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Abstract

The tau lepton lifetime is measured using four di�erent methods with the DEL-
PHI detector. Three measurements using one prong decays are combined, ac-
counting for correlations, resulting in �� = 298� 7(stat:)� 4(sys:) fs while the
decay length distribution of three prong decays gives �� = 298 � 13(stat:) �
5(sys:) fs. The combined result is �� = 298 � 7 fs. The ratio of the Fermi
coupling constant from tau decay relative to that from muon decay is found to
be 0:985 � 0:013, compatible with lepton universality.

(To be submitted to Physics Letters B)
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1 Introduction

The tau lepton is a fundamental constituent of the Standard Model and its lifetime
can be used to test the model predictions. In particular, lepton universality can be tested
using the relationship:

�� = ��

�
G�

G�

�2 �m�

m�

�5
� BR

�
�� ! e� ��e��

�
(1)

where ��;� and m�;� are the lifetimes and masses of the muon and tau respectively and
G�;� are the Fermi constants determined from muon and tau decay [1] .

The lifetime measurements presented here were derived from the data taken by the
DELPHI experiment at LEP during 1991. The �+�� event selection criteria were the
same as those used for the Z! �+�� lineshape measurement [2]. An improved three
layer silicon Microvertex Detector, installed for the 1991 data taking, was used to provide
the precise r� y charged particle measurements necessary to observe the short tau decay
distance.

Four techniques were used to measure the lifetime. Three methods measured tau
pairs both of which decayed into a single charged particle plus neutral particles while
the fourth was used to study tau decays producing three charged particles. In the �rst
method, the lifetimewas extracted from a measurement of the distance of closest approach
of the decay particle trajectory to the centre of the interaction region, referred to as the
impact parameter. In the second and third methods, the correlation between impact
parameter and lifetime was exploited for events where both taus, in a single Z event,
decayed into one charged particle. The second method used the correlation between
the impact parameter di�erence and the decay angle di�erence reducing the uncertainty
arising from the unmeasured tau decay angles. The third method used the miss distance
between tau decay tracks, de�ned as the sum of the impact parameters. In this case
the e�ect of the unknown tau pair production point was greatly reduced. The fourth
method reconstructed the decay vertex for taus which decayed into three charged particles
detected in the Microvertex Detector. As the interaction region of the LEP beams was
small compared to the mean decay length, the production point of the taus could be
taken as its centre, allowing the decay length to be determined and the lifetime to be
calculated.

The Monte Carlo program KORALZ [3] was used to model tau decays in all of the
above analyses.

A brief description of the DELPHI tracking system is given in section 2. Section 3
describes the tau lifetimemeasurements made with decays producing one charged particle
(the impact parameter, decay angle correlation and miss distance methods). Section 4
details the decay length analysis applied to the three prong decays. Finally, section 5
presents the combined result, accounting for correlations.

2 The DELPHI Tracking System

The DELPHI detector is described in [4]. All four analyses used the DELPHI charged
particle tracking system in a 1.2 Tesla solenoidal magnetic �eld whose axis is parallel to
the beam.

yr;� and z de�ne a cylindrical co-ordinate system where +z coincides with the electron beam direction and the origin

coincides with the interaction point.
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Closest to the beam axis is the Microvertex Detector (VD) which is discussed in more
detail below. Outside it is the Inner Detector (ID), a gas detector with a jet-chamber
geometry. It produces 24 points per track, yielding a track element with an r� resolution
of 60 �m. The TimeProjection Chamber (TPC) is the main tracking detector of DELPHI,
situated between radii of 35 cm and 111 cm. Up to 16 points per track produce a track
element with an r� resolution of 200 �m. This tracking system has a precision in polar
angle, �, of 1.7 mrad.

The DELPHI Microvertex Detector [5] used in these analyses consists of three con-
centric layers of silicon strip detectors at average radii of 6.3, 9.0 and 11.0 cm, giving full
azimuthal coverage in the polar angular region 43o < � < 137o. Each layer has 24 sectors
with a 10-15% overlap in �. A sector is subdivided along the beam direction into 4 silicon
strip detectors. The silicon strips are parallel to the beam direction and have a pitch of
25 �m with every second strip read out by capacitive pick-up. With this geometry, an
intrinsic resolution in the r� plane of 6�m is obtained using charge division. The relative
position of the modules was surveyed to an accuracy of 20�m in three dimensions before
installation in DELPHI. Movement with respect to the rest of the DELPHI detector was
monitored using lasers and found to be less than 5�m over the running period. The �nal
alignment, described in [5], was carried out using tracks from �+�� z decays of the Z,
selected as described in [6].

