arXiv:hep-ph/0112189 v3 20 Feb 2002

Lund-MPh-01/06

Probing CPT violation with atmospheric neutrinos

Solveig Skadhauge^1

Department of Mathematical Physics, LTH, Lund University, S-22100 Lund, Sweden

ABSTRACT

We investigate the recently suggested scheme of independent mass matrices for neutrinos and antineutrinos. Such a CPT violating scheme is able to account for all neutrino data with the three known flavors. For atmospheric neutrinos this means that it is possible to have different mass squared differences driving the oscillation for neutrinos and antineutrinos. We analyze the atmospheric and K2K data within the simplest scheme of two neutrino oscillation, neglecting electron neutrino oscillation. We find that the preferred region is close to the CPT conserving mass spectra. However the spectra with the antineutrino mass squared difference about or larger than 0.1 eV^2 and the neutrino mass squared difference about 2 × 10^{−3} eV^2 is not significantly disfavored. In this parameter region the atmospheric data are independent of the antineutrino mass squared difference. Therefore no useful constraint can be put on CPT violation effects contributing to different masses for the neutrinos and antineutrinos.

Keywords: Neutrino physics, atmospheric neutrinos, CPT violation.

1 Introduction

Many elementary particles, like the electron and the kaons, provide tight bounds on possible CPT violating effects contributing to different masses for the particle and its antiparticle. For instance for the electron and the positron we have [1]

|m_e+ − m_e− | m_{average}

< 8 × 10^{−9} , CL = 90% . (1)

As is well known, CPT conservation implies the equality of the neutrino and antineutrino survival probabilities in vacuum [2], though matter effects can produce fake CPT violating effects [3]. The atmospheric neutrino data involve both the particle and the antiparticle channels and are therefore suitable for a study of possible CPT violation in the neutrino sector. The idea to use neutrino oscillation to search for CPT violation was first proposed in Ref.[4]. Naturally as the atmospheric neutrino experiments are probing mass squared differences and not the absolute neutrino mass, these will be the quantities which might be restricted by the data. The interest in CPT violation arises due to a recently suggested scheme which is capable of solving all neutrino anomalies without the use of a light sterile neutrino [5, 6].

At present three neutrino anomalies (atmospheric [7], solar [8] and LSND [9]) exist, all requiring different Δm^2’s when interpreted in terms of neutrino oscillation. Therefore a CPT

1Email address: Solveig.Skadhauge@matfys.lth.se

m_ν m_ν Δm_⊙ Δm_{ν,atm} Δm_{LSND} Δm_{ν,atm}

Figure 1: Schematic view of the masses of neutrinos and antineutrinos

conserving three neutrino framework cannot account for all anomalies. This has also been explicitely shown in theoretical fits of the atmospheric data [10, 11]. Consequently one has to go beyond standard explanations to solve all anomalies.

A possible solution could be the existence of a light sterile neutrino. Several studies of such four neutrino models have been performed and the current situation has been presented in Ref.[12]. The four neutrino models give an acceptable fit when fitting all available data. However, each of the different solutions faces problems within a particular subset of the data. The ’3+1’ mass spectra are in disagreement with the short-baseline experiments and the ’2+2’ mass spectra conflict with either the atmospheric or the solar neutrino data. Therefore the four neutrino models, though not completely ruled out at present, seem highly disfavored.

In the absence of a sterile neutrino, Yanagida and Murayama have recently suggested a another possibility to solve all of the known neutrino anomalies [5]. The Yanagida-Murayama scheme preserves Lorentz invariance^2 but involve CPT violation by invoking independent masses for neutrinos and antineutrinos. Hence there is a total of four independent Δm^2’s. Schematically we can represent the masses for the neutrino and antineutrino as in Fig.2. The solar neutrino problem only concerns the disappearance of ν_e and the LSND experiment sees ν_e appearance in a ν_μ beam. These experiments can be separately explained by Δm^2_⊙ and Δm^2_{LSND} in the Yanagida-Murayama scheme. The atmospheric neutrinos data involve both ν_μ and ν_μ and allowing for CPT violation the two Δm^2’s are no longer constrained to be identical as also considered in Refs.[14, 6]. It is therefore clear that all the data can be explained within this model.

To invoke CPT violation is indeed a very drastic solution. Therefore it is important to discuss physical models for generating CPT violation in the Yanagida-Murayama scheme. In Ref.[6] a definite model of CPT violation is introduced that can account for all available neutrino data. It was argued that CPT violation in the neutrino sector can be motivated from string theory via the extra dimensions. The right-handed neutrinos, like the graviton, are free to propagate in the bulk, whereas the Standard Model fields are constrained within a four dimensional brane. This gives rise to non-locality for the neutrinos and thereby generating CPT violation. This CPT violating scheme is also able to account for baryogenesis in a natural way [6]. Furthermore non-commutative geometry can generate CPT violation [15, 5].

