arXiv:hep-ph/0511027v2 5 Feb 2007

Dark Energy and Neutrino CPT Violation

Pei-Hong Gu,^{1, ∗} Xiao-Jun Bi,^2 and Xinmin Zhang^1 1Theoretical Physics Division, IHEP, Chinese Academy of Sciences, Beijing 100049, P. R. China 2Key laboratory of particle astrophysics, IHEP, Chinese Academy of Sciences, Beijing 100049, P. R. China

Abstract

In this paper we study the dynamical CPT violation in the neutrino sector induced by the dark energy of the Universe. Specifically we consider a dark energy model where the dark energy scalar derivatively interacts with the right-handed neutrinos. This type of derivative coupling leads to a cosmological CPT violation during the evolution of the background field of the dark energy. We calculate the induced CPT violation of left-handed neutrinos and find the CPT violation produced in this way is consistent with the present experimental limit and sensitive to the future neutrino oscillation experiments, such as the neutrino factory.

∗Electronic address: guph@mail.ihep.ac.cn

I. INTRODUCTION

The recent observational data from type Ia supernovae[1], cosmic microwave background (CMB) radiation[2] and large scale structure (LSS)[3] have provided strong evidences for a spatially flat and accelerated expanding universe at the present time. In the context of Friedmann-Robertson-Walker cosmology, this acceleration is attributed to the domination of a component, dubbed dark energy[4]. The simplest candidate for dark energy seems to be a remnant small cosmological constant. However, many physicists are attracted by the idea that dark energy is due to a dynamical component, such as the quintessence [5, 6, 7, 8], the K-essence[9, 10], the phantom[11] and the quintom[12, 13, 14, 15, 16].

Being a dynamical component, the dark energy is expected to interact with matters. Recently there have been a lot of interests in the literature[17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] in studying the possible interactions between the neutrinos and the dark energy. An interesting prediction of these models is that the neutrino masses are not constant, but vary as a function of time and space[18, 19]. This prediction on the variation of the neutrino masses can be verified in the present and future experiments. For example, the neutrino mass evolution with time can be tested in the measurement of the time delay of the neutrinos emitted from the short gamma ray bursts[33]. Another interesting possibility is to detect the neutrino mass variation in space via the neutrino oscillations[19, 20, 34, 35, 36]. In this paper we study the possibility of CPT violation in the neutrino sector induced by the evolution of the dark energy scalar field.

In Ref.[17] the authors have made a proposal for the dynamical CPT violation by introducing a derivative coupling of the dark energy scalar to the left-handed fermions of the standard model^1: L_{eff} ∼ ∂_μϕl̄_Lγ^μl_L, (1) where ϕ is the dark energy scalar, for instance the quintessence, l_L by gauge invariance of the SU(2)_L ×U(1)_Y is the doublet of the left-handed lepton l_L = (ν_L, e_L)^T . During the evolution of the universe the time derivative of the scalar field does not vanish ϕ̇ ≠ 0 which gives rise to a CPT violation. This type of CPT violation as shown in [17] helps understand the

1 There are several other papers that deal with CPT violation originating from spacetime-varying scalars[37, 38, 39]

matter anti-matter asymmetry of the universe; however, since the laboratory experimental limit on the CPT violation in electrons is so stringent that the induced CPT violation in the neutrino sector will be much below the sensitivity for the current and future experiments. Phenomenologically, a comparably large neutrino CPT violation is helpful to explain the possible CPT-violating neutrino oscillations. For example, the neutrino CPT violation has been proposed [40, 41, 42, 43] to account for the LSND anomaly[44], which can be tested at the upcoming MiniBooNE experiment[45]. It is noteworthy that whether the LSND result is confirmed or not by the future experiments, the possibility of CPT violation consistent with the other neutrino oscillation experiments[46, 47, 48] is intriguing and can be tested in the future neutrino factory experiment[48, 49].

In this paper we consider specifically a model where the dark energy scalar couples derivatively to the right-handed neutrino and calculate the induced CPT violation in left-handed neutrinos due to the mixing between the right-handed neutrinos and the left-handed neutrinos. Our results show that with an appropriate choice of the model parameter the CPT violation in the neutrino sector is consistent with the present experimental data and can be tested in the future neutrino factory experiment without conflicting to the experimental limit on the electron CPT violation.

