arXiv:hep-ex/0211017 v1 7 Nov 2002

Search for neutrinoless tau decays τ → 3ℓ and τ → ℓK^0_S

Y. Yusa^a, H. Hayashii^b, T. Nagamine^a, A. Yamaguchi^a for the Belle collaboration a Department of Physics, Tohoku University, Aramaki, Aoba-ku, Sendai 980-8578, Japan. b Department of Physics, Nara Women’s University, Kita-Uoya, Nishi-machi, Nara 630-8506, Japan.

Neutrinoless tau-lepton decays into either three leptons (τ^− → ℓ^−_1 ℓ2ℓ3) or one lepton and one K^0_S meson(τ^− → ℓ^−K^0_S) where lepton ℓ means either an electron or muon, have been searched for using 48.6 fb^{−1} of data collected with the Belle detector at the KEKB e^+e^− collider. No evidence for candidate decays are found in any channel. Therefore we set 90% confidence level upper limits on the branching fraction for 8 different decay modes. These limits are more stringent than those set previously and reach to the 10^{−7} level.

1. Introduction

The recent observation of neutrino oscillations by Super-Kamiokande[1] and SNO[2] suggests non-zero neutrino masses and flavor mixing in the lepton sector. This implies that charged lepton flavor violating processes such as τ^− → μ^−γ, τ^− → μ^−μμ, τ^− → μ^−K^0_S also occur at some level. It is therefore important to search for lepton flavor violation in rare decays of charged leptons.

In the standard model(SM), lepton flavor violating(LFV) decays of the charged lepton are highly suppressed even if we consider the effect of neutrino mixing[3]. However, many extensions of the Standard Model predict LFV decays of changed leptons [4]. For example, in the minimum SUSY standard model with right-handed neutrinos[5,6] or in a SUSY grand unified theory model[7], flavor mixing in the slepton mass matrix at the TeV scale can induce a LFV transition τ → μ(e). The predicted rate of τ → μγ decays in these models depends on the model parameters but ranges from O(10^{−8}) to O(10^{−6}) , which is interested area of the current and future B-factory experiments. On the other hand, other models, with multi-Higgs[8], extra Z^′ gauge bosons [9], R-parity violating interaction[10] or generic models involving heavy neutrinos[11,12], predict relatively large branching fractions for τ^− → ℓ^−_1 ℓ_2ℓ_3 decays. The maximum allowed value can reach the O(10^{−7}) - O(10^{−6}) level. Searches for flavor violating decays in various decay modes are thus important and can provide strong constraints on possible new physics.

Our recent results for the decay τ^− → μ^−γ are reported in another paper[13]. In this paper, we present the results of a search for LFV decays into three leptons or one lepton and one K^0_S meson;

τ^− → ℓ^−_1 ℓ_2ℓ_3 (1) τ^− → ℓ^−K^0_S (2) where ℓ_i stands for either an electron or muon[14].

In previous experiments, the most stringent upper limit on the branching fraction for the decay τ^− → ℓ^−_1 ℓ_2ℓ_3 has been set by the CLEO experiment. They obtained an upper limits of (1-2) ×10^{−6} at 90% confidence level from a data sample of 4.79 fb^{−1}[15]. For the decays τ^− → ℓ^−K^0_S , previously published upper limits come from the Mark II Collaboration and are of O(10^{−4})[16]. The CLEO group has recently reported the improved upper limits B(τ^− → e^−K^0_S ) < 9.1×10^{−7}, B(τ^− → μ^−K^0_S ) < 9.5 × 10^{−7} at 90% C.L. using a 13.9 fb^{−1} data sample[17].

2. Data and Event Selection

The data used in this analysis were collected with the Belle detector[18] at the KEKB[19] asymmetric energy e^+e^− collider operating at a center-of-mass energy √ s ∼ 10.6 GeV. Among the recorded samples, we use 48.6 fb^{−1} of data, corresponding to 44.2 million τ -pair productions, taken in the period between 1999 and 2001.

