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The average bottom-hadron and individualB1, B0, and Bs
0 meson lifetimes have been determined using

decays with aJ/c→m1m2 in the final state. The data sample consists of 110 pb21 of p̄p collisions atAs
51.8 TeV collected by the CDF detector at the Fermilab Tevatron collider during 1992–1995. For the average
lifetime of B hadrons decaying intoJ/c1X, we obtain^tb&51.53360.015(stat)20.031

10.035(syst) ps. For theB1

and B0 meson lifetimes, we determinet(B1)51.6860.07(stat)6 0.02(syst) ps, t(B0)51.58
60.09(stat)6 0.02(syst) ps, andt(B1)/t(B0)51.0660.07(stat)6 0.02(syst). For theBs

0 meson lifetime,
we find t(Bs

0)51.3420.19
10.23(stat)6 0.05(syst) ps.@S0556-2821~98!06309-7#

PACS number~s!: 14.40.Nd, 13.25.Hw
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I. INTRODUCTION

The precise determination of the specificB lifetimes is
important for the determination of elements of the Cabib
Kobayashi-Maskawa matrix. Furthermore measurement
the lifetimes ofB-hadrons probe decay mechanisms beyo
-
of
d

the simple spectator quark decay model. Lifetime differen
can arise from unequal amplitudes for the annihilation a
W-exchange diagrams, as well as from final state Pauli in
ference effects. These mechanisms play an important ro
the observed factor of 2.5 in the lifetime difference betwe
the D1 andD0 mesons@1#. The lifetime difference between



e

a

er

ag

e

iod

.
re
, w
r

ar
life

f

r

he
e

rs

e
a

.4

de

m

b

nly
s
ers
t

the
and

tion

st
the

rs
on

r
er-

se

nts
h

im-
for
ma-
ion
rs
to

e,
erial

tly

DF

5384 57F. ABE et al.
the B1 andB0 is expected to be much smaller, on the ord
of 5–20 %@2–4# due to the heavierb-quark mass. TheB0

andBs
0 meson lifetimes are expected to be nearly identic

The observed value of theLb-baryon lifetime@5# is unex-
pectedly short.

The Collider Detector at Fermilab~CDF! @6–9# and sev-
erale1e2 experiments have measured the averageB-hadron
lifetime @10# and the individualB1, B0 @11#, and Bs

0 @12#
meson lifetimes. The measurement precision@13# is now ap-
proaching the 5% level. This begins to test the lifetime hi
archy predictions of different theoretical models.

In this paper, we report measurements of the aver
B-hadron and individualB1, B0, and Bs

0 meson lifetimes
using events containing aJ/c→m1m2 decay in the final
state. The data sample consists of' 110 pb21 of pp̄ colli-
sions atAs51.8 TeV collected by the CDF detector at th
Fermilab Tevatron collider during 1992–1995~run 1!. Of
this, approximately 20 pb21 were collected during the
1992–1993 running period~run 1A!, and approximately 90
pb21 were collected during the 1994–1995 running per
~run 1B!. Partially reconstructedB→J/cX events were used
for the averageB-hadron lifetime. For theB1 andB0 meson
lifetimes, fully reconstructedB→CK decays were identi-
fied, whereB 5 B1 or B0, C 5 J/c or c(2S), andK 5
K1, K* (892)1, KS

0 , or K* (892)0. For theBs
0 meson lifetime

@14#, the exclusive decay modeBs
0→J/cf, f→K1K2, was

reconstructed.
We have organized this paper as follows. First, in Sec

we briefly describe the components of the CDF detector
evant to the analyses presented in this paper. In Sec. III
describe the data collection and event selection procedu
Section IV covers the reconstruction of exclusiveB decays.
Sections V and VI describe the determination of the prim
interaction vertex and the variables used to extract the
time. We present the measurement of the averageB-hadron
lifetime in Sec. VII. This is followed by the determination o
the individualB1 and B0 meson lifetimes in Sec. VIII and
the Bs

0 lifetime in Sec. IX. In Sec. X, we summarize ou
results.

II. THE CDF DETECTOR

The CDF detector is described in@15#. A schematic draw-
ing of one quarter section of CDF is shown in Fig. 1. T
polar angleu in cylindrical coordinates is measured from th
proton beam axis (z-axis!, and the azimuthal anglef from
the plane of the Tevatron. Throughout this paper ‘‘transve
plane’’ refers to the plane normal to the proton beam~r-
f-plane!. The detector components most relevant to the m
surements reported in this paper are the muon chambers
the charged particle tracking system.

The tracking system consists of three detectors in a 1
magnetic field generated by a superconducting solenoid
length 4.8 m and radius 1.5 m. The innermost tracking
vice is a silicon microstrip vertex detector~SVX! @16#, which
provides spatial measurements in the r-f plane. The SVX
does not cover the totalpp̄ interaction region. Thepp̄ colli-
sion vertices are distributed along the beamline with r
5 31 cm ~see Sec. V, Fig. 8!. The SVX active region is 51
cm long and consists of two cylindrical barrels, separated
r

l.

-

e

II
l-
e

es.

y
-

e

a-
nd

T
of
-

s

y

a gap of 2.15 cm at the center of the detector, therefore o
about 60% of allJ/c→m1m2 events have both muon track
reconstructed in the SVX. Each barrel consists of four lay
of silicon strip detectors with 60mm pitch between readou
strips for the three inner layers and 55mm pitch for the
fourth layer. The readout strips are arranged parallel to
proton beam. The layers are located at radii between 3.0
7.9 cm from the beam line. The impact parameter resolu
of the SVX issD(pT)5(13140/pT) mm @16#, wherepT is
the transverse@17# momentum of the track in GeV/c. The
track impact parameterD is defined as the distance of close
approach of the track helix to the beam axis measured in
plane perpendicular to the beam.

Outside the SVX is a set of time projection chambe
~VTX ! which measure the position of the primary interacti
vertex along the z-axis. The central tracking chamber~CTC!
is a 3 mlong cylindrical drift chamber with inner and oute
radii of 0.3 and 1.3 m and covering the pseudorapidity int
val uhu,1.1, whereh52 ln@tan(u/2)#. The CTC contains 84
layers grouped into five super-layers of axial~12 layers each!
alternating with four super-layers of stereo wires~6 layers
each!. Combined, the CTC and SVX provide a transver
momentum resolution of dpT /pT;A(0.9pT)21(6.6)2

31023, wherepT is in GeV/c.
The central muon system consisting of three compone

~CMU, CMP and CMX! is capable of detecting muons wit
pT>1.4 GeV/c in the pseudorapidity intervaluhu,1.0. The
CMU system covers the regionuhu,0.6 and consists of 4
layers of planar drift chambers outside the hadron calor
eter allowing the reconstruction of track segments
charged particles penetrating the 5 absorption lengths of
terial. Outside the CMU there are 3 additional absorpt
lengths of steel followed by 4 layers of drift chambe
~CMP!. Finally, the CMX system extends the coverage up
pseudorapidityuhu,1.0. Depending on the incident angl
particles have to penetrate 6–9 absorption lengths of mat
to be detected in the CMX.

III. J/c TRIGGER AND SELECTION

Approximately 18% of theJ/c mesons and 23% of the
c(2S) mesons produced inpp̄ collisions atAs51.8 TeV
come from the decay ofB-hadrons@18#. The remainder are
either directly produced or come from the decay of direc

FIG. 1. Schematic quarter section of the central part of the C
detector in collider run I, 1992–96.
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produced higher mass charmonium states.
In this section, we describe the data sample and selec

cuts common to the lifetime analyses described in this pa
CDF uses a three-level trigger system. The first two lev
are hardware triggers, and level 3 is a software trigger ba
on a version of the offline reconstruction code optimized
computational speed.

