arXiv:hep-ex/0101003 4 Jan 2001

International Journal of Modern Physics A,

f_{c World Scientific Publishing Company}

TESTS OF THE STANDARD MODEL USING MUON POLARIZATION ASYMMETRIES IN KAON DECAYS

MILIND V. DIWAN Physics Department, Brookhaven National Laboratory, Upton, NY 11973

HONG MA Physics Department, Brookhaven National Laboratory, Upton, NY, 11973

Received (22 November 2000) Revised (4 January 2001)

We have examined the physics and the experimental feasibility of studying various kaon decay processes in which the polarization of a muon in the final state is measured. Valuable information on CP violation, the quark mixing (CKM) matrix, and new physics can be obtained from such measurements. We have considered muon polarization in K_L → μ^+μ� and K → πμ^+μ� decays. Although the effects are small, or difficult to measure because of the small branching ratios involved, these studies could provide clean measurements of the CKM parameters. The experimental difficulty appears comparable to the observation of K → πνν̄ . New sources of physics, involving non-standard CP violation, could produce effects observable in these measurements. Limits from new results on the neutron and electron electric dipole moment, and ϵ^′ϵ in neutral kaon decays, do not eliminate certain models that could contribute to the signal. A detailed examination of muon polarization out of the decay plane in K+ → μ+π0ν and K+ → μ^+νγ decays also appears to be of interest. With current kaon beams and detector techniques, it is possible to measure the T-violating polarization for K+ → μ+π0ν with uncertainties approaching ∼ 10�4. This level of sensitivity would provide an interesting probe of new physics.

1. Introduction

We have examined the possibility of measuring muon polarization asymmetries that are sensitive to P, T or CP symmetries; these are tabulated in Table 1. Observation of the possible effects requires high fluxes (> 10^{12} K decays per year) of kaons, now available at several accelerator facilities, notably at Brookhaven National Laboratory AGS and at the KEK-PS. In the near future, the Fermilab main injector, as well as the Japanese Hadron Factory, could deliver much higher intensities of separated as well as unseparated kaon beams. The ϕ meson factory, DAPHNE, is also a new facility with an intense pure-kaon flux. Thus far, CP violation has been observed conclusively only in the neutral kaon system. Although a theoretical description of CP-violation in the neutral kaon system is available in the single complex phase of the standard-model Cabibbo-Kobayashi-Maskawa (CKM) matrix, part of, or the entire phase, can have origin in deeper causes that have so far eluded experimental scrutiny. During this past decade, experiments at FNAL and at CERN, focusing 1

Decay Correlations Symmetries tested (1) K^+ → π^0μ^+ν ⃗s_μ · (⃗p_μ × ⃗p_π) T (2) K^+ → μ^+νγ ⃗s_μ · (⃗p_μ × ⃗p_γ ) T (3) K_L → μ^+ μ^− ⃗s_μ · ⃗p_μ P, CP (4) K^+ → π^+ μ^+μ^− ⃗s_μ · ⃗p_μ P (5) ⃗s_μ · (⃗p_μ+ × ⃗p_μ− ) T (6) (⃗s_μ± · ⃗p_μ± )⃗s_μ∓ · (⃗p_μ+ × ⃗p_μ− ) P, T (7) K^0_L → π^0μ^+ μ^− ⃗s_μ · ⃗p_μ P (8) ⃗s_μ · (⃗p_μ+ × ⃗p_μ− ) T

Table 1: Decay modes and polarization asymmetries (or correlations) of interest in K decays. The symbols ⃗s and ⃗p refer to the spin and momentum vectors in the decays.

on the measurement of the direct K^0_L → ππ transition, or^{ϵ′}_ϵ , have reported everimproved results, the latest being Re(ϵ^′/ϵ) = (28.0 ± 3.0 ± 2.8) × 10^{−4} (FNAL^1) and Re(ϵ^′/ϵ) = (14.0 ± 4.3) × 10^{−4} (CERN^2). These provide conclusive evidence for the presence of direct CP violation in K^0 decays, and there is great theoretical effort in progress to interpret these numbers.^{3−6} We will not attempt here to review ϵ^′/ϵ; but it is clear that it is not yet certain if the standard model description of CP violation can accommodate these results. In addition to ϵ^′/ϵ, rare kaon decays are also of interest for understanding the CKM matrix. For a recent review of rare kaon decay processes see Ref. 7.

Over the next decade, ambitious efforts towards gaining a better understanding CP-violation and the CKM matrix elements will be pursued at B-factories. The importance of these efforts is undeniable, but it is also worthwhile to investigate the possibility that some or all of the CP-violation arises from effects outside of the minimal standard model, particularly outside of the current CKM matrix.

It should be recalled that CP-violation is required to generate the observed baryon asymmetry in the universe, and it is now accepted that the CP-violation embodied in the CKM matrix does not have sufficient strength to serve this purpose.^8 It is important to examine if sources of physics beyond the standard model that could generate the baryon asymmetry can also generate CP or T violating muon polarizations in the kaon decay modes given in Table 1.

We will now briefly consider the measurement of muon polarization. This has been discussed before in the literature.^{9,10} Muon polarization in the experiments under consideration would be observed by stopping the muons in some appropriate material, and measuring the direction of the decay electron (positron in the case of μ^+). The muon decay spectrum is given by: dN dzdΩ = z^2 2π ( (3 − 2z) ± | ⃗P | cos θ(2z − 1) ) (1) where the positive sign in the brackets is for μ^+ decay and the negative sign is for

Mode Branch. Standard Final Non-SM Ref. Fraction Model State Int. value (1) K^+ → π^0μ^+ν 0.032 0.0 ∼ 10^{−6} ≤ 10^{−3} [11,12] (2) K^+ → μ^+ νγ 5.5 × 10^{−3} 0.0 ∼ 10^{−3} ≤ 10^{−3} [13] (3) K_L → μ^+ μ^− 7.2 × 10^{−9} ∼ 0.002 0.0 ≤ 10^{−2} [14, 15] (4) K^+ → π^+ μ^+μ^− 7.6 × 10^{−8} ∼ 10^{−2} – – [16 –21] (5) 0.0 ∼ 10^{−3} ∼ 10^{−3} [22] (6) ∼ 0.06 ∼ 0.0 ∼ 0.1 [22] (7) K^0_L → π^0μ^+ μ^− ∼ 5 × 10^{−12} – – – [23,24] (8) ∼ 0.5 – – [23]

Table 2: The decay modes and asymmetries of interest; the row numbers correspond to those in Table 1. The other columns are: the known standard-model branching ratio (note that the K_L → π^0μ^+ μ^− branching ratio is not yet measured, the present 90% C.L. limit is < 3.8 × 10^{−10}), the estimated standard-model value of the asymmetry, the value due to final-state interactions, the maximum possible value allowed by non-standard physics, and the theoretical reference. Some of the results have been adjusted to account for more recent values of the top quark mass (174 GeV /c^2). In the case of K_L → μ^+ μ^− and K^+ → π^+μ^+ μ^−, the theoretical estimates for maximum possible non-standard contributions to T violation do not agree; we chose the mean value of the different estimates. The “–” means that there is no reliable prediction.

μ^− decay, z = 2E_e/m_μ, and θ is the angle between the polarization ⃗P and the direction of the positron or electron. We will now restrict ourselves to only μ^+ decays. The magnitude of the polarization ⃗P , multiplied by a dilution factor D(z_0), is the asymmetry A in the number of decays that produce positrons forwards versus backwards with respect to a plane normal to the polarization vector. A = N_1 − N_2 N_1 + N_2

= D(z_0 )| ⃗P | (2)

where N_1 and N_2 are the number of forward and backward decays, respectively. D(z_0) is the asymmetry dilution factor that depends on the lower-energy cutoff z_0 = 2E_0/m_μ, where E_0 is the minimum observable energy of the electron from μ decays. The uncertainty on the asymmetry is given by δA = √_{1−A2} N , where N = N_1 + N_2. When the asymmetry is small, the error on the polarization is given by δP =^1_{D(z0)}^√_N . In practical devices, there is usually a lower cutoff on the positron energy. Integrated over the entire spectrum, the asymmetry is | ⃗P |/3. Clearly, both the total number of detected decays N , and the dilution factor D, depend on the low-energy cutoff. Best performance is reached when the lower cutoff is at about z_0 ∼ 0.75, which keeps approximately 1/2 of the spectrum and corresponds to a dilution factor of ∼ 0.5. Often, the muons are precessed by a small magnetic field (at a rate of 42.5 kHz per Gauss) perpendicular to the direction of the spin. This makes it possible to measure two components of the polarization, as well as eliminate systematic differences in detector efficiencies, at only a cost of √ 2 loss in the dilution factor.

