L3 Note 1798

Search for Lepton Flavour Violation in Z Decays

The L3 Collaboration

July 5, 1995

Abstract

We have searched for lepton flavour violation in Z boson decays into lepton pairs using all data collected with L3 detector during the 1990-1994 runs on an event sample corresponding to 4,600,000 Z’s produced. At the 95% confidence level the upper limits on the branching ratio for Z ! eμ is 2.0 � 10�^6, for Z ! eτ is 7.3 � 10�^6 and for

Z ! μτ is 10 � 10^{�6}.

Submitted to the EPS and Lepton-Photon Conferences, July 1995

1 Introduction

In the Standard Model [1, 2] lepton flavour is conserved. However, there is no gauge principle requiring this conservation. Different models [3, 4, 5, 6, 7, 8, 9], beyond the Standard Model, allow processes which violate lepton flavour conservation. In theories where such violation arises through mixing with new particles [4, 6], the branching ratios for such processes, e.g. Z^0 → μτ , have been calculated to be as large as 10�^4 in certain models. The observation of such decays would be a clear indication of physics beyond the Standard Model. Here a search for lepton flavour violation in Z decays into eμ, eτ and μτ is reported using the data collected with L3 detector during the 1990-1994 runs on an event sample corresponding to 4,600,000 Z’s produced.

2 The L3 Detector

The fiducial solid angle of the L3 detector is 99% of 4π. The detector consists of a time expansion chamber (TEC) for tracking charged particles, a high resolution electromagnetic calorimeter of BGO crystals, a barrel of scintillation counters, a hadron calorimeter with uranium absorber and proportional wire chamber readout and a muon spectrometer. The luminosity is determined from small-angle Bhabha scattering using BGO electromagnetic calorimeters in the polar angle ranges θ and π − θ between 24.93 and 69.94 mrad. All subdetectors are installed inside a 12m diameter solenoidal magnet which provides a uniform 0.5 T field along the beam direction. A detailed description of each detector subsystem, and its performance, is given in [12].

3 Signature and Background

The expected experimental signature of Z^0 → eμ, Z^0 → μτ and Z^0 → eτ is an electron or muon with an energy close to the beam energy recoiling against a different type of lepton or hadrons from tau decay. Background arises from Standard Model leptonic final states and can be divided into two classes : (i) incorrectly reconstructed e^+e� and μ^+μ� events; (ii) τ^+τ � events with one or both of the taus decaying into a muon or electron which carries almost all the energy of the tau. Good muon and electron energy resolution is essential to reduce the latter background while retaining a high detection efficiency.

About 1,200,000 Monte Carlo events were generated to study Standard Model backgrounds from e^+e�, μ^+μ�, τ^+τ � and four-fermion channels using various Monte Carlo generators [13, 14, 15, 16]. A modified version of the KORALZ [13] Monte Carlo program was used to generate signal events.

4 Particle Identification

An electron is defined as a geometrical cluster in the electromagnetic calorimeter with an energy greater than 2 GeV matched with a TEC track in the (R, ϕ) plane within 6 mrad (Fig 1). The cluster shower profile should be consistent with that of an electron, i.e. we require χ^2 < 2, where χ^2 is obtained by fitting the shape of the cluster to the mean electron shower profile. The electron candidate must be in the fiducial volume defined by | cos θ| < 0.9.

Muons are identified and their momenta measured in the muon chamber system surrounding the calorimeters. To be accepted, a muon track must have one track segment in each of the three chamber layers. The accepted muon track must extrapolate back to within 100 mm of the nominal vertex position in the transverse plane and 200 mm in the longitudinal plane. The muon candidate energy must be greater than 3 GeV and it must be in the fiducial volume defined by | cos θ| < 0.8.

Jets are reconstructed using a two step algorithm [17] which groups the energy deposited in calorimeters into clusters before collecting the clusters into jets. The clustering algorithm normally reconstructs one cluster for each muon, electron or photon shower, and a few clusters for a hadronic decay of a single τ . Under the above definition of a jet, particles with only one cluster, like electrons, are also considered as jets.

5 Z^0 ! e¯ Channel

For the Z → eμ channel we require that event contains two leptons, one of them is consistent with a beam energy electron and the other one with a beam energy muon. This type of event is essentially free of background. We require that for the electron candidate the normalised energy should be greater than 0.96 (≈ 3 σ) and for the muon candidate greater than 0.92 (≈ 3 σ). No events was found within this region giving the 95% confidence level limit on the signal of three events. We apply the above cuts to the sample of the signal and Standard Model background (τ^+τ �, e^+e� and μ^+μ�) Monte Carlo events. We find no events in the Standard Model Monte Carlo sample. The efficiency of the analysis as determined by the signal Monte Carlo is 32.0 ± 1.0%. This error includes the uncertainty due to the Monte Carlo statistics. This yields a 95% confidence level limit on the branching ratio of

Br(Z^0 → eμ) < 2.0 × 10�^6.