At level 1, the relevant trigger for the analyses in th
paper required the presence of two charged tracks in
central muon chambers~CMU and CMX!. At level 2 there
were two different triggers which contributed to the samp

~1! At least one of the muon tracks had to match a track
the CTC found with the Central Fast Track~CFT! pro-
cessor@19#. The efficiency of finding a track in the 3
GeV/ c CFT-bin rose from 50% at 2.6 GeV/c to 94% for
pT.3.1 GeV/c.

~2! An additional level 2 trigger was introduced in run 1
which required both muon tracks to be matched to a C
track. In this case the level 2 CFT trigger threshold w
lowered. The 50% efficiency point was at 1.95 GeVc
for the 2 GeV/c CFT-bin reaching the plateau at 2
GeV/c.

Finally, the level 3 software trigger required the presen
of two oppositely charged muon candidates with invari
mass between 2.8 and 3.4 GeV/c2.

Background events in the dimuon sample collected w
these triggers are suppressed by applying additional m
selection cuts. First, the separation between the track in
muon chamber and the extrapolated CTC track was ca
lated in both the transverse and longitudinal planes. In e
view, the difference was required to be less than 3.0 stan
deviations (s) from zero, wheres was the sum in quadra
ture of the multiple Coulomb scattering and measurem
errors. Secondly, the energy deposited in the hadronic c
rimeter by each muon was required to be greater than
GeV, the smallest energy expected to be deposited fro
minimum ionizing particle. Finally, runs with known hard
ware problems were removed.

For optimal vertex resolution both tracks were required
be reconstructed in the SVX detector. The invariant m
distribution of pairs of oppositely charged muons is shown
Fig. 2. The invariant mass was calculated after constrain
the two muon tracks to come from a common point in sp
~‘‘vertex constraint’’! to improve the mass resolution. Th
resulting width of theJ/c mass peak was 16 MeV/c2. The
observed width is dominated by the mass resolution of
tracking detectors since the intrinsic width of theJ/c is very
narrow (8765 KeV/c2 @20#!. Using a mass window of6 50
MeV/c2 around the world averageJ/c mass@20# we observe
a signal of 243 0006 540 J/c events over a background o
34 0006 130 events. About 19% of theJ/c candidates were
collected during run 1A.

For theB1 andB0 reconstruction, final states having e
ther aJ/c or c(2S) were included. Thec(2S) candidates
were reconstructed from the decayc(2S) → J/c p1p2 by
combiningJ/c→m1m2 events with two additional, oppo
sitely charged tracks. When calculating the invariant ma
each of these two additional tracks was assigned the cha
pion mass, and the invariant mass of the two pions was
on
r.

ls
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quired to be less than 600 MeV/c2. The two muons from the
J/c and the two pion tracks were required to come from
common vertex. Events in which the transverse momen
of the four track system was less than 3 GeV/c were rejected.
The c(2S) candidates were required to be within60.02
GeV/c2 of the world averagec(2S) mass of 3.686 GeV/c2

@20#. The invariant mass distribution ofc(2S) candidates is
shown in Fig. 3. Fitting a Gaussian signal plus linear ba
ground function to the mass distribution we estimate
number ofc(2S) candidates to be 35776 97 over a back-
ground of 13 700 events in the 0.04 GeV/c2 wide mass win-

FIG. 3. Invariant mass distribution ofc(2S) → J/c p1p2

→m1m2 p1p2 candidates. A signal of 35776 97 c(2S) candi-
dates over a background of about 13 700 events is observed in
search region which is marked by the two arrows. The width of
c(2S) mass peak is 4 MeV/c 2.

FIG. 2. Invariant mass distribution of oppositely charged mu
pairs after selection cuts. Both muons were reconstructed in
SVX. A signal of 243 0006540J/c candidates over a backgroun
of 34 0006130 events is observed. The width of theJ/c mass peak
is 16 MeV/c2. The center area indicates theJ/c signal region and
the cross-hatched areas indicate the sideband regions used i
average lifetime measurement.
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dow. From the fit we estimate a mass resolution of appro
mately 4 MeV/c2.

IV. EXCLUSIVE B RECONSTRUCTION

In this section we will describe the reconstruction of t
exclusiveB1, B0 andBs

0 decays.

A. Reconstruction of B1 and B0 decays

B1 mesons were reconstructed in the decay modesJ/c
K1, J/c K* (892)1, c(2S) K1, andc(2S) K* (892)1. B0

mesons were reconstructed in the decay modesJ/cKs
0 ,

J/cK* (892)0, c(2S) Ks
0 , andc(2S) K* (892)0. The kaons

were reconstructed using the decay channelsKs
0→p1p2,

K* (892)0→K1p2, and K* (892)1→Ks
0p1. Here and

throughout this paperp1 and K1 refer to a charged track
that was assigned the charged pion or kaon mass respec
when combined with other tracks.

Upon the reconstruction of aJ/c or c(2S) candidate, a
search forKs

0 → p1p2 candidates was initiated by consid
ering all pairs of oppositely charged tracks not already
signed to theJ/c or c(2S) candidate. Both tracks were a
sumed to be charged pions, and the tracks were constra
to come from a common vertex. Since the proper de
length of theKs

0 is 2.6762 cm@20#, it can be tagged by
requiring a displaced vertex. The absolute value of the
pact parameter with respect to the beam position of b
pions was required to be larger than 2s, where s25sm

2

1sb
2 , sm was the measurement uncertainty, andsb was the

beam spot size~see Sec. V!. The reconstructedKs
0 was re-

quired to have a positive decay length with respect to theJ/c
vertex. The minimum distance between its flight path and
J/c vertex was required to be less than 2 mm in the pla
transverse to the proton beam. Finally, track pairs with
variant mass within620 MeV/c2 of the world average value
of 497.672 MeV/c2 @20# were consideredKs

0 candidates. The
invariant mass distribution ofKs

0 candidates is shown in Fig
4. Fitting a Gaussian signal plus linear background funct
to the mass distribution we estimate the number ofKs

0 can-
didates to be 42 600. With the 0.04 GeV/c2 wide mass win-
dow the signal to background ratio is approximately 1.7
From the fit we estimate a mass resolution of 5 MeV/c2.

To reconstruct theK* (892)1, Ks
0 candidates were paire

with an additional track assumed to be a charged p
Tracks from theKs

0 were both mass and vertex constraine
The Ks

0 p1 combinations were required to be within680
MeV/c2 of the averageK* (892)1 mass of 891.59 MeV/c2

@20#. A relatively wide mass window was necessary beca
the natural width of theK* (892)1 is about 50 MeV/c2 @20#.

J/c or c(2S) candidates were combined with kaon ca
didates to formB1 and B0 candidates. In all cases the in
variant mass of them1m2 pair was constrained to theJ/c
mass~mass constraint! and theJ/cp1p2 invariant mass
was constrained to thec(2S) mass. Since the intrinsic
widths of theJ/c andc(2S) are significantly less than ou
experimental resolutions on the invariant masses, a m
constraint improved the resolution on the track paramet
i-

ely
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For theJ/c K1 andc(2S) K1 modes, the additional track
was assigned the charged kaon mass, and the three or
track combination was vertex constrained. For theJ/c Ks

0 ,
c(2S) Ks

0 , J/c K* (892)1, and c(2S) K* (892)1 modes,
tracks from theKs

0 were both mass and vertex constrain
with the requirement that theKs

0 pointed to theB vertex. For
modes with aK* (892)0, a search was conducted for tw
oppositely charged tracks to combine with aJ/c or c(2S)
candidate. The tracks were assumed to be aKp combination
and all tracks were vertex constrained. The transverse
menta of the charged kaon and pion were required to
greater than 1.0 and 0.5 GeV/c, respectively. The mass win
dow for K* (892)0 acceptance was680 MeV/c2 around the
world average value of theK* (892)0 mass.

