arXiv:1201.0054v2 [hep-ph] 18 Jul 2012

July 19, 2012 3:46 WSPC/INSTRUCTION FILE ffbarmixing

International Journal of Modern Physics A © World Scientific Publishing Company

The Mass Difference of F − F̄ with SO(3) Family Gauge Symmetry

Hong-Lei Li School of Physics and Technology, University of Jinan, Jinan Shandong 250022, P.R.China and School of Physics, Shandong University, Jinan Shandong 250100, P.R.China lihl@mail.sdu.edu.cn

Shou-Shan Bao School of Physics, Shandong University, Jinan Shandong 250100, P.R.China ssbao@sdu.edu.cn

Zong-Guo Si School of Physics, Shandong University, Jinan Shandong 250100, P.R.China zgsi@sdu.edu.cn

Received Day Month Year Revised Day Month Year

As a simple extension, a non-Abelian family gauge symmetry SO(3), as well as three family Majorana neutrinos, was introduced to explain the tri-bimaximal mixing matrix of neutrinos. We discuss the effect of the possible SO(3) family gauge interaction to the mass differences of K − K̄, B_d − B̄_d, B_s − B̄_s and D − D̄, and get the constrains to the new gauge bosons.

Keywords: Gauge Flavor Symmetry; Mass Differences; New Gauge Boson Mass

12.60.Cn; 11.30.Hv; 14.40.Lb; 14.70.Pw

1. Introduction

Though the Standard Model (SM) has obtained great success in explaining the phenomena of particle physics, the mass spectra of quarks and leptons still remains a profound mystery. The existence of massive neutrinos is a challenge to SM. To understand the mass spectra and mixing of quarks and leptons, three family Majorana neutrinos and family gauge symmetry SO(3)_f have been introduced as a simple extension to SM1^,2^,3^,4. In this paper we focus on the ΔF = 2 processes with such new gauge interaction.

The current neutrino experiments 5^,6^,7^,8^,9^,10^,11^,12^,13 can be well described by neutrino oscillation via the mixing of three neutrinos13^,14^,15. The global fit leads to tiny neutrino masses and large mixing13. Phenomenologically, such mixing angles are consistent with the so-called tri-bimaximal mixing with θ_{12} = 35^∘, θ_{23} = 45^∘ and 1

2 Shou-Shan Bao

θ_{13} = 0, which was first proposed by Harrison, Perkins, and Scott16. As the mixing matrix is symmetric, many theoretical efforts have been made to obtain such a mixing matrix via imposing various symmetries, especially the discrete symmetries, which in general lead θ_{13} = 0. Recently, it was shown that the tri-bimaximal matrix may be regarded as the lowest order approximation of the neutrino mixing matrix, where the mixing angle θ_{13} is nonzero and can be tested experimentally17^,18. With three family neutrinos, the gauge family symmetry SO(3) instead of discrete symmetries was discussed in19^,20^,21^,22^,23^,24^,25. In this case, the tri-bimaximal neutrino mixing matrix can be obtained as the lowest order approximation from diagonalizing a symmetric mass matrix20.

As the Higgs boson has not been confirmed yet, the electro-weak (EW) symmetry breaking mechanism is unclear. One can suppose the family gauge symmetry spontaneously violates with the EW symmetry, which implies different Yukawa terms from those in SM as shown in1^,2^,3^,4^,26^,27^,28^,29^,30^,31. We work with the low energy effective Lagrangian after the gauge symmetries breaking, and discuss the effect of the new gauge interaction to the mass differences of the neutral mesons. When the family gauge symmetry is introduced, there will be flavor changing neutral current (FCNC) at tree level, especially the ΔF = 2 processes. The mass difference has been observed in the neutral pseudo-scalar meson systems, denoted as F − F̄ , where F refers to K^0, D^0, B^0, and B^0_s . We focus on the contribution of the new ΔF = 2 FCNC operators to the mass difference, and study the mass bounds of the SO(3)_f family gauge bosons.