6 Z^0 ! eø Channel

For Z → eτ we require that the event contains an electron and a jet consistent with a τ decay. We consider the following τ decays : • τ → μνν̄ We require that the τ -jet consists of one muon with an energy greater than 3 GeV. • τ → eνν̄ We require that the τ -jet consists of one electron with an energy less than 30 GeV. The hadronic energy, contained in the τ jet, should be less than 0.5 GeV. To reject the Z → ee(γ) background we require that the acoplanarity angle between TEC tracks associated with the electron and the τ be more than 3.2 mrad. Fig. 2 shows the distribution of this variable for Z → ee(γ) as well as Z → eτ events.

• τ → 1 prong

We require that the τ -jet, containing only one TEC track, has a total energy more than 3 GeV and electromagnetic energy less than 30 GeV. The hadronic energy contained in the τ jet should be greater than 0.5 GeV. To reject Z → ee(γ) events, where one electron passes close to the cracks in the electromagnetic calorimeter and therefore deposits some energy in the hadron calorimeter, we require that the polar angle of the τ candidate be greater than 0.8 and less than 2.34, that the energy in the hadron calorimeter beyond its first 25 X_0 be greater than 10% of the total jet energy and that the azimuthal angle of the τ candidate be not pointed in the directions of the gaps between hadron calorimeters modules within 1.1ffi. The above cut on the acoplanarity angle between two TEC tracks is also applied.

• τ → 3 or 5 prongs

We require that the τ -jet contains at least two TEC tracks, has a total energy more than 3 GeV, has an electromagnetic energy less than 30 GeV and an energy deposition in the hadron calorimeter more than 1 GeV. To remove four-fermion events, which have no missing energy, we require that energy in the hadronic calorimeter be less than 0.85 × (E_{beam} − E_{ECAL}). Figure 3 shows the distribution of the electron energy after all cuts have been applied. The overall acceptance for the Z^0 → eτ channel was estimated to be of 29.7 ± 0.8%. To set a limit on the Br(Z→ eτ ) we compare the following two methods. In the first one we use only the events with the electron energy greater than 0.985×E_{beam}.

We leave with 10 events in the data, while we expect 8.6 ± 1.2 from Z→ τ τ (γ) MC. The 95% C.L. limit on the number of the signal events was calculated by using the formulae for Poisson processes with background [19].

In the second method we use a binned maximum likelihood function:

L = Y_i^{ni}dX_{k=0} f^{ni}b^{+1}_b · f n^is+1_s

(1 + f_b)^{ni}b^{+ni}d�^{k+1} · (1 + f_s)^{nis+k+1} · (n^i_b + n^i_d − k)! · (n^i_s + k)! (n^i_d − k)! · k! · n^i_b! · n^i_s! (1) where n^i_b, n^i_s and n^i_d are the numbers of background MC, signal MC and data events in the i-th bin of the distribution shown in Fig. 3; f_b and f_s are the corresponding normalization factors for background and signal MC.

The 95% C.L. limit was calculated by fitting of the likelihood function to the f_s. The comparison between those two methods is shown in the Table 1.

Method Poisson Likelihood E_e/E_{beam} > 0.985 0.855 Signal 95% C.L. 9.4 10.0 ε (%) 23.8 29.7 Limit =^{Signal}_{εNZ} 8.6 × 10�^6 7.3 × 10�^6

Table 1

We use the likelihood method to set the limit on the branching ratio of

Br(Z^0 → eτ ) < 7.3 × 10�^6.

7 Z^0 ! ¯ø Channel

For Z → μτ we require the event contains a muon and a jet consistent with a τ decay. We consider the following τ decays : • τ → μνν̄ Due to the background from dimuon events, this decay channel is not considered. • τ → eνν̄ We require that the τ -jet consists of one electron with energy greater than 5 GeV. The hadronic energy, contained in the τ jet, should be less than 0.5 GeV. To reject the Z → μμ(γ) background we require : (i) the acoplanarity between TEC tracks associated with the muon and the τ to be greater than 3.2 mrad; (ii) there are no track segments in the muon chambers in the hemisphere opposite to the μ candidate.

