arXiv:hep-ph/0511313 v3 14 Feb 2006

Probing the 2-3 leptonic mixing at high-energy neutrino telescopes

Pasquale D. Serpico Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany (Dated: February 14, 2006)

We discuss the possibility to probe leptonic mixing parameters at high-energy neutrino telescopes in a model-independent way, using astrophysical neutron and pion sources. In particular we show how the octant of the 2-3 mixing angle might be determined independently of prior knowledge of the source, even when current uncertainties on the other mixing parameters are included. We also argue that non-trivial neutrino oscillation effects should be taken into account when using high-energy flavor ratios for astrophysical diagnostics.

PACS numbers: 14.60.Lm, 14.60.Pq, 95.85.Ry Preprint MPP-2005-154

I. INTRODUCTION

The physics of neutrinos is entering the precision era, where laboratory sources from reactors or accelerators are progressively replacing the natural ones (solar and atmospheric neutrinos) for the detailed determination of mixing angles and mass splittings. A parallel development is expected with the opening of a new observational window in astrophysics by the next generation of high-energy neutrino telescopes [1]. The hope is that these instruments will finally shed light on several open problems in cosmic-ray and gamma-ray astrophysics. It is well recognized that the value of neutrino oscillation parameters has a great impact on the expected fluxes. We just mention here that significant ν_τ fluxes from astrophysical sources are implied by the large mixing in the ν_μ–ν_τ sector, opening the interesting possibility to identify ν_τ events in both optical Cherenkov telescopes and in extensive air-shower experiments [2, 3, 4]. On the other hand, high-energy neutrinos are expected to come mainly from pion decays, with a flavor composition of {ϕ_e : ϕ_μ : ϕ_τ } ≃ {^1_3 :^2_3 : 0} at the source. (We denote with ϕ_α the combined flux of ν_α and ν̄_α, where α = e, μ, τ .) Presently favored ranges for mixing parameters imply oscillated fluxes at the detector ϕ^D_α approximately in the ratios {^1_3 :^1_3 :^1_3 }, almost independently from the details of neutrino mixing parameters [5, 6]. Astrophysical uncertainties and the expected low statistics would not justify deeper studies. This qualitative argument probably explains why the potential for neutrino mixing studies has remained largely unexplored.

However, the possibility to exploit the flavor content of neutrino fluxes for astrophysical diagnostics has been recently analyzed in greater detail. A change in neutrino flavor fluxes was shown to be important for diagnostics of gamma ray bursts (GRB) [7]. As another example, the fraction of neutrinos produced in highenergy accelerators via the strongly isospin-asymmetric pγ process (as opposed to pp inelastic scattering) might also be measurable, at least around energies of 6.3 PeV ( 1 PeV≡ 10^{15} eV) [8, 9]. This idea is based on the fact that at this energy optical Cherenkov telescopes have an enhanced efficiency to single out ν̄_e showers, because of the Glashow resonant process ν̄_e + e^− → W^−. The ratio R_G of such events to the ν_μ plus ν̄_μ charged current tracks in the same energy bin is a suitable observable to that purpose. The ratio R_G was shown to have a significant sensitivity to the mixing angles as well, in particular to the 1-2 mixing angle θ_{12} [9]. In that respect, we also have discussed an interesting astrophysical target [10]. Neutron primaries generated in the photo-dissociation of nuclei (see e.g. [11]) would have the right properties to explain the excess of high-energy cosmic rays from the Galactic Plane at E ≃ 10^{18} eV, reported in [12]. If this model is correct, the initial flavor content of the neutrino flux from some galactic regions is close to {1 : 0 : 0}. A sensitivity to θ_{13} and to the leptonic CP-phase δ_{CP} is achieved via the quantity R ≡ ϕ^D_μ /(ϕ^D_e +ϕ^D_τ ), that can be deduced in a neutrino telescope from the ratio of track to shower events [13] [30]. However, though physically plausible, this source is not guaranteed. The very existence of a significant anisotropy—at least towards the Galactic Center—is currently debated, in the light of the negative results of an analysis of preliminary Auger data [14].

In the following, we generalize previous considerations arguing that: (i) There could be neutron beam sources invisible to cosmic ray (an-)isotropy observations, and only detectable indirectly at neutrino telescopes. (ii) Other candidate targets useful for neutrino mixing studies at neutrino telescopes also exist, like muon-damped ν_μ sources from pion decays, that were recently discussed [7]. We shall motivate that both classes of sources could be not only identified at neutrino telescopes, but also used to infer non-trivial information on certain neutrino mixing parameters in a model-independent way, i.e. irrespective of astrophysical uncertainties. The argument still holds when presently allowed ranges for the other mixing parameters are taken into account. In particular, we shall show how a robust lower bound on θ_{23} could be established, and thus a value of θ_{23} > 45^∘ identified. Note that this information is non-trivial. The present 2 σ range is 36^∘ ≤ θ_{23} ≤ 52^∘ [15] and a deviation from maximal mixing would be important for flavor symmetries and neutrino mass models [16].

