arXiv:hep-ph/0502192 v1 21 Feb 2005

MCGILL-22-05

Scale dependence of the UHECR neutrino flux in extra-dimension models

K.R.S. Balaji^1 and Jukka Maalampi^2 1 Department of Physics, McGill University, Montréal, QC, Canada H3A 2T8 2 Department of Physics, Jyväskyla University, Jyväskylä, Finland and Helsinki Institute of Physics, Helsinki, Finland

Ultra high energy cosmic ray (UHECR) neutrino fluxes measured in a fixed target detector can have a scale dependence. In the usual standard model or any extensions of this model (which are renormalizable), the effect is observationally very small. However, this need not be the case in models with extra-spatial dimensions, where the neutrino mass parameter can receive large corrections due to a power-law running. Hence, the scale dependence may lead to a measurable deviation from the standard prediction for the neutrino flux ratio.

PACS numbers: 98.80.Cq.

I. INTRODUCTION

In the last two decades, one of the significant success of particle physics has been the confirmation of a neutrino anomaly, both in the solar and atmospheric sector [1]. The most likely solution to the anomaly is to introduce a small neutrino mass and hence the notion of neutrino oscillation [2] which is similar in spirit to quark sector. Recent atmospheric neutrino data has indeed shown an observable dip in its zenith angle spectra as expected for massive neutrino oscillation [3]. In a realistic three flavor analysis, an important part of the solution amounts to finding the allowed parameter space for the the mixing angles; the solar (θ_S ), the atmospheric (θ_A) and a reactor angle (θ_R). The best fit values for these three mixing parameters seem to indicate a pattern spanning from almost being negligible to moderate to maximal [4]. In the case of solar neutrinos, the mixing of ν_e with active neutrinos has the central value such that tan θ_S ≈ 0.7 (moderate). In contrast, the atmospheric mixings involving largely of ν_μ prefers tan θ_A ≈ 1 (maximal) while the reactor angle, which determines the relative proportion of ν_e in the heaviest mass eigenstate, is consistent with zero mixings, tan θ_R ≪ 1 [5].

The fact that tan θ_A ≈ 1 has an important consequence for the neutrino fluxes which are ultra-relativistic in energies. It has long been realized that UHECR neutrinos (which are expected to be sourced by cosmic objects such as AGNs) when measured by ground based detectors, the expected flavor ratio ϕ_e : ϕ_μ : ϕ_τ = 1 : 1 : 1 [6]. Henceforth, we shall call this expectation as the bench mark value. This prediction is important for at least three fundamental reasons: (i) it forms an independent verification of the neutrino parameters which are phenomenologically extracted from solar, atmospheric and reactor data, (ii) it is has been realized to be a test bed for some interesting new physics predictions (decay, pseudo-Dirac splittings, active-sterile mixings) which are not yet resolved [7] and (iii) it could provide further opportunity in our understanding of fermion mixings and masses; for instance, are there any fundamental symmetries in the μ − τ block which leads to maximal mixings. It is expected that several of the upcoming neutrino telescopes [8] will be tuned to verify the bench mark value besides looking for many of the new signatures mentioned here.

In the present analysis, we point out that the scale dependence of the neutrino parameters can also be a source which alters the bench mark expectations. In scattering processes involving UHECR neutrinos, the momentum transfer square μ is expected to saturate at 10^4 GeV^2 beyond which point there is a strong energy suppression [9]. It is well known that at this scale, the effects of running on neutrino mixings are very small [10]. However, this need not be the case in models with extra-spatial dimensions, thereby, leading to modifications to the bench mark values. This forms the main theme of our analysis.