In this paper we will study the atmospheric neutrino anomaly within a two family neutrino scheme with CPT violation. The electron neutrinos are assumed not to oscillate on the atmospheric scale. We include the data from the K2K long baseline experiment, that further constrain the neutrino parameters. The atmospheric neutrino problem is by now well established and can be accounted for primarily by a two neutrino ν_μ → ν_τ oscillation [7]. However,

2It has been argued that the scheme also violate Lorentz invariance [13]

sub-dominant oscillations are still possible and maybe even welcome [16, 11]. Having different mass matrices for neutrinos and antineutrinos naturally gives different mixing matrices; U_ν for the neutrino sector and U_ν for the antineutrino sector. We will investigate whether the mixing parameters can be constrained by the atmospheric and K2K data. A most relevant parameter is the difference in mass squared difference for neutrinos and antineutrinos. Let us define the parameter ϵ to describe the amount of CPT violation

ϵ = |Δm^2_{ν,atm} − Δm^2_{ν,atm}| . (2)

Using the latest data, we will show that ϵ is only weakly constrained.

Let us finally mention that the LSND result, which has not yet been confirmed, will be scrutinized by the Mini-BooNE experiment [17]. However, as has been noted before, unless this experiment is done also with antineutrinos the Yanagida-Murayama scheme cannot be ruled out.

2 Analysis of the atmospheric data

A number of experiments have measured the atmospheric neutrino fluxes. Here we will only consider the contained events of the Super-Kamiokande (SK) experiment [18]. The justification for leaving out other data sets is the superior statistics of the SK data. Furthermore, the high energy upward through-going muon events [19] are less affected by antineutrinos. For the average energy of 100 GeV of these events the ν_μ/ν_μ flux ratio is about 1.5, thus decreasing the influence of the antineutrinos. Also the statistics is lower and we do not expect large effects from the inclusion of this sample.

We use the following simple two-family survival probability relations for neutrinos and antineutrinos P_{νμ →νμ} = 1 − sin^2(2θ_ν ) sin^2 ( LΔm^2_ν 4E ) , (3)

P_{ν μ→ν μ} = 1 − sin^2(2θ_ν ) sin^2 ( LΔm^2_ν 4E ) . (4)

We assume that the oscillation is into τ -neutrinos, whereby the electron survival probability is taken to be one for both neutrinos and antineutrinos. As we only consider ν_μ to ν_τ oscillation there are no matter effects. The pathlength of the neutrino, L, is calculated using an average production point in the atmosphere of 15km. E is the neutrino energy.

The data are divided into sub-GeV and multi-GeV energy ranges and can be represented as the ratio, R^{exp}, between the measured fluxes and the theoretical Monte Carlo prediction in the case of no oscillation. We define χ^2 as

χ^2 = ∑ M,S ∑ α=e,μ 10∑ i=1 (R^{exp}_{α,i} − R^{th}_{α,i})^2 σ^2_{αi} + χ^2_β , (5)

where σ_{α,i} are the statistical errors and M, S stand for the multi-GeV and sub-GeV data respectively and i denotes the zenith angle bin. For the details of the χ^2 definition we refer to Ref.[11], except that we here use a smearing of the sub-GeV events with an angle 50^∘/ √ E_ν /GeV [20]. The overall normalization of the neutrino fluxes is allowed to vary freely.

Hence we minimize with respect to α, where the neutrino flux is given by Φ = (1 + α)Φ^0. The theoretically predicted neutrino flux Φ^0 is taken from [21, 22]. The χ^2_β term takes into account

Figure 2: The 68.3% (90%) CL regions for parameters Δm^2_ν and Δm^2_ν for the contained SK events and the total number of events in K2K (5 d.o.f).

the error in the ν_μ/ν_e flux ratio. The SK Collaboration estimate the error to be 8% in the sub-GeV range and 12% in the multi-GeV range. We renormalize the neutrino fluxes as

Φ̃^{S,M}_μ = (1 − β_{S,M} /2)Φ^{S,M}_μ , Φ̃^{S,M}_e = (1 + β_{S,M} /2)Φ^{S,M}_e (6)

where the symbols S, M stands for sub-GeV and multi-GeV respectively and minimize the total χ^2 function with respect to β_S and β_M . The χ^2_β function is given by

χ^2_β = ( β_S 0.08

)_2 + ( β_M 0.12

)_2

. (7)

For the best fit point obtained by the SK Collaboration the values used are β_S = 6% and β_M = 12%, implying that while scaling the electron ratios down one simultaneously scales the muon ratios up.