Since theB candidate selection process involved sear
ing over all possible tracks, the possibility existed that mo
than oneB candidate perJ/c or c(2S) passed the con
straints stated above. Since using overlapping candid
would bias the decay length distribution, only one of the
candidates was used in the lifetime calculation. The duplic
removal process occurred in two steps. The first involv
filtering candidates whose only difference was the assi
ment of charged kaon and pion masses to the two-track
construction of theK* (892)0. Since the fitx2 probabilities
of the Kp and pK mass assignments were equal, t
K* (892)0 candidate closest to the world average mass va
was chosen. The second step was to choose theB candidate
having the highestx2 probability for fitting N tracks to a
common vertex. RealB mesons should usually return
higher quality fitted secondary vertex than backgrou
events.

To reduce the statistical uncertainty on the backgrou
subtracted signal, we required that thepT of theB be greater
than 6 GeV/c and that thepT of the K be greater than 1.25
GeV/c.

FIG. 4. Invariant mass distribution ofKs
o candidates, we observ

42 600 candidates, after background subtraction, in theJ/c sample.
DM is the mass difference between the world averageKs

0 mass
value and the measured mass. The arrows mark the mass win
we used to defineKs

0 candidates. The width of theKs
0 mass peak is

5 MeV/c2.
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The distributions of the mass difference between
world averageB-mass of 5.279 GeV/c2 @20# and the recon-
structed mass are shown in Figs. 5 and 6 for the charged
neutral B mesons respectively. The upper and lower pl
respectively are with and without a 100mm cut on the proper
decay length. Although not used in the lifetime analysis, t
requirement illustrates that the background is concentrate
short lifetime values and the enrichment of signal events
large proper decay length values.

B. Reconstruction of the decayBs
0
˜J/cf

The Bs
0 candidates were reconstructed in the decay ch

Bs
0→J/cf, with J/c→m1m2 andf→K1K2. The method

of reconstructing the decayBs
0→J/cf has been described i

detail elsewhere@21#. A brief description is given below.
Once aJ/c was found, we searched forf→K1K2 can-

didates by selecting oppositely charged track pairs that w
not muons and reconstructing their invariant mass while
signing each track the mass of a kaon. If this candidatef
mass lay within6 0.01 GeV/c2 of the world averagef mass
of 1.01943 GeV/c2 @20#, then the invariant mass of all fou
tracks was calculated while constraining them to come fr
a common vertex and mass constraining the invariant m
of the muon pair to theJ/c mass.

To improve the signal-to-background ratio, we requir
that thex2 probability of the constrained fit was greater th
1% and that the transverse momenta of thef and Bs

0 were
greater than 2.0 GeV/c and 6.0 GeV/c, respectively.

FIG. 5. Invariant mass distributions of reconstructedB1 meson
candidates.DM is the mass difference between the world avera
and the measured mass. All the events passing the cuts describ
the text are shown in the upper plot. The distribution for events w
the proper decay lengthl.100 mm is shown in the lower plot. In
the fit to the lifetime, the peak region is defined as the six cen
bins and the sideband regions are defined as the six leftmost an
rightmost bins.
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The J/cf invariant mass spectrum is shown in Fig. 7.
typical uncertainty on the candidateBs

0 reconstructed invari-
ant mass was 0.01 GeV/c2. A fit to a Gaussian plus a secon
order polynomial background is superimposed. A signal
58612 events is observed.

V. THE PRIMARY INTERACTION VERTEX

The lifetimes reported here were determined by meas
ing the distance between the primarypp̄ interaction and the
secondary decay vertex in the transverse plane. All the m
surements described in this paper used the average b
position as an estimate of the primary vertex. This was c
culated offline for each data acquisition run. We chose no
measure the primary vertex event-by-event because the p
ence of a secondb-quark in the event coupled with the low
multiplicity in the J/c events can lead to a systematic bias
the lifetime. This technique would not improve the statistic
uncertainty of the measurements. In the following we d
scribe some of the beam properties.

The distribution of primary vertices inz is shown in Fig.
8. The interaction probability as a function ofz was approxi-
mately a Gaussian function with a sigma of' 30 cm. Near
the interaction region, the beams follow a straight line b
could have an offset and slope with respect to thez-axis of
the tracking detectors. The profile of the beam for a typi
data acquisition run is shown in Fig. 9. Plotted is the dev
tion of reconstructed primary vertices in the transverse pl
from the calculated average beam position. To ensure
the spread of the beam and not the resolution of the verte

e
d in
h

l
six

FIG. 6. Invariant mass distributions of reconstructedB0 mesons.
DM is the mass difference between the world average and the m
sured mass. All the events passing the cuts described in the tex
shown in the upper plot. The distribution for events with the prop
decay lengthl.100 mm is shown in the lower plot. In the fit to
the lifetime, the peak region is defined as the six central bins
the sideband regions are defined as the six leftmost and six r
most bins.
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is the dominant contribution to the width of the observ
distribution, we used only vertices with high track multipli
ity. In addition only tracks with 4 associated clusters in t
SVX were used in the vertex fit. The upper two plots sh
the 2-dimensional distribution of the beam spot for a typi
data acquisition run during the 1994–95 running period. T
lower two plots show thex and y projections, respectively
with a fit to a Gaussian distribution superimposed. The be
was roughly Gaussian and circular with as of 23 mm in x
and 22mm in y for this particular data acquisition run.

These values are averaged over thez-range covered by
the two SVX modules and over the run. One expects thes of
the beam to vary weakly inz as @22#

s~z!5Aeb* 3@11„~z2z0!/b* …2#, ~5.1!

where e is the transverse emittance,b* is the amplitude
function at the interaction point, andz0 the z position of the
minimum. The variation of thex and y projections of the
beam width withz for a typical data acquisition run is show
in Fig. 10. We observed that the width varied by appro
mately 20% over the length of the SVX. Table I summariz
the results of fitting function~5.1! to the points for one data
acquisition run. This set of parameters was typical for
94–95 running period. The values agree well with the e
mates of the Fermilab accelerator division@23#.

We also analyzed how the position of the beam varied
time during a data acquisition run. We observed that
beam was very stable in time, rarely moving by more tha
few microns during a data acquisition run, resulting in a ve
small contribution to the variation of the primary vertex p
sition.

FIG. 7. The invariant mass distribution ofBs
0 candidates for

pT(f). 2 GeV/c is shown fitted to a Gaussian plus a polynom
background. The typical uncertainty on the reconstructed mass
0.01 GeV/c2.
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VI. THE TRANSVERSE DECAY LENGTH L xy

In this section, we describe the quantities used to mea
the lifetime. First, we describe the variables used for
exclusiveB-lifetime measurement. Then, we discuss the
clusive case where the momentum of theB is not completely
reconstructed and where theJ/c vertex is used as an est
mate for theB-vertex.

The parameters required for the definition of the tra
verse decay lengthLxy are shown in Fig. 11. The vectorXW

points from the primary vertexxW prim to the secondary vertex
xWB in the plane normal to the incoming proton beam:

XW 5xWB2xW prim . ~6.1!

For the primary vertex, we used the calculated beam p
tion. To estimatexWB , we did a vertex fit to the tracks ema
nating from the decay of theB-meson, constraining the
tracks to come from a common vertex. The transverse de
lengthLxy was then defined as the projection of this vec
onto the momentum of theB:

Lxy
B 5

XW •pW T
B

upW T
Bu

. ~6.2!

