114 (1998) [11] J.N. Abdurashitov et al. [SAGE collaboration], Phys.Rev.Lett. 77, 4708 (1996); J.N. Abdurashitov et al. [SAGE collaboration], Phys.Rev. C59, 2246 (1999); J.N. Abdurashitov et al. [SAGE collaboration], Phys.Rev. C73, 045805 (2006) [12] C. Giunti and M. Laveder, arXiv:hep-ph/0902.1992 [13] D. Colladay and V.A. Kostelecky, Phys.Rev. D55, 6760 (1997); ibid. D58, 116002 (1998) [14] V.A. Kostelecky and M. Mewes, Phys.Rev. D69, 016005 (2004) [15] P. Adamson, et al. [MINOS collaboration], Phys.Rev.Lett. 101, 151601 (2008) [16] L.B. Auerbach et al. [LSND collaboration], Phys.Rev.

D72, 076004 (2005) [17] R. Bluhm, V. A. Kostelecký, N. Russell, Phys.Rev.

D57, 3932 (1998); V. A. Kostelecký and C. D. Lane, Phys.Rev. D60, 116010 (1999); R. Bluhm, V.A. Kostelecký, and C.D. Lane, Phys.Rev.Lett. 84, 1098 (2000); R. Bluhm and V. A. Kostelecký, Phys.Rev.Lett. 84, 1381 (2000); D. Bear, R. E. Stoner, R. L. Walsworth, V. A. Kostelecký, C. D. Lane, Phys.Rev.Lett. 85, 5038 (2000); R. Bluhm, V. A. Kostelecký, C. D. Lane, and N. Russell, Phys.Rev.Lett. 88, 090801 (2002); Phys.Rev. D68,125008 (2003); V.A. Kostelecký and M.

Mewes, Phys. Rev. D66, 056005 (2002); N. Russell, arXiv:hep-ph/0111320; arXiv:hep-ph/0208065 [18] N. Hayashida et al., (AGASA Collab.), Phys.Rev.Lett.

73, 3491 (1994); M. Takeda et al., (AGASA Collab.), Phys.Rev.Lett. 81, 1163 (1998); D.J. Bird et al., (Fly’s Eye Collab.), Phys.Rev.Lett. 71, 3401 (1993); Astrophys.J. 424, 491 (1994); 441, 144 (1995); M.A. Lawrence, R.J.O. Reid and A.A. Watson (Haverah Park Collab.), Journ.Phys. G17, 733 (1991) [19] K. Greisen, Phys.Rev.Lett. 16, 748 (1966); G.T. Zatsepin, V.A. Kuzmin, Sov.Phys.JETP Lett. 4, 78 (1966) [20] Krennrich and E. Dwek, Intrinsic Spectra of the TeV Blazars MRK 421 and MRK 501, Proceedings of the 28th International Cosmic Ray Conferences (ICRC 2003), pp. 2667-2670 (Cosmic Ray; Tsukuba, 2003); F. Krennrich et al., Astrophys.J. 575, L9 (2002); F. Krennrich et al., Astrophys.J. 560, L45 (2001); F.A. Aharonian, Astropart.Phys. 11, 225 (1999); F.A. Aharonian and P.S. Coppi, Astrophys.J. 521, L33 (1999); M. Hess et al. (HEGRA Collaboration), Astropart.Phys. 11, 363 (1999) [21] See, e.g., refs. 1-78 in [26] [22] G. Amelino-Camelia and T. Piran, Phys.Rev. D64, 036005 (2001); G. Amelino-Camelia, Phys.Lett. B392, 283 (1997); Phys.Lett. B528, 181 (2002); G. Amelino- Camelia, F. D’Andrea and G. Mandanici, JCAP 0309, 006 (2003); A. Agostini, G. Amelino-Camelia and F. D’Andrea, Int.J.Mod.Phys. A19, 5187 (2004); G. Amelino-Camelia, J. Kowalski-Glikman, G. Mandanici and A. Procaccini, Int.J.Mod.Phys. A20, 6007 (2005); G. Amelino-Camelia, L. Doplicher, S. Nam and Y. S. Seo, Phys.Rev. D67, 085008 (2003) [23] J. Lukierski, H.Ruegg and W.J. Zakrzewski, Ann.Phys.

243, 90 (1995); Z. Guralnik, R. Jackiw, S.Y. Pi and A.P. Polychronakos, Phys.Lett. B517, 450 (2001); V. Nazaryan and C.E. Carlson, Phys.Rev. D71, 025019 (2005 ); C.E. Carlson, C.D. Carone and R.F. Lebed, Phys.Lett. B549, 337 (2002); M. Hayakawa, Phys.Lett. B478, 394 (2000); arXiv:hep-th/9912167; A. Anisimov, T. Banks, M. Dine and M. Graesser, Phys.Rev. D65, 085032 (2002); T. Kifune, Astrophys.J.Lett. 518, L21 (1999); W. Kluzniak, arXiv:astro-ph/9905308; R.J. Protheroe and H. Meyer, Phys.Lett. B493, 1 (2000) [24] N.R. Bruno, G. Amelino-Camelia and J. Kowalski- Glikman, Phys.Lett. B522, 133, (2001); G. Amelino- Camelia, Phys.Lett. B510, 255 (2001); Int.J.Mod.Phys. D11, 35 (2002); G. Amelino-Camelia and M. Arzano, Phys.Rev. D65, 084044 (2002) [25] E. Di Grezia, S. Esposito, G. Salesi, Europhys.Lett. 74, 747 (2006) [arXiv:hep-ph/0508298] [26] E. Di Grezia, S. Esposito, G. Salesi, Mod.Phys.Lett.

A21, 349 (1008) [arXiv:hep-ph/0504245] [27] S.X. Chen and Z.Y. Yang, Mod.Phys.Lett. A18, 2913 (2003); arXiv:hep-ph/0312099; arXiv:hep-th/0211237; Z.Y. Yang and S.X. Chen, J.Phys. A35, 9731 (2002) [28] S. Coleman and S.L. Glashow: Phys.Rev. D59, 116008 (1999); arXiv:hep-th/9812418 [29] M. Blasone, J. Magueijo and P. Pires-Pacheco, arXiv:hep-ph/0307205; F.R. Klinkhamer, arXiv:hep-ph/0407200; arXiv:hep-ph/0403285; arXiv:hep-ph/0504274; J. Magueijo and L. Smolin, arXiv:hep-th/0112090; arXiv:gr-qc/0207085; J.M. Carmona and J.L. Cortés, Phys.Lett. B494, 75 (2000)