This paper is organized as follows. In Section 2, we review the mass difference of the neutral mesons in SM. In Section 3, we introduce the effective Hamiltonian of SO(3) family gauge interaction and list the corresponding hadronic matrix elements. We give the numerical results in Section 4 and a short conclusion in Section 5.

2. F − F̄ mass difference in SM

In this section, we give a brief review about the mass difference of F − F̄ system. In SM if only the strong and electromagnetic interactions exist, i.e. H_0 = H_S + H_{EM} , F and F̄ would be stable as the eigenstates of the Hamiltonian H_0 with same mass m_0. When the Hamiltonian H_W of weak interaction is considered, F and F̄ will mix together and decay to the same final states. F − F̄ mixing is responsible for the mass difference between the mass eigenstates. In SM, it is known that the neutral meson mixing arises from the box diagrams through two W boson exchange. The FCNC processes involve heavy quarks via loops and consequently they are perfect testing ground for heavy flavor physics. The small mass difference of the neutral K and B imposes severe constraints to new physics beyond SM, especially to those with FCNC at tree level.

The phenomenon of F − F̄ mixing is important for it is relating to the CP violation. With Wigner-Weisskopf approximation32^,33, the wave function describing

The Mass Difference of F − F̄ with SO(3) Family Gauge Symmetry 3

the oscillation and decay of F − F̄ is |ψ(t)⟩ = ψ_1(t)|F ⟩ + ψ_2(t)|F̄ ⟩, (1) which evolves according to a Schrödinger-like equation i d dt ( ψ_1(t) ψ_2(t) ) = H ( ψ_1(t) ψ_2(t) ) ≡ ( M − i 2 Γ ) ( ψ_1(t) ψ_2(t) ) , (2)

where

M = (H + H^†)/2, (3) Γ = i(H − H^†). (4)

The matrices M and Γ are given, in second-order perturbation theory, by summing over intermediate states |n⟩, M_{ij} = m_0δ_{ij} + ⟨i|H_W |j⟩ + ∑ n P { ⟨i|H_W |n⟩⟨n|H_W |j⟩ m_0 − E_n } , (5)

Γ_{ij} = 2π ∑ n δ(m_0 − E_n)⟨i|H_W |n⟩⟨n|H_W |j⟩. (6) The result of the mixing is

ΔM − iΔΓ/2 = 2 √ H_{12}H_{21}, (7)

where the ΔM (ΔΓ) is the mass (width) difference. The processes for F − F̄ mixing in SM have been studied extensively and can be found in 34^,35^,36^,37^,38^,39^,40^,41^,42^,43^,44^,45. Experimentally, the mass differences are46^,47^,48^,49

ΔM_K = (3.483 ± 0.006) × 10^{−15}GeV, (8) ΔM_B = (3.337 ± 0.033) × 10^{−13}GeV, (9) ΔM_{Bs} = (1.170 ± 0.008) × 10^{−11}GeV, (10) ΔM_D = (1.4 ± 0.5) × 10^{−14}GeV. (11)

The low energy effective interaction in SM provides a good approximation to ΔM_B and ΔM_{Bs} , and also gives acceptable result of ΔM_K where the nonperturbation effect can not be ignored. However the value of ΔM_D in SM is only 10^{−18} ∼ 10^{−17}GeV. It is because the D − D̄ system is different from the B_{d,s} − B̄_{d,s} and K − K̄, where the internal quarks in the box diagrams are down-type quarks. Since the mass differences of the down-type quarks are much smaller than that of the up-type quarks, the GIM mechanism50 works much efficiently for D meson than that for K and B_{d,s} mesons. Furthermore, owing to the small Cabibbo-Kobayashi- Maskawa (CKM) angles the coupling to the third family is negligible, such that effectively only the first two generations play a role, making the GIM mechanism even more efficient to D − D̄ system.