The Belle detector is a general purpose detector having excellent capabilities for precise vertex determination as well as the particle identification. Tracking of charged particles is performed by a three layer double-sided silicon vertex detector (SVD) and a 50 layer cylindrical drift chamber (CDC) within the 1.5 T magnetic field. Charged hadron are identified by means of dE/dx from the CDC, signal pulse-heights from the aerogel Čerenkov counters (ACC), and timing information from the time-of-flight scintillation counters (TOF). Muons are detected by a 14 layers of resistive plate counter interleaved with iron plates (KLM). Photons and electrons are detected using a CsI(Tl) electromagnetic calorimeter (ECL).

In order to determine the selection criteria, a Monte Carlo (MC) studies are performed using the KORALB/TAUOLA program [20] for the τ - pair generation, the QQ generator[21] for BB̄ and qq̄ continuum processes, the AAFHB[22] program for two-photon processes, the BHLUMI[23] program for radiative Bhabha events and the KKMC[24] program for radiative μ-pair events.

Regarding the signal τ -pair sample, one τ decays into ℓ_1ℓ_2ℓ_3 or ℓK^0 assuming 3- or 2-body phase-space distribution, respectively, in the rest frame of τ , and the other τ decays generically. The detector response is simulated by a GEANT[25] based program. The MC events thus prepared are passed through the same reconstruction and analysis program as for the actual data. Based on the study of simulated signal and background samples, the candidate signal events are required to satisfy the criteria described below.

2.1. Topological Event Selection

To attain a large detection efficiency, we require 1-prong decay (B(τ → “1-prong”) = 85.4%) for one τ lepton in the reaction e^+e^− → τ^+τ^− and the other τ decays into three charged final state. Accordingly the signal candidate events must contain four charged tracks with zero net charge. The tracks should be well-reconstructed and have transverse momentum P_t > 0.1 GeV/c within a polar angle 17^∘ < θ_{lab} < 150^∘ in the laboratory frame. The tracks include the ones originating from the beam interaction regions as well as the daughter tracks from the secondary V^0 vertex. The latter tracks are added in order to include the decay products of the K^0_S meson. To reject beam-gas events, the distance of closest approach of each non-K^0_S track to the interaction point must be within ±1 cm transversely and ±5 cm along the beam. Photons are defined as neutral ECL clusters with an energy E_γ > 0.1 GeV. Photons must be separated by at least 30 cm from projection of any charged tracks on the surface of the calorimeter.

We divide each event into two hemispheres in the e^+e^− CM system with the plane perpendicular to the thrust axis. The thrust axis is calculated from the momenta of charged tracks and photons. In each hemisphere, one(tag) side must contain one charged track. The other(signal) hemisphere must contain three identified leptons or one identified lepton and one K^0_S meson. There is no explicit cut on the maximum number of photons on both hemispheres in order to maintain high detection efficiency while minimizing the dependence on MC simulation of showers.

In order to reject the two-photon processes, total transverse momentum in the event is required to be larger than 0.5 and 0.2 GeV/c for τ → ℓ^−_1 ℓ_2ℓ_3 and τ → ℓK^0_S decays, respectively. To reduce the radiative Bhabha and radiative μpair background, the collinearity angle θ_{col} between signal and 1-prong side is required to satisfy θ_{col} < 175^∘.

2.2. Lepton Identification

Lepton identification is substantial in this analysis. Electrons are identified by means of a likelihood ratio combining information on the ratio of the cluster energy in the ECL to the track momentum measured in the CDC and dE/dx in the CDC. The electron identification efficiency is estimated to be 92% for the momentum range between 1.0 GeV/c and 3.0 GeV/c in the laboratory frame. The rate for misidentifying hadrons as electrons is quite small (0.3%). In order to correct for the energy loss from the radiation in the material of the SVD region, the energy for the electron candidate is recalculated by adding the energy of radiated photon clusters, if an ECL cluster with energy less than 1.0 GeV is detected within a cone angle of 10^∘ around the flight direction of the electron candidate track.