II. MODEL OF NEUTRINO CPT VIOLATION

The model under investigation in this paper includes a scalar field ϕ which drives the universe acceleration and derivatively couples to the right-handed neutrinos N_i = ν_{Ri} + ν^C_{Ri}(i = 1, ···), ∼^{fij}_Λ ν̄_{Ri}∂_μϕγ^μν_{Rj} with f the parameter which charactrizes the strength of this type of interaction and is expected to be of order O(1), and Λ the energy scale charactrizing the dynamics which generates this effective interaction. In our model, the right-handed neutrinos, being a part of the dark energy sector, are taken at the O(eV) scale and Λ ≪ M_W to give observable CPT violating effects. Similar O(eV) scale right-handed neutrino models are studied in [19, 20]. The derivative coupling will lead to a cosmological CPT violation in the right-handed neutrino sector during the evolution of the background dark energy field. The mixing between the left-handed neutrino and the right-handed neutrino is induced through a gauge invariant and renormalizable Yukawa interaction, y_{αj}l̄_{Lα}H̃ν_{Rj} (α = e, μ, τ denotes the flavor indices), where y are the Yukawa couplings, l and H̃ are the SM

FIG. 1: Seesaw mechanism (the left diagram) and CPT violation in neutrinos (the right diagram) at tree level.

lepton doublet and Higgs doublet, respectively.

The relevant Lagrangian can be written as −L = y_{αj}l̄_{Lα}H̃ν_{Rj} + 1 2 M_iν̄^C_{Ri}ν_{Ri} + h.c. + f_{ij} Λ ν̄_{Ri}∂_μϕγ^μν_{Rj} − 1 2 ∂_μϕ∂^μϕ + V (ϕ) = y_{αj}l̄_{Lα}H̃N_j + h.c. + 1 2 M_iN̄_iN_i + 1 2 N̄_iA_{μij} γ^μN_j + 1 2 N̄_iS_{μij} γ^μγ_5N_j − 1 2 ∂_μϕ∂^μϕ + V (ϕ) (2) with V (ϕ) the potential for ϕ. We have adopted the following definition in Eq.(2),

A_μ = 1 2 (f − f^T ) 1 Λ ∂_μϕ , (3)

S_μ = 1 2 (f + f^T ) 1 Λ ∂_μϕ , (4) so the matrix A_μ is antisymmetric while S_μ is symmetric.

Integrating out the right-handed Majorana neutrinos, we obtain

− L_ν = 1 2 ν̄_αm^{αβ}_ν ν_β + 1 2 ν̄_αa^{αβ}_μ γ^μν_β + 1 2 ν̄_αs^{αβ}_μ γ^μγ_5ν_β . (5)

with m_ν = −m_D 1 M m^T_D , (6)

a_μ = 1 2 (b_μ − b^T_μ ) (7) and s_μ = − 1 2 (b_μ + b^T_μ ) , (8) where ν = ν_L + ν^C_L is the left-handed Majorana neutrino. Here M = diag(M_1, M_2, ...), m_D = yv with v ≃ 174GeV and b_μ is defined as

b_μ = m_D 1 M (A_μ − S_μ) 1 M m^†_D . (9)

FIG. 2: CPT violation in electrons at one loop level.

We can see that the last two terms in Eq.(5) will produce the CPT violation in neutrinos for a non-vanishing ϕ̇. It is easy to show that the CPT violating term above can be given in a simple form[49, 50, 51, 52] L_{CP T V} = −ν̄_{Lα}b^{αβ}_μ γ^μν_{Lβ} . (10) For the electron the CPT violation is induced by the W- and neutrino-loop^2. The coupling between the axial vector background and the electron current, c_μēγ^μγ_5e, is strongly constrained by the present experiments[54]. For Λ ≪ M_W , we obtain c_μ ≃ 1 8π α sin^2 θ_W

Λ^2 M^2_W s_μ , (11)

where the loop integral was cutoff at Λ as the effective theory is only valid below Λ [53], α ≃ 1 137 is the fine structure constant, sin^2 θ_W ≃ 0.23 is the Weinberg angle, and M_W ≃ 80GeV is the mass of W gauge boson.

Taking the CPT violating parameters a_μ and s_μ to be much smaller than the masses of the left-handed Majorana neutrinos, which will be shown latter to be the actual case, we can simplify Eq.(9) as b_μ ∼ b̃ m M 1 Λ ∂_μϕ (12) and similarly for Eq.(11) we have c_μ ∼ c̃ 1 8π α sin^2 θ_W

Λ^2 M^2_W 1 Λ ∂_μϕ

2 The H̃ − N exchange also contributes to the CPT violation in electrons and neutrinos[53], which is, however, strongly suppressed in our model since the masses of the right-handed Majorana neutrinos and also the Yukawa couplings are very small.

