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Abstract

The lifetimes of Bt and B’ mesons are measured using a sample of
150,000 hadronic Z° decays collected by the SLD experiment at the SLC
between 1993 and 1995. Two analyses are presented in which the decay
length and charge of the B meson are reconstructed. The first method
uses a novel topological vertexing technique while the second uses semi-
inclusively reconstructed semileptonic decays. The topological analysis yields
a sample of 6033 (3665) charged (neutral) vertices with good charge pu-
rity, whereas the semileptonic analysis yields a smaller sample of 634 (584)
charged (neutral) decays with excellent charge purity. Combining the results
from both analyses, we find 75+ = 1.66 4 0.06(stat) £ 0.05(syst) ps, Tgo =
1.64£0.08(stat) £0.08(syst) ps, and 75+ /70 = 1.014+0.07(stat) £0.06(syst).
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The spectator model predicts that the lifetime of a heavy hadron depends
upon the properties of the constituent weakly decaying heavy quark ¢ and
is independent of the remaining, or spectator, quarks in the hadron. This
model fails for the charm hadron system where the lifetime hierarchy 7p+ ~
2Tp+ ~ 2.5Tpo ~ 5T, + is observed. Since corrections to the spectator model
are predicted to scale with 1/m22 the B meson lifetimes are expected to
differ by less than 10% [1]. Hence a measurement of the Bt and B lifetimes
provides a test of this prediction. In addition, the specific B meson lifetimes
are needed for precise determinations of the element V., of the CKM matrix.

Most measurements of the BT and B lifetimes [2] are based on samples
of semileptonic decays in which the lepton is identified and a D™ meson
is fully reconstructed. Fully exclusive[3] or inclusive[4] techniques have also
been used. Except for the inclusive technique, the efficiencies are typically
small. In this Letter, we present two complementary analyses that exploit
the excellent 3-D vertexing capabilities of SLD to reconstruct the B meson
decay length and measure its charge directly with high efficiency. The first
analysis uses a novel topological vertexing technique [5] to identify B hadron
decay vertices. The decay length is measured using the reconstructed vertex
location while the B hadron charge is determined from the total charge of
the tracks associated with the vertex. This inclusive technique is very ef-
ficient since most B decay modes are used. The second analysis identifies
the B hadron charge by reconstructing the charged track topology of both
B and cascade D vertices in semileptonic B decays. This technique has
lower efficiency but benefits from an increased charge reconstruction purity.

In contrast to previous measurements based on semileptonic decays, these



two analyses do not rely on assumptions concerning the B™ and B° con-
tent of DOX v and D™~ X[ samples, rather they only rely on the simple
difference of total charge between Bt and B° decays.

The measurements presented here are based on a sample of 150,000
hadronic Z° decays collected between 1993 and 1995 by the SLD experi-
ment at the SLC and use the tracking and calorimetry systems (for details
see Ref. [6]). Tracking is provided by the Central Drift Chamber (CDC)
for charged track reconstruction and momentum measurement and the CCD
pixel Vertex Detector (VXD) for precise position measurements near the in-
teraction point. These systems are immersed in the 0.6 T field of the SLD
solenoid. Charged tracks reconstructed in the CDC are linked with pixel
clusters in the VXD by extrapolating each track and selecting the best set of
associated clusters[6]. For a typical track from the primary vertex or heavy
hadron decay, the total efficiency of reconstruction in the CDC and link-
ing to a correct set of VXD hits is 94% for the region |cosf| < 0.74. The
track impact parameter resolutions at high momentum are 11 ym and 38 pym
in the r¢ and rz projections respectively (z points along the beam direc-
tion), while multiple scattering contributions are 70 um /(p sin®?2#6) in both
projections (where the momentum p is expressed in GeV/c). The Liquid Ar-
gon Calorimeter (LAC) is used to reconstruct jets from energy clusters and
perform electron identification with maximal efficiency for |cosf| < 0.72.
The Warm Iron Calorimeter (WIC) provides efficient muon identification for
| cos B] < 0.60.