As the short-distance effect in SM is small, it is suitable to study other effect in D − D̄ system, such as the long-distance effects, which are difficult to calculate due

4 Shou-Shan Bao

to the non-perturbation, or some new physics effects. In this paper we assume the short-distance effect of new physics is dominated to ΔM_D, and discuss the possible family gauge boson contribution.

3. The effective Hamiltonian in SO(3)_f

The Lagrangian about the interactions of quarks and the gauge bosons of SO(3)_f is L_{SO(3)} = g_f 2 Ψ̄^U A/Ψ^U + g^f 2 Ψ̄^DA/Ψ^D, (12)

where g_f is the new gauge coupling and

Ψ^U = u c t , Ψ^D = d s b , (13)

A_μ = T^aA^a_μ = i

0 −A^3 A^2 A^3 0 −A^1 −A^2 A^1 0 . (14)

The T^a(a = 1, 2, 3) are the generators of the SO(3) group and A^a(a = 1, 2, 3) are the gauge fields. After the gauge symmetry breaking, the fermions get mass. To diagonalize the mass matrix of quarks, one needs transformations of the quark fields from interaction eigenstates to mass eigenstates, Ψ^{U,D} → V_{U,D}Ψ^{U,D}. (15) With the mass eigenstates, the Lagrangian can be re-expressed as

L_{SO(3)} = g_f 2 Ψ̄^DV^†_D T^aA/^aV_DΨ^D + g^f 2 Ψ̄^U V^†_U T^aA/^aV_U Ψ^U ≡ g_f 2 Ψ̄^D (V^1A/^1 + V^2A/^2 + V^3A/^3) Ψ^D + g^f 2 Ψ̄^U (U^1A/^1 + U^2A/^2 + U^3A/^3) Ψ^U , (16)

where

V^c_{ij} = −iϵ^{abc}(V^†_D )_{ia}(V_D )_{bj} , (17)

U^c_{ij} = −iϵ^{abc}(V^†_U )_{ia}(V_U )_{bj} . (18)

The V^is and U^is are not independent, since the V_U and V_D are combined to CKM matrix,

V_{CKM} = V^†_U V_D. (19)

In general, each of the three unitary matrixes V_U , V_D or V_{CKM} has eight parameters, i.e., three mixing angles and five phases. Only two unitary matrixes are independent according Eq.(19), thus there are 16 independent parameters to be input. In SM, only the CKM matrix appears in the Lagrangian. Due to the re-phase invariance of the CKM matrix, only one phase has physical effect, and the others can be moved

The Mass Difference of F − F̄ with SO(3) Family Gauge Symmetry 5

to V_U and V_D which do not appear in SM. However, V_U and V_D appears in the new gauge interactions in Eq.(12).

From the Lagrangian given in Eq.(16), one can get the effective Hamiltonian for the ΔF = 2 processes, H_{eff} (ΔF = 2) = H^{SM}_{eff} (ΔF = 2) + H^{NP}_{eff} (ΔF = 2). (20) The H^{SM}_{eff} is from the box diagrams in SM, while the H^{NP}_{eff} is from the new gauge interactions,

H^{NP}_{eff} (ΔF = 2) = C^{D−D̄}_1 (ūc)_V (ūc)_V + C^{D−D̄}_2 (ū_αc_β )_V (ū_βc_α)_V +C^{K−K̄}_1 (d̄s)_V (d̄s)_V + C^{K−K̄}_2 (d̄_αs_β )_V (d̄_β s_α)_V +C^{B−B̄}_1 (d̄b)_V (d̄b)_V + C^{B−B̄}_2 (d̄_αb_β)_V (d̄_β b_α)_V +C^{Bs−B̄s} 1 (s̄b)_V (s̄b)_V + C^{Bs −B̄s}_2 (s̄_αb_β )_V (s̄_β b_α)_V . (21) At tree level, the Wilson coefficients are C^{D−D̄} 1 = g^2

(_3 ∑ i=1 U^i_{12}^2 4M^2_i ) , C^{K−K̄}_1 = g^2

(_3 ∑ i=1 V^i_{12}^2 4M^2_i ) ,

C^{B−B̄}_1 = g^2

(_3 ∑ i=1 V^i_{13}^2 4M^2_i ) , C^{Bs−B̄s} 1 = g^2

(_3 ∑ i=1 V^i_{23}^2 4M^2_i ) . (22)

Due to the color suppression, one has C^{K−K̄}_2 = C^{B−B̄}_2 = C^{Bs −B̄s}_2 = C^{D−D̄}_2 = 0 at tree level.

