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Abstract 

We report a new measurement of the average lifetime of hadrons containing 

bottom quarks. The B hadron decays are tagged by identifying leptons at high 

transverse momentum. From a fit to the lepton impact parameter distribution, 

the average B hadron lifetime is found to be (0.98 f 0.12 f 0.13) x lo-l2 sec. 



The lifetime of hadrons containing bottom quarks is a measure of the strength 

of the weak transitions between the bottom quark and the charm and up quarks. 

In terms of the 3 x 3 quark mixing matrix proposed by Kobayashi and Maskawaf 

the B hadron lifetime depends on the magnitude of the matrix elements Vub and 

&b. Studies of B semileptonic decay’ have shown that Iv&l is small compared 

to I&l, and therefore the B lifetime essentially measures II&l and limits lvUbl. 

The data used in this measurement were collected with the Mark II detector 

at the e+e- storage ring PEP (EC, = 29 GeV). We have previously reported a 

B lifetime measurement3 based on a data sample of 80 pb-l. The present work: 

based on a data sample of 204 pb-l, includes the previous data and supersedes our 

earlier analysis. We use the same procedure of measuring the impact parameters 

of leptons produced in B decay. However, we have improved upon the previ- 

ous result through direct measurement of the experimental resolution function, 

a more precise determination of the B production point, and a comprehensive 

analysis of inclusive lepton production. These improvements combined with the 

increased statistics make this measurement of the B lifetime the most precise 

from any experiment to date. 

The Mark II detector has been described in detail elsewhere.5 A high reso- 

lution drift chamber, known as the vertex chamber, is situated inside the main 

tracking chamber. The two drift chambers are immersed in a solenoidal mag- 

netic field of 2.3 kG. Particle trajectories are measured with high precision in the 

(2, y) plane perpendicular to th e b earns, and the impact parameter is accurately 

determined in that plane. Electrons are identified over 64 % of the solid angle 

with a lead-liquid-argon calorimeter. Muons are identified over 44 % of the solid 

angle by-a system of hadron absorbers and proportional tubes. 
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Hadronic events are selected by requiring at least six charged tracks with 

a scalar momentum sum greater than 7.25 GeV. Electron candidates must have 

measured momenta consistent with energies deposited in the liquid-argon calorime- 

ter. Muon candidates are selected from particles that penetrate all four layers of 

iron absorber.6 Events are selected that have lepton candidates with momenta 

greater than 2 GeV/c. The backgrounds in the lepton sample from beam-gas, 

two-photon, and r+r- events are less than 2 %. The thrust direction is calcu- 

lated from all charged tracks in the event and we require Ices(B) < 0.71, where 0 

is the angle between the thrust direction and the beams. 

To select events enhanced in heavy quark production, we cut on the lepton 

momenta, p, and their components transverse to the thrust axes, pt . Because 

the bottom hadrons are heavier than charm ones, leptons with high transverse 

momenta come mostly from bottom decays while those with low pt are largely 

from charm decays. We define a bottom-enhanced sample as those leptons with 

p > 2 GeV/c and pt > 1 GeV/c. Leptons with p > 3 GeV/c and pt < 0.75 GeV/c 

comprise the charm-enhanced sample. The latter sample is used to measure the 

average C hadron lifetime as a check on the analysis procedure. Strictly speaking, 

we measure the average lifetime of bottom and charm hadrons, weighted by the 

product of their production cross-sections and semi-leptonic branching ratios. 

The fractions of background, bottom, and charm sources in our lepton sample 

are determined by a fit to the inclusive lepton p and pt spectra:’ We find from 

the fit that 64 f 5% of the leptons in the b-enhanced sample are from bottom 

decays, 19 f 4% are from charm decays, and 17 f 5% are from background. In 

the c-enhanced sample, 16 f 3 % are from bottom decays, 55 f 6 % are from charm 

decays, and 29 f 6 % are from background. 
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The impact parameter is defined as the distance of closest approach of the 

lepton track to the production point in the plane perpendicular to the beams. 