Of course, our considerations could be invalidated if exotic mechanisms like neutrino decays are effective [17], but such scenarios seem to be at least disfavored by cosmological bounds [18, 19].

In Section II we treat generic neutron beam sources and focus on the octant of θ_{23} as a model-independent parameter possibly accessible at neutrino telescopes. In Section III similar considerations are developed for a pure ν_μ beam from pion decay. In Section IV we conclude.

II. NEUTRON BEAM SOURCES

Neutrino fluxes detectable at neutrino telescopes, i.e. at E >∼ 0.1–1 TeV, might well originate in the decay of few PeV neutrons from sources which have characteristics similar to the ones detailed in [11], but whose neutron spectrum cuts-off at energies E ≪ 10^{18} eV. Since the decay length of a neutron is d_n ≃ 10 pc (E_n/PeV), and typical galactic distances are of order 10 kpc, such a source would not show up as a cosmic ray anisotropy. The decay protons would rapidly lose directional infor-

FIG. 1: The ratio R of Eq. (2) for a neutron beam source vs. θ23 . The bands show the effect of the uncertainty on θ12, and the trivial case {θ13 = 0^∘} is plotted together with the limiting cases {θ13 = 10.3^∘, δCP = 0^∘ } and {θ13 = 10.3^∘, δCP = 180^∘ }. Dashed vertical lines enclose the allowed range for θ23 . The ranges shown are the 95% C.L. according to [15]. The region below the solid horizontal line requires θ23 > 45^∘.

mation via deflection in the galactic magnetic field. The dominance of nuclei in the galactic cosmic ray spectrum is likely starting just above 10^{15} eV, and the spectrum of galactic cosmic rays is expected to extend at least up to few ×10^{17} eV (see e.g. [20] and Section 3.1 in [21]): A situation suitable to the neutron beam production is conceivable in many regions of our Galaxy. Of course, such “hidden” neutron beams could only be revealed by neutrino observations, and are thus constrained only by the direct observational upper bounds at neutrino telescopes. Nonetheless, any standard pion-decay source would produce neutrinos with a ratio R ≃ 0.5 (or larger, see Section III). By observing a ratio R significantly lower than 0.5, one could claim both the discovery of an invisible neutron beam and put constraints on the neutrino mixing parameters, since any “background” (i.e., any additional flux not sharing the same flavor content) should push R to higher values. More quantitatively, the flux flavor ratios ϕ^D_β arriving at the detector are given in terms of the probabilities P_{αβ} ≡ P (ν_α → ν_β) as ϕ^D_β = ∑ α P_{αβ}ϕ_α, where ϕ_α are the flux ratios at the source. Matter effects are negligible because of the extremely low densities of cosmic environments, and the interference terms sensitive to the mass splittings and to the sign of δ_{CP} (i.e., the CP-violating terms) average out because the galactic distances far exceed the experimentally known oscillation lengths. This also implies that the same probability formulae apply to neutrino and anti-neutrino channels. One then obtains P_{αβ} = δ_{αβ} − 2 ∑ j>k Re(U_{βj} U^∗_{βk}U^∗_{αj}U_{αk}) , (1)

where U (θ_{12}, θ_{23}, θ_{13}, δ_{CP}) is the neutrino mixing matrix [22] and greek (latin) letters are used as flavor (mass) indices. For a neutron beam source, the parameter R can be expressed in terms of oscillation probabilities P_{αβ} as

R ≡ ϕ^D_μ ϕ^D_e + ϕ^D_τ = P_{eμ} P_{ee} + P_{eτ} = P_{eμ} 1 − P_{eμ} , (2)

the last equality following from unitarity, P_{ee} + P_{eμ} + P_{eτ} = 1. An useful approximation for P_{eμ}, obtained as first order expansion in the small quantity sin θ_{13}, is

P_{eμ} = 1 2 sin^2 2θ_{12} cos^2 θ_{23} + 1 2 sin θ_{13} cos δ_{CP} sin 2θ_{12} cos 2θ_{12} sin 2θ_{23} + O(θ^2_{13}). (3)

The extremes of the ratio Eq. (2) for a fixed θ_{12} and θ_{23} are obtained for maximal allowed value of θ_{13} and the cases cos δ_{CP} = ±1, as the linear approximation of Eq. (3) suggests. In Fig. 1 it is clearly shown that, also including current 2 σ uncertainties on mixing parameters, observations of an extremely low value for R, say R <∼

0.21, could only be reconciled with θ_{23} > 45^∘.