We also include the recent data from the K2K long baseline experiment [23]. The beam is almost pure ν_μ and we will neglect the small contamination of ν_μ and ν_e. We use the same method as in Ref.[24] and only fit to total number of observed events. In total we have five parameters (Δm^2_ν , Δm^2_ν , θ_ν , θ_ν , α) and 41 data points.

The minimum is χ^2_{min} = 33 at α = 1%, β_S = 8%, β_M = 10% and

Δm^2_ν = 2.5 × 10^{−3} eV^2 , Δm^2_ν = 2.0 × 10^{−3} eV^2 , sin^2(2θ_ν ) = 1.0 , sin^2(2θ_ν ) = 1.0 (8)

with 36 degrees of freedom. This is very close to the CPT conserving case. In Fig.2 we show the 68.27% and 90% confidence levels as obtained by Δχ^2 < 5.9, 9.2, respectively, for five degrees of freedom. At 90% C.L. the mass squared difference for neutrinos is constrained within 4.5 × 10^{−4} eV^2 − 5 × 10^{−3} eV^2, while the antineutrino mass squared difference is only bounded from below (> 2 × 10^{−4} eV^2). At 90% C.L. the mixing angles are bounded, sin^2(2θ_ν ) > 0.8 and sin^2(2θ_ν ) > 0.5, but maximal mixing is preferred for both angles.

Sub-GeV

cos(θ) 1 0.5 0 -0.5 -1

1.6 1.4 1.2 1 0.8 0.6 0.4

Multi-GeV

cos(θ) 1 0.5 0 -0.5 -1

1.6 1.4 1.2 1 0.8 0.6 0.4

Figure 3: Predicted ratios as a function of the zenith angle for mixing parameters; Δm^2_ν = 2 × 10^{−2} eV^2, Δm^2_ν = 0.1 eV^2 and maximal mixing, and the data with statistical errors. The upper curves are the ν_e ratios and the lower curves are the ν_μ ratios. The triangles are the ν_e experimental ratios and the circles are the ν_μ experimental ratios. Note that the experimental ratios are plotted using Φ̃ and not Φ^0.

The correlation between the lepton and the neutrino angle in the sub-GeV range is very weak and the data is smeared compared to the multi-GeV sample [25]. The exact calculation method can therefore change the results slightly as the effect of a large Δm^2_ν is similar to a smearing. For smaller effective smearing the best fit point will move toward larger values of Δm^2_ν . The same considerations apply to the mixing angles which also effectively flatten the zenith angle curve.

One should note that a point with values of Δm^2_ν ≃ 0.1 eV^2 and Δm^2_ν ≃ 2 × 10^{−3} is not significantly disfavored. The SK contained data become independent of Δm^2_ν in this region as the oscillation probabilities are averaged to 1/2 for all pathlengths. K2K is obviously independent of Δm^2_ν as they measure neutrinos. The predicted ratios of this mass spectra are shown in Fig.3 along with the data points. The predicted ratio of around 0.85 for the downward going multi-GeV muon neutrinos can be easily understood. In this energy range the flux of neutrinos is roughly the same as the flux of antineutrinos. But the antineutrino cross section is less than half that of neutrinos. The sin^2(LΔm^2/4E) is averaged to one half for antineutrinos and to one for neutrinos and the ratio is estimated to R_{μ,↓} ≃ Φ_{νμ} P_{νμ→νμ} σ_{νμ} + Φ_{νμ} P_{ν μ→ν μ} σ_{νμ} Φ_{νμ} σ_{νμ} + Φ_{ν μ} σ_{ν μ}

≃ 0.85 , (9)

where σ is the cross section. The reason that this mass spectra is not strongly disfavored is because it agrees very well with the well known double ratio. The measured value is R = (μ/e)_{DATA} (μ/e)_{MC} = 0.675^{+0.034}_{−0.032} ± 0.080 (10)

in the multi-GeV range [18]. The prediction double ratio for Δm^2_ν ≃ 2 × 10^{−3} eV^2 and Δm^2 ≃ 0.1 eV^2 are R ≃ 0.68, whereas for both Δm^2’s around 3 × 10^{−3} eV^2 we get R ≃ 0.75.