The �+�� and e+e� miss distance, the distance of closest approach of the two lep-
tons, calculated using a full track �t to TPC, ID and VD hits on at least the inner and
outermost layers had a standard deviation of 37� 3�m, corresponding to a track extrap-
olation resolution at the vertex �ext = 37 �m=

p
2 = 26 � 2 �m. The VD dominated this

measurement, its single point resolution was determined to be 8 �m. This included an
uncertainty of 6 �m from the intrinsic detector resolution and 5 �m from the alignment
procedure.

The momentum dependent behaviour of the impact parameter resolution has been
studied with lower momentum tracks in hadronic Z decays [5]. This combined with the
above �+�� and e+e� studies yields a track extrapolation uncertainty, �j (in �m), of the
form:

�j =

vuuut262 +

0
@ 59

ptj

q
sin �j

1
A
2

: (2)

The second term is a parameterisation of the multiple scattering in the r� plane due to
the beam-pipe wall and the �rst layer of the VD, where ptj is the transverse momentum,
in GeV/c of particle j, and �j the polar angle with respect to the beam axis.

In all of the following analyses, the tau production point was taken as the centre of
the interaction region which was determined every one hundred hadronic Z decays with
a precision of better than 15 �m. Using �+�� events, it was found that the x and y
projections of the interaction region were well represented by Gaussian distributions with
�x = 145 �m and �y = 7 �m. The e�ects due to the size of the interaction region were
accounted for by using a resolution function based on �+�� and e+e� events as described
below.

zThe symbol �+�� refers to muons produced in the reaction e+e� ! �+�� and not to tau decays producing muons.

Similarly the symbol e+e� refers to electron �nal states from the reaction e+e� ! e+e�.
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3 One Prong Lifetime Measurements

For these analyses, only events where both taus decayed into a single charged particle
were considered. This gave a sample of 4096 tau pair events. Charged particle tracks
(including the e+e� and �+�� events used to measure the resolution functions) were
further required to satisfy the following criteria:

1. at least 11 points in the TPC;
2. at least two layers with hits in the VD;
3. a �2 probability for the track �t in the TPC and VD greater than 0.01;
4. the increase in the �2 of the track �t when the VD points were added had to have a

probability greater than 0.01, where the number of degrees of freedom was taken as
the number of hits in the VD. This cut, while strongly correlated with the previous
one, ensured that all tracks in the sample had an extrapolation uncertainty consis-
tent with the VD resolution quoted above. Both �2 probability distributions were
uniform;

5. the particle transverse momentum, pti , was greater than 1 GeV/c;
6. there be at most one VD layer with an unassociated hit within 7.5 degrees of the

track in �. This removed a small number of events with conversions, delta-rays and
three prong decays where the other two tracks were unassociated in the VD;

7. if the track had hits in only two layers of the VD, there should not be any other hit
within 400 �m, in order to reduce the mis-association of hits to the track;

The geometrically signed impact parameter, di, is the distance of closest approach of
the extrapolated track to the assumed production point, the centre of the interaction
region, in the r� plane;

di = Li sin ��i sin(�i � ��i) (3)

where Li is the decay length, ��i and ��i are the azimuthal direction and polar angle of
the decaying tau while �i is the azimuthal angle of the tau decay product (see �g. 1a ).
Experimentally, the sign of the geometric impact parameter is de�ned as the sign of the
z component of the vector cross-product of the projections on the r� plane of the track
vector at the point of closest approach and the vector from the centre of the interaction
region to the point of closest approach.

