arXiv:1203.0196v2 [hep-ph] 17 Mar 2012

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

International Journal of Modern Physics A © World Scientific Publishing Company

THE THIRD TYPE OF FERMION MIXING IN THE LEPTON AND QUARK INTERACTIONS WITH LEPTOQUARKS

A. V. KUZNETSOV, N. V. MIKHEEV, A. V. SERGHIENKO Division of Theoretical Physics, Department of Physics, Yaroslavl State P. G. Demidov University, Sovietskaya 14, 150000 Yaroslavl, Russian Federation avkuzn@univ.uniyar.ac.ru, mikheev@univ.uniyar.ac.ru, serghienko@gmail.com

Received Day Month Year Revised Day Month Year

The low-energy manifestations of a minimal extension of the electroweak standard model based on the quark-lepton symmetry SU(4)_V ⊗ SU(2)_L ⊗ G_R of the Pati–Salam type are analyzed. Given this symmetry the third type of mixing in the interactions of the SU(4)_V leptoquarks with quarks and leptons is shown to be required. An additional arbitrariness of the mixing parameters could allow, in principle, to decrease noticeably the lower bound on the vector leptoquark mass originated from the low-energy rare processes, strongly suppressed in the standard model.

Keywords: quark-lepton symmetry; vector leptoquark; fermion mixing

PACS numbers: 12.10.Dm, 13.20.-v, 14.80.Sv

1. Introduction

While the LHC methodically examines the energy scale of the electroweak theory and above, it is time to recall the two criteria for evaluating a physical theory, mentioned by A. Einstein.1 The first point of view is obvious: a theory must not contradict empirical facts, and it is called the “external confirmation”. The test of this criterion both for the standard model and its various extensions is now engaged in the LHC. The second point of view called the “inner perfection” of the theory, may be very important to refine the search area for new physics.

All existing experimental data in particle physics are in good agreement with the standard model predictions. However, the problems exist which could not be resolved within the standard model and it is obviously not a complete or final theory. It is unquestionable that the standard model should be the low-energy limit of some higher symmetry. The question is what could be this symmetry. And the main question is, what is the mass scale of this symmetry restoration. A gloomy prospect is the restoration of this higher symmetry at once on a very high mass scale, the so-called gauge desert. A concept of a consecutive symmetry restoration is much more attractive. It looks natural in this case to suppose a correspondence of 1

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

2 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

the hierarchy of symmetries and the hierarchy of the mass scales of their restoration. Now we are on the first step of some stairway of symmetries and we try to guess what could be the next one. If we consider some well-known higher symmetries from this point of view, two questions are pertinent. First, isn’t the supersymmetry2 as the symmetry of bosons and fermions, higher than the symmetry within the fermion sector, namely, the quark-lepton symmetry,3 or the symmetry within the boson sector, namely, the left-right symmetry?4–7 Second, wouldn’t the supersymmetry restoration be connected with a higher mass scale than the others? The recent searches for supersymmetry carried out at the Tevatron and the LHC colliders8 shown that no significant deviations from the standard model predictions have been found, the vast parameter space available for supersymmetry has been substantially reduced and the most probable scenarios predicted by electroweak precision tests are now excluded or under some constraints after the new stringent limits.

We should like to analyse a possibility when the quark-lepton symmetry is the next step beyond the standard model. Along with the “inner perfection” argument for this theory, there exists a direct evidence in favor of it. The puzzle of fermion generations is recognized as one of the most outstanding problems of present particle physics, and may be the main justification for the need to go beyond the standard model. Namely, the cancellation of triangle axial anomalies which is necessary for the standard model to be renormalized, requires that fermions be grouped into generations. This association provides an equation ∑ f T_{3f} Q^2_f = 0, where the summation is taken over all fermions of a generation, both quarks of three colors and leptons, T_{3f} is the 3d component of the weak isospin, and Q_f is the electric charge of a fermion. Due to this equation, the divergent axial-vector part of the triangle Zγγ diagram with a fermion loop vanishes.

The model where a combination of quarks and leptons into generations looked the most natural, proposed by J.C. Pati and A. Salam3 was based on the quarklepton symmetry. The lepton number was treated in the model as the fourth color. As the minimal gauge group realizing this symmetry, one can consider the semisimple group SU(4)_V ⊗ SU(2)_L ⊗ G_R. To begin with, one can take the group U(1)_R as G_R. The fermions were combined into the fundamental representations of the SU(4)_V subgroup, the neutrinos with the up quarks and the charged leptons with the down quarks:

u^1 u^2 u^3 ν i , d^1 d^2 d^3 ℓ i , i = 1, 2, 3 . . . (?) , (1)

where the superscripts 1,2,3 number colors and the subscript i numbers fermion generations, i.e. u_i denotes u, c, t, . . . and d_i denotes d, s, b, . . . .

The left-handed fermions form fundamental representations of the SU(2)_L sub-

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 3

group: ( u^c d^c ) L , ( ν ℓ ) L . (2)

One should keep in mind that when considering the mass eigenstates, it is necessary to take into account the mixing of fermion states (1), (2), to be analysed below.

Let us remind that such an extension of the standard model has a number of attractive features.

(1) As it was mentioned above, definite quark-lepton symmetry is necessary in order that the standard model be renormalized: cancellation of triangle anomalies requires that fermions be grouped into generations.

(2) There is no proton decay because the lepton charge treated as the fourth color is strictly conserved.

(3) Rigid assignment of quarks and leptons to representations (1) leads to a natural explanation for a fractional quark hypercharge. Indeed, the traceless 15-th generator T^V_{15} of the SU(4)_V subgroup can be represented in the form

T^V_{15} = √ 3 8 diag ( 1 3 , 1 3 , 1 3 , −1 ) = √ 3 8 Y_V . (3)

It is remarkable that the values of the standard model hypercharge of the lefthanded quarks and leptons combined into the SU(2)_L doublets turn out to be placed on the diagonal. Let us call it the vector hypercharge, Y_V , and assume that it belongs to both the left- and right-handed fermions.

(4) Let us suppose that G_R = U(1)_R. The well-known values of the standard model hypercharge of the left and right, and up and down quarks and leptons are:

Y_{SM} =

1 3 1 3 for q_L;

4 3 −^2_3 for q_R;

−1 −1 for ℓ_L

0 −2 for ℓ_R . (4)

Then, from the equation Y_{SM} = Y_V + Y_R, taking Eq. (3) into account, one obtains that the values of the right hypercharge Y_R occur to be equal ±1 for the up and down fermions correspondingly, both quarks and leptons. It is tempting to interpret this circumstance as the indication that the right-hand hypercharge is the doubled third component of the right-hand isospin. Thus, the subgroup G_R may be SU(2)_R.

