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Abstract

Three different techniques are used to measure the mean decay length of the 7
lepton with a high precision vertex detector in a sample of 11800 7 pairs coming
from Z decays, collected in 1991 by ALEPH at LEP. Events in which both T’s
decay into one charged track are analyzed using two largely independent methods.
Displaced vertices in three-prong decays yield another independent measurement.
The derived lifetime is 295.5 + 5.9 & 3.1fs, using m, = 1777.1 £ 0.5MeV /¢

Including previous (1989-1990) ALEPH measurements, the combined 7 lifetime
is 294.7 + 5.4 + 3.01s.
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1 Introduction

The study of weak interactions has led to the formulation of a lepton universality principle
stating that amplitudes of charged current processes do not depend on lepton generation.
Measurements of 7 lepton properties are less precise than those achieved for g and e. In
particular, experimental information on charged current interactions of the 7 is available
only through measurements of its decays. Comparing the decay rates for 7 — ev.r, and
p — ev.v, tests y-t universality: :

(2:)2 = (22)" 2 s — ) (1)

Gu Me/ Tr

The g; are the strengths of the charged current couplings, m; and 7; are the masses and
lifetimes of 7 and g, and B(r — eT.v,) is the electron branching fraction of the 7 lepton.
Using the published values of m; {1} and B(T — e¥V.r,) [1], and the average 7 lifetime [2-14],
an apparent deviation from universality at the 2o level was observed: g,/g, = 0.973 4 0.012.
Possible explanations for such a deviation are listed in [15]. Recent measurements of the 7
mass [16, 17] yield a revised world average of 1777.1 0.5 MeV/c? and a smaller deviation
from universality.

At LEP the high purity of the 7 sample and the reduced multiple scattering due to
high track momentum provide favourable experimental conditions for this lifetime measure-
ment {10-13]. In this paper a 7 lifetime measurement is presented which takes advantage of
the greatly improved impact parameter resolution achieved with the new silicon strip vertex
detector installed in ALEPH before the 1991 data taking period.

This letter describes three analysis methods: first a new technique based on the distance
between tracks at the production point in 1-1 topology events, then the impact parameter
difference analysis introduced in a previous letter [13], and finally the conventional analysis
of the decay length for r decaying into three prongs.

2 Experimental Setup and Data Sample

The configuration of the ALEPH detector is described in detail elsewhere [18]. Two relevant
changes were performed before the 1991 data taking period. The 7.8 cm radius aluminium
beam pipe was replaced by a 5.3 cm berylliumone. A high resolution vertex detector (VDET)
consisting of two layers of 300 um thick silicon wafers was inserted [19]. Each layer provides
measurements both in the r-¢ and r-z views at average radii of 6.3 and 10.8 cm. The spatial
resolution for the r-¢ coordinate is 12 um and varies between 12 and 22 um for the z coor-
dinate, depending on track polar angle. The solid angle coverage is 85% for the inner layer
and 69% for the outer layer.

The design of the VDET includes a 5% overlap between the active regions of wafers
adjacent in r-¢. Using tracks which go through this region the relative position of adjacent
wafers is measured with an accuracy of less than 2 ym. Forcing agreement around the full
circumference gives a statistical error of about 1um on the average radial position of the
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wafers. Using the global alignment procedure the radial positions of the individual detectors
are known to a precision of 5 ym (rms) over the full active area. Thus, the fractional error on
decay length coming from a systematic error in the average radial position of VDET wafers
is less than 1074,

Charged particles, once outside VDET, cross the inner tracking chamber (ITC) and the
time projection chamber (TPC). The ITC is a cylindrical drift chamber with eight axial wire
layers at radii of 16 to 26 cm. The TPC provides up to 21 space points per track at radii
between 40 and 171 cm. Tracking is performed in a 1.5 T magnetic field.

Detector-induced distortions in the measurement of impact parameter d could lead to
biases in d which depend on ¢, 8, etc. In the case that the detector has no dead zones in ¢,
these distortions do not cause a first order change in the measured decay length in the r-¢
plane. However, correlated offsets in d and ¢ would introduce a second order decay length
bias. From a study of Z — ptu~ and qq events, the size of this effect is found to be less
than 2 gm or 0.1% of the mean r decay length.

