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using data collected with the DELPHI detector at the LEP



collider during 1991 and 1992. The measurement was per-
formed using two different analyses. The first method was an
improvement on a previous technique, which used charged
particle impact parameter distributions. This analysis mea-
sured an average lifetime for B hadrons of

75 = 1.542 £ 0.021 (stat.) & 0.045 (syst.) ps. (1)

The second method was based on a new technique, which
used inclusively reconstructed secondary vertices to measure

7B = 1.599 + 0.014 (stat.) & 0.035 (syst.) ps. 2)

Taking into account both the statistical and systematic cor-
relations, the results of these two methods were combined
to give an average lifetime for B hadrons of

7B = 1.582 £ 0.012 (stat.) + 0.032 (syst.) ps. 3)

1 Introduction

The precise measurement of the B hadron lifetime is impor-
tant for the study of the weak decays of the b quark and of
its couplings to the u and ¢ quarks. Several direct measure-
ments of the average lifetime of B hadrons, 75, have been
performed at e*e™ and pj colliders [1]. In this paper, two
different analyses are presented. The first analysis is an im-
provement on a previous technique [2], which used charged
particle impact parameter distributions. The second analysis
is based on a new technique for reconstructing secondary
vertices.

These two analyses provided complementary measure-
ments of the average lifetime of B hadrons. In the impact
parameter analysis, the uncertainty of the fragmentation of
the Z° into B hadrons was reduced compared to the ver-
tex analysis; in the vertex analysis, the uncertainty of the
charged particle tracking resolution was found to be negligi-
ble in comparison with the impact parameter analysis. The
uncertainties in the measurement of the lifetime arising from
the knowledge of the production fractions and branching ra-
tios of b and ¢ hadrons, and the uncertainty in the lifetimes
of D mesons were found to be smaller in the vertex analy-
sis. Due to the differing selection requirements of these two
measurements, the number of events in common was small.
Thus, the combination of these two analyses leads to a more
precise measurement of the average lifetime of B hadrons.

In addition, compared to the previous DELPHI result [2],
both analyses benefit from a factor of 10 increase in statis-
tics and an improved vertex detector. This allowed a more
precise reconstruction of charged particles, improving the
knowledge of the systematic uncertainties associated with
the measurement and increasing the sensitivity to short lived
heavy flavored hadrons. Therefore, the result presented in
this paper supersedes the previously published DELPHI re-
sult.

2 The DELPHI detector

The DELPHI detector has been described in detail else-
where [3], only those components which were relevant to
these analyses are discussed here.

5

The tracking of charged particles was accomplished with
a set of cylindrical tracking detectors whose axes were ori-
ented along the 1.23 T magnetic field and the direction of
the beam. The z axis was defined to be along the axis of
the magnetic field, with positive z pointing in the direction
of the outgoing electron beam. The vertex detector (VD),
located nearest the LEP interaction region, had an intrinsic
resolution of 5-6 pm and consisted of three concentric lay-
ers of silicon microstrip detectors at average radii of 6.3 cm,
8.8 cm, and 10.9 ecm. A beryllium beam pipe with a ra-
dius of 5.5 cm was installed in 1991, which allowed the
extra layer of silicon microstrip detectors to be added at a
radius_of 6.3 cm. Qutside the VD between radii of 12 cm
and 28 cm was the inner detector (ID), a jet chamber giving
up to 24 spatial measurements. The VD and ID were sur-
rounded by the main DELPHI tracking chamber, the time
projection chamber (TPC), which provided up to 16 space
points between radii of 30 cm and 122 cm. The outer detec-
tor (OD) at a radius of 198 cm to 206 cm consisted of five
layers of drift cells. The average momentum resolution of
the tracking system was measured to be o(p)/p = 0.001 p
(where p is expressed in units of GeV/c), in the polar region
between 30° and 150°.

After alignment corrections had been applied, the reso-
lution of the charged particle track extrapolation to the inter-
action region was measured using high momentum muons
from Z° — p*u~ events. A value of 26 + 2 pum for this
resolution was obtained. In hadronic events, the extrapola-
tion accuracy has been measured over the full momentum
range to be /262 + 692/p? um, where p; is the transverse
momentum of the particle with respect to the z axis and is
measured in units of GeV/c [4].

3 Data sets and event selection

These analyses used the data collected with the DELPHI
detector during 1991 and 1992, which corresponded to a
total integrated luminosity of 33.9 pb~!.

In both analyses, charged particles were required to have
a measured momentum, p, greater than 100 MeV/c and less
than 50 GeV/c, a polar angle, 6, greater than 20° and less
than 160°, a reconstructed charged particle track length of
more than 20 cm, and a distance of closest approach to
the centre of the beam interaction region of less than 5 cm
in radius and less than 10 ¢m in z. Neutral particles were
required to have a measured energy of at least 100 MeV and
less than 50 GeV.

Hadronic events were selected which contained at least
7 charged particles, where the sum of the squared transverse
momenta of these particles was greater than 9 GeV?/c2. Fur-
thermore, the sum of both the momentum of charged par-
ticles and energy of neutral particles in these events was
required to be greater than 16 GeV or the invariant mass of
the charged particles (neglecting the mass of each particle)
had to be greater than 12 GeV/c?. After these cuts, the 1991
data contained 240 000 hadronic events and the 1992 data
contained 670 000 hadronic events.

