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The lifetimes of theB2 andB̄0 mesons are measured using the partially reconstructed semileptonic decays

B̄→Dl 2n̄X, whereD is either aD0 or D* 1 meson. The data were collected by the CDF detector at the

Fermilab Tevatron collider during 1992–1995 and correspond to about 110 pb21 of p̄p collisions atAs
51.8 TeV. We measure decay lengths and extract the lifetimes to bet(B2)51.63760.05820.043

10.045 ps and

t(B̄0)51.47460.03920.051
10.052 ps, and the ratio of the lifetimes to bet(B2)/t(B̄0)51.11060.05620.030

10.033, where
the first uncertainties are statistical and the second are systematic.@S0556-2821~98!08419-7#

PACS number~s!: 13.20.He, 14.40.Nd
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I. INTRODUCTION

Measurements of the lifetimes of the individualB-hadron
species can probe their decay mechanism beyond the si
09200
ple

spectator model decay picture. In this model, all hadro
containing a heavy quark should have one identical lifetim
that of the quark. However, this picture does not hold in
case of charm hadrons; the lifetimes ofD1 andD0 mesons
2-2
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differ by a factor of 2.5. Possible causes of lifetime diffe
ences include contributions from non-spectator deca
namely the annihilation and theW-exchange processes, an
so-called final-state Pauli interference effects. Obviou
these mechanisms play an important role in the decay
charm hadrons. However, they are expected to prod
smaller lifetime differences between theB hadrons becaus
of the larger mass of theb quark.

In the past few years, the heavy quark expansion te
nique has been applied extensively to the calculations of
clusive decay rates of heavy hadrons, both spectator
non-spectator decays. It provides quantitative predictions
lifetime differences among the heavy hadrons. It is gener
believed that there should exist a lifetime difference of or
~5–10!% between theB2 and B̄0 mesons. Bigi predicts@1#

that theB2 meson lifetime should be longer than theB̄0

meson lifetime. However, Neubert and Sachrajda@2# state
that the sign of the deviation from unity cannot be predic
reliably. A much smaller difference, of order 1%, is pr
dicted for theB̄0 and B̄s

0 meson lifetimes.

Several direct measurements ofB2 and B̄0 meson life-
times have been performed recently by thee1e2 experi-
ments@3# and by the Collider Detector at Fermilab~CDF!
@4,5#. Indirect information has been obtained through t
measurement of branching fractions@6#. The precision of
current measurements now approaches the level where
predicted small differences could be discerned, and impro
ments in these measurements will provide a strong tes
B-hadron decay mechanisms.

In this paper we report a measurement of theB2 and B̄0

meson lifetimes using partially reconstructed semilepto
decays. The data used in this analysis were collected
1992–1995 with the CDF detector at the Fermilab Tevat
proton-antiproton collider at a center-of-mass energyAs
51.8 TeV and correspond to an integrated luminosity
about 110 pb21.

In order to identify semileptonic decays ofB mesons,
events with a lepton (e2 or m2, denoted byl 2) associ-
ated with aD0 or D* 1 meson are selected.~Throughout this
paper a reference to a particular charge state also implie
charge conjugate.! The l 2D0 candidates consist mostly o
B2 decays, and thel 2D* 1 candidates consist mostly ofB̄0

decays. TheD0 mesons are reconstructed using the de
modeD0→K2p1. TheD* 1 decays are reconstructed usin
the decay modeD* 1→D0p1, followed by D0→K2p1,
K2p1p1p2 or K2p1p0. About 6000 such decays are r
constructed in the data sample. The decay length distr
tions are measured and the lifetimes are extracted after
recting for the relative admixtures ofB2 and B̄0 mesons in
the samples. The results presented here supersede a pre
CDF measurement@4#, since the part of the data sample us
here is the same as that of Ref.@4#.

II. CDF DETECTOR AND TRIGGER

The CDF detector is described in detail elsewhere@7#. We
describe here only the detector components most releva
09200
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this analysis. Inside the 1.4 T solenoid the silicon ver
detector~SVX! and the central tracking chamber~CTC! pro-
vide the tracking and momentum analysis of charged p
ticles. The CTC is a cylindrical drift chamber containing 8
measurement layers. It covers the pseudorapidity inte
uhu,1.1, whereh52 ln@tan(u/2)# @8#. The SVX consists of
four layers of silicon micro-strip detectors located at ra
between 3.0 and 7.9 cm from the interaction point and p
vides spatial measurements in ther -w plane with a resolu-
tion of 13mm. It gives a track impact parameter resolution
about (13140/pT) mm @9#, wherepT is the transverse mo
mentum of the track measured in GeV/c. The silicon detec-
tors extend to625 cm along thez axis, wherez is parallel to

the proton beam axis. Since the vertex distribution forp̄p
collisions has an rms width of630 cm along thez direction,
a substantial fraction of the interactions occurs outside of
SVX coverage; as a result, the average geometric accept
of the SVX is about 60%. The transverse profile of the Te
tron beam is circular and has an rms spread along bothx and
y axes of;35 mm for the data taking period in 1992–199
and;25 mm in 1994–1995. ThepT resolution of the CTC
combined with the SVX is s(pT)/pT5@(0.0066)2