The electromagnetic calorimeter (ECAL) is used in this analysis to reject Bhabha events
and to identify e* tracks which have undergone hard bremsstrahlung in the detector material.
It is also used to measure photons and to remove 7+7~ events accompanied by final state
radiation. The ECAL is a lead/wire-chamber sandwich operated in proportional mode. The
calorimeter is read out via projective towers subtending typically 15 mrad x 15 mrad in solid
angle which sum the deposited energy in three sections in depth. The high granularity of
- the ECAL is particularly suited to 7 physics at LEP, where 1’s decay into narrow jets.
The energy resolution for photons and electrons is og/E ~ 0.2/v/E and a typical angular
precision of ~ 3.5 mrad/vE is achieved.

The hadron calorimeter (HCAL) uses the iron return yoke as absorber with an average
depth of 1.30m. Hadronic showers are sampled by 23 planes of streamer tubes, providing a
digital hit pattern and inducing an analog signal on pads arranged in projective towers. The
HCAL is used in combination with two layers of muon chambers outside the magnet for
identification.

Charged particle tracks are reconstructed in the VDET-ITC-TPC system. The fit to
the measured coordinates takes into account coordinate resolution and multiple scattering
effects. An impact parameter resolution of 28 ym is achieved in the r-¢ plane for muons
from Z — p*tp~ having at least one VDET r-¢ hit [20]. With the help of VDET the beam
position is determined with a precision of 30 ym horizontally and 10 um vertically, averaged
over blocks of about 100 hadronic events. Measurement of the effective size of the interaction
region gives o, = 142+ 2ym, o, < 8 um, o, = 0.93 £ 0.01 cm, averaged over the whole data
sample.

Energy releases in ECAL and HCAL are reconstructed separately. Electromagnetic clus-
ters are considered photon candidates if their distance from the impact point of a charged
track is greater than 4cm [21]. A procedure that combines information from charged and
neutral particles is applied to determine the flow of energy in the event [22].

The data sample used in this analysis was collected in 1991 at centre-of-mass energies
between 88.5 and 93.7GeV. Data with fully functional tracking detectors represent an
integrated luminosity of 10.3pb~"' or about 11800 produced 7 pair events. The 7 pair
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selection procedure is described in detail in [23] and so only a brief account is given here.
Hadronic Z decays are rejected by selecting events with more than one and less than seven
charged tracks forming well collimated back-to-back jets compatible with 7 decays. Electron
and muon pairs are removed by requiring a mass-squared recoiling against the two track
system greater than 400 (GeV/c?)2. A further cut against electron pairs is applied, asking
less than 55 GeV deposited in the ECAL. The overall efficiency for this selection is 73%,
with a total background contribution from other Z decays and two-photon interactions of
3%. The 77~ sample contains 8896 candidate events to which further cuts are applied for
the different analyses.

3 Analysis of One-Prong 7 Decays

For a 7 decaying into a single charged particle one can in principle determine the decay
length from the decay angle and the impact parameter of the track with respect to the
production point. In practice, however, if one considers a single 7 decay in e*e™ collisions
such a procedure is not applicable: the production point is known only with the precision
of the beam size and the 7 direction cannot be precisely measured because of undetected
neutrinos in the decay. To recover most of the missing information from 1-1 topology events
(74% of all 7 pairs) the two methods described herein use the information provided by both
T decays. It is needed in this case to assume that the 7’s are produced back-to-back. This
is achieved by working in the r-¢ projection which does not suffer from acollinearity caused

by initial state radiation and by vetoing large angle final state radiation as explained below.

The first approach (Impact Parameter Sum) aims to measure the distance between the
tracks at their point of closest approach to the beam axis. This is an effective application
of the vertex detector, cancelling smearing in the reconstructed impact parameter d from
the beam size which would otherwise dominate the resolution. The following convention is
used to choose the sign of d: d is positive if the particle moves counterclockwise in the r-¢
plane with respect to the heam axis when at minimum distance. Then é = d; + d; does
not depend on the Z production point (see fig. 1). This is strictly true only if the tracks are
collinear, otherwise a contribution proportional to their acollinearity and to the beam size
appears. The event sphericity axis, computed with charged and neutral particles, is used to
estimate the 7 direction. For a fixed pair of decay angles (¢], ¥5), each d; has an exponential
distribution with mean £sin @sin+, where £ is the average decay length and ¢ is the 7
polar angle. The distribution of 4 is a combination of these two exponential functions which
depends on the magnitudes and relative signs of the decay angles ¢} and ;. A maximum
likelihood fit for £ is then performed, accounting for the errors on é and ¥ ,.