A detailed Monte Carlo simulation was needed to help
identify events containing B decays and extract the physics
functions (described later) used to measure the lifetime.



Thus, two Monte Carlo data sets of hadronic events were
generated [S] and passed through a detailed simulation of
the detector. In one sample, all the B hadron lifetimes were
set to 1.200 ps, except the A, lifetime which was set to
1.300 ps. This corresponded to an average lifetime for B
hadrons of 1.208 ps. In the other sample, the lifetimes of all
B hadrons were 1.600 ps, except for the Ay for which it was
1.300 ps. The average lifetime of B hadrons in this sample
was 1.576 ps. Another simulation was developed to model
the charged particle track efficiency, position and momen-
tum resolution of DELPHI detector. This was used to create
large simulated data samples with different average lifetimes
of B hadrons and fragmentation functions.

4 Impact parameter analysis

The impact parameter method has been widely used to ex-
tract the average lifetime of B hadrons. Using a new selec-
tion technique, the data have been enriched in bb events. This
improved purity, combined with an increase in statistics, has
permitted a more accurate determination of the lifetime. The
following section describes the method used to extract the
average lifetime of B hadrons from charged particle impact
parameter distributions.

4.1 Analysis method

The impact parameter, §, was defined as the distance of clos-
est approach of a charged particle to the centre of the beam
interaction region, which was assumed to be the Z° produc-
tion point. This distance was evaluated in the zy-plane, per-
pendicular to the beam direction, where the average width of
the beam interaction region and charged particle tracking er-
rors were small. The shape of the interaction region was well
represented by a Gaussian distribution with o, = 145 pm,
gy =7 pm in 1991 and o, = 100 pm, oy, =7 pm in 1992.
In the zy-plane, the beam centre was determined with a pre-
cision of better than 15 um for every one hundred hadronic
Z0 decays.

The thrust axis and jets were reconstructed with the
JADE algorithm [5] using charged particles. The cluster-
ing parameter, Yqy, was set to 0.01. The jet axis was used
to estimate the B hadron direction. The impact parameter of
each particle in a jet was given a positive sign if the particle
intersected the jet axis on the positive side with respect to
the beam centre and a negative sign otherwise, as shown
in Fig. 1. Resolution effects caused ¢ to be distributed sym-
metrically around zero for particles from the primary vertex.
The decay products of secondary particles had a positive 6
on average.

Events were required to have | cos(Orst)| < 0.7, in order
to ensure that the event was contained inside the VD accep-
tance. Less than 3% of the events were discarded, where
the beam centre was not well reconstructed. The number of
hadronic events used in this analysis was 157 000 events in
1991 and 424 000 events in 1992.

To improve the sensitivity of the measurement, the data
were enriched in bb events. Each event was divided into two
hemispheres, defined by the plane perpendicular to the thrust

Charged Particle Charged Particle

Jet Axis

/ Jet Axis

-4

y a— #-Production Point
;46 Y

Production Point

a7 b)

/
J

7
;

Fig. 1. Schematic diagram showing the impact parameter definitions and
the sign convention for the: a positively and b negatively signed impact
parameters

axis. One of these hemispheres was used to select bb events,
while the opposite hemisphere was used to determine the
lifetime. This method will be described in more detail in the
following section.

Impact parameters, used to measure the lifetime, were
calculated for the charged particles with momentum above
3.0 GeV/c, transverse momentum with respect to the nearest
jet axis above 0.8 GeV/c, and having associated measure-
ments in the three VD layers. These requirements improved
the impact parameter resolution and reduced the uncertainty
on the sign of the impact parameter. After enrichment and
charged particle selection, 20342 charged particles remained
in the 1991 data sample and 85609 charged particles were
found in the 1992 data sample.

The impact parameter distribution, D(é, T5), is the sum
of the contributions from different quarks:

D(8,7B) = Nuds Duds(6) + NeD(6) + NpDo(6,78),  (4)

where D,45(6), D () are the impact parameter probability
distributions of charged particles from u,d, s and c respec-
tively, Dy(8,75) is the same quantity from bb events (de-
pending on the average lifetime of B hadrons), and N, 4,
N, Ny, are the number of charged particles which originated
from the different quark flavors. The value of 75 was ex-
tracted by finding the combination of Ny, and 75 which gave
the best description of the data, while N, was constrained
by the value obtained in the simulation.

4.2 B enrichment

Enrichment of bb events was performed by selecting a num-
ber of charged particles with a large impact parameter in one
hemisphere, while the impact parameters of the charged par-
ticles in the opposite hemisphere were used to measure the
B hadron lifetime. To avoid biasing the lifetime measure-
ment, the impact parameters of particles in opposite hemi-
spheres must be uncorrelated. In the lifetime determination
the impact parameters were measured with respect to the
beam centre. The impact parameters of the charged particles
used for selecting bb events were measured with respect to a
hemisphere primary vertex reconstructed with no beam cen-
tre constraint and using only the charged particles from that
hemisphere. According to the simulation, the hemisphere pri-
mary vertex resolution was oz =~ oy =~ 200 pm.
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Fig. 2. B efficiency versus event purity, for the impact parameter technique,
in the 1991 and 1992 data

Events which contained less than three charged parti-
cles in the hemisphere primary vertex were rejected. In the
remaining events, the impact parameter with respect to the
primary vertex was calculated for charged particles with mo-
mentum above 1 GeV/c and associated measurements in at
least 2 layers of the VD. A hemisphere was selected if at
least some number, IV, of charged particles satisfied the con-
dition: 0.1 mm < |§| < 2.0 mm. The upper limit removed
part of the background due to wrongly reconstructed primary
vertices, long lived particle decays, and photon conversions
in the detector.

