hep-ph/9908429 21 Aug 1999

The effect of Majorana phase in degenerate neutrinos

N. Haba^{1∗}, Y. Matsui^{2†}, N. Okamura^{3‡} and M. Sugiura^{2§}

1Faculty of Engineering, Mie University, Tsu Mie 514-8507, Japan 2Department of Physics, Nagoya University, Nagoya, 464-8602, Japan 3Theory Group, KEK, Tsukuba Ibaraki 305-0801, Japan hep-ph/9908429 DPNU-99-25 KEK-TH-636

Abstract

There are physical Majorana phases in the lepton flavor mixing matrix when neutrinos are Majorana fermions. In the case of two degenerate neutrinos, the physical Majorana phase plays the crucial role for the stability of the maximal flavor mixing between the second and the third generations against quantum corrections. The physical Majorana phase of ß guarantees the maximal mixing to be stable against quantum corrections, while the Majorana phase of zero lets the maximal mixing be spoiled by quantum corrections when neutrino masses are of O(eV). The continuous change of the Majorana phase from ß to 0 makes the maximal mixing be spoiled by quantum corrections with O(eV) degenerate neutrino masses. On the other hand, when there is the large mass hierarchy between neutrinos, the maximal flavor mixing is not spoiled by quantum corrections independently of the Majorana phase.

∗E-mail address:haba@eken.phys.nagoya-u.ac.jp †E-mail address:matsui@eken.phys.nagoya-u.ac.jp ‡E-mail address:naotoshi.okamura@kek.jp § E-mail address:sugiura@eken.phys.nagoya-u.ac.jp

1 Introduction

Recent neutrino oscillation experiments suggest the strong evidences of the tiny neutrino masses and lepton flavor mixings[1]-[3]. Studies of the lepton flavor mixing matrix, which is so-called Maki-Nakagawa-Sakata(MNS) matrix[4], will give us important cues of the physics beyond the standard model. One of the most important studies of the lepton flavor mixing is the analysis of the quantum correction on the MNS matrix[5]-[10].

In this paper we analyze the effect of the Majorana phase for the stability against quantum corrections of the maximal mixing between the second and the third generations, which is suggested by the atmospheric neutrino experiments[2, 3]. There is one physical Majorana phase in the 2 × 2 MNS matrix when neutrinos are Majorana fermions. This Majorana phase plays the crucial role for the stability against quantum corrections when two neutrino masses are degenerate. When Majorana phase is equal to zero, the maximal mixing is spoiled by quantum corrections when neutrino masses are of O(eV)[7]. On the other hand, the maximal mixing is not spoiled by quantum corrections when Majorana phase is equal to π because the neutrino mass matrix has the pseudo-Dirac texture[11]. The continuous change of the Majorana phase from π to 0 makes the maximal mixing be spoiled by quantum corrections when neutrino masses are of O(eV).

When there is the large mass hierarchy between neutrinos, the lepton flavor mixing is stable against quantum corrections independently of the Majorana phase.

2 Stability of the maximal mixing and Majorana phase

The neutrino mass matrix of the second and the third generations

κ =

0
@^{κ22 κ23}

κ_{23} κ_{33}

1
A_{(1)}

is diagonalized as

U^T κ U = D_κ , (2) where D_κ is given by

D_κ =

0
@^{m2 0}_{0 m3}

      1
      A_{, (3)}

with m_i ≥ 0 (i = 2, 3). The unitary matrix U is defined as

U =

0
@^{cos θ23 sin θ23}

− sin θ_{23} cos θ_{23}

1
A

 0
 @^{1 0}_{0 eiϕ/2}

       1
       A_{, (4)}

where θ_{23} is the mixing angle between the second and the third generations, and ϕ denotes the physical Majorana phase of neutrinos. In the diagonal base of charged lepton masses, U is just the MNS matrix.

Since the atmospheric neutrino experiments suggest[2, 3]

sin^2 2θ_{23} ≃ 1 , (5)

we analyze the stability of the mixing angle θ_{23} against quantum corrections around θ_{23} = π/4. In this case, eq.(2) shows

κ = U^∗D_κU^†

= 1 2

0
@^{m2 + m3e−iϕ −m2 + m3e−iϕ}

−m_2 + m_3e^{−iϕ} m_2 + m_3e^{−iϕ}

1
A_{. (6)}

Quantum corrections change the form of κ[8, 9] as

κ^′ =

0
@^{1 0}_{0 1 + ϵ}

      1
      A_κ

        0
        @^{1 0}_{0 1 + ϵ}

              1
              A_,

= 1 2

0
@^{m2 + m3e−iϕ (−m2 + m3e−iϕ)(1 + ϵ)}

(−m_2 + m_3e^{−iϕ})(1 + ϵ) (m_2 + m_3e^{−iϕ})(1 + 2ϵ)

1
A_{+ O(ϵ}^2_{) . (7)}

The unitary matrix U^′ which diagonalizes κ^′ shows us whether the maximal mixing between the second and the third generations is spoiled by quantum corrections or not. The mixing angle θ̂_{23} which diagonalizes κ^′ in eq.(7) is given by

tan 2θ̂_{23} = 1 ϵ δm^2 m^2 + m^2_3 + 2m_2m_3 cos ϕ

+ O(ϵ^0) , (8)

where δm^2 ≡ m^2_3 − m^2 , (9) which is determined by the atmospheric neutrino experiments[2, 3]. Equation (8) shows that the mixing angle θ̂_{23} is stable (unstable) against quantum corrections when the value of δm^2/(m^2 + m^2_3 + 2m_2m_3 cos ϕ̂) is larger (smaller) than that of ϵ.