Lxy is a signed variable, that is, it is negative for the config
ration where the particle seems to decay before the p
where it was produced. For a zero-lifetime sample, one
pects a Gaussian distribution peaked atLxy50. Experimental
tests of this expectation are discussed in Sec. VII E. For
exclusive decays, the proper decay length was

lB5
Lxy

B

~bg!T
B

5Lxy
B
•

MB

pT
B

, ~6.3!

l
as

FIG. 8. Distribution of primary vertices along the proton dire
tion (z) for a typical data acquisition run. The two lines represe
the activez acceptance of the SVX detector.
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FIG. 9. The two dimensional distribution of the beam spot for a typical data acquisition run during the 94–95 running period is
in the upper two plots. Thex andy projection, respectively are shown in the lower two plots. Typically, the beam was roughly circula
this run the RMS of the distribution was 24mm in x and 22mm in y. These values are the average over the length of the SVX dete
on-
nd
the
r a

er

e
us
FIG. 10. The widths,sx andsy of the beam inx andy direc-
tions as a function of z are plotted with the fitted functions sup
imposed. Each triangle represents thes obtained from fitting a
Gaussian function to the distribution of reconstructed primary v
tices. The statistical uncertainty on each measurement point is
ally smaller than the size of the triangle.
where (bg)T
B is the Lorentz factor times sinu. For the uncer-

tainty of the transverse decay length, the only relevant c
tributions came from the uncertainties on the primary a
secondary vertex coordinates. Contributions arising from
transverse momentum uncertainties were negligible. Fo
circular beam spot, the experimental uncertainty inLxy is

sLxy

2 5
1

~pT
B!2

@~sxvPx
B!212sxyv

2 Px
BPy

B1~syvPy
B!2

1~spPx
B!21~spPy

B!2# ~6.4!

where

sxv
2 ,syv

2 ,sxyv
2 5covariance matrix elements

of the secondary vertex fit,

sp5sigma of the primary vertex

~beam spot!,

pT
B5transverse momentum ofB

2meson,

and

Px
B ,Py

B5x,y components ofB momentum.

-

r-
u-
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In the case of the inclusive lifetime measurement, a fi
the two muons from theJ/c decay allowed for a good est
mate of the B-meson vertex. Since theJ/c lifetime is much
smaller than our detector resolution, its vertex is virtua
identical to theB-vertex. From Monte Carlo simulations w
estimated that for aJ/c in our sample the average ang
between theJ/c momentum and theB-hadron momentum
was 7.6 degrees and on average theJ/c carried more than
70% of theB momentum. Therefore, for the inclusive life
time measurement, the transverse decay length of
B-hadron was approximated by

Lxy
c 5

XW •pW T
c

upW T
cu

. ~6.5!

Since we only partially reconstructed theB, we had to
correct for the missing momentum in determining the pro
decay length. As a first approximation tolB , we used the
relativistic quantity (bg)T

c of the J/c, giving

lc5
Lxy

c

~bg!T
c

5Lxy
c
•

Mc

pT
c

. ~6.6!

The distribution of the calculated uncertainty inLxy
c for

J/c events is shown in Fig. 12. The mean uncertainty onLxy
c

was 55mm, which meant that forJ/c events the contribu-
tion from the secondary vertex dominated the uncerta
compared to the primary vertex (sp'23 mm! contribution.
We found that there was no correlation betweenLxy uncer-
tainty and Lxy magnitude. We applied a correction fact

FIG. 11. Parameters required for the definition of the transve
decay lengthLxy .

TABLE I. Results of the fit to the width of the beam as
function ofz using thex andy projections for one data acquisitio
run. Errors are statistical only.

Parameter Fit value

x: emittance (1.1060.07)31029 m
x: b* 0.4060.03 m
x: z0 0.0660.01 m
y: emittance (1.0660.06)31029 m
y: b* 0.3960.03 m
y: z0 0.00360.007 m
o

he

r

y

F(pT
c) parametrized as a function of the transverseJ/c mo-

mentumpT
c to connectlc andlB ,

F~pT
c!5

~bg!T
B

~bg!T
c

5
lc

lB
. ~6.7!

The Monte Carlo procedure to obtain the average correc
factor is described in Sec. VII B. With this definition o
^F(pT

c)&, the variable ‘‘pseudo proper decay length’’ (l)
was defined as

l5
lc

^F~pT
c!&

5Lxy
c
•

Mc

pT
c^F~pT

c!&
. ~6.8!

VII. MEASUREMENT OF THE AVERAGE B-HADRON
LIFETIME

The averageB-hadron lifetime measurement used a su
set of theJ/c data sample described in Sec. III. Only the r
1B data sample and onlyJ/c candidates selected by the lev
2 trigger requiring both muons to be matched to a CFT tra
were used, leaving 167 000 candidates. As we show later
precision of this measurement is limited by systematics,
including the additional 31% of data would not improve t
result.

The steps in measuring theB lifetime from the inclusive
J/c sample were:

~1! Measure the 2-dimensional decay lengthLxy for theJ/c
meson sample.

~2! Correct the measuredLxy of the J/c mesons for the
difference between the (bg)T

c of theJ/c mesons and the
(bg)T

B of theB hadron. The distribution of this correcte
decay distance, which closely approximates the pro
decay length distribution of theB mesons, was called th
pseudo proper decay length (l) distribution.

e

FIG. 12. Distribution of the calculated uncertaintysLxy
of the

transverse decay length forJ/c events.
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~3! Measure thel distribution of the background under th
J/c by studying them1m2 mass sidebands of theJ/c.

~4! Fit the l distribution to the sum of background, dire
~zero-lifetime! andB decay~non-zero lifetime! contribu-
tions and extract the lifetime.

We describe each of these steps in more detail below

A. Track and vertex selection

More than 80% of theJ/c sample consisted of promp
J/c mesons. When extracting the lifetime we assum
Gaussian resolution. Any non-Gaussian component that
have not taken into account in the fit could bias the lifetim
measurement. To make sure that the vertex was well m
sured, to reduce non-Gaussian tails and to have good un
standing of thes of the vertex fit we applied strict track an
vertex quality cuts. In addition to the cuts described in S
III, the following cuts were applied:

~1! Both muons were required to have associated cluster
all four layers of the SVX.

~2! For the SVX track fit~4 degrees of freedom!, we re-
quiredx2/DOF, 5.

~3! For the calculated uncertainty on the decay length
required:sLxy

,150 mm.

~4! For the vertex fit we requiredxVertex
2 ,12 ~1 degree of

freedom!.

In addition, we requiredpT
c.4 GeV/c to reduce the over-

all uncertainty of the measurement. This reduced the sta
tics but also reduced the systematic uncertainties wh
dominated the precision of this measurement.

The reduction in systematic uncertainty came from s
eral sources. First, the average correction factor^F(pT

c)& var-
ies only weakly forpT

c.4 GeV/c ~see Sec. VII B!. Second,
this cut is away from the turn-on of the trigger. Monte Ca
studies done by varying the parameters of the production
decay kinematics showed that the differences between
various models were important at lowpT but were less sig-
nificant at higherpT . In addition the transverse momentu
of J/c mesons fromB-decays was stiffer than that of prom
J/c ’s so this cut enriched the fraction ofJ/c mesons from
B-hadron decays.

We have 67 800 pairs of oppositely charged muons in
signal region and 7 900 pairs in the combined two sideb
regions after all cuts.

B. Monte Carlo procedure to determine ŠF „pT
c
…‹

Monte Carlo events were used to determine the aver
correction factor̂ F(pT

c)& and to study the systematic varia
tions due to production and decay kinematics.

The b-quarks were generated with thepT-spectrum from
the next to leading order QCD calculation of Nason, Daws
and Ellis ~NDE! @24#. As a comparison and for systemat
studies, we also generated events according to a power
distribution defined as

ds

dpT
2

5
A

~pT
21mb

2!n
, ~7.1!
d
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wheremb andn are constants. The choice ofmb54.75 and
n52.0 gave the best agreement with the data.

The hadronization of theb-quarks was modeled using th
Peterson fragmentation function@25# with eb50.006 as the
value of the fragmentation parameter. We used the follow
fragmentation fractions for the hadronization into differe
b-flavored hadrons: f u : f d : f s : f Lb

50.375:0.375:0.15:0.10
which is consistent with our measurement@26#:

f u50.3960.0460.04,

f d50.3860.0460.04,

f s50.1360.0360.01,

f Lb
50.09660.017.