The B purity, Py, was defined as the fraction of bb
events in the selected sample. The B efficiency, €g, was de-
fined as the fraction of bb events initially produced, within
the VD acceptance, which remained in the selected sample.
Both the B purity and efficiency were studied using data.
Assuming the Standard Model value of I};/Ihaq and ac-
counting for the correlation between the both hemispheres
(obtained from the simulation), Pr and ep were computed
by counting the number of events in which one or two hemi-
spheres were selected.

The correlation between Pp and epg, corresponding to
different values of N, is shown in Fig. 2. For this anal-
ysis, in order to maximize the purity while maintaining
high efficiency, a value of N = 2 was chosen. The corre-
sponding purities and efficiencies were Pg = 0.385 +0.003,
eg = 0.546 £ 0.005 in 1991, and Pp = 0.385 + 0.001,
eg = 0.631 + 0.003 in 1992, in agreement with the re-
sults extracted from the simulation for the same parameters.
The average charged particle multiplicity in a B decay was
measured to be 5.6 in the simulation. From the measured
B purity and the charged particle multiplicity, the fraction
of charged particles produced by bb events, P5%, in the
sample was estimated to be 50.5 + 0.7 %.

4.3 Average lifetime of B hadrons

The impact parameter probability distributions were deter-
mined by convoluting the Monte Carlo generated impact pa-
rameter distributions (physics functions) with the resolution
function. The physics functions, corresponding to different
values of the B hadron lifetime, were generated in the range
1.0—1.8 ps by means of a weighting procedure [2]. The
Monte Carlo generated impact parameters were computed
with respect to the true Z° production point.

The signing error on the impact parameter was depen-
dent on the beam centre resolution, charged particle track
extrapolation errors, and the uncertainty in the B hadron
direction due to the jet reconstruction. In order to account
for the signing error due to the uncertainty in the B hadron
direction, 6 was signed using the intersection point of the
generated particle and the jet axis determined from the re-
constructed charged particles. The signing error due to the
beam centre resolution and track extrapolation errors was
accounted for in the resolution function.

The impact parameter distribution of light quark events,
in the data, was used to extract the resolution function. Sim-
ulation showed that light quark events could be selected if in
at least one hemisphere, no charged particle with momentum
above 1 GeV/c, having at least 2 associated measurements
in the VD, had an impact parameter larger than 300 ym. The
impact parameter distribution of the charged particles in the
opposite hemisphere was used to approximate the resolu-
tion function. The simulation showed that the contribution of
charged particles from B decays to the negative part of this
impact parameter distribution was about 5 %, whereas the
contribution to the positive part was approximately 25 %.
Therefore, only the negative part of the impact parameter
distribution was used.

The impact parameter resolution was the quadratic com-
bination of the tracking extrapolation error with the uncer-
tainty on the Z° production point, Oprod- The following func-
tion was used to parameterize the resolution function:

f(&) - Noe—séz/2cr% +Nle—562/20f + Nze—a|6|’ (5)

where Ny, Ny, and N, were relative normalizations, g and
o1 described the Gaussian widths, o represented the slope
of the exponential tail of the function and s was a scale
parameter which was allowed to vary in the lifetime fit.
Several other choices for the resolution function were tried;
however, this function was found to give the best description
of the data.

Since the shape of the beam interaction region was an
ellipse, o0 Was a function of the azimuthal angle, ¢, of
the charged particle at the production point. Therefore, the
lifetime fit was performed in six regions of ¢, to improve the
sensitivity of the measurement. Each region contained data
from four 15° wide sectors, one from each quadrant, which
mapped onto one another under reflection in the = and y
axes. The values of Ny, N1, N3, 0y, 01, and « were found by
fitting the impact parameter distribution described above in
each ¢ region, while holding s fixed at 1.0. The momentum
spectrum of the particles used to extract the resolution func-
tion was different from the spectrum of the particles used in
the lifetime determination. This distribution was also con-
taminated by particles coming from B decays. Therefore,
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Fig. 3. The measured ¢ dependence of the impact parameter resolution for
the 1991 and 1992 data. The curves represent a fit to the points which
reproduced the expected variation due to the shape of the beam interaction
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Table 1. Measured average lifetimes of B hadrons and charged particle
purity, Pg“k, for the 1991 data, in each ¢ region

¢ (degrees)

¢ region 5(ps) Pk (g)
1 149+0.09 | 53.44+1.8
2 1.60 +0.12 | 48.5+2.4
3 1.814027 | 4424+24
4 1.60£0.13 | 50.0+29
5 1.45+021 | 544459
6 1.56 +0.16 | 50.7 4.4
Average | 1.55+0.06 | 499+ 1.1

the final resolution function was obtained by allowing N,
and s to vary during the lifetime fit.