1(0.0009pT)2#1/2. Electromagnetic~CEM! and hadronic
~CHA! calorimeters with projective tower geometry are l
cated outside the solenoid and cover the pseudorapidity
gion uhu,1.1, with a segmentation ofDw515° and Dh
.0.11. A layer of proportional chambers~CES! is embedded
near shower maximum in the CEM and provides a m
precise measurement of electromagnetic shower profiles
an additional measurement of pulse height. Also, a laye
proportional chambers~CPR! is installed between the sole
noid and the CEM, and samples electromagnetic shower
about one radiation length. Two muon subsystems in
central rapidity region are used for muon identification. T
central muon chambers~CMU! are located just behind th
CHA calorimeter, and the central upgrade muon chamb
~CMP! follow an additional 60 cm of steel.

Events containing semileptonicB decays are collected us
ing inclusive lepton triggers. CDF uses a three-level trigg
system, where at the first two levels decisions are made w
dedicated hardware. The information available at this st
includes energy deposits in the CEM and CHA calorimete
high pT tracks found in CTC by a track processor, and tra
segments found in the muon subsystems. TheET threshold
for the principal single electron trigger is 9~8! GeV for the
data taking period in 1992–1993~1994–1995!, where ET
[E sinu, and E is the energy measured in the CEM.
addition, a track is required in the CTC withpT
.7.5 GeV/c that points at the calorimeter tower inw. For
the 1994–1995 data taking period the CES was added to
trigger system@10#. The electron trigger requires the pre
ence of pulse height in the CES corresponding to an elec
magnetic shower of 4 GeV or above. Also, thew position of
the shower is available with a segmentation ofDw52°, and
the CTC track is required to point at the shower. The sin
muon trigger requires a track in the CTC, corresponding t
particle withpT.7.5 GeV/c, and track segments in both th
CMU and CMP systems that match the CTC track with
2-3
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7.5° inw. At the third level of the trigger, the event selectio
is based on a version of off-line reconstruction progra
optimized for speed. The lepton selection criteria used
level 3 are similar to those described in the next section

III. RECONSTRUCTION OF SEMILEPTONIC
DECAYS OF B MESONS

The analysis starts with identification of leptons,e2 or
m2. If an event contains a good lepton candidate, we lo
for the charm mesonD0 or D* 1 produced in the vicinity of
the lepton candidate, to be consistent with the semilepto
decay signatureB̄→ l 2n̄DX. A proper correlation between
the lepton charge and the charm flavor,l 2 with D, not l 1

with D, is required.

A. Lepton identification

The identification of electrons makes use of informati
from both calorimeters and tracking chambers. To be spe
we require the following:

Longitudinal profile consistent with an electron show
i.e. small leakage energy in the CHA.

Lateral shower profiles measured in the CEM@11# and the
CES @12# consistent with electron test beam data.

Association of a highpT track with the calorimeter
shower based on position matching and energy
momentum ratio.

Pulse heights in the CES and CPR consistent with
electron.
Photon conversion electrons, as well as Dalitz decays ofp0

mesons, are removed by looking for oppositely charg
tracks that have small opening angles with the electron c
didate.

Muons are identified based on the geometrical match
between the track segments in the muon chambers an
extrapolated CTC track. We compute thex2 of the matching,
where the uncertainty is dominated by multiple Coulom
scattering in the detector material. We requirex2,9 in the
r -w view ~CMU and CMP! and x2,12 in the r -z view
~CMU!.

B. Charm meson reconstruction

To identify the l 2D0 candidates, we search forD0

→K2p1 decays near the leptons, removing events that
consistent with theD* 1→D0p1 decay chain. TheD0

→K2p1 decay is reconstructed as follows. We first sel
oppositely charged pairs of particles using CTC trac
where the kaon mass is assigned to the particle with the s
charge as the lepton~called the ‘‘right sign’’ combination!,
as is the case in semileptonicB decays. The kaon~pion!
candidate is then required to have momentum ab
1.5 (0.5) GeV/c, and to be within a cone of radiusDR
50.6 ~0.7! around the lepton inh-w space, whereDR
5A(Dh)21(Dw)2. To ensure accurate decay length me
surement, each candidate track, as well as the lepton trac
required to be reconstructed in the SVX with hits in at le
two layers out of the possible four, and withx2,6 per hit.
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To reduce combinatorial background, we require the de
vertex of theD0 candidate to be positively displaced alon
its flight direction in the transverse plane with respect to
position of the primary vertex. The primary vertex is a
proximated by the beam position@5,13#. To remove events
consistent with the decay chainD* 1→D0p1, we combine
additional positive tracks with theD0 candidate and comput
the mass difference (Dm) between theD0p1 and theD0,
assigning the pion mass to the tracks. TheDm resolution is
measured to be 0.74 MeV/c2. We remove theD0 candidate
if any track exists that gives aDm value between 0.142 an
0.148 GeV/c2. The resultingK2p1 invariant mass spectrum
is shown in Fig. 1~a!. We fit a polynomial background and
Gaussian distribution to the spectrum and find a mass r
lution of 11.3 MeV/c2. Also shown by the shaded histogra
is the mass spectrum for the ‘‘wrong sign
(K1p2 with l 2) combinations, where no significant sign
is observed. We define the signal region to be in the m
range from 1.84 to 1.88 GeV/c2. The total number of events
in the signal region is 5198, and the background fraction
estimated from the fit to be 0.5360.02.