The decay of theB-hadrons was then modeled using theQQ

Monte Carlo developed by the CLEO Collaboration@27–29#.
The resulting long-lived particles served as input to a f
simulation of the CDF detector and triggers. The trigger
ficiencies as a function ofpT were well understood and wer
discussed in Sec. III.

For each step of the simulation process, the relev
model parameters were varied to estimate the systematic
certainties in modeling the production and decay.

Figure 13 compares thepT-spectrum derived from the
data along with the Monte Carlo predictions. To ensure t
this J/c pT-spectrum representedJ/c mesons fromb-decay,
the distribution was background subtracted, and the pro
decay length was required to be larger than 200mm. The
number of Monte Carlo events were normalized to the nu
ber of data events withPT

c.4.0 GeV/c. Compared to the

FIG. 13. The transverse momentum ofJ/c mesons for NDE,
power law and data. The data is shown before thePT

c.4.0 GeV/c
cut. The data distribution was background subtracted, and
proper decay length was required to be larger than 200mm to
ensure that allJ/c originate fromb-decays. The number of Monte
Carlo events were normalized to the number of data events
PT

c.4.0 GeV/c.
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data, the power law Monte Carlo produced a spectrum wh
was softer, whereas that from NDE was harder.

The correction factor̂F(pT
c)& ~see Fig. 14! was obtained

by averaging (bg)T
B/(bg)T

c for different bins inpT
c . We ob-

served that forpT
c.5.0 GeV/c the correction factor was a

constant. The superimposed fit has the following functio
form:

F~pT
c!5B exp~C•pT

c!1D

whereB, C, andD are constants.

C. Fitting technique

The fitting techniques, as well as the background and
nal parametrizations, are discussed in this section. The fi
the lifetime distribution was done in two steps. First, we
thel distribution of theJ/c sidebands to get the shape of t
background. The background under the signal was assu
to have the same shape as in the sidebands. Then the e
in the signal mass region were fit fixing all parameters fr
the sideband fit except the number of events. The numbe
background events was constrained within Poisson fluc
tions to the number of sideband eventsNSB divided by a
factor of 2, since the sideband invariant mass windows w
twice as large as that of the signal region and the distribu
was assumed to be flat.

The shape of the background was obtained by parame
ing the l distribution of the sidebands 2.9,Mc,3.0 GeV/
c2 and 3.2,Mc,3.3 GeV/c2 as the sum of three terms:
central Gaussian, a left side exponential and a right side
ponential. The two exponentials account for any no
Gaussian tails. We expect some enhancement of events
positivel due to the presence of sequential semileptonicB
decays in the dimuon sample. Therefore the fractions
slopes of the left and right side exponential could be diff
ent. For each sideband event with the measured pse
proper decay lengthl j and its calculated uncertaintys j , the

FIG. 14. The correction factorF(pT
c) for the QCD prediction

and for a power law.
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background distribution function was defined as

gbkg~l j ,s j !55
for l j>0:

~12 f 12 f 2!
e2l j

2/2~ss j !
2

A2pss j

1
f 1

l1
e2l j /l1

and forl j,0:

~12 f 12 f 2!
e2l j

2/2~ss j !
2

A2pss j

1
f 2

l2
el j /l2

~7.2!

where

s5the error scale factor,

f 15the fraction of the right side exponential,

l15the slope of the right side exponential,

f 25the fraction of the left side exponential,

l25the slope of the left side exponential.

The pseudol distribution for the signal region, defined a
6 50 MeV/c2 around theJ/c mass, consisted of three com
ponents: a Gaussian distribution for the promptJ/c mesons,
the background distributiongbkg(l j ,s j ) and an exponentia
convoluted with a Gaussian resolution functionFs(l j ,s j )
5G* E to describe theJ/c mesons fromb-decay. For each
measured pseudo proper decay lengthl j and its calculated
uncertaintys j , the signal distribution function was define
as

f ~l j ,s j !5 f bkggbkg~l j ,s j !1~12 f bkg!

3F 12 f B

A2pss j

•e2l j
2/2~ss j !

2
1 f B•Fs~l j ,s j !G ,

~7.3!

where

lB was the mean properB decay length,

f B was the fraction ofJ/c from B decay,

s was the error scale factor, and

f bkg was the background fraction.

The convolution was defined as

Fs~l j ,s j !5
1

A2pss jlB
E

0

`

e2~ct2l j !
2/2~ss j !

2
e2ct/lBd~ct!.

~7.4!

We used an unbinned maximum likelihood fit to extra
the lifetime from the data. A binned likelihood fit provided
check of our method and was used for systematic stud
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The unbinned maximum likelihood fit usedf (l j ,s j ) as the
probability distribution function. The likelihood function wa
defined as:

L5P~0.53NSB!3)
1

N

f ~l j ,s j ; f B ,lB ,s! ~7.5!

where N was the total number ofJ/c candidates,l j was the
pseudo proper decay length ands j was the calculated erro
for J/c j . The termP(0.53NSB) represents the Poisson ter
constraining the number of background events within Po
son fluctuations to half the number of sideband events.
corresponding log-likelihood functionL522 ln(L) was
minimized with respect to the parametersf B , lB ands.

The modeling of thel distribution is incomplete. An ad
ditional smearing from thebg-correction, increasing linearly
with pseudo ct, was not modeled by our fitting function
Rather than modifying the fitting function we correct for th
introduced bias. Monte Carlo studies showed that the us
the pseudo proper decay lengthl introduced a bias of 0.5%
towards longer lifetime.

To check if the bias depended on the lifetime value,
examined Monte Carlo samples generated with proper de
lengths between 400 and 500mm and found no dependenc
When quoting the final lifetime result, we correct for th
bias.

D. Results of fit to the data

Table II summarizes the results of the background fits
the sidebands and the signal region. The background cle
had non-Gaussian tails. In addition, the distribution w
clearly asymmetric, with a larger tail at positive lifetime. Th
presence of the nonzero lifetime component in the ba
ground sample was not surprising. The asymmetry is du
sequential semileptonicB decays in the dimuon sample. N
such enhancement was observed when using a samp
‘‘fake’’ J/c ’s obtained from QCD jet events by selectin
oppositely charged track pairs in the same kinematic rang
the ‘‘true’’ dimuon data.

Thel distribution for the signal region with the fit supe
imposed is shown in Fig. 15. The dark shaded area shows
contribution from background where the shape has been
rived from the sidebands and the magnitude has been de
by normalizing the number of sideband events within po
son fluctuations to the same range in invariant mass as
for the signal. The light shaded region shows the contri
tion due to adding the exponential distribution fromb-decay
convoluted with a Gaussian resolution function to the ba
ground. The remaining unshaded region shows the contr
tion from promptJ/c mesons.

E. Error scale and resolution function

The error in the proper decay length resolution was
important component of the shape of the probability funct
used for the unbinned fit. A zero-lifetime sample should b
Gaussian distribution peaked atLxy50. If the Lxy distribu-
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tion was normalized by its error,Lxy /sLxy
, the resulting

Gaussian distribution should have a sigma of unity. Here
present some experimental checks of this assumption.

A sample of track pairs selected from QCD jet even
showed that the proper decay length resolution function
tracks coming from the primary vertex was symmetric a
centered at zero.

Using Y(1S)→m1m2 events provided us with a samp
of prompt decays of a heavy particle into two muons. T
invariant mass spectrum of oppositely charged muon pair
theY(1S) mass region is shown in Fig. 16~A!. Figure 16~B!
shows theLxy distribution ofY(1S) mesons after sideban

FIG. 15. The pseudo proper decay length distribution of
signal region with the unbinned likelihood fit superimposed. T
plot shows the contributions from the three different sources. T
distribution of background events as obtained from the fit to thel
distribution of theJ/c sidebands, the sum of the background d
tribution and the Gaussian function convoluted with the exponen
from b decay and finally the remaining Gaussian centered a
~unshaded area! which is due to decays of promptJ/c ’s.