The second method (Impact Parameter Difference), described in detail in [13], eliminates
the need to estimate the 7 direction by considering the azimuthal angle between the two
daughter tracks and the algebraic difference of their impact parameters. The lifetime is de-
termined from the measured correlation between these quantities. The result is insensitive
to assumptions on detector resolution and decay angular distributions. The beam size con-
tributes doubly to the smearing on the impact parameter difference, reducing the statistical
precision of the measurement.



In both of these methods, the statistical error on the 7 decay length is increased by
smearing from measurement errors. The largest contributions to the statistical uncertainties
in the two analyses are the 7 direction uncertainty and the beam size, respectively. The
measurements therefore have nearly independent statistical errors, although the samples
used overlap to a large extent.

4 Impact Parameter Sum Analysis

4.1 Likelihood Function

For the configuration shown in fig. la, where the true angles ¥ and ¥} are positive, the
distribution of the true sum of impact parameters ¢ is given by

exp (—6'/sin @ sin b)) — exp (—&'/€sin 8 sin )

dN £sin B(sin yp] — sin ¥4) &>0 : ‘
= . ] > 0,95 > 0. (2)

0 ( & <0

This is obtained by folding the exponentials for d; and d;, imposing 6" = d; + d;. On the
other hand if ¥/{ > 0, ¥} < 0 as in fig. 1b, the distribution is

exp (—48'/¢sin 0 sin +H7)

&' >0

dN £sin 8(sin 1] — sin y¥}) ! '
W " e g o<l ¥
. exp (—8'/{sin 8 sin }) & <0
£5in B(sin 1| — sinaby)

The expectation value of the distributions in eqs. 2 and 3 is always £sin 8 (sin )} + sin 7).

The distribution for the observed sum of impact parameters é is obtained by convolving
the true ¢’ distribution with a resolution function for é and the observed angles v and 5.
Since the angular error contribution from tracking (~ 0.5mrad) is negligible with respect
to the sphericity axis fluctuations (~ 20 mrad), the resolution function can be factored into
two independent functions g and h:

dN6 3 ! ? ' f / , d‘N 61’ r’ h)
IO ) _ [ sy iy o, a5 [ ' g(6,8) LY

The smearing on é, characterized by the function g, is dominated by the resolution of the
tracking devices, and in particular of the VDET. The tracking errors on é are described by
a Gaussian distribution with variance o, as discussed in section 4.3. As mentioned above
an additional smearing on ¢ comes from the size of the beam. This small contribution is
modelied by a Gaussian function with variance

ok = 4sin? %¢ (cZsin® ¢ + o) cos® §), (5)
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where o, and o, describe the beam size, ¢ = (¢1+ ¢2)/2 is the average of the track azimuthal
angles and a¢ = ¢, — ¢ = 7 is the acollinearity of the tracks in the r-¢ projection. The
errors ¢y and oy, are computed for each event.

Fluctuations in the decay angles come from approximating the unknown 7 direction with
the sphericity axis of the event. Event axis errors depend primarily on the momentum and
direction of the undetected neutrinos, the detector resolution playing only a marginal role.
The resolution function h gives the probability for a pair with original angles (11, 3) to have
the measured values (t1,12). This function depends on the decay properties of the 7 and
is obtained by determining the sphericity axis on a high statistics sample of Monte Carlo 7
pairs without full detector simulation. It should be noted that in practice the deviation of
S =y + 9, from 8" = ¢} + ¥4 is studied as a function of S and D = ¢); — ). Neglecting
1 measurement errors and the 7’s acollinearity, it is assumed that ) — ¢5 = ¥y — ¢b5. The
distributions of § and D for data and Monte Carlo are shown in fig. 2. By comparing the
S and §' distributions in Monte Carlo (fig. 2a), one can see the systematic narrowing of S
caused by errors in the event axis determination’

The likelihood of each event is obtained by performing the integrations of eq. 4. The
convolution of f‘% with g can be expressed analytically. A numerical integration on &’ is
then performed, care being taken to pick up the correct expression according to the signs of
), %, and . The global likelihood is maximized with respect to the mean decay length /.