“Under these circumstances one would be surprised if Nature had made no use of it”, as P. Dirac wrote on another occasion.9

The most exotic object of the Pati–Salam type symmetry is the charged and colored gauge X boson named leptoquark. Its mass M_X should be the scale of

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

4 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

breaking of SU(4)_V to SU(3)_c. Bounds on the vector leptoquark mass are obtained both directly and indirectly, see Ref. 10, pp. 490-494, and Ref. 11. The recent direct search12 for vector leptoquarks using τ^+τ^−bb̄ events in pp̄ collisions at E_{cm} = 1.96 TeV have provided the lower mass limit at a level of 250–300 GeV, depending on the coupling assumed. Much more stringent indirect limits are calculated from the bounds on the leptoquark-induced four-fermion interactions, which are obtained from low-energy experiments. There is an extensive series of papers where such indirect limits on the vector leptoquark mass were estimated, see e.g. Refs. 13–23. The most stringent bounds10 were obtained from the data on the π → eν decay and from the upper limits on the K^0_L → eμ and B^0 → eτ decays. However, those estimations were not comprehensive because the phenomenon of a mixing in the lepton-quark currents was not considered there. It will be shown that such a mixing inevitably occurs in the theory.

An important part of the model under consideration is its scalar sector, which also contains exotic objects such as scalar leptoquarks. We do not concern here the scalar sector, which could be much more ambiguous than the gauge one. Such an analysis can be found e.g. in Refs. 22, 23, 24.

The paper is organized as follows. In Sec. 2, it is argued that three types of fermion mixing inevitably arise at the loop level if initially fermions are taken without mixing. The effective four-fermion Lagrangian caused by the leptoquark interactions with quarks and leptons is presented in Sec. 3. In Sec. 4, the constraints on the parameters of the scheme are obtained based on the data from different lowenergy processes which are strongly suppressed or forbidden in the standard model. Combined constraint on the vector leptoquark mass from the π, K, τ and B decays is obtained in Sec. 5. In Sec. 6, combined constraint on the vector leptoquark mass from the same processes is obtained in the case of different mixings for left-handed and right-handed fermions. In Sec. 7, one more mixing independent bound on the vector leptoquark mass is presented, coming from the decay π^0 → νν̄.

2. The third type of fermion mixing

As the result of the Higgs mechanism in the Pati–Salam model, fractionally charged colored gauge X-bosons, vector leptoquarks appear. Leptoquarks are responsible for transitions between quarks and leptons. The scale of the breakdown of SU(4)_V symmetry to SU(3)_c is the leptoquark mass M_X . The three fermion generations are grouped into the following {4, 2} representations of the SU(4)_V ⊗ SU(2)_L group: ( u^c d^c ν ℓ ) i (i = 1, 2, 3) . (5)

where c is the color index to be further omitted. It is known that there exists the mixing of quarks in weak charged currents, which is described by the Cabibbo- Kobayashi-Maskawa matrix. Therefore, at least one of the states in (5), u or d, is not diagonal in mass. It can easily be seen that, because of mixing that arises at

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 5

Fig. 1. Feynman diagram illustrating the appearance of fermion mixings.

the loop level, none of the components is generally a mass eigenstate. As usual, we assume that all the states in (5), with the exception of d, are initially diagonal in mass. This leads to nondiagonal transitions ℓ → X + d(s, b) → ℓ^′ through a quark-leptoquark loop, see Fig. 1. As this diagram is divergent, the corresponding counterterm should exist at the tree level. This means that the lepton states ℓ in (5) are not the mass eigenstates, and there is mixing in the lepton sector. Other nondiagonal transitions arise in a similar way. Hence, in order that the theory be renormalizable, it is necessary to introduce all kinds of mixing even at the tree level. As all the fermion representations are identical, they can always be regrouped in such a way that one state is diagonal in mass. The most natural way is to diagonalize charged leptons. In this case, fermion representations can be written in the form ( u d ν ℓ ) ℓ = ( u_e d_e ν_e e ) , ( u_μ d_μ ν_μ μ ) , ( u_τ d_τ ν_τ τ ) . (6)

Here, the quarks and neutrinos subscripts ℓ = e, μ, τ label the states which are not mass eigenstates and which enter into the same representation as the charged lepton ℓ: ν_ℓ = ∑ i K_{ℓi}ν_i , u_ℓ = ∑ p U_{ℓp}u_p , d_ℓ = ∑ n D_{ℓn}d_n . (7)

Here, K_{ℓi} is the unitary leptonic mixing matrix by Pontecorvo–Maki–Nakagawa– Sakata.25–28 The matrices U_{ℓp} and D_{ℓn} are the unitary mixing matrices in the interactions of leptoquarks with the up and down fermions correspondingly, both quarks and leptons. The states ν_i, u_p and d_n are the mass eigenstates:

ν_i = (ν_1, ν_2, ν_3) , u_p = (u_1, u_2, u_3) = (u, c, t) , d_n = (d_1, d_2, d_3) = (d, s, b) . (8)

Thus, there are generally three types of mixing in this scheme.

In our notation, the well-known Lagrangian describing the interaction of charge weak currents with W -bosons takes the form

L_W = g 2 √ 2 [(ν̄_ℓO_αℓ) + (ū_ℓO_αd_ℓ)] W^∗_α + h.c. = g 2 √ 2 [ K^∗_{ℓi} (ν̄_iO_αℓ) + U^∗_{ℓp}D_{ℓn} (ū_pO_αd_n) ] W^∗_α + h.c., (9)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

6 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

where g is the constant of the SU(2)_L group and O_α = γ_α (1 − γ_5). It follows that the standard Cabibbo–Kobayashi–Maskawa matrix is V = U^†D. This is the only available information about the matrices U and D of mixing in the leptoquark sector. The matrix K describing a mixing in the lepton sector is the subject of intensive experimental studies.