To identify l 2D* 1 candidates, we search forD* 1

→D0p1 decays using two fully reconstructedD0 decay
modes,D0→K2p1 and D0→K2p1p1p2, and one par-
tially reconstructed mode,D0→K2p1p0. For the D0

→K2p1 andK2p1p0 modes, we apply the same mome
tum and cone requirements to the kaon and pion candid
as in the B̄→ l 2D0X reconstruction. For the D0

→K2p1p1p2 mode, the kaon~pion! candidate is required
to have momentum above 1.2 (0.5) GeV/c, and to be
within a cone of radius 0.65~1.0! around the lepton candi
date. Also, we require the decay vertex of theD0 candidate
to be positively displaced with respect to the primary ver
in theD0→K2p1p1p2 andK2p1p0 modes. For the fully
reconstructed modes, theD0 candidate has to be in the ma
ranges 1.83 to 1.90 GeV/c2 and 1.84 to 1.88 GeV/c2, re-
spectively. For the partially reconstructed mode, we requ
the mass of aK2p1 pair to be between 1.5 and 1.7 GeV/c2;
we do not reconstruct thep0 and in the subsequent analys
treat theK2p1 pair as if it were aD0. For each mode, we
reconstruct theD* 1 meson by combining an additiona
track, assumed to have the pion mass, with theD0 candidate,
and computing the mass difference,Dm, between theD0p1

andD0 candidates. Figures 1~b!–~d! show theDm distribu-
tions. In Fig. 1~d! the peak is broadened because of the m
ing p0 meson. Also shown by the shaded histograms are
spectra from the ‘‘wrong sign’’ low-energy pion (D0p2)
combinations. We define the signal region as follows. T
two fully reconstructed modes use theDm range 0.144 to
0.147 GeV/c2, and theK2p1p0 mode uses the rangeDm
,0.155 GeV/c2. The numbers of events in the signal r
gions are 935, 1166, and 2858, respectively.

We estimate the numbers of combinatorial backgrou
events by using the shapes of theDm spectra of the wrong
sign (D0p2) combinations and normalizing them to th
number of events in theDm sideband. The estimated bac
ground fractions are 0.0960.01, 0.1860.02 and 0.37
60.02, respectively. They are summarized in Table I.
2-4
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It is possible that realD0 or D* 1 mesons are accompa
nied by a hadronh2 that was misidentified as a lepton, an
such events can be included in the above samples. The
rons can be either the decay products of the sameB hadron
that produced the charm meson or the primary particles
duced in p̄p→bb̄X and p̄p→cc̄X events. We investigate
this possibility by studying the wrong sign combinations,l 1

with D0 or D* 1, which cannot originate fromB meson de-
cays. We see no evidence for signal in these combinati
Based on this study we estimate the contribution of
D (* )h2 pairs to our signal to be (1.221.2

12.4)%, where possible
charge correlations between the charm meson and the
rons are considered. We ignore this background, and tre
as a systematic uncertainty.

IV. DECAY LENGTH MEASUREMENT AND MOMENTUM
ESTIMATE

TheB meson decay vertexVW B is obtained by intersecting
the trajectory of the lepton track with the flight path of th

FIG. 1. Charm signals reconstructed in the vicinity of lepto
l 2. Four modes are shown:~a! D0→K2p1 (non-D* 1), ~b!
D* 1→D0p1, D0→K2p1, ~c! D* 1→D0p1, D0

→K2p1p1p2 and ~d! D* 1→D0p1, D0→K2p1p0. Plot ~a!
shows theK2p1 invariant mass spectra, and~b!–~d! show theDm
distributions. Shaded histograms show wrong sign combinati
and in ~a! they are scaled by 0.5 for display purposes.
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D0 candidate. TheB decay lengthLB is defined as the dis
placement ofVW B from the primary vertexVW P , measured in
the plane perpendicular to the beam axis, and projected
the transverse momentum vector of the lepton-D0 system:

LB[
~VW B2VW P!•pW T

l 2D0

pT
l 2D0 .