A numerical convolution of the binned physics functions
with the resolution function was performed, yielding the fi-
nal probability distribution. The impact parameter distribu-
tion was fitted using a binned maximum likelihood, over the
range |6| < 2 mm. In the fit, the B hadron lifetime, the num-
ber of charged particles originating from bb decays, Ny, and
the resolution parameters, N, and s, were allowed to vary.
Since the shapes of the impact parameter distributions for
the ¢ and uds events were similar, the fraction of charged
particles from c¢ events, V., was fixed to 14% of all charged
particles, in accordance with predictions from Monte Carlo
simulations. The number of charged particles from u, d, and
s events, Nyg4s, was constrained by the difference between
the total number of charged particles and the sum of Ny with
Ne.

The analysis procedure was checked using the two sim-
ulated samples with average lifetimes for B hadrons of
1.208 ps and 1.576 ps. The lifetime fit reproduced the true
impact parameter resolution in each of the six independent
¢ regions. The measured average lifetimes for B hadrons
were 1.219 + 0.025 ps and 1.563 & 0.032 ps for the two
simulated samples.

Data from 1991 and 1992 were fitted separately, to take
into account the different detector and beam conditions. Fig-

@ region TB(ps) Pk (o)

1 1.493 £ 0.055 | 46.3+2.6

2 1.618 £0.075 | 45.2+1.7

3 1.481 £0.050 | 53.6+ 1.6

4 1.574 2 0.050 | 51.6 % 1.5

5 1.601 £0.055 | 51.6 k1.7

6 1.497 £0.062 | 485+£1.5

Average 1.539 £0.023 | 49.9+0.7
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ure 3 shows the ¢ dependence of impact parameter resolution
as measured in the lifetime fit, for both the 1991 and 1992
data. The measured resolution was found to be in agree-
ment with the known shape of the beam interaction region
convoluted with the tracking extrapolation error.

The values of the B hadron lifetime and of the charged
particle purity in each ¢ region are given in Table 1 and
2 for the 1991 and 1992 data. The charged particle purity
was found to be in agreement with the expected value. The
measured charged particle purity was sensitive to the detec-
tor conditions. Therefore, this purity was not expected to be
constant in the various ¢ regions. In Fig. 4 the impact pa-
rameter distribution of the 1992 data in the two ¢ regions
corresponding to the smallest and largest impact parameter
resolutions are shown. The average lifetime of B hadrons
was measured to be 1.551 £ 0.056 ps and 1.539 £ 0.023 ps,
in the 1991 and 1992 data respectively.

4.4 Systematic uncertainties

In order to verify the robustness of the lifetime fit, the analy-
sis was performed in different impact parameter ranges. The
impact parameter distributions of positively and negatively
charged particles were fitted independently. The lifetime was
calculated for data samples collected during different data
taking periods. No significant effect on 75 was found.
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The resolution function, determined in the lifetime fit,
was found to reproduce the tracking extrapolation error and
the ¢ dependence of the impact parameter resolution. The
statistical contribution, to the systematic uncertainty, orig-
inating from the impact parameter resolution was evalu-
ated by varying the resolution parameters, in the lifetime fit,
within their uncertainties. The effect of changing the slope
of the exponential tails « and the relative ratio No /N of the
parameterization describing the resolution function was also
studied and found to give a minor contribution to the lifetime
systematic uncertainty. These uncertainties were combined
to give a total systematic uncertainty of & 0.028 ps on the
lifetime, due to the resolution function. Other parameter-
izations were also studied for the resolution function, for
example the superposition of two Gaussian distributions and
the superposition of two Gaussian distributions combined
with a flat distribution. The observed variation of 75 was
found to be of the order of 0.04 ps, but the corresponding
fit probabilities were extremely poor.

The data were divided into different ¢ and 8 regions,
corresponding to known detector boundaries. No systematic
uncertainty resulted from the fits in these different angular
regions, in either the 1991 or 1992 data.

The acoplanarity distributions of jets in the simulation
and data were found to be in agreement. In order to study
the systematic effects associated with the jet clustering algo-
rithm, the difference between the reconstructed jet axis and
secondary vertex direction in the R¢ plane for the data and
simulation has been plotted in Fig. 5. The method for re-

. constructing secondary vertices will be described in the next
section. The agreement between the simulation and data in
this figure implied that the systematic effects due to cluster-
ing effects and impact parameter signing were negligible.

The average charged decay multiplicity in B decay was
varied according to the uncertainty of the OPAL measure-
ment [6]. The effect of the uncertainty in the b and ¢ quark
fragmentation was estimated by varying the mean fraction
of beam energy carried by the B [7] and ¢ hadrons [8]. The

Table 3. Sources of systematic uncertainty in the measurement of 75, using
impact parameters

Source of uncertainty Arp (ps)
Resolution function + 0.028
B Decay multiplicity + 0.023
B Fragmentation + 0.016
D Sample composition + 0.015
B Baryon content + 0.008
Charmed hadron lifetime | =+ 0.008
¢ Fragmentation + 0.007
Charmed hadron content =+ 0.006
Total + 0.045

systematic uncertainty due to the relative abundance of dif-
ferent charmed hadron species was computed by varying by
+ 30% the ratio between the number of D¥ and the number
of D° and D in the B hadron decays [9] and in the frag-
mentation of the charm quark. The systematic effect due to
the uncertainty on charmed hadron lifetime was estimated
by changing the average lifetime by 2.5% [9]. The fraction
of charged particles originating from charmed decays was
varied by £ 8.2% [10] in order to determine the systematic
variation due to the charmed hadron content. The systematic
uncertainty due to the unknown fraction of B baryons was
studied by removing and doubling the number of decays
arising from B baryons in the simulation. The uncertain-
ties associated with the lifetime for each of these effects are
listed in Table 3.