The M^{NP}_{12} is the contribution from the new operators whose hadronic matrix elements are given by, ⟨V V ⟩ = 1 4 ⟨[(V − A) + (V + A)] [(V − A) + (V + A)]⟩, = 1 2 [⟨(V − A)(V − A)⟩ + ⟨(V − A)(V + A)⟩] . (23) The factorizations of the hadron matrix elements are listed as follows, ⟨F̄ |(V − A)(V − A)|F ⟩ = 4 3 m_F f^2_F B^F_1 (μ), (24) ⟨F̄ |(V − A)(V + A)|F ⟩ = − 2 3 R(μ)m_F f^2_F B^F_2 (μ), (25) where the factor R = M^2/(m_q + m^′_q )^2 and the M is the average mass of the F and F̄ . m_q and m_{q′} are the mass of the quarks which are the components of the meson. f_F is the decay constant and B_is are the bag parameters which are unit in naive factorization51^,52. It should be noted that to get Eq.(23) the following equations have been used, ⟨(V − A)(V − A)⟩ = ⟨(V + A)(V + A)⟩, (26) ⟨(S − P )(S − P )⟩ = ⟨(S + P )(S + P )⟩. (27) As one knows the strong interaction preserves the chiral symmetry, the hadronic matrix elements of right-hand operators will be the same as the left-hand operators.

6 Shou-Shan Bao

Table 1. The average mass, the decay constant and the bag parameters of the neutral mesons.

K D B B_s M_F 0.498GeV 1.86 GeV 5.28GeV 5.37GeV f_F 156 ± 0.8MeV 191 ± 23MeV 220 ± 40MeV 205 ± 10MeV B_1 0.571 ± 0.048 0.87 ± 0.03 0.87 ± 0.04 0.86 ± 0.02 B_2 0.562 ± 0.039 1.46 ± 0.09 1.91 ± 0.04 1.94 ± 0.03

4. Numerical results

In our calculation, the following inputs are adopted. m_t = 171.2GeV, M_W = 80.4GeV, α_s(M_Z ) = 0.118, and the mass46, decay constants53^,54 and the bag parameters 55^,56^,57^,58^,59^,60 are listed in Table.(1). The CKM matrix V_{CKM} is parameterized61 with A = 0.806, λ = 0.2272, ρ̄ = 0.195, η̄ = 0.326. With such inputs, the results of the mass differences ΔM_F in SM are listed as follows,

ΔM_K = 2.312^{+0.024+0.466}

−0.024−0.462 × 10

−15GeV, (28) ΔM_{Bd} = 3.483^{+0.991+0.161}

−0.789−0.159 × 10

−13GeV, (29) ΔM_{Bs} = 1.20^{+0.47+0.03} −0.77−0.03 × 10 −11GeV. (30)

The first uncertain comes from the decay constant, and the second comes from the bag parameter. One can find that the results are close to the experimental values. In the following we consider the new physics effect in Eq.(21).

4.1. The results with V_D ∼ 1

First, for simplicity one can assume the mixing matrix of the down-type quarks is unit, and the the mixing matrix of up-type quarks is V_U = V^†_{CKM}. The free parameters are only the gauge coupling g_f and the mass of the gauge bosons. Since the effect of new physics is proportional to the g^2_f /M^2_i , one can get the upper limits from ΔM_{Bs,Bd,K} , g^2_f M^2_1

≤ 1.4 × 10^{−10}GeV^{−2},

g^2_f M^2_2

≤ 4.2 × 10^{−12}GeV^{−2}, (31)

g^2_f M^2_3

≤ 1.0 × 10^{−13}GeV^{−2}.

