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Lifetime of Particles Containing b Quarks
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From a sample of hadronic events produced in e+e collisions, semileptonic decays of
heavy particles have been isolated and used to obtain a measurement for the bottom. -quark
lifetime of [1.8+ 0.6 (stat. ) + 0.4(syst. )] & 10 ' sec.

PACS numbers: 14.40.Jz, 13.20.Jf, 13.30.Ce, 14.80.Dq

According to the standard six-quark model, the
decay of the lowest-lying bottom-flavored hadrons
is forbidden in the absence of mixing of 5 quarks
with either s or d quarks (or both). The values
of mixing angles, as defined, for example, by
Kobayashi and Maskawa' or by Maiani, ' can be
constrained by a measurement of the 5 lifetime.
In the present experiment semileptonic decays
have been used to isolate bottom-flavored parti-
cles, produced in e'e annihilations to hadrons,
and to determine the average lifetime of the re-
sulting mixture of these states, Earlier measure-
ments led to upper limits, ' of which the most
stringent is 7b (1.4&&10 "sec, reported by the
JADE Collaboration.

The MAC detector, ' ' operating at the PEP stor-
age ring at the Stanford Linear Accelerator Cen-

ter, includes a cylindrical drift chamber for
tracking charged particles, consisting of ten lay-
ers of drift wires in a solenoidal magnetic field
of 5.7 kG. The radii of the inner- and outermost
layers are 12 and 45 cm, respectively, and the
point measurement accuracy is about 200 I m.
The drift chamber is surrounded by electromag-
netic and hadron calorimeters. Layers of lead
interspersed with proportional wire chambers
constitute the electromagnetic shower chamber,
amounting to 16 radiation lengths of material. In
the hadron calorimeter, layers of steel alternate
with proportional wire chambers, such that nor-
mally incident particles traverse 91 cm of steel.
Two end-cap calorimeters, alternating steel and
proportional chambers, cover angles greater than
10 deg from the beam. The solid angle subtended
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by calorimeters is therefore about 98% of 4n. The
calorimeter steel in both the central and end-cap
regions is magnetized to about 17 kG by toroid
coils. The entire calorimetric detector is sur-
rounded by drift chambers for muon tracking.
These chambers determine the radial and axial
components of the location and direction of parti-
cles penetrating the hadron calorimeters.

The parent sample for this analysis consists of
approximately 50000 multihadron events having
five or more charged prongs and calorimetric en-
ergy flow consistent with production by single
photon annihilation. Cuts on the total energy, its
component perpendicular to the beam, and the net
energy imbalance eliminate two-photon annihila-
tion events. ' ' The muon (electron) sample cor-
responds to an integrated luminosity of 108 (92)
pb ' at a center-of-mass energy of 29 GeV.

Within these events, muon candidates were re-
constructed and momentum analyzed by interpola-
tion between isolated track segments in the outer
drift chambers and the primary event vertex,
through the toroidal magnetic field of the calorim-
eter, taking into account the ionization energy
loss of the particle in the calorimeter. It was
required that the resulting track be matched with-
in typically 1' in polar angle and 30% in momen-
tum to a track reconstructed in the central drift
chamber, and within 2 to 10 deg to a segment re-
constructed from the energy deposited in the cen-
tral or end-cap calorimeter. (The actual cuts
were made on the appropriate g', computed with
inclusion of all measurement errors and the ef-
fect of multiple scattering, and are momentum
dependent. ) It was required that the calorimeter
pulse heights correspond to those of a single
minimum-ionizing track.

