Received: October 6, 2001, Accepted: December 24, 2001 Revised: December 14, 2001

HYPER VERSION

Right-handed neutrinos as superheavy dark matter

Yosuke Uehara

Department of Physics, University of Tokyo Tokyo 113-0033, Japan E-mail: yosuke@hep-th.phys.s.u-tokyo.ac.jp

Abstract: We propose that right-handed neutrinos are very long-lived dark matter. The long lifetime is realized by the separation of the wavefunction of right-handed neutrinos and that of other fermions in an extra dimension. Such long-lived and superheavy dark matter can naturally explain observed ultra high energy cosmic rays above the GZK cutoff (5 × 10^{19}eV) and huge amounts of cold dark matter simultaneously. Furthermore, the exponentially suppressed Yukawa couplings of right-handed neutrinos leads to the high predictablilty on the mass parameter of the neutrinoless double beta decay, as all the models which predict very small neutrino mass of one generation.

Keywords: Dark Matter, High Energy Cosmic Rays, Neutrino Physics.

Contents

1. Introduction 1

2. The model 2

3. Ultra high energy cosmic ray 3

4. Neutrinoless double beta decay 5

5. Summary 5

1. Introduction

One of the long-standing mysteries in modern cosmology is the nature of dark matter. The energy density of dark matter should be about 30 % of that of the universe, but baryons and observed astrophysical objects can constitute only a few percent of the energy. Therefore physics beyond standard model is needed to explain huge amounts of dark matter. They may be supersymmetric particles, topological defects or composite objects.

Another mystery of cosmology is the existence of ultra high energy cosmic rays (UHECR). Cosmic rays above the GZK cutoff [1] (5 × 10^{19}eV) cannot be explained by usual acceleration mechanisms.

These mysteries can be explained simultaneously by introducing long-lived superheavy dark matter X [2]–[5]. Its lifetime is longer than the age of the universe, and its mass is larger than the energy scale of the GZK cutoff. Such particles would overclose the universe if once they were in a thermal equilibrium [6]. But they can be generated gravitationally during the reheating epoch just after the end of inflation [2, 7].

In this paper, we identify X as one kind of right-handed neutrino ν_R. For simplicity of discussion, we assume that this X is electron right-handed neutrino (ν_R)_e, but any generation of right-handed neutrino can play a role of superheavy dark matter.

The typical mass scale of the right-handed neutrinos is very large, M_{νR} ∼ 10^{14}GeV, in order to explain the very small mass scale of left-handed neutrinos by seesaw mechanism [8]. Thus right-handed neutrinos can be candidates of superheavy dark matter.^1 We have to explain why the lifetime of such heavy objects is very long. We can realize the very long lifetime by introducing an extra dimension. If the compactification scale of the extra dimension is extremely small, no laboratory and astrophysical constraints apply, so we can use an extra dimension.

1in reference [9], It is argued that right-handed can be the candidate of dark matter, but not superheavy.

– 1 –

We assume that the wavefunction of right-handed electron neutrinos localize far away from the localization place of other fermions. The interaction between them is exponentially suppressed because of this separation, and thus we can achieve the extremely long lifetime.

Furthermore, because of this suppression, the mass of the lightest left-handed neutrino becomes extremely small. This leads to the high predictability on the mass scale relevant to the neutrinoless double beta decay [10], as all models that predict very small neutrino mass of one generation. If the large angle MSW solution [11] of solar neutrino deficit is correct, as recent experiments suggest [12], GENIUS [13] may be able to detect the signal of the neutrinoless double beta decay.

2. The model

We realize the exponentially small Yukawa couplings of right-handed electron neutrinos by the separation of the wavefunction of the right-handed electron neutrinos and that of other fermions in the extra dimension. Again note that, the Yukawa couplings of electron righthanded neutrino do not have to be exponentially suppressed. It can be muon right-handed neutrino, or tau right-handed neutrino. But for simplicity, we assume that it is electron right-handed neutrino.