Following the spontaneous breakdown of the SU(4)_V symmetry to SU(3)_c on the scale of M_X , six massive vector bosons forming three charged colored leptoquarks, decouple from the 15-plet of gauge fields. The interaction of these leptoquarks with fermions has the form

L_X = g_S (M_X ) √ 2 [ D_{ℓn} (¯ ℓγ_αd^c_n ) + ( K^†U ) ip ( ν̄_iγ_αu^c_p )] X^c_α + h.c., (10)

where the color superscript c is written explicitly once again. The coupling constant g_S (M_X ) is expressed in terms of the strong-interaction constant α_S on the scale of the leptoquark mass M_X as g^2_S (M_X ) /4π = α_S (M_X ).

3. Effective Lagrangian with allowance for QCD corrections

If the momentum transfer satisfies the condition q^2 ≪ M^2_X , the Lagrangian (10) leads to the effective four-fermion vector-vector interaction between quarks and leptons. By applying the Fierz transformation, we can isolate the lepton and quark currents (scalar, pseudoscalar, vector and axial-vector currents) in the effective Lagrangian. In constructing the effective Lagrangian of leptoquark interactions, it is necessary to take into account the QCD corrections, which can easily be estimated, see e.g. Refs. 29, 30. In the case under study, we can use the approximation of leading logarithms because ln (M_X /μ) ≫ 1, where μ ∼ 1 GeV is the typical hadronic scale. As the result of taking the QCD corrections into account, the scalar and pseudoscalar coupling constants acquire the enhancement factor

Q (μ) = ( α_S (μ) α_S (M_X )

)_{4/}¯_b , (11)

where α_S (μ) is the strong-interaction constant on the scale μ, b̄ = 11−2/3 (n̄_f ), and n̄_f is the mean number of quark flavors on the scales μ^2 ≤ q^2 ≤ M^2_X ; for M^2_X ≫ m^2_t , we have b̄ ≃ 7.

Let us investigate the contribution to low-energy processes from the interaction Lagrangian (10) involving leptoquarks and find constraints on the parameters of the scheme from available experimental data. It will be shown below that the most stringent constraints on the vector-leptoquark mass M_X and on the elements of the mixing matrix D follow from the data on rare π and K decays and on μe conversion on nuclei.

Possible constraints on the masses and coupling constants of vector leptoquarks from experimental data on rare π and K meson decays were analyzed in Refs. 13–23. One approach13^,15^,16 was based on using the phenomenological model-independent Lagrangians describing the interactions of leptoquarks with quarks and leptons.

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 7

Fig. 2. Feynman diagrams for the π^+(ud̄) → ℓ^+ν_ℓ decay via the W -boson and leptoquark X exchange. Substituting the c quark instead of u and other down antiquarks s̄, b̄ instead of d̄, one obtains the diagrams for lepton decays of various charged mesons, where the W and X boson contributions interfere.

Pati–Salam quark-lepton symmetry was considered in Refs. 14, 17–23. QCD corrections were included into an analysis in Refs. 17–19. The authors of Ref. 17 considered the possibility of mixing in quark-lepton currents, but they analyzed only specific cases in which each charged lepton is associated with one quark generation. In our notation, this corresponds to the matrices D that are obtained from the unit matrix by making all possible permutation of columns.

In the description of the π- and K-meson interactions, it is sufficient to retain only the scalar and pseudoscalar coupling constants in the effective Lagrangian. Really, these couplings are more significant in the amplitudes, because they are enhanced, first, by QCD corrections, and second, by the smallness of the currentquark masses arising in the amplitude denominators. The corresponding part of the effective Lagrangian can be represented as ΔL_{π,K} = − 2πα_S (M_X )

M^2_X Q (μ) [ D_{ℓn} ( U^†K ) pi (¯ ℓγ_5ν_i ) (ū_pγ_5d_n) + h.c. − (γ_5 → 1) ]

− 2πα_S (M_X ) M^2_X Q (μ) [ D_{ℓn}D^∗_ℓ′_n′ (¯ ℓγ_5ℓ^′ ) (¯ d_n′ γ_5d_n )

+ ( K^†U ) ip ( U^†K ) p^′ i^′ (ν̄iγ5νi^′ ) (ūp^′ γ5up) − (γ5 → 1) ] . (12)

This Lagrangian contributes to the rare π, K, τ and B decays, which are strongly suppressed or forbidden in the standard model.

4. Constraints on the parameters of the scheme from low-energy processes

4.1. μe Universality in π_{ℓ2} and K_{ℓ2} Decays

Analysis reveals that, in contrast to W -boson contribution, the leptoquark contribution to the decay π → eν, see Fig. 2, does not involve suppression that is due to the electron mass. The corresponding part of the amplitude can be represented in

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

8 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

the form ΔM^X_{πeν} = − 2πα_S (M_X )

M^2_X D_{ed} ( U^†K ) ui f_πm^2_πQ (μ) m_u (μ) + m_d (μ)

(ēγ_5ν_i) , (13)

where f_π ≃ 132 MeV is the constant of the πlν decay, and m_{u,d} (μ) are the running quark masses on the scale μ. The ratio Q (μ) /m (μ) is a renormalization-group invariant because the function Q (μ) (11) determines the law of variation of the running mass. The known values10 of the current-quark masses, m_u = (1.7−3.3) MeV, m_d = (4.1 − 5.8) MeV, and m_s = 101^{+29}_{−21} MeV, correspond to the scale μ ≃ 2 GeV. For evaluations, we take the central values of them. The contribution to the amplitude from the W -boson exchange has the form ΔM^W_{πeν} = −f_π G_F √ 2 m_eK_{ei}V_{ud} [ē (1 − γ_5) ν_i] . (14)

Taking into account the interference of the amplitudes (13) and (14), we find that the ratio Γ (π → eν) /Γ (π → μν) ≡ R_π of the decay widths is given by R_π = R_{πW} [ 1 − 2 √ 2πα_S (M_X ) m^2_πQ G_F M^2_X m_e (m_u + m_d) Re ( D_{ed}U^∗_{eu} V_{ud} )] , (15)

where R_{πW} = (1.2345 ± 0.0010) × 10^{−4} is the value of this ratio in the standard model.31 Bringing together the results of R_π measurements at TRIUMF32^,33 and in the Paul Scherrer Institute,34 we arrive at the conclusion that the leptoquark mass obeys the constraint

M_X > (210 TeV) |Re (D_{ed}U^∗_{eu})|^{1/2} . (16)

