arXiv:1206.2793v2 [hep-ph] 11 Jan 2013

EPHOU-12-002

Grand Unification of Flavor Mixings

Naoyuki Haba^1 and Ryo Takahashi^{1,2} 1Department of Physics, Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan and 2Department of Physics, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

An origin of flavor mixings in quark and lepton sectors is still a mystery, and a structure of the flavor mixings in lepton sector seems completely different from that of quark sector. In this letter, we point out that the flavor mixing angles in quark and lepton sectors could be unified at a high energy scale, when neutrinos are degenerate. It means that a minimal flavor violation at a high energy scale can induce a rich variety of flavor mixings in quark and lepton sectors at a low energy scale through quantum corrections.

PACS numbers: 12.15.Ff, 14.60.Pq, 14.60.St

An origin of flavor mixings is one of the most important mystery in the elementary particle physics. A structure of flavor mixings in the quark sector has been investigated as so-called Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]. On the other hand, neutrino oscillation experiments have revealed that the lepton sector has completely different flavor mixings, represented by Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [2], in which one large mixing angle θ_{12}, one nearly maximal mixing angle θ_{23} [3], and non-vanishing θ_{13} that is pointed out by recent long baseline and reactor experiments [4]. Anyhow, both flavor structures seem completely different from each other, and this situation motivates us to pursue an origin of flavor violation.

In this letter, we will investigate a possibility that CKM and PMNS flavor mixing angles are unified at a high energy scale. This is a kind of “grand unification of flavor mixings (GUFM)”, where a minimal flavor violation at a high energy scale can induce a rich variety of flavor mixing structures in both quark and lepton sectors at a low energy scale. Similar possibility has been studied in [5–7]. Such possibility in [5] has been realized by a radiative magnification [8]. The idea of radiative magnification has originally proposed for the neutrino mixing angles but not for an unification of CKM and PMNS mixing angles (see [9] for radiative magnification models). The refs. [5–7] could give some typical examples with the radiative magnification which can cause to the GUFM. The ref. [10] has applied the GUFM to phenomenological discussions, i.e. it has been shown that there is a correlation between lower bounds on masses of super-particles and an upper bound on sum of neutrino masses. Our purposes of this work are to clarify parameter space and give some bounds on physical parameters at a low energy for a realization of the GUFM rather than a construction of high energy model, which realizes the GUFM, and phenomenological applications. Therefore, we will take a bottom-up approach with renormalization group equations (RGEs) and experimentally observed values at a low energy as input, which includes the recent update of value of θ_{13}. Then, we will show that quantum corrections and degeneracy of neutrino masses play crucial roles for the realization of GUFM. As for the mass degeneracy, we should remind that only neutrinos can be degenerate among matter fermions.

There is also a similar work to the GUFM, which is a quark-lepton similarity [11]. The ref. [11] has pointed out that the PMNS matrix at high energy scale can be connected to the CKM matrix by a transformation. We will consider a possibility of GUFM without introducing such special transformation, i.e. the GUFM will be discussed under the RGEs with standard PDG parameterization for both CKM and PMNS matrices.

We take a setup of minimal supersymmetric standard model (MSSM) with Weinberg operator [12], where Yukawa interactions are given by L_Y = −y_dQ_LH_dd_R − y_uQ_LH_uu_R − y_eL̄H_de_R +κ(H_uL)(H_uL) + h.c.. (1) Here Q_L are the left-handed quarks, u_R(d_R) are the righthanded up(down)-type quarks, e_R are the right-handed charged leptons, H_u(H_d) is the up(down)-type Higgs, and y_∗ (∗ = u, d, e) are the corresponding Yukawa couplings, respectively. The Weinberg operator can be obtained by integrating out a heavy particle(s), for example, right-handed neutrinos with masses of order 10^{14−16} GeV in type I seesaw mechanism [13]. Thus, an effective coupling κ is carrying mass dimension −1 as (O(10^{14−16}) GeV)^{−1}. We also utilize PDG parameterization [3] for the CKM (V_{CKM}) and PMNS (V_{PMNS}) matrices as V_{CKM} ≡ V^†_{uL}V_{dL} and V_{PMNS} ≡ V^†_{eL}V_ν D_p, respectively, where V_{∗L} are unitary matrices diagonalizing Yukawa coupling as V^†_{∗L}y_∗V_{∗R} = y^{diag}_∗ , and D_p is a diagonal phase matrix as D_p ≡ Diag{e^{iρ}, e^{iσ} , 1}. The light (active) neutrinos are diagonalized as V^T M_ν V = M^{diag}_ν ≡ Diag{m_1, m_2, m_3} with M_ν ≡ κv^2_u. Notice that two Majorana phases in D_p are included in the PMNS matrix.