3.1 The Impact Parameter Method

For tau decays producing a single charged particle, the lifetime signed impact param-
eter was used which di�ers from the geometric impact parameter only in its sign. The
sign is positive if the extrapolated track intersects the tau direction before reaching the
point of closest approach and negative otherwise. If the geometry of the production and
decay could be reconstructed perfectly, the lifetime signed impact parameter would al-
ways be positive. Because of resolution e�ects and uncertainties in the tau direction it
can be negative. However the distribution of lifetime signed impact parameters remains
sensitive to the tau lifetime.

The tau production point was taken as the centre of the interaction region. The decay
particle in the opposite hemisphere was used only as an estimate of the tau direction for
the sign of the impact parameter. Monte Carlo simulation showed that the di�erence
between this particle direction and the tau direction was centred on zero with a width of
about 2o.
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The lifetime was extracted from the lifetime signed impact parameter distribution
using a maximum likelihood �t. The lifetime signed impact parameter probability dis-
tribution was determined as a function of the tau lifetime as follows: impact parameter
distributions, for di�erent lifetimes, were generated using Monte Carlo events in which
the e�ects due to tau decay kinematics and experimental cuts for tau selection were in-
cluded, but assuming perfect detector resolution and a point interaction region. In what
follows this simulated impact parameter distribution is referred to as the physics function.
In order to account for the smearing due to the beam size and the track extrapolation
resolution, this impact parameter distribution was convoluted with a resolution function
obtained from the geometric impact parameter distribution of the �+�� and e+e� events.

The e�ect of multiple scattering was accounted for by smearing the physics function
decay by decay as described in Eq. 2. The uncertainty in the lifetime due to uncertainty
in the multiple scattering term was found to be negligible. A contribution to the physics
function was included to account for the small number of elastic hadronic interactions
expected in the beam pipe and layers of the VD.

The background contamination of the sample was determined from Monte Carlo sim-
ulation to be 1:6 � 0:4%, due to e+e�, �+�� and two photon events. A background
contribution represented by the resolution function, suitably normalised and centred on
zero, was included in the probability distribution. The �nal data sample comprised 6117
tau decays.

The log-likelihood was formed to determine the best �t lifetime and its uncertainty.
To obtain the optimal statistical uncertainty, the data were grouped into six bins as
a function of the apparent beam pro�le, which was symmetric under reections in the
x and y axes. Thus each bin contained data from the four 15 degree wide sectors in
�, one in each of the four quadrants, which mapped onto one another under reection
in the x and y axes. These should have seen the same beam pro�le. In each bin, a
combined maximum likelihood �t of the lifetime and the resolution function was made.
The resolution function was parameterised as a Gaussian. The lifetime was taken as the
weighted mean of the results of the six binned �ts.

The lifetime was found to be 303 � 10 fs using a resolution function made up of 20%
electrons and 80% muons. Muons were taken to represent the resolution expected for all
other tau decay products. Figure 2 shows the measured impact parameter distribution
with the probability distribution calculated for this lifetime superimposed. The result
obtained using only �+�� for the resolution function was 304 fs and that obtained using
only e+e� was 301 fs, showing no evidence of systematic e�ects because of di�erences in
tracking due to particle type.

The analysis procedure was tested for bias using a sample of Monte Carlo events with
full detector simulation showing that the systematic e�ects in the analysis method were
less than 3 fs. Other systematic uncertainties arose from: the uncertainty in the radial
alignment of the VD (1 fs); the uncertainty in the parameterisation of the resolution
function (3 fs); the uncertainty on the contamination in the sample of taus (1 fs); the
e�ect of hadronic scattering (2 fs); uncertainties in the tau branching fractions (1 fs).
Added in quadrature, these gave a total systematic uncertainty of 5 fs. As a further check
on the consistency of the data, the lifetime was calculated for positively and negatively
charged decay particles, for various cuto� values of pt, for positive and negative z and for
di�erent impact parameter �t ranges. All values of the lifetime obtained were consistent.
The �nal result from the impact parameter method was:

�� = 303 � 10(stat:)� 5(sys:) fs.
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3.2 The Decay-Angle Correlation Method

The impact parameter of a tau decay product is generated both by the ight distance
of the decaying tau and the angle the decay particle makes with the original tau direction.
This can be exploited to determine the tau lifetime by correlating the impact parameters
and the di�erence in azimuthal angles of the tau decay products [7].