Until now we have focused on neutron beams from galactic sources, because they are motivated targets having a chance of detection. On the other hand, it should be stressed that extra-galactic sources that have suitable conditions also exist. Even when one turns to the most reliable of the extra-galactic neutrino sources, the cosmogenic neutrino flux, one easily realizes that at energies around 10^{16} eV a secondary peak almost purely made of ν̄_e should be present [23]. This is formed after neutron decays, both in the case of proton and heavy nuclei primaries. In the latter case a relatively larger contribution is expected because of the additional free-neutrons produced in photo-dissociations [24, 25]. Of course, this flux is so low that a detection is challenging, and maybe prevented even in principle by the larger contributions from “canonical” diffuse fluxes from other extra-galactic sources.

III. MUON DAMPED SOURCES

We now turn to another class of sources producing a non-trivial flavor content at neutrino telescopes, i.e. sources optically thick to muons (lifetime ≃ 2.2 × 10^{−6} s) but not to pions (lifetime ≃ 2.6 × 10^{−8} s), which would mainly emit neutrinos in the flavor ratios {0 : 1 : 0}.

Such flavor content arises in specific astrophysical models [26]. In addition, for any concrete example of accelerating engine, a transition from {^1_3 :^2_3 : 0} to {0 : 1 : 0} is expected in some energy range. This follows from the competition between growing decay pathlength (λ_{decay} ∝ E) and decreasing energy-loss distance with energy. For standard active galactic nuclei models the transition energy is expected to be quite high, around 10^6 TeV, but it might be as low as ∼10 TeV for GRB. Such a phenomenon could also offer interesting perspectives for GRB diagnostics [7]. Again, the effect of mixing angles in this case is non-trivial, since the flavor ratio at the Earth for a {0 : 1 : 0} source would depend only on the ν_μ survival probability as R ≡ ϕ^D_μ ϕ^D_e + ϕ^D_τ = P_{μμ} 1 − P_{μμ} , (4)

where we used the unitarity condition P_{μe} + P_{μτ} = 1 − P_{μμ}. For illustrative purpose we report here a first order expansion of P_{μμ} in the small quantity sin θ_{13},

P_{μμ} = 1 − 2 cos^2 θ_{23} [ sin^2 θ_{23} + 1 4 sin^2 2θ_{12} cos^2 θ_{23} + 1 2 sin θ_{13} cos δ_{CP} sin 2θ_{12} cos 2θ_{12} sin 2θ_{23} ] + O(θ^2_{13}). (5)

FIG. 2: Same as Fig. 1, for a source optically thick to muons, but not to pions. The region above the solid horizontal line requires θ23 > 45^∘, the one above the dashed horizontal line in addition requires a non-vanishing {θ13 , δCP} sector.

In Fig. 2 we show that any observation of a ratio R >∼ 0.78 would not only point to a muon-damped source, but would also constrain the octant of θ_{23}, i.e. θ_{23} > 45^∘. This result is irrespective of the uncertainties on the other mixing parameters, as well as of known backgrounds from (undamped) pion chain or even neutron beams, which could only contribute to lower the value of R. Note also that in both Figs. 1 and 2, special regions in the parameter space exist that are only compatible with very specific values of the mixing parameters, and in particular θ_{13} and δ_{CP}. For example, if one establishes independently that θ_{23} < 45^∘, a detected value of R >∼ 0.7 would only be compatible with a relatively large θ_{13} and a non-vanishing δ_{CP}.

The prospects of forthcoming laboratory experiments for the determination of the octant of θ_{23} have been analyzed in [27], and more in general for neutrino oscillation parameters in [28]. To give a quantitative example of the possibilities of neutrino telescopes, for a benchmark flux of muon neutrinos of E^2dN/dE = 10^{−7} GeV cm^{−2} s^{−1}, IceCube [29] could determine the flavor ratio at the 15% level after 1 year [13]. In this case, IceCube would be sufficiently sensitive to detect the effects described above. Moderately lower fluxes could be compensated by a larger integration time. Remarkably, in any kind of extraterrestrial flux, even a diffuse one, one could look for an energy range with peculiar flavor ratios. Moreover, adding complementary information from forthcoming laboratory experiments would improve the chances to identify e.g. the effect of θ_{23} > 45^∘ at neutrino telescopes.