If the gauge interaction coupling constant is fixed, the above limits give lower limits of the gauge boson mass as plotted in Fig.(1). When the new gauge coupling constant is taken as strong as the weak interaction in SM, g_f = g = 0.657, one can get the mass limits which are M_1 ≥ 27TeV, M_2 ≥ 160TeV, and M_3 ≥ 10^3TeV. So we get the scale of the new interactions about μ_f ∼ 10^2TeV, in addition to Λ_{QCD} ∼ 10^2MeV and μ_{EW} ∼ 10^2GeV in SM. We take the limits in Eq.(31) as input and get the

The Mass Difference of F − F̄ with SO(3) Family Gauge Symmetry 7

Fig. 1. The low boundary of the new gauge bosons’ mass as functions of the new coupling constant g2f 4π .

D − D̄ mass difference ΔM_D = 0.85^{+0.08+0.04+0.12} −0.08−0.03−0.11 × 10 −14GeV, (32) where the first uncertain is from the decay constant and the others are from the bag parameters B_1 and B_2. One can find that our result is consistent with the experimental values.

4.2. D − D̄ and K − K̄ Finally, we consider another approximation. As the off-diagonal elements of CKM matrix are small, VCKM = 1 + O(λ), (33) the V_U and V_D are equal at leading order, V_U = V_D + O(λ). (34) According to Eq.(17,18), one can get U^i = V^i + O(λ), (i = 1, 2, 3). (35) The D − D̄ is related with U^i_{12} which is expressed as U^i_{12} = V^i_{12} + O(λ) (36) and the K − K̄ is related with V^i_{12}.

8 Shou-Shan Bao

At the leading order, as U^i = V^i one has Wilson coefficients C^{D−D̄} 2 = C^{K−K̄}_2 = 0, (37) C^{D−D̄} 1 ≈ C^{K−K̄}_1 = g^2

(_3 ∑ i=1 V^i_{12}^2 M^2_i ) ≡ Ce^{iθ}. (38) The imaginary part of the coefficient is relating with the CP violation in K − K̄ system which is detected46 as |ϵ_K | = (2.229 ± 0.012) × 10^{−3}. The imaginary part is small which implies the phase θ is close to 0 or π. In Fig.(2), the plot of the ΔM_D and ΔM_K with the same C is shown. From the plot one can get two solutions, θ = 0, C ∼ 1.4 × 10^{−14}GeV^{−2}, (39) θ = π, C ∼ 6.7 × 10^{−14}GeV^{−2}. (40) Taking the two solutions as input, one can get the ΔM_D, θ = 0, ΔM_D = 0.1 × 10^{−14}GeV, θ = π, ΔM_D = 0.5 × 10^{−14}GeV. (41)

Fig. 2. The ΔM_D and ΔM_K . The dashed line is the experimental value of ΔM_K

5. Conclusion As one knows that if the mass of the SM Higgs lies between 130 and 200GeV62, the SM can be valid at energy scales all the way up to Plank scale. But it seems unnatural if there is a very large desert from Electro-Weak scale to Plank scale. When the family gauge symmetry is introduced, there are FCNC at tree level especially the ΔF = 2 processes and more CP violation sources which are very interesting to flavor physics. In this paper we study the effect of the new gauge interaction to the

July 19, 2012 3:46 WSPC/INSTRUCTION FILE ffbarmixing

The Mass Difference of F − F̄ with SO(3) Family Gauge Symmetry 9

mass difference of the F − F̄ systems. We get the scale of the new gauge interaction at about 10^2TeV in addition to the the gauge scales in SM. With the constrain from K − K̄ and B − B̄, a result of ΔM_D consistent to the experimental data is gotten. In this paper, only the new physics effect at tree level is considered to get a simple constrain to the scale of the new gauge bosons. To get more precise results, the QCD corrections to the new operators and the long-distance effect should be considered.