RGE of κ is given by [14]

16π^2 dκ dt = 6 [ − 1 5 g^2_1 − g^2 + Tr ( y^†_uy_u ) ] κ + [( y_ey^†_e ) κ + κ ( y_ey^†_e )_T ] , (2)

where g_is are gauge coupling constants. We can show the PMNS matrix at a high energy scale, Λ, through the neutrino mass matrix at Λ, M_ν (Λ) = κ(Λ)v^2_u, by use of eq.(2). The M_ν (Λ) is given by M_ν (Λ) = IM_ν (Λ_{EW})I [15–18], where Λ_{EW} is a low energy (electroweak) scale and I ≡ Diag{ √ I_e, √ I_μ, √ I_τ }. Here, I_αs (α = e, μ, τ) denote quantum corrections, which are defined by I_α ≡ exp

[_1 8π ∫_{tEM (≡ln ΛEW )}

t_Λ(≡ln Λ) y 2 αdt ] . A dominant effect of the quantum corrections comes from y_τ , and we define small parameters as ϵ_{e(μ)} ≡ 1 − √_{Iτ} I_{e(μ)} .

Typical values of ϵ_{e(μ)} have been given in [17], and we take a region 10^{−3} ≲ ϵ_{e(μ)} ≲ 0.1, which corresponds to O(10) ≲ tan β ≲ O(50) with κ^{−1} ≥ 10^{13} GeV. In the following analyses, we take a good approximation of ϵ ≡ ϵ_e = ϵ_μ. Then, the M_ν (Λ) is given by

M_ν (Λ) = m_{11} m_{12} m_{13}(1 + ϵ) m_{21} m_{22} m_{23}(1 + ϵ) m_{31}(1 + ϵ) m_{32}(1 + ϵ) m_{33}(1 + 2ϵ) , (3)

and (M_ν (Λ_{EW}))_{ij}

≡ m_{ij} = (V^∗_{PMNS}(Λ_{EW})M^{diag}_ν (Λ_{EW})V^T_{PMNS}(Λ_{EW}))_{ij} . (4) Note that we take a diagonal basis of charged lepton Yukawa matrix.

Now let us investigate effects of radiative corrections for the PMNS mixing angles. Numerical results are shown in Figs. 1 and 2. We have performed scatter plots with the following input parameters.

For the mass spectra of light neutrinos, we take two types of neutrino mass ordering, normal hierarchy (NH) m_1 < m_2 < m_3 and inverted hierarchy (IH) m_3 < m_1 < m_2, since the neutrino oscillation experiments determine only two mass squared differences, Δm^2_1 ≡ |m_2|^2 −|m_1|^2 and |Δm^2_{32}| ≡ | ||m_3|^2 − |m_2|^2 | |. At the Λ_{EW} scale, the NH case suggests

m_1(Λ_{EW}) = √ m^2_3(Λ_{EW}) − |Δm^2_{32}| − Δm^2_1, (5)

m_2(Λ_{EW}) = √ m^2_3(Λ_{EW}) − |Δm^2_{32}|, (6)

while the IH case does

m_1(Λ_{EW}) = √ m^2(Λ_{EW}) − Δm^2_1, (7)

m_3(Λ_{EW}) = √ m^2(Λ_{EW}) − |Δm^2_{32}| − Δm^2_1. (8)

We have taken √ |Δm^2_{32}| + Δm^2_1 ≤ m_{3(2)}(Λ_{EW}) ≤ 0.2 eV for NH (IH) with

Δm^2_1 = 7.62 × 10^{−5} eV^2, (9) |Δm^2_{32}| = 2.53(2.40) × 10^{−3} eV^2, (10)

which are the best fit values of experimentally observed neutrino mass squared differences [19]. The magnitude

(a) (d)

(b) (e)

(c) (f)

FIG. 1: The PMNS mixing angle at Λ = 10^{14} GeV for the NH case. Red, green and blue plots show large hierarchy ( √ |Δm^2_{32}| + Δm21 ≤ m3 < 0.1 eV), weak degenerate (0.1 eV ≤ m3 < 0.15 eV) and strong degenerate (0.15 eV ≤ m3 ≤ 0.2 eV) cases, respectively.