The decay length is measured relative to the position of the micron-size

SLC Interaction Point (IP) which is reconstructed in the r¢ plane with a
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precision of 0,4 = (7+£2) pum using tracks in sets of ~ 30 sequential hadronic
Z% decays. The z position of the IP is determined on an event-by-event basis
with o, ~ 52 um for b b events [6] using the median 2 position of tracks at
their point-of-closest-approach to the IP in the r¢ plane.

The measurements rely on a Monte Carlo simulation based on the JET-
SET 7.4 event generator [7] and the GEANT 3.21 detector simulation pack-
age [8] to determine the charge separation purity and to extract the lifetimes
from the decay length distributions. The b-quark fragmentation follows the
Peterson et al. parameterization [9]. B mesons (baryons) are generated with
mean lifetime 7 = 1.55 ps (7 = 1.10 ps). B meson decays are modelled
according to the CLEO B decay model [10] tuned by SLD to reproduce the
spectra and multiplicities of leptons, charm hadrons, pions, kaons, and pro-
tons, measured at the Y(4S) [11, 12]. Semileptonic decays follow the ISGW
model [13] including 23% D** production. B baryon and charm hadron de-
cays are modelled using JETSET with, in the latter case, branching fractions
tuned to existing measurements [14].

We first describe the topological analysis. Hadronic Z° event selection is
based on the measurements from the tracking and calorimetry systems, and
is detailed in Ref. [6]. The selected sample consists of ~ 96,000 hadronic Z°
decays with thrust axis satisfying |cos#| < 0.71 (VXD acceptance).

Good quality tracks used for vertex finding must have a CDC hit at a
radius<39 cm, and have >40 hits to ensure that the lever arm provided by
the CDC is appreciable. The CDC tracks must have pr >400 MeV /¢ and
extrapolate to within 1 cm of the IP in r¢ and within 1.5 cm in z to eliminate

tracks which arise from interaction with the detector material. The fit of the



track must satisfy x?/d.o.f.< 5. At least one good VXD link is required, and
the combined CDC/VXD fit must also satisfy x?/d.o.f.< 5.

The topological vertex reconstruction is applied separately to the tracks
in each hemisphere (defined with respect to the event thrust axis). This
analysis is the first application of the algorithm described in detail in Ref.
[5] and summarized here. Vertices are reconstructed in 3-D co-ordinate space
by defining a vertex function V(7) at each position 7. The helix parameters
for each track ¢ are used to describe the 3-D track trajectory as a Gaussian
tube f;(7), where the width of the tube is the uncertainty in the measured
track location close to the IP. A function fy(7) is used to describe the location
and uncertainty of the IP. V() is defined as a function of fy(7) and the f;(7)
such that it is large in regions of high track multiplicity. Maxima are found
in V() and clustered into resolved spatial regions. Tracks are associated
with these regions to form a set of topological vertices.

The efficiency for reconstructing B hadron decay vertices is 80% for true
decay lengths greater than 3mm, as estimated by the simulation. The ef-
ficiency falls at shorter decay length as it becomes harder to resolve the
secondary vertex from the IP. The efficiency for reconstructing at least one
secondary vertex is ~ 50% in b hemispheres, ~ 15% in charm hemispheres
and ~ 3% in light quark hemispheres. The efficiency for reconstructing more
than one secondary vertex is ~ 5% in b hemispheres. For hemispheres con-
taining secondary vertices, the ‘seed’ vertex is chosen to be the one furthest
from the IP. Vertices consistent with a K? — 777~ decay are excluded from
the seed vertex selection and the two tracks are discarded.

A vertex axis is formed by a straight line joining the IP to the seed vertex.



The 3-D distance of closest approach of a track to the vertex axis, T, and
the distance from the IP along the vertex axis to this point, L, are calculated
for all quality tracks. Tracks which are not directly associated with the seed
vertex but which pass T< 0.1 cm and L/D> 0.3 (where D is the distance from
the IP to the seed vertex) are added to the set of tracks in the seed vertex to
form the candidate B decay vertex, containing tracks from both the B and
cascade D decays [5]. The distance from the IP to the location determined
by fitting this set of tracks to a common vertex is the reconstructed decay
length. Since the purity of the B charge reconstruction is lower for decays
close to the IP, where tracks are more likely to be wrongly assigned, decay
lengths are required to be > 1 mm.