An electron candidate is defined as a track in
the central drift chamber associated with a show-
er in the electromagnetic shower chamber and
with no significant energy deposition in the had-
ron calorimeter. Only tracks with momentum
greater than 1.8 GeV/c and in the fiducial region
icos& i (0.7 are considered. The energy deposited
in the calorimeters is measured in a 2 (azimuth-
al) x 5 (polar) cone around the direction of the
track at the exit of the drift chamber and is re-
quired to follow a pattern typical of the develop-
ment of an electromagnetic shower in our detec-
tor, as determined from nonradiative and radia-
tive Bhabha events. The contamination in the
sample, apart from c-quark semileptonic decays,
comes from e'e pairs (photons converting in the
vacuum pipe and Dalitz pairs), 7 and g decays,
and hadron misidentification. About 50% of the

electron pairs can be easily identified; the re-
maining contamination has been calculated not to
exceed 25% of the sample.

To estimate the background in both samples and
to study heavy-flavor decay, we have constructed
a Monte Carlo model to simulate the production
and decay of hadrons' and to trace in detail their
interactions and the response of the detector. '

In a previous publication' we presented a meas-
urement of the fragmentation function of b quarks.
As described in detail there, discrimination be-
tween heavy and light quarks that decay to leptons
is achieved via the total momentum of the lepton
and by its component perpendicular to the thrust
axis of the event (P i): A heavy hadron follows
closely the direction of the primary quark which
in turn is well approximated by the thrust axis.
On decay, the heavy parent imparts a large trans-
verse momentum to the daughter lepton. The
specific cuts applied in the present analysis were
total momentum greater than 2 GeV/c and P,
greater than 1.5 GeV/c.

The lifetime of the particles which decay to pro-
duce the observed leptons is inferred from the
distribution in impact parameter of the lepton
tracks with respect to the interaction point. In
Fig. 1 are defined the flight path, E, of the parent
hadron (e.g. , B meson), the directions of travel
of the parent and lepton (e.g. , muon), the decay
angle g, and the impact parameter 5, all as pro-
jected onto a plane perpendicular to the beam
axis. The quantity 5 is taken to be positive (nega-
tive) in the reconstructed events (where the B di-
rection is unknown) if a forward (backward) lab-
oratory decay angle would be inferred for the lep-
ton, under the assumption that the parent traveled
along the thrust axis toward its intersection with
the muon trajectory. The effect of approximating
the B direction by the thrust axis is to cause a
true positive 6 to appear negative when the angle
of the muon trajectory falls between those of the
B flight path and the thrust axis, diluting the ob-
served effect. Detailed calculations show that the
resulting loss of sensitivity from this effect is
negligible for b particles and about a factor of 3

THRUM T

FIG. 1. Direction vectors and production and decay
points relevant to heavy-hadron leptonic decay.
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for charm. On the other hand, for n. and K decay
and converted gamma ray backgrounds there is
nearly complete cancellation.

The average value of |) computed from the ob-
served distribution is proportional to the lifetime:

(5)= (P y sing sin6) cz =-acr,
where 6 is the polar angle of the track. The con-
stant e, computed with the Monte Carlo program,
is about 0.45 (0.15) for bottom (charm). It is
found to be very insensitive to the fragmentation
function. Typically, the decay angle iP shrinks as
a function of parent momentum at about the same
rate that the relativistic time dilation factor
grows. The detailed calculation shows that o.
decreases by 11@as the average B momentum is
changed from 0.8 to 0.5 times the beam momen-
tum.

The precision of the measurement of 5 is de-
termined by the precision of the extrapolation of
the lepton track reconstructed in the central drift
chamber, and by the effective size of the beam
interaction volume, including the effect of any un-
corrected shifts with time of the beam position.
The beam position for each run was determined
by a simultaneous fit to all of the Bhabha events
in that run. A plot of the results as a function of
time was then used to establish beam-position
values for each block of runs between significant
changes. From these data we find the effective
rms beam size to be about 0.4 mm (horizontal) by
0.1 mm (vertical). The uncertainty of the track
extrapolation came from propagation of the point
measurement error, which in turn was established
from y' distributions for track fits. Figure 2

shows the distribution in the uncertainty of 5;
events having uncertainty less than 1 mm are
entered into the histograms of 6, Fig. 3, weighted
by the corresponding reciprocal squared errors.
The mean values (5) from these distributions are
listed in Table I.
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In terms of the separate components of the data
sample, the average value of 5 is given by