of 0.2 eV is consistent with cosmological bounds on sum of neutrino masses (see e.g. [20]). The mixing angles at Λ_{EW} are taken by

0.303 ≤ sin^2 θ_{12} ≤ 0.335, (11)

0.44(0.46) ≤ sin^2 θ_{23} ≤ 0.57(0.58), (12)

0.022(0.023) ≤ sin^2 θ_{13} ≤ 0.029(0.030), (13)

from experimental results at 1σ level for the NH (IH) case [19]. Notice that m_3(Λ_{EW}) (m_2(Λ_{EW})) is a free parameter in our analyses for the NH (IH) case, and it is related to the magnitude of degeneracy, i.e., a larger m_3(Λ_{EW}) (m_2(Λ_{EW})) stands for a stronger degeneracy. When the degeneracy becomes stronger, the mixing angles can change drastically.

The effects of quantum correction described by ϵ have been taken as 10^{−3} ≤ ϵ ≤ 0.1. In the figures, the “o” and

(a) (d)

(b) (e)

(c) (f)

FIG. 2: The same figures as Fig.1 for the IH case. Red, green and blue plots show large hierarchy ( √ |Δm^2_{32}| + Δm21 ≤ m2 < 0.1 eV), weak degenerate (0.1 eV ≤ m2 < 0.15 eV) and strong degenerate (0.15 eV ≤ m2 ≤ 0.2 eV) cases, respectively.

“χ” markers show relatively small ϵ (10^{−3} ≤ ϵ < 0.01) and large one (0.01 ≤ ϵ ≤ 0.1), respectively. Note that ϵ is also a free parameter in our analyses, which is determined once values of tan β and Λ are fixed. The scatter plots in Figs. 1 and 2 denote the PMNS mixing angles for NH and IH cases in a typical high energy scale of Λ = 10^{14} GeV, respectively. We analyze separately whether all CP-phases are relatively large π/4 ≤ |δ^l|, |ρ|, |σ| ((a)-(c)) or small 0 ≤ |δ^l|, |ρ|, |σ| < π/4 ((d)-(f)). The CKM mixing angles at Λ = 10^{14} GeV [21] is shown in each figure by big black dot.

Now let us go back our starting point, “Can the GUFM be really possible?” For the NH case, there definitely exist regions of the GUFM, where all the PMNS mixing angles are equal to the corresponding CKM mixing angles, θ^l_{ij} = θ^q_{ij} as shown by blue markers in Figs. 1. Notice also that the green and red markers cannot reach the CKM point (e.g. see Figs. 1 (c) and (f)). Large hierarchy and small degenerate cases cannot realize GUFM because of the stabilities of mixing angle θ_{23}. Therefore, the GUFM can be achieved in a case of strong degenerate neutrino mass spectrum through quantum corrections. As for CP-phases, the GUFM is easily realized when CP-phases are large. We can see it by comparing Figs. 1 (a)-(c) with Figs. 1 (d)-(f). As for the largeness of quantum corrections, the strong degenerate case (blue plot) can realize CKM angles even when the quantum effects are relatively small since blue “o” markers in Fig. 1 (b) or (c) really exist on CKM point. Numerically, we can see that 0.005 ≲ ϵ, which corresponds to 10 ≲ tan β, is enough for the realization of the GUFM in the NH degenerate case.

On the other hand, Figs. 2 show that the IH case cannot realize the GUFM. It is because θ_{23} becomes too large at Λ = 10^{14} GeV. Thus, we can conclude that the strong degenerate NH mass spectrum can achieve the GUFM in a region of 0.002(0.005) ≲ ϵ with the large (small) CPphases case, which corresponds to tan β ≃ 10(15) [17]. This situation is summarized by “CKM” in Tab. I. Additionally, “CKM” in Tab. II shows cases of different combinations of CP-phases, such as one of three is small (large) and others are large (small). In these cases, numerical results are not so changed, and we can conclude that the most important key for the realization of GUFM is not CP-phases but strong degeneracy.

We give some comments on our the results. First, our results are consistent with ones of [5]. The work of [5] utilized relatively large m_3(≥ 0.17) and tan β(=55), which are favor for the realization of GUFM as we have shown. These values of m_3 and tan β are inputs in [5] while we have scanned over m_3 and tan β, and we have successfully obtained lower bounds on m_3 and tan β for the GUFM in this work. We have also shown that the GUFM cannot be realized in the IH case. Second, there generically exist threshold effects for neutrino masses [22]. We did not take care of such effects because it was shown in [6] that the threshold corrections have negligible effects on the mixing angles, and thus size of the effects is sufficient to have concordance between the GUFM model and experimental results of neutrino oscillation.