Taking di from Eq. 3, the geometrically signed impact parameter of each decay product
to the interaction point, we can form the impact parameter di�erence:

d1 � d2 = L1 sin ��1 sin(�1 � ��1)� L2 sin ��2 sin(�2 � ��2) (4)

Neglecting photon radiation the taus are produced back to back, giving ��1���2 = � and
sin ��1 = sin ��2 � sin � (see �g. 1b ). Averaging over decay lengths (< L1 >=< L2 >�<
L >) and approximating sin(�1 � ��1) � �1 � ��1, since the tau decay product follows
the tau direction to about 2�, gives:

< d1 � d2 > = < L > sin �(�1 � �2 + �) = < L > sin ��� (5)

The average decay length, < L >, is �c�� . Thus the mean impact parameter di�erence,
< d1�d2 > is proportional to the projected acoplanarity (sin ���) with a proportionality
constant, < L >, which is related to the tau lifetime.

The variables d1, d2, �� and � were measured on an event by event basis to extract
the correlation (Eq 5), � being estimated from the direction of the thrust axis. Monte
Carlo simulation showed that the di�erence between the thrust axis and the tau direction
was centred on zero with a width of about 1o. This method had a reduced dependence of
the lifetime on the unmeasured tau decay angles. While �i���i could not be determined
event by event the di�erence, ��, was measured with a precision of 0:5 mrad. Another
advantage of this method is that backgrounds such as �+��; e+e� events tend to have
small �� and hence had a reduced e�ect on the correlation determination. The prime
drawback of this method was that d1�d2 was doubly smeared by the lack of knowledge of
the tau pair production point inside the interaction region. Moreover other backgrounds
such as two photon events or radiative �+�� and e+e� events had < d1 � d2 >� 0
independent of the projected acoplanarity. This gave a bias towards smaller lifetimes.

This method did not require as precise a knowledge of the track extrapolation resolu-
tion as the other methods. Thus, for this analysis, both tracks were required to satisfy
only criteria 2, 3, 5 and 7 from above, in order to maximise the data sample. The
presence of a photon in �+�� events can increase the acoplanarity, independent of the
impact parameter di�erence, biasing the measured lifetime. These events were removed
by discarding events with a photon of E > 1 GeV creating an invariant mass with the
closest charged particle of more than 2 GeV/c2. The two photon background was re-
duced by requiring that the two particles have opposite charge. This left 2880 events
with j sin ���j < 0:2 radians used for the lifetime determination.

A straight line was �t to determine the correlation between acoplanarity and impact
parameter di�erence, weighting each event according to the uncertainty, �, on d1 � d2.
These weights (1=�2) included the track extrapolation uncertainty, interaction region size,
and the physical width of the exponential tau decay distribution predicted by Monte Carlo
simulation. The slope of the line was used to determine the lifetime as shown in Eq. 5.
The �t was iterative, removing events with poor signi�cance (residual=�). Figure 3 shows
the mean < d1 � d2 > for slices of sin ��� after removing 0:8% of the events with the
largest residual/�. The �t slope was:

< L >= 2:148 � 0:081(stat:)� 0:019(sys:) mm:
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The systematic uncertainty on the slope comes from variations in the �t range and the
determination of the weights used. The iterative procedure removed poorly reconstructed
events as well as a few very acoplanar tau decays. The removal of these latter events
resulted in a bias of +0:138 � 0:031 mm on the slope { a correction that was included
when interpreting the slope as a lifetime. The uncertainty on this bias is statistical. With
a larger data sample uctuations in the number of well measured tau decays removed
would be smaller and the bias could be better determined.

As mentioned above, most backgrounds (e+e�, �+�� and cosmic rays which amount
to 1:2 � 0:4% of the �nal sample) do not a�ect the measured slope, but a +1:2 � 3:5 fs
correction was made for the 0:18�0:07% remaining radiative tau decays and two photon
events in the sample. The large uncertainty on this correction came from the small number
of two photon background events which remained in the sample. Poisson uctuations in
this number of events were included in the estimate of the systematic uncertainty coming
from the inuence of this background. Other biases were negligible.

Additional systematic uncertainties arose from the VD alignment (2 fs), resolution
function determination (1 fs), event selection (2 fs) and uncertainties on the e�ect of the
�t procedure (2 fs).