Acknowledgments

The authors would like to thank Prof. Yue-Liang Wu for useful discussions and suggestions. This work was supported in part by the National Science Foundation of China, China Postdoctoral Science Foundation (CPSF), Natural Science Foundation of Shandong Province(#ZR2011AQ013,#JQ200902) and Independent Innovation Foundation of Shandong University.

References 1. A. S. Sakharov and M. Y. .Khlopov, Phys. Atom. Nucl. 57, 651 (1994) [Yad. Fiz. 57, 690 (1994)].

2. Y. L. Wu, Phys. Rev. D 60, 073010 (1999) [arXiv:hep-ph/9810491]. 3. Y. L. Wu, Eur. Phys. J. C 10, 491 (1999) [arXiv:hep-ph/9901245]. 4. Y. L. Wu, Int. J. Mod. Phys. A 14, 4313 (1999) [arXiv:hep-ph/9901320]. 5. B. Aharmim et al. (SNO Collaboration), Phys.Rev. C72 (2005) 055502. 6. K. Eguci et al. (KamLAND Collaboration), Phys. Rev. Lett. 94, 081801(2005). 7. E.Aliu et al.(K2K Collaboration), Phys. Rev. Lett. 94, 081802(2005) 8. Y. Ashie et al. ( SK Collaboration), Phys.Rev. D71, 112005(2005). 9. M. Altmann et al. (GNO Collaboration), Phys. Lett. B616, 174(2005). 10. M. Ambrosio et al. (MARCO Collaboration), Eur. Phys. J. C36, 323(2004). 11. M. Sanchez et al. (Soudan 2 Collaboration), Phys. Rev. D68, 113004(2003). 12. M. Apollonio et al. (CHOOZ Collaboration), Eur. Phys. J. C27, 331(2003). 13. A. Strumia and F. Vissani, arXiv:hep-ph/0606054.

14. G.L. Fogli, E. Lisi, A. Marrone, A. Palazzo, Prog. Part. Nucl. Phys. 57 (2006) 742-795. 15. M. Maltoni, T. Schwetz, M. A. Tortotla and J. W. F. Valle, Phys. Rev. D68, 113010 (2003).

16. P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002). 17. K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011) [arXiv:1106.2822 [hep-ex]].

18. F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012) [arXiv:1203.1669 [hep-ex]].

19. Y. L. Wu, Sci. China A 43, 988 (2000) [arXiv:hep-ph/9906435]. 20. Y. L. Wu, Phys. Rev. D 77, 113009 (2008).

21. Y. L. Wu, Nucl. Phys. Proc. Suppl. 85, 193 (2000) [arXiv:hep-ph/9908436]. 22. C. Carone and M. Sher, Phys. Lett. B420, 83 (1998). 23. E. Ma, Phys. Lett. B 456, 48 (1999) [arXiv:hep-ph/9812344]. 24. C. Wetterich, Phys. Lett. B 451, 397 (1999) [arXiv:hep-ph/9812426]. 25. R. Barbieri, L. J. Hall, G. L. Kane and G. G. Ross, arXiv:hep-ph/9901228. 26. Z. G. Berezhiani and M. Y. .Khlopov, Sov. J. Nucl. Phys. 51, 739 (1990) [Yad. Fiz.

51, 1157 (1990)].

July 19, 2012 3:46 WSPC/INSTRUCTION FILE ffbarmixing

10 Shou-Shan Bao

27. Z. G. Berezhiani and M. Y. .Khlopov, Sov. J. Nucl. Phys. 51, 935 (1990) [Yad. Fiz.

51, 1479 (1990)].

28. Z. G. Berezhiani and M. Y. .Khlopov, Sov. J. Nucl. Phys. 52, 60 (1990) [Yad. Fiz. 52, 96 (1990)].

29. Z. G. Berezhiani, M. Y. .Khlopov and R. R. Khomeriki, Sov. J. Nucl. Phys. 52, 344 (1990) [Yad. Fiz. 52, 538 (1990)].

30. Z. G. Berezhiani and M. Y. .Khlopov, Z. Phys. C 49, 73 (1991). 31. A. S. Sakharov, A. L. Sudarikov, M. Y. .Khlopov and A. A. Shklyaev, Phys. Atom.