TABLE II. Parameters of likelihood fit to sideband and sign
regions.

Parameter
~sideband region! Value Uncertainty

f 1 ~%! 27 6 0.6
l1 (mm! 429 6 11
f 2 ~%! 11.3 6 0.5
l2 (mm! 231 6 10

Parameter
~signal region!

Value Uncertainty

lB (mm! 460 6 5
~corrected for fitting bias!
f B ~%! 17.7 6 0.2
s 1.15 6 0.05
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FIG. 16. ~A! The dimuon invariant mass spectrum in theY(1S) region. Both tracks were required to be reconstructed in the SVX.
mass resolution is 0.055 GeV/c2. ~B! The Lxy distribution ofY(1S) candidates after sideband subtraction. The shape is Gaussian w
mean consistent with zero and a resolution of 43mm. ~C! TheLxy /sLxy

distribution after sideband subtraction. A fit of a Gaussian funct
to the distribution yielded a sigma of 1.13 indicating that the calculated errorsLxy was underestimated by 13%.~D! Lxy /sLxy

distribution
for the J/c sample. A fit to the prompt part of the distribution indicated that the error was underestimated by 13%.
rib

in
n
ro
th

s
th

od

un-
re-
em-
subtraction. The shape is Gaussian, the mean of the dist
tion is consistent with zero, and the resolution is 43mm. The
Lxy /sLxy

distribution after sideband subtraction is shown
Fig. 16~C! . A fit of a Gaussian function to the distributio
yields a sigma of 1.13 indicating that the calculated er
sLxy

was underestimated by 13% in average. To check
the distributions shown in Fig. 16~B! and Fig. 16~C! are
symmetric we have fitted independent Gaussian function
the positive and negative side of the distributions. For
Lxy distribution we obtains54262 mm for Lxy,0 ands
54362 mm for Lxy.0. For theLxy /sLxy

distribution we

obtain s51.1060.05 for Lxy /sLxy
,0 and s51.1760.06
u-

r
at

to
e

for Lxy /sLxy
.0. Finally the Lxy /sLxy

distribution for the
J/c sample is shown in Fig. 16~D!. Restricting the fit to the
prompt part of the distribution (10,Lxy /sLxy

,2) indicated
that the error was underestimated by 13%, which is in go
agreement with the scale factors51.1560.05 obtained from
the lifetime fit ~see Table II!.

F. Systematic errors

In this section, we describe the sources of systematic
certainties, which apply to the inclusive lifetime measu
ment and estimate their magnitude. Two sources of syst
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atic uncertainties apply to all measurements described in
paper. These are the alignment of the silicon detector
any bias arising from a possible impact parameter dep
dence of the CFT trigger. We describe these two system
uncertainties first and then describe the systematics spe
to the inclusive measurement.

1. Alignment of the silicon vertex detector

Details of the SVX alignment procedure and checks of
alignment can be found in reference@16#. When tracks were
used to align the detector, the radius of the fourth SVX la
was kept constant while the radial positions of the three in
layers were allowed to float. Significant radial shifts of t
order of 80mm between the optical survey alignment co
stants and the track based alignment constants were
served. The sign of the shift reversed depending on whe
the strips were facing toward~layer 0! or away from the
beampipe~layers 1 and 2!.

To estimate the uncertainty due to the length scale of
SVX, we compared the lifetime result obtained using alig
ment constants derived from the optical survey with the
sult using the track based alignment having the radial sh
We achieve better decay length resolution with the tra
based alignment than with only using the optical survey d
therefore we used a binned fit for this comparison which
not as sensitive to the error scale as the unbinned fit. In
data, we observed a lifetime which is 0.3% smaller wh
using the track based alignment. This was consistent with
result of a high statistics Monte Carlo study where we co
pared the result of the lifetime fit before and after the rad
positions of the inner silicon layer had been varied. The
fore, we assigned a 0.3% systematic uncertainty to the S
length scale.

2. Impact parameter dependence of the trigger

The track impact parameter was defined as the clo
approach of the track helix to the beam axis measured in
plane perpendicular to the beam. Any variation of the C
trigger efficiency with the magnitude of the track impa
parameter would bias the lifetime distribution. Although t
CFT algorithm is based upon prompt tracks, we did not
pect a lifetime bias from the CFT since the impact parame
resolution of this device was. 50 times that of the SVX and
3 times the average displacement of secondary tracks fro
decay. To check for any possible bias, a sample ofJ/c
events was selected by a level 2 trigger which required o
one of the two muons to be reconstructed by the trigger tr
processor. The second muon then could be used to stud
efficiency of the CFT. We observed that the trigger e
ciency did not vary with the impact parameter resulting in
negligible effect on the lifetime distribution.

3. Production and decay kinematics

Since the^F(pT
c)& was used in the calculation of th

pseudo proper decay length variable, any variation
^F(pT

c)&, such as from variation of the production and dec
kinematics of the event, would affect the inclusiv
b-lifetime. In order to understand systematics due to
model dependence, the following studies were done:
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~1! Compare the NDEb-quarkpT spectrum to a power law
spectrum.

~2! Vary the Peterson fragmentation parametere50.006 by
60.002 where the value and its uncertainty were tak
from @30#.

~3! Vary the fraction of producedBs
0 mesons by61s @26#.

~4! Vary the level 2 trigger parametrization by61s.
~5! Vary the polarization of theJ/c by the allowed range

from current CDF results@31#.
~6! Vary the fraction of producedLb mesons from 5 to 15%

of the total number of b flavored particles produced. T
nominal value was 10%.

Bc production was assumed to be very small@32# and was
not considered in the systematics. Table III summarizes
^tb& uncertainties due to each of these variables.

4. Background parametrization

We estimated the systematics due to the background
rametrization by varying by one sigma all the parameters
the background fit coherently in terms of their effect on t
lifetime, trying different parametrizations of the backgrou
distribution function, using the smoothed histogram for t
background function, and letting the background fracti
f bkg float in the fit. After all these checks, we assigned
systematic uncertainty of6 0.4% to the background param
etrization.

5. Fitting procedure bias

As described in Sec. VII C, the incomplete modeling
thel distribution introduced a bias of 0.5% towards a long
lifetime that we correct for. We assign the total difference
0.5% as systematic error.

TABLE III. Systematic errors due to production and decay
nematics in %.

Systematic Uncertainty~%!

NDE versus power law 21.4 11.4
e ~Peterson! 0.004–0.008 20.6 11.3
L2 trigger 20.1 10.1
Bs

0 fraction 20.3 10.3
Polarization 21.0 11.0
Lb production 20.2 10.2

Total 21.9 12.2

TABLE IV. Summary of systematic errors for the inclusive life
time measurement.

Systematic Uncertainty~%!

Production and decay kinematics 21.9 12.2
Background parametrization 20.4 10.4
Length scale~alignment! 20.3 10.3
Fitting procedure bias 20.5 10.5

Total 22.0 12.3
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6. Summary of systematic errors

The systematic uncertainties and their quadratic sum
summarized in Table IV. The dominant contribution aris
from modeling the production and decay kinematics.

G. Final average lifetime result

The measuredB lifetime, which is the average over a
B-hadrons produced inpp̄ collisions at As51.8 TeV
weighted by their production cross sections, branching ra
to J/c, and detection efficiencies, is

^tb&51.53360.015~stat! 20.031
10.035 ~syst! ps.

VIII. B0 AND B1 LIFETIMES

In this section we discuss how we determined the lifeti
of the B1 andB0. The reconstruction of theB1 andB0 has
been described in Sec. IV. We also discuss the system
errors on these measurements.