• τ → 1 prong

We require that the τ -jet contains only one TEC track, has a total energy more than 5 GeV and an electromagnetic energy less than 35 GeV. The hadronic energy contained in the τ jet should be greater than 0.5 GeV. To reject the Z → μμ(γ) background, the shower profile of the τ jet in the hadron calorimeter should be inconsistent with that of a muon [10]. Cuts (i) and (ii) from the previous decay channel are also applied.

• τ → 3 or 5 prongs

We require that the τ -jet contains at least two TEC tracks and has a total energy greater than 5 GeV. There must be no track segments in muon chambers in the hemisphere opposite to the μ candidate.

Figure 4 shows the distribution of the muon energy after all cuts t have been applied. The overall acceptance for the Z^0 → μτ channel was estimated to be of 27.0 ± 1.0%. Using the above likelihood method we set a 95% C.L. upper limit of 13 events for the Z^0 → μτ channel, yielding a 95% C.L. limit on the branching ratio of

Br(Z^0 → μτ ) < 10 × 10�^6.

8 Conclusion

We have searched for lepton flavour violating decays of the Z boson, obtaining the limits :

Br(Z^0 → eμ) < 2.0 × 10�^6 Br(Z^0 → eτ ) < 7.3 × 10�^6 Br(Z^0 → μτ ) < 10 × 10�^6.

References

[1] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264.

A. Salam, Nobel Symposium No. 8, ed. N.Svartholm, Almqvist and Wiksell, (1968) 367. [2] S. L. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev. D2 (1970) 1285. [3] G. Mann and T. Riemann, Annalen Phys. (Leipzig) 40 (1983) 334. B187 (1987) 303. [4] T. K. Kuo and N. Nakagawa, Phys. Rev. D32 (1985) 306.

[5] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. F. Valle, Phys. Lett. B187 (1987) 303.

[6] G. Eilam and T .G. Rizzo, Phys. Lett. B188 (1987) 91. [7] M. J. S. Levine, Phys. Rev. D36 (1987) 1329.

[8] J. Bernabeu and A. Santamaria, Phys. Lett. B197 (1987) 418. [9] M. Dittmar and J. W. F. Valle, Preprint FTUV/90-19 B187 (1987) 303. [10] L3 Collaboration, B. Adeva et al., Physics Letters B 271 (1991) 453. [11] S. Jadach et al., “Z Physics at LEP 1”, eds. G. Altarelli et al., CERN Report CERN- 89-08, Vol. 2 (1989) 35.

[12] L3 Collaboration, B. Adeva et al., Nuclear Instruments and Methods A 289 (1990) 35. [13] S. Jadach et al., “Z Physics at LEP 1”, eds. G. Altarelli et al., CERN Report CERN- 89-08, Vol. 3 (1989) 69.

[14] M. Böhm, A. Denner and W. Hollik, Nucl. Phys. B304 (1988) 687;

F.A. Berends, R. Kleiss and W. Hollik, Nucl. Phys. B304 (1988) 712. [15] T. Sjöstrand and M. Bengtsson, Comput. Phys. Commun. 43 (1987) 367;

T. Sjöstrand, “Z Physics at LEP 1”, eds. G. Altarelli et al., CERN Report CERN-89-08, Vol. 3 (1989) 143.

[16] J. Hilgart, R. Kleiss and F. Le Diberder, Comput. Phys. Commun. 75 (1993) 191. [17] O. Adriani et al., Nucl. Instr. and Meth. A302 (1991) 53. [18] L3 Collaboration, O. Adriani et al., Phys. Lett. B 303 (1993) 391. [19] O. Helene Nucl. Inst. and Meth. 212, 319 (1983).

Figure Captions

Fig. 1 The distribution of the difference between the angles of the electromagnetic cluster and the nearest TEC track for dilepton events. The points are data, the histogram corresponds the Bhabha MC events.

Fig. 2 The distribution of acoplanarity angle between two opposite TEC tracks in the dilepton events. The points are data, the histogram corresponds the Z → ee(γ) Monte Carlo events and the dashed line shows the distribution for the signal Z → eτ Monte Carlo events. The normalisation for the signal distribution is arbitrary. The arrows indicate the cuts.

Fig. 3 The distribution of electron energy after all cuts have been applied in the Z^0 → eτ selection.

Fig. 4 The distribution of muon energy after all cuts have been applied in the Z^0 → μτ selection.

Figure 1:

Figure 2:

Figure 3:

Figure 4: