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Abstract 

The lifetime of the tau lepton is measured using data collected in 1994 by the L3 detector at LEP. The precise track 
position information of the Silicon Microvertex Detector is exploited. The tau lepton Iifetime is determined from the signed 
impact parameter distribution for 30322 tau decays into one charged particle and from the decay length distribution for 
3891 tau decays into three charged particles. Combining the two methods we obtain TV = 290.1 f 4.0 fs. 

1. Introduction 

In the Standard Model of electroweak interac- 
tions [ 11, the couplings of charged and neutral cur- 
rents to leptons are independent of the lepton gener- 
ation. The most basic test of this universality for the 
charged current is the measurement of the coupling 
strength of electron, muon and tau to the W boson. 
The vertex factor for tau decays and muon decays 
is the same under the hypothesis of lepton univer- 
sality in charged currents, thus their leptonic widths 
should be related by a simple phase-space factor. The 
leptonic tau decay rate [ 21 

e- =e-,pL- (1) 

gives the total coupling strength, measured by the 
Fermi constant GF which is defined by the analogous 
relation for muon decays. The correction a,,, takes into 
account the finite mass of the charged lepton in the 
final state. The W propagator effects lead to the cor- 
rection &, while QED radiative corrections are intro- 
duced by the last factor, Srad. Therefore a measurement 

1 Supported by the German Bundesminisrerium fiir Bildung, Wis- 

senschaft, Forschung und Technologie. 

2 Supported by the Hungarian OTKA fund under contract number 

T14459. 

3 Supported also by the Comisi6n Interministerial de Ciencia y 

Technologia. 
4 Also supported by CONICET and Universidad National de La 

Plats, CC 67, 1900 La Plats, Argentina. 

5 Also supported by Panjab University, Chandigarh- 160014, India. 

6 Supported by the National Natural Science Foundation of China. 

of the tau lifetime (To) and leptonic branching ratios 
provides a test of lepton universality in charged weak 
currents. 

In this paper, we present a measurement of the 
tau lifetime using two different methods. In the first 
method, the lifetime is extracted from the observed 
decay length distribution in three-prong tau decays. 
The second method uses the impact parameter distri- 
bution in one-prong tau decays. This new measure- 
ment makes use of the enhanced tracking capabilities 
of the Silicon Microvertex Detector [ 31 and increased 
statistics. 

2. The L3 Detector 

The L3 detector [4] consists of a central tracking 
system, a fine-grained electromagnetic calorimeter 
composed of BGO crystals, a ring of plastic scintil- 
lation counters, a hadron calorimeter with uranium 
absorber and proportional wire chambers, and a muon 
spectrometer consisting of multi-wire drift chambers. 
These detectors are installed in a 12 m diameter 
solenoidal magnet which provides a magnetic field of 
0.5 T along the beam direction. 

The measurement is based on the information ob- 
tained from the central tracking system, which is 
composed of a Silicon Microvertex Detector (SMD), 
a Time Expansion Chamber (TEC) and a Z-chamber. 
The SMD is made of two concentric layers of double- 
sided silicon detectors, placed at about 6 and 8 cm 
from the beam line. Each layer provides a two- 
dimensional position measurement, with a resolution 
of 7 and 14 ,um [5,6 J for normal incident tracks, 
in the directions perpendicular and parallel to the 
beam direction, respectively. The TEC consists of 
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two coaxial cylindrical drift chambers with 12 inner 
and 24 outer sectors. The sensitive region is between 
10 and 45 cm in the radial direction, with 62 layers 
of wires giving a spatial resolution of approximately 
50 ,um in the plane perpendicular to the beam axis 
(rd plane). 

3. Selection of Z + T+T- decays 

For this analysis data collected in 1994 by the L3 
detector are used, which correspond to an integrated 
luminosity of 46 pb-’ . The strategy for selecting 
Z decays into tau pairs is to identify events which 
contain two highly collimated, back-to-back and low- 
multiplicity jets. For this purpose the track multiplic- 
ity, the jet energy and the jet direction are used. 

3.1. Event selection 

In order to have high-quality reconstruction of the 
tracks, Z decays into r+r- pairs are selected within 
a fiducial volume defined by 1 cos O,l < 0.72 (barrel 
region), where the polar angle 8, is given by the thrust 
axis of the event. The event is required to have at least 
two jets, corresponding to the two taus, and the energy 
of the most energetic jet is required to be greater than 
8 GeV. The acollinearity angle between the directions 
of the two highest-energy jets must be smaller than 10” 
to reduce the background from two-photon processes. 