The vector-leptoquark contribution can also disturb the ratio R_K of μe universality for the decays K → eν and K → μν. Feynman diagrams for these processes can be obtained from the diagrams in Fig. 2, replacing d̄ by s̄. In an analogy with the analysis of the ratio of π_{ℓ2}-decay widths, we find that the experimental data35 on R_K yield the constraint

M_X > (150 TeV) |Re (D_{es}U^∗_{eu})|^{1/2} . (17)

In this analysis, it was essential to take into account the interference of the W - boson and leptoquark contributions to the amplitudes, which was not considered in Ref. 17. Really, because of mixing, the phenomenological neutrino ν_u produced in the leptoquark interaction is a superposition of the phenomenological neutrinos produced in the weak interaction:

ν_u = U^∗_{eu}ν_e + U^∗_{μu}ν_μ + U^∗_{τ u}ν_τ . (18)

Because the experimental interval for R_K (see Table 1) falls below the theoretical value of this ratio in the standard model (R_{KW} = 2.57 × 10^{−5}) and because the interference of the above amplitudes is destructive, the inclusion of this interference substantially changes the estimate of the leptoquark mass.

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 9

Fig. 3. Feynman diagrams for the K^0_L(ds̄ + sd̄) → e^−μ^+ decay forbidden in the standard model, via the leptoquark exchange.

4.2. Rare K^0_L-Meson Decays

The amplitude of the process K^0_L → e^−μ^+ forbidden in the standard model, is calculated in the similar way as the amplitude (13), see Fig. 3. The result is M^X_{Keμ} = √ 2πα_S (M_X ) f_K m^2_K Q

M^2_X (m_s + m_d) ( D_{ed}D^∗_{μs} + D_{es}D^∗_{μd} ) (ēγ_5μ) , (19)

where f_K ≃ 160 MeV is the constant of the Klν decay. We find that the use of the available experimental data40 in our scheme leads to the constraint

M_X > (2100 TeV) | |D_{ed}D^∗_{μs} + D_{es}D^∗_{μd} | |^{1/2} . (20)

Experimental values38 of Br ( K^0_L → μ^+μ^− ) closely approach the unitary limit Br_{abs} = 6.8 × 10^{−9}. Therefore, the effective leptoquark contribution to Br ( K^0_L → μ^+μ^− ) is unlikely to exceed 1 × 10^{−10}. The amplitude of the process is obtained from (19) by making the substitution e → μ. We finally obtain

M_X > (1100 TeV) | |Re (D_{μd}D^∗_{μs}) | |^{1/2} . (21)

The amplitude of one more rare K^0_L decay, into an electron and a positron through an intermediate leptoquark, can also be obtained from (19) by means of the substitution μ → e. Experimental values41 of Br ( K^0_L → e^+e^− ) closely approach the unitary limit Br_{abs} = 9×10^{−12}. Therefore, the effective leptoquark contribution to Br ( K^0_L → e^+e^− ) is unlikely to exceed 5 × 10^{−12}. In this case, the constraint on the leptoquark mass is

M_X > (2400 TeV) |Re (D_{ed}D^∗_{es})|^{1/2} . (22)

4.3. Rare K^+ Decays

Among rare K^+ decays, that can occur at the tree level in the model under study, K^+ → π^+μ^+e^− 36 and K^+ → π^+μ^−e^+ 37 yield the most stringent constraints. The amplitude of the decay K^+ → π^+μ^+e^− can be represented in the form M^X_{Kπμe} = − 2πα_S (M_X ) M^2_X f^0_+ ( q^2 ) ( m^2_K − m^2_π ) + f^0_− ( q^2 ) q^2 m_s − m_d QD_{ed}D^∗_{μs} (ēμ) , (23)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

10 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

Table 1. Constraints on the leptoquark masses and on the elements of the mixing matrices from experimental data on rare π and K decays and on μe conversion on nuclei.

Experimental limit Ref. Bound Γ ( π^+ → e^+ν_e ) Γ ( π^+ → μ^+ν_μ

) = (1.2310 ± 0.0037) × 10^{−4} 32–34 M^X |Re(D_{ed}U^∗_{eu})|^{1/2} > 210 TeV

Γ ( K^+ → e^+ν_e ) Γ ( K^+ → μ^+ν_μ

) = (2.493 ± 0.031) × 10^{−5} 35 M^X |Re(D_{es}U^∗_{eu})|^{1/2} > 150 TeV

Br(K^+ → π^+μ^+e^−) < 1.3 × 10^{−11} 36 M^X |D_{ed}D_{μs}|^{1/2} > 240 TeV

Br(K^+ → π^+μ^−e^+) < 5.2 × 10^{−10} 37 M^X |D_{es}D_{μd}|^{1/2} > 100 TeV

Br(K^0_L → μ^+μ^−) = (6.84 ± 0.11) × 10^{−9} 38, 39 M^X |Re(D_{μd}D^∗_{μs})|^{1/2} > 1100 TeV

Br(K^0_L → e^±μ^∓) < 4.7 × 10^{−12} 40 M^X |D_{ed}D^∗_{μs} + D_{es}D^∗_{μd}|^{1/2} > 2100 TeV

Br(K^0_L → e^+e^−) = ( 9^{+6}_{−4} ) × 10^{−12} 41 M^X |Re(D_{ed}D^∗_{es})|^{1/2} > 2400 TeV

σ ( μ^−Au → e^−Au ) σ ( μ^−Au → capture

) < 0.7 × 10^{−12} 42 M^X |D_{ed}D_{μd}|^{1/2} > 1000 TeV

where q is the 4-momentum of the lepton pair, and f^0_{+,−} are the known form factors of the K^0_{ℓ3} decay. The amplitude of the decay K^+ → π^+μ^−e^+ is obtained from (23) by means of the substitution e ↔ μ. The resulting constraints on the leptoquark mass involve the same elements as those present in (20), but they appear separately:

M_X > (240 TeV) |D_{ed}D_{μs}|^{1/2} ,

M_X > (100 TeV) |D_{es}D_{μd}|^{1/2} .

(24)

4.4. μe Conversion on a Nucleus

This is one more low-energy process, which can proceed through leptoquarks. Coherent μe conversion, which leaves the nucleus in the ground state and which leads to the production of monoenergetic electrons with highest possible energy ≃ m_μ, is most convenient for observation. The effective Lagrangian of the coherent μe conversion involves only scalar and vector quark currents. In the model under study, it has the form ΔL_{μe} = − 2πα_S (M_X ) M^2_X D_{ed}D^∗_{μd} [ 1 2 (ēγ_αμ) (¯ dγ_αd ) − (ēμ) (¯ dd ) Q (μ) ] . (25)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 11

Table 2. Constraints on the model parameters from τ decays.