II. STANDARD LORE

It is instructive to first review the standard bench mark expectations. Massive neutrinos, similar to quarks, have two eigenbasis, the flavor (ν_α) and mass eigenbasis (ν_i) with corresponding mass eigenvalues, m_i. A unitary matrix relates the two basis, such that ν_α = U_{αi}ν_i where, the summation over the mass eigenstates is assumed. In the limit of small mixings, one could define the angles in the following manner. θ_S mixes states ν_1 and ν_2, θ_A mixes ν_2 and ν_3 and θ_R mixes ν_1 and ν_3. In this notation, without loss of generality, we can assume a hierarchy of states, where, m_1 < m_2 < m_3 and the relevant solar and atmospheric splittings, are Δ_S = m^2 − m^2_1 and Δ_A = m^2_3 − m^2 respectively. In the case of UHECR neutrinos which travel astronomical distances, the coherence between the various mass eigenstates is averaged out. As a result, once these neutrinos are produced, they essentially travel (galactic distances) as individual mass eigenstate, until at the point of detection. In a ground based detector, the probability of measuring a UHECR neutrino of a given flavor is then given as

ϕ_e = 1 + 2x(2c^2_A − 1) ; x = (s_S c_S )^2 , ϕ_μ = 2xc^2_A + 2(c^4_A(1 − 2x) + s^4_A) ,

ϕ_τ = s^2_A + 2xs^2_A(1 − c^2_A) , (2.1) where s and c denote sine and cosine, respectively. It is clear from the above expression, that maximal atmospheric mixing leads to the conclusion that all neutrino flavors must be detected with the same weight factor. In deriving this result, we have disregarded the mixing corresponding to reactor experiments, which is consistent with zero [5]. Given this result, we shall consider the modifications that may alter the prediction in (2.1) for θ_A ≠ π/4.

III. RENORMALIZATION GROUP EFFECTS

UHECR neutrinos incident on a target material can undergo both charged and neutral current scattering processes. The individual neutrino flavor states ν_α are derived by folding the matrix element U_{αi} corresponding to the incident mass eigenstate ν_i. In a scattering process, which involves large momentum transfers, the mixing matrix element U_{αi} can pick up a scale dependence. However, in practice, the momentum transfer square (μ) saturates at μ ∼ 10^4 GeV^2 beyond which the cross section is damped [9]. It is well known that for scales around this value, the effects of neutrino mass running is negligible [10]. As mentioned earlier, this need not be the case if we consider models with extra-space dimensions. Furthermore, in this case, depending on the the mass of KK excitation for the gauge boson μ can saturate at a much higher value. Present collider bounds suggest that the lowest KK excited state can have a mass ∼ few 100 GeV [12] leading to μ ∼ 1 TeV as the scale of extradimension.

In the following, we consider a class of models where the neutrinos are localized in the brane, such that for δ extra spatial dimensions and for scales Λ > Λ̃ (electroweak scale) we have the evolution equation for the mass parameter [13]

16π^2 dκ d ln Λ

= (−3g^2 + 2λ + 2S)t_δ − 3t_δκ 2 [(Y^†_l Y_l) + (Y^†_l Y_l)^T ] ,

S = Tr(3Y^†_u Y_u + 3Y^†_d Y_d + Y^†_l Y_l) ,

t_δ = ( Λ Λ̃ )^δ X^δ ; X^δ = 2 δ π^{δ/2}Γ(δ/2) . (3.2)

In (3.2) Y_{u,d,l} are the up-quark, down-quark and charged lepton Yukawa couplings. For our purposes, we will focus on the contributions due to the charged lepton Yukawa couplings such that integrating (3.2) yields ln( κ κ̃ ) = 3Y^2_l 16π^2

(1 − ( Λ Λ̃ )^δ) X_δ δ ≡ η_l . (3.3)

It is important to note that in (3.3) the nature of running depends strongly on the value for δ. As a result, the mixings can run significantly even for a small variation in the scales. This arises from the power law running which

FIG. 1: Variation of the flux ratio R with scale for δ = 4.

can compensate for the energy suppression in the propagator for an off-shell neutrino. Alternatively, the energy enhancement is due to the multiplicity factor (which is (Λ/Λ̃)^δ ) and arises from the number of Kaluza-Klein states, which for a given Λ and δ can be large.