We assume that our world has one extra dimension. Let us denote the coordinate of the extra dimension by y. Then by using a five-dimensional domain wall scalar field, we can localize four-dimensional chiral fermions at different four-dimensional slices in the fifth dimension [14]. Its wavefunction ϕ(y) is given by

ϕ(y) = √ μ (π/2)^{1/4} e^{−μ2(y−y0)2} , (2.1)

where μ is the mass parameter of the domain wall scalar field, and y_0 is the localization position of chiral fermions. We assume that the right-handed electron neutrinos are localized at y = r, higgs doublets are not localized anywhere, and all other fermions are localized at y = 0. It is shown in figure 1.

Figure 1: The five-dimensional wave function. The overlap between right-handed electron neutrinos and other fermions is exponentially suppressed.

– 2 –

Thus the overlap between the wavefunction of right-handed electron neutrinos and that of other lepton doublets is exponentially suppressed and Yukawa coupling terms become

L_{4d} = ∑ α y_{αe}(l̄_L)_αH(ν_R)_e ∫ dyϕ_{lL} (y)ϕ_{νR} (y) = ∑ α e^{−μ2r2/2}y_{αe}(l̄_L)_αH(ν_R)_e . (2.2)

Thus Yukawa couplings are exponentially suppressed. Let us denote all exponentially suppressed quantities by ϵ. Then the lagrangian of neutrino sector becomes

L = ϵ_{αe}(l̄_L)_αH(ν_R)_e + ∑ α,β≠e y_{αβ}(l̄_L)_αH(ν_R)_β + ∑ αβ (M_{νR} )_{αβ} (ν_R)^c_α(ν_R)_β , (2.3)

where

(M_{νR} )_{αβ} ∼ M a ϵ ϵ ϵ b c ϵ c d . (2.4)

Since right-handed mu and tau neutrinos are localized far away from right-handed electron neutrinos, as other usual fermions, some parts of Majorana mass matrix of righthanded neutrinos are also exponentially suppressed. By using seesaw mechanism [8], we can naturally realize the very small left-handed mu and tau neutrino masses if we take M ∼ 10^{14}GeV and b, c, d ∼ O(1). Since Yukawa couplings of a right-handed electron neutrino are extremely small, a do not need to be O(1), but we take a ∼ O(1) here.

Therefore the mass of the lightest neutrino m_1 is extremely small because of the exponentially small Yukawa coupling:

m_1 ∼ e^{−μ2 r2} y^2v^2 M ∼ e^{−μ2 r2} 10^{−1}eV . (2.5)

Here v is the VEV of higgs bosons. The masses of other neutrinos are determined by the experiments of atmospheric [15] and solar [12] neutrino oscillations: m_2 ∼ √ δm^2_{sol} and m_3 ∼ √ δm^2_{atm}.

3. Ultra high energy cosmic ray

It was pointed out that the flux of cosmic rays should be suddenly dumped at the GZK cutoff (5×10^{19}eV) [1] because of the interaction between cosmic rays and cosmic microwave background radiation photons. Though the absence of the GZK cutoff is now experimentally established [16, 17, 18, 19]. So we should propose a scenario to explain the observed UHECR.

“Top-Down” scenarios assume some superheavy objects with very long lifetime. It may be topological defects [20, 21, 22], composite objects [23, 24, 25], or superheavy dark

– 3 – log_{10} (_{dF} dE E^3 ) [^{eV2}_{m2·s·sr} ]

E[eV] Figure 2: The observed UHECR events and the prediction of our model.

matter [26, 27, 3, 4, 5]. (for a detailed review, see [28].) In order to explain UHECR by superheavy dark matter X, it must satisfy the following conditions [3, 28].

m_X ≳ 10^{12}GeV , 10^{10}yr ≲ τ_X ≲ 10^{22}yr , 10^{−12} ≲ Ω_X h^2 ≲ 1 . (3.1)

In our scenario, right-handed electron neutrinos are the superheavy dark matter. Its mass M_{νR} ∼ 10^{14}GeV naturally leads to the energy above the GZK cutoff. The long lifetime is realized by the exponentially suppressed Yukawa couplings.