The slope was interpreted, including the biases mentioned above, as a tau lifetime of:

�� = 300 � 12(stat:)� 6(sys:) fs

where the statistical uncertainties on the measured slope and bias were combined to give
the overall statistical uncertainty.

3.3 The Miss Distance Method

The miss distance method used both decay particles in a 1-1 topology event, similar to
the decay-angle correlation method. The de�nition and signing of the impact parameters
here were also the same.

In the impact parameter and decay angle correlation methods the knowledge of the
tau pair production point was limited by the size of the interaction region, dimensions
of which are much larger than the resolution on extrapolations to the interaction region.
To overcome this limitation the two impact parameters in a �+�� event were summed so
that the dependence on the interaction region cancelled to �rst order (see �g. 1c ). The
resulting quantity dmiss, called the miss distance, was given by

dmiss = d1 + d2; (6)

where d1 and d2 were de�ned in Eq. 3.
The lifetime was estimated by �tting simulated miss distance distributions to the data

with a maximum likelihood technique. The simulated distributions were made from the
convolution of a physics function created for perfect detector resolution including multiple
scattering e�ects and a resolution function measured from �+�� and e+e� events.

Both particles in the event were required to satisfy the criteria described in section 3.1.
This gave a �nal sample of 2369 events which was used to extract the lifetime with the
miss distance method.

The resolution function, R(x), was derived from the miss distance of �+�� events.
This was parameterised as a sum of two Gaussian distributions of the form

R(x) = (1� f)e�x
2=2�2

1 + fe�x
2=2�2

2 ; (7)

with the values �1 = 30:8 �m, �2 = 59:3 �m and f = 0:16. Studies showed that the
presence of two Gaussians was attributable to classes of tracks with di�erent extrapolation
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uncertainties, arising from the number of VD hits associated with di�erent tracks and
the radii at which these hits were measured. With this resolution function a value of the
lifetime of 294 � 9 fs was determined. Figure 4 shows the tau miss distance distribution
with this �t superimposed. To estimate the e�ect of biases in the event selection a sample
of Monte Carlo events, with full detector simulation, was selected and �tted in the same
way as the data. This yielded a lifetime of 302 � 2 fs, in good agreement with the input
lifetime of 300 fs. The value of 2 fs was taken as an estimate of the possible bias in the
method.

An estimate of the systematic uncertainty arising from the knowledge of the resolution
function was made by using e+e� events, by using single Gaussian �ts to �+�� and e+e�

events, and by separating the data into classes with di�erent VD layer combinations.
From these studies a systematic uncertainty of 3 fs was assigned due to resolution uncer-
tainties. The statistical uncertainties on the parameters in eq. 7 are small and necessitate
no additional contribution to the lifetime systematic. The �tted lifetime with the two
Gaussian resolution function in e+e� events was 3 fs lower than for �+�� events. A bias
of +0:6� 0:6 fs has already been included to account for the electrons making up about
20% of one prong � decays.

The background from e+e�; �+�� and two photon events of 1:0� 0:3% was accounted
for by adding a suitably normalised delta function to the physics function at zero miss
distance. This gave a 1 fs systematic uncertainty on the lifetime. Residual alignment
uncertainties and knowledge of multiple scattering were combined to give an additional
1 fs contribution to the systematic uncertainty on the lifetime.

The uncertainty in the mean tau longitudinal polarisation was estimated by varying
sin2 �W , while correlations between the transverse spin components were estimated using
KORALB [8]. These uncertainties taken together with possible variations in the tau
branching ratios contributed another 1 fs to the systematic uncertainty on the lifetime.

The range over which the �t was performed was chosen after study of data and fully
simulated Monte Carlo events to be �0:9 mm. This minimised the e�ects of tails due
to elastic hadronic scattering while maintaining sensitivity to the lifetime. This choice
corresponded to a trim of 0.8% of the data, consistent with the amount expected from
the hadronic interaction probability in the beampipe and VD. Reducing the range further
did not produce any signi�cant deviation in the estimated lifetime beyond that expected
from statistical uctuations.