In order to remove hadronic Z decays, the number 
of tracks in each jet must be less than four. In addition 
the maximum angle between the track direction and 
the thrust axis of the nearest jet must be less than 18” 
and 22”, for the most energetic and the second most 
energetic jets, respectively. 

The background from e+e- -+ e+e- ( y) is reduced 
by requiring the total energy deposited in the electro- 
magnetic calorimeter to be less than 75% of the center- 
of-mass energy. In addition, the two highest-energy 
clusters in the electromagnetic calorimeter having an 
electromagnetic shower shape, must have energies be- 
low 85% and 80% of the beam energy. 

In order to reject e+e- + ,u”+pu- (y) events, the 
total momentum measured in the muon spectrometer 
must be less than 70% of the center-of-mass energy. 
In addition, if the momentum of a muon exceeds 80% 
of the energy of the associated jet (isolated muon), 
this momentum is required to be less than 80% of the 

beam energy. If muons are not reconstructed in the 
muon chambers they can be identified by a minimum 
ionizing energy deposit. Therefore, in events with an 
energy in the hadronic calorimeter of less than 7 GeV, 
we require a track length in this calorimeter of less 
than 23 cm for at least one jet. This rejects dimuon 
events, as well as cosmic-ray events. The cosmic-ray 
background is further reduced by requiring a scintil- 
lation counter hit within 5 ns of the beam crossing. In 
addition, the distance of closest approach to the inter- 
action point measured in the muon chambers must be 
less than two standard deviations of the resolution. 

Following this procedure, 3 1 108 events are selected 
in the barrel region from the data collected in 1994. 
The selection efficiency in the fiducial volume is de- 
termined to be 77.7% from e+e- --+ ~+7- ( y) Monte 
Carlo events generated with KORALZ [ 71 and simu- 
lated with GEANT [ 81. In the selected sample a back- 
ground of 0.53%, 0.58% and 0.22%, determined by 
Monte Carlo, remains from Z decays into electrons, 
muons and hadrons, respectively. The contamination 
of cosmic rays and two-photon processes are estimated 
to be 0.1% each. The relative uncertainty on the back- 
ground fractions is approximately 20%. 

3.2. Selection of one- and three-prong tau decays 

In addition to the selection of Z + rfr- decays, 
cuts are applied to the tracks in order to ensure a good 
quality of the reconstruction. There must be at least 
40 TEC hits on each track and at least one hit from 
the SMD inner r+ layer. The transverse momentum 
of the track must be greater than 500 MeV and the 
impact parameter, 6, must be less than 10 mm. 

The event is divided into two hemispheres by the 
plane perpendicular to the thrust axis. Hemispheres 
with only one track are selected for the impact param- 
eter method and those with three tracks are selected for 
the decay length method. For the three prong candi- 
dates, only two of the three tracks are required to have 
matched SMD hits. In addition the x2 probability of 
the secondary vertex is required to be larger than 1%. 

4. Tracking performance 

In both methods used in this analysis it is crucial 
to have a systematically accurate determination of the 
impact parameter and also of its error. The experimen- 
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Fig. 1. Distribution of the miss distance for Bhabha and dimuon 
events. 

tal resolutions on the impact parameter and the decay 
length are related to the error on the impact parame- 
ter; therefore a track-by-track knowledge of this error 
is required. An estimator of the intrinsic impact pa- 
rameter error is given by the track fit error, gcti. In 
addition to this, uncertainties from the horizontal and 
vertical size of the interaction region, crx,r, and from 
the multiple scattering, aMsi, have to be taken into ac- 
count. The total impact parameter error for a certain 
track, i, is then 

g, = $& + ffz sin* dj + dY COS2 +i + O& (2) 

where Q5i is the track azimuthal angle. 
The tau production point is estimated from the av- 

erage beam position during a LEP fill, found from 
hadronic events. The size of the interaction region 
is determined from Bhabha and dimuon events to be 
cr,=119fl~mand~y=12f2~minthehori- 
zontal and vertical directions, respectively. 

Fig. 1 shows the distribution of the distance be- 
tween the two tracks in the plane perpendicular to the 
beam axis (miss distance), for Bhabha and dimuon 
events. The solid line represents the result of a fit to the 
distribution with the sum of two Gaussian functions. 
An average impact parameter intrinsic resolution of 
26 pm can be estimated for 72% of the tracks. For the 
remaining tracks the average resolution is 61 pm. 
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Fig. 2. Distribution of the ratio between impact parameter and its 
uncertainty as determined from the resolution function, for Bhabha 
and dimuon events. Each track is entered twice, with a relative 
weight according to the two Gaussians. The line represents the 
result of a single Gaussian fit, which gives an average value of 
-0.005 f 0.007 and a sigma of 1.005 f 0.005 

The impact parameter resolution function, R, is de- 
scribed in terms of a double Gaussian function 

+ $exp [-;(z)z]} (3) 

where f is the relative fraction of the second Gaussian 
and K~,Z are correction factors for the estimated total 
impact parameter error, US,. For the decay length mea- 
surement, a similar parametrization is used for the res- 
olution function R( L, Li, a~~). The parameters f, ~1 ,I, 
allow for residual systematic effects in the tracking 
detectors, beam spot position and size, and the treat- 
ment of multiple scattering. 

