Measurement of the Tau Dipole Moments at LEP

P. García–Abia

Institut für Physik der Universität Basel, CH–4056–Basel, Switzerland E-mail: Pablo.Garcia.Abia@cern.ch

From the analysis of e^+e� ! τ^+τ�(γ) events collected by the four experiments at LEP between 1990 and 1995, a measurement of the electromagnetic and weak dipole moments of the tau lepton (τ) has been performed. No indication of CP violation or new physics beyond the Standard Model has been observed.

1 Introduction

In the Standard Model^1 (SM) leptons are assumed to be pointlike particles. This has been proved experimentally for electrons and muons^2. Before LEP, precise data were missing about the heaviest lepton, the tau (τ), and only limits on its anomalous magnetic moments were given at q^2 ≠ 0^3 and, with very low statistics in the first stages of LEP, at q^2 = 0^4.

At LEP, high statistics data samples of e^+e� → Z → τ^+τ�(γ) processes allow to measure the electromagnetic and weak dipole moments of the τ.

The electromagnetic anomalous magnetic and electric dipole moments are measured at q^2 = 0 from the radiation of real photons by the τ in Z → ττγ events. Weak dipole moments are obtained from spin measurements using the τ decay products in Z → τ^+τ� events.

Large anomalous magnetic dipole moments would be a signal for substructure of the τ. A measurement of nonzero electric (electromagnetic or weak) dipole moments is an unambiguous signal of CP violation^5.

In this paper, I review the measurements of the electromagnetic and weak dipole moments of the τ lepton performed by the LEP experiments. I will introduce the fundamental concepts of the topic and will outline the basic ideas of the respective analyses. The results hereby quoted include the full statistics collected in the first phase of running of the LEP collider.

2 Electromagnetic Dipole Moments

In general a photon may couple to a τ lepton through its electric charge, magnetic dipole moment or electric dipole moment. This coupling may be parametrised using a matrix element in which the usual γ^μ is replaced by a more general Lorentz-invariant form^6,

Γ^μ = F_1(q^2)γ^μ + F_2(q^2) i 2m_ℓ σ^{μν} q_ν − F_3(q^2)σ^{μν} γ^5q_ν .

The q^2-dependent form-factors, F_i(q^2), have familiar interpretations for q^2 = 0: F_1(0) ≡ Q_τ is the electric charge; F_2(0) ≡ a_τ is the anomalous magnetic moment (a_τ ≡ (g_τ − 2)/2); and F_3(0) ≡ d_τ /Q_τ , where d_τ is the electric dipole moment. In the SM a_τ is non-zero due to loop diagrams and is predicted to be

aSM_τ = 0.001 177 3(3) 7. A non-zero value of d_τ is forbid-

den by both P invariance and T invariance. Assuming CPT invariance, observation of a non-zero value of d_τ would imply CP violation.

2.1 Data Analysis

Anomalous electromagnetic moments would influence the production of high energy isolated photons in e^+e� → τ^+τ�γ events, compared to the SM initial and final state radiation processes^8 (figure 1). In this calculation, the cross section contains terms linear and quadratic in a_τ , which come from the interference with the SM amplitude.

Figure 1: Effect of the additional contribution to the Standard Model cross section of the process e^+e� ! τ^+τ�γ, due to non zero values of F_2, in the a) photon energy and b) τγ opening angle distributions.

The OPAL^9 and L3^{10} experiments selected e^+e� → τ^+τ�γ events containing at least one high energy isolated photon. The samples used in the analysis collected during the 1990-1995 LEP runs at the Z peak, corresponding to an integrated luminosity of about 100 pb�^1 per experiment, consisted of 1429 events for OPAL and 1590 for L3. A typical ττγ event is shown in figure 2.

Figure 2: Cross view of a typical e^+e� ! τ^+τ�γ event as seen in the L3 Detector. The Vertex chamber (TEC) and the calorimeters (BGO, HCAL) are also drawn.

The anomalous moments were determined from fits to the distributions of the photon energy (OPAL, L3) and isolation angle (L3), allowing for the SM backgrounds. Figure 3 shows the energy and angular photon spectra from L3 data, together with the SM expectation and the expected signal for a a_τ = 0.1 contribution.

2.2 Results

The LEP results on electric and anomalous magnetic dipole moments are summarised in figure 4.