Other considerations that determine the asymmetry are depolarization of the stopped μ^+ , and confusion from the multiple scattering of the decay positron. It is well known that multiple Coulomb scattering of the muon, as it comes to rest, does not cause depolarization; however, after it slows down to atomic velocities, there are many processes that can lead to depolarization. The amount of depolarization is strongly material dependent.^{10} Carbon (in graphite form) and aluminum are considered good materials for muon polarimeters because they preserve the polarization. Detectors such as wire chambers or scintillators must be placed next to blocks of graphite or aluminum to detect the decay positrons. No practical active materials such as plastic scintillator or scintillating crystals have been found that would preserve polarization. Dilution of the asymmetry from multiple scattering of the positron depends on the geometry and the energy cutoff. Ultimately, the dilution factor must be measured in each experiment to determine the sensitivity of the result.

2. K^+ → π^0μ^+ ν

The transverse, or out-of-plane, muon polarization in this decay has been analyzed previously.^{11,12} The decay amplitude, M, can be written as follows:

M = G_F 2 sin θ_cf_+ (q^2) ( (p_K + p_π )^λ + ξ(q^2)(p_K − p_π )^λ) ) (ū_μγ_λ(1 − γ_5)u_ν) (3)

where G_F is the Fermi constant, sin θ_c is the Cabibbo angle, and q, p_K , p_π are the momentum transfer, the kaon and the pion 4-momenta, respectively. The outof-plane polarization (P^T_μ ) of the muon is non-zero when the form factor ξ has an imaginary component. This polarization is expected to vanish to first order in the standard model, because of the absence of the CKM phase in the decay amplitude. Irreducible backgrounds, such as from final-state interactions (FSI) in this decay are expected to be small (∼ 4 × 10^{−6}), and can be ignored.^{25,26} It has been shown that any model involving only effective V or A interactions cannot produce this type of polarization.^{27} The existence of a non-zero value of this polarization will therefore provide a definite signature of physics beyond the standard model. P^T_μ is a function of the two Dalitz variables that define the 3-body K^+ → μ^+ π^0ν decay. In most experimental situations, one averages over some portion of the Dalitz plot. Therefore, the average P^T_μ has two components: (1) a kinematic factor (f_D ) that describes the average over the Dalitz plot, including experimental acceptance, and (2) the imaginary part of an amplitude or combination of amplitudes (Imξ). We will often use the same P^T_μ to denote the average over an ensemble of events:

P^T_μ = f_D Imξ f_D is estimated by setting ξ = 0, and ignoring terms of O (_{m2μ} m2_K ) :^{11}

f_D ≈ ⟨ m_μ m_K sin θ_{μν} E_μ | ⃗P_μ| + cos θμν ⟩ (4) where E_μ is the muon energy and θ_{μν} is the angle between the muon and the neutrino in the kaon rest frame. The dependence over the Dalitz plot is averaged with the experimental acceptance. If we choose a typical point on the Dalitz plot, e.g., E_μ ≈ 170M eV and θ_{μν} = 90^o, then the value of f_D calculated at that point is f_D ≈ 0.17. The value of Imξ is model dependent; for example, in the case of a non-standard effective scalar interaction, Imξ is proportional to the imaginary part of the scalar coupling strength.

In particular, multi-Higgs and leptoquark models can produce non-zero out-of-plane polarization. In multi-Higgs models, a charged Higgs particle mediates a scalar interaction that interferes with the standard model decay amplitude; in such models, the polarization can be as large as 10^{−3}, without conflicting with other experimental constraints, for example, the measurements of the neutron electric dipole moment and the branching fractions for B → Xτ ν, and b → sγ. The indirect limits on P^T_μ from other measurements have been examined in the context of the minimal 3 Higgs Doublet Model (3HDM).^{11,12,28} The transverse polarization for 3HDM is given by P^T_μ ≈ f_D m^2_K m^2_h s^′_δ s^′_3c^′_3 ν ν_1 ν_2 ν_3 ν^2 = ν^2_1 + ν^2_2 + ν^2_3 (5)

where s^′_δ, s^′_3, and c^′_3 are unknown parameters from the unitary 3 × 3 mixing matrix of the 3 Higgs doublets. It is assumed that the ratios of the 3 vacuum expectation values are the same as the ratios of the 3 generation masses; v_1 : v_2 : v_3 :: m_b : m_t : m_τ . We have updated the calculation of constraints on the 3HDM model to include new experimental results and collected them in Table 3. The constraints are calculated in terms of two assumptions on the mass of the charged Higgs: m_h ∼ m_W or m_h ∼ 2m_W . Both of these assumptions are above the current lower limit of m_h ∼ 78GeV on the mass of a charged Higgs boson from LEP.^{29} The best constraints are from the branching ratio measurements B(b → sγ) and B(b → Xτ ν). These are unlikely to improve in the near future because the errors have large theoretical components. Furthermore, these constraints have the requirement that the real part of the 3HDM amplitude cancels with the standard model amplitude. Without this assumption, the constraints would be quite weak. Nevertheless, as can be seen in the table, even these optimistic limits allow any value of P^T_μ below the current direct bound, which is described below. T-violation could occur in the minimal supersymmetric models through an effective scalar interaction involving the charged Higgs particle, nevertheless, the effect is considered too small to observe, except in models that contain R-parity violation.^{30,31,32}

Measurement Value P̄^T_μ < m_h ∼ m_W m_h ∼ 2m_W d_n [33] < 7.5 × 10^{−26}e − cm (95%C.L.) 0.039 0.039 d_e [34] < 1.6 × 10^{−26}e − cm (95%C.L.) – – ϵ^′ ϵ [1, 2, 5] (1.9 ± 0.24) × 10^{−3} – – m_{KL} − m_{KS} [35, 36] (0.5301 ± 0.0014) × 10^{10}h̄s^{−1} – – B(b → s γ) [37] (2.54 ± 0.56) × 10^{−4} 0.09 0.02 B(b → Xτ ν) [38] (4.08 ± 0.98) × 10^{−2} 0.009 0.009

Table 3: Constraints on P^T_μ of K^+ → μ^+π^0ν decay for 3HDM from other measurements.^{11,12} The “–” means that there is no significant constraint. All measurements have been scaled to correspond to the same 95% confidence level to get consistent constraints.

The best limit on this process was obtained recently by an experiment at the KEK-PS, E246.^{39} They measured P^T_μ = −0.0042 ± 0.0049 ± 0.0009, which corresponds to a value of the T violating parameter: Imξ = −0.013 ± 0.016 ± 0.003, where the errors are statistical and systematic, respectively. This measurement was performed using approximately 3.9 × 10^6 events. Additional data may increase the total sample by a factor of two.^{40} Experimental limits were obtained almost 20 years ago with both neutral and charged kaons at the BNL-AGS.^{41,42} The experiment with K^+ decays made a measurement of the transverse polarization, P^T_μ = 0.0031 ± 0.0053. The combination of the neutral and charged experiments could be interpreted as a limit on Imξ = −0.01 ± 0.019.

Measurements from the 1980s were based on 1.2 × 10^7 K^0_L and 2.1 × 10^7 K^+ decays to μ^+πν, and were limited by low analyzing power and by backgrounds. The KEK-E246 measurement relied on the new technique of using a stopped K^+ beam, and measuring the muon decay direction in an aluminum absorber, without spin precession. The BNL measurements used in-flight kaon decays, stopped the muons in an aluminum absorber, and measured the muon spin by its precession in a weak magnetic field. Both techniques relied on the cylindrical symmetry of the apparatus to suppress systematic errors due to non-uniform efficiencies. The systematic error in KEK-E246 was reduced further by collecting events with forward and backward going pions. The BNL experiment alternated the direction of the precessing magnetic field to cancel the detection efficiency to second order. The remaining systematic errors in both techniques are quite different: the largest systematic error in the stopped kaon experiment comes from the knowledge of the fringe magnetic field in the muon stopping region. The largest systematic error for the in-flight experiment is thought to be due to the mechanical misalignment of the azimuthal segments of the muon absorber with respect to the precessing axis of the magnetic field.