When two mass eigenvalues are degenerate as m_2 ≃ m_3, we can easily see the following facts at ϕ = 0, and π:

(i) When ϕ = 0, eq.(8) derives

tan 2θ̂_{23} ≃ 1 ϵ m_3 − m_2 m_3 + m_2

. (10)

This means that the mixing angle θ̂_{23} is stable (unstable) when the value of (m_3 − m_2)/(m_3 + m_2) is larger (smaller) than that of ϵ. When m_3 = O(1) eV, the value of (m_3 − m_2)/(m_3 + m_2) is small enough for the maximal mixing to be spoiled by quantum corrections[7].

(ii) When ϕ = π, eq.(8) derives

tan 2θ̂_{23} ≃ 1 ϵ m_3 + m_2 m_3 − m_2

. (11)

This means that the maximal mixing is not spoiled by quantum corrections. It is because the absolute values of off-diagonal elements in κ^′ are much larger than those of diagonal elements, which is so-called the pseudo-Dirac texture. Equation (11) is induced just from the initial value of θ_{23} = π/4. For the general values of θ_{23}, it is satisfied that tan 2θ̂_{23} = tan 2θ_{23} + O(ϵ^2)[10]. This means the mixing angle of θ̂_{23} receives little changes from quantum corrections for the general values of θ_{23}.

The behaviors against quantum corrections in cases of (i) and (ii) are completely different from each other as shown above. The physical Majorana phase of π guarantees the maximal flavor mixing to be stable against quantum corrections, while the Majorana phase of zero lets the maximal mixing be spoiled by quantum corrections when m_3 = O(eV). However eq.(4) suggests that they are connected with each other by the continuous change of Majorana phase ϕ. Therefore this Majorana phase ϕ plays the crucial role for the stability of the lepton flavor mixing angle against quantum corrections.

Figure 1 shows the contour plot of sin^2 2θ̂_{23} for the continuous changes of ϕ and m_2^2. We use the value of δm^2 = 3 × 10^{−3}eV^2 [2, 3]. The value of ϵ is determined by two parameters of tan β = 20 and the intermediate scale M_R = 10^{13} GeV[10]. We input the low-energy data to θ_{23} and δm^2, and show the value of θ̂_{23} at M_R = 10^{13} GeV in Fig.1. The continuous change of the Majorana phase from π to 0 makes the maximal mixing between the second and the third generations be spoiled by quantum corrections when m^2 = O(1)eV^2. The larger the value of m_2^2 becomes, the smaller the angle θ̂_{23} becomes. As we have shown at (ii), the maximal mixing is not spoiled by quantum corrections around ϕ = π independently of the value of m_2^2.

Figure 1 also shows that the maximal mixing is stable against quantum corrections around m_2^2 ≃ 0 independently of the value of ϕ. It is because eq.(8) derives

tan 2θ̂_{23} ≃ 1 ϵ (12)

when m_2^2 = 0. The physical Majorana phase can be rotated out by the field redefinition in this case. Equation (12) suggests that the maximal mixing is not spoiled by quantum

Fig. 1: The contour plot of sin^2 2θ̂_{23} for the continuous changes of the Majorana phase ϕ and m_2^2 (A: sin^2 2θ̂_{23} < 0.05, B: 0.05 ≤ sin^2 2θ̂_{23} < 0.1, C: 0.1 ≤ sin^2 2θ̂_{23} < 0.5, D: 0.5 ≤ sin^2 2θ̂_{23} < 0.9, E: 0.9 ≤ sin^2 2θ̂_{23} < 0.99, F: 0.99 ≤ sin^2 2θ̂_{23}). We use the experimental value of δm^2 = 3 × 10^{−3} eV^2[2, 3]. The value of ϵ is determined by two parameters of tan β = 20 and M_R = 10^{13} GeV [10]. θ̂_{23} is the mixing at M_R = 10^{13} GeV.

corrections independently of the Majorana phase ϕ when there is the large mass hierarchy between m_2 and m_3. Equation (12) is induced just from the initial value of θ_{23} = π/4, and for the general values of θ_{23}, it is satisfied that tan 2θ̂_{23} = tan 2θ_{23}(1 − ϵ sec2θ_{23}) + O(ϵ^2)[10]. This means the mixing angle of θ̂_{23} receives little changes from quantum corrections for the general values of θ_{23}.

