arXiv:hep-ph/0411280 v2 29 Nov 2004

University of Shizuoka US-04-11

Maximal CP Violation Hypothesis and Phase Convention of the CKM Matrix

Yoshio Koide Department of Physics, University of Shizuoka, 52-1 Yada, Shizuoka 422-8526, Japan E-mail address: koide@u-shizuoka-ken.ac.jp

Abstract The maximal CP violation hypothesis depends on the phase convention of the Cabibbo- Kobayashi-Maskawa matrix. A phase convention which leads to successful prediction under the maximal CP violation hypothesis is searched, and thereby, possible structures of the quark mass matrices are speculated.

PACS numbers: 11.30.Er, 12.15.Hh and 12.15.Ff

1 Introduction Recent remarkable progress of the experimental B physics [1] has made possible to know the magnitude of the CP violation in the quark sector. We are interested what logic can give the observed magnitude of the CP violation. For this subject, for example, we know an attractive hypothesis, the so-called “maximal CP violation” hypothesis [2]. However, the conventional “maximal CP violation” hypothesis cannot give the observed magnitude of the CP violation, as we discuss later.

We are also interested that, which quark mass matrix element, the CP violation originates in (in other words, which of quark mass matrix elements is accompanied by a CP violating phase). However, it is usually taken that this question is meaningless, because we know that the observable quantities are invariant under the rephasing of the Cabibbo-Kobayashi-Maskawa (CKM) [3, 4] matrix. For example, we cannot physically distinguish the standard CKM matrix phase convention [5] V_{SD} = R_1(θ_{23})P_3(δ_{13})R_2(θ_{13})P^†_3 (δ_{13})R_3(θ_{12})

= c_{13}c_{12} c_{13}s_{12} s_{13}e^{−iδ13} −c_{23}s_{12} − s_{23}c_{12}s_{13}e^{iδ13} c_{23}c_{12} − s_{23}s_{12}s_{13}e^{iδ13} s_{23}c_{13} s_{23}s_{12} − c_{23}c_{12}s_{13}e^{iδ13} −s_{23}c_{12} − c_{23}s_{12}s_{13}e^{iδ13} c_{23}c_{13} , (1.1)

from the original CKM matrix phase convention by Kobayashi and Maskawa (KM) [4]

V_{KM} = R^T_1 (θ_2)P_3(δ_{KM} + π)R_3(θ_1)R_1(θ_3)

= c_1 −s_1c_3 −s_1s_3 s_1c_2 c_1c_2c_3 − s_2s_3e^{iδKM} c_1c_2s_3 + s_2c_3e^{iδKM} s_1s_2 c_1s_2c_3 + c_2s_3e^{iδKM} c_1s_2s_3 − c_2c_3e^{iδKM} , (1.2)

where

R_1(θ) =

1 0 0 0 c s 0 −s c , R2(θ) = c 0 s 0 1 0 −s 0 c , R1(θ) = c s 0 −s c 0 0 0 1 , (1.3)

P_3(δ) = diag(1, 1, e^{iδ}), (1.4)

s = sin θ and c = cos θ.

Although there are many different versions of the maximal CP violation hypothesis, the conventional one demands that the nature takes a value of the CP violating phase so that the rephasing invariant quantity [6] J takes its maximal value. In the standard CKM matrix phase convention, the quantity J is given by

J = c^2_{13}s_{13}c_{12}s_{12}c_{23}s_{23} sin δ_{13} , (1.5)

i.e. J = |V_{11}||V_{12}||V_{33}||V_{23}||V_{13}| 1 − |V_{13}|^2 sin δ_{13} . (1.6)