A new experiment should reach much higher statistics and have high analyzing power for the muon polarization. KEK-246 has demonstrated that a well designed muon stopper with low background can have an analyzing power of 0.197 ± 0.005.

It is possible to extend the sensitivity of the KEK-246 experiment with a more intense beam,^{43} such as the low energy separated beam used by BNL experiment E787,^{44} which has been able to obtain kaon stopping rates of approximately 1 million per sec. A stopped kaon experiment, with a field for precession has the potential advantages of having better systematic control using cancelations from both the forward/backward π^0 direction, as well as by alternating field direction.^{45} A new experiment has been designed at the BNL-AGS to perform this measurement, with an error on the polarization approaching 10^{−4}.^{46} The design is based on the 1980 experiment, however, it uses a 2 GeV/c separated charged kaon beam to reduce the background counting rate. Other improvements will involve higher acceptance and analyzing power, with a larger apparatus and a more finely segmented polarimeter made of graphite. The experiment will collect approximately 550 events per AGS pulse (3.6 seconds). Thus the statistical accuracy of the polarization measurement in a 2000 hr (2 × 10^6 pulses) run could be δP_T ∼ 1.3 × 10^{−4}. Through a precise alignment of the polarimeter and through measurements of null asymmetries from K^+ → μ^+ν decays the experimenters expect to control the systematic error in the apparatus to below the statistical uncertainty. Other studies carried out for experiments at the Japanese Hadron Factory and the ϕ factory at DAPHNE also show that statistical sensitivities of the order ∼ 10^{−4} are possible.^{47,48} Finally, we note that it could be easier to measure the transverse polarization in the case of K_L → π^−μ^+ ν_μ decays, because it is easier to detect a charged pion. However, the transverse polarization in this case is contaminated by final state interactions due to the presence of a charged pion. This effect, averaged over the phase space, has recently been estimated to be P^T_μ = 2.4 ± 0.1 × 10^{−3}.^{49}

3. K^+ → μ^+νγ

The branching ratio for K^+ → μ^+ νγ decay is (5.5 ± 0.28) × 10^{−3}.^{35} The decay is dominated by inner bremsstrahlung. Recently, the structure-dependent part of the branching ratio (mostly for positive-helicity photons) has been measured to be (1.33 ± 0.12 ± 0.18) × 10^{−5}.^{50} The structure-dependent form factors have also been measured recently in decays of K^+ → e^+ νe^+e^− and K^+ → μ^+ νe^+e^−, and are sensitive to the form factor for negative-helicity photons.^{51}

In K^+ → μ^+νγ decay, the transverse muon polarization, which is T-violating, can arise from interference between inner bremsstrahlung and the structure-dependent part of the decay. It is sensitive to new pseudo-scalar, vector, and axial-vector interactions, in contrast to K^+ → μ^+ π^0ν decay’s sensitivity to new scalar interactions.^{13} Recent studies have shown that in certain extensions of the standard model, including SUSY, there could be a T-violating muon polarization in K^+ → μ^+ νγ decays as large as 10^{−2}.^{52,53} Others argue that it is unnatural to generate a contribution to transverse polarization in K^+ → μ^+ νγ decay larger than 10^{−4} in SUSY, unless R-parity is broken.^{54} Finally, final-state interactions can induce a non-zero transverse polarization. This has been calculated recently to be of the order of 10^{−4}, and varies on the Dalitz plot.^{54,55} It can be as large as 5 × 10^{−4} at the high end of the muon energy spectrum, for E_γ ∼ M_K /4.

Following the calculations in Ref. 53, the K^+ → μ^+νγ decay is described by “inner bremsstrahlung” (IB) and “structure-dependent” (SD) contributions. The parameters are the kaon decay constant f_K , axial vector form factor F_A, and a vector form factor F_V . Physics beyond the SM is introduced in additional terms in the Lagrangian L = − G_F √ 2 sinθ_cs̄γ^α(1 − γ_5)uν̄γ_α(1 − γ_5)μ + G_Ss̄uν̄(1 + γ_5)μ + G_P s̄γ_5uν̄(1 + γ_5)μ

+ G_V s̄γ^αuν̄γ_α(1 − γ_5)μ + G_As̄γ^αγ_5 uν̄γ_α(1 − γ_5)μ + h.c., (6)

where G_F is the Fermi constant, θ_c is the Cabibbo mixing angle, and G_S, G_P , G_V , and G_A are parameters of the new interactions due to scalar, pseudo-scalar, vector, and axial vector exchange, respectively.

The new interactions will modify the decay constants and form factors in the following way:

f_K = f^0_K (1 + Δ_P + Δ_A) , F_A = F^0_A(1 + Δ_A), F_V = F^0_V (1 − Δ_V ), (7) and Δ_{(P,A,V )} = √ 2 G_F sinθ_c ( G_P m^2_K (m_s + m_u)m_μ , G_A, G_V ) . (8)

The T-violating muon polarization (P_T ) comes from the interference of IB and the imaginary part of the SD. Only the pseudo-scalar (G_P ) and right-handed current (G_R = G_V + G_A) terms contribute:

P_T (x, y) = P^V_T (x, y) + P^A_T (x, y) (9)

with

P^V_T (x, y) = σ_V (x, y)[Im(Δ_A + Δ_V )] , P^A_T (x, y) = [σ_V (x, y) − σ_A(x, y)]Im(Δ_P ) , (10)

where σ_V (x, y) and σ_A(x, y) are analytic functions of the Dalitz plot variables (x = 2E_γ /M_K, y = 2E_μ/M_K ). Figure 1 shows the contours of muon polarization along and perpendicular to the muon momentum within the decay plane, and the contours of σ_V and σ_V − σ_A as a function of the Dalitz plot variables, E_μ and E_γ . Events with high muon momentum have higher sensitivity to the T-violating parameters.

The detectors designed for K^+ → μ^+π^0ν muon-polarization measurement can be used for studying K^+ → μ^+ νγ decays, with only minimal modification. In the near future, the first measurement of the T-violating polarization in K^+ → μ^+νγ is expected from KEK-E246. It is expected to have sensitivity of the order of 5%.^{47}

Figure 1: Muon polarization for K^+ → μ^+νγ decays along the muon momentum (top left), normal to the muon momentum in the decay plane (top right), and σ_V (bottom left) and σ_V − σ_A (bottom right) on the Dalitz plot. The out-of-plane polarization would be proportional to the numbers on the contours in the bottom two plots, as given in Eq. 10.

A K^+ → μ^+ νγ event is usually identified in a detector through a coincidence of a stopped muon with an energetic acollinear photon. To reject background from K^+ decays with π^0 (mainly K^+ → μ^+π^0ν), events with additional photons are rejected. This requires a hermetic photon veto system surrounding the K^+ decay region. With a precise measurement of the photon energy and the muon momentum, the K^+ → μ^+νγ decay can be fully reconstructed. This helps to further reduce background. A precision calorimeter with good spatial resolution is essential. The muon momentum can be measured in a magnetic field, as in KEK-E246, or the muon energy can be derived from the muon range in the polarimeter, as proposed in the new BNL experiment. A study from the latter showed that with sufficient shielding around the decay volume, and photon veto down to about 20MeV, one could obtain a sample of 3 × 10^7 K^+ → μ^+ νγ events, with a signal to background ratio of about 2:1, in 2000 hours of running.^{46} This would provide constraints on the new interactions at sensitivities of:

δ_{Im(ΔA +ΔV )} = 7 × 10^{−3} δ_{Im(ΔP )} = 20 × 10^{−3} (11)

An experiment with the sensitivity of Eq. 11, will clearly probe new physics. Events with high muon energy have even higher sensitivity to T-violation; they are also beyond the kinematic limit of K^+ → μ^+ π^0ν events. They have a much better signal to background ratio, but at the expense of efficiency for signal. This is partially compensated by the higher sensitivity. For example, selecting events with high muon energy (2E_μ/M_K > 0.95), the average σ_V increases from 0.11 (for all events) to 0.15; the effect is larger for (σ_V − σ_A), which increases from 0.04 to 0.25. We note that this is also the region where the asymmetry from FSI may be maximal. The selection of events on the Dalitz plot can be optimized differently for a search for pseudo-scalar or right-handed currents.