A. Fitting technique

Since there were fewerB0 andB1 events, the fitting was
done slightly differently from the inclusive lifetime cas
Here we performed a simultaneous, unbinned log-likeliho
fit on both the signal and sideband events. The sideb
events plus the background events under the peak were
to determine the shape of the proper decay length distr
tion of the background in the signal region. Thus, more s
tistics were used for the determination of the backgrou
than in the two stage fit.

1. Background parametrization

We used two sideband regions where the upper and lo
sideband windows were each 60 MeV/c2 wide and started a
660 MeV/c2 from the world average valueB-mass of 5.279
GeV/c2 @20#. The width of the sideband mass windows a
the two 30 MeV/c2 wide separations between the signal a
sideband regions significantly reduced the probability t
real B mesons where one pion has not been reconstru
appear in the sidebands. The background events in the
region were assumed to have the same proper decay le
distribution as events in the sideband regions. Thel distri-
bution of background and sideband events was parametr
as a Gaussian for the zero-lifetime events, two exponen
for the positive lifetime background, and an exponential
the negative lifetime background. Two exponentials w
needed for positive lifetimes to accurately fit the data. T
gave the background distribution as

gbkg~l j ,s j !5

¦

for l j>0:

12 f 1
22 f 1

12 f 2

s jA2p
•e2l j

2/2s j
2
1

f 1
1

l1
e2l j /l1

1
f 2

l2
e2l j /l2

and forl j,0:

12 f 1
22 f 1

12 f 2

s jA2p
•e2l j

2/2s j
2
1

f 1
2

l1
el j /l1

~8.1!
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wherel j is the proper decay length for eventj , s j is the
calculated error onl j . The fitting parameters are summ
rized in the next section.

2. Signal distribution and likelihood function

The peak region, defined as630 MeV/c2 about the world
averageB mass, contained both signal and backgrou
events. For trueB meson candidates in this region, th
proper decay length distribution was parametrized as
convolution of an exponential function with a Gaussian re
lution functionFs(l j ,s j )5G* E, as defined in Eq.~7.4! in
Sec. VII C. The fitting function was

hf it~l j ,s j !55
for the signal region:

~12a!•gbkg~l j ,s j !

1a•Fs~l j ,s j !

for the sideband regions:

gbkg~l j ,s j !.

~8.2!

Herea was the fraction of signal and~1 2 a) the fraction of
background events in the signal region. The number of ba
ground events was constrained within Poisson fluctuation
the number of sideband events divided by a factor of 2, si
the sideband invariant mass windows were twice as larg
that of the signal region and the distribution was assume
be flat. The eight fit parameters were

lB: mean proper decay length of the signal,
a: fraction of signal in the peak region, events

: number of fitted signal events,
f 1

2: fraction of negative tail of the background,
f 1

1: fraction of positive tail of the background,
f 2: fraction of additional positive tail of the background
l1: slope of negative and positive tails, and%
l2 :slope of additional positive tail.

The likelihood function was

L5)
1

N

hf it~l j ,s j !. ~8.3!

The log-likelihood function to be minimized wasL5
2 2ln(L) .

TABLE V. Fit parameters for theB1 andB0 lifetime measure-
ment.

Parameter B1 B0

l (mm! 505621 475627
a ~%! 26.560.9 25.76 1.3
events ~events! 824636 436627
f 1

2 ~%! 1.9560.20 1.2060.22
f 1

1 ~%! 4.4360.65 4.6960.93
f 2 ~%! 7.9760.87 9.9961.30
l1 (mm! 516639 409648
l2 (mm! 106615 87613
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B. Results of fit to the data

The fitted values are listed in Table V for the charged a
neutralB mesons. The proper decay length distributions w
the fits superimposed are shown in Figs. 17 and 18.

As an independent cross check, we extracted the num
of B candidates by fitting a Gaussian plus a linear ba
ground to the invariant mass distributions~see Figs. 5 and 6!.
Within the statistical errors, these numbers agree well w
the number of events listed in Table V.

C. Systematic Errors

There were four significant contributions to the systema
error: ~1! a possible bias due to the fitting technique,~2! the
radial length scale of the SVX,~3! non-Gaussian tails of the
resolution function, and~4! uncertainty in the event-by-even
proper decay length error.

1. Fitting procedure bias

To determine any bias from the fitting procedure we g
erated 1000 Monte Carlo proper decay length distribution
mimic the data forB1 andB0 candidates. After applying the
simultaneous fit, the minimized value forL was calculated.
The bias due to the fitting procedure was defined as the m
difference between the fitted lifetime value and the input
the Monte Carlo. We found a bias 1mm for the B1 and 2
mm for theB0 and assigned the total difference as a syste
atic error.

2. Length scale of the SVX

The uncertainty of the length scale is a systematic e
inherent to the data sample. This uncertainty was discus

FIG. 17. The proper decay length distribution for all reco
structedB1 mesons. The upper~lower! histogram shows the pea
~sideband! region distribution. The first~last! bin of each histogram
gives the number of underflow~overflow! events. The superim
posed curves are the contributions from the signal, the backgro
and their sum as determined by the likelihood fit described in
text.
d
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in Sec. VII F 1 covering the systematic uncertainties of t
inclusiveB lifetime measurement.

3. Non-Gaussian tails of the resolution function

To estimate the lifetime bias from non-Gaussian tails
the resolution function, we added exponential tails to
Gaussian. The new resolution function was then defined

R~l!55
12b

l tail
•e2l/l tail1b•G for l>0

12b

l tail
•el/l tail1b•G for l,0.

~8.4!

SubstitutingR* E for G* E in Eq. ~8.2! adds two new
parameters,l tail andb, to the fit. We assigned half the dif
ference between the lifetimes obtained with the two para
etrizations as a systematic error. This added 1.2 and 1.1%
the systematic uncertainties forB1 and B0, respectively.
This is the dominant systematic uncertainty.

4. Error scale

To evaluate the uncertainty in the lifetimes arising fro
any uncertainty of the error scale, we introduced a comm
scale factor for the measurement errors as an additiona
parameter as we did for the measurement of the inclus
lifetime. We assigned half the difference obtained with
without the scale factor to this uncertainty.

nd
e

FIG. 18. The proper decay length distribution for all reco
structed B0 mesons. The peak~sideband! region distribution is
shown in the upper~lower! histogram. The first~last! bin of each
histogram gives the number of underflow~overflow! events. The
superimposed curves are the contributions from the signal,
background and their sum as determined by the likelihood fit
scribed in the text.
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5. Summary of systematic errors

The systematic errors are listed in Table VI. For theB1

and B0 the sum in quadrature adds up to 1.3% and 1.
respectively. The uncertainty due to the length scale
completely correlated in theB1 and B0 lifetime measure-
ments.

D. Final result for t„B1
…, t„B0

… and the ratio t„B1
…/t„B0

…

The results of this analysis are summarized here:

t~B1!51.6860.07~stat!60.02~syst! ps

t~B0!51.5860.09~stat!60.02~syst! ps

t~B1!/t~B0!51.0660.07~stat!60.02~syst!.

When calculating the uncertainty on the lifetime ratio, w
remove the correlated systematic uncertainties as indicate
the previous section. Although the measuredB1 lifetime is
slightly larger than the measuredB0 lifetime, as expected
from some theoretical models, the current level of statis
is insufficient to make a definitive statement.

IX. THE Bs
0 LIFETIME

The Bs
0 lifetime was determined by measuring a positi

proper decay length exponential as in the previous ca
Due to a more limited number ofBs

0 candidates, a simulta
neous log-likelihood fit was done to the invariant mass a
lifetime distributions.