In both cases we have assumed maximal mixing. For sub-GeV events the double ratio is 0.638 ± 0.017 ± 0.050. In other word the advantage of the CPT violating mass spectra is that it for a flux normalization that diminishes the excess of in particular sub-GeV ν_e events also agrees well with the muon ratios. In fact in the case that the overall normalization is varied freely, but the μ/e ratio is kept fixed, the best fit point is for Δm^2_ν ≫ Δm^2_ν . Although such a mass spectra does not fit the up-down asymmetries that well as seen from Fig.3. It must be remembered that the measured values quoted in Eq.(10) is dependent on the theoretical predictions for the ν_μ/ν_e flux ratio. The double ratio basically describes the average gap between the ν_e and the ν_μ ratios and this gap is somewhat too large to be fitted very well by a CPT conserving two family ν_μ → ν_τ oscillation. However if the theoretically predicted ν_μ/ν_e flux ratio is decreased by 6-12% this provides a very good fit to the data. Furthermore the low value of the double ratio could be due to an excess of ν_e events which is not accounted for by the two family scheme. The χ^2 value for the point in Fig.3 is 39 and therefore barely outside the 1σ region. When using 2 d.o.f. as in Ref.[26] this would be a 2σ exclusion. We remark that there is a local maximum of the χ^2 function for values of Δm^2_ν between 10^{−2} − 10^{−1} eV^2. The main differences between our results and those in Ref.[26] are due to the fact that we use the theoretical predicted fluxes, whereas the normalization in each type of events are varied freely in Ref.[26].

For almost all mixing parameters a rise of the theoretical fluxes are needed. New calculations suggest instead a lower flux, by about 10% [30], mainly due to the primary flux being lower than obtained in earlier measurements. The new normalization results in a large excess of ν_e events which seems to be difficult to obtain theoretically. In the conventional CPT conserving case the SK Collaboration obtains α = 20% for the best fit point using the new flux predictions [31], which roughly amount to putting the normalization back to the old value. Therefore we find the error of the overall normalization is large and a rise can not be excluded.

In the CPT violating scheme the electron ratios can be considerably away from one. A relatively large LSND angle [11] as well as the solar mass squared difference [27] can influence these ratios. Though the LSND angle is constrained to be small by the BUGEY results. Also the two angles θ^ν_{eμ} and θ^ν_{eμ}, describing the oscillation of ν_e driven by the atmospheric mass squared difference, can have effects. In particular θ^ν_{eμ} is not constrained by the CHOOZ [28] and Palo Verde [29] results as these experiments are measuring anti neutrinos. Moreover θ^ν_{eμ} can be large if Δm^2_ν is below the CHOOZ sensitivity of 10^{−3} eV^2, which is not ruled out by the present data (see Fig.2). The influence of some of these extra mixing parameters has been studied in Ref.[32], where however the systematic errors in the SK data have been ignored.

As we have shown the limits on CPT violation in the neutrino sector are rather weak at present. There are nevertheless good prospects for a much stronger bound in the near future. The results from the KamLAND experiment [33] could likely disprove the Yanagida- Murayama scheme. The experiment will test the currently favored large mixing angle MSW (LMA) solution to the solar neutrino problem, by detecting anti electron neutrinos from nearby nuclear reactors. For the most favored region of the LMA solution (Δm^2_⊙ < 2 × 10^{−4} eV^2) the detected energy spectrum at KamLAND will quite precisely determine the value of the mass squared difference and this signal would rule out the Yanagida-Murayama scheme. However for Δm^2 > 2 × 10^{−4} eV^2 the oscillations are averaged out and KamLAND can only put a lower bound on the anti neutrino mass squared difference [34]. In this case the situation becomes more problematic as there are two different possible explanations. A large value of Δm^2_⊙ is not ruled out, though disfavored by the present data. The signal could also be explained within the Yanagida-Murayama scheme by having a small Δm^2_{ν,atm} along with a large θ^ν_{eμ}. Borexino detecting solar neutrinos will not be able to pin down the true solution.

Hence, if an averaged oscillation with a large angle is observed, one would most likely have to wait for the results of the MiniBooNE experiment. In the case that KamLAND does confirm the LMA solution to the solar neutrino problem, much better limits on CPT violation could be obtained as discussed in Ref.[35]. If Kamland does not observe a suppression of the anti neutrino flux there are different possibilities to test CPT violation as discussed in Refs.[26, 32]. Indirect limits can also be obtained by studying how radiative corrections communicate the large amount of CPT violation in the neutrino sector to the charged lepton sector [36].

In conclusion we have analyzed the Super-Kamiokande contained events and the K2K data in a CPT violating two neutrino ν_μ, ν_τ framework. The best fit area is close to the CPT conserving case. However at present the CPT violation parameter ϵ, defined in Eq.(2), cannot be usefully constrained.