A total systematic uncertainty of = 0.045 ps on the mea-
sured lifetime was obtained by adding all the contributions
in quadrature.

5 Secondary vertex analysis

Most previous measurements of the B hadron lifetimes have
been based on impact parameter methods. In these methods
there was no explicit reconstruction of the decay point of the
B hadron. At LEP, a 35 GeV B meson will travel, on aver-
age, 3 mm before decaying. Using the high precision vertex
detector, it was possible to reconstruct secondary decay ver-
tices and explicitly measure the projected decay distribution.
This section describes a method developed to find secondary
vertices in hadronic events at DELPHI and how these ver-
tices were used to extract an average lifetime for B hadrons.

5.1 Secondary vertex identification

The procedure to find secondary vertices consisted of two
parts. The first part was to define which charged particles be-
longed to candidate vertices. The second part was to refine
these vertices by removing mis-associated charged particles
and measuring the properties of the remaining candidate ver-
tices.

As the determination of the B hadron lifetime was de-
pendent upon accurate spatial measurements in the R¢-
plane, the following conditions were imposed on the charged
particle tracks. In order to minimize the effect of multiple
Coulomb scattering, it was required that all charged particles
had a momentum above 1.0 GeV/c. To ensure the charged



10

particles were well reconstructed, their polar angle was re-
stricted to 45° < @ < 135° and each reconstructed
charged particle had to be associated with measurements in
at least two layers of the VD.

To find the initial candidate vertices, each reconstructed
charged particle track was paired with every other charged
particle and the intersection points for these charged parti-
cles were computed. Pairs of charged particles were rejected
if: the charged particles did not intersect in the R¢-plane,
both charged particles were not in the same hemisphere as
the intersection point, the intersection point lay within three
standard deviations of the beam centre, or if the radial dis-
tance of the intersection point to the beam centre was greater
than 5 cm.

The remaining intersection points were clustered into
candidate vertices based on the separation between each pair
of intersection points. Intersection points were linked if the
distance, d, between the points in the R¢-plane divided by
the error, Ad, was such that d/Ad < 1.0. Links were not
permitted between pairs of intersection points in opposite
hemispheres or between intersection points where the sum
of the momenta (for the pair of charged particles associated
with each intersection point) pointed in opposite directions.
An intersection point was allowed to belong to only one ver-
tex, but a charged particle could belong to more than one
intersection point and thus more than one candidate vertex.

The candidate vertices were refined to remove wrongly
associated charged particles and hence improve the sec-
ondary vertex resolution. For each candidate vertex (i) the
average intersection point (< v; >) was computed. This was
used as a reference point in the following iterative procedure.
For each candidate vertex a more precise vertex position was
computed by minimizing

) 2
=Y (5) =xs ®
F] 7 3

where §; was the distance of closest approach of the charged
particle j to the vertex v; (in the R¢-plane), and A 6; was
the associated error. A charged particle was removed from
the vertex if 8; > 2.5.If any charged particle was removed
then a new vertex position was calculated and this process
repeated until no further charged particles could be removed.

In order to minimize the number of charged particles
coming from the primary vertex, that were associated with
the secondary vertex, the value of 5; was compared to the
corresponding value §7, calculated with respect to the beam
centre. If ,6;- < f; then charged particle j was removed
from vertex i. For vertices that were close together there was
a possibility that the clustering algorithm had not assigned
the correct charged particle to the correct vertex. If the dis-
tance between any two vertices was less than 2.5 o, where
o was the error on the vertex separation, charged particles
in common between these two vertices were allocated to the
vertex ¢ for which §8; with respect to < v; > was smaller.
If one or more charged particles were removed from any
vertex this procedure was repeated.

Candidate vertices that contained three or more charged
particles were considered to be secondary vertices. The in-
variant mass, momentum, energy, and errors on the position
of v; were then calculated. In order to check the reliability
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Fig. 6. B efficiency versus purity, for the secondary vertex technique, as
a function of the radial distance, R, (illustrated by the contour lines) for
vertex multiplicity, vpmuy > 4 and vertex mass, may max > 0 GeVic? )

of the reconstructed secondary vertices the simulations were
used. The resolution in the R¢-plane for the reconstructed
vertices was found to be 479 + 11 pm.

5.2 B enrichment

To study the flavor dependence of the vertex reconstruction
algorithm, events were generated for a range of different
B hadron lifetimes. In order to investigate the relation be-
tween B purity and efficiency, the effect of the following
variables was studied: the number of charged particle tracks
in a reconstructed vertex (vmu), the radial distance (R) of
the reconstructed vertex position from the beam centre, and
the mass (7, max) Of the heaviest reconstructed vertex in the
event. The B efficiency, g, was defined as the fraction of
bb events initially produced (no restrictions were made on
detector acceptance) which remained in the selected sample.

Vertices associated with random charged particle cross-
ings were a source of vertex contamination. It was possible
to reduce this background by requiring vp,; > 4. Another
source of background was vertices at low R, which were
found to contain particles from the primary vertex. In order
to reduce this background, it was necessary to select vertices
with £ > 1 mm. The correlation between efficiency (de-
fined over 47) and purity is shown in Fig. 6 as a function
of R and the B lifetime.

