CKM Note 48

L.G.Landsberg, D.V.Vavilov

Lepton flavory violating processes in K^+ decays in CKM

The main decay processes with lepton flavory violation (LFV) are summarized in Table 1 where upper limits for these decays obtained mainly in E865 BNL experiment [1, 2] are also presented. For completeness we included in this table also corresponding LFV results from K^0_L decays [3, 4].

BR Upper limit (90% c.l.)

Expected efficiency in CKM

Expected Statistical sensitivity in CKM (90% c.l. upper limits without background) BR(K^+ → π^+μ^+e^−) 2.8 · 10^{−11} [1] 0.030 2.2 · 10^{−12} BR(K^+ → π^+μ^−e^+) 5.2 · 10^{−10} [2] 0.030 2.2 · 10^{−12} BR(K^+ → π^−μ^+e^+) 5.0 · 10^{−10} [2] 0.027 2.2 · 10^{−12} BR(K^+ → π^−μ^+μ^+) 3.0 · 10^{−9} [2] 0.086 7.2 · 10^{−13} BR(K^+ → π^−e^+e^+) 6.4 · 10^{−10} [2] 0.012 5.6 · 10^{−12} BR(K^0_L → μe) 4.7 · 10^{−12} [3] BR(K^0_L → π^0μe) 4.4 · 10^{−10} [4]

Table 1: Lepton flavory violation kaon decays

From the statistical consideration there is a clear opportunity for the CKM experiment [5] to perform (in parallel with the main K^+ → π^+νν̄ study) much more sensitive searches of all those K^+ LFV decays up to the level BR ∼ 10^{−12}. These limits correspond to effective number of K^+ decays in 2 years of measurement N(K^+ decays) = (3.6 · 10^{11} decays/week) · (78 weeks) = 2.81 · 10^{13} (K^+ decays). These numbers include a safety factor 0.5 to take into account dead time effects and additional cuts. Certainly very careful investigations of possible background limitations for these searches must be done. Some of these works have already begun.

Even sensitivity of 10^{−12} for kaon LFV processes looks now modest to compare with ambitious new proposals for the search for μ → eγ and μ^−+A → e^−+A LFV processes on the level BR < 10^{−14} ÷10^{−16} [6]. The difference in the sensitivities of future muon and kaon LFV experiments would be even larger due to additional factor τ_μ/τ_K ∼ 10^2 for the corresponding partial decay widths: Γ(kaon LFV)/Γ(muon LFV) = [BR(kaon LFV)/BR(muon LFV)] · (τ_μ/τ_K ) ∼ 10^4 ÷ 10^6.

But it is very important to stress that the searches for LFV in kaon decays are complimentary to the μ → eγ type of the experiments. Kaon decays are the only processes which are sensitive to s → dμē interactions which may be exhibit of very exceptional properties and open an unique possibility to study lepton flavory violating decays with more favorable conditions for a hypothetical selection rule connected with a fundamental generation number conservation. In other words, for these decays a change of generation in the leptonic sector can be compensated by corresponding changing of generation in the quark sector ([7], see also [8–10]). Let us introduce the generation number G_1 = 1 for the first fundamental fermion generation and G_2 = 2 for the second one (for antifermions G_1 = −1; G_2 = −2). Then, as is seen from diagrams in figure 1, it is possible to classify different processes according to changing ΔG, as it follows from Table 2. The strength of hypothetical ΔG selection rule is unclear now. Certainly, the new possibilities for the search for LFV processes in kaon decays will occure only if this strength is significant and every next order on ΔG will lead to significant suppression of corresponding process to compare with lower order. We nust bear in mind an unexpected difference between K^+ → π^+e^−μ^+ and K^+ → π^+e^+μ^− in the model with conserved generation number according to ΔG generation rule.

Figure 1: Diagrams with ΔG [7]

In the diagrams in figure 1 the decay processes are governed by exchange of “horisontal” intermediate boson H^0. But it is also possible to consider kaon decay LFV processes which are governed by exchange of leptoquarks Y^∗ (see figure 2).