No signi�cant dependence of the measured lifetime on the selection cuts was found.
The di�erent systematic uncertainties were added together in quadrature, giving a tau
lepton lifetime of

�� = 294 � 9(stat:)� 4(sys:) fs.

4 The Vertex Method

In the sample of tau decays to three charged particles, the decay vertex was recon-
structed allowing a direct measurement of the tau ight distance (see �g. 1d ) and thence
the lifetime. The three charged tracks were required to have an invariant mass of less
than 2 GeV/c2 and the other tau was required to decay to a single charged particle in
order to reduce the hadronic background. Monte Carlo studies showed that the remaining
background was 1:0 � 0:3%. A total of 2159 events with three prong momentum sum
having a polar angle between 20� and 160� was selected for the analysis.

In order to achieve the necessary precision on the vertex determination, VD hits had
�rst to be associated to the external tracks, which were composed of track elements from
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the TPC and the ID. The ID was included here to remove hit association ambiguities
among the three tracks present in the VD in each decay. The tracks were extrapolated to
the VD and all combinations of hits occurring within a road of suitable dimensions were
considered. The width of this road was set to three times the calculated extrapolation
uncertainty. A total of 1207 decays had at least two VD hits on each of the three tracks
and hence were retained for further analysis.

For each combination of hits a circle �t was made in the transverse plane, accounting
for multiple scattering. The �2track probability distribution was at showing that the point
resolution in the various detectors and the multiple scattering were correctly determined.
A cut of �2track probability less than 0.01 removed a small number of incorrect hit asso-
ciations. In general only one good combination of VD hits existed for each of the three
tracks. In the case where more than one combination existed all were considered and the
possible ambiguity was solved at the next stage. A total of 1163 vertices survived to this
stage in the analysis.

In order to reduce false associations, to solve ambiguities in the track �ts and to remove
background from photon conversions, the constraint that the three tracks produce a good
vertex was imposed. The decay vertex position (x; y) was estimated by minimising the
function:

�2vertex(x; y) =
X
j

 
dj

�j

!2
(8)

where dj is the distance of closest approach to the vertex (x; y) in the r� plane of particle
j (j = 1; 2; 3); and �j is the extrapolation uncertainty at the decay vertex as calculated
from the track �t.

The �2vertex probability distribution for the reconstructed decay vertex was at except
for a large peak towards zero corresponding to incorrect associations and background
events. Again a cut on �2vertex probability of less than 0.01 was made and all the remaining
possible vertices for a given event were considered. In general there was only one, but
where two or more existed the event was rejected unless the decay vertex error ellipses
overlapped at the two standard deviation level in which case the vertex with the smallest
uncertainty was retained for further analysis. This left a �nal data sample of 838 vertices.

To determine the projected decay length, li, the production point was taken to be the
centre of the interaction region. The laboratory decay length Li was calculated from

Li =
li

sin �i
(9)

where �i is the polar angle of the tau which was approximated as that of the thrust axis
of the three charged particles in the decay. The distribution of Li is shown in Fig. 5.
The uncertainty on this, �Li

, was calculated from the covariance matrix for the position
of the decay point and from the uncertainty in the actual production point. The typical
uncertainty on the decay length was 750 �m, which is about one third the size of the
mean decay length.

The decay time in the rest frame of the tau Ti is given by

Ti =
Li

�c
(10)

where � = (p�=m�) with p� determined from the beam energy taking account of radiative
corrections. The lifetime was extracted from the distribution of decay times using the
maximum likelihood method. For each event, the probability of the event having a
decay time Ti was calculated as a function of the lifetime using an exponential lifetime
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distribution convoluted with a resolution function. For the ideal case, including detector
resolutions and multiple scattering, the resolution function would be a Gaussian of width
�Ti

(derived from �Li
using Eq. 10). Monte Carlo studies indicated that this had to be

modi�ed to take into account the e�ect of hadronic scatters, particularly in the inner wall
of the TPC. The parameterisation obtained for the resolution function was

R(x) = 0:940G(x;�Ti
) + 0:058G(x � 0:4�Ti

; 3�Ti
) + 0:002 (11)

where G(x;�) was a Gaussian of width � centred on zero and with unit area. The �rst
term corresponded to the ideal case while the second and third terms account for the
detector e�ects discussed above. No cut was found which enabled such mismeasured
decays to be removed from the event sample.