IV. CONCLUSION

We have argued that the role of neutrino mixing at high-energy neutrino telescopes is not trivial, and that forthcoming observations are potentially interesting for neutrino mixing phenomenology. If sources like neutron or pion beams exist, we showed that: (i) They can be identified unambiguously at neutrino telescopes; (ii) They may allow a model-independent determination of crucial qualitative features of neutrino mixing parameters, like the octant of θ_{23} or the existence of a nonvanishing {θ_{13}, δ_{CP}} sector.

From a complementary perspective, accurate laboratory measurements of neutrino mixing parameters are of primary importance to perform astrophysical diagnostics: Since the flux flavor ratios depend on mixing angles, degeneracies with astrophysical parameters may arise. For example, although the main emphasis in [9] was on the sensitivity of the ratio R_G to θ_{12} (which is relatively well determined from solar neutrino experiments), we remark that varying θ_{13} in the allowed experimental range can have an impact as large as ≃ 15% on R_G. This effect alone might affect the extraction of astrophysical parameters.

Throughout this paper, we have conservatively assumed that only the ratio R can be determined at neutrino telescopes. At energies larger than a few PeV, and in particular around 6.3 PeV where the observable R_G can be used, one might expect to measure or to constrain the τ flavor fraction as well, since ν_τ -specific signatures such as lolly-pop or double bang events can be detected [13]. It is clear that the chance for a multichannel observation offers a more powerful tool.

We conclude that the usual assumption of a canonical flavor equipartition at neutrino telescopes is too simplistic: Peculiar astrophysical sources may offer complementary constraints to laboratory measurements or, conversely, a more accurate experimental determination of mixing parameters may help to shed light on the properties of cosmic accelerators. After the pioneering era of the discovery of the solar neutrino deficit and of the atmospheric neutrino anomaly, observations at the highest energies will be sensitive to new astrophysical sources, that might still offer opportunities for neutrino oscillation studies.

Acknowledgements

The author thanks M. Kachelrieß, A. Mirizzi, and G. Raffelt for reading the manuscript and for useful comments, and acknowledges the support by the Deutsche Forschungsgemeinschaft under grant SFB 375 and by the European Network of Theoretical Astroparticle Physics ILIAS/N6 under contract number RII3-CT-2004-506222.

[1] J. G. Learned and K. Mannheim, “High-energy neutrino astrophysics,” Ann. Rev. Nucl. Part. Sci. 50, 679 (2000).

[2] D. Fargion, “The role of nu/tau ultrahigh energy astrophysics in km**3 detectors,” astro-ph/9704205.

[3] S. I. Dutta, M. H. Reno and I. Sarcevic, “Tau-neutrinos underground: Signals of nu/mu → nu/tau oscillations with extragalactic neutrinos,” Phys. Rev. D 62, 123001 (2000) [hep-ph/0005310].

[4] H. Athar, “High energy astrophysical tau neutrinos: The expectations,” Nucl. Phys. Proc. Suppl. 122, 305 (2003) [hep-ph/0210244].

[5] H. Athar, M. Jezabek and O. Yasuda, “Effects of neutrino mixing on high-energy cosmic neutrino flux,” Phys. Rev. D 62, 103007 (2000) [hep-ph/0005104].

[6] G. Barenboim and C. Quigg, “Neutrino observatories can characterize cosmic sources and neutrino properties,” Phys. Rev. D 67, 073024 (2003) [hep-ph/0301220].

[7] T. Kashti and E. Waxman, “Astrophysical Neutrinos:

Flavor Ratios Depend on Energy,” Phys. Rev. Lett. 95, 181101 (2005) [astro-ph/0507599].

[8] L. A. Anchordoqui, H. Goldberg, F. Halzen and T. J. Weiler, “Neutrinos as a diagnostic of high energy astrophysical processes,” Phys. Lett. B 621, 18 (2005) [hep-ph/0410003].

[9] P. Bhattacharjee and N. Gupta, “Probing neutrino mixing angles with ultrahigh energy neutrino telescopes,” hep-ph/0501191.

[10] P. D. Serpico and M. Kachelrieß, “Measuring the 13- mixing angle and the CP phase with neutrino telescopes,” Phys. Rev. Lett. 94, 211102 (2005) [hep-ph/0502088].

