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Measurement of the Average B Hadron Lifetime in Z Decays Using Reconstructed Vertices
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We report a measurement of the average B hadron lifetime using data collected with the SLD
detector at the SLAC Linear Collider in 1993. An inclusive analysis selected three-dimensional
vertices with B hadron lifetime information in a sample of 50 X 10 Z decays. A lifetime of
1.564 ~ 0.030(stat) ~ 0.036(syst) ps was extracted from the decay length distribution of these vertices
using a binned maximum likelihood method.

PACS numbers: 14.65.I y, 13.20.He, 13.30.—a, 13.38.Dg

Measurements of the 8 hadron lifetime ~~ are useful
for exploring the physics of b quarks, particularly for de-
termining the weak couplings of the b to lighter quarks.
Precise measurements of the average value of 7.~ remain
interesting in view of the significant variation in the world
average over the past few years (see Refs. [1—3]). Previ-
ous determinations of ~~ have relied on either hard lepton
momentum cuts [4] or stringent vertex constraints to iso-
late B hadron decay vertices [5]. In the method presented
here all decay modes are used with high efficiency.

In this Letter we present a measurement of 7.~ based
on inclusive three-dimensional reconstruction of secondary
vertices in Z ~ bb events. The data for this analysis
were collected at the SLAC Linear Collider (SLC) with the
SLD experiment in 1993. The analysis used a topological
technique to select vertices with lifetime information and
relied on Monte Carlo (MC) modeling to extract hatt using
a maximum likelihood method. It yielded a precise mea-
surement of ~z, even with a relatively small data sample.

During the 1993 run SLD recorded 1.8 pb ' of e+e
annihilation data at a center-of-mass energy of 91.26 ~
0.02 GeV. Charged particle tracking was provided by
the central drift chamber (CDC) [6] and by the vertex
detector (VXD) [7], with a combined impact parame-
ter resolution in r@(rz) parametrized as o. = 11(38) e
70/pepsin 0 p, m, where p is expressed in GeV/c. The
liquid argon calorimeter [8] was used for triggering, thrust
axis determination, and jet finding. The (rms), ~, pro-
file of the SLC beams was approximately 2.4 && 0.8 &C

700 pm3 at the interaction point (IP). The x and y posi-
tions of the IP were continuously measured using recon-
structed tracks from —30 sequential hadronic Z decays,
giving o' = 7 ~ 2 p, m [9]. The z position was mea-
sured on an event-by-event basis using the median z po-
sition of tracks at their point-of-closest-approach to the IP
in the x-y plane, with a resolution of o-, = 52 p, m for
Z ~ bb events [9].

A detailed simulation of the detector and physics pro-
cesses was used in this analysis. Hadronic Z decays
were generated using JETSET 6.3 [10]adjusted to reproduce
data from other e+ e experiments [11]. The fragmen-
tation functions for b and c quarks followed the Peter-
son parametrization [12] with eb = 0.006 and e, = 0.06,
respectively. A detailed description of the 8 hadron de-
cay model may be found in Ref. [9]. Beam-related back-
grounds and detector noise were simulated by overlaying
random trigger events that occurred in close time proximity
to recorded Z decays. The detector response was simu-
lated with GEANT 3.15 [13].

Hadronic Z decays were selected by requiring at least
7 reconstructed tracks, total track energy greater than
18 GeV, and

~ cos0&h, &~ ~ 0.71 (thrust axis within CDC-
VXD acceptance). A sample of 29 400 events was selected
with a nonhadronic background estimated to be ~0.1%.

A set of "quality" tracks for use in heavy quark tagging
and vertexing was selected. Tracks measured in the CDC
were required to have ~40 hits, with the first hit at a radius
r ( 39 cm, a transverse momentum p,~ ) 0.4 GeV/c, a
good fit quality (X /NDQE ~ 5), and to extrapolate to the
IP within 1 cm in x-y and 1.5 cm in z. Tracks were
required to have at least one associated hit in the VXD, and
a combined CDC-VXD fit with X /NDoF ( 5. Tracks
with a 2D (r @) impact parameter 6 ) 3 mm or with a
2D impact parameter error o.~ & 250 p, m were removed.
Tracks from identified y conversions, Ko or A" decays
were also removed. A discrepancy in the fraction of tracks
passing quality track selection between data and MC was
corrected by applying a momentum-dependent and angle-
dependent correction of -6% to the MC [9].

A sample of 4299 events with an enriched Z
b b content was tagged by choosing hadronic events
having three or more quality tracks with normalized
2D impact parameter 6/mrs ) 3.0. From the MC (with
7.~ = 1.510 ps), this algorithm was determined to be 60%
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efficient at identifying Z ~ bb events and provided a
90% pure sample. The tag had a minimal effect on
the measured lifetime due to a subsequent cut on flight
distance, as will be discussed later.

Secondary vertex reconstruction and selection pro-
ceeded in three stages. In the first stage, quality tracks
with p ) 1.0 GeV/c were used to construct secondary
vertices. Two-prong secondary vertices were constructed
from all pairs of these tracks in an event hemisphere, de-
fined with respect to the thrust axis, if they extrapolated
to within 3 standard deviations of a common point in that
hemisphere. If a track was shared between a pair of two-
prong vertices, a three-prong vertex was also constructed.
Four-prong vertices were constructed in a similar way.
Tracks from three- and four-prang vertices were required
to extrapolate to within 3 standard deviations of a com-
mon point. The vertex fit probability was required to be
)5%. To reduce the number of vertices containing tracks
from the IP, the distance between each vertex and the IP
was required to be greater than 1 mm, and at least one
track in each vertex was required to have 6/tT& ~ 2.5.
After these cuts, 97.8% of the 4299 tagged events con-
tained at least one selected vertex.

On average, 6.5 vertices per hemisphere remained at this
stage of the analysis. Figure 1(a) shows the number of ver-
tices per event passing these selection criteria. The first
column of Table I shows the composition of the vertices
as determined from the MC; the first five categories carry
lifetime information. A vertex was classified as "b" if all
the tracks came from the weak decay of a B hadron, and
as a "b + cascade c" if at least one track came from the
weak decay of a 8 hadron and the rest from the weak de-

cay of a hadron containing a cascade c quark. The other
categories were defined similarly.

Because of the loose vertexing criteria, most geomet-
ric vertices were reconstructed. However, tracks were al-
lowed to contribute to more than one vertex. In the second
stage of vertex selection, all possible sets (partitions) of in-
dependent vertices in each event hemisphere were found;
i.e., each track was allowed to contribute to one vertex
only. Events were rejected if the total number of partitions
exceeded 1000. This removed 1.0% of tagged events. For
each hemisphere, we selected the partition with maximum
value of the product M = P,„„„„.„,P, where P repre-
sents the vertex fit probability and the product includes all
vertices in a given partition. The partition selection cri-
terion was chosen to provide a high efficiency for finding
vertices with lifetime information and low backgrounds.
The true 8 hadron decay vertex was not necessarily re-
constructed. Table I, column 2 shows the vertex compo-
sition after selection of the best partition, and Fig. 1(b)
displays the distribution of the product M. To further re-
duce the background, particularly from vertices contain-
ing tracks from the IP, the angle between the vertex line
of flight and the nearest jet axis was required to be less
than 150 mrad, and each vertex track was required to have
transverse momentum with respect to the vertex line-of-
Ilight greater than 0.07 GeV/c. A sample of 5856 vertices
(0.69 vertex/hemisphere on average) remained at this stage
of the analysis. Figure 1(c) shows the distribution of the
number of prongs per vertex.

In the third stage of vertex selection, one vertex was
selected in each hemisphere in order to avoid multiple
counting. For hemispheres containing more than one
vertex, the vertex closest to the IP was selected to enhance
contributions from b vertices over cascade c and other
vertices. As a result, 60% of the hernispheres in the
4299 tagged events contained a selected vertex. Of the
selected vertices, 92Vo contained a track associated with
the weak decay of the 8 hadron. Figure 1(d) displays the
total vertex momentum

~ g; p;l distribution at this stage.
Table I, column 3 shows the vertex composition in the

I
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TABLE I. Vertex type in sample according to MC.
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FIG. 1. Distribution of (a) number of vertices per event,
(b) M, (c) number of prongs per vertex, and (d) total vertex
momentum for data (points) and MC (histogram) with 7~ =
1.510 ps, at different stages of vertex selection.
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final sample. We have verified that data and MC matched
closely at the various stages of vertex selection (see Fig. 1).

The B hadron lifetime was extracted from the decay
length distribution (see Fig. 2), i.e. , the distance between
secondary vertices and the IP. A binned likelihood was
computed for average lifetime values ranging between 0.7
and 2.3 ps; bins in the decay length distribution were
combined to have a minimum of ten entries. The 7p
dependence in the MC was introduced by reweighting the
decay length distribution of the B hadron component. The
MC contained two sets of Z ~ b b decays. In the first
set, 8 mesons (baryons), representing 91.1% (8.9%) of
all B hadrons, were generated with an average lifetime
of 1.55 ps (1.10 ps), and in the second set with 2.00 ps
(1.42 ps). The average value of rs in the two MC sets
was thus 1.510 and 1.948 ps, respectively. For the ~z =
1.510 ps MC sample, the B baryons represented 7.3% of
all B hadrons after vertex selection. Using all MC samples,
the maximum likelihood method yielded an average B
hadron lifetime of v.~ = 1.564 ~ 0.030 ps with a binned