Amplitudes for s → dμē process of pseudoscalar and axial-vector type (for K^0_L → μē decay) or with vector, scalar and tensor structure (for K → πμē decay) with the “horizontal”

First order ΔG = 0 K^+ → π^+μ^+e^−; K^0_L → μ^∓e^±;K^0_L → π^0μ^∓e^± Second order |ΔG| = 1 μ → 3e; μ → eγ; μ^−N → e^−N;

Third order |ΔG| = 2 K^0 ⇄ K̄^0(Δm(K^0_1 − K^0_2 )); μ^−e^+ → μ^+e^−; K^+ → π^+μ^−e^+

Table 2: Classification of some rare generation changing processes according to ΔG

Figure 2: Leptoquark Y^∗ exchange

H^0 boson exchange can be presented with the help of general generation number conserving operators [11]: Q_{V,A} =^{g2H}_{2M 2H} d̄γ_μ[C_{Lq}P_L + C_{Rq}P_R]s · μ̄γ^μ[C_{Ll}P_L + C_{Rl}P_R]e + h.c. Q_{S,P} =^{g2H}_{2M 2H} d̄[C^′_{Lq}P_L + C^′_{Rq}P_R]s · μ̄[C^′_{Ll}P_L + C^′_{Rl}P_R]e + h.c. (1)

Here P_L =^1_2 (1 − γ_5); P_R =^1_2 (1 + γ_5); C, C^′ – constants.

The results of calculation of branching ratios K → μe and K → πμe decays for interactions (1) are presented for illustration on figure 3 as function of the scale parameter M_H (for g_H = g – a weak constant; corresponding C, C^′ = 1).

There are other interesting models for s → dμe processes in the supersymmetry theories with R-parity nonconservation [12, 13], in left-right models with heavy Majorana neutrino [14] in leptoquark exchange model [15].

LFV processes are known to take place both in the minimal supersymmetric model (MSSM) and in its modifications which include violation of R-parity. As for the context of the MSSM, rare kaon decays allow one to correlate (s)quark and (s)lepton mixing, while in R-violating supersymmetry one can probe non-trivial products of Yukawa couplings.

Within framework of the MSSM the magnitudes of the predicted rates depend on the details of the masses and mixings of sparticles including the sneutrinos. Maximal contributions for kaon LFV decays are expected from the box diagrams involving chargino and neutralino exchange.

However, the universal GUT-scale parameters for sfermions and gauginos, when limited from the similar pure lepton decays μ → eγ and μ → e^+e^+e^−, lead to a hopelessly low decay branchings in the order of 10^{−16} ÷ 10^{−18}, and only a fine tuning of GUT parameters makes it of interest the search for lepton flavor violating K-decays.

But the situation can be much different in R-parity violating supersymmetry models as pointed out in [12, 13]. In this case the gauge symmetry of the SUSY model allows additional Yukawa coupling terms in the superpotential of the form λL_iL_jĒ_k, λ^′L_iQ_jD̄_k, λ^{′′}Ū_iD̄_jD̄_k.

Figure 3: Branching fractions for K_L → eμ (a) and K → πeμ (b) as function of the scale parameter M_X = M_H in (1) (assuming g_X = g – weak constant). In (a) the solid (dotted) curves corresponds to A(P) exchange. In (b) the K^0_L mode represented by the solid (S) and dashed (V) curves while the K^+ mode is represented dash-dotted (S) and dotted (V) curves (see [11]). Here V, A, S, P – vector, axial-vector,scalar and pseudoscalar interactions.

Here the L(Q) are the left-handed lepton (quark) superfields and the Ē (D̄, Ū) are corresponding right-handed fields. Each of these terms give three Yukawa couplings. For example the first term is λ_ijk(L_iL_jẼ_k + L_iL̃_jĒ_k + L̃_iL_jĒ_k)

It may be seen that this terms involve a single SUSY state and thus break the R-parity of MSSM. For electroweak SU(2) and color SU(3) symmetry it was shown that there are 45 R-violating couplings. Certainly, there are many experimental constrains on this set of constants (nonobservation of proton decay and some exotic processes, lepton universality, nonobservation of possible modification of different SM processes). In spite of these limitations it was stated in [12] that it is still possible that several R-violating operators may be large enough and useful limitations for some of them can be obtained from existing upper limits for LFV kaon decays and from their future searches. In this class of models, whilst μ → eγ occurs at the one loop level, μ → 3e, μ → e conversion, K^0_L → μ^±e^∓ and K → πμ^±e^∓ decays may occur at the tree level via different combinations of couplings. Thus LFV kaon decays have the possibility to provide an important complimentary information for this R-parity violating processes.

For the illustration it is possible to consider ds̄ → l^−_j l^+_k interaction with effective Lagrangian written in terms of quark and lepton fields L_{ds̄→l}−_{j l}+_k = 1 m^2_{ν̃i} [ λ^∗_{ijk}λ^′_{i12}(s̄_Rd_L(l̄_{jL}l_{kR}) + λ_{ikj}λ^{′∗}_{i12}(s̄_Ld_R)(l̄_{jR}l_{kR}) ] − − λ^{′∗}_{ji1}λ^′_{ki2} 2m^2_{ũi}

(s̄_Rγ_μd_R)(l̄_{jL}γ^μl_{kL}) (2)

The tree diagrams for K^0 → l^−_j l^+_k and K → πl^−_j l^+_k decays are presented on figure 4.