The quality of the description of the resolution 
function for the impact parameter is checked using 
a lifetime-free sample (Bhabha and dimuon events). 
Fig. 2 shows the distribution of the ratio between the 
impact parameter and its uncertainty, as determined 
from the resolution function. This quantity is normally 
distributed with a width consistent with unity, reflect- 
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Table 1 
Parameters of the resolution functions for the impact parameter 
and the decay length methods. 

Method f(s) K1 K2 

Impact parameter 19f4 0.92 f 0.02 1.8 f 0.1 
Decay length 9.6 f 2.6 0.93 f 0.04 2.2 f 0.2 

Fig. 3. Schematic view of decay length (a) and impact parameter 

(b). 

ing a good description of the resolution function. 
For tau decays, the values for f and KQ are de- 

termined from the tau sample itself, in the lifetime fit 
procedure (see Section 5). The results are shown in 
Table 1. 

5. Lifetime measurement 

The two techniques used to measure the tau lifetime 
are illustrated in Fig. 3. The decay length of the tau 
(see Fig. 3a) is obtained from the secondary vertex 
reconstructed from three-prong tau decays. The tau 
decay point is found in the plane perpendicular to the 
beam axis and its distance, L,,, from the beam posi- 
tion is determined from a x2 minimization. The re- 
sult is then converted into a three-dimensional decay 
length by means of the polar angle of the thrust axis. 
The average decay length, obtained from a maximum- 
likelihood fit, is translated into the tau lifetime, using 
the average boost of the tau, which takes into account 
energy losses due to radiation. 

The impact parameter (see Fig. 3b) is the distance 
of closest approach, S, of the track to the tau produc- 
tion point, which is estimated by the beam position. In 
order to be sensitive to the lifetime, a sign is given to 
the impact parameter, according to the position of the 

intersection between the track and the tau direction of 
flight. The tau lifetime is extracted from a maximum- 
likelihood fit to the observed signed impact parameter 
distribution. 

For both methods the likelihood function is ex- 
pressed in terms of a convolution between an un- 
derlying physics function, P, and a detector resolu- 
tion function, R (see Eq. (3)). An additional term 
for the background fraction, fs, is considered. The 
function B is equal to the resolution function for the 
hadronic background in the three-prong sample and 
for the Bhabha and dimuon background in the one- 
prong sample, while it is a constant function for the 
cosmic muon background. The likelihood function is 
thus: 

=elog{(l - fB)P(7nS’) c3 Rt6’,&,ai) 
i=I 

+ fsW& (+i>) (4) 

5.1. Decay length method 

Fig. 4a shows the distribution of measured decay 
lengths of three-prong tau decays selected with the 
procedure described in Section 3. A sample of 3891 
three-prong tau decays, with a decay length in the 
range of [ - 10,201 mm and a calculated decay length 
error of less than 3 nun is used for the lifetime determi- 
nation. The average tau decay length is extracted from 
an unbinned maximum-likelihood fit (see Eq. (4) ) . 
The probability density function is given by the con- 
volution between an exponential physics function and 
the resolution function with parameters as given in Ta- 
ble 1. The average tau decay length obtained from the 
fit is (L) = 2.254 f 0.041 mm, which is converted to 
a tau lifetime using the Lorentz boost factor. 

The value for the tau lifetime from the decay length 
method is 

r, = 293.0 f 5.3 fs, (5) 

where the error is statistical only. The solid line in 
Fig. 4a represents the result of this fit. The significance 
of the difference between the fit and the data points 
is shown in Fig. 4b. Good agreement between data 
and the fit result over the whole range of decay length 
values is observed. 
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Fig. 4. The decay length distribution for three-prong tau decays 
is shown in (a). The points are the data and the solid line is 
the result of the fit described in the text. Plot (b) shows the 
significance of the difference between the observed decay length 
distribution and the fit result. 