/NDOF = 27.9/20.
Systematic checks of the method and the detector mod-

eling were performed. Independent samples of the 7.~ =
1.510 ps MC were used as data, yielding lifetimes in
agreement with the generated lifetime. The lifetime was
also extracted from the data using the 7~ = 1.510 and
1.948 ps MC Z ~ bb samples separately, yielding val-
ues consistent with the reported result. In the two MC
sets, the average values of the decay length distributions
for each vertex type at the same reweighted v.z were found
to agree to within 1%. The measured lifetimes in differ-
ent epochs of the run, i.e., under different run conditions,
agreed within statistical errors as did measurements from
four different azimuthal sections of the detector. We ver-
ified that the initial heavy quark tag had negligible effect
by comparing the vertex composition and decay length

distributions for tagged and untagged Z ~ bb events
that passed all other cuts in the analysis. The 1 mm de-
cay length cut reduced the backgrounds, especially from
Z ~ cc events, and was found to reduce the sensitivity
to the choice of tagging criteria. The tag was also in-
vestigated by considering only hemispheres opposite jets,
which were tagged by requiring at least three tracks in the
jet with 6/oz ~ 3.0. This yielded an average lifetime
of ~~ = 1.616 ~ 0.052 ps, which was independent of the
heavy quark tag and consistent with the reported result.
The lifetime was insensitive to whether the closest or far-
thest vertex was chosen.

The systematic error due to detector modeling (see
Table II) was dominated by the modeling of the recon-
struction of quality tracks. This effect included both an
overall normalization between data and MC after quality
track selection, as well as a 0.3 track variation in qual-
ity track multiplicity between different run periods [9].
Track parameters were varied to reAect uncertainties in
the radial and longitudinal alignment within the VXD and
to account for the differences between data and MC in the
tails of the IP position distribution along the z axis. The
uncertainty due to the tails of the IP ~ position distribution
was determined to be negligible.

The systematic errors due to the heavy quark physics
modeling are also shown in Table II. The systematic er-
rors due to b and c fragmentation were determined by
varying eb and e,. in the Peterson function used in our
simulation [12] corresponding to (xE) = 0.700 ~ 0.011
for b fragmentation and (xp) = 0.49 ~ 0.03 for c frag-
mentation [14]. The b fragmentation systematic error
also includes a contribution due to the uncertainty in the
shape of the fragmentation function, which was estimated

TABLE II. Summary of systematic errors.
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FIG. 2. Decay length distribution for vertices passing all
selection criteria in data (points) and MC (histogram). The
MC distribution corresponds to that with the best-fit lifetime.
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by using the modified Bowler parametrization [15]. The
sensitivity to the charm content of B hadron decays was
estimated by taking into account the uncertainty in the B
and B+ branching ratios [3]. The uncertainties were in-
flated by 100% to account for the fact that no data are
available for B, and B baryon branching ratios. The ab-
solute fraction of B baryons in Z ~ bb events was var-
ied by ~0.05. The absolute fractions of D+ and charm
baryons in Zo ~ cc events were varied by ~0.036 [16]
and ~0.03, respectively. The multiplicity of tracks from
B hadron decays was varied by ~0.3 tracks to refIect
the current uncertainty in this value [17]. The MC mo-
mentum spectra of D+ and D mesons from B hadron
decays were adjusted to agree with recent CLEO data
[18]~ Rb l Z bb/l Z hadrons Rc ] Z cell Z hadrons

and the lifetimes of D+, D", D„and A, were varied by
the uncertainties in their world averages [3].

The decay length bin size was varied from 0.25 to 2 mm
and the minimum decay length used to extract the lifetime
was varied from 1 to 3 mm. Samples passing different
decay length cuts at the vertex reconstruction stage were
fitted over the same range to assess the effect of this
cut. The systematic error due to the cut on the maximum
number of partitions was estimated to be negligible. This
was accomplished by weighting the B hadron decay length
distribution in the MC final sample to reproduce the
distribution prior to the cut.

In conclusion, an inclusive vertexing technique was
used to determine the average B hadron lifetime from
an initial sample of 50 X 10 Z decays. The measured
lifetime was 1.564 ~ 0.030(stat) ~ 0.036(syst) ps. This
result confirms the higher lifetime values recently reported
by other experiments [4,5].

We thank the personnel of the SLAC accelerator
department and the technical staffs of our collaborating
institutions for their outstanding efforts.
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