The distribution of 711, max for the data is shown in Fig. 7
for reconstructed vertices with & > 1 mm, together with the
expected contribution from bb events and the light quarks.
By requiring large vertex masses it was possible to remove
the light quark contamination. Figure 8 shows the correlation
between efficiency and purity as a function of m, max. For
events selected with R > 1 mm, Mmymax > 1.7 GeV/c? and
Umutt = 4, the purity at 7 = 1.576 ps was 90.2 £ 0.2 %
and the efficiency was 8.14 + 0.06 %.
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The decay length, L, was calculated using the measured
momentum, |Pyis|, defined to be the vector sum of the mo-
menta of the individual charged particles associated with
each vertex and transverse momentum,

R 2 2
Prvs = \/ szis + Pyvis’

of the vertex. Then

Pvis .
L = Rl——|=R/s1n0, @

t vis
where 6 is the angle between the line of flight and the beam
axjs. An additional requirement of L > 1.5 mm was made,
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to eliminate possible bias in the lifetime measurement due
to variations in the efficiency as a function of L introduced
by the selection criteria used to enrich the sample. This
increased the purity in the simulation to 93.5 £+ 03 %
and lowered the efficiency to 7.87 + 0.09 %. In addition
to improving the purity, these selection criteria improved
the reconstructed vertex resolution from 479 + 11 pm to
301 £+ 24 pm.

The purity measured using the simulation was verified
with the data in two ways. First, by fitting the momentum
distributions of the leptons in these events and assuming the
branching ratios for b — lepton, b — cand ¢ — lepton, the
purity was measured to be 91.9 £+ 2.0 %. Second, by count-
ing the number of events where two vertices were selected
in the data, using the efficiency measured in the simulation
for the background and assuming the value of I;/Ihed, it
was possible to measure the purity. After accounting for cor-
relations induced due to the detector acceptance and beam

centre correlations, the purity was measured in the data to
be 93.1 4+ 0.3%.

5.3 Average lifetime of B hadrons

In a hemisphere, the B hadron vertex is expected to be
the vertex closest to the beam centre. Therefore, only the
two closest vertices detected in opposite hemispheres or the
closest vertex (if none were detected in the opposite hemi-
sphere) were used. Combined with the B enrichment, this
additional requirement selected 4470 vertices in the 1991
data and 10972 vertices in the 1992 data. N

Separating the contributions coming from the bb, ¢z and
light quark events, decay length distributions were extracted
from the simulation. The L distributions for the ¢¢ and light
quark events were parameterized by the sum of two expo-
nentials. The bb signal was parameterized by a single expo-
nential. These parameterized decay length distributions were
converted into probability distributions. Using these proba-
bility distributions and the purity determined from the sim-
ulation, a likelihood fit was performed on the data to extract
the slope of the exponential for the signal. This slope varied
as a function of the B hadron lifetime. This variation was
linear over a wide range of lifetimes. The B hadron lifetime,
in the data, was determined from this linear relationship.

Independent samples of Monte Carlo events were used to
check the method. The lifetimes measured for these samples
were 1.205 4 0.016 ps and 1.590 + 0.019 ps, to be com-
pared with the generated values of 1.208 ps and 1.576 ps.
Figure 9 shows the result of the fit to the 1991 data yielding
a value for the B hadron lifetime of 1.588 + 0.025 ps.
Figure 10 shows the corresponding result for the 1992 data,
which measured the average lifetime of B hadrons to be
1.627 + 0.017 ps.

5.4 Systematic uncertainties

Inherent to this analysis was an uncertainty in the knowledge
of the B hadron lifetime coming from the linear parameteri-
zation of the exponential slope as a function of lifetime. The
uncertainty in this assumption comes from both Monte Carlo
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Fig. 10. Result of the fit to the decay length distribution of the 1992 data,
where 7p = 1.627 4 0.017 ps

statistics and the choice of a linear parameterization. The er-
rors calculated for the linear parameterization contributed an
uncertainty of 0.014 ps in the measurement of the lifetime.

The purity was correlated to the lifetime through the
shape of the probability distributions. Therefore, the purity
was not allowed to vary in the fit to extract the lifetime. The
purity was measured with an accuracy of 0.34 %. Thus, the
purity was changed by & 0.34% in the fitting procedure to
find the corresponding shift in the lifetime. The systematic
uncertainty in the lifetime due to the purity was found to be
0.003 ps.

The measurement of the lifetime depends on the compo-
nent of momentum of the vertex along the beam direction
used to compute the decay length L. To check for any possi-
ble bias in 6 due to detector effects, the data were separated
into six ¢ bins and =2z, since the TPC which measures §

is divided in this way. The lifetimes were then computed
separately in each region. A systematic shift of 0.037 ps in
the average lifetime of B hadrons was observed due to a
variation of the measured lifetime in ¢ in the 1992 data.
For the 1991 data, this effect was not seen. This shift was
observed in an area of the detector with known problems in
¢, but not in 8. Therefore, an uncertainty of 0.007 ps was
assigned based on the known measurement uncertainty in §
and an uncertainty of 0.037 ps was attributed in the 1992
data for detector effects.

