EPJ manuscript No. (will be inserted by the editor)

New Results on ø Lepton

K.K. Gan

Department of Physics, The Ohio State University, Columbus, OH 43210, U.S.A.

Received: date / Revised version: date

Abstract. This is a review of new results on the τ lepton. The lifetime has been measured with improved precision, allowing the test of lepton universality to 0.2% level. There are several new measurements of the branching ratios for the hadronic decays, including much improved measurements for the Cabibbosuppressed decays. All results are consistent with the Standard Model expectations.

1 Introduction

The τ lepton provides a unique laboratory to test the Standard Model. Its large mass allows the lepton to decay into both lighter leptons and hadrons, providing many venues to challenge the Standard Model. This includes the test of lepton universality, Conserved-Vector-Current (CVC) hypothesis [1], and isospin symmetry. In this paper, I will first review the new measurements of the lifetime and then the branching ratios for hadronic decays.

2 Lifetime

In the Standard Model, the coupling of the τ lepton to the W boson is the same as those for the lighter leptons, e and μ. The universality of the couplings can be tested by comparing the measurement of the τ lifetime (τ_τ ) and leptonic branching fractions [2]:

τ_τ = τ_μ ( g_μ g_τ )_2 ( m_μ m_τ )_5

B(τ �_{→ e}�_{ν̄eντ ) (1)}

τ_τ = τ_μ ( g_e g_τ )_2 ( m_μ m_τ )_5 B(τ �_{→ μ}�_{ν̄μντ )f} ( m^2_μ m^2_τ ) (2) where the phase space factor is given by

f(x) = 1 − 8x + 8x^3 − x^4 − 12x ln x = 0.9726, (3)

where τ_μ is the μ lifetime, m_μ and m_τ is the mass of the μ and τ , and g_e, g_μ and g_τ is the coupling of the W boson to e, μ, and τ . Lepton universality corresponds to g_e = g_μ = g_τ .

Both DELPHI and BaBar have reported preliminary measurements of the τ lifetime. The DELPHI experiment [3] used three techniques to measure the lifetime:

• 3-prong decay length • 1-prong vs 1-prong impact parameters:

• impact parameter difference: d_1 − d_2

Fig. 1. Measurements of the τ lifetime.

• miss distance: d_1 + d_2 The measurements of lifetime using the two impact parameter techniques have 36% correlation and this has been taken into account by the experiment to extract a new measurement of the lifetime.

BaBar has reported a preliminary measurement of the lifetime using the 3-prong decay length method. The experiment performed a blind analysis which is highly desirable for this kind of high precision measurement.

The current status of the lifetime measurements is shown in Fig. 1. It is reassuring to see that all measurements are consistent with the result from a blind analysis. There is a good prospect for higher precision measurements by BaBar and Belle given their large data samples.

The average measured lifetime is plotted against the average measured leptonic branching ratios [4] in Fig. 2. Also shown are the Standard Model predictions assuming lepton universality. The measurements are consistent with lepton universality. Alternatively we can use the measurements to extract the following ratios of couplings: g_μ g_τ = 0.9990 ± 0.0023 g_e g_τ = 0.9988 ± 0.0021

Both ratios are consistent with the Standard Model expectation to a precision of 0.2%, a remarkable achievement.

Fig. 2. Measurements of the leptonic branching ratios vs τ lifetime. The lines show the predictions based on lepton universality with the width given by the uncertainty in the τ mass.

Fig. 3. Branching ratio for τ� ! h�νø .

3 Hadronic Decays

The τ lepton can decay into many hadronic states due to its large mass. The large number of hadronic channels allows the study of many aspects of the Standard Model, including the test of lepton universality, CVC, and isospin symmetry. In this section, I will review the new results from DELPHI [5], L3 [6], and CLEO III [7]. The first two experiments measure the inclusive branching ratios while CLEO III measures the exclusive branching ratios with π/K identification.

3.1 Branching ratio of τ � → h�ν_τ

The decay τ � → π�ν_τ involves the coupling of the weak current to the pion. The branching ratio for τ � → π�ν_τ can be calculated [2] from that of π� → μ�ν̄_μ,

B(τ �_{→ π}�_{ντ )} B(π�_{→ μ}�_{ν̄μ)}^= [ g_τ g_μ ]_2 τ_τ τ_π 1 2 m^3_τ m_π m^2_μ

(1 − m^2_π /m^2_τ )^2 (1 − m^2_μ/m^2_π )^2 (4) where τ_π and m_π is the π lifetime and mass, respectively. A measurement of the branching ratio provides a test of μ−τ universality. Most of the experiments performed only an inclusive measurement, B(τ � → h�ν_τ ) with h = π or K. The new results [5,6] are shown in Fig. 3. There is considerable spread among the measurements, with χ^2 of 9.9 for 3 DOF (CL = 2%). The average branching ratio is consistent with the expectation [8] from the Standard Model, including radiative corrections.

3.2 Branching ratio of τ � → h�π^0ν_τ

The decay τ � → π�π^0ν_τ involves the coupling of the weak vector current to the ρ meson. The branching ratio can

Fig. 4. Branching ratio for τ� ! h�π0νø .