It should be noted that the T-conserving components of the muon polarization in K^+ → μ^+νγ and K^+ → μ^+π^0ν decays are of opposite sign. By measuring the T-conserving polarization of the accepted K^+ → μ^+ νγ sample, the background from K^+ → μ^+ π^0ν can be easily evaluated.

4. K_L → μ^+μ^−

This decay has been measured recently with high statistics.^{56} Experiment E871 at BNL has collected more than 6200 events with about 1 % background contamination. The new branching ratio is:

Γ(K_L → μ^+μ^−) Γ(K_L → π^+π^−)

= (3.474 ± 0.057) × 10^{−6} (12)

Using the measured branching ratio B(K_L → π^+π^−) = (2.056 ± 0.033) × 10^{−3} from Ref. 35, we obtain B(K_L → μ^+μ^−) = (7.14 ± 0.17) × 10^{−9}. The phenomenology of this reaction has been studied extensively in the past.^{57}

The longitudinal muon polarization in this decay violates CP invariance. In general, the correlation between the μ^+ and μ^− polarizations also contains information about CP violation and new physics, however this is much more difficult to measure.^{58} The decay amplitude for K_L → μ^+ μ^− is known to be dominated by the two photon intermediate state. Interference of this amplitude with any other flavor-changing neutral scalar interaction can produce a longitudinal polarization. Following Herczeg,^{59} we set the amplitude for K_L → μ^+ μ^− to:

M(K_L → μ^+μ^−) = aū(p_−)γ_5 v(p_+ ) + bu(p_−)v(p_+ ) a = a_2 + iϵa_1 b = b_2 + iϵb_1

(13)

where a_2 and b_2 are the CP conserving and CP violating amplitudes of K_2, respectively. Similarly, a_1 and b_1 are the CP violating and CP conserving amplitudes for K_1, respectively. The decay rate and the longitudinal polarization (P_L) are then given by: Γ = m_K β 8π (|a|^2 + β^2|b|^2)

P_L =

2βIm(ba^∗) |a|^2 + β^2 |b|^2

(14)

β = (1 − 4m^2_μ/m^2_K )^{1/2} ≈ 0.905

The expression for the decay rate has several parts: terms of Oϵ^2 can be neglected, terms of Oϵ multiply amplitudes with direct CP violation in K_1 or K_2 and are therefore small. The remaining terms are Re(a_2)^2 +Im(a_2)^2 +Re(b_2)^2 +Im(b_2)^2. Each of these reflects a sum of contributions from electroweak interactions and possible non-electroweak physics. The lowest-order standard-model electroweak contributions arise from the intermediate two photon diagram and the short-distance diagrams involving mainly the top quark, W, and Z exchange.^{57}

The largest contribution to the total branching ratio is known to be the absorptive contribution (Im(a_2)) from two photon exchange.^{60}. This can be calculated in a model independent way: Γ(K_L → γγ → μμ) Γ(K_L → γγ) = α^2( m_μ m_K )^2 1 2β ( log 1 + β 1 − β )_2

= 1.195 × 10^{−5} (15)

Eq. 15 is also known as the unitarity bound. All other contributions to Im(a_2) are much smaller. Im(b_2) in the standard model is due to K_2 → ππ → γγ(CP=+1) → μ^+μ^−; this is constrained to be very small by ϵ^′/ϵ. The short-distance electroweak diagrams contribute to Re(a_2). The branching ratio from this contribution is also well calculated in the standard model to be:

B_{SD}(K_L → μ^+ μ^−) = τ_L τ_K+ α^2B(K^+ → μν) π^2 sin^4 θ_W |V_{us}|^2

[Y_cRe(λ_c) + Y_tRe(λ_t)]^2 (16)

Y_q are Inami-Lim functions of x_q = M^2_q /M^2_W ; λ_j = V^∗_{js}V_{jd} are combinations of the CKM matrix elements.^{61} Or, in terms of the Wolfenstein parameters A, ρ and λ:

B_{SD}(K_L → μ^+ μ^−) = 1.51 × 10^{−9}A^4(ρ_0 − ρ̄)^2 (17)

where ρ̄ = ρ(1 − λ^2/2), ρ_0 = 1.2 is the charm contribution.

The second contribution to Re(a_2) comes from K_L → γ^∗γ^∗ → μ^+ μ^−, in which the photons are off mass-shell. The sign and magnitude of this contribution are still uncertain; this uncertainty limits the precision with which the experimental measurement can be used to obtain a limit on polarization, as well as on the fundamental standard-model parameter ρ. First order amplitudes involving new flavor-changing vector bosons, leptoquarks, or scalar particles, such as a light Higgs, contribute to Re(b_2); these contributions would be responsible for a possibly large longitudinal polarization.

The unitarity bound from the absorptive amplitude can be subtracted from the measured branching ratio to obtain the sum of all the remaining parts. In Ref. 56, this subtraction is performed using the measured ratio Γ(K_L → μ^+ μ^−)/Γ(K_L → π^+ π^−) and the unitarity bound calculated for the ratio Γ(K_L → γγ)/Γ(K_L → π^+ π^−), with proper account of correlations in errors.^{62} They obtain a dispersive contribution to the branching ratio of (0.11 ± 0.18) × 10^{−9}: m_K β 8π ((Re(a^{SD}_2 ) ± Re(a^{LD}_2 ))^2 + β^2Re(b_2)^2) = (0.11 ± 0.18) × 10^{−9} × Γ(K_L) (18)

Here Re(a^{SD}_2 ) is the magnitude of the amplitude due to the electroweak shortdistance diagrams and Re(a^{LD}_2 ) is the magnitude of the dispersive contribution from the two photon diagram. We will now consider the implications of this result on the value of the polarization:

Concentrating only on the direct CP violating contribution, the longitudinal polarization can be written:

P_L = − m_K β^2 4πΓ(K_L → μ^+ μ^−)

Re(b_2)Im(a_2) (19)

One can limit the magnitude of this polarization using the measurement in Eq. 18, by assuming Re(a_2) = 0. Then, for the square of the polarization, we can write:

|P_L|^2 < 4 × ( 1 − Γ(K_L → γγ → μ^+μ^−) Γ(K_L → μ^+μ^−) ) Γ(K_L → γγ → μ^+ μ^−) Γ(K_L → μ^+ μ^−)

(20)

Using the Particle Data Group^{35} prescription, we obtain an upper limit^a for the polarization of: |P_L| < 0.44 90%C.L. (21) aFollowing the PDG prescription, the value of |PL|2 is 0.058 ± 0.094. However, it should be noted that a previous result from E79162 has an unphysical central value of −0.06 ± 0.21 for |PL|2.

Clearly, a better limit can be obtained if Re(a_2) can be specified more accurately.

There are several mechanisms that could contribute towards generating a significant value of Re(b_2) and a large polarization.^{14,15,59,63} In general, P_L is quite sensitive to the presence of light scalars with CP violating Yukawa couplings. The polarization can originate in the standard CKM model because of the induced s − d − H coupling, where H is the standard-model Higgs. Very large polarizations can be expected for a light Higgs boson with a mass comparable to K_L. Results from LEP that limit the Higgs boson masses to be larger than 115 GeV, rule out detectable polarization from this mechanism.^{29} In Ref. 63 multi-Higgs, leptoquark, as well as left-right symmetric models are considered. Polarizations of the order of few percent are possible, without violating bounds from neutron or electron electric dipole moments, or from lepton-flavor violation. Supersymmetric contributions to P_L are expected to be small (∼ 10^{−3}), without fine-tuning of parameters.