The range in decay length used to determine the life-
time was varied, both by decreasing the maximum allowed
distance and by increasing the minimum required distance.
If there are differences in the lifetimes of the different B
species a systematic variation in the measured average life-
time should be observed as the minimum decay length is
varied. The minimum decay length was varied from 1.5 mm
to 7.2 mm and no systematic variation was observed. When
a fit to the resulting average lifetimes as a function of mini-
mum decay length was extrapolated to a zero minimum de-
cay length, it yielded a value for the lifetime which differed
by 0.006 ps from the quoted result. Therefore a systematic
uncertainty of 0.006 ps was attributed for this effect.

The B hadron lifetime was extracted from the distribu-
tion of the decay length. The distance L is equal to yfcrp
and thus depends on the momentum distribution of the B
hadrons. The fragmentation of the Z° into B hadrons in
the simulation was tuned to agree with measured LEP val-
ues [11]. The B momentum spectrum may be inferred from
the distribution of P,i. The ratio

< [Pyis] >aaa / < |Puis] >mc=1.0021 £ 0.0023,  (8)

was consistent with the quoted uncertainty [7]. The distribu-
tion of |Py;s|/Epeam for the data and simulation and the ratio
of the simulation distribution to the data is shown in Fig. 11.
The shape of this distribution in the data was found to agree
with the shape extracted from the simulation. The systematic
uncertainty due to the fragmentation was based on the DEL-
PHI result for the mean Xg of 0.695 £ 0.003 £ 0.010 [7],
where Xg = P/FEyeam.

If the production rates of b and ¢ hadrons, the subse-
quent branching ratios of b hadrons into ¢ hadrons and the
lifetimes of the ¢ hadrons in the simulations were different
than those in the data, this could affect the measurement
of the average lifetime of B hadrons. The production rates
of b and ¢ hadrons and the subsequent branching ratios of
b hadrons into ¢ hadrons were varied within the uncertain-
ties of their measured values [9]. The lifetimes of the ¢
hadrons were varied independently for both the D® and D*
by ~ + 2% [9] and the D; by = + 7%. The combined
systematic uncertainty, due to these effects, on the average
lifetime of B hadrons has been estimated to be 0.010 ps.

The measured distance, L, was distorted by the asso-
ciation of charged particles from cascade ¢ decays as well
as intrinsic detector resolution. The radial shifts of the ver-
tex position were studied in the simulation. The difference
between the measured radial distance R and the generated
radial distance Rphys is given by p = Rppys R. The
resolution for p was found to be 301 4+ 24 um and peaked
near zero. A tail observed at negative values of p was at-
tributed to charged particles from subsequent cascade decays
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Fig. 11. a < |Pyis| > /Ebeam for vertices used in this analysis and b ratio
of the simulation with respect to the data

moving the vertex position radially outwards, by an average
of 95 £ 17 pm. The distribution of the pull, defined to be
p/6p, was found to have a central Gaussian contribution with
width 1.03 + 0.09, consistent with an expected width of 1.0.
The data were selected based on the error distribution of L,
A L, in order to check if there were any systematic biases
due to measurement uncertainty and resolution. The lifetime
was recalculated and the maximum change of 0.005 ps was

attributed as the systematic uncertainty due to the choice of
A L.

In the following paragraphs, several additional sources
of systematic uncertainty are described. These sources were
found to have no statistically significant contribution to the
determination of the average lifetime of B hadrons, but are
described here for completeness.

The data were selected based on the x? probability of
the vertex fit as a systematic check of the lifetime. The re-
sulting changes in the measured lifetime were less than the
uncorrelated changes in the statistical uncertainty.

The efficiency for reconstructing a B vertex was mea-
sured as a function of decay length in the simulation. The
lifetime was only sensitive to changes in the efficiency ver-
sus decay length, in particular differences between the data
and simulation. The variation in the efficiency as a func-
tion of L in the simulation was found to agree well with the
variation measured from the data. This shape was defined by
the vertex position resolution and also by charged particle
reassociation.

The vertex resolution was measured in the data and sim-
ulation. This was done by removing the charged particle with
the largest p; (with respect to the vertex direction) from the
vertex and recomputing the vertex position. The impact pa-
rameter of this charged particle was then calculated with
respect to the recomputed vertex position. The resolution
could then be measured in the data, relative to the simula-
tion, by measuring the width of this impact parameter dis-
tribution. The width of this distribution as a function of L
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Table 4. Systematic sources of uncertainty in the measurement of 75

Source of uncertainty Atg (ps)
Detector effects (1992) + 0.037
B Fragmentation + 0.024
Monte Carlo statistics + 0.014
Cascade ¢ decays + 0.010
Al + 0.007
Fit range + 0.006
AL + 0.005
B Purity + 0.003
Total (1991) + 0.032
Total (1992) + 0.049

was found to be in good agreement with the width of the
same distribution measured in the simulation.

Reassociation of charged particles from the secondary
vertex to the beam centre sometimes causes the true sec-
ondary charged particles to be reassociated with the beam
centre, thus causing the vertex to be lost. These reassoci-
ated charged particles were defined to be charged particles
not associated to the secondary vertex but having a small
impact parameter with respect to the secondary vertex po-
sition. The average number of these charged particles as a
function of decay length is a measure of the efficiency for
reconstructing a vertex as a function of decay length. The
number of reassociated charged particles as a function of
decay length was measured in both the simulation and data
and found to agree well within the statistics. Therefore, no
systematic uncertainty to the lifetime was attributed due to
the shape of the efficiency.