Muon are required to have a well reconstructed track in the muon system, comprised of 14 layers of iron plates interleaved with the KLM. The muon probability is calculated from two variables: the difference between the range calculated by the momentum of a particle and the range measured by the KLM as well as the χ^2 of the KLM hits with respect to the extrapolated track. The identification efficiency is estimated to be ∼91% for momenta in the laboratory frame greater than 1.2 GeV/c. The rate for misidentifying hadrons as muons is 2.0%.

2.3. K^0_S Selection

K^0_S candidate is selected from V^0 candidates assuming their decay products are charged pions. The V^0 candidates are reconstructed from all pairs of oppositely charged tracks with the following requirements;

i) the closest distance between two helices of the candidate pair must be less than 1 cm in the coordinate along the beam axis, ii) the flight length from the beam interaction point to the crossing point in the transverse plane must exceed 2 mm, iii) the angle between the direction of crossing point and the direction of the V^0 momentum must be less than 10^∘.

Figure 1 shows the π^+π^− invariant mass distribution for the data after applying topological conditions for events which include four charged tracks. A clean K^0_S signal is seen with very low level background. The solid curve in the figure is a fit with a double Gaussian for the signal and a linear function for background. The fitted mean of the Gaussian fit is consistent with the nominal

K^0_S mass. The mass resolution for the K^0_S signal is 5.1 ± 0.1 MeV. The K^0_S candidates must have an invariant mass M (π^+π^−) within three standard deviations of the nominal K^0_S mass, 0.485 < M_π+_π− < 0.510 GeV/c^2.

2.4. Signal Selection

To identify the neutrinoless tau decays, a signal region is defined by using two kinematical variables; ΔE^∗ ≡ E^∗_{signal} − E^∗_{beam} ΔM ≡ M_{signal} − M_τ , where E^∗_{beam} and M_τ are the beam energy in the e^+e^− CM system and the τ lepton mass, respectively. E^∗_{signal} and M_{signal} are the sum of the energy in the signal side and its invariant mass, respectively. E^∗_{signal} is measured in the e^+e^− CM system. Figure 2 shows the ΔE^∗ vs. ΔM plots for the signal Monte Carlo sample. The signals are concentrated in the vicinity of ΔE^∗ = 0 and ΔM = 0. The tail of ΔE^∗ on the lower side is caused by initial photon radiation in the τ -pair production process. A small tail, seen on lower side of ΔM for the processes involving electrons, is caused by the leakage of electron showers in ECL. The signal region for the LFV decay modes

−0.29 < ΔE^∗ < 0.11 GeV −25 < ΔM < 25 MeV/c^2,

is shown by the dashed lines in Fig. 2. These requirements correspond to three standard deviation limits. Figure 3 shows the ΔE^∗ vs. ΔM plots for the experimental data after applying all selection cuts except for ΔE^∗ and ΔM . Each decay mode includes the decay products of the τ^− lepton as well as the charge conjugate decay mode from the τ^+ lepton.

2.5. Background and Efficiency

The backgrounds remaining in the sample can be estimated from the side-band region shown in Fig.3. The background is negligible for the modes with τ decays into three leptons, while somewhat larger background is observed for the decays τ^− → ℓ^−K^0_S . Study of the background MC indicates that this background comes mainly from the decays τ^− → π^−(K^−)K^0_S ν_τ , where a charged pion or kaon is misidentified as an electron or muon.

In order to estimate the background in the signal box, a fit with a linear function is carried out for the ΔE^∗ distribution of the side-band region for the sample -25 < ΔM < 25 MeV/c^2. Since the statistics is low, the slope of the function in the fit is fixed to the one determined by the fit of the same distribution but selected with looser or no lepton identification requirements^∗. The results for the estimated backgrounds are shown in Table 1. The error on the background comes from uncertainty in the fitting procedure.