This procedure is common to bothl 2D0 andl 2D* 1 pairs. A
schematic representation of theB meson semileptonic deca
topology is illustrated in Fig. 2.

To measure a proper decay length of aB meson decay,
we need to know the momentum of theB meson. In semi-
leptonic decays, theB meson momentum cannot be me
sured precisely because of the missing neutrino. We

pT
l 2D0

to estimate theB momentum for each event, whic
results in a corrected decay length defined as

x5LBmB /pT
l 2D0

.

We call it the ‘‘pseudo-proper decay length.’’ The residu

correction betweenpT
l 2D0

and pT
B is performed during life-

time fits we shall describe later.
A typical resolution on this decay lengthx due to vertex

determination is 50mm, including the contribution from the
finite size of the primary vertex. For subsequent lifetim
measurements, we use only those events in which the r
lutions on reconstructed decay lengthsx are smaller than
0.05 cm. Also we require the proper decay length of theD0

meson, measured from theB meson decay vertex to theD0

decay vertex, to be in the range from20.1 cm to 0.1 cm
with its uncertainty smaller than 0.05 cm. These cuts re

s,

FIG. 2. Schematic representation of the decayB2→ l 2n̄D0X,
D0→K2p1.
.
TABLE I. Definition of signal samples, numbers of candidates and estimated background fraction

B Mode D0 mode
D0 mass range

(GeV/c2)
Dm range
(GeV/c2) Events Background fraction

l 2D0 K2p1 1.84–1.88 NotD* 1 5198 0.52660.018
l 2D* 1 K2p1 1.83–1.90 0.144–0.147 935 0.08660.011
l 2D* 1 K2p1p1p2 1.84–1.88 0.144–0.147 1166 0.18360.015
l 2D* 1 K2p1p0 1.50–1.70 ,0.155 2858 0.36660.016
2-5
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poorly measured decays and reduce random track comb
tions. In addition, we limit ourselves to events with reco
structed decay lengthsx in the range between20.15 cm and
0.3 cm. These cuts have been applied already for the ch
signals shown in Fig. 1.

As mentioned above, we have used the momentum of

lepton-D0 system,pT
l 2D0

, to calculate the pseudo-proper d
cay length. However, we still need to account for the miss
momentum to measureB meson lifetimes. We define th
ratio K of the observed momentum to the true momentum

K5pT
l 2D0

/pT
B .

The K distribution is obtained from a Monte Carlo calcul
tion. The ISAJET event generator@14# is used for the pro-
duction of theb quark, where the shape of thepT spectrum is
modified slightly to match the QCD calculation in the nex
to-leading order@15#. The fragmentation model by Peterso
and others@16# is used. The CLEO event generator@17# is
used to describeB meson decays. In particular, the semile
tonic decays adopt the model by Isgur and others~ISGW!
@18#. A typical K distribution thus obtained has an avera
value of 0.85 with an rms width of 0.11, and is approx

mately independent of thepT
l 2D0

in the range of interest
which is typically 15 to 25 GeV/c. It is also independent o
the D0 decay mode except for the partially reconstruc
modeD0→K2p1p0, which has a slightly lower mean valu
~about 0.80! because of the missingp0 particle. TwoK dis-
tributions are shown in Fig. 3.

The lifetime is determined from a maximum likelihood
to the observed pseudo-proper decay length distributio
The likelihood for the signal sample is given by

LSIG5)
i

@~12 f BG!FSIG~xi !1 f BGFBG~xi !#,

where xi is the pseudo-proper decay length measured
eventi , and the product is taken over observed events in
sample. The first term in the likelihood function represent
B decay signal event, while the second term accounts
combinatorial background events whose fraction in
sample is f BG. The signal probability density function
FSIG(x) consists of an exponential decay functio
(K/ct)exp(2Kx/ct) defined for positive decay lengths
smeared with a normalizedK distribution D(K) and a
Gaussian distribution with widthss i :

FSIG~x!5E dKD~K !Fu~x!
K

ct
expS 2

Kx

ct D ^ G~x!G ,
wheret is theB meson lifetime,c is the speed of light,u(x)
is the step function defined asu(x)51 for x>0 andu(x)
50 for x,0, and the symbol ‘‘̂ ’’ denotes a convolution.
G(x) is the Gaussian distribution given by

G~x!5
1

ss iA2p
expS 2

x2

2s2s i
2D ,
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ands i is the estimated resolution onxi . The scale factors is
introduced as a fit parameter and accounts for a poss
incompleteness of our estimate of the decay length res
tion. The integration over the momentum ratioK is approxi-
mated by a finite sum

E dKD~K !→(
j

D~K j !DK,

where the sum is taken over binj of a histogrammed distri-
bution D(K j ) with bin width DK.