Fig. 5. Branching ratio for τ� ! h�2π0νø .

be calculated [2] by using the CVC hypothesis to relate the coupling strength of the ρ to the weak charged vector current and the electromagnetic neutral vector current. This isospin invariance of the quark current couplings to the gauge bosons is a feature of the Standard model. A measurement of the branching ratio for τ � → π�π^0ν_τ therefore provides a test of the Standard Model. Most of the experiments performed only an inclusive measurement, B(τ � → h�π^0ν_τ ). The new results [5,6] are shown in Fig. 4. Also shown is the theoretical expectation which is a sum of the CVC predictions [9] and the measured branching ratio [4] for τ � → K�π^0ν_τ . The CVC prediction is based on a reanalysis of the measured cross section for e^+e� → π^+π�, with a more proper treatment of the radiative corrections. All the τ measurements are consistent with each other but the average is somewhat higher than the CVC expectation.

3.3 Branching ratio of τ � → h�2π^0ν_τ

The current state of B(τ � → h�2π^0ν_τ ) is summarized in Fig. 5, including the two new measurements [5,6]. All the measurements are consistent with each other. Correcting for the small contribution of τ � → K�2π^0ν_τ yields the exclusive branching ratio, B(τ � → π�2π^0ν_τ ) = (9.12 ± 0.17)%.

3.4 Branching ratio of τ � → h�h^+h�ν_τ

The new results by DELPHI [5] and L3 [6] on B(τ � →

h�_h+_h�_{ντ ) together with the results from other experi-}

ments are summarized in Fig. 6. All the measurements are consistent with each other.

Fig. 6. Branching ratio for τ� ! h�h+h�νø .

Fig. 7. Branching ratio for τ� ! K�π+π�νø .

3.5 Branching ratio of τ � → π�π^+π�ν_τ

The CLEO III experiment uses their ring imaging Cherenkov detector (RICH) to separate π/K and obtains the first measurement of the exclusive branching ratio [7]: B(τ � →

π�_π+_π�_{ντ ) = (9.13±0.05±0.46)%. Comparing this result}

with that in Sec. 3.3, it is evident that they are consistent with isospin symmetry: B(τ � → π�2π^0ν_τ ) ≤ B(τ � →

π�_π+_π�_{ντ ).}

3.6 Branching ratio of τ � → K�π^+π�ν_τ

The CLEO III experiment has also measured the branching ratio for τ � → K�π^+π�ν_τ [7]. This result together with those of other experiments are summarized in Fig. 7. The measurements are consistent with each other.

3.7 Branching ratio of τ � → K�K^+π�ν_τ

CLEO III has also measured the branching ratio for τ � →

K�_K+_π�_{ντ [7]. This result is consistent with other exper-}

iments but is significantly more precise as shown in Fig. 8. The experiment also set an upper limit on the three-koan decay, B(τ � → K�K^+K�ν_τ ) < 0.0037% at the 90%CL.

The sum of the three exclusive 3-prong branching ratios, ≈ (9.6 ± 0.5)%, is consistent with the inclusive result shown in Sect. 3.4, indicating internal consistency of the measurements.

3.8 Branching ratio of τ � → h�h^+h�π^0ν_τ

The new results by DELPHI [5] and L3 [6] on B(τ � →

h�_h+_h�_π0_{ντ ) together with the result by CLEO are sum-}

marized in Fig. 9. All the measurements are consistent with each other. If we neglect the small contribution from

Fig. 8. Branching ratio for τ� ! K�K+π�νø .

Fig. 9. Branching ratio for τ� ! h�h+h�π0νø .

decays with kaons, the weighted average is significantly (≈ 4σ) above the CVC prediction [10], (3.63 ± 0.21)%, based on the measured cross section for e^+e� → 4π. More precise measurements of the branching ratio and cross section are needed to resolve the discrepancy.

4 Conclusion

We have reached a new level of sensitivity in τ physics. Lepton universality is now tested to the level of 0.2%. We have begun a new era of τ physics with kaons and can expect new results from CLEO III, BaBar, and Belle. There is no hint of physics beyond the Standard Model. Acknowledgements This work was supported in part by the U.S. Department of Energy under contract No. DE-FG-02-91ER-40690.

References

1. R.P. Feynman and M. Gell-Mann, Phys. Rev. 109 (1958) 193.

2. Y.S. Tsai, Phys. Rev. D 4 (1971) 2821; H.B. Thacker and J.J. Sakurai, Phys. Lett. B 36 (1971) 103.

3. DELPHI Collaboration, A. Andreazza, C. Meroni, and R. McNulty, contributed paper to this conference.

4. K. Hagiwara etal., Phys. Rev. D 66 (2002) 010001. 5. DELPHI Collaboration, F. Matorras, contributed paper to this conference.

6. P. Achard etal., CERN-EP/2003-019, submitted to Phys. Lett. B.

7. R.A. Briere etal., Phys. Rev. Lett. 90 (2003) 181802. 8. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 71 (1993) 3629; R. Decker and M. Finkemeier, Nucl. Phys. B (Proc. Suppl.) 40 (1995) 453.

9. M. Davier, S. Eidelman, A. Hocker and Z. Zhang, hepph/0308213.

10. M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur. Phys. J. C. 27 (2003) 497.