Figure 4: Diagrams for K → μe and K → πμe in SUSY model with R-parity nonconservation [12]

The calculations with (2) and upper limits for K^0_L → μ^±e^∓ decays (Table 1) give limitations for the values of λλ^′/m_{ν̃} and λλ^′/m_ũ with sneutrino (ν̃) and up squark (ũ) contributions

λ_{i21}λ^′_{i12}

(_{100 GeV} m_{ν̃} ) ≤ 6.2 · 10^{−9}

λ_{i21}λ^′_{i12}

(_{100 GeV} m_ũ ) ≤ 1.9 · 10^{−7} (3) From K → πl^−_j l^+_k decays the upper limits for λλ^′/m_{ν̃} and λλ^′/m_ũ are by 1-2 orders of magnitude larger than in (3).

It is also important to mention the unique properties of double muon decay process K^+ → π^−μ^+μ^+ which were discussed [13, 16–18] in the model of cascade kaon decays with rather heavy Majorana neutrino (with mass ∼ 300 MeV) K^+ → ν_h + μ^+; ν_h → π^−μ^+ and with small admixture of ν_h to the muon neutrino ν_μ (this small admixture based for the well-known sea-saw mechanism). These is also possible to use K^+ → π^−e^+e^+ decay for the search of the some type Majorana neutrino in the processes K^+ → ν_he^+; ν_h → π^−e^+ (due to small admixture of ν_h in ν_e based also on sea-saw mechanism – see [17]).

Other possibilities for double muon decay of kaons (with double charge Higgs boson exchange [19] and with heavy Majorana neutrino mechanism [18]) were also considered.

Thus, further searches for LFV kaon decays are very important since they can offer complementary information for possible theories with lepton flavory nonconservation which is not covered even with very sensitive new projects on the LEV searches in muon processes.

As was shown in Table 1 in the CKM experiment the expected statistical sensitivity for the search for LFV kaon decays is on the level of BR ∼ 10^{−12}. But the real sensitivity can be reduced due to background for these searches. Here we consider only one example – the decay K^+ → π^−μ^+μ^+ were the sensitivity of E865 was the worst one because of the background from K^+ → π^−π^+π^+ with two pion decays in flight π^+ → μ^+ν (see figure 5). We studied this background for the CKM setup (see figure 6) with CKMGEANT MC simulation on the statistics of 10^7 K^+ → π^−π^+π^+ events with forced π^+ → μ^+ν decays for both π^+-s and with corresponding weights (∼ 10^{−2}) for proper normalization. We also performed MC simulation of the main LFV decay under study K^+ → π^−μ^+μ^+.

As a first step we used “standard cuts” (some reasonable cuts on χ^2 values, secondary particle energies at calorimeters and a cut on total P^2_T ) listed in the Table 3 below: These

Cut Description ntrack=4.and.numstrk=1 .and.ndmstrk.eq.3

K^+ decay happened, Number of reconstructed tracks in UMS/DMS is 1/3 correspondingly findok=1 Secondary π hitted in FVS, secondary μ-s hitted MVS E_{{π,μ,μ}} > 2 GeV Energy of every secondary χ^2_{DMS} < 80 χ^2 of every track in DMS χ^2_{UMS} < 4.5 χ^2 of UMS track “χ^2_{vtx}”< 0.5 cm^2 Vertex “χ^2” P^2_T < 1.8 · 10^{−4} GeV^2 Transverse momentum of secondaries compared to an incident K^+

Table 3: The description of “standard cuts” in CKMGEANT MC simulation

results are presented on figure 7a. They correspond to the expected sensitivity (controled by this background level) BR(K^+ → π^−μ^+μ^+) < 2.5 · 10^{−9} (90% c.l.) what is the same as in E865 [2]. After this we used 2 additional cuts:

a) In the assumption that all 3 charged secondary particles are pions we calculate the effective mass M_{3π} and reject the events with M_{3π} < 0.52 GeV (for the signal reaction assigning a pion mass to muon tracks produces a mass spectrum lying above this threshold). This cut reduces the secondary pion decays after DMS spectrometer. The results with this cut in addition are presented in figure 7b. The background is reduced significantly but in the dangerous region of M(π^−μ^+μ^+) it practically does not change.

b) We performed a double measurement of the momentum of a fast muon (with P_μ ≳ 10 GeV what is over the threshold for the Pion RICH counter) in the DMS and in the velocity RICH spectrometer and we selected events with

1.27 < R =

P_μ(DMS) P_μ(RICH) < 1.35 (in the existing program for Pion RICH R = 1 corresponds to a pion and R = 1.33 – to a muon; a ring fit quality cut 5 < nprch < 40 was also applied)

The background simulation results after the cut (b) are presented in figure 7c and the results with both cuts (a) and (b) are presented in figure 7d. As is seen in these pictures the RICH cut reduced the background level drastically although it also reduced the efficiency of K^+ → π^−μ^+μ^+ registration because of the implicitly applied momentum threshold P_μ ≳ 10 GeV for a fast muon (from ϵ = 0.086 to ϵ = 0.03). Thus the possibility of using the RICH velocity spectrometer is very important for the search for LFV processes in the CKM experiment.