The pseudo-proper decay length distribution of combi
torial background events,FBG(x), is measured using mas
sideband events, assuming that they represent the com
torial background events under signal mass peaks. The f
tional form of the distribution is parameterized empirica
by a sum of a Gaussian distribution centered at zero,
positive and negative exponential tails smeared with
Gaussian distribution:

FBG~x!5~12 f 22 f 1!G~x!1~ f 1 /l1!u~x!exp~2x/l1!

^ G~x!1~ f 2 /l2!u~2x!exp~1x/l2! ^ G~x!.

The shape of the background functio
(parametersf 6 and l6) and the resolution scale factors,
as well as the signal lifetimect, are determined
from a simultaneous fit to a signal sample and a backgro
sample. We use the combined likelihoodL defined asL
5LSIGLBG, where LBG5PkFBG(xk) and the product is
taken over eventk in the background sample. The amount
combinatorial backgroundf BG is also a parameter in the s
multaneous fit. This parameter is constrained by addin
term 1

2 x25 1
2 ( f BG2^ f BG&)2/sBG

2 to the negative log-

FIG. 3. Distribution of the momentum ratioK ~see text! for B̄

→ l 2n̄D0X, followed by D0→K2p1 and D0→K2p1p0 decays
obtained from a Monte Carlo calculation.
2-6
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likelihood 2 l 52 ln L. The average background fractio
^ f BG& and its uncertaintysBG are estimated from the signa
mass distributions~Table I!.

The background sample for thel 2D0 mode is formed
from the D0 sidebands, defined by the mass ranges 1.7
1.79 and 1.94 to 1.99 GeV/c2. For thel 2D* 1 samples we
useDm sidebands: we use the right sign (D0p1) sideband
0.15,Dm,0.19 GeV/c2 for the two fully reconstructedD0

modes, and 0.16,Dm,0.19 GeV/c2 for the D0

→K2p1p0 mode. The background samples are summari
in Table II.

The pseudo-proper decay length distributions of the ba
ground samples are shown in Fig. 4, together with fit resu
The background parameter values and the resolution scs
determined from the fit are listed in Table III. The corr
sponding decay length distributions of the signal samples
shown in Fig. 5. We find the lifetimes to bect(B)5489
615, 462618, 472619 and 449614 mm for the four
modes, where uncertainties are statistical only.

As a check of the procedure, we measure theD0 lifetime
using the proper decay length measured from the secon
vertex VW B to the D0 decay vertex. The proper decay leng
distributions are shown in Fig. 6, together with fit resul
The lifetime numbers are summarized in Table IV. The
sult is in reasonably good agreement with the world aver
value of 124.461.2 mm @19#.

V. B2 AND B̄0 MESON LIFETIMES

In order to extract theB2 and B̄0 meson lifetimes, we
must take into account the fact that thel 2D0 and l 2D* 1

samples are admixtures of the twoB meson decays. The
semileptonic decays can be expressed asB̄→ l 2n̄D, whereD
is a charm system whose charge is correlated with thB
meson charge. If only the two lowest mass charm sta
pseudoscalar (D) and vector (D* ), are produced, the
l 2D* 1 combination can arise only from theB̄0 meson de-

TABLE II. Definition of background samples and numbers
events.

B Mode D0 mode D0 mass range
(GeV/c2)

Dm range
(GeV/c2)

Events

l 2D0 K2p1 1.74–1.79, 1.94–1.99 NotD* 1 7200
l 2D* 1 K2p1 1.83–1.90 0.15–0.19 1769
l 2D* 1 K2p1p1p2 1.84–1.88 0.15–0.19 5030
l 2D* 1 K2p1p0 1.50–1.70 0.16–0.19 3809
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cay. Similarly, thel 2D0 combination comes only fromB2

meson decays, provided that theD0 from theD* 1 decay is
excluded. However, it is known that the above two states
not saturate the total semileptonic decay rates. All data in
cate that higher mass charm mesons,D** states, as well as
non-resonantD (* )p pairs, are responsible for the rest of th
semileptonic decays. We do not distinguish resonant
non-resonant components, and refer to both of them asD** .

TheseD** meson decays can dilute the charge corre
tion between the observed final states and the parentB me-
son. For example, theD** 0 meson decays toD (* )1p2 as
well as D (0)p0 final states, resulting in misidentification o
B2 meson decays asB̄0→D* 1l 2n̄X. Nevertheless,l 2D0

and l 2D* 1 combinations are dominated byB2 andB̄0 me-
son decays, respectively. As described below, the conta
nation of the wrongB meson species is only at 10–15
level. This enables us to extract the twoB meson lifetimes.