The running of the masses translates to a running of the neutrino mixings. We estimate the corrections to the leading order in the enhancement (essentially t_δ) although this expansion need not be perturbative, especially for large μ and/or δ. Also, we do not write down the corrections other than due to Y_l since it is not relevant to our discussion. Following (3.3) up to O(η_l) the change in mass matrix element as a function of scale is obtained to be

κ_{αβ}(Λ) ≃ κ̃_{αβ}(Λ̃)(1 + η_l) ≡ κ̃_{αβ}(1 + η_l) . (3.4)

In (3.4) κ̃_{αβ}(Λ̃) is taken to be the value of the element at the electroweak scale. In the limit of two flavor mixing (which can be arranged if U_{e3} = 0) following (3.4) the mixing angle depends on scale in the form

tan θ_{αβ} (Λ) =

2κ_{αβ}(Λ) κ_{αα}(Λ) − κ_{ββ} (Λ)

≈ tan θ̃_{αβ} (Λ̃)(1 − η_l) .

(3.5) Having obtained this change in the mixing angle (up to first order in η_l) we can consider the change in θ_A for which case, we identify α = μ and β = τ and take Y_l = Y_τ . We plot the modification to the flavor fluxes as shown in Fig.1 where we choose δ = 4. To be specific, we have assumed MSSM Yukawa couplings for the tau lepton at tan β = 50. In the plot, we show the variation for flux R with scale and as Λ increases, θ_A → 0. As we should expect, in this limit, the muon flux approaches a value which is consistent with no ν_μ ↔ ν_τ mixing. Infact, at this energy scale, an observation (if done) of the muon flux will constitute a direct measurement of the flux at the point of production (modulo the small errors

FIG. 2: Feynman graph showing an incident neutrino scattering off the detector D followed by a virtual neutrino state fragmenting in to a gauge boson (wiggly line) and a final state lepton.

due to U_{e3} ≠ 0.) In this simple exercise, our choice for δ is purely for illustrative purposes since, it is a free parameter and can be fixed depending on the cross section strength required for an observable effect.

A. An example of a 2 → 3 scattering process

We now consider a physical process where it might be possible to have a measurement of the scale dependence along with a unique signature. Essentially, we are considering a 2 → 3 tree level scattering process whose Feynman graph is shown in Fig.2. In this process, a deeply virtual neutrino (ν^∗) eventually fragments to a gauge boson (G) and an accompanying lepton: ν^∗ → G+ leptons. The final state gauge bosons can be identified via their decay jets. This process is very similar to the electroproduction of heavy Majorana neutrinos considered earlier by Buchmüller and Greub [14]. We remind that in our case, the state G can also include KK excitations, hence, unlike in the standard model case, μ can saturate at values larger than 10^4 GeV^2.

In the following, we outline the feasibility of measuring the process, while, a detailed calculation is beyond the scope of this paper. In principle, we wish to show that the process may not encounter the usual propagator suppression for μ ≫ 1. Let us examine the off-shell neutrino propagator in this energy regime. The relevant part of interest in the propagator reads as D(μ) = κ_{αβ} μ − κ^2_{αβ} ≃ κ̃_{αβ}( Λ Λ̃ )^δ 1 μ − κ^2_{αβ} + ... , ≃ κ̃_{αβ}( Λ Λ̃ )^δ