The dominant contribution to P_L within the standard model is through the indirect CP violation parameterized by ϵ. The direct CP violating amplitudes (b_2 and a_1) can be neglected, and using the value of ϵ:^{6,35}

ϵ = 2.3 × 10^{−3}e^{iϕ} (22)

ϕ = 43.7^o ± 0.1^o ≈ π 4 (23)

The polarization can be written as

P_L = m_K β^2 4πΓ(K_L → μ^+μ^−) √ 2 |ϵ|[Re(a_2)(Re(b_1) − Im(b_1))

+ Im(a_2)(Re(b_1) + Im(b_1))] (24)

Ecker and Pich have calculated the value of b_1 using chiral perturbation theory (CHPT), to obtain a rather good prediction for P_L.^{64} They obtain:

(1.9)1.5 < |P_L| · 10^3 √ 2 × 10^{−6} B(K_S → γγ) < 2.5(2.6) (25)

The numbers without (with) brackets correspond to 1 standard deviation, σ, (2 σ) errors. There are three sources of uncertainty in the above estimate. The uncertainty on the octet coupling strength (G_8) in CHPT is largely eliminated by normalizing to the measured B(K_S → γγ) = (2.4 ± 0.9) × 10^{−6}.^{65} The uncertainty in the upper limit is small because it comes from Im(a_2). The uncertainty in the lower limit comes from the unknown sign and magnitude of Re(a_2). Ecker and Pich point out that there is a constructive interference in the term multiplying Im(a_2), which makes their estimate larger than a previous estimate.^{59} To summarize, the polarization due to indirect CP violation is estimated to be ∼ 2 × 10^{−3} with 30-40% uncertainty.

The main experimental difficulty in this measurement is the small branching fraction of (7.14 ± 0.17) × 10^{−9} for the decay. Much effort must therefore be put into separating these events from background, before a polarization analysis can be performed. Experiment E871,^{56} with ∼ 6200 events, was optimized to look for K_L → μ^±e^∓. We have estimated that, if the experiment were optimized for K_L → μ^+ μ^−, and the beam intensity were increased, E871 could collect about 20,000 events in two years of running. Appropriate upgrades to the marble muonrange detector will allow approximately 50% of the positive muon decays to be analyzed. A study by the E791 collaboration (previous version of E871), indicated that, with 20,000 events, they could achieve a sensitivity of 11% on the longitudinal polarization asymmetry of the positive muons.^{66,67}

The ∼ 1% background to K_L → μ^+ μ^− arises mainly from K_L → π^±μ^∓ν events, in which the charged pion decays in flight or is misidentified as a muon, and the momentum of one of the charged particles is mismeasured so that the μμ invariant mass is higher than the kinematic limit of 489 MeV. The positive muons in the K_L → π^−μ^+ ν background events at the kinematic endpoint will be almost completely longitudinally polarized; the positive muons in the background K_L → π^+ μ^−ν will come from π^+ decay, and will be polarized (with strength dependent on the π^+ decay angle within the experimental acceptance) in the opposite direction. Given these considerations, this background will not be problematic for an experiment with a sensitivity of ∼ 0.1, however, a measurement of the K_L → μ^+μ^− polarization better than 1% will require less background.

5. K^+ → π^+μ^+ μ^−

This decay has a very rich structure that can lead to important measurements. Table 1 shows three different asymmetries that could be interesting to measure: longitudinal muon polarization, transverse muon polarization, and transverse μ^± polarization in correlation with μ^∓ longitudinal polarization. The decay has recently been analyzed extensively.^{16−22} The different processes that govern the decay are: the one-photon intermediate state, a two-photon intermediate state, the short-distance “Z-penguin” and “W-box” graphs, and potential contributions from extensions to the Higgs sector.

The dominant amplitude from the one photon intermediate state (with a vector form factor) is best understood in the framework of chiral perturbation theory, although experimental inputs are needed to fully describe the decay.^{68} The K^+ → π^+ l^+l^− decays can be discussed using the following variables: x = (p_1 + p_2)^2

m^2_K y = 2P · (p_1 − p_2) m^2_K λ^{1/2}(1, x, x_π) = 2k · (p_1 − p_2) m^2_K λ^{1/2}(1, x, x_π)

(26)

where p_1 and p_2 are the four-momenta of the negative and positive lepton. P and k are the four-momenta of the kaon and the pion, respectively. λ(a, b, c) = a^2 + b^2 + c^2 − 2(ab + bc + ac) and x_π = m^2_π /m^2_K . The limits of the phase space are given by:

4m^2_l m^2_K < x < (m_K − m_π )^2 m^2_K |y| < (1 − 4m^2_l xm^2_K )^{1/2} (27)

In the kaon rest frame, the energy of the pion is given by: E_π = (M_K /2)(1−x−x_π ). In terms of these variables, the decay rate is given by dΓ dxdy = m_K 64(2π)^3 λ^{1/2}(1, x, x_π)|M|^2 (28)

where M is the matrix element. For a vector interaction model, the decay rate is given by the following:^{69,79} dΓ dxdy = α^2|G_8|^2m^5_K 16π λ^{3/2}(1, x, x_π)(1 − y^2)|ϕ(x)|^2 (29)

where G_8 is the octet coupling constant. The general features of K → πl^+ l^− decay spectrum can be understood in terms of angular momentum conservation. In the vector interaction model, the quantum numbers of the l^+ l^− pair are J^{pc} = 1^{−−}. The lepton pair must therefore be in a p state relative to the pion, and it must be longitudinally polarized. This has two consequences: the angle between the lepton and the pion in the rest frame of the lepton pair has a distribution that goes as (1 − cos^2 θ) (This is the reason for the (1 − y^2 ) term; y ≈ cos θ, is the difference in the energies of the lepton pair divided by the pion momentum in the kaon rest frame); as the mass of the lepton pair gets large, the orbital angular momentum barrier forces the decay spectrum to fall faster than phase space, and to vanish at the kinematic endpoint.

The form factor ϕ(x) has been measured very well by experiment E865, with more than 10,000 events in the K^+ → π^+ e^+ e^− decay mode.^{70} The form factor is linear in x, with a large slope parameter that has been measured with high precision. The dominance of the vector current in the decay has been demonstrated experimentally. The measurement puts significant constraints on models containing long-distance contributions to K → πl^+ l^− decays. The K^+ → π^+μ^+ μ^− decays have been measured in two different experiments, ∼ 200 events in E787,^{71} and ∼ 400 events in E865.^{72} The average branching ratio is 7.6 × 10^{−8}, but the two experiments disagree by 3.3σ.

B(K^+ → π^+ μ^+μ^−, E787) = (5.0 ± 0.4(stat) ± 0.7(syst) ± 0.6(th)) × 10^{−8}; B(K^+ → π^+ μ^+μ^−, E865) = (9.22 ± 0.60(stat) ± 0.49(syst)) × 10^{−8}. (30)

Using the more recent K^+ → π^+ e^+ e^− measurement of the form factor, the K^+ → π^+ μ^+μ^− branching ratio is predicted to be (8.7 ± 0.4) × 10^{−8}. The E787 result used an old value for the form factor; the theoretical error in their measurement corresponds to this form factor. The disagreement between the two measurements is large even if we correct the E787 result using the new form factor.

In general, the decay process can have contributions from scalar, vector, pseudoscalar and axial-vector interactions, with corresponding form factors, F_S, F_V , F_P , and F_A (following the notation in Ref. 22): M = F_Sū(p_l, s)v(p̄_l, s̄) + F_P ū(p_l, s)γ_5v(p̄_l, s̄) +F_V p^μ_kū(p_l, s)γ_μv(p̄_l, s̄) + F_Ap^μ_kū(p_l, s)γ_μγ_5v(p̄_l, s̄) (31)

Here p_k, p_π, p_l, and p̄_l are the kaon, pion, lepton, and antilepton 4-momenta. Any interference between the terms with a complex phase difference leads to polarization effects. Within the standard model, the largest contribution is from the one-photon intermediate state to the vector form factor (F_V ), which is expected to be almost real. The scalar form factor is expected to get a small contribution from only the two-photon intermediate state. F_P and F_A get contributions from the shortdistance “Z-penguin” and “W-box” diagrams, where the dominant term arises from t-quark exchange, both form factors are therefore proportional to V_{ts}V^∗_{td}, with a small contribution from the charm quark.