A. Sample composition

We estimate the fraction ofB2 decaysg2 in the l 2D0

and l 2D* 1 samples as follows. The production rates

FIG. 4. Distributions of pseudo-proper decay lengths for lept
D background samples~points!. Also shown by the curve is the

result of lifetime fits. Four decay modes are shown:~a! B̄

→ l 2n̄D0X, D0→K2p1 (non-D* 1), and B̄→ l 2n̄D* 1X, D* 1

→D0p1, followed by~b! D0→K2p1, ~c! D0→K2p1p1p2 and
~d! D0→K2p1p0.
ples.
TABLE III. Background shapes obtained from a simultaneous fit of signal and background sam

B Mode D0 mode scales f1 l1 ~mm! f 2 l2 ~mm!

l 2D0 K2p1 1.3860.03 0.40460.008 531612 0.13660.007 240610
l 2D* 1 K2p1 1.3260.07 0.48760.017 498621 0.13660.014 240622
l 2D* 1 K2p1p1p2 1.3860.03 0.32860.011 362612 0.05860.008 216621
l 2D* 1 K2p1p0 1.3960.04 0.53660.011 612617 0.09860.008 274620
2-7
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charged and neutralB mesons and their semileptonic dec
widths are assumed to be equal. We also assume theD**
meson decays exclusively toD (* )p via the strong interac-
tion, thereby allowing us to determine the branching fra
tions, e.g.D (* )1p0 vs D (* 0)p1, using isospin symmetry

FIG. 5. Distributions of pseudo-proper decay lengths for lept
D signal samples~points!. Also shown are the result of lifetime fits
signal~dashed curve! and background~dotted curve! contributions,
and the sum of the two~solid curve!. The four decay modes~a!–~d!
are the same as in Fig. 4.

FIG. 6. Distributions of theD0 proper decay lengths measure
with respect to theB meson decay vertex~points!. Also shown are
the result of lifetime fits, signal~dashed curve! and background
~dotted curve! contributions, and the sum of the two~solid curve!.
The four decay modes~a!–~d! are the same as in Fig. 4.
09200
-

We consider four factors affecting the composition. First,
composition depends on the fraction (f ** ) of the D** me-
sons produced in semileptonicB decays,

f ** 5
B~B̄→ l 2n̄D** !

B~B̄→ l 2n̄DX!

512
B~B̄→ l 2n̄D !1B~B̄→ l 2n̄D* !

B~B̄→ l 2n̄DX!
.

The CLEO experiment measures the fraction of exclus
decays to the two lowest mass states to be 0.6460.10
60.06 @20#. Thus, we find thatf ** 50.3660.12. A few ex-
periments have recently observed someD** modes@21#, but
the sum of exclusive modes still does not add up to the t
semileptonic rate. Second,g2 depends on the relative abun
dance of various possibleD** states, because some of the
decay only toD* p and others toDp, depending on the spin
and parity. This relative abundance is not measured v
well at present. Changing the abundance is equivalen
changing the branching fractions forD* p andDp averaged
over variousD** states. We define a quantityPV as

PV5
B~D**→D* p!

B~D**→D* p!1B~D**→Dp!
,

whereB denotes a branching fraction. We assume the re
tive abundance predicted in Ref.@18#, which corresponds to
PV50.78. We also consider the extreme valuesPV50.0 and
1.0. Third, the composition depends on the ratio of theB2

and B̄0 meson lifetimes, because the number ofl 2D (* )

events is proportional to the semileptonic branching fracti
which is the product of the lifetime and the semilepton
partial width. Finally, the sample composition depends
the reconstruction efficiency of the low energy pion in t
decayD* 1→D0p1. If we miss the pion and reconstruct th
D0 meson, theD* 1 decay is included in thel 2D0 sample
and the sample composition is altered. The efficiency is m
sured to bee(p)50.9320.21

10.07 by comparing the observed rate
for l 2D* 1 and l 2D0 events with those expected from th
measured semileptonicB decay branching fractions.

We also have to take into account the differences in
reconstruction efficiencies for theB̄→ l 2n̄D, D* and D**
decay modes. We examine this effect by using the Mo
Carlo events we have used to obtain theK distributions. The
ISGW model was used for semileptonic decays. We find t

-

TABLE IV. B andD0 meson lifetimes measured for individua
decay modes. Quoted uncertainties are statistical only.

B Mode D0 mode ct(B) ~mm! ct(D0) ~mm!

l 2D0 K2p1 489615 128.065.3
l 2D* 1 K2p1 462618 133.865.6
l 2D* 1 K2p1p1p2 472619 125.365.2
l 2D* 1 K2p1p0 449614 127.565.0
2-8
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the first two modes show very similar efficiencies, while t
last mode has an efficiency that is lower by about a facto
two.

The dependence of theB2 fraction g2 on the parameters
f ** and PV are illustrated in Figs. 7 and 8. We find th
g250.8520.12

10.05 for the l 2D0 sample andg250.1020.10
10.09 for

the l 2D* 1 sample when the two lifetimes are identical. T
central values correspond to the nominal choice of the
rameters,f ** 50.36, PV50.78 ande(p)50.93. The uncer-
tainties reflect maximum changes ing2 when the three pa
rameters are changed within their uncertainties, namelyf **
to 0.24 and 0.48,PV to 0.0 and 1.0, ande~p! to 0.72 and 1.0.