The parameters, which control the shape of the back-
ground, were changed by their uncertainties. No significant
change in lifetime was found. Also no significant change in
lifetime was observed for different selections of vertex mul-
tiplicity or the vertex charge, defined as the total charge of
the particles associated to the vertex.

The total systematic uncertainties of + 0.032 ps (1991)
and =+ 0.049 ps (1992) were calculated by adding in quadra-
ture all the uncertainties summarized in Table 4.

5.5 Cross-check of the vertex analysis

A second technique was developed and used as a cross-check
of the vertexing analysis. This method used all charged par-
ticles with momentum greater than 1 GeV/c, which were
found in the two most energetic jets. A primary vertex was
then reconstructed for each event. The impact parameter of
the charged particles, §, was defined with respect to the re-
constructed primary vertex and o5 was defined to be the er-
ror on 6. A secondary vertex search was initiated if at least
two charged particles were found to have the ratio rs = § /o
greater than two. Charged particles were included in the sec-
ondary vertex if s >2, or the impact parameter with respect
to the candidate vertex was less than 1 mm and smaller than
that with respect to the primary vertex. The vertex was ac-
cepted if its x? probability was bigger than 0.1%. If this last
condition was not fulfilled, the particle giving the largest
contribution to the x* was removed and the x? probability
recomputed.

In order to increase the B purity, a selection of events
with two vertices was made. The vertex of the jet used in
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the lifetime analysis was required to have a radial distance
R with respect to the reconstructed main vertex larger than
1 mm, a visible mass larger than 1 GeV/c?, and an angle be-
tween the direction to the vertex and the jet direction smaller
than 10°. The secondary vertex of the opposite jet was used
to enrich the sample of bb events. This vertex was required
to have R larger than 0.6 mm and a visible mass larger than
0.8 GeV/c?. In simulation, this selection was found to give
an event sample with a purity of 97.6 & 0.2%, and selected
3669 vertices in the 1991 data.

The proper time, typ, Was then estimated from R, by
assuming that the polar angle of the B was given by the
jet direction and estimating the boost from the mean Xg
measured by DELPHI. Short lived particles have a small
probability to be detected in this technique. To overcome this
deficiency, the minimum detectable time, ty;,, was evaluated
on an event by event basis and the lifetime was expressed in
terms of the difference between typ and ty,. A maximum
likelihood fit was then performed to this distribution and a
result of 1.58 + 0.03 ps was found. The result of the fit
and the distribution of these vertices is shown in Fig. 12.
The uncorrelated systematic uncertainties, for this analysis
compared to the previous analysis, have been estimated to
be 0.04 ps. The lifetime result presented in this section was
found to be consistent with the aforementioned 1991 resuit.

6 Conclusions

Two analyses, measuring the average lifetime of B hadrons,
have been performed on the 1991 and 1992 DELPHI data.
The first analysis used charged particle impact parameter
distributions to find a result for the average lifetime of B
hadrons of

78 = 1.551 £ 0.056 + 0.045 ps (1991), 9
T =1.539 + 0.023 £ 0.045 ps (1992), (10)
and

Table 5. Fraction of B hadrons before and after event selection measured
in the simulation for these analyses, where the lifetime for each B hadron
was 1.60 ps

B Hadron type Generated | Impact analysis | Vertex analysis
BY 0.394 0.427 £0.005 0.405 £0.005
B* 0.396 0.375 £0.005 0.395 +0.005
B, 0.120 0.114 +0.002 0.123 £0.003
Ap 0.080 0.077 +£0.002 0.069 +0.002
Other B baryons 0.010 0.007 +0.002 0.008 +0.001

75 = 1.542 + 0.021 £ 0.045 ps (1991 + 1992). (11)

The second analysis used a new algorithm for inclusively re-
constructing secondary vertices in hadronic events at DEL-
PHI. In this analysis, the average lifetime of B hadrons was
measured to be

7 =1.588 + 0.025 £ 0.032 ps (1991), (12)
7 = 1.627 + 0.017 + 0.049 ps (1992), 13)
and

T =1.599 + 0.014 + 0.035 ps (1991 + 1992). (14)

The average lifetime for B hadrons is determined by the
production fractions and lifetimes of the various B hadrons.
Therefore, any selection bias, in choosing events, which
causes the relative fractions of the species to differ is a
source of discrepancy in the measurement of the average
lifetime. Table 5 lists the fraction of the various B hadrons
remaining in these two analyses after applying all selection
criteria, compared to the fraction of these hadrons originally
produced in the simulation, assuming all the B hadrons have
lifetimes of 1.60 ps.

The statistical correlation between these two analyses
was computed by comparing the events used in both anal-
yses. Only 4.7% of the events used in the vertex analysis
were found to be in common with the events used in the
charged particle analysis. The systematic effects from the
B fragmentation, the knowledge of the production fractions
and branching ratios' of & and ¢ hadrons, and the uncer-
tainty in the lifetimes of the D mesons were considered to
be correlated, whereas the other systematic effects in these
two analyses where taken to be uncorrelated. Taking into
account both the statistical correlations and correlations in
the systematic uncertainties, the two results were combined
to yield an average lifetime for B hadrons of

75 =1.582 £ 0.012 £ 0.032 ps. (15)
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