The impact parameter resolution can be written as ui = 6: + ul, where al 

is the position resolution of the lepton track extrapolated near the origin and 

aP is the contribution from the uncertainty in the position of the production 

point. In our previous analysis, we used the mean beam position as an estimate 

of this production point, with errors based on the vertical and horizontal beam 

sizes, namely 72pm and 414pm , respectively.* The horizontal beam size then 

dominates the impact parameter resolution over much of the azimuth.- 

To improve the estimate of the production point over the average beam po- 

sition, we include information from other tracks in the event as follows. Each 

event is divided into two jets by a plane perpendicular to the thrust axis. A 

vertex is formed from all well-measured tracks in each jet with momenta greater 

than 0.3 GeV/c. A well-measured track has at least three hits and a track fit 

in the vertex chamber with probability greater than O.l%, and a track x2/DOF 

less than five for the combined fit through both drift chambers. At least two 

such tracks are required for the jet vertex; the mean number of tracks per vertex 

is 3.6. The bottom or charm hadron trajectory is estimated by extrapolating 

from this vertex toward the beam center along the thrust direction. Errors in 

the thrust determination and in the location of the jet vertex are included in 

estimating errors in the hadron trajectory. The production point is found from 

a least squares fit to the trajectory and the beam center. Use of this algorithm 

improves the average impact parameter resolution from 291 pm to 161 pm . 

The inclusion of tracks from secondary or tertiary vertices tends to move the 

jet vertex position along the thrust direction, rather than transverse to it, and 
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thus influences the production point estimate very little. Using a full detector 

simulation, we have verified that the production point estimate is unbiased for 

hadron decay lengths less than 2.5 mm. In events with estimates of the pro- 

duction point from both jets we find good agreement between the two. In such 

events we select the estimate that gives the smaller impact parameter error. 

- The thrust axis of the event serves to estimate the B or C hadron flight direc- 

tion and to determine the impact parameter sign. We take the hadron direction 

along the thrust axis as the direction making an acute angle with the lepton mo- 

mentum vector. The impact parameter is signed positive if the intersection point 

of the lepton trajectory and the assumed hadron trajectory corresponds to a pos- 

itive decay length and is signed negative otherwise. To eliminate events where 

the thrust direction poorly represents the hadron flight direction, we require the 

event thrust magnitude to be greater than 0.75. 

To measure the impact parameter resolution, we select a sample of tracks 

in hadronic events having small fractions of their transverse momenta (relative 

to the thrust axis) in the plane perpendicular to the beams. This selection 

ensures that the projected impact parameter of these tracks due to the lifetimes of 

charm and bottom hadrons will be small. In the approximation that these impact 

parameters are negligible, this sample measures the impact parameter resolution. 

The normalized distribution of impact parameters, divided by their calculated 

errors, is shown in Figure 1. The resolution function is parameterized as the sum 

of two Gaussian functions of width 1.09 and 2.30, their relative contributions are 

0.92 and 0.08, respectively. 

To ensure that the lepton tracks are well-measured, we require them to pass 

the same- criteria applied to those tracks in the jet vertex. After all cuts we are 
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left with 617 leptons in the b-enhanced sample. The measured impact parameter 

distribution for these leptons is shown in Figure 2a. The distribution has a mean 

of 114 f 13 pm. The impact parameter distribution for the 915 leptons in the 

c-enhanced sample has a mean of 35 f 7 pm. 

The dominant background to the lepton signal is from misidentified hadrons. 

We therefore measure the impact parameter distribution for tracks not identified 

as leptons, weighted as a function of p and pt by the misidentification probabil- 

ities. The impact parameter distribution of hadron tracks satisfying the same p 

and pt cuts as leptons in the b-enhanced region is shown in Fig 2 b; it has a mean 

of 30 f 5 pm. The impact parameter distribution for muons from pion and kaon 

decay is studied by means of the Monte Carlo simulation. We find that the mean 

of this distribution is the same as that measured for misidentified hadrons but 

that because of the additional impact parameter generated by decay in flight, its 

width is increased by approximately 20 %. 

To determine the average B and C hadron lifetimes, we fit the impact parame- 

ter distributions for leptons in the b-enhanced and c-enhanced regions simultane- 

ously by a maximum likelihood technique.3 The impact parameter fitting function 

is the sum of three distributions, the normalized impact parameter distribution 

for background tracks weighted by the background fraction, the distribution for 

leptons from bottom decay weighted by the bottom fraction, and the distribution 

for leptons from charm decays weighted by the charm fraction. 

The impact parameter distributions for bottom and charm decays are found 

in two steps. We first compute the Monte Carlo generated impact parameter 

distributions for leptons from bottom and charm decays at a reference lifetime 

TO. The distribution for an arbitrary lifetime r is found by scaling the reference 
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distribution by- the factor T/TO. These distributions are determined using the 

Lund 6.3 hadronic event generator9 and detector simulation that accounts for 

the effects of the event selection criteria. We do not include in the simulation 

the effects of impact parameter resolution. These effects are properly accounted 

for by convoluting the Monte Carlo generated distributions with the resolution 

function shown in Fig. 1. The convolutions give us the prompt lepton impact 

parameter distributions used in the fit. The width of the resolution function is 

scaled by the impact parameter error calculated event by event. The background 

impact parameter distribution is taken from the data shown in Fig 2 b, normalized 

to the total number of events in the distribution. From the fit we determine 

q, = (0.98 f 0.12) p set and rc = (0.74 f 0.13) psec (statistical errors only). The 

fit to leptons in the b-enhanced region is shown in Fig. 2 a. 