We also note that the momentum correction fact
(K distributions) need to be modified when the sample co
position parameters are changed. TheK distributions for the
decayB̄→ l 2n̄D** have lower mean values because of a
ditional missing particle~s!, and changing the amount ofD**
decays results in changes in theK distributions.

There are other physics processes that can produce
lepton-D (* ) signature. The largest background comes fr
the decay of theB̄s

0 meson,B̄s
0→ l 2n̄Ds** 1 , followed by

Ds** 1→D (* )K. The contribution of this process to th
lepton-D (* ) signal is estimated to be about 2%. Other p
cesses such asB̄→t2n̄tD

(* )X followed by t2→ l 2n̄ lnt ,
and B̄→Ds

2D (* )X followed by Ds
2→ l 2X, are suppressed

severely because of branching fractions and kinematic
quirements on leptons. We have ignored these backgrou
here. Therefore the fraction ofB̄0 mesons is given byg0

512g2. We treat effects of the physics backgrounds a
systematic uncertainty.

FIG. 7. Fractiong2 of B2 mesons in lepton-D (* ) samples as a
function of theD** meson fractionf ** in semileptonicB decays.
Vertical lines show the range of CLEO measurement@20#. The
relative abundance of variousD** mesons is fixed toPV50.78
~see text!. Low energy pion reconstruction efficiency is fixed
0.93 ~solid curves!, 0.72 and 1.0~dotted curves!.
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B. Lifetime fit

We can now determine theB2 and B̄0 lifetimes with a
combined fit of thel 2D0 and l 2D* 1 samples. The likeli-
hood is given by

L5 )
sample

H)
i

@~12 f BG!FSIG~xi !

1 f BGFBG~xi !#)
k
FBG~xk!J ,

where the product is taken over eventi in each signal
sample, eventk in each background sample, and over t
l 2D0 andl 2D* 1 samples. For each signal sample, we us
two-component signal distribution function given by

FSIG~x!5g2FSIG
2 ~x!1~12g2!FSIG

0 ~x!,

whereFSIG
2 (x) andFSIG

0 (x) represent theB2 and B̄0 meson
components, respectively. The dependence ofg2 on the life-
time ratio is taken into account during lifetime fits.

The result of the combined fit isct(B2)5491617 mm,
ct(B̄0)5442612 mm, where the quoted uncertainties a
statistical, and are correlated with each other with a coe
cient of 20.308. From these numbers we calculate the ra
of the lifetimes to bet(B2)/t(B̄0)51.11060.056.

The pseudo-proper decay length distributions of thel 2D0

sample and the combinedl 2D* 1 sample are shown in Figs
9 and 10. The results of the combined fit are superimpos

FIG. 8. Fractiong2 of B2 mesons in lepton-D (* ) samples as a
function of the averageD** branching fractionB(D**→D* p) or
PV . Vertical line corresponds to the prediction of the ISGW mod
@18#. The D** fraction (f ** ) is fixed to 0.36~solid curves!, 0.24
and 0.48~dotted curves!. Low energy pion reconstruction efficienc
is fixed to 0.93.
2-9
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C. Systematic uncertainties

The sample composition is a source of systematic un
tainty in the B meson lifetime determination. We chang
each one of the parametersf ** , PV and e~p! to another
value while keeping others at their nominal values, comp
the sample compositiong2 and fit for the twoB meson
lifetimes. The results are listed in Table V. We interpret t
observed changes as systematic uncertainties.

Other sources of systematic uncertainties considere
this analysis are described below. They are summarize
Table VI.

We have estimated the decay length distributions fr
real data using mass sidebands, thus minimizing model
pendence. However, the assumed functional form may no
fully adequate to describe the true shapes. Thus, we h
considered an alternative parameterization that includes
ditional exponential terms; this has turned out to give o
minimal changes in the result.

Physics and fake lepton background processes are stu
by adding their simulated decay length distributions to
background function.

Other sources of systematic uncertainties include our
timate of the decay length resolution and of theB meson
momentum. We have introduced a resolution scale factos
and find a value of about 1.35. We change this factor to
or 1.7, fix it at the value and repeat the lifetime fitting pr
cedure. We assign the observed changes as an uncert
The momentum correction (K distribution) is subject to
some uncertainty too, because it depends on the kinem
of B meson production and of semileptonic decays. An
ternativepT spectral shape of theb quark production was
considered, based on a comparison of leptonpT shape in the
real data and Monte Carlo events. A simpleV2A decay

FIG. 9. Pseudo-proper decay length distribution of thel 2D0

candidates~points!. Curves show the result of the combined fit wi

l 2D* 1 candidates: TheB2 component~dashed curve!, the B̄0

component~dot-dashed curve!, and the background compone
~dotted curve!.
09200
r-

te

in
in

e-
be
ve
d-

y

ied
e

s-

.0

nty.