Acknowledgment The author expresses her thanks to Gabriela Barenboim and Amol Dighe for collaboration when developing the program used in this analysis. Furthermore the author is grateful to Cecilia Jarlskog for discussions and encouragements.

References

[1] D. E Groom et al. (Particle Data Group), Euro. Phys. Jour C15 1 (2000).

[2] S.M. Bilenkii, J. Hosek, S.T. Petcov, Phys. Lett. B94, 495 (1980).

[3] P. Langacker et al, Nucl. Phys. B282, 589 (1987).

[4] I.I.Y. Bigi, Z. Phys. C12, 235 (1982).

[5] H. Murayama , T. Yanagida, Phys. Lett. B520, 263 (2001).

[6] G. Barenboim, L. Borissov, J. Lykken, A. Yu Smirnov, hep-ph/0108199.

[7] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81 1562 (1998).

S. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 85 3999 (2000).

[8] S. Fukuda et al. (Super-Kamiokande Collaboration), ibid. 86, 5656 (2001).

J. N. Abdurashitov et al. (SAGE Collaboration), Phys. Lett B447, 127 (1999). W. Hampel (GALLEX Collaboration) et al., Phys.Lett. B388, 364 (1996). B.T. Cleveland et al., Astrophys.J. 496, 505 (1998);

Q. R. Ahmad et al. (SNO Collaboration), Phys.Rev.Lett. 87, 071301 (2001).

[9] C. Athanassopoulos et al. (LSND Collaboration). Phys.Rev.Lett. 81, 1774,(1998). A.

Aguilar et al. (LSND Collaboration), hep-ex/0104049.

[10] G. L. Fogli, E. Lisi, A. Marrone, G. Scioscia, hep-ph/9906450.

[11] G. Barenboim, A. Dighe, S. Skadhauge, Phys.Rev. D65 053001 (2002).

[12] M. Maltoni, T. Schwetz, J. W. F. Valle, hep-ph/0112103.

[13] O.W. Greenberg, hep-ph/0201258.

[14] V. Barger, S. Pakvasa, T. J. Weiler, K. Whisnant, Phys.Rev.Lett. 85 (2000) 5055, hepph/0005197. [The section with independent mass matrices is only present in the preprint.]

[15] I. Mocioiu, M. Pospelov, R. Roiban, hep-ph/0108136. [16] G. L. Fogli, E. Lisi, A. Marrone, Phys.Rev. D64 093005 (2001). [17] A. Bazarko (MiniBooNE Collaboration), Nucl.Phys. B (Proc. Suppl.) 41, 210 (2000). [18] Toshiyuki Toshito, the Super-Kamiokande collaboration, hep-ex/0105023. To be published in the proceedings of XXXVI th Rencontres de Moriond Electroweak Interactions and Unified Theories.

[19] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys. Rev. Lett. 82 2644 (1999). [20] J. G. Learned, hep-ex/0007056.

[21] M. Honda, Kajita, K. Kasahara, S. Midorikawa, Phys. Rev. D52, 4985 (1995). [22] V. Agrawal, T. K. Gaisser, P. Lipari, T. Stanev, Phys.Rev. D53, 1314 (1996). [23] K2K Collaboration, S.H. Ahn et al., Phys.Lett B511, 178 (2001). [24] G.L. Fogli, E. Lisi, A. Marrone, hep-ph/0110089. [25] T.Kajita, Y. Totsuka, Rev. Mod. Phys. 73, 85 (2001). [26] A. Strumia, hep-ph/0201134.

[27] O. L. G. Peres, A. Yu. Smirnov, Phys.Lett. B456 204 (1999). [28] M. Apollonio et al. (CHOOZ Collaboration), Phys.Lett.B466, 415 (1999). [29] F. Boehm et al. (Palo Verde Collaboration), Phys.Rev. D64 (2001) 112001. [30] G. Fiorentini, V. Naumov and F. Villante, hep-ph/0103322.

G. Battistoni, A. Ferrari, P. Lipari, T. Montaruli, P. R. Sala, T. Rancati, Astropart.Phys. 12, 315 (2000).

[31] P. Lipari, Talk at NOON2001, Kashiwa, Japan. [32] G. Barenboim, L. Borissov, J. Lykken, hep-ph/0201080. [33] The KamLAND proposal, Stanford-HEP-98-03.

[34] V. Barger, D. Marfatia, B. P. Wood, Phys.Lett. B498 53 (2001).

R. Barbieri, A. Strumia, JHEP 0012 (2000) 016. [35] J.N. Bahcall, V. Barger, D. Marfiatia, hep-ph/0201211. [36] I. Mocioiu, M. Pospelov, hep-ph/0202160.