[11] L. A. Anchordoqui, H. Goldberg, F. Halzen and

T. J. Weiler, “Galactic point sources of TeV antineutrinos,” Phys. Lett. B 593, 42 (2004) [astro-ph/0311002].

[12] N. Hayashida et al. [AGASA Collaboration], “The anisotropy of cosmic ray arrival directions around 10^{18} eV,” Astropart. Phys. 10, 303 (1999) [astro-ph/9807045]; M. Teshima et al., in Proc. 27th ICRC, Copernicus Gesellschaft, 2001, p.341; D. J. Bird et al. [HIRES Collaboration], “Study of broad scale anisotropy of cosmic ray arrival directions from 2 x 10^{17} eV to 10^{20} eV from Fly’s Eye data,” Astrophys. J. 511, 739 (1999) [astro-ph/9806096]; J. A. Bellido et al., “Southern hemisphere observations of a 10^{18} eV cosmic ray source near the direction of the galactic centre,” Astropart. Phys. 15, 167 (2001) [astro-ph/0009039].

[13] J. F. Beacom et al., “Measuring flavor ratios of highenergy astrophysical neutrinos,” Phys. Rev. D 68, 093005 (2003) [Erratum-ibid. D 72, 019901 (2005)] [hep-ph/0307025].

[14] A. Letessier-Selvon [Pierre Auger Collaboration], “Anisotropy studies around the galactic center at EeV energies with Auger data,” astro-ph/0507331, 29^{th} ICRC, Pune, India (2005).

[15] G. L. Fogli, E. Lisi, A. Marrone and A. Palazzo, “Global analysis of three-flavor neutrino masses and mixings,” hep-ph/0506083.

[16] I. Dorsner and A. Y. Smirnov, “Neutrino masses and mixing: Singular mass matrices and quark lepton symmetry,” Nucl. Phys. B 698, 386 (2004) [hep-ph/0403305].

[17] J. F. Beacom et al., “Decay of high-energy astrophysical neutrinos,” Phys. Rev. Lett. 90, 181301 (2003) [hep-ph/0211305].

[18] S. Hannestad and G. Raffelt, “Constraining invisible neutrino decays with the cosmic microwave background,” Phys. Rev. D 72, 103514, (2005) [hep-ph/0509278].

[19] N. F. Bell, E. Pierpaoli and K. Sigurdson, “Cosmological signatures of interacting neutrinos,” astro-ph/0511410.

[20] V. S. Berezinsky, S. I. Grigorieva and B. I. Hnatyk, “Extragalactic UHE proton spectrum and prediction for iron-nuclei flux at 10**8-GeV to 10**9-GeV,” Astropart. Phys. 21, 617 (2004) [astro-ph/0403477].

[21] M. Kachelrieß, P. D. Serpico and M. Teshima, “The galactic magnetic field as spectrograph for ultra-high energy cosmic rays,” astro-ph/0510444.

[22] S. Eidelman et al. [Particle Data Group], “Review of particle physics,” Phys. Lett. B 592, 1 (2004).

[23] R. Engel, D. Seckel and T. Stanev, “Neutrinos from propagation of ultra-high energy protons,” Phys. Rev. D 64, 093010 (2001) [astro-ph/0101216].

[24] D. Hooper, A. Taylor and S. Sarkar, “The impact of heavy nuclei on the cosmogenic neutrino flux,” Astropart. Phys. 23, 11 (2005) [astro-ph/0407618].

[25] M. Ave et al., “Cosmogenic neutrinos from ultrahigh energy nuclei,” Astropart. Phys. 23, 19 (2005) [astro-ph/0409316].

[26] J. P. Rachen and P. Meszaros, “Photohadronic neutrinos from transients in astrophysical sources,” Phys. Rev. D 58, 123005 (1998) [astro-ph/9802280].

[27] S. Antusch, P. Huber, J. Kersten, T. Schwetz and W. Winter, “Is there maximal mixing in the lepton sector?,” Phys. Rev. D 70, 097302 (2004) [hep-ph/0404268].

[28] P. Huber, M. Lindner, M. Rolinec, T. Schwetz and W. Winter, “Prospects of accelerator and reactor neutrino oscillation experiments for the coming ten years,” Phys. Rev. D 70, 073014 (2004) [hep-ph/0403068].

[29] J. Ahrens et al. [The IceCube Collaboration], “Ice- Cube: The next generation neutrino telescope at the South Pole,” Nucl. Phys. Proc. Suppl. 118, 388 (2003) [astro-ph/0209556].

[30] The quantity R approaches the ratio of track to shower events in the limit in which sub-leading neutral-currrent events are neglected, and if both channels are detected with the same efficiency. Typical size of track to shower ratio is of several, since the km-long muon range ensures a larger effective target volume for the tracks. This is however a technical point inessential to our considerations, since it could be accounted for in refined predictions and for a specific experimental setup.