In order to explain UHECR and the missing energy of the universe simultaneously, we took m_{νR} = 2 × 10^{14}GeV, τ_{νR} = 10^{20}yr and n_{νR} = 4.5 × 10^{−15}m^{−3}. This long lifetime can be realized by a moderate fine-tuning: μr ∼ 12. We can explain the energy of the CDM: Ω_{νR} = 0.2. This compactification scale r ∼^{12}_μ can be extremely small if the mass scale μ is extremely large, so no laboratory and astrophysical constraints for extra dimensions apply in this case.

And under these conditions,the predicted UHECR flux becomes consistent with observations as shown in figure 2.

We calculated this flux by the MLLA approximation [29] and used SUSY QCD. Though it was pointed out that this is not reliable for large x and its normalization is uncertain [23], it can be used as a benchmark.

Since these UHECR mainly come from our galaxy halo because dark matter is concentrated on it, there should be some anisotropy in the observed UHECR events [30]. Future observatories may be able to see it.

– 4 –

Right-handed electron neutrinos decay into higgs bosons and left-handed lepton doublets. There exists a constraint for heavy particles X which can decay into left-handed neutrinos [31, 32, 33]: τ_X t_0

BR(X → ν anything)^{−1} ≥ 2.4 × 10^5 ( Ω_X 0.2 ) ( h 0.65

)_2 ( 10^{14}GeV m_X )_{3/4} . (3.2)

Our model satisfies this condition.

4. Neutrinoless double beta decay

If observed, the neutrinoless double beta decay(0νββ) may become the strongest evidence for the lepton flavor violation. The 0νββ decay rate is determined by the mass parameter |m_{νeνe} | ≡ | ∑ i U^2_{ei}m_i| , (4.1)

where U_{ei} is the MNS matrix [34]. In our model, the mass of the lightest neutrino is extremely small, so its contribution can be neglected. As all models that predict very small neutrino mass of one generation, this fact leads into the high predictability of neutrinoless double beta decay.

The mass parameter is described by U_{e3} and the parameters of atmospheric and solar neutrino oscillations [35]: δm^2_{atm} ∼ m^2_{ν3} , δm^2_{sol} ∼ m^2_{ν2} , and tan^2 θ_{sol} ≡ |^{Ue2}_{Ue1} |^2. It becomes

|m_{νeνe} | = |U^2_{e2}m_2 + U^2_{e3}m_3|

= |(1 − |U_{e3}|^2) sin^2 θ_{sol} √ δm^2_{sol} + |U_{e3}|^2e^{iα} √ δm^2_{atm}| , (4.2)

where α denotes the relative phase between the two terms.

We calculate the value of |m_{νeνe} | for the large angle MSW solution, the small angle MSW solution, and the LOW solutions. We take δm^2_{atm} ∼ 3, 2×10^{−3}eV^2. We also required |U_{e3}| ≤ 0.15 from the CHOOZ experiment [36].

The result is shown in figure 3, 4 and 5. In the case of the large angle MSW solution, |m_{νeνe} | is mainly sensitive to the parameter of the solar neutrino oscillation, sin^2 θ_{sol} √ δm^2_{sol}.

It is very encouraging to see that GENIUS [13] may be able to detect the signal of the neutrinoless double beta decay in most of the paramater region if the large angle MSW solution, which seems to be the most favored one [37], is correct.

5. Summary

In this paper we propose that the right-handed neutrinos can be candidates of superheavy dark matter, which is needed to explain huge amounts of cold dark matter and UHECR simultaneously. The long lifetime of the right-handed neutrinos is realized by the separation between the wavefunction of the right-handed neutrinos and that of other fermions in the extra dimension. Our model also have high predictability on the mass parameter of the neutrinoless double beta decay.