A. Fitting technique

1. The ct distribution

The signal region was defined as the invariant mass ra
5.1 to 5.7 GeV/c2. The mass range was relatively wide
that the background shape was better determined. The b
ground proper decay length distributiongbkg(l j ,s j ) was pa-
rametrized in the same way as for the inclusive lifetime m
surement@see Eq.~7.2! in Sec. VII C# as the sum of three
terms: a central Gaussian, a left side exponential, and a
side exponential.

For true Bs
0 meson candidates in the signal region, t

proper decay length distribution was parametrized as
convolution of an exponential function with a Gaussian re
lution function,Fs(l j ,s j )5G* E, as defined in Eq.~7.4! in
Sec. VII C.

TABLE VI. Summary of systematic errors for theB1 and B0

lifetime measurement.

Systematic B1 B0

Scale factor 60.2 % 60.2 %
Non-Gaussian tails 61.2 % 61.1 %
Fitting procedure bias 60.2 % 60.4 %
Length scale 60.3 % 60.3 %

Total 61.3 % 61.2 %
re
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2. The invariant mass distribution

The invariant mass distributiong(mj ) for the background
was parametrized as a second order polynomial

g~mj !5p01p1mj1p2~mj2MB
s
0!2, ~9.1!

where mj is the J/cf invariant mass andMB
s
0 is the Bs

0

meson mass. There was one equation of constraint due to
normalization condition

E
m1

m2
g~mj !dmj51, ~9.2!

wherem1 ~5.1 GeV/c2) to m2 ~5.7 GeV/c2) was the mass
range ofBs

0 candidates used in the fit. Therefore, the fit w
done forp1 andp2 with p0 expressed in terms of these tw

The invariant mass distribution of the signal was para
etrized as a Gaussian distribution with meanMB

s
0 ,

Gm~mj ,smj
!5

1

A2psmj

e2~mj 2MBs
0!2/2smj

2
. ~9.3!

The calculated invariant mass of eventj was mj , and the
error of the calculated invariant mass wassmj

. The typical

uncertaintysmj
on the reconstructed mass was 0.01 GeV/c2.

3. Bivariate probability distribution and likelihood function

The normalized bivariate probability density function f
a simultaneous mass and lifetime fit is

f ~l j ,mj ,s j ,smj
!5~12 f s!g~mj !gbkg~l j ,s j !,

1 f sGm~mj ,smj
!Fs~l j ,s j !, ~9.4!

where f s was the fraction of signal events. The likelihoo
function was

L5)
1

N

f ~l j ,mj ,s j ,smj
!. ~9.5!

The log-likelihood function to be minimized wasL
522 ln(L). The ten fit parameters were

lB
s
0 : Bs

0 lifetime,
f s : fraction of signal events,
f 1 : fraction of right side exponential,
l1 : slope of right side exponential,
f 2 : fraction of left side exponential,
l2 : slope of left side exponential,
s : for scale factor,
MBs : Bs

0 mass,
p1 : first parameter of second order polynomial,
p2 : second parameter of second order polynomial,

B. Results of fit to the data

The result of performing the 10 parameter fit to the data
summarized in Table VII.

The fit signal corresponded to 586 9 events, obtained by
multiplying f s by the total number of events in the samp
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~804!. This, however, yielded an error that did not correc
account for fluctuations in the number of events. To de
mine the error correctly, the fit of the mass spectrum w
done while allowing the number of events to float. This ga
58612 events.

A plot of the proper-decay length spectrum is given
Fig. 19 for candidates within6 0.05 GeV/c2 of the fittedBs

0

mass. The invariant mass distribution was shown in Fig
As a cross check, we applied the fitting method used to
termine theB0 and B1 lifetimes to theBs

0 case. We found
lB

s
05383 6 63 mm for the meanBs

0 decay length, which is

in good agreement with the value of 4026 61 mm obtained
with the bivariate fitting method.

C. Systematic errors

We considered the following three systematic uncerta
ties:

FIG. 19. The proper decay length distribution of theBs
0 for

events selected within6 0.05 GeV/c2 of the Bs
0 fitted mass. The

results of the lifetime fit are shown, signal~dashed line!, back-
ground~dotted line!, and the sum of the two~solid line!. The typical
error on the calculated proper decay length was 40mm.

TABLE VII. Fit parameters for theBs
0 mass and lifetime distri-

butions with a cut ofpT(f) .2 GeV/c. The range in mass wa
5.1–5.7 GeV/c2. The total number of events was 804.

Parameter Value Uncertainty

lB
s
05ct(Bs

0) (mm! 402 257
169

f s ~%! 7.2 61.1
f 1 ~%! 10.3 61.6
l1 (mm! 297 647
f 2 ~%! 14.9 60.51
l2 (mm! 639 6214
s 1.09 60.04
MB

s
0 ~GeV/c2! 5.364 60.002

p1 @~GeV/c2) 22# -0.368 60.379
p2 @~GeV/c2) 23# -6.176 62.207
r-
s
e

.
e-

-

~1! the uncertainty due to a possible length scale uncerta
of the SVX has been described in Sec. VII F 1,

~2! an uncertainty in the parametrization of the backgrou
~3! an uncertainty due to a possible bias in the fitting pro

dure.

Points~2! and ~3! are discussed in detail below.

1. Background parametrization

Shifts in theBs
0 fitted lifetime due to changes in the shap

fitted to the background proper decay length distribut
were studied for several effects. The resulting shifts w
combined in quadrature to assign a final uncertainty. T
effects which were studied and the corresponding shifts
listed here.

~1! A flat contribution was added to the long-lived bac
ground and fitted for the fraction of events distribut
flat in l. This fraction converged to 0.0 with an error o
6 0.1. Then the flat-background fraction was fixed
0.1, and the lifetime distribution was fit again. The o
served shift in lifetime was 1%.

~2! The positive long-lived background was modeled as
exponential decay function. This was replaced with
exponential convoluted with a Gaussian resolution fu
tion, and the lifetime distribution was fit again. The co
responding shift in lifetime was 0.25%.

~3! The mass distribution was fit with either a second ord
polynomial or a flat distribution. The difference in life
time from the two methods was 3.4%. This is the larg
source of uncertainty for the background parametrizat
category.

Adding these in quadrature resulted in a total uncertainty
3.5% from possible alternative background parametrizatio

2. Fitting procedure bias

A possible bias in the fitting procedure was studied
generating several thousand mass and lifetime distribut
modeled after the data. The mean of the lifetimes measu
was consistent with the generated value with an uncerta
of 0.5%, which we assign as the systematic error.

3. Summary of systematic errors

The total systematic uncertainty from all these effects w
3.5%, as summarized in Table VIII.

D. Final result for t„Bs
0
…

In conclusion, theBs
0 lifetime has been measured in

hadronic collider in an exclusive decay mode. The result

t~Bs
0!51.3420.19

10.23~stat!60.05~syst! ps

X. SUMMARY AND CONCLUSIONS

All CDF lifetime measurements which include aJ/c in
the final state are summarized below:
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^tb&51.5336 0.015~stat!-0.03110.035~syst! ps

t~B1!51.686 0.07~stat!60.02~syst! ps

t~B0!51.586 0.09~stat!60.02~syst! ps

t~B1!/t~B0!51.066 0.07~stat!60.02~syst!

t~Bs
0!51.34-0.19

10.23~stat!60.05~syst! ps.

TABLE VIII. Summary of systematic uncertainties for theBs
0

lifetime measurement.

Systematic Uncertainty~%!

Background parametrization 3.5
Fitting procedure bias 0.5
SVX length scale 0.3

Total 3.5
rg
The results are consistent with otherB lifetime measure-
ments@10–12#. The current world best average lifetimes c
be found in@13#. The average lifetime of theB-hadron spe-
cies is expected to be smaller than theB1 or B0 lifetimes due
to contributions fromB-baryon decays, which are measur
to have shorter lifetimes@5#. The data is consistent with th
theoretical prediction that the chargedB-meson lifetime
t(B1) and the neutralB-mesont(B0) are nearly equal.
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