4.2 Event Selection

Starting from the sample of candidate 7 pairs, cuts are applied to select the 1-1 configurations
which contain well measured tracks, that is, with a sufficient number of points in the TPC
and ITC and at least one r-¢ hit in the VDET (table 1). The loss of events at this point
comes mainly from the limited solid angle subtended by the vertex detector. To reduce the
lifetime bias due to nuclear interactions in the detector material a stringent cut on events
containing extra charged tracks is used. Events containing isolated photons are rejected: the
invariant mass of any photon and the nearest charged track must be less than 2 GeV/ ct.
This requirement is designed to remove 7+7~ events with final state radiation. Electrons
undergoing hard bremsstrahlung in the detector material suffer appreciable variations in the
reconstructed ¢ and d. When an electron and a close photon are identified, the event is
rejected if the variation |ad| estimated from the ECAL information and the e* momentum
is greater than 100 gm [13]. Finally, the requirement |t;| < 150 mrad is imposed to further
reduce the background from 77 processes. The resulting distribution of é is shown in fig. 3a.
The solid histogram represents the Monte Carlo sample used in the analysis [24], normalized
to the data, the points are the 7 data, and the hatched histogram comes from a simulated
zero-lifetime 7 sample. The & resolution obtained from Monte Carlo is 76 um (rms), giving
full access to the lifetime information. For comparison the analogous distribution for dimuons
from Z decays is shown in fig. 3b.

The sphericity axis is used rather than the thrust axis to estimate the 7 direction because it results in
a smaller distortion of the 5 distribution.



Table 1: Numbers of surviving candidates in the impact parameter sum analysis.

Cut Events
I-1 topology 5574
Bhabha rejection 5483
2q=70 5336
No extra track 4713
p>1GeV/e 4570
Nrpe 29 4538
Nire + Nipc > 12 4189
Nyper 21 3086
Y x%/Dof. <1 3017
Isolated ~ rejection 2827
Bremsstrahlung rejection | 2572
4] < 0.15 rad 2480
6] < 0.18 cm 2479

4.3 Fit Results on Monte Carlo and Data

The likelihood function described previously contains a Gaussian with standard deviation
o, coming from tracking performance. Though the helix fit procedure provides the errors
(71, 02) on the two impact parameters, a calibration of errors with data is necessary due to
imperfections in the model. To correct the calculated errors from coordinate measurement
and multiple scattering, and to account for residual misalignments, the form of = k?*(o? +
o3) + p* is adopted for the tracking error on §. The importance of these effects varies with
track momentum. Tn order to cover the full momentum range an analysis of dimuon events
produced in 7 decays and in 7 collisions is used to determine the values x2 = 1.14 & 0.15
and p? = 490 £ 140 um? with a —97% error correlation. Using these values, the fit to the
data gives a mean decay length £ = 0.2125 + 0.0055cm. The systematic uncertainty from
the parametrization of o, is 0.0022cm. Figures 4a—e show the distribution of & divided in
bins of ¥ + 1,. Superimposed on the data is the best fit distribution.

Biases are expected due to the approximations in the evaluation of h, in particular due
to the the binning of 4. This bias is determined from fully simulated 7 events, fitted with
the same procedure (figs. 4f-j). An analysis of the residuals over the whole momentum
range in simulated 7 events gives x* = 1.30 & 0.02, setting p? = 0. The choice p* =0 was
found to be consistent with the absence of variation of ¥ with momentum in Monte Carlo
events. The fitted 7 decay length in Monte Carlo is £ = 0.2262 + 0.0025 cm, to be compared
with the expected value of 0.2328 cm for a lifetime of 304 {s, a mass of 1777.1 MeV/c%, and
a centre of mass energy of 91.20 GeV, including radiative corrections to the 7 momentum.

The decay length bias introduced by the reconstruction and fitting procedure is thus found
to be —2.8 + 1.1%.

The following sources of background are considered: Z — qq, e*e™, and gt~ vy — 1T~
where ! = e, g, 7; and 4y — hadrons. Hadronic background is negligible in the 1-1 sample.
The contamination from the other channels is predicted by Monte Carlo to be 2.5 + 0.3%,
leading to a lifetime bias of —0.6 & 0.4%.