– 5 –

|m_{νeνe} | [eV]

sin^2 θ_{sol} √ δm^2_{sol} [eV]

Figure 3: The predicted value of |m_{νeνe} | for the large angle MSW solution.

|m_{νeνe} | [eV]

U_{e3}

Figure 4: The predicted value of |m_{νeνe} | for the small angle MSW solution.

Acknowledgments

We thank to M. Fujii, K. Hamaguchi, S. Ryu, H. Takayanagi and T. Yanagida for stimulating discussions.

– 6 –

|m_{νeνe} | [eV]

U_{e3}

Figure 5: The predicted value of |m_{νeνe} | for the LOW solution.

References

[1] K. Greisen, End to the cosmic ray spectrum?, Phys. Rev. Lett. 16 (1966) 748;

G. T. Zatsepin and V. A. Kuzmin, Upper limit of the spectrum of cosmic rays, Sov. Phys. JETP Lett. 4 (1966) 78, [Pisma Zh. Eksp. Teor. Fiz. 4 (1966) 114].

[2] D.J.H. Chung, E.W. Kolb and A. Riotto, Superheavy dark matter, Phys. Rev. D 59 (1999) 023501 [hep-ph/9802238].

[3] V.A. Kuzmin and V.A. Rubakov, Ultrahigh-energy cosmic rays: a window on postinflationary reheating epoch of the universe?, Phys. Atom. Nucl. 61 (1998) 1028–1030 [Yad. Fiz. 61 (1998) 1122] [astro-ph/9709187].

[4] P.H. Frampton, B. Keszthelyi and Y.J. Ng, Longevity and highest-energy cosmic rays, Int. J.

Mod. Phys. D8 (1999) 117–122 [astro-ph/9709080].

[5] V. Berezinsky, M. Kachelriess and A. Vilenkin, Ultra-high energy cosmic rays without GZK cutoff, Phys. Rev. Lett. 79 (1997) 4302 [astro-ph/9708217].

[6] K. Griest and M. Kamionkowski, Unitarity limits on the mass and radius of dark matter particles, Phys. Rev. Lett. 64 (1990) 615.

[7] V. Kuzmin and I. Tkachev, Ultra-high energy cosmic rays, superheavy long-living particles and matter creation after inflation, Sov. Phys. JETP Lett. 68 (1998) 271 [hep-ph/9802304].

[8] T. Yanagida, in Proc. of the Workshop on the Unified Theory and Baryon Number in the Universe, KEK report 79-18 (1979), p. 95;

M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, P. van Nieuwenhuizen and D.Z. Freedman eds. North Holland, Amsterdam 1979.

[9] K.S. Babu, D. Eichler and R.N. Mohapatra, Righthanded neutrino as weakly unstable dark matter, Phys. Lett. B 226 (1989) 347.

– 7 –

[10] F. Vissani, Signal of neutrinoless double beta decay, neutrino spectrum and oscillation scenarios, J. High Energy Phys. 6 (1999) 022 [hep-ph/9906525]; H.V. Klapdor-Kleingrothaus, H. Pas and A.Y. Smirnov, Neutrino mass spectrum and neutrinoless double beta decay, Phys. Rev. D 63 (2001) 073005 [hep-ph/0003219].

[11] S.P. Mikheev and A.Y. Smirnov, Resonance enhancement of oscillations in matter and solar neutrino spectroscopy, Sov. J. Nucl. Phys. 42 (1985) 913 [Yad. Fiz. 42 (1985) 1441]; Resonant amplification of neutrino oscillations in matter and solar neutrino spectroscopy, Nuovo Cim. C9 (1986) 17;

L. Wolfenstein, Neutrino oscillations in matter, Phys. Rev. D 17 (1978) 2369.

[12] Super-Kamiokande collaboration, Y. Fukuda et al., Measurements of the solar neutrino flux from super- Kamiokande’s first 300 days, Phys. Rev. Lett. 81 (1998) 1158 [hep-ex/9805021];