Experimental limit Ref. Bound

Br(τ^− → e^−K^0_S ) < 2.6 × 10^{−8} 44 M^X |D_{es}D^∗_{τ d} − D_{ed}D^∗_{τ s}|^{1/2} > 10 TeV

Br(τ^− → μ^−K^0_S ) < 2.3 × 10^{−8} 44 M^X |D_{μs}D^∗_{τ d} − D_{μd}D^∗_{τ s}|^{1/2} > 11 TeV

Br(τ^− → e^−π^0) < 8.0 × 10^{−8} 45 M^X |D_{ed}D_{τ d}|^{1/2} > 7 TeV

Br(τ^− → μ^−π^0) < 1.1 × 10^{−7} 46 M^X |D_{μd}D_{τ d}|^{1/2} > 6 TeV

Using the computational technique developed in Ref. 43 for the effective quarklepton interaction of the form (25), we estimated the branching ratio of μe conversion on gold. By applying the result to the experimental data reported in Ref. 42, we arrived at the constraint

M_X > (1000 TeV) |D_{ed}D_{μd}|^{1/2} . (26)

The constraints that we obtained for the parameters of our model from experimental data on rare π and K decays and on μe conversion on nuclei are summarized in Table 1. It can be seen that all the constraints involve the elements of the unknown unitary mixing matrices D and U, which are related by the single condition U^+D = V . Therefore, the possibility cannot be ruled out for the constraints on the vector leptoquark mass M_X to be much weaker than the numbers in Table 1. For example, this is the case if some of the elements D_{ed}, D_{μd}, D_{es} and D_{μs} are small enough. Given the unitarity of the matrix D, this would mean that its elements presented in the interactions of the τ-lepton and b-quark should be close to unity. In this case, leptoquarks might make more significant contributions to τ and B decays.

4.5. τ Decays

The current accuracy of experimental data on the τ and B decays is poorer than in the processes considered above. Nevertheless it is possible to obtain some constraints on the elements of the matrix D and on the leptoquark mass from the data on decays that are strongly suppressed or forbidden in the standard model.

The amplitude of the decay τ^− → μ^−K^0_S proceeding through a leptoquark is given by M^X_{τ μK} = πα_S (M_X ) f_K √ 2 M^2_X (D_{μs}D^∗_{τ d} − D_{μd}D^∗_{τ s}) ( m_τ + m_μ −

2m^2_K Q m_s + m_d ) (μ̄γ_5τ) .

(27)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

12 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

Table 3. Constraints on the model parameters from the data on rare B^+ decays.

Experimental limit Ref. Bound

Br(B^+ → K^+e^−μ^+) < 1.3 × 10^{−7} 47 M^X |D_{es}D_{μb}|^{1/2} > 38 TeV

Br(B^+ → K^+e^+μ^−) < 0.91 × 10^{−7} 47 M^X |D_{μs}D_{eb}|^{1/2} > 42 TeV

Br(B^+ → π^+e^+μ^−) < 0.92 × 10^{−7} 48 M^X |D_{μd}D_{eb}|^{1/2} > 42 TeV

Br(B^+ → K^+μ^±τ^∓) < 7.7 × 10^{−5} 49 M^X ( |D_{τ s}D_{μb}|^2 + |D_{μs}D_{τ b}|^2 )_{1/4} > 8 TeV

The amplitude of the decay τ^− → e^−K^0_S is obtained from (27) as the result of the substitution μ → e. From the experimental upper limits on the widths of these decays,44 we find the constraints which are presented in the Table 2.

Making corresponding substitutions, one can obtain in a similar way the constraints from the processes τ^− → e^−π^0 and τ^− → μ^−π^0, see Table 2.

4.6. Rare B-Meson Decays

Let us consider the B decays, for which there are experimental constraints, and which may proceed through an intermediate leptoquark. The decay B^+ → K^+e^−μ^+ is an example of the process being forbidden in the standard model. The amplitude of this decay via the vector leptoquark can be represented in the form M^X_{BKeμ} = − 2 √ 2πα_S (M_X ) M^2_X D_{es}D^∗_{μb} [ 1 2 f^0_+ ( q^2 ) (p_B + p_K )_α (ēγ_αμ) − f^0_+ ( q^2 ) m^2_B + f^0_− ( q^2 ) q^2 m_b Q (μ_0) (ēμ) ] , (28)

where p_B and p_K are the 4-momenta of the B- and K-mesons; the remaining notation is identical to that in equation (23). We assume that the form factors f^0_{+,−} are of the same order of magnitude as in the K^0_{ℓ3} decay. This assumption is in agreement with the results obtained from the analysis of the decay B^+ → D^0ℓ^+ν.

The amplitude of the decay B^+ → K^+e^+μ^− is obtained from Eq. (28) by means of the interchange e ↔ μ. Using the experimental data reported in Ref. 47, we arrive at the constraints M_X > (38 TeV) |D_{es}D_{μb}|^{1/2} ,

M_X > (42 TeV) |D_{μs}D_{eb}|^{1/2} .

(29)

Making corresponding substitutions, one can also obtain in a similar way as for the decays of the K^+ meson, the respective constraints from other processes of B^+ decay (see Table 3).

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 13

Table 4. Constraints on the model parameters from experimental data on rare B^0 and B^0_s decays.

Experimental limit Ref. Bound

Br(B^0 → e^+e^−) < 8.3 × 10^{−8} 52 M^X |D_{ed}D_{eb}|^{1/2} > 51 TeV

Br(B^0 → μ^+μ^−) < 1.5 × 10^{−8} 53 M^X |D_{μd}D_{μb}|^{1/2} > 79 TeV

Br(B^0 → τ^+τ^−) < 4.1 × 10^{−3} 54 M^X |D_{τ d}D_{τ b}|^{1/2} > 3 TeV

Br(B^0 → e^+μ^−) < 6.4 × 10^{−8} 52 M^X |D_{μd}D_{eb}|^{1/2} > 55 TeV

Br(B^0 → e^+τ^−) < 2.8 × 10^{−5} 55 M^X |D_{τ d}D_{eb}|^{1/2} > 11 TeV

Br(B^0 → μ^+τ^−) < 2.2 × 10^{−5} 55 M^X |D_{τ d}D_{μb}|^{1/2} > 12 TeV

Br(B^0_s → e^+e^−) < 2.8 × 10^{−7} 52 M^X |D_{es}D_{eb}|^{1/2} > 38 TeV

Br(B^0_s → μ^+μ^−) < 4.2 × 10^{−8} 56 M^X |D_{μs}D_{μb}|^{1/2} > 61 TeV

Br(B^0_s → e^+μ^−) < 2.0 × 10^{−7} 52 M^X |D_{μs}D_{eb}|^{1/2} > 41 TeV

The amplitudes of the B^0 and B^0_s decay processes into charged lepton pairs can be calculated in a similar way as the amplitude (19). For the B meson decay constant we take f_B = 220 MeV, see e.g. Refs. 50, 51. From these processes the constraints on the leptoquark mass and the D matrix elements are obtained. They are collected in Table 4.