Table 2: Systematic biases and uncertainties in the impact parameter sum analysis.

a7 (%)
Bias in Monte Carlo -284+1.1
o Parametrization +0.9
Background —0.6 0.4
7 Branching Ratios +0.8
7 Transverse Polarization | —0.5 £ 0.5
Beam Size negligible
Total -394+1.8

Other biases originate in the simulation of the event axis uncertainty. Two aspects of
the r decay simulation which affect the event axis determination are the branching ratios
and the correlation of the 7+ and 7~ transverse polarizations. Branching ratios for the
various one-prong modes are varied within their errors [25], yielding a lifetime uncertainty of
+0.8%. Transverse polarization correlation effects, which are not simulated in KORALZ [24],
are studied using the generator KORALB? [26]. These effects would correlate the decay angles
of the two 7’s in the r-¢ projection, therefore influencing the event axis error. Events are
generated with and without the correlation. The fitted decay length is found to be 0.5£0.5%
smaller when the correlation is included. A correction is applied for this bias in the Monte
Carlo calibration sample.

The systematic biases and uncertainties are summarized in table 2. Correcting the mea-
sured decay length for the biases and assuming a 7 mass of 1777.1 MeV /¢? yields
7, = 288.3 & 7.5 (stat) & 5.1 (syst) fs

for this analysis.

5 Impact Parameter Difference Analysis

The 1-1 topology events were also analyzed with the impact parameter difference method.
This method is based on the fact that (1) the 77 and 7~ are produced nearly back-to-back
in the r-¢ projection and (2) sin# = . The mean difference of impact parameters (for fixed
angles) is given by {d — d_) = £(sintp, —sinyp_)sin 6 = fagsind. The full details of this
procedure are given in [13].

The following quantities are determined for each event:

Y = d+ — d_..,
i ﬁf(\/g) s
X = ——=ag¢gsinb,
pr(peak) ¢

where p,(4/5) is the mean 7 momentum, determined from Monte Carlo simulation after all
event selection criteria are applied, and @ is taken from the event thrust axis. No estimate of

2The version of this program used has Z exchange, however it is not appropriate for general studies as it
lacks radiative corrections.
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Table 3: Numbers of surviving candidates in the impact parameter difference analysis.

Cut Events
1-1 topology, > g =10 5536
No extra track, 2 < |d| < 40cm | 5223
Cosmic ray rejection 5217
Nyper >1 4035
Nirc > 4 3973
x*/D.of <5 3848
p>1GeV/c 3733
Bremsstrahlung rejection 3407
Isolated ~ rejection 3237
| X] <0.18 3205

the 7 direction is needed to determine ag. The lifetime is then determined from the Y vs. X
distribution and the relation

) = [?__(p_k)] X, (6)

The quantity in brackets corresponds to the slope of (Y)vs. X and is equal to the mean 7
laboratory decay length at the reference “peak” energy of V8 = 91.25GeV.

The essential difference with the analysis described in [13] is the additional requirement of
at least one VDET 1-¢ hit associated with each track (table 3). Besides improving the d res-
olution, this requirement provides powerful rejection of mismeasured tracks, including those
undergoing hard scattering or bremsstrahlung in the ITC or TPC. Several other refinements
have been made in the event selection to reduce systematic errors. Events containing one or
more extra charged tracks not emanating from the interaction point, (2em < |d| < 48 cm) are
rejected. This reduces the lifetime bias due to nuclear interactions in the detector material.
The more stringent requirement |ad| < 100 zm is now used with the bremsstrahlung rejec-
tion procedure. Finally, better rejection of y7++~ events is achieved by considering photons
down to 1GeV energy and by requiring a y-charged-track invariant mass below 2GeV/cl.
There are 3205 events remaining with | X! < 0.18.