B.T. Cleveland et al., Measurement of the solar electron neutrino flux with the homestake chlorine detector, Astrophys. J. 496 (1998) 505–526;

Super-Kamiokande collaboration, Y. Fukuda et al., Constraints on neutrino oscillation parameters from the measurement of day-night solar neutrino fluxes at super-Kamiokande, Phys. Rev. Lett. 82 (1999) 1810 [hep-ex/9812009];

Super-Kamiokande collaboration, Y. Fukuda et al., Measurement of the solar neutrino energy spectrum using neutrino electron scattering, Phys. Rev. Lett. 82 (1999) 2430 [hep-ex/9812011];

SNO collaboration, Q.R. Ahmad et al., Measurement of the charged of current interactions produced by B-8 solar neutrinos at the sudbury neutrino observatory, Phys. Rev. Lett. 87 (2001) 071301 [nucl-ex/0106015].

[13] GENIUS collaboration, H.V. Klapdor-Kleingrothaus et al., Genius: a supersensitive germanium detector system for rare events, hep-ph/9910205; M. Czakon, J. Gluza and M. Zralek, Perspectives on finding the neutrino nature,

hep-ph/0003161.

[14] N. Arkani-Hamed and M. Schmaltz, Hierarchies without symmetries from extra dimensions, Phys. Rev. D 61 (2000) 033005 [hep-ph/9903417].

[15] Super-Kamiokande collaboration, Y. Fukuda et al., Study of the atmospheric neutrino flux in the multi-GeV energy range, Phys. Lett. B 436 (1998) 33 [hep-ex/9805006]; MACRO collaboration, M. Ambrosio et al., Measurement of the atmospheric neutrino-induced upgoing muon flux using macro, Phys. Lett. B 434 (1998) 451 [hep-ex/9807005];

Soudan-2 collaboration, W.W.M. Allison et al., The atmospheric neutrino flavor ratio from a 3.9 fiducial kiloton-year exposure of Soudan 2, Phys. Lett. B 449 (1999) 137 [hep-ex/9901024].

[16] N. Hayashida et al., Observation of a very energetic cosmic ray well beyond the predicted 2.7-K cutoff in the primary energy spectrum, Phys. Rev. Lett. 73 (1994) 3491; M. Takeda et al., Extension of the cosmic-ray energy spectrum beyond the predicted Greisen-Zatsepin-Kuzmin cutoff, Phys. Rev. Lett. 81 (1998) 1163 [astro-ph/9807193]; N. Hayashida et al., Updated AGASA event list above 4 × 10^19 ev, Astrophys. J. 522 (1999) 225 [astro-ph/0008102].

[17] HIRES collaboration, D.J. Bird et al., The cosmic ray energy spectrum observed by the fly’s eye, Astrophys. J. 424 (1994) 491–502; Evidence for correlated changes in the spectrum and composition of cosmic rays at extremely high-energies, Phys. Rev. Lett. 71 (1993) 3401.

– 8 –

[18] M. A. Lawrence, R. J. Reid and A. A. Watson, The cosmic ray energy spectrum above 4 × 10^17 eV as measured by the Haverah Park array, J. Phys. G G17 (1991) 733.

[19] M. M. Winn, J. Ulrichs, L. S. Peak, C. B. Mccusker and L. Horton, The cosmic ray energy spectrum above 10^17ev J. Phys. G G12 (1986) 653.

[20] P. Bhattacharjee and N.C. Rana, Ultrahigh-energy particle flux from cosmic strings, Phys.

Lett. B 246 (1990) 365.

[21] C.T. Hill, Monopolonium, Nucl. Phys. B 224 (1983) 469.

[22] V. Berezinsky and A. Vilenkin, Cosmic necklaces and ultrahigh energy cosmic rays, Phys.