5. Combined constraint from the π, K, τ , B decays

All the constraints on the vector leptoquark mass collected in Tables 1–4 contain the elements of the unitary D matrix:

D_{ℓn} = D_{ed} D_{es} D_{eb} D_{μd} D_{μs} D_{μb} D_{τ d} D_{τ s} D_{τ b} . (30)

There are also two constraints in Table 1 containing the element of the U matrix:

U_{eu} = D_{ed}V^∗_{ud} + D_{es}V^∗_{us} + D_{eb}V^∗_{ub} ≃ 0.974 D_{ed} + 0.225 D_{es} + 0.004 D_{eb} , (31)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

14 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

where V is the Cabibbo–Kobayashi–Maskawa quark-mixing matrix, see Ref. 10, p. 150.

Let us try to establish, varying the unknown elements of the D matrix, the lowest limit on the vector leptoquark mass, being in agreement with all the constraints presented in Tables 1–4. The similar approach was developed in Ref. 57.

It is possible for the strongest constraint on M_X arising from the limit on Br(K^0_L → e^±μ^∓), see Table 1, to be much lower than 2100 TeV if the matrix elements D_{ed} and D_{es} are small enough. For evaluation, let us take them to be zero. In this case, all the estimates which are presented in the right column of Table 1, disappear, except the one arising from the limit on Br(K^0_L → μ^+μ^−). Because of unitarity of the D matrix, the elements D_{μb} and D_{τ b} are also equal to zero. The remaining (2×2)-matrix can be parameterized by one angle. The insertion of the phase factor allows to eliminate the restriction arising from the limit on Br(K^0_L → μ^+μ^−) which contains the real part of the D matrix elements product. For example, it is possible to take the D matrix in the form:

D_{ℓn} ≃ 0 0 1

cos φ i sin φ 0

i sin φ cos φ 0 . (32)

As the analysis shows, in this case there appear the following constraints from the remaining limits of Tables 2–4 on the branching ratios of the processes: i) τ^− → μ^−K^0_S

M_X > 11 TeV | cos 2φ|^{1/2} , (33)

ii) τ^− → μ^−π^0

M_X > 6 TeV | sin 2φ|^{1/2} , (34)

iii) B^0 → e^+μ^−

M_X > 55 TeV | cos φ|^{1/2} , (35)

iv) B^0_s → e^+μ^−

M_X > 41 TeV | sin φ|^{1/2} . (36)

Here, the weaker constraints of the same type are omitted. Combining these constraints one obtains the final limit on the vector leptoquark mass from low-energy processes:

M_X > 38 TeV . (37)

6. Different mixings for left-handed and right-handed fermions

We consider a possibility when the quark-lepton symmetry is the next step beyond the standard model. Then the left-right symmetry which is believed to exist in

March 20, 2012 5:9 WSPC/INSTRUCTION FILE

KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 15

Table 5. Constraints on the model parameters from experimental data on rare π and

K decays in the case of different mixings for left-handed and right-handed fermions.

Experimental data Bound Γ ( π^+ → e^+ν_e ) Γ ( π^+ → μ^+ν_μ ) M^X | | |Re(D^{(R)}_{ed} U^{(L)∗}eu ) | | |^{1/2} > 210 TeV

Γ ( K^+ → e^+ν_e ) Γ ( K^+ → μ^+ν_μ ) M^X | | |Re(D^{(R)}es U^{(L)∗}eu ) | | |^{1/2} > 150 TeV

Br(K^+ → π^+μ^+e^−) M^X (| | |D^{(L)}_{ed} D^{(R)}μs | | |^2 + | | |D^{(R)}_{ed} D^{(L)}μs | | |^2

)_{1/4} > 200 TeV

Br(K^+ → π^+μ^−e^+) M^X (| | |D^{(L)}es D^{(R)}_{μd} | | |^2 + | | |D^{(R)}es D^{(L)}_{μd} | | |^2

)_{1/4} > 84 TeV

Br(K^0_L → μ^+μ^−) M^X | | |D^{(L)}_{μd} D^{(R)∗}μs + D^{(R)∗}_{μd} D^{(L)}μs | | |^{1/2} > 780 TeV

Br(K^0_L → e^±μ^∓) M^X (| |D(L)_{ed} D(R)∗_{μs} + D(L)_{es} D(R)∗_{μd} | |^2 + {L ↔ R} )_{1/4} > 1770 TeV

Br(K^0_L → e^+e^−) M^X | | |D^{(L)}_{ed} D^{(R)∗}es + D^{(R)∗}_{ed} D^{(L)}es | | |^{1/2} > 1700 TeV

Nature, should restore at higher mass scale. But this means that the left-right sym-

metry should be broken at the scale M_X . It is worthwhile to consider the matrices

D^{(L)}, U^{(L)} and D^{(R)}, U^{(R)} which are in a general case different for left-handed and

right-handed fermions. This possibility and some its consequences were also consid-

ered in Refs. 20–23. The interaction Lagrangian of leptoquarks with fermions takes

the form instead of Eq. (10):

L_X = g_S (M_X ) 2 √ 2 [ D^{(L)}_{ℓn} (¯ ℓO_αd_n ) + D^{(R)}_{ℓn} (¯ ℓO^′_αd_n )

+ ( K^{(L)†}U^{(L)} ) ip (ν̄_iO_αu_p) + ( K^{(R)†}U^{(R)} ) ip (ν̄_iO^′_αu_p) ] X_α + h.c., (38)

where O_α = γ_α (1 − γ_5), O^′_α = γ_α (1 + γ_5).