Detailed studies on the possible systematic uncertainties were performed by the two collaborations^{9,10}. The most important sources of systematic error are those affecting the normalisation of the ττγ sample: uncertainty in the e^+e� → τ^+τ� cross section, event selection cut and photon reconstruction efficiencies. Studies were performed on the effect of multiple photon radiation and of the theoretical modelling of the e^+e� → τ^+τ�γ process in the fitted distributions. They were shown to have a negligible effect on the result of the fit. The overall systematic uncertainty is at the level of the statistical error.

A limit is established by combining the individual likelihood functions, taking appropriate care of the correlated systematic errors. The LEP limits at the 95% CL on electric and anomalous magnetic dipole moments are:

Figure 3: The number Nγ of photon candidates in the e^+e� ! τ^+τ�γ sample (L3) as a function of (a) photon energy Eγ and (b) the isolation angle Ψγ with respect to the τ. The points with error bars denote the data and the solid histograms denote the Monte Carlo predictions, assuming the SM values of aτ and dτ . For illustration, the dashed histograms show how the distributions would appear for aτ = 0.1. Both the increase in the total cross section and the relatively greater importance of photons with large Eγ and Ψγ are evident.

−0.05 < a_τ < 0.05 ( −3 < d_τ < 3 ) × 10�^{16} e · cm.

The SM predictions are consistent with the measured values. Therefore, these give no indication of either CP violation or new physics beyond the SM.

3 Weak Dipole Moments

To be sensitive a to CP asymmetry in Z → ff̄ production, access to the spin of the final state fermions is required. At LEP, this can be done by exploiting the kinematics of the decay products of the short lived τ leptons.

Figure 4: LEP results on the electromagnetic dipole moments aτ and dτ .

Different analysis methods were used by the different experiments. L3^{11} based its measurement in the analysis of the spin of single τ decays. ALEPH^{12}, DELPHI^{13} and OPAL^{14} used the spin correlations of both τ decays.

All the experiments selected e^+e� → τ^+τ� events applying standard cuts. The analysis of L3 was restricted to π and ρ final states. The other collaborations used most of the available τ decay channels. A list of the data samples and the τ decay channels analysed by each experiment is shown in table 1.

Table 1: Data samples and τ decay channels analysed by the LEP experiments.

Experiment Data #decays Decay channels ALEPH 1990–95 83 000 e, μ, π, ρ, a_1 DELPHI 1992–95 22 000 e, μ, π, ρ, a_1 (3pr) OPAL 1991–95 70 000 e, μ, π, ρ, a_1 (3pr) L3 1991–95 9 000 π, ρ

3.1 L3 Method

This analysis exploited the polarisation of single τ decays. Events containing only τ → πν and/or τ → ρν decays were used. The τ flight direction was reconstructed in these final states. Special azimuthal asymmetries were defined which were sensitive to the transverse and normal components of the polarisation of each single τ^{15}, allowing for the measurement of both d^w_τ and a^w_τ . The results on a^w_τ are:

Re (a^w_τ ) = ( 0.0 ± 1.6 ± 2.3 ) × 10�^3 Im (a^w_τ ) = ( −1.0 ± 3.6 ± 4.3 ) × 10�^3.

This is the first measurement of a^w_τ . Results on d^w_τ are summarised, together with the other LEP results, in section 3.3. Details of the analysis can be found elsewhere^{11,16}.

3.2 ALEPH, DELPHI and OPAL Method

These experiments tested the CP invariance of τ pair production using CP-odd observables constructed from the measured momenta and energies of the τ decay products. The optimal observables are given by:

O^{Re} =

M^{Re}_{CP} M_{SM}

, O^{Im} =

M^{Im}_{CP} M_{SM} , where M_{SM} is the squared SM matrix element of the e^+e� → τ^+τ� process and M^{Re}_{CP} and M^{Im}_{CP} are the CP violating contributions to the squared amplitude^{17}. These matrix elements are computed from an estimation of the τ spin and flight directions.

The mean value of the optimal observables can be expressed in terms of d^w_τ as follows:

⟨O^{Re}⟩_{AB} = m_Z e · c_{AB} · Re (d^w_τ )

⟨O^{Im}⟩_{AB} = m_Z e · f_{AB} · Im (d^w_τ ) ,

where c_{AB} and f_{AB} are the sensitivities for a given final state τ^+τ� → A B + nν. They are calculated performing detailed Monte Carlo studies, including a complete simulation of the detectors.

With this definition of optimal observables, any significant observed deviation from zero points unambiguously to CP violation. As an example, the values of Re (d^w_τ ) measured by the OPAL collaboration for the different final states are shown in figure 5. Details of the analyses from the different experiments can be found elsewhere^{12,13,14}.