The maximal CP violation hypothesis demands sin δ_{13} = 1, so that we obtain J ≃ |V_{us}||V_{cd}||V_{ub}| , (1.7) where we have used the observed fact 1 ≫ |V_{us}|^2 ≫ |V_{cd}|^2 ≫ |V_{ub}|^2. The choice δ_{13} = π/2 also predicts |V_{td}| = √ (s_{23}s_{12})^2 + (c_{23}c_{12}s_{13})^2 = 0.00976 ± 0.00016 , (1.8) α = 68.5^{∘+3.2∘}_{−2.7}∘ ≃ sin^{−1}(|V_{us}||V_{cb}|/|V_{td}|) , (1.9) β = 21.5^{∘−3.2∘}_{+2.7}∘ ≃ sin^{−1}(|V_{ub}|/|V_{td}|) , (1.10) γ = 89.96^∘ ± 0.00^∘ ≃ sin^{−1}(1) , (1.11)

where angles α, β and γ are defined by

α = Arg [ − V_{31}V^∗_{33} V_{11}V^∗_{13} ] = sin^{−1} [ |V_{12}||V_{22}| |V_{31}|(1 − |V_{13}|^2) sin δ_{13} ] , (1.12)

β = Arg [ − V_{21}V^∗_{23} V_{31}V^∗_{33} ] = sin^{−1} [ |V_{11}||V_{12}||V_{13}| |V_{21}||V_{31}|(1 − |V_{13}|^2) sin δ_{13} ] , (1.13) γ = Arg [ − V_{11}V^∗_{13} V_{21}V^∗_{23} ] = sin^{−1} [ |V_{12}||V_{33}| |V_{21}|(1 − |V_{13}|^2) sin δ_{13} ] , (1.14)

and we have used the observed values [7]

|V_{us}| = 0.2200 ± 0.0026 , |V_{cb}| = 0.0413 ± 0.0015 , |V_{ub}| = 0.00367 ± 0.00047 .

(1.15)

The world average value of β [7] which has been obtained from B_d decays is

sin 2β = 0.736 ± 0.049 ( β = 23.7^{∘+2.2∘}_{−2.0}∘ ) , (1.16)

so that the prediction (1.10) is in good agreement with the observed value. However, on the other hand, the best fit for the CKM parameters [7] gives

γ = 60^∘ ± 14^∘ , β = 23.4^∘ ± 2^∘ , (1.17)

so that the prediction of γ, (1.11), is entirely in disagreement with the experiments. Therefore, the maximal CP violation hypothesis must be ruled out.

However, note that this maximal CP violation hypothesis depends on the phase convention of the CKM matrix. If we use the original KM phase convention, the rephasing invariant quantity J is given by J = c_1s^2_1c_2s_2c_3s_3 sin δ_{KM} , (1.18)

i.e. J = |V_{11}||V_{12}||V_{13}||V_{21}||V_{31}| 1 − |V_{11}|^2 sin δ_{SD} , (1.19)

and the requirement δ_{KM} = π/2 predicts J ≃ |V_{ub}||V_{td}| , (1.20) |V_{ub}| = s_1s_2 ≃ |V_{us}||V_{cb}| √ 1 − ξ^2 , (1.21)

where ξ = |V_{ub}|/|V_{us}||V_{cb}| . (1.22) (The relations between V_{SD} and V_{KM} can, for instance, be found in Ref.[8].) From the observed values (1.15), we obtain the numerical results

|V_{td}| = 0.0084 ± 0.0005, (1.23)

α = 89.96^∘ ± 0.00^∘, (1.24)

β = 23.2^{∘−3.8∘}_{+3.5}∘ , (1.25) γ = 66.8^{∘+3.8∘}_{−3.5}∘ . (1.26)

These results are in good agreement with the observed values (1.16) and (1.17).

Thus, the results from the maximal CP violation hypothesis depend on the phase convention. (Note that we have applied the maximal CP violation hypothesis to the CKM phase convention V_{KM} , (1.2), under the rotation parameters fixed. If we apply the hypothesis to V_{KM} under |V_{us}|, |V_{cb}| and |V_{ub}| fixed, the results are same as in the standard phase convention.) Such phase-convention dependence, in spite of the rephasing invariance of the CKM matrix, is due to that we tacitly assume that only the phase parameter δ_{13} (δ_{KM} ) is free and it is independent of the rotation parameters s_{ij} (s_i).

In the present paper, we systematically investigate whether there is other phase convention which gives successful predictions or not, and we will find an interesting phase convention which speculates successful relations for quark masses m_{qi} and the CKM matrix elements |V_{ij}|. 2 Phase conventions and the expressions of J Let us give the CKM matrix V as V = V (i, k) ≡ R^T_i P_j R_j R_k (i ≠ j ≠ k), (2.1) where R_i (i = 1, 2, 3) are defined by Eqs. (1.3), and P_i are given by P_1 = diag(e^{iδ}, 1, 1), P_2 = diag(1, e^{iδ}, 1), and P_3 = diag(1, 1, e^{iδ}), we can show that the magnitudes of the CKM matrix elements, |V_{i1}|, |V_{i2}|, |V_{i3}|, |V_{1k}|, |V_{2k}| and |V_{3k}|, do not depend on the phase parameter δ, and the rephasing invariant quantity J is given by

J = |V_{i1}||V_{i2}||V_{i3}||V_{1k}||V_{2k}||V_{3k}| (1 − |V_{ik}|^2)|V_{ik}| sin δ . (2.2)

Note that the expression (2.2) is only dependent on i and k, and it is independent of j . Therefore, we have nine cases of V (i, k). (This has been pointed out by Fritzsch and Xing [9].) The expressions V (1, 3) and V (1, 1) correspond to the standard and original KM phase conventions, respectively.

For the observed fact 1 ≫ |V_{us}|^2 ≃ |V_{cd}|^2 ≫ |V_{cb}|^2 ≃ |V_{ts}|^2 ≫ |V_{ub}|^2, the results (2.2) are approximately given as follows: J ≃ |V_{us}||V_{cb}||V_{ub}| sin δ , (2.3) for V (1, 2), V (1, 3), V (2, 1) and V (2, 3) J ≃ |V_{ub}||V_{td}| sin δ , (2.4) for V (1, 1) and V (3, 3) J ≃ |V_{cb}|^2 sin δ , (2.5) for V (2, 2), and J ≃ |V_{us}||V_{cb}||V_{td}| sin δ , (2.6) for V (3, 1) and V (3, 2). The cases which can give reasonable predictions for unitary triangle under the maximal CP violation hypothesis are only the cases V (1, 1) and V (3, 3).

The explicit expression of V (1, 1) has already been given by Eq. (1.2). The explicit expression of V (3, 3) is given by V (3, 3) = R^T_3 (θ^u_{12})P_1(δ)R_1(θ_{23})R_3(θ^d_{12})

= e^{iδ} c^u_{12}c^d_{12} + c_{23}s^u_{12}s^d_{12} e^{iδ}c^u_{12}s^d_{12} − c_{23}s^u_{12}c^d_{12} −s_{23}s^u_{12} e^{iδ} s^u_{12}c^d_{12} − c_{23}c^u_{12}s^d_{12} e^{iδ}s^u_{12}s^d_{12} + c_{23}c^u_{12}c^d_{12} s_{23}c^u_{12} −s_{23}s^d_{12} −s_{23}c^d_{12} c_{23} , (2.7)

which has been proposed by Fritzsch and Xing [10]. For the expression (2.7), we obtain the expression of J

J = c_{23}s^2_3c^u_{12}s^u_{12}c^d_{12}s^d_{12} sin δ = |V_{13}||V_{23}||V_{33}||V_{32}||V_{31}| 1 − |V_{33}|^2 sin δ , (2.8)

and the relations s^u_{12} c^u_{12} = |V_{ub}| |V_{cb}| , (2.9)

s^d_{12} c^d_{12} = |V_{td}| |V_{ts}| , (2.10)

s_{23} = √ |V_{cb}|^2 + |V_{ub}|^2 . (2.11)

Under the maximal CP violation hypothesis, since the matrix element |V_{us}| is given

|V_{us}| = √ (c^u_{12}s^d_{12})^2 + (c_3s^u_{12}c^d_{12})^2 , (2.12)

the value of s^d_{12} can be fixed by the observed values of |V_{us}|, |V_{cb}| and |V_{ub}|. It is approximately given by s^d_{12} ≃ |V_{us}| √ 1 − ξ^2 , (2.13)

where ξ is defined by Eq. (1.22). When we use the observed values of |V_{us}|, |V_{cb}| and |V_{ub}|, (1.15), the numerical predictions without approximation are as follows:

J = (3.01^{−0.22}_{+0.10}) × 10^{−5}, (2.14)

|V_{td}| = 0.00842 ± 0.00052, (2.15) α = 88.95^{∘+0.14∘}_{−0.12}∘ , (2.16)

β = 23.2^{∘−3.8∘}_{+3.5}∘ , (2.17)

γ = 67.8^{∘+2.7∘}_{−4.4}∘ . (2.18)

These numerical results are approximately same as those in the original KM phase convention, but are slightly different from the results (1.8)–(1.11). 3 Speculation on the quark mass matrix form In the maximal CP violation hypothesis, we have, so far, assumed that the rotation parameters are fixed and only free parameter is the CP violation phase δ. This suggests the following situation. The phase factors in the quark mass matrices M_f (f = u, d) are factorized by the phase matrices P_f as M_f = P^†_{f L} ~M_f P_{f R} , (3.1)

where P_f are phase matrices and ~M_f are real matrices. The real matrices ~M_f are diagonalized by rotation (orthogonal) matrices R_f as

R^†_f ~M_f R_f = D_f ≡ diag(m_{f 1}, m_{f 2}, m_{f 3}), (3.2)

(for simplicity, we have assumed that M_f are Hermitian or symmetric matrix, i.e. P_{f R} = P_{f L} or P_{f R} = P^†_{f L} respectively), so that the CKM matrix V is given by

V = R^T_u P R_d , (3.3)

where P = P^†_{uL}P_{dL}. The quark masses m_{f i} are only determined by ~M_f . In other words, the rotation parameters are given only in terms of the quark mass ratios, and independent of the CP violating phases. In such a scenario, the maximal CP violation hypothesis means that the CP violation parameter δ takes its maximum value without changing the quark mass values.

For example, the choices of the standard and original KM phase conventions suggest the quark mass matrix structures

~M_u = R_2(θu_{13})R_1(θ_{23})D_uRT_1 (θ_{23})RT_2 (θu_{13}) , ~M_d = R_2(θd_{13})R_3(θ_{12})D_dRT_3 (θ_{12})RT_2 (θd_{13}) , (3.4)

with θ_{13} = θ^d_{13} − θ^u_{13} and

~M_u = R_3(θu_1 )R_1(θ_2)D_uRT_1 (θ_2)RT_2 (θu_1 ) , ~M_d = R_3(θd_1 )R_1(θ_3)D_dRT_1 (θ_3)RT_3 (θd_1 ) , (3.5)

with θ_1 = θ^d_1 − θ^u_1 , respectively. The success of the maximal CP violation hypothesis, (1.23)– (1.26), suggest that the mass matrix structure (3.5) is preferable to the structure (3.4). However, another candidate of V which gives the magnitude of J, (2.4), also gives successful results (2.14)– (2.18). The case V (3, 3) suggests the following quark mass matrix structure:

~M_u = R_1(θu_{23})R_3(θu_{12})D_uRT_3 (θu_{12})RT_1 (θu_{23}) , ~M_d = R_1(θd_{23})R_3(θd_{12})D_dRT_3 (θd_{12})RT_1 (θd_{23}) , (3.6)

with δ = δ_d − δ_u and θ_{23} = θ^d_{23} − θ^u_{23}. The mass matrix structure (3.6) is explicitly given by the form