The constraints on the model parameters from experimental data on rare π

and K decays collected in Table 1 in the case of different mixings take the forms

presented in Table 5. If one would wish to reduce the limits of Table 5 on M_X from

thousands and hundreds to tens of TeV by varying the elements of the D^{(L)} and

D^{(R)} matrices, it seems that the elements D^{(L)}_{ed} and D^{(R)}_{ed} should be taken small

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

16 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

in any case. For evaluation, let them be zero. Then, the most strong restriction of Table 5 from the limit on Br(K^0_L → e^±μ^∓) takes the form: M_X (| |D(L)_{es} D(R)_{μd} | |^2 + | |D(R)_{es} D(L)_{μd} | |^2 )_{1/4} > 1770 TeV . (39)

There are two possibilities to eliminate this bound together with other bounds of Table 5 which we call the symmetric and the asymmetric cases.

The symmetric case is realized when both of the matrices D^{(L)} and D^{(R)} are taken in the form of Eq. (32) with the angles φ_L and φ_R. In this case the restriction from the limit on Br(K^0_L → μ^+μ^−) takes the form:

M_X > 780 TeV | sin (φ_L − φ_R) |^{1/2} , (40)

and the angles should be close to each other or differ by π, in any case we come back to the results of Sec. 5.

The asymmetric case is realized when the matrices are taken in the form:

D^{(L)}_{ℓn} ≃ 0 cos χ_L sin χ_L

0 − sin χ_L cos χ_L

1 0 0 , D^{(R)}ℓn ≃ 0 0 1

0 1 0

1 0 0 . (41)

In the Table 4 which has provided one more group of essential restrictions in Sec. 5, the following substitutions should be made in the bounds: |D_{ℓq} D_ℓ′_b| ⇒ 1 √ 2 (| | |D^{(L)}_{ℓq} D^{(R)}_ℓ′_b | | |^2 + | | |D^{(R)}_{ℓq} D^{(L)}_ℓ′_b | | |^2 )_{1/2} , (42)

where ℓ, ℓ^′ = e, μ, τ and q = d, s. As the analysis shows, the most stringent constraints arise from the following limits on the branching ratios of the processes: i) B^0_s → μ^+μ^−

M_X > 51 TeV | cos χ_L|^{1/2} , (43)

ii) B^0_s → e^+μ^−

M_X > 41 TeV | sin χ_L|^{1/2} . (44)

Combining these constraints, one obtains the final limit on the vector leptoquark mass from low-energy processes in the case of different mixing matrices for lefthanded and right-handed fermions, which coincides, with a good accuracy, with the limit (37) obtained in the left-right-symmetric case:

M_X > 38 TeV . (45)

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 17

7. Constraint from the decay π^0 → νν̄

Only one process was found18 in which the lower limit on the leptoquark mass was independent of mixing parameters, the decay π^0 → νν̄.

In the standard model, the width of this process is proportional to m^2_ν , but it can also proceed through the leptoquark exchange; in the latter case, there is no suppression associated with the smallness of the neutrino mass. The corresponding amplitude of the process has the form M^X_{πνν} = πα_S (M_X ) f_πm^2_πQ √ 2M^2_X m_u ( K^†U ) iu ( U^†K ) uj (ν̄_iγ_5ν_j ) , (46)

and the decay probability summed over all neutrino flavors i and j does not depend on mixing.

From the accelerator data58 for the decay π^0 → νν̄: Br ( π^0 → νν̄ ) < 2.7 × 10^{−7}, (47)

we obtain a constraint:

M_X > 600 GeV. (48)

In Refs. 59, 60 the almost coinciding astrophysical and cosmological estimations of the width of this decay were found, being much stronger than the accelerator limit (47), Br ( π^0 → νν̄ ) < 3 × 10^{−13}. (49)

The resulting constraint on the leptoquark mass was estimated to be:18

M_X > 18 TeV. (50)

The astrophysical estimation59 was based on evaluating the excess energy-loss rate from SN 1987A if the process γγ → π^0 → νν̄ via the pion-pole mechanism occurred, permitted if the neutrinos had a right-handed component. In turn, the cosmological limit on the width of the decay π^0 → νν̄ was established in Ref. 60, where the production was considered of right-handed neutrinos produced from the cosmic thermal background at the temperature of about the pion mass through the reaction γγ → π^0 → νν̄.

However, in Ref. 61 it was mentioned that the astrophysical limit59 must be relaxed in several orders of magnitude, because the effect of nuclear absorption of a pion in a supernova core was not considered in Ref. 59. In turn, a criticism has been expressed in Ref. 62 on the cosmological limit60 also. At the temperature where the pion mechanism is at resonance, the strong interaction among pions occurs much faster than the pion decay: the rate of π −π scattering, Γ_{π−π} ∼ 0.2 MeV, dominates the pion lifetime in the dense medium, resulting in a suppression of several orders of magnitude in the rate of neutrino production.

Therefore, only the laboratory limit58 for the decay π^0 → νν̄ should be considered as reliable, to establish the bound M_X > 0.6 TeV.

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

18 A. V. Kuznetsov, N. V. Mikheev, A. V. Serghienko

8. Conclusion

Thus, the detailed analysis of the available experimental data on rare π, K, τ and B decays and on the μe conversion yields constraints on the vector leptoquark mass that always involve the elements of the unknown mixing matrix D. Combining the constraints from the experimental data on the low-energy processes presented in Tables 1–4, we have obtained in the case of identical mixings for left-handed and right-handed fermions the following lowest limit on the vector leptoquark mass: M_X > 38 TeV. The lowest limit obtained in the case of different mixing matrices for left-handed and right-handed fermions appears to be the same.

Acknowledgments

We thank A. V. Povarov and A. D. Smirnov for useful discussions.

The study was performed within the State Assignment for Yaroslavl University (Project No. 2.4176.2011), and was supported in part by the Russian Foundation for Basic Research (Project No. 11-02-00394-a).

References 1. A. Einstein, Autobiographical Notes. In: “Albert Einstein – Philosopher-Scientist”, ed. by P. Schilpp, Evanston, IL (1949).

2. H. P. Nilles, Phys. Rep. 110, 1 (1984), and references therein. 3. J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).

4. E. M. Lipmanov, Yad. Fiz. 6, 541 (1967) [Sov. J. Nucl. Phys. 6, 395 (1968)]. 5. E. M. Lipmanov, Zh. Eksp. Teor. Fiz. 55, 2245 (1968) [Sov. Phys. JETP 28, 1191 (1969)].