The lifetime measurement relies on the ability to separate B* and B
decays by making use of the vertex charge (total charge of tracks associated
with the vertex). Monte Carlo studies show that the purity of the charge
reconstruction is more likely to be eroded by losing tracks from the B decay
chain through track selection inefficiencies and track mis-assignment than by
gaining mis-assigned tracks originating from the primary or other background
to the B decay. Furthermore, the decays that are missing some B tracks tend
to have lower vertex mass as well as lower charge purity. Hence the vertex
mass (calculated assuming the tracks to be pions) is required to be > 2
GeV/c?. In addition, the mass distribution (see Fig. 1) shows that a large
fraction of the charm and light flavor contamination is eliminated by this
cut. A sample of 9719 candidate B decay vertices remains, with a mean
track multiplicity of 5.0.

To improve the B hadron charge reconstruction, tracks that fail the initial
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selection but have pr > 200 MeV/c and \/m < 700 pm, where 0,4
(0r,) is the uncertainty in the track position in the r¢ (rz) plane close to
the IP, are considered as decay track candidates. The charge of any such
track passing T< 0.1 cm and L/D> 0.3 is added to the B decay charge. On
average, 0.5 tracks satisfy these criteria per b hemisphere.

Fig. 2 shows a comparison of the reconstructed charge between data and
Monte Carlo. The charged sample consists of 6033 vertices with vertex charge
equal to + 1,2 or 3, while the neutral sample consists of 3665 vertices with
charge equal to 0. Monte Carlo studies indicate that the charged sample is
97.8% pure in B hadrons consisting of 52.8% BT, 32.1% B°, 8.6% B?, and
4.3% B baryons. (Charge conjugation is implied throughout this paper.)
Similarly, the neutral sample is 98.3% pure in B hadrons consisting of 25.3%
BT, 52.9% B, 13.9% B? and 6.2% B baryons. The statistical precision of
the measurement depends on the difference between the BT and B contents
of these samples.

The Bt and B° lifetimes are extracted using a binned maximum like-
lihood fit to the decay length distributions of the vertices in the charged
and neutral samples simultaneously (see Fig. 3). For each set of parameter
values, Monte Carlo decay length distributions are obtained by reweighting
entries from generated BT and BY decays in the original Monte Carlo decay
length distributions with W (t, 7) = (£ e‘t/T)/(Tgi e~tTeen) where 7 is the
Bt or B lifetime, 7,e, = 1.55 ps, and ¢ is the proper time of each decay.
The fit then compares the decay length distributions from the data with the

reweighted Monte Carlo distributions over the range 1 mm to 25 mm. The
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fit yields 75+ = 1.67 £0.07 ps, 7go = 1.66 4 0.08 ps, and 75+ /750 = 1.0173:93
with a x? = 90 for 76 degrees of freedom.

Systematic uncertainties due to detector and physics modeling, as well as
those related to the fitting procedure, are described below and summarized
in Table 1. A discrepancy between data and simulation in the fraction of
tracks passing a set of quality cuts [6] is corrected for by removing 4% of
the tracks from the simulation. The uncertainty due to the track finding
efficiency is conservatively estimated as the full difference between fits with
and without this correction. The decay length distribution of the smaller
neutral sample, and hence the measured B° lifetime, is perturbed more than
the charged sample by this conservative estimate of the tracking efficiency
uncertainty. The uncertainty due to tracking resolution is similarly taken
to be the difference between fits before and after smearing and shifting the
track impact parameters in the rz plane to account for residual VXD mis-
alignments [6]. Smearing by o = 20 um/ sin # and shifting by up to 20 pum
is required to match the core of the impact parameter distribution observed
in the data. No correction is required to the impact parameters in the r¢o
plane. We have also made cross checks by performing the lifetime fits for B
decay candidates in different ¢ regions and different data taking time periods
separately. The results are found to be consistent within statistics.

The physics modeling systematic uncertainties are determined as follows.
The mean fragmentation energy <zp> of the B hadron [15] and the shape
of the xg distribution [16] are varied. Since the fragmentation is assumed to
be identical for the Bt and B° mesons, this uncertainty has little effect on

the lifetime ratio. The four branching fractions for B*/B° — DY/D~X are
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independently varied by twice the uncertainty in the current world average
for B — D°/D~X [12]. The average BT and B° decay multiplicities are
varied by £0.3 tracks [17] in an anticorrelated manner. Uncertainties in
the BY and B baryon lifetimes and production fractions mostly affect the B°
lifetime since the neutral B? and B baryon are a more significant background
for the BY decays (92% of the B baryons are neutral in our simulation).
Production fractions of BT and B° are assumed to be equal. The systematic
errors due to uncertainties in charm meson decay topology are estimated by
modifying the simulated D decay charged multiplicity and K° production to
match existing measurements [18]. The effect of uncertainties in the charmed
hadron lifetimes, as well as in their momentum spectra in the B decay rest
frame is found to be negligible.

The fitting uncertainties are determined by varying the bin size used in
the decay length distributions, and by modifying the cuts on the minimum
(0-2 mm) and maximum (12-25 mm) decay lengths used in the fit. Fit
results are consistent within statistics for these variations, but a systematic
error is conservatively assigned using the RMS variation of the results.

The final results for the topological analysis are T+ = 1.67+0.07(stat) +
0.06(syst) ps, 7go = 1.66 4 0.08 £ 0.08 ps, and 75+ /7o = 1.017793 % 0.05.

We now describe the semileptonic analysis. The initial step in the event
selection is to select electron and muon candidates using the measured track
parameters as well as measurements from the LAC and WIC respectively (see
Ref. [19] for further details). To enhance the fraction of Z° — bb events with
little loss in efficiency, lepton candidates are required to have p > 2 GeV/c

and momentum transverse to the nearest jet > 0.4 GeV/c (jets are found
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using the JADE algorithm [20] with y.,; = 0.005). These cuts yield a sample
of ~ 34,000 event hemispheres, with an efficiency of ~ 75% for semileptonic
B decays within | cos@| < 0.6 determined from our Monte Carlo simulation.

The secondary vertex reconstruction proceeds separately for each event
hemisphere containing a lepton, and uses a multi-pass algorithm that op-
erates on those tracks that have at least one VXD hit and are not from
identified v conversions, or K? or A decays. Tracks are initially classified
as primary unless their 3-D impact parameter significance with respect to
the IP is > 3.5 0 and p > 0.8 GeV/c, in which case they are classified as
secondary.

In the first pass, the hemisphere containing the lepton candidate is re-
quired to include no more than four secondary tracks (excluding the lepton)
and a candidate D vertex is constructed using all such tracks (vertex cuts
are defined below). The D trajectory, found from the D vertex and the total
momentum vector of tracks included in the vertex, must intersect the lepton
to form a valid one-prong B vertex solution. If this is successful, an attempt
is made to form a two-prong B vertex by attaching one primary track to the
lepton near the point of intersection. This first pass identifies 91% of the final
candidates; 40% of these are then modified by attaching one or two primary
tracks to the existing D vertex. In case of multiple solutions, we select the
one with the largest number of tracks and if more than one still remains,
we select that with the smallest impact parameter between the D trajectory
and the lepton or two-prong B vertex. A second pass is performed if no first
pass candidate is identified. Here, a search is made for solutions in which

one secondary track makes a valid two-prong B vertex with the lepton, the
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remaining secondary tracks form a D vertex, and the D trajectory intersects
the B vertex. Multiple solutions are handled as described above.

The requirements to accept a D vertex are: number of tracks < 4; D
vertex charge |Qp| < 1; mass < 1.98 GeV/c?; distance from IP > 4 o and
< 2.5 c¢m; and vertex x? (2,3,4 prongs) < (4,12,20). The requirements to
accept a B vertex are: |Qtot| < 1 and mass > 1.4 GeV/c? for B+D tracks;
decay length > 0.08 cm and < 2.4 cm; and any non-lepton track has p > 0.4
GeV/c. The requirements for the D vertex to be linked to the B vertex
are: signed distance between D and B vertices > 200 pm; for one-prong B
vertices, the distance of closest approach of the D trajectory to the lepton
< (130,100, 70) um for (2, 3, 4) prong D vertices; for two-prong B vertices,
the three-dimensional impact parameter of the D trajectory with respect to
the B vertex < 200 pm.

The efficiency for reconstructing a semileptonic B decay is estimated from
the simulation to be 24% for decays with an identified lepton within | cos 6| <
0.6. The charged topology consisting of two-prong B and three-prong D
vertices has poor BT purity and is therefore excluded from the sample. The
final sample is made up of 634 charged and 584 neutral semileptonic B decay
candidates. The charged sample is composed of the following (B:D) track
topologies: (1:2) and (1:4); the neutral sample is composed of (1:3), (2:2)
and (2:4) topologies.

Monte Carlo studies show that the charged (neutral) sample is 97.4%
(98.9%) pure in B hadrons with flavor contents of 66.6% B*, 22.9% B,
5.5% BY, and 2.4% B baryons for the charged sample, and 19.5% B*, 60.2%
B°, 14.8% B?, and 4.4% B baryons for the neutral sample. The fraction
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of misidentified leptons is 7.0% (9.7%) for charged (neutral) candidates, as
determined from the simulation. However, these are predominantly B decays
with good charge purity.

As a check of the algorithm, the requirements on the charges of the B
and D vertices are removed (for Figs. 4(a) and 4(b) only). Figure 4(a)
shows that, as expected, the charges of the lepton and D vertex are opposite
for most reconstructed decays with a charged D vertex. Furthermore, the
charge distribution resulting from the lepton+slow transition pion vertex
(from D*®)) shown in Fig. 4(b) indicates that the track combined with the
lepton to form a two-prong B vertex most often has charge opposite that
of the lepton, as expected for B — D*lv and most B — D**lv decays.
Figure 4 also shows the total vertex momentum distribution, and the D
vertex multiplicity distribution (with the nominal charge requirements on
the vertices).

The Bt and B lifetimes are extracted from the decay length distributions
(see Fig. 5) following the same procedure as for the topological analysis. The
fit yields 75+ = 1.611013 ps, 7o = 1.567013 ps and 7+ /7o = 1.03731% with
a x? = 78 for 76 degrees of freedom.

Systematic uncertainties are treated in the same way as described previ-
ously and are summarized in Table 1. Here we concentrate on uncertainties
specific to the semileptonic analysis. In addition to the correction for the
track finding efficiency, a 0.9™ 2 correction to the vertex reconstruction effi-
ciency is applied, where m is the D vertex track multiplicity. The B° lifetime
is more sensitive to the track finding and resolution uncertainties than the

BT lifetime because they affect the relative abundance of the various topolo-
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gies, and the fraction of wrong-charge vertices at short decay length is higher
for two-prong than for one-prong B vertex topologies. It was checked that
the lifetimes obtained in four different ¢ regions are statistically consistent.

Sensitivity to the branching ratio for decays involving b — ¢ — [ transi-
tions or for B — 7v,; X decays is negligible. Similarly, uncertainties due to
the charm hadron lifetimes are negligible. A slight discrepancy between data
and simulation is observed in the vertex total momentum distribution for the
neutral sample (see Fig. 4(c)). This mismatch is investigated by reweighting
the Monte Carlo D vertex momentum distribution to match the data in both
charged and neutral samples. Although the discrepancy may be attributed
in part to the B decay modeling, we conservatively assign an uncertainty to
be the difference between fits with and without reweighting.

The final results for the semileptonic analysis are 7p+ = 1.611073(stat) +
0.07(syst) ps, 7go = 1.567013 + 0.10 ps, and 7+ /750 = 1.031015 £ 0.09.

In summary, from 150,000 Z° decays the BT and B° lifetimes have been
measured using novel topological and semileptonic techniques. Combining
the measurements from the two analyses, taking into account correlated sta-

tistical and systematic errors, yields the following SLD averages:

T+ = 1.66 £ 0.06(stat) = 0.05(syst) ps,
Tpo = 1.64 4 0.08(stat) £ 0.08(syst) ps,
Tp+/Tgo = 1.01 £0.07(stat) & 0.06(syst).
These results are consistent with the expectation that the BT and B°

lifetimes are nearly equal and have a statistical accuracy among the best of

the current measurements [2, 3, 4].
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Table 1: Summary of systematic uncertainties in the Bt and B° lifetimes

and their ratio.

Topological analysis

Semileptonic analysis

Systematic Error ATg ATgo A:;’;)’ ATg ATgo A:BTZ
(ps) (ps) (ps) (ps)
Detector Modeling
Tracking efficiency 0.011 0.035 0.028 0.017 0.029 0.023
Tracking resolution 0.012 0.011 0.010 0.020 0.030 0.033
Lepton misidentif. + 25% na na na +0.006  +0.007  <0.003
Physics Modeling

b fragmentation (xg) =0.700 £0.011  F0.034 F0.034 <0.003 F0.025 F0.039 +0.010

Ref.[16] +0.008  40.015 —0.005 +0.024 +40.003 +0.012
BR(B — DX) Ref.[12] 0.010 0.012 0.010 0.008 0.006 0.010
BR(B — DﬁX) 0.15 + 0.05 0.006 0.006 0.006 0.009 0.008 0.011
B D) 0.230 + 0.115 na na na 40011 F0.018 +0.016
B decay multiplicity 5.3 £ 0.3 0.016 0.012 0.003 na na na
BY fraction 0.115 + 0.040 4+0.012  £0.004 +0.005 +£0.007 F0.007 +£0.009
B baryon fraction 0.072 + 0.040 +0.013 +0.039 F0.017 +£0.008 +0.016 F0.006
Bg lifetime 1.55 £+ 0.10 ps <0.003 F0.025 +£0.016 +0.003 =F0.028 4+0.020
B baryon lifetime 1.10 £ 0.08 ps <0.003 +0.006 £0.004 <0.003 =F0.007 =+0.005
D decay multiplicity Ref.[18] —0.011  40.006 —0.010 +0.014 +0.009 <0.003
D decay K© yield Ref.[18] —-0.005 —0.020 +0.010 <0.003 <0.003 <0.003
D mom. mismatch na na na <0.003 —0.034 +0.022

Monte Carlo and Fitting

Fitting systematics 0.024 0.013 0.022 0.037 0.052 0.061
MC statistics 0.012 0.013 0.015 0.023 0.024 0.027
TOTAL 0.055 0.078 0.050 0.066 0.097 0.088
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Figure 1: Mass of reconstructed vertex for data (points) and Monte Carlo

(histogram) in topological analysis.
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Figure 2: Reconstructed vertex charge for data (points) and Monte Carlo

(histogram) in topological analysis.

22



107 o
- Charged -
102 10°
10 10
w 1
10 W{

10
o 0> 1 1.5 2 2.5 O 05 1 1.5 2 2.5
Decay Length (cm) Decay Length (cm)

Figure 3: Decay length distributions for data (points) and best fit Monte

Carlo (histogram) in topological analysis.
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Figure 4: Distributions of (a) the product of lepton and D-vertex charges, (b)
sum of lepton and slow transition pion charges for data (points) and Monte
Carlo (histograms) with no charge requirement at the B and D vertices.
Distributions of (¢) total momentum of the B+D tracks and (d) D vertex
multiplicity for data (solid circles are for total sample, open circles are for
charged sample only) and Monte Carlo (histograms are for total sample,

shaded portions are for charged sample only).
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Figure 5: Decay length distributions for data (points) and best fit Monte

Carlo (histogram) in the semileptonic analysis.
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