ics
l-

model was tried in place of the Isgur-Scora-Grinstein-W
~ISGW! model to describe semileptonic decays. We ap
these changes and obtain newK distributions, and repeat th
lifetime fits. The observed changes are listed as a system
uncertainty. In addition, theK distributions are somewha
dependent on the lepton momentum and on the cuts use
electron identification. We assign uncertainties due to p
sible incompleteness in the treatment of these effects.
stated earlier, the momentum correction depends on the
sumed amount ofB decays toD** mesons. This effect is
already accounted for in the sample composition uncertai

Also, we have applied a loose cut on theD0 decay length
in some modes, and it introduces a slight bias~about 2.5mm!
toward a longer lifetime. Here we quote the number witho
correction to the final lifetimes and assign a systematic
certainty. Finally, a possible residual misalignment of t
SVX detector and the stability of the position of the Tevatr
beam are considered. Some of these uncertainties are
mon to the twoB mesons and cancel in the determination
the lifetime ratio. All these effects are combined in quad
ture to give the total systematic uncertainty.

VI. FINAL RESULTS AND CONCLUSION

We have measured the lifetimes of theB2 andB̄0 mesons
using their partially reconstructed semileptonic decaysB̄

→ l 2n̄D0X and B̄→ l 2n̄D* 1X. Our final results are

t~B2!51.63760.05820.043
10.045 ps,

t~B̄0!51.47460.03920.051
10.052 ps,

t~B2!/t~B̄0!51.11060.05620.030
10.033,

FIG. 10. Pseudo-proper decay length distribution of thel 2D* 1

candidates~points!. The threeD0 decay modes are combined
Curves show the result of the combined fit withl 2D0 candidates:

The B̄0 component~dot-dashed curve!, theB2 component~dashed
curve!, and the background component~dotted curve!.
2-10
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TABLE V. B2 andB̄0 lifetimes from a combined fit ofl 2D0 and l 2D* 1 samples under various samp

composition conditions. Quoted uncertainties are statistical only and are correlated betweenB2 andB̄0. Also
listed are their calculated ratios.

f ** PV e(p)

g2 ct ~mm!
correl.
coeff.

t(B2)

t(B̄0)̄l 2D0 l 2D* 1 B2
B̄0

0.24 0.78 0.93 0.899 0.064 491.3616.3 448.0610.7 20.187 1.09760.049
0.36 0.78 0.93 0.851 0.105 491.0617.3 442.2611.6 20.308 1.11060.056
0.48 0.78 0.93 0.796 0.155 492.0618.9 434.2613.3 20.461 1.13360.067

0.36 0.00 0.93 0.806 0.000 491.0617.5 448.26 9.7 20.105 1.09660.048
0.36 1.00 0.93 0.858 0.133 491.3617.4 440.2612.3 20.360 1.11660.058

0.36 0.78 0.72 0.790 0.105 494.5618.7 441.7611.8 20.357 1.12060.060
0.36 0.78 1.00 0.874 0.105 489.8616.8 442.3611.5 20.290 1.10760.054
a
e
e

em-

h as
in

ith
lso
03
where the first uncertainties are statistical and the second
systematic. The result is consistent with other recent m
surements@3,5#. We combine this measurement with th
CDF measurement@5# using fully reconstructed decays,

t~B2!51.6860.0760.02 ps,

t~B̄0!51.5860.0960.02 ps,

t~B2!/t~B̄0!51.0660.0760.02,

and derive the following CDF average:

t~B2!51.66160.052 ps,

t~B̄0!51.51360.053 ps,
09200
re
a-

t~B2!/t~B̄0!51.09160.050,

where the uncertainties include both statistical and syst
atic effects. There exists a small~about 3mm! correlation in
systematic effects between the two measurements, suc
due to detector alignment, and it is taken into account
combining the results.

The ratio of the twoB meson lifetimes differs from unity
by about 9%, or two standard deviations. This agrees w
the small difference predicted by theory. The result is a
consistent with the current world average value of 1.

60.05@19#. TheB̄0 meson lifetime is consistent with theB̄s
0

meson lifetime@22# within the uncertainty.
TABLE VI. A summary of systematic uncertainties in theB2 and B̄0 lifetime measurement.

Source

Contribution to

ct(B2)
~mm!

ct(B̄0)
~mm!

t(B2)

t(B̄0)̄

Sample composition
D** fraction (f ** ) 20

11
28
16

20.014
10.023

D** composition (PV) 20
11

22
16

20.015
10.006

Low energy pion reconstruction 21
14 61 20.003

10.009

Background treatment 65 65 60.015
Decay length resolution 25

17
25
17 60.002

Momentum estimate
b quarkpT spectrum 64 64
B decay model 64 64
Momentum dependence 66 66
Electron cuts 65 65

Decay length cut 25
10

25
10 60.016

Detector alignment 62 62

Total 613 215
116

20.030
10.033
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