This result implies that the flavor mixing matrix with the large mass hierarchy of |m_3| ≫ |m_2| ≫ |m_1| is also stable against quantum corrections in the three generation neutrinos. It has been shown by the numerical analyses in Ref.[10].

3 Summary

There are physical Majorana phases in the MNS matrix when neutrinos are Majorana fermions. The Majorana phase in the MNS matrix plays the crucial role for the stability of the maximal mixing between the second and the third generations against quantum corrections when two neutrino masses are degenerate. When the Majorana phase is equal to zero and neutrino masses are of O(eV), the maximal mixing is spoiled by quantum corrections. On the other hand, when Majorana phase is equal to π, the maximal mixing is not spoiled by the quantum corrections because of the pseudo-Dirac texture of the neutrino mass matrix. The continuous change of the Majorana phase from π to 0 makes the maximal mixing be spoiled by quantum corrections when neutrino masses are of O(eV).

When there is the large mass hierarchy between neutrinos, the maximal mixing is not spoiled by quantum corrections independently of the Majorana phase. This result can explain that the mixing angles are stable against quantum corrections in the three generation neutrinos with the large mass hierarchies of |m_3| ≫ |m_2| ≫ |m_1|.

We can also analyze the effects of neutrino Majorana phases in the cases of three generation neutrinos with mass hierarchies of |m_2| ∼ |m_1| ≫ |m_3| and |m_3| ∼ |m_2| ∼ |m_1| [12].

Acknowledgment

NH and NO would like to thank M. Tanimoto for helpful comments, and thank Summer Institute ’99 at Yamanashi, Japan for the kind hospitality. The work of NO is supported by the JSPS Research Fellowship for Young Scientists, No.2996.

References

[1] Homestake Collaboration, B.T. Cleveland et al., Nucl. Phys.(Proc. Suppl.) B38, 47 (1995); Kamiokande Collaboration, Y. Suzuki, Nucl. Phys. (Proc. Suppl.) B38, 54 (1995); GALLEX Collaboration, P. Anselmann et al., Phys. Lett. B357, 237 (1995); SAGE Collaboration, J.N. Abdurashitov et al., Phys. Lett. B328, 234 (1994); Super- Kamiokande Collaboration, Phys. Rev. Lett. 82, 1810 (1999); Phys. Rev. Lett. 82, 2430 (1999); hep-ex/9903034.

[2] Kamiokande Collaboration, K.S. Hirata et al., Phys. Lett. B205, 416 (1988); ibid.

B280, 146 (1992); Y. Fukuda et al., Phys. Lett. B335, 237 (1994); IMB Collaboration, D. Casper et al., Phys. Rev. Lett. 66, 2561 (1991); R. Becker-Szendy et al., Phys. Rev. D46, 3720 (1992); SOUDAN2 Collaboration, T. Kafka, Nucl. Phys. (Proc. Suppl.) B35, 427 (1994); M.C. Goodman, ibid. 38, (1995) 337; W.W.M. Allison et al., Phys. Lett. B391, 491 (1997); Phys. Lett. B449, 137 (1999).

[3] Y. Totsuka, invited talk at the 18th International Symposium on Lepton-Photon Interaction, July 28 - August 1, 1997 Hamburg; Super-Kamiokande Collaboration, Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 82, 2644 (1999); hep-ex/9903047.

[4] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

[5] P.H. Chankowski and Z. Pluciennik, Phys. Lett. B316, 312 (1993);

K.S. Babu, C.N. Leung and J. Pantaleone, Phys. Lett. B319, 191 (1993).

[6] M. Tanimoto, Phys. Lett. B360, 41 (1995);

J. Ellis, G.K. Leontaris, S. Lola and D.V. Nanopoulos, Eur.Phys.J. C9, 389 (1999); S. Lola, hep-ph/9903203;

J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, hep-ph/9904395, hep-ph/9905381, hep-ph/9906281;

Yue-Liang Wu, hep-ph/9905222;

M. Carena, J. Ellis, S. Lola and C.E.M. Wagner, hep-ph/9906362; R. Barbieri, G. Ross and A. Strumia, hep-ph/9906470; E. Ma, hep-ph/9907400, hep-ph/9907503.

[7] N. Haba, N. Okamura and M. Sugiura, hep-ph/9810471.

[8] J. Ellis and S. Lola, Phys. Lett. B458, 310 (1999).

[9] N. Haba, Y. Matsui, N. Okamura and M. Sugiura, hep-ph/9904292, to be published in Eur. Phys. J. C.

[10] N. Haba and N. Okamura, hep-ph/9906481.

[11] L. Wolfenstein, Nucl. Phys. B186, 147 (1981);

K. Kobayashi, C.S. Lim and M.M. Nojiri, Phys. Rev. Lett. 67, 1685 (1991); H. Minakata and H. Nunokawa, Phys. Rev. D45, 3316 (1992).

[12] N. Haba, Y. Matsui, N. Okamura and M. Sugiura, in preparation.