~M_f = m_{f 1}c^{f 2}_{12} + m_{f 2}s^{f 2}_{12} (m_{f 2} − m_{f 1})c^f_{12}s^f_{12}c^f_{23} −(m_{f 2} − m_{f 1})c^f_{12}s^f_{12}s^f_{23} (m_{f 2} − m_{f 1})c^f_{12}s^f_{12}c^f_{23} (m_{f 1}s^{f 2}_{12} + m_{f 2}c^{f 2}_{12} )c^{f 2}_{23} + m_{f 3}s^{f 2}_{23} (m_{f 3} − m_{f 2}c^{f 2}_{12} − m_{f 1}s^{f 2}_{12} )c^f_{23}s^f_{23} −(m_{f 2} − m_{f 1})c^f_{12}s^f_{12}s^f_{23} (m_{f 3} − m_{f 2}c^{f 2}_{12} − m_{f 1}s^{f 2}_{12} )c^f_{23}s^f_{23} (m_{f 1}s^{f 2}_{12} + m_{f 2}c^{f 2}_{12} )s^{f 2}_{23} + m_{f 3}c^{f 2}_{23} .

(3.7) In the mass matrix (3.7), the ansatz ~M^d_{11} = 0 leads to the well–known relation [11]

|V_{us}| ≃ s^d_{12} ≃ √ m_d m_s ≃ 0.22 . (3.8)

On the other hand, in the mass matrix structure (3.5), there is no simple relation such as (3.8). Therefore, the mass matrix structure (3.6) [i.e. (3.7)] [and also the phase convention (2.7) ] is more attractive to us compared with the alternative one (1.2) (the original KM phase convention). Furthermore, in the mass matrix (3.7), if we assume ~M^u_{11} = 0 analogous to ~M^d_{11} = 0, we obtain s^u_{12} c^u_{12} ≃ √ m_u m_c = 0.059 , (3.9)

where quark mass values [12] at μ = m_Z have been used. Compared with the experimental value of |V_{ub}|/|V_{cb}| s^u_{12} c^u_{12} = |V_{ub}| |V_{cb}| = 0.089^{+0.015}_{−0.014} , (3.10)

the prediction (3.9) is slightly small. However, this discrepancy should not be taken seriously, because the present speculation on the quark mass matrices is made only for main framework of the mass matrices. The purpose of the present paper is to investigate a possible phase convention form which can give successful predictions for the shape of the unitary triangle under the maximal CP violation hypothesis, and not to find a phenomenologically successful quark mass matrix form, we do not go into the phenomenology of the mass matrix form (3.7) any more. 4 Conclusion

The predictions from the maximal CP violation hypothesis depend on the phase conventions of the CKM matrix V . We have systematically investigated whether the hypothesis can give successful predictions for the magnitude of the rephasing invariant quantity J and the shape of the unitary triangle or not. In conclusion, we have found that, of the nine possible phase conventions V (i, k) = R^T_i P_j R_j R_k, only two, V (1, 1) (the original KM phase convention) and V (3, 3) (the Fritzsh–Xing phase convention), can yield successful predictions.

Furthermore, we have speculated possible quark matrix forms which are suggested from the expressions V (i, k). Since a texture-zero requirement M^d_{11} = 0 in the mass matrix form (3.7) can lead to the well–known relation |V_{us}| ≃ m_d/m_s, the new phase convention V (3, 3) is very attractive to us rather than the original KM phase convention V (1, 1). (Of course, for experimental data analysis, the standard phase convention V (1, 3) [i.e. (1.1)] is the most useful expression. Only for discussing the relations between the CKM matrix and the quark mass matrix forms M_f , the expression V (3, 3) [i.e. (2.7)] will be useful.)

Of course, we cannot ruled out a possibility that the maximal CP violation hypothesis is not true. Then, from the view point of a simple texture-zero ansatz, the phase convention V (2, 3) is also attractive to us, because the case suggests the quark mass matrix structure ~M_u = Ru_1 Ru_2 D_uRuT_2 RuT_1 and ~M_d = Rd_1Rd_3D_dRuT_3 RuT_1 . The texture-zero requirements ~M u_{11} = 0 and ~M^d_{11} = 0 predicts |V_{ub}| ≃ √ m_u/m_t = 0.0036 and |V_{us}| ≃ √ m_d/m_s = 0.22, respectively.

Those predictions are in good agreement with the observed values (1.15).