Nucl. 59, 1967 (1996) [Yad. Fiz. 59, 2041 (1996)].

32. V. F. Weisskopf and E. P. Wigner, Zeits. f. Phys. 63,54(1930). 33. V. F. Weisskopf and E. P. Wigner, Zeits. f. Phys. 65,18(1930). 34. J. S. Hagelin, Nucl. Phys. B 193,123(1981).

35. E. Franco, M. Lusignoli, and A. Pugliese, Nucl. Phys. B 194, 403(1982). 36. L. L. Chau, W. Y. Keung, and M. D. Tran, Phys. Rev. D27,2145(1983). 37. L. L. Chau, Phys. Rep. 95, 1(1983).

38. A. J. Buras, W. Slominski and H. Steger, Nucl. Phys. B 245, 369 (1984). 39. G. Buchalla, A.J. Buras, and M.E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996). 40. A. Buras, M. Jamin, and P. Weisz, Nucl. Phys. B347, 491(1990). 41. M. K. Gaillard and B. W. Lee, Phys. Rev. D 10, 897 (1974). 42. A. Pich and E. De Rafael, Phys. Lett. B 158 (1985) 477. 43. K. Niyogi and A. Datta, Phys. Rev. D 20, 2441(1979). 44. A. Datta and D. Kumbhakar, Z. Phys. C 27, 515 (1985).

45. G. Burdman and I. Shipsey, Ann. Rev. Nucl. Part. Sci. 53, 431 (2003) [arXiv:hep-ph/0310076].

46. C. Amsler et al. [Particle Data Group], Phys. Lett. B 667 (2008) 1. Updates on http://pdg.lbl.gov.

47. B. Aubert et al. [BaBar], Phys. Rev. Lett. 98, 211802 (2007). 48. M. Staric et al. [Belle], Phys. Rev. Lett. 98, 211803 (2007).

49. B. Dutta and Y. Mimura, Phys. Rev. D 77, 051701 (2008) [arXiv:0708.3080 [hep-ph]]. 50. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D2, 1285 (1970). 51. K. Niyogi and A. Datta, Phys. Rev. D20, 2441(1979). 52. A. Datta and D. Kumbhakhar, Z. Phys. C 27, 515 (1985).

53. L. Lellouch and C. J. D. Lin [UKQCD Collaboration], Phys. Rev. D 64, 094501 (2001) [arXiv:hep-ph/0011086].

54. J. P. Alexander et al. [CLEO Collaboration], Phys. Rev. D 79, 052001 (2009) [arXiv:0901.1216 [hep-ex]].

55. R. Babich, N. Garron, C. Hoelbling, J. Howard, L. Lellouch and C. Rebbi, Phys. Rev.

D 74, 073009 (2006) [arXiv:hep-lat/0605016].

56. D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto and J. Reyes, JHEP 0204, 025 (2002) [arXiv:hep-lat/0110091].

57. M. Ciuchini, E. Franco, D. Guadagnoli, V. Lubicz, M. Pierini, V. Porretti and L. Silvestrini, Phys. Lett. B 655, 162 (2007) [arXiv:hep-ph/0703204].

58. C. S. Huang and J. T. Li, Int. J. Mod. Phys. A 20, 161 (2005) [arXiv:hep-ph/0405294]. 59. D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto and J. Reyes, Nucl. Phys. Proc.

Suppl. 106, 385 (2002) [arXiv:hep-lat/0110117].

60. D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto and J. Reyes, JHEP 0204, 025 (2002) [hep-lat/0110091].

61. L. Wolfenstein, Phys. Rev. Lett. 51,1945 (1983). 62. T.Hambye and K. Riesselmann, Phys. Rev. D 55(1997) 7255.