The parity-violating longitudinal muon polarization (asymmetry (4) in Table 1) has terms proportional to Re(F_P F^∗_V ) and to Re(F_V F^∗_A). It is therefore sensitive to the Wolfenstein parameter ρ. The value of this polarization within the standard model is estimated beyond the leading logarithms to be 0.003 − 0.0096, for −0.25 ≤ ρ ≤ 0.25, and depends on the experimentally accessible region of phase space.^{18} Neglecting the dependence of the form factor, the polarization asymmetry varies as (1 − 4m^2_μ/xm^2_k)λ^{3/2}(1, x, x_π). It has a maximum at a μμ invariant mass of approximately 250 M eV /c^2. There is a non-negligible contribution to this polarization from the long-distance two photon process, which has not as yet been calculated accurately.^{16} The T-violating transverse polarization (asymmetry (5) in Table 1) is proportional to Im(F_S F^∗_V ), and it is therefore expected to be small within the standard model, and the final-state interaction correction to this polarization is expected to be ∼ 10^{−3}. The T-violating spin-spin correlation that involves both μ^+ and μ^− polarizations (asymmetry (6) in Table 1) has terms proportional to −Im(F^∗_V F_P ) and Im(F_V F^∗_A). This is expected to have much smaller final-state interaction corrections, and is theoretically sound. Within the standard model, such asymmetry is proportional to the CKM parameter η, and it is expected to increase with μμ invariant mass, becoming as large as ∼ 0.06 in some parts of the decay phase space (see Fig. 2). A good measurement would certainly be valuable in understanding CP violation. Similar to K_L → μ^+ μ^−, this asymmetry could also receive contributions from non-standard physics, such as from charged Higgs or leptoquarks.^{22} The consensus in the literature on the numerical results is summarized in Table 2. It should be noted that these estimates were made before the precise measurement of the form factor F_V in Ref. 70, nevertheless, that should not affect substantially the values in Table 2.

Figure 2: T-violating spin-spin correlation, or asymmetry (6) in Table 1, for K^+ → π^+ μ^+μ^− over the Dalitz plot. (After Agrawal, Ng, Belanger, and Geng^{22}).

The main experimental difficulty is in isolating the rare K^+ → π^+ μ^+ μ^− decays from background. For both E787 and E865, the main background is the K^+ → π^+ π^+π^− decay, which has a branching ratio 6 orders of magnitude higher. This background must be suppressed at the trigger level as well as in the final analysis. In E865, the charged pions can be misidentified as muons due to pion decays in flight. In E787, where the unique total kinetic energy is used as the signature, the additional energy release in π^− nuclear capture can increase the apparent kinetic energy of K^+ → π^+π^+ π^− events. Neither experiment was optimized for K^+ → π^+ μ^+μ^−, and both experiments took dedicated K^+ → π^+ μ^+μ^− triggers in only a limited running period.

Scaled from E865, a dedicated and optimized experiment, with improved acceptance and trigger capability for muons, increased kaon flux with reduced beam halo, longer running time, and an excellent muon polarimeter, could yield ∼ 50, 000 events. This could result in a measurement of μ^+ polarization with δP_L ∼ 0.05, assuming the same analyzing power as the estimate for the polarization measurement of K_L → μ^+ μ^−. An interesting option for this measurement could be to rely on the decay-at-rest technique used by E787: the K^+ → π^+π^+ π^− background could be suppressed by selecting the π^+ momentum to be above the kinematic limit of K^+ → π^+ π^+ π^− decays (125 MeV/c); then both μ^+ and μ^− would have low kinetic energies, and could be stopped and analyzed in the same active target that serves to stop incoming kaons. Clearly, measuring asymmetries that require analyzing both μ^+ and μ^− polarizations will be difficult because μ^− decays have a lower analyzing power due to muon capture into atomic orbits around nuclei in the muon stopper.

Authors of Ref. 22 point out that there are only a few interesting kaon measurements that offer clean theoretical interpretation in terms of the standard weakinteraction parameters. The measurement of the branching ratio of K^+ → π^+ νν̄ provides a measurement of |V^∗_{ts}V_{td}|, the branching ratio K^0_L → π^0νν̄ is proportional to η^2.^{73−74} The measurement of the polarization asymmetries (4) and (6) from Table 1 could be of comparable significance in terms of the overall theoretical uncertainties. The experimental difficulty should be similar to other proposed investigations of the K and B systems.

6. K^0_L → π^0μ^+μ^−

The structure of K_L → π^0l^+ l^− decays is more complex than that of K^+ → π^+ l^+ l^− decays because of CP suppression. There are three possible contributions to the decay amplitude: 1) direct CP-violating contribution from electroweak penguin and W-box diagrams, 2) indirect CP-violating amplitude from the K_1 → π^0l^+ l^− component in K_L, and 3) CP-conserving amplitude from the π^0γγ intermediate state. The sizes of the three contributions depend on the final-state lepton.^{6,75} The CP-conserving two-photon contribution to the electron mode is expected to be (1 − 4) × 10^{−12}, based on K_L → π^0γγ data. Although suppressed in phase space, this contribution to the muon mode is comparable to the electron mode because of a term proportional to lepton mass.^{76} The CP-violating contribution to the electron mode is expected to be

B(K_L → π^0e^+ e^−)_{CP V} = [ 15.3a^2_S − 6.8 Imλ_t 10^{−4} a_S + 2.8 ( Imλ_t 10^{−4}

)_2] × 10^{−12} (32)

and the muon mode is suppressed by a factor of 5 due to phase space.^{68} a_S is an unknown parameter in the K_S → π^0l^+l^− vector form factor, and λ_t = V^∗_{ts}V_{td}.

The modes K_L → π^0e^+ e^− and K_L → π^0μ^+μ^− have not as yet been observed; the current best limits on the branching ratios for K_L → π^0l^+ l^− were obtained by the KTeV experiment at FNAL; B(K_L → π^0μ^+μ^−) < 3.8 × 10^{−10} and B(K_L → π^0e^+ e^−) < 5.1 × 10^{−10}.^{24,77} These limits were based on 2 observed events in each case, and expected backgrounds of 0.87 ± 0.15 for the muon mode and 1.06 ± 0.41 for the electron mode.

The main backgrounds for the muon mode were estimated to be from μ^+μ^−γγ (0.37 ± 0.03) and π^+ π^−π^0 (0.25 ± 0.09), in which both charged pions decay in flight. Of these, the former background could be irreducible and therefore of great concern. The decay K_L → μ^+ μ^−γγ proceeds via the Dalitz decay K_L → μ^+ μ^−γ, with an internal bremsstrahlung photon. KTeV has detected 4 such events, with expected background of 0.16 ± 0.08 resulting in a branching ratio of B(K_L → μ^+μ^−γγ) = (10.4^{+7.5}_{−5.9} ±0.7)×10^{−9}, consistent with the expectation of (9.1±0.8)×10^{−9} obtained from QED and the measurement of K_L → μ^+ μ^−γ.^{78} Such decays were analyzed by Greenlee as background to K_L → π^0e^+ e^−.^{79} He showed that the background from e^+e^−γγ can be suppressed by removing events with photon-photon invariant masses near the π^0 mass, and by constraining the energies and angles of accepted photons. Unfortunately, the criteria that can be used for suppressing e^+ e^−γγ are not effective for the μ^+ μ^−γγ channel because the invariant mass of the photons is restricted by the energy available in the latter decay. In KTeV, the π^0 mass resolution was expected to be 2.4 MeV; they applied a 2.5 σ cut around the π^0 mass to obtain the estimated background of 0.37 ± 0.03 from μ^+μ^−γγ. For any future experiment wishing to measure the polarization of the muon, a good range measurement of the muons will be required, which will most likely suppress the other backgrounds found in KTeV (π^+ π^−π^0 with pion decay to muons, and π^±μ^∓ν with an accidental π^0). However, it seems unlikely that the background due to μ^+μ^−γγ can be lowered. The single-event sensitivity of the KTeV result is quoted as 7 × 10^{−11}; the signal to background ratio, assuming that only μ^+ μ^−γγ will contribute in a future experiment, will therefore be around 1/5, if the standardmodel signal is taken as B(K_L → π^0μ^+ μ^−) ∼ 5 × 10^{−12}.