The signal detection efficiency is determined from the signal MC. The efficiencies for each of the LFV decay modes are listed in Table 1. The efficiency is about 10% for τ^− → ℓ^−_1 ℓ_2ℓ_3 decays, and is about 16% for τ^− → ℓ^−K^0_S decays. The latter value includes the branching fraction for K^0_S → π^+π^− (68.60 ± 0.27%) as well as the branching fraction of the 1-prong decay of the tau lepton.

The systematic errors for the efficiency determination come from tracking (2%/track), K^0_S selection (0.4%), electron identification (1.5%) and muon identification (1.3%). The uncertainty in the luminosity measurement is estimated to be 1.5%. In the calculation of the upper limit on the branching fraction, these systematics are taken into account by reducing the efficiencies by 1σ from its normal MC values.

3. Results

No candidate decays are observed in the signal box for any of the eight decay modes, as can be seen in Fig. 3 and Table 1.

Using the Feldman and Cousins method [26, 27] for zero observed events and the estimated number of background events in the signal box, upper limits are calculated for each decay mode. The final results are summarized in Table 1 for the 8 decay modes.

∗Since the background are mainly from the fake lepton identification, its shape is expected to be similar in all cases.

The upper limits on the branching fractions are B(τ^− → e^−e^+e^−) < 2.7 × 10^{−7} B(τ^− → μ^−μ^+μ^−) < 3.8 × 10^{−7} B(τ^− → e^−μ^+μ^−) < 3.1 × 10^{−7} B(τ^− → μ^−e^+e^−) < 2.4 × 10^{−7} B(τ^− → e^+μ^−μ^−) < 3.2 × 10^{−7} B(τ^− → μ^+e^−e^−) < 2.8 × 10^{−7}

B(τ^− → e^−K^0_S ) < 2.9 × 10^{−7} B(τ^− → μ^−K^0_S ) < 2.7 × 10^{−7}

at 90% confidence level.

The limits obtained in this analysis for the decays τ^− → ℓ^−_1 ℓ_2ℓ_3 are approximately one order of magnitude more restrictive than the current limits. The upper limits for τ^− → ℓ^−K^0_S decays are a factor of 4-5 more stringent than recently reported by the CLEO experiment[17].

Since the background level is still low, we expect to be able to search for the LFV decay mode at down to the O(10^{−8}) level in the near future at high luminosity B-factory experiments.

REFERENCES

1. Y. Fukuda et al., (Super-Kamiokande Collaboration), Phys. Rev. Lett. 81 (1998) 1562.

2. Q.R. Ahmad et al., (SNO Collaboration), Phys. Rev. Lett. 89 (2002) 011301. Q.R. Ahmad et al., (SNO Collaboration), Phys. Rev. Lett. 87 (2001) 071301.

3. W.J. Marciano and A.I. Sanda, Phys. Lett.

B 67 (1977) 303; B.W. Lee and R.E. Shrock, Phys. Rev. D 16 (1977) 1444; T.P. Cheng and L.F. Li, Phys. Rev. D 16 (1977) 1425.

4. For a recent review, see E. Ma, hep-ph/ 0209170.

5. J. Hisano, hep-ph/0209005;

J.R. Ellis, J. Hisano, M. Raidal and Y. Shimizu, hep-ph/0206110.

6. A. Dedes, J. Ellis, and M. Raidal, hep-ph/ 0209207; J. Hisano, D. Nomura, Phys. Rev. D 59 (1999) 116005; J. Hisano, T. Moroi, K. Tobe, and M. Yamaguchi, Phys. Rev. D 53 (1996) 2442; J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi, T. Yanagida, Phys. Lett. B 357 (1995) 579; F. Borzumati and A. Masiero, Phys. Rev. Lett. 57 (1986) 961.

7. A. Masiero, S.K. Vempati, hep-ph/0209303. 8. E. Ma, Phys. Rev. D 64 (2001) 097302;

E. Ma, M. Raidal and U. Sarkar, Phys. Rev. Lett. 85 (2000) 3769; E. Ma, Phys. Rev. D 66 (2002) 037301.

9. C. Yue, Y. Zhang, L. Liu, hep-ph/0209291. 10. J.E. Kim, P. Ko and D. Lee, Phys. Rev. D 56 (1997) 100.

11. G. Cvetic, C. Dib, C.S. Kim and J.D. Kim, hep-ph/0202212.

12. A. Ilakovac, Phys. Rev. D 62 (2000) 036010 (hep-ph/9910213); A. Ilakovac, B.A. Kniehl and A. Pilaftsis, Phys. Rev. D 52 (1995) 3993.