The Y vs. X distribution is shown in fig. 5a. The parameters of the line ¥ = ag + a; X
are obtained from the data with an unbinned least-squares fit. To reduce the statistical
uncertainty on the fitted slope, each event 7 js weighted by 1/6%(Y;); the o(Y;) account for
tracking errors and smearing due to the beam size and the exponential decay time distri-
bution. In order to reduce fluctuations and biases caused by poorly measured tracks, an
iterative trimming procedure is employed. After each iteration, the fitted values of ag and a,
are used to compute the residual A; = Y; — ag—ay, X for each event. Events with |A;| < Atrim
are considered in the next iteration. A value of 690 pm is chosen for Ayn, removing ap-
proximately 1% of the events from each tail. The fit results are ag = +0.0002 £ 0.0004 cim
and a; = +0.2196 £ 0.0084 cm, with x? = 2777 for 3139 degrees of freedom (fig. 3b). The
statistical uncertainty on a, is independently calculated by fitting many random samples
of {Y;} which are generated from the observed distribution of A; /oi. The uncertainty so
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Table 4: Systematic biases and uncertainties in the impact parameter difference analysis.

at: [t (%)
Selection Bias —05x04
a¢ X sintp, — sint. Approximation ;| —0.2 % 0.0
7 Acollinearity —0.24+0.3
Tracking Errors + Trimming —-53+06
Simulation of Detector Resolution negligible
Detector Alignment £0.1
Simulation of Track Fit x? +0.2
Backgrounds —1.5£0.8
Total 7.6+ 1.1

obtained, 0.0085 cmn, is used in the lifetime determination?

The fitted value of a; is corrected for several biases which are estimated from Monte Carlo
simulation (table 4). The lifetime bias introduced by the selection procedure is —0.5 % 0.4%.
The assumption that ad = sin ¢, —sin_ results in a bias on ; of —0.2%. The acollinearity
of the 7 pairs in the remaining y7+7~ events yields a bias of —0.24 0.3%. This uncertainty
is based on a study of isclated photons in data and Monte Carlo.

The bias due to track measurement errors is +1.3 & 0.5%. The trimming procedure
removes some well-measured events with long 7 lifetimes, introducing a negative bias on a;
of —6.6 + 0.6%. The statistical errors on these two biases are anti-correlated; the net bias
due to tracking errors and trimming is —5.3 & 0.6%. The systematic uncertainty on the
" lifetime associated with simulation of the detector resolution is negligible. Comparisons of
the numbers of nuclear and bremsstrahlung interactions in data and Monte Carlo indicate
that these contributions to the lifetime uncertainty are also negligible. Detector alignment
errors yield an uncertainty of £0.1%. The simulation of the number of electrons surviving
the track fit x? cut contributes £0.2% to the lifetime uncertainty. The measured lifetime is
insensitive to the size of the interaction region: when the generated o, and o, are increased
by 50% in the Monte Carlo (without changing the values assumed in the fit), the fitted slope
changes by —0.5 £ 0.6%.

The net lifetime bias due to backgrounds is estimated from Monte Carlo simulation to
be —1.540.2%, to which an additional systematic uncertainty of £0.7% is assigned allowing
for a 50% uncertainty in the effect of the background. Two-photon interactions are the
dominant source of background, amounting to 1.4% of the final sample.

The calculated biases, particularly that due to trimming, depend on the input Monte
Carlo 7 lifetime. A variation in 7, of £3.9% (corresponding to the statistical uncertainty on
a1) leads to a change in the total bias of 0.3%. This is accounted for in the calculation of
7, and 1ts statistical error.

Variations in the fitted slope a, are correctly reproduced by the Monte Carlo as the fit
limit on |X| is changed to 0.14 or 0.22, and as the effective trim fraction is varied between

31f trimming were not performed, the x* would be 4138 for 3203 degrees of freedom, and the statistical
uncertainty on @; would be 4.0% rather than 3.9%.
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0 and 25% in each tail. The measured lifetimes obtained with and without trimming differ
by 0.4%; the expected rms difference is 3.0%. The lifetime is also insensitive to variations in
the event weight contributions.

Using p,(peak) = 45.40 GeV/c and m, = 1777.1 MeV/c? in eq. 6 gives

7, = 310.5 £ 13.0 (stat) + 3.5 (syst) fs.

6 Decay Length Analysis

In the decay length method secondary vertices are reconstructed using the full three-dimensional
information provided by the detector; together with the beam position and its size, the 7
flight distance is computed. A maximum likelihood fit is then performed to determine the
average decay length.

The 7 pair sample is the same as that described before. Three-prong 7 decays are selected
from the 7 candidates by requiring three tracks in the same hemisphere with total charge
equal to 1. To ensure good quality tracking, each track should have at least eight TPC
points, and at least two points in the ITC or one in VDET. VDET measurements in both
the r-¢ and r-z views are considered. The track momentum must be larger than 0.3 GeV/c
- and the helix fit x* must be less than four times the number of degrees of freedom. The track
should come from within 4 cm of the origin in 2 and have an impact parameter smaller than
0.5 cm. Moreover, at least two tracks are required to have coordinate points in the VDET.
The numbers of surviving candidates at various stages of the selection are given in table 5.