We also comment on a correlative mixing pattern, θ_{12}+ θ_{23} + θ_{13} = π/2, at a low energy scale. Even when we change value of θ_{13} as keeping the relation θ_{12}+θ_{23}+θ_{13} = π/2 within the experimentally allowed values, the main results given in Tab. I are not changed.

Finally, although it is nothing to do with the GUFM, we comment on bi-maximal (sin^2 θ_{12} = sin^2 θ_{23} = 1/2 and sin^2 θ_{13} = 0) and tri-bimaximal (sin^2 θ_{12} = 1/3, sin^2 θ_{23} = 1/2, and sin^2 θ_{13} = 0) mixing angles just for reference, which are shown by big black triangles in Figs. 1 and 2. We can find regions where all the PMNS mixing angles at Λ = 10^{14} GeV are close to the bimaximal and tri-bimaximal [23] points in Figs. 1 (a)-(c) and Figs. 2 (a)-(c). For the BM mixing, 0.0015(0.002) ≲

NH (m1 < m2 < m3) π 4 ≤ |δ^l|, |ρ|, |σ| 0 ≤ |δ^l|, |ρ|, |σ| <^π_4 ◯ ◯ CKM 0.1 eV ≲ m3 0.15 eV ≲ m2 10 ≲ tan β 15 ≲ tan β BM ◯ 8 ≲ tan β × TBM ◯ ◯ Figs. Figs. 1 (a)-(c) Figs. 1 (d)-(f) IH (m3 < m1 < m2) π 4 ≤ |δ^l|, |ρ|, |σ| 0 ≤ |δ^l|, |ρ|, |σ| <^π_4 CKM × × BM ◯ 10 ≲ tan β × TBM ◯ ◯ Figs. Figs. 2 (a)-(c) Figs. 2 (d)-(f)

TABLE I: This is the summary of main results. ◯ (×) means that the corresponding mixing angles can (not) be realized at high energy scale.

CKM BM TBM π 4 ≤ |δ^l|, |ρ|, 0 ≤ |σ| <^π_4 ◯ (×) × ◯ π 4 ≤ |δ^l|, |σ|, 0 ≤ |ρ| <^π_4 ◯ (×) × ◯ π 4 ≤ |ρ|, |σ|, 0 ≤ |δ^l| <^π_4 ◯ (×) ◯ ◯ π 4 ≤ |δ^l|, 0 ≤ |ρ|, |σ| <^π_4 ◯ (×) × ◯ π 4 ≤ |ρ|, 0 ≤ |δ^l|, |σ| <^π_4 ◯ (×) × ◯ π 4 ≤ |σ|, 0 ≤ |δ^l|, |ρ| <^π_4 ◯ (×) × ◯

TABLE II: The realizations of CKM, BM, and TBM in cases of various combinations of CP-phases for the NH (IH) case.

ϵ is required for NH (IH) case, which corresponds to tan β ≃ 8(10) [17]. And, the BM mixing cannot be realized in small CP-phases cases both for NH and IH cases. In different combinations of CP-phases, the BM cannot be realized unless π/4 ≤ |ρ|, |σ| for both NH and IH cases. These mean the largeness of |ρ| and |σ| is important for the realization of BM at the high energy scale (see Tab. II). On the other hand, the TBM mixing angles at the high energy are allowed for all cases (NH/IH and large/small CP-phases (see Tab. II)). All figures show that the TBM is easy to be realized at high energy scale with relatively small quantum effects (“o” marker), since the TBM fits the PMNS mixing angles well at the low energy scale.

We have investigated whether the GUFM is possible or not in the framework of the MSSM. We have found the GUFM is really possible when neutrino has degenerated NH spectrum with 0.1 eV ≲ m_3 through the quantum corrections, 0.005 ≲ ϵ (10 ≲ tan β). We have also investigated the possibility that BM and TBM mixing angles are realized at the high energy scale. Acknowledgment

This work is partially supported by Scientific Grant by Ministry of Education and Science, Nos. 00293803, 20244028, 21244036, and 23340070. The work of R.T. is supported by Research Fellowships of the Japan Society for the Promotion of Science for Young Scientists.

[1] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531;

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[2] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor.

Phys. 28 (1962) 870; B. Pontecorvo, Sov. Phys. JETP 26 (1968) 984 [Zh. Eksp. Teor. Fiz. 53 (1967) 1717].