3.3 Results

The LEP results on the weak electric dipole moment are summarised in figure 6. The OPAL and L3 results are final, while those of ALEPH and DELPHI are preliminary. The L3 results on the weak anomalous magnetic moment are given in section 3.1.

Detailed studies on the possible systematic uncertainties were performed by all the collaborations. The

Figure 5: Real part of the weak dipole moment for the different decay topologies and detector regions (OPAL). Decay topologies which appear twice refer to different data periods (1991–92 and 1993–95, respectively).

most important sources of systematic error are the alignment, homogeneity and CP invariance of the detectors. The latter has been checked to be at the level of

10�19_{e·cm by artificially destroying the spin correlations}

of the final state in an event by event basis. The overall systematic uncertainty is well below the statistical error.

A limit is established by combining the individual values assuming gaussian errors and considering the systematic errors completely uncorrelated. The LEP limits at the 95% CL on the real and imaginary parts of the weak electric dipole moment are:

( −3.3 < Re (d^w_τ ) < 2.7 ) × 10�^{18} e · cm ( −0.9 < Im (d^w_τ ) < 1.0 ) × 10�^{17} e · cm |d^w_τ | < 0.7 × 10�^{17} e · cm.

The SM predictions are consistent with the measured values both of a^w_τ and d^w_τ . As a consequence, no indication of either CP violation or new physics beyond the SM has been found.

Acknowledgements

I would like to thank my colleagues from the LEP collaborations, in particular W. Lohmann, T. Paul, L. Taylor and N. Wermes.

Figure 6: LEP results on the weak electric dipole moment d^w_τ . The OPAL and L3 results are final, the ALEPH and DELPHI ones are preliminary^(�^).

References

1. S.L. Glashow, Nucl. Phys. 22, 579 (1961);

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam, Elementary Particle Theory, Ed. N. Svartholm, Stockholm, “Almquist and Wiksell” (1968), 367.

2. E. R. Cohen and B. N. Taylor, Rev. Mod. Phys.

59, 1121 (1987).

3. D. J. Silverman and G. L. Shaw, Phys. Rev. D 27, 1196 (1983);

R. Escribano and E. Massó, Phys. Lett. B 395, 369 (1997).

4. J. A. Grifols and A. Méndez, Phys. Lett. B 255, 611 (1991), Erratum ibid B 259, 512 (1991).

5. W. Bernreuther and O. Nachtmann, Phys. Rev.

Lett. 63, 2787 (1989);

N. Wermes, Invited talk at TAU96, Colorado (1996); also Bonn University preprint BONN-HE- 96-10.

6. S. Weinberg, The Quantum Theory of Fields I, Cambridge University Press, Cambridge, (1995) 452.

7. M. A. Samuel, G. Li and R. Mendel, Phys. Rev.

Lett. 67, 668 (1991), Erratum ibid 69, 995 (1992); F. Hamzeh and N.F. Nasrallah, Phys. Lett. B 373, 211 (1996).

8. J. Biebel and T. Riemann, Z. Phys. C 76, 53 (1997);

S.S. Gau, T. Paul, J. Swain, and L. Taylor, Nucl. Phys. B 523, 439-449 (1998);

T. Paul and Z. Wa̧s, HEP-PH/9801301. 9. OPAL Collaboration, K. Ackerstaff et al., Phys.

Lett. B 431, 188-198 (1998).

10. L3 Collaboration, M. Acciarri et al., CERN-EP/98- 045, Phys. Lett. B accepted (June 1998).

11. L3 Collaboration, M. Acciarri et al., Phys. Lett. B 426, 207-216 (1998).

12. ALEPH Collaboration, D. Buskulic et al., Phys.

Lett. B 346, 371-378 (1995); ALEPH Collaboration, Paper PA08-030 contributed to ICHEP96, Warsaw (1996).

13. DELPHI Collaboration, M.-C. Chen et al., Paper #321 submitted to HEP97, Jerusalem (1997).

14. OPAL Collaboration, K. Ackerstaff et al., Z. Phys.

C 74, 403-412 (1997).

15. J. Bernabéu, G. A. González-Sprinberg and J. Vidal, Phys. Lett. B 326, 168 (1994); U. Stiegler, Z. Phys. C 57, 511 (1993).

16. E. Sánchez, Invited talk at TAU96, Colorado (1996).

17. D. Atwood and A. Soni, Phys. Rev. D 45, 2405 (1992);

M. Diehl and O. Nachtmann, Z. Phys. C 62, 397 (1994);

P. Overmann, Dortmund University preprint DO- TH 93-24 (1993).