In order to reject the remaining hadronic events, three-prong decay candidates are re-
tained only if their invariant mass is less than 1.5 GeV /¢2. Decays with an identified electron
are rejected to reduce contamination from photon conversion.

A three-dimensional vertex fit is performed from the track parameters, and the decay can-
didates are retained only if the vertex y?2 probability is greater than 4%. This cut rejects 36%
of the 7’s (27% in Monte Carlo). Most of the rejected candidates have mcorrectly assigned
VDET hits. The fraction of events showing this pattern recognition problem is not simulated
correctly. As shown below, this does not affect appreciably the lifetime measurement.

For each candidate the decay length in space is found using a least-squares procedure
similar to the one outlined in [13], searching for the best T production and decay points
around the beam spot and the secondary vertex, respectively, but constraining the 7 flight
path to be parallel to the sphericity axis. Errors in the 7 direction are decoupled from the
decay length fit by increasing the assumed beam spot size in the plane orthogonal to the =
direction. This procedure has no effect on the decay length resolution. In the Monte Carlo
sample this fit x? probability distribution shows a small excess near zero, due to events with
reconstruction problems. These are removed by applying a cut at 1% probability; it was
checked that no bias is introduced. An average decay length resolution of 740 pum is achieved
in Monte Carlo data. Candidates for which the computed error on the decay length is greater

than 0.3 cm are also rejected. Figure 6 shows the decay length distribution for the remaining
909 7 decays.
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Table 5: Numbers of surviving candidates in three-prong selection.

Cut Decays
Three-track jet 2463
Track quality cuts 1882
No electron 1483
Invariant mass < 1.5 GeV/¢* 1458
Probability of vertex fit > 0.04 930
Probability of decay length fit > 0.01 | 920
Computed error lower than 0.3 cm 909

The mean decay length is extracted from the decay length distribution using a maximum
likelihood method. The probability function is taken as the convolution of a decreasing
exponential with a Gaussian resolution function. The decay length uncertainties are mul-
tiplied by a scaling factor k which is also extracted from the fit. The mean decay length
¢ is adjusted to correspond to a center of mass energy of 91.25GeV. The results for data
are { = 0.2252 + 0.0080cm and k& = 1.176 & 0.064; the error on £ is dominated by the
exponential width. For simulated events, the same procedure gives £ = 0.2311 & 0.0029 cm
and k = 1.103 £ 0.023. The fitted £ is in agreement with the expected value, 0.2329 cm, for
m, = 1777.1 MeV /c? and 7, = 304{s. The k value reflects the imperfect assignment of the
error by the helix fit program.

Several sources of systematic errors are studied. First, the bias due to the residual
contamination of hadronic events is found from Monte Carlo simulation to be —0.6 + 0.3%.
The contamination from one-prong decays with photon conversions is also studied from
Monte Carlo; it is found to have an effect of £0.2%. More important are the effects of
pattern recognition errors. Events with problems in track-hit association are expected to be
concentrated at low x* probability in the vertex fit. This can be seen by studying how the
factor k and the decay length vary when the cut on the vertex x? probability is changed
" from 0.2 to very small values (fig. 7a,b). One can see that at low x* probability values the
factor k grows, showing the presence of tails in the resolution function. For cuts greater than
0.04 the variation can be explained by statistics alone, implying that the contamination from
wrong association has been reduced to a constant level. On the other hand, the decay length
rises slowly due to the correlation with k and tends toward a constant for vertex probabilities
greater than 0.04. A similar behaviour is seen in the data. In fig. 7c the ratio of the data and
Monte Carlo decay lengths is shown as a function of the cut on x* probability. To estimate
the effect of the possibly different pattern recognition error rates in data and Monte Carlo,
the variation of the ratio obtained by changing this cut by £0.02 is taken as the systematic
uncertainty (£0.6%). As a further check the fitted lifetime was studied as a function of the
opening angle of the T decay products since pattern recognition problems were expected to
be linked to small opening angles; no effect larger than the expected statistical fluctuation
was seen.