The interesting direct CP-violating component must be extracted from any signal found for K_L → π^0l^+ l^− in the presence of two formidable obstacles: 1) the theoretical uncertainty on contamination from indirect CP-violating and CP-conserving contributions and 2) the experimental background from the l^+l^−γγ. A complete discussion of this situation is beyond the scope of this article. In other reviews, it is stated that, in the case of K_L → π^0e^+ e^− other measurements may be needed to understand the direct CP-violating contribution: e.g., the branching ratio for K_S → π^0e^+ e^− and the energy asymmetry between e^+ and e^−.^{75,80} The branching ratio measurement of the πμμ mode provides additional information, such as an alternative measurement of the contribution due to the single-photon and two-photon intermediate states. The measurement of muon polarization in the πμμ case could also provide important additional information. This can be seen as follows: the decay amplitude can be divided into scalar (S), pseudo-scalar (P), vector (V), and axial-vector (A) parts. Of these, the scalar piece, which comes from the two-photon intermediate state is CP-conserving and the indirect CP-violating contribution is mostly vector. The short-distance direct CP violating amplitude has both vector and axial-vector parts. The longitudinal muon polarization (asymmetry (7) in Table 1), while not strictly CP-violating, can arise only from interference of P and A with S and V, and therefore it provides information on the direct CP-violating amplitudes. Unlike for K^+ , in the case of K_L decay, all the amplitudes should be of the same order of magnitude, and polarization effects should therefore be very large (∼ 1), unless there are strong cancelations. The interference of scalar and vector components can give rise to transverse muon polarization (asymmetry (8) in Table 1). This was studied in the context of a CHPT calculation of O(p^4).^{23} The transverse polarization is displayed in Fig. 3 as a function of z = m^2_{μμ}/m^2_K , for several values of the renormalization parameter w_s. In this calculation, Im(w_s) quantifies the direct CP-violation in the vector part of the matrix element. At the time of that study, the parameter Re(w_s) was thought to be constrained by the measurement of K^+ → π^+e^+ e^−. Later, it was argued that the constraint is model dependent, and Re(w_s) should be considered as unknown as a_S .^{81,68} Although a new detailed calculation is needed, especially to incorporate the new knowledge of the CP-conserving contribution, it is clear that the transverse polarization can be large.

These large asymmetries should be easy to measure with sufficient statistics. This is no longer out of question, if one considers that the proponents of the BNL experiment KOPIO expect to measure ∼ 50 K_L → π^0νν̄ events.^{82} Measuring the muon polarization asymmetries in K_L → π^0μ^+ μ^−, together with the branching ratio and the lepton energy asymmetry, could be a good way of defeating the intrinsic background from CP-conserving and indirect CP-violating amplitudes and the experimental background from μ^+ μ^−γγ.

7. Conclusion

Muon polarization from kaon decays has a rich phenomenology. In the case of K_L → μ^+μ^−, K^+ → π^+ μ^+μ^− and K_L → π^0μ^+ μ^−, new measurements could lead to important constraints on the CKM parameters, in particular the Wolfenstein parameters ρ and η. The experimental difficulties should be comparable to those facing the rare kaon decay measurements of K^+ → π^+ νν̄ and K_L → π^0νν̄, which are considered the best modes for understanding short distance physics in the kaon sector (for a recent review, see Ref. 7). In particular, the flux available for the new experiment E926 for K_L → π^0νν̄, could be sufficient for a measurement of polarization in K_L → π^0μ^+ μ^−.^{82} As shown in Tables 1 and 2, for many cases, limits on the muon polarization will probe new physics beyond the standard model. In particular, the polarization will be sensitive to the physics of a more complicated Higgs sector, or leptoquarks, that could give rise to CP or T violation from sources outside of the standard model.

We have examined the measurement of the out-of-plane muon polarization in K^+ → μ^+ π^0ν and K^+ → μ^+νγ decays. Such measurements will not be sensitive to sources of CP violation in the standard model. Nevertheless, the measurements can be performed with sensitivity approaching δP ∼ 10^{−4} for K^+ → μ^+ π^0ν, and δP ∼ 10^{−3} for K^+ → μ^+ νγ. For K^+ → μ^+π^0ν decays, this is well beyond the current direct limit of (−4.2±4.9)×10^{−3}, and the indirect limit of ∼ 10^{−3}, available from other experimental constraints. Although the electric dipole moments of the neutron and electron are considered more favorably for T violation outside the standard model, they do not cover the entire spectrum of possibilities beyond the standard model. At the moment, the measurement of T-violating polarization in K^+ → μ^+π^0ν and K^+ → μ^+ νγ decays is well justified and should be considered complementary to other efforts in understanding CP violation.

We thank Laurence Littenberg, Larry Trueman, Yoshi Kuno, Steve Kettell for useful discussions. This work was supported by DOE grant DE-AC02-98CH10886.

Figure 3: Up-down asymmetry in K_L → π^0μ^+μ^− decay as a function of z (defined as z = m^2_{μμ}/m^2_K ), for two possible values of Re(w_s) and three different values of Im(w_s) covering the expected ranges for this parameter. The different curves correspond to the following values of (Rew_s, Imw_s): double-dot-dashed (0.73, −10^{−3}), long-dashed (0.73, 0), dot-dashed (0.73, +10^{−3}), dashed (-1.00, −10^{−3}), solid (- 1.00,0), dotted (-1.00,+10^{−3}), (after Ecker, Pich, and de Rafael.^{23})

1. A. Alavi-Harati, et al., Phys. Rev. Lett. 83, 22 (1999).

2. V. Fanti, et al., Phys. Lett. B465, 335-348 (1999). B. Gorini, Presentation at ICHEP- 2000, Osaka, Japan, July 27, 2000.

3. Jonathan Rosner, Presentation at the 2nd Tropical Workshop on Particle Physics and Cosmology: Neutrino and Flavor physics, San Juan, Puerto Rico, 1-6 May 2000. To be published by AIP. hep-ph/0005258.

4. M. Bertolini, M. Fabbrichesi, and J. O. Eeg, Rev. Mod. Phys. 72, 65-93 (2000). 5. M. Fabbrichesi, Presentation at the International Conference on CP violation physics, Sep 18-22, Ferrara, Italy.

6. B. Winstein and L. Wolfenstein, Rev. Mod. Phys. 65, 1113 (1993). 7. A. Barker and S. Kettell, Ann. Rev. Part. Nucl. Sci., To be published. 8. L. Mclerran, M. Shaposhnikov, N. Turok, and M. Voloshin, Phys. Lett. B 256, 451 (1991). N. Turok and M. Voloshin, Phys. Lett. B 256, 451 (1991). N. Turok and J. Zadrozny, Nucl. Phys. B 358, 471 (1991). M. Dine, P. Huet, R. Singleton, and L. Susskind, Phys. Lett. B 257, 351 (1991).

9. \Weak interations of leptons and quarks," E. D. Commins and P. H. Bucksbaum, Cambridge University Press, London, 1983.

10. J. H. Brewe , K. M. Crowe, F. N. Gygax, and A. Schenk, in \Muon Physics", Edited by Vernon W. Hughes and C. S. Wu., Academic Press, New York, 1975-77.

11. R. Garisto and G. Kane, Phys. Rev. D 44, 2038 (1991). 12. G. Belanger and C. Q. Geng, Phys. Rev. D 44, 2789 (1991). 13. M. Kobayashi, T.-T. Lin and Y. Okada, Prog. Theor. Phys., 95, 261 (1996). 14. F.J. Botella and C.S. Lim, Phys. Rev. Lett. 56, 1651 (1986). 15. J. Liu, L. Wolfenstein, Nuclear Physics, B289, 1 (1987).

16. Ming Lu, Mark B. Wise, and Martin J. Savage, Phys. Rev. D46, 5026 (1992). 17. Martin J. Savage, Mark B. Wise, Phys. Lett. B250, 151 (1990). 18. G. Buchalla, A.J. Buras, Phys. Lett. B336, 263 (1994). 19. Michel Gourdin, PAR-LPTHE-93-24, May 1993.

20. Yoshitaka Kuno (KEK, Tsukuba). KEK-PREPRINT-92-190, Jan 1993. 4pp. Published in Proc. 10th Int. Symp. on High Energy Spin Physics, Nagoya, Japan, Nov 9-14, 1992. Page 769.