∼ 1.3 × 10^{−3}c̃ Λ M^2_W

∂_μϕ , (13)

where m, M denote the mass scale of the left- and right-handed Majorana neutrinos, b̃ and c̃ are two dimensionless parameters. It should be noted that the magnitude of b̃ and c̃ are at the same order of f ∼ O(1) in Eq.(2).

For the homogeneous scalar field, we can express the time component of ∂_μϕ in the following way, ϕ̇ = [(1 + w_ϕ)ρ_ϕ]^{1/2} (14)

with the equation of state defined by

w_ϕ = 1 2 ϕ̇2 − V (ϕ) 1 2 ϕ̇2 + V (ϕ) (15) and the energy density ρ_ϕ = 1 2 ϕ̇^2 + V (ϕ) . (16)

The values of w_ϕ and ρ_ϕ are constrained by the cosmological observations[2], w_ϕ < −0.78 and ρ_ϕ ≃ 73%ρ_c with ρ_c ≃ 4.2 × 10^{−47}GeV^4 the critical energy density of the Universe at present. Accordingly we have for ϕ̇ ϕ̇ <∼ 2.6 × 10^{−24}GeV^2 . (17)

The CPT violating parameters of the neutrinos and the electrons are now given by

b_0 ∼ b̃ m M 1 Λ ϕ̇ (18) and c_0 ∼ 1.3 × 10^{−3}c̃ Λ M^2_W ϕ̇ . (19)

III. EXPERIMENTAL TEST FOR THE CPT VIOLATION

The neutrino CPT violation can be tested in the neutrino oscillation experiments. So we begin our discussions with the effective Hamiltonian that governs the propagation of neutrinos. The evolution of neutrinos is determined by the Schrödinger equation

i d dt ν_e ν_μ ν_τ ≃ H_{eff} (x) ν_e ν_μ ν_τ , (20) where the Hamiltonian can be written as[50] H_{eff} (x) = 1 2|⃗p| (m_ν m^†_ν ) + 1 |⃗p| (b_μp^μ) + √ 2G_F diag(N_e(x), 0, 0)

≃ 1 2p^0

(m_ν m^†_ν ) + b_0 − |⃗b| cos θ + √ 2G_F diag(N_e(x), 0, 0) (21)

with m_ν and b_μ = (b_0, −⃗b) defined in Eq.(6) and Eq.(9), respectively. p^μ = (p^0, ⃗p) is the four momentum of the neutrinos, θ is the angle between ⃗p and ⃗b, and √ 2G_F N_e(x) is the usual MSW term[55].

We define b_i to be the eigenvalues of the matrix b_0 and δb_{ij} = b_i − b_j . Then δb_{21} is constrained by fitting the data from the solar neutrino experiments and the KamLAND reactor neutrino experiment[46], which gives

δb_{21} < 3.1 × 10^{−20}GeV . (22)

In addition, the bound of δb_{32} is also obtained from the Super-K and K2K data[47, 48]

δb_{32} < 5 × 10^{−23}GeV . (23)

And it has been shown the future neutrino factory experiment[48, 49] will be sensitive to δb_{32} as small as δb_{32} ∼ 3 × 10^{−23}GeV . (24) ¿From the cosmological observations[2] and the neutrino oscillation experimental results[56, 57, 58, 59], we take the parameters of our model as ρ_ϕ ∼ 3 × 10^{−47}GeV^4 and w_ϕ ∼ −0.9 and the mass scale of the neutrinos as m ∼ 10^{−2}eV. For the mass of righthanded neutrino (dark fermion) we take for example M = 1eV[19]. One can see the values of the CPT violation parameters δb_{21} and δb_{32} are predicted to be

δb_{21} ∼ δb̃_{21}( m M ) 1 Λ [(1 + w_ϕ)ρ_ϕ]^{1/2} ∼ δb̃_{21}( MeV Λ )1.7 × 10^{−23}GeV , (25) and δb_{32} ∼ δb̃_{32}( m M ) 1 Λ [(1 + w_ϕ)ρ_ϕ]^{1/2} ∼ δb̃_{32}( MeV Λ )1.7 × 10^{−23}GeV . (26) As shown in Eq.(12) the parameters δb̃_{32} and δb̃_{21} are O(1). The equations above indicate that it is quite possible to have CPT violating effects be consistent with the present experimental data and be detectable in the future neutrino factory experiment with Λ no larger than MeV. It should be noted that if the value of the quintessence field ϕ is at the order of M_{P l} the mass of the right-handed neutrinos should be shifted greatly by Eq. (2). However, in the dark energy models[19, 60] where the value of ϕ is much lower than M_{P l} even lower than Λ, our model is consistent.