Errors on the beam position and size are found to have a negligible effect on the final
result (< 0.1%). The error due to the scaling factor k is taken into account in the statistical
uncertainty on the decay length. Systematics errors are summarized in table 6.
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Table 6: Systematic biases and uncertainties in the decay length analysis.

at, /7. (%)
Bias in Monte Carlo —0.7+13
qq background —0.6 +0.3
Photon conversion +0.2
Beam size and position negligible
Wrong track-hit assignment +0.6
Total -13x£15

The total systematic bias and uncertainty is —1.3 & 1.5%. The corrected 7 lifetime
. obtained with the decay length method is

7, = 298.0 £ 10.6 (stat) + 4.5 (syst) fs.

7 Conclusions

Three different techniques have been used to measure the 7 lifetime from the 1991 ALEPH
data sample. The newly-developed impact parameter sum method provides good statistical
precision by virtually eliminating the impact parameter smearing due to the beam size in
events of 1-1 topology. The impact parameter difference method yields small systematic
errors because it requires no estimate of the 7 production direction in the r-¢ plane. The
third measurement is obtained from three-prong decays by the conventional decay length
method. S

A weighted average of the three results is computed following the procedure described
in [27]. The weights are determined from the uncertainties and correlations of the measure-
ments. The correlation coefficient of the statistical errors from the two analyses of one-prong
decays is determined from Monte Carlo simulation to be 0.2240.11. The common systematic
errors are also accounted for. The combined result from the three techniques is

7r = 295.5 4 5.9 (stat) £ 3.1 (syst) fs,

where m, = 1777.1 MeV /c? has been assumed. The consistency of the three measurements is
characterized by a x? of 2.4 for two degrees of freedom (corresponding to a 30% probability).

The previous ALEPH measurements {13], adjusted? to correspond to the same m., are
combined with the present results in an analogous way, yielding

T, = 294.7 £ 5.4 (stat) + 3.0 (syst) fs

with x? = 3.6 for six degrees of freedom.

Assuming e-u universality, the ALEPH measurements [25] of B(r — ev,v.) and B(r —
p¥7,v;) may be combined (with the appropriate phase space correction) to give an effective

“The relation between the mean decay length and the mean lifetime depends on m,. This relation is used
in the impact parameter sum, impact parameter difference, and decay length methods, whereas the results
of a conventional impact parameter analysis do not depend, to first order, on the assumed 7 mass.
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branching fraction B. = 0.1794 # 0.0042. With the ALEPH values of 7, and B., the ratio
of coupling constants from eq. 1 is g-/g, = 0.997 £ 0.016. Using instead the world average
B, = 0.1799 4 0.0019 [1], this ratio becomes g,/g, = 0.998 + 0.012. The present result is in
excellent agreement with y-7 universality.
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Figure 1: Decays with 1-1 topology: a) %} > 0, ¥4 > 0; b) ] > 0, ¢, < 0. The positive z-axis
points out of the page. Angles are measured counterclockwise.
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Figure 2: Distributions of (a) § = ¥, + 4, and (b) D = 3y — ¥, for r Monte Carlo (histogram} and
data (points). The dashed curve superimposed on (a) is the distribution of §' = %] + ¥4 obtained
from generated angles.
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Figure 3: (a) Distribution of the sum of impact parameters é for 7 Monte Carlo (histogram), 7 data
(points) and zero-lifetime 7 Monte Carlo (hatched histogram). (b) Same for dimuon data from Z
decays.
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Figure 5: (a) Y vs. X for the accepted events. (b) (¥') vs. X for the data of (a). The line shows the
result of the unbinned fit described in the text. The data are shown after trimming at £690 ym
with respect to the best fit line. The dashed curve represents the expected behaviour from a Monte
Carlo simulation of Z decays and two-photon interactions.
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Figure 6: Decay length distribution for data (points) and Monte Carlo (histogram): (a) linear scale,
(b) log scale. The generated 7 lifetime is 304 fs.
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Figure 7: (a) Variation of & for Monte Carlo as function of the cut on vertex x* probability. The
error bar corresponding to the cut at 0.04 probability shows the total statistical error, while the
other error bars are the expected variation from the reference point due to the different number of
events. (b) Same for £. (¢) Ratio of data and Monte Carlo decay lengths.
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