(5)=f» ocr»+f, 5, +fb grab .
Here the subscripts b, c, and bg refer to 5- and
c-flavored particles and to background, respec-
tively; f, is th.e fraction of the sample corre-
sponding to component i; and the factor e is de-
fined in Eq. (1). Here f, includes cascades b- c- lepton. The values of these parameters, given
with their uncertainties in Table I, were deter-
mined from the Monte Carlo program. The QCD
and fragmentation parameters in the model were
adjusted to fit measured hadron-production spec-
tra, ' including energy-energy correlations' and
the fragmentation of heavy flavor as measured
with the momentum and p, distributions for inclu-
sive leptons. ""The Q leptonic branching frac-
tion used was 15%, as measured previously' with
a sample partially overlapping the present one.
The charm leptonic branching fraction was taken
to be""

8%%ug, and the lifetimes of charmed parti-
cles used in the calculation, in units of 10 "sec,
are" (D') 4.0; (D') 9.3; (E') 2.9 (population-
weighted average = 5.5).

From Table I it can be seen that the expected
values of (5) for charmed-particle decays and
for background are around 20-30 p.m; their con-
tribution to the signal when weighted by the cor-
responding fractions is thus of order 5-10 IL(.m,
compared with the observed values of about 160
I(J.m for both data samples. There is evidence in
Fig. 3(a) of a contribution at large I5I from the
decay of m and & mesons to muons; these events
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FIG. 2. Distribution of measurement uncertainties
of the decay impact parameter, 6.

FIG. 3. Distribution of 6 for (Q muons and (b) elec-
trons.
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TABLE I. Summary of parameters used to compute 7-&.

No. of
Sample events fbg 6, (pm) 6b (pm) (0) (pm) ~b {10 ~2 sec)

155
133

0.72 + 0.08 0.14+ 0.04 0.14+ 0.07 24+ ll
0.63 + 0.07 0.12+ 0.05 0.25+ 0.08 19+11

26+ 8
24+ 6

0.43 + 0.03 158+ 81
0.46 + 0.03 174+ 75

1.62+ 0.87
2.00+ 0.84

add to the standard deviation of the distribution,
but not significantly to the mean, as we have con-
firmed by relaxing cuts to admit more decay
events.

As a check for bias in the distribution of 6 a
control sample was made from the parent multi-
hadron sample by taking all charged-particle
tracks (including leptons) assigned to the primary
vertex which pass the same momentum and p~
cuts required for the data sample. Momentum
and p, distributions of the surviving events are
quite similar to those of the data sample. The
resulting weighted (6) for 18093 tracks is 34 +8
pm, to be compared with 24+6 pm (of which 16
+6 pm is due to h particles) expected from short-
lived particles in the control sample. We con-
clude that the observed nonzero (6) in the data
samples is to be attributed mainly to the term
proportional to v.

~ in Eti. (2). This conclusion
is insensitive to the uncertainties in f„h„f„,
and 6& g. Assigning a systematic uncertainty of
30 pm for (5) and combining with the other sys-
tematic errors quoted in Table I we finally find

T, = (1.8 +0.6 +0.4) x 10 "sec,

where the first error quoted is statistical and
the second is systematic. This is the first non-
zero result reported for T~.

In terms of the mixing angles of Maiani, ' the
standard-model prediction for 7., is given by"

5

] 08' ]014
5 GeV

x(2.75 sin'y+ 7.69 sin'p) sec '.

With the assumption m, = 5 GeV/c', and in com-
bination with the measured upper limit of 0.055
for the noncharm branching fraction of 5 parti-
cles,"our result for 7, implies ~siny~ =0.04
+0.01.
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