6. E. M. Lipmanov and N. V. Mikheev, Pis’ma Zh. Eksp. Teor. Fiz. 7, 139 (1968) [JETP Lett. 7, 107 (1968)].

7. M. A. B. Bég, R. Budny, R. N. Mohapatra and A. Sirlin, Phys. Rev. Lett. 38, 1252 (1977).

8. X. Portell Bueso, in: Proc. XXXI Physics in Collision, Vancouver, Canada (2011), arXiv:1112.1723 [hep-ex].

9. P. Dirac, Proc. Roy. Soc. (London) A 133, 60 (1931).

10. K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010). 11. Particle Data Group, 2011 Review of Particle Physics (http://pdg.lbl.gov). 12. T. Aaltonen et al. (CDF Collab.), Phys. Rev. D 77, 091105R (2008). 13. O. Shanker, Nucl. Phys. B 204, 375 (1982).

14. N. G. Deshpande and R. J. Johnson, Phys. Rev. D 27, 1193 (1983). 15. M. Leurer, Phys. Rev. D 50, 536 (1994).

16. S. Davidson, D. Bailey and B. Campbell, Z. Phys. C 61, 613 (1994). 17. G. Valencia and S. Willenbrock, Phys. Rev. D 50, 6843 (1994). 18. A. V. Kuznetsov and N. V. Mikheev, Phys. Lett. B 329, 295 (1994). 19. A. V. Kuznetsov and N. V. Mikheev, Yad. Fiz. 58, 2228 (1995) [Phys. At. Nucl. 58, 2113 (1995)].

20. A. D. Smirnov, Phys. Lett. B 346, 297 (1995).

21. A. D. Smirnov, Yad. Fiz. 58, 2252 (1995) [Phys. At. Nucl. 58, 2137 (1995)]. 22. A. D. Smirnov, Mod. Phys. Lett. A 22, 2353 (2007).

23. A. D. Smirnov, Yad. Fiz. 71, 1498 (2008) [Phys. At. Nucl. 71, 1470 (2008)].

March 20, 2012 5:9 WSPC/INSTRUCTION FILE KuznMikhSerg˙IJMPA˙corr

The third type of fermion mixing in the lepton and quark interactions with leptoquarks 19

24. M. Leurer, Phys. Rev. D 49, 333 (1994).

25. B. Pontecorvo, Zh. Eksp. Teor. Fiz. 33, 549 (1957) [Sov. Phys. JETP 6, 429 (1957)]. 26. B. Pontecorvo, Zh. Eksp. Teor. Fiz. 34, 247 (1958) [Sov. Phys. JETP 7, 172 (1958)]. 27. B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53, 1717 (1967) [Sov. Phys. JETP 26, 984 (1968)]. 28. Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962). 29. A. I. Vainstein, V. I. Zakharov and M. A. Shifman, Zh. Eksp. Teor. Fiz. 72, 1275 (1977) [Sov. Phys. JETP 45, 670 (1977)].

30. M. I. Vysotsky, Yad. Fiz. 31, 1535 (1980) [Sov. J. Nucl. Phys. 31, 797 (1980)]. 31. W. J. Marciano and A. Sirlin, Phys. Rev. Lett. 71, 3629 (1993). 32. D. I. Britton et al., Phys. Rev. Lett. 68, 3000 (1992). 33. D. I. Britton et al., Phys. Rev. D 49, 28 (1992). 34. G. Czapek et al., Phys. Rev. Lett. 70, 17 (1993).

35. F. Ambrosino et al. (KLOE Collab.), Eur. Phys. J. C 64, 627 (2009); Erratum-ibid.

65, 703 (2010).

36. A. Sher et al. (BNL E865 Collab.), Phys. Rev. D 72, 012005 (2005). 37. R. Appel et al. (BNL E865 Collab.), Phys. Rev. Lett. 85, 2877 (2000). 38. D. Ambrose et al. (BNL E871 Collab.), Phys. Rev. Lett. 84, 1389 (2000). 39. T. Alexopoulos et al. (FNAL KTeV Collab.), Phys. Rev. D 70, 092006 (2004). 40. D. Ambrose et al. (BNL E871 Collab.), Phys. Rev. Lett. 81, 5734 (1998). 41. D. Ambrose et al. (BNL E871 Collab.), Phys. Rev. Lett. 81, 4309 (1998). 42. W. Bertl et al. (SINDRUM-II Collab.), Eur. Phys. J. C 47, 337 (2006). 43. O. Shanker, Phys. Rev. D 20, 1608 (1979).

44. Y. Miyazaki et al. (BELLE Collab.), Phys. Lett. B 692, 4 (2010). 45. Y. Miyazaki et al. (BELLE Collab.), Phys. Lett. B 648, 341 (2007). 46. B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 98, 061803 (2007). 47. B. Aubert et al. (BABAR Collab.), Phys. Rev. D 73, 092001 (2006). 48. B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 99, 051801 (2007). 49. B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 99, 201801 (2007). 50. M. Jamin and B. O. Lange, Phys. Rev. D 65, 056005 (2002). 51. K. Ikado et al. (BELLE Collab.), Phys. Rev. Lett. 97, 251802 (2006). 52. T. Aaltonen et al. (CDF Collab.), Phys. Rev. Lett. 102, 201801 (2009). 53. T. Aaltonen et al. (CDF Collab.), Phys. Rev. Lett. 100, 101802 (2008). 54. B. Aubert et al. (BABAR Collab.), Phys. Rev. Lett. 96, 241802 (2006). 55. B. Aubert et al. (BABAR Collab.), Phys. Rev. D 77, 091104R (2008). 56. V. M. Abazov et al. (D0 Collab.), Phys. Lett. B 693, 539 (2010). 57. A. V. Povarov, talk presented at the Conference “Physics of Fundamental Interactions”, ITEP, Moscow, November 2011 (unpublished).

58. A. V. Artamonov et al. (BNL E949 Collab.), Phys. Rev. D 72, 091102R (2005). 59. A. Natale, Phys. Lett. B 258, 227 (1991). 60. W. P. Lam and K. W. Ng, Phys. Rev. D 44, 3345 (1991). 61. G. Raffelt and D. Seckel, Phys. Rev. Lett. 67, 2605 (1991). 62. E. M. Gregores et al., Phys. Rev. D 51, 4587 (1995).