Λ̃^δ

μΛ̃^δ − Λ^δκ̃^2_{αβ} + ... .(3.6) where ... denote higher order corrections to κ_{αβ}. We consider the possibility where the scale of extra-dimensions is within the range of experimental reach such that for some allowed μ we have Λ ∼ √ |μ|. In this case, depending on the value of δ we should expect the cross section to grow with energy. Clearly, from (3.6) we find D(μ ≫ 1) ∼ κ̃_{αβ} Λ̃δ |μ|^{δ/2−1} . (3.7) Note that from (3.7) for δ = 0 we reproduce the expected energy suppression as in conventional non-extra-dimensional models. Thus, in all such theories, neutrinos which are emitted off the gauge boson vertex will always prefer to be on-shell. For δ ≠ 0 we find that the theory shows the usual pathology of cross section growing with energy [11]. This becomes severe as δ increases. Therefore, as δ increases, even for scales not too far from Λ̃ the cross section can grow significantly with energy. This also reflects the fact that the theory is unitarity violating. However, we also need to ensure that there are no low-energy anomalous processes which might be in conflict with the standard model results [15]. For instance, neutrino-nucleon cross sections which violate unitarity can have observable anomalous cross sections in the corresponding low-energy elastic processes [16]. Alternatively, one can examine the effects of new physics on final state interactions for a given process. If new physics occurs at the TeV scale, then an observable deviation of ∼ (0.01%) is expected for scattering processes at the electroweak scale [17]. Currently, this small deviation is consistent with the LEP limits. However, we note that isolating any anomalous events may be an experimental challenge, especially, due to a lack of knowledge on the parton distribution functions involving states in the continuum.

In conclusion, the present analysis does demonstrate a possible window to observe the scale dependence of UHECR neutrino fluxes. We have taken a representative set of low energy neutrino parameters and analyzed the evolution of the mixing with scale. It might be of interest perform a more general analysis where we also consider the running of the CP phases and the solar mixing as well. An important ingredient in estimating the running is the value of neutrino parameters at the electroweak scale. Fortunately, we already have a good idea about the neutrino parameters (θ_{S,A}, Δ_{S,A}) from some very accurate phenomenological analysis of the solar and atmospheric data [4]. Contrary to non-extra dimensional models where neutrino mass degeneracy is an important ingredient; extra-dimensional models may relax this requirement since power-law running can account for large radiative corrections. As we have shown, the variation to the bench mark values could already occur for scales not too far from the electroweak scale. This implies that if the scale of extra-dimensions is within the reach of the neutrino telescopes, (then independent of the nature of the neutrino spectra), the effect which we predict should be observed. In addition, a measurement of scale dependence can also carry some unique and interesting signals, like the one described in the 2 → 3 scattering process.

Acknowledgements: The work of KB is funded by NSERC (Canada) and by the Fonds de Recherche sur la Nature et les Technologies du Québec. He also thanks the support and hospitality at JU ( Finland) where this work was completed. JM is supported by funds from the

Academy of Finland under contract 104915 and 107293. We thank Rabi Mohapatra, Harry Lam, Guy D. Moore, Sandip Pakvasa and Kimmo Kainulainen for useful discussions.

[1] Super–Kamiokande Collaboration, Y. Fukuda, Phys. Rev. Lett. 81, 1562 (1998); GALLEX Collaboration, W. Hampel et al., Phys. Lett. B447, 127 (1999); SAGE Collaboration, J. N. Abdurashitov et al. Phys. Rev. C60, 055801 (1999); Homestake Collaboration, B.T. Cleveland et al., Astrophys. J. 496 505 (1998); GNO Collaboration, M. Altmann et al., Phys. Lett. B490 16 (2000); SNO Collaboration, Q.R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001): S. Fukuda et al., Super–Kamiokande Collaboration, Phys.Lett. B539, 197 (2002); S.N. Ahmed et al., SNO Collaboration, arXiv:nucl-ex/0309004; Super–Kamiokande Collaboration, Y. Ashie et al., hep-ex/0404034.

[2] B. Pontecarvo, J.Exptl.Theoret.Phys. 33, 549 (1957) [Sovt.Phys.JETP 6, 429 (1958).

[3] See talk by M. Ishitsuka at NOON04, http://wwwsk.icrr.u-tokyo.ac.jp/noon2004/ [4] For a recent analysis see M. Maltoni, T. Schwetz, M.A.

Tortola, J.W.F. Valle, hep-ph/0405172 and references therein.