We now estimate the corresponding CPT violation in the electron sector. For the parameters taken above, we have c^0 ∼ c̃ 3.5 × 10^{−34}GeV. The present experimental limit is c^0 < 5 × 10^{−25}GeV [49, 53]. We see the electron CPT violation in our model is well within the present limit.

IV. CONCLUSION

In summary, we have studied the neutrino CPT violation induced from the dark energy sector. Specifically we consider a dark energy model including a scalar boson and righthanded neutrinos, and introduce a derivative coupling between the boson and the neutrinos. This derivative coupling leads to a cosmological CPT violation during the evolution of the dark energy field. We calculate the induced CPT violation in the left-handed neutrinos due to their mixing with the right-handed neutrinos, and also the loop contribution to the electron CPT violation. Our calculations show that the CPT violation in both neutrinos and electrons is well within the present experimental limits. Furthermore, the neutrino CPT violation can be tested in the future neutrino oscillation experiments, such as the neutrino factory. Our study in this paper shows the neutrino oscillations may provide us a non gravitational way to probe the dark energy properties.

Acknowledgments

We thank Zhi-Hai Lin for helpful discussions. This work is supported in part by the NSF of China under the grant No. 1057511, 10120130794, 10105004, 19925523, 90303004 and also by the Ministry of Science and Technology of China under grant No. NKBRSF G19990754.

[1] S. Pelmutter et al., Astrophys. J. 483, 565(1997).

[2] C. L. Bennett et. al., Astrophys. J. Suppl. 148, 1 (2003);

D. N. Spergel et. al., Astrophys. J. Suppl. 148, 175 (2003). [3] SDSS Collaboration, M. Tegmark et. al., Phys. Rev. D 69, 103501 (2004);

P. McDonald, U. Seljak, R. Cen, P. Bode, and J. P. Ostriker, Mon. Not. Roy. Astron. Soc. 360, 1471 (2005).

[4] M.S. Turner, astro-ph/0108103.

[5] C. Wetterich, Nucl. Phys. B 302, 668 (1988). [6] B. Ratra and P.J.E. Peebles, Phys. Rev. D 37, 3406 (1988).

[7] J.A. Frieman, C.T. Hill, A. Stebbins, and I. Waga, Phys. Rev. Lett. 75, 2077 (1995). [8] I. Zlatev, L. Wang, and P.J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999);

P.J. Steinhardt, L. Wang, and I. Zlatev, Phys. Rev. D 59, 123504 (1999). [9] C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000);

C. Armendariz-Picon, V. Mukhanov, and P.J. Steinhardt, Phys. Rev. D 63, 103510 (2001). [10] T. Chiba, T. Okabe, and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000). [11] R. R. Caldwell, Phys. Lett. B 545, 23 (2002).

[12] B. Feng, X. Wang, and X. Zhang, Phys. Lett. B 607, 35, (2005). [13] Z.K. Guo, Y.S. Piao, X. M. Zhang, and Y.Z. Zhang, Phys. Lett. B 608,177 (2005). [14] J.Q Xia, B. Feng, and X. M. Zhang, Mod. Phys. Lett. A 20, 2409 ( 2005). [15] B. Feng, M. Li, Y.S. Piao, and X. Zhang, Phys. Lett. B 634, 101, (2006). [16] M. Li, B. Feng, X. Zhang, JCAP 0512, 002 (2005).

[17] M. Li, X. Wang, B. Feng, and X. Zhang, Phys. Rev. D 65, 103511 (2002);

M. Li and X. Zhang, Phys. Lett. B 573, 20 (2003).

[18] P. Gu, X. Wang, and X. Zhang, Phys. Rev. D 68, 087301 (2003). [19] R. Fardon, A.E. Nelson, and N. Weiner, JCAP 0410, 005 (2004). [20] D.B. Kaplan, A.E. Nelson, and N. Weiner, Phys. Rev. Lett. 93, 091801 (2004). [21] X.J. Bi, P. Gu, X. Wang, and X. Zhang, Phys. Rev. D 69, 113007 (2004). [22] P. Gu and X.J. Bi, Phys. Rev. D 70, 063511 (2004). [23] X. Zhang, hep-ph/0410292.