The procedure was tested by analysing simulated events with �ve known lifetimes
between 100 fs and 500 fs. The results showed that the systematic e�ects associated with
the analysis technique were less than 2 fs. Both the systematic uncertainty arising from
ambiguities in the association of the VD hits and that arising from uncertainties on the
tau direction were negligible. Uncertainties in the e�ect of initial and �nal state radiation
(1 fs), and in the radial alignment of the VD (2 fs) have also to be included. The e�ect
of hard hadronic scatters on the resolution function parameterised in Eq. 11 gave rise to
a 3 fs contribution to the systematic uncertainty on this method. The background from
hadronic decays of the Z necessitated a 3 fs upwards correction to the lifetime (included
in the �t above) and resulted in an additional 2 fs systematic uncertainty. By adding all
contributions in quadrature the total systematic uncertainty was estimated to be 5 fs.

The �nal result of the vertex method was:

�� = 298 � 13(stat:)� 5(sys:) fs.

5 Summary and Conclusions

The lifetime of the tau has been measured in four ways. The �rst three methods used
data samples with a very large overlap but were not completely statistically correlated
since they exploited di�erent event properties. Furthermore, the systematic uncertainties
involved were di�erent, providing an important cross-check. A 50% correlation between
the impact parameter and decay angle correlation methods was determined by comparing
the �t lifetime results from Monte Carlo Z! �+�� samples. Similarly 30% and 20% cor-
relations were determined between the impact parameter { miss distance measurements
and the decay angle correlation { miss distance measurements respectively. As the three
measurements agreed well, they were combined, accounting for the correlations, to give
a lifetime for the one prong decays of 298� 7(stat:)� 4(sys:) fs, leaving two statistically
independent measurements, those from the one prong decays and the three prong decays.
Of the systematic uncertainties only those arising from the VD alignment were common.
A summary of all the systematic uncertainties is given in Table 1.

Combining the one and three prong lifetimemeasurements by weighting them with the
reciprocal of the quadratic sum of the statistical and independent systematic uncertainties
and retaining the common systematic uncertainty unaltered, a tau lifetime of

�� = 298 � 7 fs

was obtained. This result agrees with the value of 289 � 3 fs predicted by Eq. 1 using
BR(� ! e��) = (17:69�0:19) % [9] and m� = 1776:9�0:5 MeV/c2 [10]. Alternatively the
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Origin of �� Systematic (fs) Impact Decay-Angle Miss Distance Vertex
Alignment 1 2 1 2
Resolution Function 3 1 3 3
Background 1 3 1 2
Fit Method 3 3 2 2
Physics 2 4 1 1

Total 5 6 4 5

Table 1: Summary of the systematic uncertainties on each of the four measurements

in fs. Grouped under Physics are contributions from the tau branching ratios, radiative

corrections and tau polarisation.

measured lifetime may be used to determine the relative strengths of the Fermi coupling
constants (G�=G�). This ratio was found to be 0.985 � 0.013, consistent with lepton
universality.

The measurement presented here agrees well with other recent measurements [7,11].
Although systematic uncertainties are important, future measurements will bene�t from
the increased statistics expected from ongoing LEP running. This will then leave us in a
position to make very precise (< 1%) tests of lepton universality.
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Figure Captions

Figure 1: Schematic diagrams showing the quantities used to extract the tau lifetime in
a) the impact parameter measurement, b) the decay-angle correlation measurement, c)
the miss distance measurement and d) the vertex measurement.

Figure 2: The observed lifetime signed impact parameter distribution for taus. The
crosses are the data points while the curve shows the probability distribution for the �t
value of the tau lifetime.

Figure 3: The average impact parameter di�erence, < d1 � d2 >, versus the projected
acoplanarity, sin ���. The slope of the �t line is (2:15� 0:08(stat:)) mm from which the
tau lifetime has been extracted.

Figure 4: The tau miss distance distribution. The crosses are the data points while the
dashed line is the best �t from which the tau lifetime was determined.

Figure 5: The observed decay length distribution for taus using the vertex method. The
crosses are the data and the curve represents the best �t from which the tau lifetime was
determined.
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