If we apply the mass matrix structure (3.7) to the lepton sector, we obtain

|U_{e3}| ≃ 1 √ 2 √ m_e m_μ = 0.049, (4.1)

for the V (3, 3) model, while

|U_{e3}| ≃ 1 √ 2 √ m_e m_τ = 0.012, (4.2)

for the V (2, 3) model, where we have taken s_{23} = c_{23} = 1/ √ 2 from the observed fact [13, 14] sin^2 2θ_{atm} ≃ 1. If a near future experiment confirms the relation (4.1), the V (3, 3) model which is suggested from the maximal CP violation hypothesis will become promising.

Acknowledgment This work was supported by the Grant-in-Aid for Scientific Research, the Ministry of Education, Science and Culture, Japan (Grant Number 15540283).

References

[1] For instance, B. Aubert et al., Phys. Rev. Lett. 89, 201802 (2002); K. Abe et al, Belle- CONF-0353, LP’03 (2003).

[2] D. Hochberg and R. Sachs, Phys. Rev. D27, 606 (1983); B. Stech, Phys. Lett. B130, 189 (1983); L. Wolfenstein, Phys. Lett. B144, 425 (1984); M. Shin, Phys. Lett. B145, 285 (1984); H. Fritzsch, Phys. Rev. D32, 3058 (1985); M. Gronau and J. Schechter, Phys. Rev. Lett. 54, 385 (1985); M. Gronau, R. Jonson and J. Schechter, Phys. Rev. Lett. 54, 2176 (1985); F. J. Botella and L. -L. Chau, Phys. Lett. B168, 97 (1984). And also see, C. Jarlskog, in Introduction to CP Violation, edited by C. Jarlskog (World Scientific, Singapore, 1989), p.3, and references therein.

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

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

[5] L. -L. Chau and W. -Y. Keung, Phys. Rev. Lett. 53, 1802 (1984); H. Fritzsch, Phys. Rev.

D32, 3058 (1985); Phys. Lett. 166B, 423 (1986); H. Harari and M. Leurer, Phys. Lett. B181, 123 (1986); H. Fritzsch and J. Plankl, Phys. Rev. D35, 1732 (1985); F. J. Botella and L. -L. Chao, Phys. Lett. B168, 97 (1986).

[6] C. Jarlskog, Phys. Rev. Lett. 55, 1839 (1985); O. W. Greenberg, Phys. Rev. D32, 1841 (1985); I. Dunietz, O. W. Greenberg and D.-d. Wu, Phys. Rev. Lett. 55, 2935 (1985); C. Hamzaoui and A. Barroso, Phys. Rev. D33, 860 (1986).

[7] S. Eidelman et al. (Particle Data Group), Phys. Lett. B592, 1 (2004) (URL:

http://pdg.lbl.gov).

[8] V. E. Kuznetsov and V. A. Naumov, Nuovo Cim. A 108, 1451.

[9] H. Fritzsch and Z. Z. Xing, Phys. Rev. D57, 594 (1998).

[10] H. Fritzsch and Z. Z. Xing, Phys. Lett. B413, 396 (1997).

[11] S. Weinberg, Ann. N.Y. Acad. Sci. 38, 185 (1977); H. Fritzsch, Phys. Lett. 73B, 317 (1978);

Nucl. Phys. B155, 189 (1979); H. Georgi and D. V. Nanopoulos, ibid. B155, 52 (1979).

[12] H. Fusaoka and Y. Koide, Phys. Rev. D57, 3986 (1998).

[13] Super-Kamiokande collaboration, Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998); M. Shiozawa, Talk presented at Neutrino 2002, Munich, Germany, May 2002 (http://neutrino.t30.physik.tu-muenchen.de/); C. Saji, Talk presented at The 5th Workshop on ”Neutrino Oscillations and their Origin” (NOON2004), Tokyo, Japan, February 2004 (http://www-sk.icrr.u-tokyo.ac.jp/noon2004/).

[14] K2K collaboration, M. H. Ahn, et al., Phys. Rev. Lett. 90, 041801 (2003).