21. By G. Belanger, C.Q. Geng, P. Turcotte, Nucl. Phys. B390, 253 (1993). 22. Pankaj Agrawal, John N. Ng, G. Belanger, C.Q. Geng, Phys. Rev. D45, 2383 (1992). 23. G. Ecker, A. Pich, E. de Rafael, Nucl. Phys. B303, 665 (1988). 24. A. Alavi-Harati, et al., Phys. Rev. Lett. 84, 5279 (2000). 25. A. R. Zhitnitskii, Sov. J. Nucl. Phys. 31, 529 (1980).

26. V.P. Efrosinin, I.B. Khriplovich, G.G. Kirilin, Yu.G. Kudenko, hep-ph/0008199. 27. M. Leurer, Phys. Rev. Lett. 62, 1967 (1989). 28. S. Weinberg, Phys. Rev. Lett. 37, 657 (1976). 29. P. Bock, et al., CERN-EP-2000-055, April 2000. 30. E. Christova, M. Fabbrichesi, Phys. Lett. B 315, 338 (1993). 31. M. Fabbrichesi, F. Vissani, Phys. Rev. D 55, 5334 (1997). 32. Guo-Hong Wu, John N. Ng, Phys.Lett. B 392, 93(1997) 33. P. G. Harris, et al., Phys. Rev. Lett. 82, 904 (1999). 34. K. Abdullah, et al., Phys. Rev. Lett. 65, 2347 (1990). 35. Particle Data Group, European Physical Journal C 15, 465 (2000). 36. A. Angelopoulos, et al., Phys. Lett. B 444, 38 (1998).

37. M.S. Alam, et al., Phys. Rev. Lett. 74, 2885 (1995) R.Barate, et al., Phys. Lett. B429, 169 (1998). For the theoretical treatment in the context of 3HDM see Y. Grossman and Y. Nir, Phys. Lett. B 313, 126 (1993).

38. D. Buskulic, et al., ALEPH collab., Phys. Lett. B 298, 479 (1993). For the theoretical treatment in the context of 3HDM see Y. Grossman, Nuclear Physics B426, 355 (1994).

39. M. Abe, et al., Phys. Rev. Lett. 83, 4253 (1999).

40. Masaharu Aoki, Search for T-violating transverse polarization in K^+ → π^0μ^+ ν decay, ICHEP2000, Osaka, Japan.

41. M. Schmidt, et al., Phys. Rev. Lett. 43, 556 (1979). W. Morse, et al., Phys. Rev. D 21, 1750 (1980).

42. M. Campbell, et al., Phys. Rev. Lett. 47, 1032 (1981). S. Blatt, et al., Phys. Rev. D 27, 1056 (1983).

43. \BNL-AGS proposal E936", J. Imazato, et al., Submitted to the Brookhaven national laboratory HENP-PAC, October 1998.

44. J. Doornbos, et al., Nucl. Inst. Meth. A444, (2000) 546.

45. M. Diwan and H. Ma, BNL-E787 internal technical note no. 300. May, 1994. also see Y.

Kudenko, Proc. of International Workshop on JHF Science (JHF98), Tsukuba, Japan, March 3-7, 1998. Edited by J. Chiba, M. Furusaka, H. Miyatake, S. Sawada. KEK- Proc.-98-05, Vol II, page 39-43.

46. \BNL-AGS proposal E923", M.V. Diwan, et al., Submitted to the Brookhaven National Laboratory High Energy and Nuclear Program Advisory Committee, September 1996. BNL-67611. See also \BNL-AGS E923-update", A. Carroll, et al., submitted to the BNL-HENP, October 1998. BNL-67610.

47. G. Y. Lim, Proceedings of the International Workshop on CP violation in Kaons, KEK- Tanashi, Tokyo, Japan, Dec. 18, 1998. Editors S. Sugimoto and T. Yamanaka.

48. P. Pritivera, hep-ph/9605416.

49. V.P. Efrosinin, Yu.G. Kudenko, Phys. Atom. Nucl. 63 (2000), 260-263. Yad. Fiz. 63, 319-323 (2000).

50. S. Adler, et al., Phys. Rev. Lett. 85, 2256 (2000).

51. A. Sher, Recent Results from E865, Proceedings of Workshop on Heavy Quarks at Fixed Target (HQ 98), Batavia, IL, 10-12 Oct 1998, AIP Conference Proceeding 459, Page 431-440.

52. Guo-Hong Wu, John N. Ng, Phys. Rev. D 55, 2806 (1997). 53. C.H.Chen, C.Q.Geng, C.C.Lih Phys. Rev. D 56, 6856 (1997). 54. G.Hiller and G.Isidori, Phys. Lett. B 459, 295 (1997). 55. V.P. Efrosinin and Yu. G. Kudenko, Phys. Atom. Nucl. 62, 1054 (1999). 56. D. Ambrose, et al., Phys. Rev. Lett. 84, 1389 (2000).

57. H. Stern and M. K. Gaillard, Ann. Phys. (N.Y.) 76, 580 (1973). M.K. Gaillard, et al., Phys. Rev. D 13, 1976. R. E. Shrock and M. B. Voloshin, Phys. Lett. B 87, 375 (1979). A. J. Buras, Phys. Rev. Lett. 46, 1354 (1981). F. J. Gilman and J. S. Hagelin, Phys. Lett. B 126, 111 (1983). L. Bergstrom, et al., Phys. Lett. B 134, 373 (1984). C. Q. Geng and J. N. Ng, Phys. Rev. D 41, 2351 (1990). G. Buchalla, et al., Nucl. Phys. B 349, 1 (1991).

58. Xiao-Gang He, J.P. Ma, Bruce McKellar, Phys. Rev. D 49, 4548 (1994). 59. P. Herczeg, Phys. Rev. D 27, 1512 (1983).

60. C. Quigg and J. D. Jackson, UCRL Report No. 18487, 1965 (unpublished); L. M.

Sehgal, Phys. Rev. 183, 1511 (1969); B. R. Martin, E. de Rafael, and J. Smith, Phys. Rev. D 2, 179 (1970).

61. T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981). 62. A. P. Heinson, et al., Phys. Rev. D 51, 985 (1995).

63. C. Q. Geng and J. N. Ng, Phys. Rev. D 39, 3330 (1989). C. Q. Geng and J. N. Ng, Phys. Rev. Lett. 56, 2645 (1989). C. Q. Geng and J. N. Ng, Phys. Rev. D 42, 1509 (1990).

64. G. Ecker and A. Pich, Nucl. Phys. B366, 189 (1991). 65. G. D. Barr, et al., Phys. Lett. B351, 579 (1995).

66. R. Cousins, et al., Brookhaven National Laboratory Proposal E791, 1984. 67. C.J. Kenney, et al., IEEE Trans. Nucl. Sci. 36, 74 (1989). 68. G. D’Ambrosio, et al., JHEP 8, 4 (1998).

69. G. Ecker, A. Pich, E. de Rafael, Nucl. Phys. B291, 692 (1987). 70. R. Appel, et al., Phys. Rev. Lett. 83, 4482 (1999). 71. S. Adler, et al., Phys. Rev. Lett. 79, 4756 (1997). 72. H. Ma, et al., Phys. Rev. Lett. 84, 2580 (2000). 73. S. Adler, et al., Phys. Rev. Lett. 84, 3768 (2000). 74. L. Littenberg, Phys. Rev. D39, 3322 (1989).

75. J. L. Ritchie, and S. G. Wojcicki, Rev. Mod. Phys. 65, 1149 (1993). 76. P. Heiliger and L.M. Sehgal, Phys. Rev. D 47, 4920 (1993). 77. A. Alavi-Harati, et al., hep-ex/0009030.

78. A. Alavi-Harati, et al., Phys. Rev. D62, 112001 (2000). 79. H. B. Greenlee, Phys. Rev. D 42, 3724 (1990). 80. G. Belanger and C. Q. Geng, Phys. Rev. D 43, 140 (1991). 81. J.F.Donoghue and F. Gabbiani, Phys. Rev. D. 51, 2187 (1995). 82. KOPIO (E926) proposal, submitted to the BNL-HEP program committee, Sep 4, 1996.

See also T. Numao (for the BNL-E926 Collaboration), Presented at the 6th Conference on the Intersections of Particle and Nuclear Physics (CIPANP 97), Big Sky, MT, 27 May - 2 Jun 1997.