[5] The CHOOZ collaboration, M. Apollonio et al., Phys. Lett. B466, 415 (1999); F. Boehm et al., Phys. Rev. Lett. 84, 3764 (2000); Phenomenological implications for CHOOZ data on active three flavor oscialltions was first examined by Mohan Narayan, G. Rajasekaran, S. Uma Sankar, Phys.Rev. D58, 031301 (1998).

[6] J. Learned, S. Pakvasa, Astropar. Phys. 3, 267 (1995); H.

Athar, M. Jezabek, O. Yasuda, Phys.Rev. D62, 103007 (2000); Luis Bento, Petteri Keränen, Jukka Maalampi, Phys.Lett. B476, 205 (2000);

[7] John F. Beacom , Nicole F. Bell, Dan Hooper, John G. Learned, Sandip Pakvasa, Thomas J. Weiler, Phys.Rev.Lett. 92, 011101 (2004); John F. Beacom, Nicole F. Bell, Dan Hooper, Sandip Pakvasa, Thomas J. Weiler, Phys.Rev.Lett. 90, 181301 (2003); P. Keränen, J. Maalampi, M. Myyryläinen, J. Riittinen, Phys.Lett. B574, 162 (2003).

[8] J. Ahrens et al., IceCube Collaboration, Astropart.Phys.

20, 507 (2004); Teresa Montaruli et al.,ANTARES Collaboration, proceedings of 28th International Cosmic Ray Conferences (ICRC 2003), Tsukuba, Japan, 31 Jul - 7 Aug 2003, arXiv::physics/0306057; S.E. Tzamarias (for the collaboration), NESTOR Collaboration, Nucl.Instrum.Meth. A502, 150 (2003); M. Takeda et al., Astrophys.J. 522, 225 (1999); D.J. Bird et al., HIRES, Astrophys.J. 424, 491 (1994).

[9] Raj Gandhi, Chris Quigg, Mary Hall Reno, Ina Sarcevic, Phys.Rev. D58, 093009 (1998); Mary Hall Reno, hepph/0412412.

[10] K.S. Babu, C.N. Leung, J. Pantaleone, Phys.Lett. B319, 191 (1993); J.A. Casas, J.R. Espinosa, A. Ibarra, I. Navarro, Nucl.Phys. B569, 82 (2000); K.R.S. Balaji, Amol S. Dighe, R.N. Mohapatra, M.K. Parida, Phys.Rev.Lett. 84, 5034 (2000); K.R.S. Balaji, R.N. Mohapatra, M.K. Parida, E.A. Paschos, Phys.Rev. D63, 113002 (2001); Piotr H. Chankowski, Stefan Pokorski, Int.J.Mod.Phys. A17, 575 (2002); Stefan Antusch, Joern Kersten, Manfred Lindner, Michael Ratz, Nucl.Phys. B674, 401 (2003); Walter Grimus, Luis Lavoura, hepph/0409231.

[11] Shmuel Nussinov, Robert Shrock, Phys.Rev. D64, 047702 (2001); F. Maltoni, J.M. Niczyporuk, S. Willenbrock, Phys.Rev. D65, 033004 (2002).

[12] Greg Landsberg for the CDF and DO collab., hepex/0412028; Laurent Vacavant for the ATLAS and CMS collab., Eur.Phys.J. C33, S924 (2004).

[13] Keith R. Dienes, Emilian Dudas, Tony Gherghetta, Nucl.Phys. B537, 47 (1999); Gautam Bhattacharya, Srubabati Goswami, Amitava Raychaudhuri, Phys.Rev. D67, 113001 (2003).

[14] W. Buchmuller, C. Greub, Phys.Lett. B256, 465 (1991). [15] We thank Sandip Pakvasa for pointing this out to us. [16] Haim Goldberg, Thomas J. Weiler, Phys.Rev. D59, 113005 (1999).

[17] G. Domokos, S. Kovesi-Domokos, Phys.Rev.Lett. 82, 1366 (1999).