The average charm hadron lifetime measured agrees well with the expected 

value of rc = 0.68 f 0.12 psec. The expected lifetime is calculated using the 

10 measured charm lifetimes and semi-leptonic branching ratios, and by making 

reasonable assumptions as to the relative proportions of Do, D+, and 0: charm 
. _ 11 hadrons . 

We have made a number of checks on the B lifetime measurement. We find 

agreement within errors between the lifetime values measured in the electron 

(0.93 f 0.15 psec) and muon (1.08 f 0.21 psec) samples separately. To check 

for possible measurement bias, we determine the B lifetime using raw data from 

Monte Carlo simulated events. For generated lifetime values of 0, 1, 2, and 3 

psec we find values of -0.02 f 0.05, 1.03 f 0.05, 1.97 f 0.07, and 2.90 f 0.12 psec, 

respectively. The mean of the background impact parameter distribution in the 

Monte Carlo simulation (24.6 f 2.5 pm) agrees with the mean of the distribution 
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seen in the data (29.6.&4.8pm). A s a final check, we measure the r lifetime using 

the impact parameters of pion tracks from T + xx1r~~ decays. The tau selection 

criteria have been previously discussed!2 Employing the same production point 

and impact parameter technique as in the B lifetime determination, we measure 

rr = (0.293 f 0.021 f 0.023) p sec. This result agrees well with the value deter- 

mined from the same data sample by the decay length method12 and with the 
10 world average. 

The sources of possible systematic error in the measured B lifetime are sum- 

marized in Table 1. The largest systematic errors result from uncertainties in 

the lepton fractions, the B hadron fragmentation function and the shape of the 

resolution function. The uncertainties in the fractions of background, bottom, 

and charm in our lepton sample are determined from the fit to the inclusive lep- 

ton spectra.? In this analysis we use a world average for the mean of the charm 

fragmentation function < z, >= 0.68 f 0.06.13 For the bottom fragmentation 

function, we use < Zb >= 0.84 f 0.07. This value agrees with our inclusive lepton 

analysis; we conservatively assign a large error to it. The exact shape of the 

resolution function used in the fit is subject to some uncertainty. We allow the 

amount of tail in the resolution function to change by 50 % and the width of the 

function to change by 15%. 

We have considered other potential sources of systematic error. Uncertain- 

ties in the modelling of the thrust axis determination and in the amount of 

background to the signal from the two-photon process e+e- + e+e-qq lead to 

a 4 % systematic error in Q. The possible measurement bias introduced by the 

production point algorithm is found to be negligible. The systematic errors listed 

in Table 1 lead to an overall systematic error on the B hadron lifetime of 13 %. 
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In summary, we find the average B hadron lifetime to be (0.98 f 0.12 f 0.13) 

psec where the first error is statistical and the second is systematic. This value is 

consistent with our previously published result 3 and with recent measurements 
14 from PEP/PETRA experiments. 

The measured lifetime can be used to constrain the KM matrix. These con- 

straints have been discussed by numerous authors; 15 they indicate that the cou- 

pling between the third generation of quarks and the lighter quarks is weaker 

than that between the first two generations. 

We acknowledge many useful discussions with Harry Nelson. This work was 

supported in part by the Department of Energy, contracts DE-AC03-76SF00515 

(SLAC), DE-AC03-76SF00098 (LBL), and DE-AC02-76ER03064 (Harvard). 
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Source I hhm I 
Lepton fractions 8.3 

B and C hadron fragmentation 5.2 

Resolution uncertainty 6.1 

All other 4.2 

13. 

Table 1. Summary of the sources of systematic errors affecting the B lifetime 

measurement. 
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FIGURE CAPTIONS 

1) Impact parameter/error distribution for hadron tracks having small frac- 

tions of their transverse momenta in the plane perpendicular to the beams. 

The fit curve respresents the resolution function. 

2) Impact parameter distributions for a) leptons in the b-enhanced region and 

b) hadrons in the same p and pt region. The curve represents the result of 

the fit described in the text for the measured lifetime. 
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