[3] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G G 37 (2010) 075021.

[4] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107 (2011) 041801; P. Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 107 (2011) 181802; Y. Abe et al. [DOUBLE-CHOOZ Collaboration], Phys. Rev. Lett. 108, 131801 (2012); F. P. An et al. [DAYA-BAY Collaboration], arXiv:1203.1669 [hep-ex]; J. K. Ahn et al. [RENO collaboration], arXiv:1204.0626 [hep-ex].

[5] R. N. Mohapatra, M. K. Parida and G. Rajasekaran, Phys. Rev. D 69 (2004) 053007.

[6] R. N. Mohapatra, M. K. Parida and G. Rajasekaran, Phys. Rev. D 71 (2005) 057301.

[7] S. K. Agarwalla, M. K. Parida, R. N. Mohapatra and G. Rajasekaran, Phys. Rev. D 75 (2007) 033007.

[8] K. R. S. Balaji, A. S. Dighe, R. N. Mohapatra and M. K. Parida, Phys. Lett. B 481 (2000) 33.

[9] K. R. S. Balaji, R. N. Mohapatra, M. K. Parida and E. A. Paschos, Phys. Rev. D 63 (2001) 113002; J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, Nucl. Phys. B 569 (2000) 82; S. Antusch and M. Ratz, JHEP 0211 (2002) 010; R. N. Mohapatra, M. K. Parida, and G. Rajasekaran, Phys. Rev. D 72 (2005) 013002.

[10] A. Samanta, arXiv:1112.1169 [hep-ph]. [11] S. Hwang and K. Siyeon, arXiv:1008.3436 [hep-ph]. [12] S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566. [13] P. Minkowski, Phys. Lett. B67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK report 79-18, 1979); M. Gell- Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen and D.Z. Freedman (North Holland, Amsterdam, 1979); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912; J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227; Phys. Rev. D 25 (1982) 774.

[14] P. H. Chankowski and Z. Pluciennik, Phys. Lett. B 316 (1993) 312; K. S. Babu, C. N. Leung and J. T. Pantaleone, Phys. Lett. B 319 (1993) 191.

[15] J. R. Ellis and S. Lola, Phys. Lett. B 458 (1999) 310. [16] N. Haba, N. Okamura and M. Sugiura, Prog. Theor.

Phys. 103 (2000) 367; N. Haba, Y. Matsui, N. Okamura and M. Sugiura, Eur. Phys. J. C 10 (1999) 677; N. Haba, Y. Matsui and N. Okamura, Prog. Theor. Phys. 103 (2000) 807; N. Haba, Y. Matsui, N. Okamura and T. Suzuki, Phys. Lett. B 489 (2000) 184; S. Antusch, J. Kersten, M. Lindner and M. Ratz, Nucl. Phys. B 674 (2003) 401; S. Antusch, J. Kersten, M. Lindner, M. Ratz and M. A. Schmidt, JHEP 0503 (2005) 024; J. -w. Mei, Phys. Rev. D 71 (2005) 073012 J. -w. Mei and Z. -z. Xing, Phys. Lett. B 623 (2005) 227; S. Luo, J. -w. Mei and Z. -z. Xing, Phys. Rev. D 72 (2005) 053014; S. Luo and Z. -z. Xing, arXiv:1203.3118 [hep-ph].

[17] N. Haba and N. Okamura, Eur. Phys. J. C 14 (2000) 347. [18] N. Haba, Y. Matsui, N. Okamura and M. Sugiura, Prog.

Theor. Phys. 103 (2000) 145; N. Haba, Y. Matsui and

N. Okamura, Eur. Phys. J. C 17 (2000) 513.

[19] M. Tortola, J. W. F. Valle, and D. Vanegas, arXiv:1205.4018 [hep-ph] [20] E. Komatsu et al. [WMAP Collaboration], Astrophys. J.

Suppl. 192 (2011) 18.

[21] G. Ross and M. Serna, Phys. Lett. B 664 (2008) 97. [22] E. J. Chun and S. Pokorski, Phys. Rev. D 62 (2000) 053001; P. Chankowski and P. Wasowicz, Euro. Phys. J. C 23 (2002) 249; B. Brahmachari and E. J. Chun, Phys. Lett. B 596 (2004) 184.

[23] P.F. Harrison, D.H. Perkins and W.G. Scott, Phys. Lett.

B 530 (2002) 167; P.F. Harrison and W.G. Scott, Phys. Lett. B 535 (2002) 163.