Rev. Lett. 79 (1997) 5202 [astro-ph/9704257].

[23] M. Birkel and S. Sarkar, Extremely high energy cosmic rays from relic particle decays, Astropart. Phys. 9 (1998) 297 [hep-ph/9804285].

[24] K. Hamaguchi, K.I. Izawa, Y. Nomura and T. Yanagida, Long-lived superheavy particles in dynamical supersymmetry- breaking models in supergravity, Phys. Rev. D 60 (1999) 125009 [hep-ph/9903207].

[25] S. Sarkar, Cosmic ray signatures of massive relic particles, hep-ph/0005256.

[26] K. Hagiwara and Y. Uehara, Ultra high energy cosmic ray, superheavy dark matter and extra dimension, Phys. Lett. B 517 (2001) 383 [hep-ph/0106320].

[27] K. Hamaguchi, Y. Nomura and T. Yanagida, Superheavy dark matter with discrete gauge symmetries, Phys. Rev. D 58 (1998) 103503 [hep-ph/9805346]; Long lived superheavy dark matter with discrete gauge symmetries, Phys. Rev. D 59 (1999) 063507 [hep-ph/9809426].

[28] P. Bhattacharjee and G. Sigl, Origin and propagation of extremely high energy cosmic rays, Phys. Rept. 327 (2000) 109 [astro-ph/9811011].

[29] A.H. Mueller, Multiplicity and hadron distributions in QCD jets: nonleading terms, Nucl.

Phys. B 213 (1983) 85.

[30] M. Takeda et al., Small-scale anisotropy of cosmic rays above 10^19ev observed with the AKENO giant air shower array, astro-ph/9902239;

G.A. Medina Tanco and A.A. Watson, Dark matter halos and the anisotropy of ultra-high energy cosmic rays, Astropart. Phys. 12 (1999) 25 [astro-ph/9903182].

[31] J.R. Ellis, G.B. Gelmini, J.L. Lopez, D.V. Nanopoulos and S. Sarkar, Astrophysical constraints on massive unstable neutral relic particles, Nucl. Phys. B 373 (1992) 399.

[32] P. Gondolo, G. Gelmini and S. Sarkar, Cosmic neutrinos from unstable relic particles, Nucl.

Phys. B 392 (1993) 111 [hep-ph/9209236].

[33] G. Gelmini and A. Kusenko, Unstable superheavy relic particles as a source of neutrinos responsible for the ultrahigh-energy cosmic rays, Phys. Rev. Lett. 84 (2000) 1378 [hep-ph/9908276].

[34] Z. Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of elementary particles, Prog. Theor. Phys. 28 (1962) 870.

[35] M. Fujii, K. Hamaguchi and T. Yanagida, Reheating-temperature independence of cosmological baryon asymmetry in affleck-dine leptogenesis, Phys. Rev. D 63 (2001) 123513 [hep-ph/0102187].

– 9 –

[36] CHOOZ collaboration, M. Apollonio et al., Limits on neutrino oscillations from the chooz experiment, Phys. Lett. B 466 (1999) 415 [hep-ex/9907037].

[37] V.D. Barger, D. Marfatia and K. Whisnant, Unknowns after the SNO charged-current measurement, hep-ph/0106207;

G.L. Fogli, E. Lisi, D. Montanino and A. Palazzo, Model-dependent and independent implications of the first Sudbury neutrino observatory results, Phys. Rev. D 64 (2001) 093007 [hep-ph/0106247];

J.N. Bahcall, M.C. Gonzalez-Garcia and C. Pena-Garay, Global analysis of solar neutrino oscillations including SNO CC measurement, J. High Energy Phys. 8 (2001) 014 [hep-ph/0106258];

A. Bandyopadhyay, S. Choubey, S. Goswami and K. Kar, Impact of the first sno results on neutrino mass and mixing, Phys. Lett. B 519 (2001) 83 [hep-ph/0106264].

– 10 –