The distributions of “fast” (P_μ ≳ 10 GeV) and “slow” muon tracks from K^+ → π^−μ^+μ^+ in the MVS are presented in figure 8.

We have not enough MC statistics for the simulation of background level for the measurements with the RICH selection cut. From comparison of figures 5 (E865) and 7c,d in the region where we see some background (near the mass M(π^−μ^+μ^+) = 0.46 GeV) it is possible to conclude that expected background level of the CKM experiment would be ∼ 2 orders of magnitude smaller than in E865 (that is around ∼ 10^{−11}).

References

[1] R. Appel et al., Phys. Rev. Lett. 85, 2450 (2000).

[2] R. Appel et al., Phys. Rev. Lett. 85, 2874 (2000).

[3] D. Ambrose et al., Phys. Rev. Lett. 81, 5734 (1998).

[4] KTeV preliminary results, Conf. APS Division of Part. and Field, Columbus Ohio, August 9–12, 2000.

[5] J. Frank et al., A Proposal for a Precision Measurement of the Decay K^+ → π^+νν̄ and Other Rare K^+ Processes at Fermilab Using the Main Injector, Fermilab, April 2, 2001.

[6] L. M. Barkov et al., Research Proposal to PSI, 1999; http://www.icepp.s.utokyo.ac.jpmeg;

M. Bachman et al., MECO Proposal to BNL, 1997; http://meco.ps.uci.edu. [7] R. N. Cahn, H. Harari, Nucl. Phys. B176, 135 (1980). [8] J. Ritche, S. Wojcicki, Rev. Mod. Phys. 65, 1149 (1992).

[9] T. S. Kosmas, et al., Preprint Univ. of Joannina IOA: 300/93, Ioannina, 1993. [10] J. Bordes et al., Phys. Rev. D60, 013005 (1999).

[11] T. G. Rizzo, hep-ph/9809526. Rare K Decays and New Physics Beyond the Standard Model, ”Proceedings of the Workshop on CP Violation”, University of Adelaide, Adelaide, Australia, 3-8 July, 1998.

[12] A. Belyaev et al., hep-ph/0008276. Charged-Lepton-Flavour Violation in Kaon Decays in Supersymmetric Theories, Prepared for the Kaon Physics Working Group as part of the ECFA/CERN study of Neutrino Factory & Muon Storage Rings At CERN.

[13] L. Littenberg, R. Shrok, Phys. Rev. Lett. 68, 443 (1992); hep-ph/0010048. [14] Z. Gagyi-Palffy et al., Nucl. Phys. B513, 517 (1998); Z. Gagyi-Palffy et al., Preprint RAL-090, Chilton, 1994.

[15] S. Davidson et al., Z.Phys. C61, 613 (1994).

[16] C. Dib et al., Phys.Lett. B493 (2000) 82-87. K-meson neutrinoless double muon decay as a probe of neutrino masses and mixings, hep-ph/0006277.

[17] M. Schepkin, Private communication; CKM Note 43.

[18] K. Zuber, Phys.Lett. B479 (2000) 33-36. New limits on effective Majorana neutrino masses from rare kaon decays, hep-ph/0003160.

[19] C. Picciotto, Phys. Rev. D56, 1612 (1997).

Figure 5: E865 data for K^+ → π^−μ^+μ^+. The dashed curve corresponds to BR(K^+ → π^−μ^+μ^+) ≃ 3.0 · 10^{−9}

Figure 6: The CKM Detector. The lower section show the true proportions of the apparatus.

Figure 7: K^+ → π^−π^+π^+ background (black histogram) after: (a) “standard cuts”; (b) M_{3π} cut; (c) RICH cut; (d) both (b) and (c). Red peaks correspond to the signal but the vertical scale is different.

Figure 8: Distributions of coordinates of muons from K^+ → π^−μ^+μ^+) in MVS: a) for both μ-s after all cuts except RICH one; b) for “fast” (P_μ ≳ 10 GeV) muon after all cuts; c) for “slow” ((P_μ ≲ 10 GeV) muon after all cuts.