In order to check for possible biases, the same pro- 
cedure to obtain the tau lifetime is also applied to a 

Monte Carlo sample, generated with KORALZ. No 
significant deviation between the input tau lifetime 

and the result of the fit is observed, and a systematic 

error is conservatively assigned, equivalent to the sta- 

tistical precision of this test. A systematic error due 
to the uncertainty in the resolution function is evalu- 
ated by varying the parameters of this function within 

their errors, taking into account correlations. The ef- 
fect of the background uncertainty is checked both by 

a 20% relative variation of the background fraction 
and by leaving it free in the lifetime fit. The cuts on 

the decay length range, the decay length error and the 
secondary vertex x2, are varied by 50% to evaluate 
their contributions to the systematic error. The contri- 
butions to the systematic error for this measurement 

are summarized in Table 2 and are added in quadra- 
ture to obtain the total systematic error. The result for 
the tau lifetime from the decay length method is 

7, = 293.0 f 5.3 (stat) f 2.5 (syst) fs. (6) 

Table 2 
Systematic errors for the decay length method. 

Source Error (fs) 

fit bias 1.5 
resolution function 1.5 
background uncertainty 0.5 
fit range 1.2 
secondary vertex cut 0.5 
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Fig. 5. The signed impact parameter distribution for one-prong tau 
decays is shown in (a). The points are the data and the solid line 
is the result of the fit described in the text. Plot (b) shows the 
significance of the difference between the observed distribution 
and the fit result. 

5.2. Signed impact parameter method 

The distribution of the measured signed impact pa- 

rameter of one-prong tau decays, selected with the pro- 
cedure described in Section 3, is shown in Fig. 5a. A 

sample of 30 322 one prong tau decays with a signed 
impact parameter in the range of [ - 1 .O, 1.51 mm and 
a calculated error of less than 150 pm is used for the 
lifetime determination. The tau lifetime is obtained 
from an unbinned maximum-likelihood fit to this dis- 
tribution (see Eq. (4) ) . The probability density func- 
tion for each track is given by the convolution of a 
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physics function and the detector resolution function 
with parameters as given in Table 1. The physics func- 
tion is determined from the signed impact parameter 
distribution of a Monte Carlo sample generated with 
KORALZ, for which the same selection procedure is 
applied as for data. The true impact parameter is used 
without the effect of resolution. However the physics 
function includes the possibility of wrong sign assign- 
ment due to the approximation of the tau direction by 
the reconstructed event thrust axis. 

The value for the tau lifetime obtained from the 
signed impact parameter method is 

r, = 287.5 f 3.8 fs, (7) 

where the error is statistical only. The solid line in 
Fig. 5a represents the result of the fit. Fig. 5b shows the 
significance of the difference between the data points 
and the fit value. Good agreement between data and 
the fit result over the whole range of signed impact 
parameter values is observed. 

In order to check for possible biases in the method, 
the lifetime fit is performed on the Monte Carlo sam- 
ple, with the same procedure as used for data. No sig- 
nificant bias is observed and a systematic error is con- 
servatively assigned, equal to the statistical precision 
of this test. The systematic effect due to the knowledge 
of the physics function is evaluated by taking into ac- 
count its statistical uncertainty and its dependence on 
the tau lifetime in the range from 200 to 400 fs. A sys- 
tematic error due to the resolution function is evaluated 
by varying the parameters of this function within their 
errors, taking into account correlations. As a check 
we evaluate the change in the tau lifetime when using 
the resolution function parameters obtained from the 
lifetime-free sample. The result is consistent within 
the systematic error assigned due to the uncertainties 
in the resolution function parameters. The uncertainty 
in the resolution function due to the knowledge of the 
beam spot size is evaluated by varying the beam spot 
size parameters by one standard deviation. The effect 
of the background uncertainty is checked using a 20% 
relative variation of the background fraction. ‘Ihe cuts 
on the range of the impact parameter and its error are 
varied by 50% to evaluate their contributions to the 
systematic error. 

The contributions to the systematic error for this 
measurement are shown in Table 3. The tau lifetime 
obtained from the signed impact parameter method is 

Table 3 
Systematic errors for the signed impact parameter method. 

Source Error (fs) 

tit bias 
Physics Function 
resolution Function 
beam spot sire 
background uncertainty 
fit range 

1.5 
2.2 
2.6 
0.5 
1.0 
0.5 

7, = 287.5 f 3.8 (stat) f 3.9 (syst) fs. (81 

6. Summary and conclusions 

The tau lepton lifetime is measured using the signed 
impact parameter and the decay length methods. The 
two results, which are consistent with one another, 
are independent since they are obtained using differ- 
ent sets of tau decays and the systematic errors are 
uncorrelated. 

Combining the two results we obtain: 

7, = 290.1 * 4.0 fs. (9) 

This result is in agreement with, and more precise 
than our previous measurements obtained with 1991- 
93 data [ 9,101, and it is in agreement with the current 
world average value [ 111. 
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