13. K. Inami et al.,(Belle Collaboration), see these proceedings.

14. Throughout this paper, a charge conjugate processes are assumed implicitly.

15. D.W. Bliss et al., (CLEO Collaboration), Phys. Rev. D 57 (1998) 5903.

16. K. G. Hayes et al., (Mark II Collaboration), Phys. Rev. D 25 (1982) 1982.

17. S. Chen et al., (CLEO Collaboration), Phys.

Rev. D 66 (2002) 071101.

18. Belle Collaboration, A. Abashian et al., Nucl.

Instr. and Meth. A 479, 117 (2002).

19. E. Kikutani ed., KEK Preprint 2001-157 (2001), to appear in Nucl. Instr. and Meth. A. 20. J. Jadach and Z. Was, Comp. Phys. Commun.

85 (1995) 453.

21. ’QQ-The CLEO Event Generator’,

(http://www.lns.cornell.edu/public/CLEO/ soft/QQ).

22. F.A. Berends, P.H. Daverveldt, and R. Kleiss, Comp. Phys. Commun. 40 (1986) 285.

23. S. Jadach et al., Comp. Phys. Commun. 102 (1997) 229.

24. S. Jadach, B.H.L. Ward, Z. Was, Comp. Phys.

Commun. 130 (2000) 260 25. R. Brun et al., GEANT 3.21, CERN Report No. DD/EE/84-1 (1987).

26. G.J. Feldman and R.D. Cousins, Phys. Rev.

D 57 (1998) 3873.

27. K. Hagiwara et al., Phys. Rev. D 66 (2002) 010001.

Table 1 Summary of detection efficiency, observed events, expected background and 90% C.L. upper limits on the branching fractions.

Observed Expected Upper limit Upper limit Mode Efficiency(%) events background (This Exp.) (PDG2002) τ^− → e^−e^+e^− 12.1 ± 0.7 0 0.4 ± 0.3 2.7 × 10^{−7} 2.9 × 10^{−6} τ^− → μ^−μ^+μ^− 9.0 ± 0.6 0 0.0 ± 0.1 3.8 × 10^{−7} 1.9 × 10^{−6} τ^− → e^−μ^+μ^− 10.4 ± 0.6 0 0.5 ± 0.4 3.1 × 10^{−7} 1.8 × 10^{−6} τ^− → μ^−e^+e^− 11.9 ± 0.7 0 0.8 ± 0.4 2.4 × 10^{−7} 1.7 × 10^{−6} τ^− → e^+μ^−μ^− 10.8 ± 0.6 0 0.0 ± 0.0 3.2 × 10^{−7} 1.5 × 10^{−6} τ^− → μ^+e^−e^− 12.2 ± 0.7 0 0.0 ± 0.0 2.8 × 10^{−7} 1.5 × 10^{−6} τ^− → e^−K^0_S 16.0 ± 0.7 0 1.7 ± 0.5 2.9 × 10^{−7} 1.3 × 10^{−3} τ^− → μ^−K^0_S 17.4 ± 0.7 0 2.0 ± 0.5 2.7 × 10^{−7} 1.0 × 10^{−3}

Figure 1. π^+π^− invariant mass distribution for the experimental data sample. The solid line is the result of a fit with a Gaussian for the K^0_S signal and a linear function for the background.

Figure 2. ΔE^∗ vs ΔM plots for the LFV decay modes in the signal Monte Carlo sample. The dashed lines indicate the signal region.

Figure 3. ΔE^∗ vs ΔM plots for the experimental data sample. The charge conjugate decay mode is also includes. The dashed lines indicate the signal region.