[24] R.D. Peccei, Phys. Rev. D 71, 023527 (2005) [25] X.J. Bi, B. Feng, H. Li, and X. Zhang, Phys. Rev. D 72, 123523 (2005). [26] R. Horvat, JCAP 0601, 015 (2006).

[27] R. Takahashi and M. Tanimoto, Phys. Lett. B 633, 675 (2006). [28] R. Fardon, A.E. Nelson, and N. Weiner, JHEP 0603, 042 (2006). [29] M. Blennow, T. Ohlsson, and W. Winter, hep-ph/0508175. [30] N. Weiner and K. Zurek, hep-ph/0509201.

[31] H. Li, B. Feng, J.Q. Xia, and X. Zhang, Phys. Rev. D 73, 103503 (2006). [32] M. Honda, R. Takahashi, and M. Tanimoto, JHEP 0601, 042 (2006). [33] H. Li, Z. Dai, and X. Zhang, Phys. Rev. D 71, 113003 (2005). [34] V. Barger, P. Huber, and D. Marfatia, Phys. Rev. Lett. 95, 211802 (2005). [35] M. Cirelli, M.C. Conzalez-garcia, and C. Peña-Garay, Nucl. Phys. B 719, 219 (2005). [36] V. Barger, D. Marfatia, and K. Whisnant, Phys. Rev. D 73, 013005 (2006). [37] V.A. Kostelecky, R. Lehnert, and M.J. Perry, Phys. Rev. D 68, 123511 (2003). [38] O. Bertolami, R. Lehnert, R. Potting, and A. Ribeiro, Phys. Rev. D 69, 083513 (2004). [39] D. Kazanas, R.N. Mohapatra, and S. Nasri, and V.L. Teplitz, Phys. Rev. D 70, 033015 (2004). [40] H. Murayama and T. Yanagida, Phys. Lett. B 520, 263 (2000). [41] G. Barenboim, L. Borissov, J. Lykken, and A.Yu. Smirnov, JHEP 0210, 001 (2002);

G. Barenboim, L. Borissov, and J. Lykken, Phys. Lett. B 534, 106 (2002). [42] V. Barger, D. Marfatia, and K. Whisnant, Phys. Lett. B 576, 303 (2003). [43] LSND Collaboration, L.B. Auerbach et al., Phys. Rev. D 72, 076004 (2005). [44] LSND Collaboration, C. Athanassopoulos et al., Phys. Rev. Lett. 81, 1774 (1998). [45] MiNiBooNE Collaboration, G. McGregor, AIP Conf. Proc. 655, 58 (2003). [46] J.N. Bahcall, V. Barger, and D. Marfatia, Phys. Lett. B 534, 120 (2002). [47] M.C. Gonzalez-Garcia and M. Maltoni, Phys. Rev. D 70, 033010 (2004). [48] A. Datta, R. Gandhi, P. Mehta, and S.U. Sankar, Phys. Lett. B 597, 356 (2004). [49] V. Barger, S. Pakvasa, T.J. Weiler, and K. Whisnant, Phys. Rev. Lett. 85, 5055 (2000). [50] V.A. Kostelecky and M. Mewes, Phys. Rev. D 69, 016005 (2004). [51] D. Colladay and V.A. Kostelecky, Phys. Rev. D 55, 6760 (1997); 58, 116002 (1998). [52] S. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999). [53] I. Mocioiu and M. Pospelov, Phys. Lett. B 534, 114 (2002).

[54] E.G. Adelberger et al. (unpublished), as quoted by N. Russell, R. Blum, and V.A. Kostelecky, Bull. Am. Phys. Soc. 45, 140 (2000).

[55] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978);

S.P. Mikheyev and A.Yu. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985). [56] Super-Kamiokande Collaboration, Y. Fukda et al., Phys. Rev. Lett. 81, 1562 (1998). [57] SNO Collaboration, S.N. Ahmed et al., Phys. Rev. Lett. 92, 181301 (2004). [58] K2K Collaboration, C.W. Walter, hep-ex/0211059;

K2K Collaboration, R.J. Wilkes, hep-ex/0212035; M. Miura, Nucl. Phys. Proc. Suppl. 111, 158 (2002).

[59] KamLAND Collaboration, K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003). [60] e.g. J. Khoury and A. Weltman, Phys. Rev. Lett. 93, 171104 (2004);

J. Khoury and A. Weltman, Phys. Rev. D 69, 044026 (2004).