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The lifetimes of B° and B* mesons have been measured with the SLD detector at the SLC using
topological reconstructions of the B mesons. Studies of B;mixing ,using similar techniques, show that
the prospects for measuring Bsmixing with an upgraded vertex detector are good if x < 15.

1. INTRODUCTION

This paper reviews the current status of
measurements made with the SLD detector of
the charged and neutral B meson lifetimes and
discussgamgrospects for measuring B, mixing
with an upgraded vertex detector. Both analy-
ses rely on topological reconstructions of B
meson desays, which are far more efficient
than exclusive final state reconstructions. We
preface these studies with an overview of the
SLD detector, focusing on the performance of
the current vertex detector.

2. VERTEX DETECTION WITH THE SLD
DETECTOR

The SLC Large Detector (SLD) [1] has re-

“corded the decays of roughly 150K polarized Z°

decays produced by the SLAC Linear Collider
(SLC) between 1993 and 1995. The elements key
to the analyses presented here include the cen-
tral drift chamber (CDC), which measures

. charged particle trajectories, the liquid argon

calorimeter, which in conjunction with the CDC
identifies electrons on the basis of shower en-
ergy, and the warm iron calorimeter, which is
used to identify penetrating particles as muons.
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A 0.6T solenoidal magnetic field provides mo-
mentum analysis for the CDC.

A CCD pixel vertex detector [2] surrounds
the beam pipe just outside the interaction point
and—in conjunction with the CDC—provides
precise 3-dimensional tracking information.
Impact parameter resolution in the plane per-

pendicular to the e*e” beams is o, = 11®
70/p sin®?0 [um]; it is o, = 37@70/p sin*?0
[um] in the plane parallel to the incident beams
(p is the mousesdmen in GeV/c). The micron-
sized transverse beam dimensions provide a
small and stable interaction point. Its trans-
verse (longitudinal) position is measured with
7 (50) pm accuracy using sequential hadronic
events. The performance of the detector, includ-
ing even the tails of the impact parameter
distributions, is well-modeled by the Monte
Carlo simulation.

3. PHYSICS OF B°/B" LIFETIMES

Measurements of the lifetimes of the par-
ticular B hadron species probe B decay dynam-
ics, normalize the rate determinations from
which the CKM element V,_ is extracted, and
sharpen the description of heavy quark decay
topologies. Lifetime differences in the charm
sector provided evidence for nonspectator decay
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mechanisms. Beauty decays are thought to fol-

low a pattern analogous to charm, i.e., ©(B*) >
(B°) ~ 1(Bs) > 1(A,); but the overall magnitude
of lifetime differences, scaling as 1/m is ex-
pected to be only 10%. Reference [3] predlcts
t+ /1°=1.00+0.05 (f,/200 MeV)?, where fp is the
B decay constant, indicating a need for experi-
mental precision at the percent level.

In the following, we discuss two separate
measurements of the lifetimes of neutral and
charged Bmesons. The first method (semi-
leptonic) relies on the presence of a high trans-
verse momentum lepton in the event to simplify
assumptions about the decay topology. The sec-
ond method (topological) depends completely
on topological identification of B meson charge
and decay length. Both methods have been de-
scribed elsewhere in more detail [4].

4. B°/B* LIFETIME-SEMILEPTONIC
METHOD

In the semileptonic method, the B decay
vertex is taken to be the intersection of the tra-
jectory of a decay lepton and a Dmeson
candidate which is identified topologically.
The lepton can be an electron or muon, with at
“least 2GeV/c momentum and 400 MeV/c mo-
mentum transverse to the nearest jet. The D
candidate is made up of tracks which miss the
primary interaction point by at least 3.5 stan-
dard deviations. A combination of at least two
- such tracks, which satisfies a three dimen-
sional vertex x2 cut, has net charge |QD|S1,
and has invariant mass m<1.9 GeV/c, consti-
tutes the D. The D vertex must be displaced
from the primary by at least four standard er-
rors. The “D” momentum vector approximates
the D direction; along with the decay point, it
determines the D trajectory. The point of closest
approach between the D and lepton trajectories
defines the B decay vertex, which is required
to be at least 0.8 mm from the IP. The invariant
mass of all the tracks in the B must exceed
1.4 GeV/d, the net charge |QB! <1, and the

distance between the B and D vertices must ex-
ceed 200 um. As a final step, other tracks in the
event are attached to either the B or the D de-
cay vertices if the resulting vertex x ‘s are
sufficiently low.

Three topologies are allowed for neutral
B mesons: a single prong (the lepton) at the

B vertex along with a three prong “D”; two
prongs at the B vertex (the lepton and a transi-
tion pion from a D*) along with either two or
four prongs at the “D” vertex. Charged B mes-
ons decay predominantly to D° mesons, so the D
vertex is required to be neutral and contain two
or four prongs. The B vertex is required to be a
single prong for charged B’s.

The algorithm selects 428 neutral and 549
charged decays from the 150 K hadronic Z° de-
cay sample. Monte Carlo studies give the B
composition of the neutral (charged) sample as
15.8% (70.1%) B, 65.4% (18.4%) By, 13.6%
(4.1%) B, and 4.1% (2.3%) B baryon. Roughly
1.3% (5.1%) of the neutral (charged) sample is
non-B background. As shown in Fig.1, the
charge multiplicities observed at the B and D
vertices agree with Monte Carlo expectation,
which substantiates the charge assignment.
The beam polarization at the SLC provides a
second check of the charge assignment. Polar-
ized Z decays give rise to a left-right, forward-
backward asymmetry [5]. Figure 2 shows this
asymmetry for the charged and neutral samples
as a function of cos@, , where 8, is the production
angle of the b quark with respect to the direc-
tion of the electron beam. Lepton charge
identifies the quark as bor b. The charged B
sample has the expected asymmetry. The neu-

tral Bsample is also consistent with
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Figure 1. Measured distribution of vertex
charges (data points) compared to Monte Carlo
simulation (histogram) for the semileptonic
analysis.
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Figure 2. The left-right forward-backward
asymmetry for (a) charged and (b) neutral
decays. Data are shown as points and the
Monte Carlo as histograms.

expectation, and is diluted by B mixing effects,
confirming the charge assignment.

The measured decay length distributions are
shown in Fig. 3 for both samples. The Monte
Carlo is used to generate a fitting function for
these distributions, incorporating the spectrum
of B energies expected from fragmentation ef-
fects. A binned maximum likelihood fit to both
distributions extracts the lifetime ratio and
“each of the separate lifetimes. Systematic er-
rors are dominated by systematics of the fitting
procedure, B physics modeling (especially the
fragmentation function) and tracking efficien-
cies. Preliminary results are as follows:

T, = 1601313 +0.10 ps
Ty = 1491315 +0.05 ps
Tye /Ty = 0941313 £0.07 ps .

5. B°/B* LIFETIME-TOPOLOGICAL
METHOD

The second method used to measure the
charged and neutral B meson lifetimes relies
exclusively on topological vertexing. A sample
of bb events is selected with an impact
parameter tag. Strict quality cuts are imposed
on the tracks. Secondary vertices are identified
[6] as regions of high track overlap probability,
where tracks are represented as 3-dimensional
probability tubes, their transverse size reflect-
ing impact parameter errors. Individual
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Figure 3. Decay length distribution for the
neutral and charged B meson decays in the
semileptonic analysis. The Monte Carlo
simulation is shown with the histogram.

vertices are clustered together if they are not
clearly resolvable, and tracks are associated
with the clusters on the basis of a x2 test.

Two-thirds of the tagged events have at
least one secondary vertex reconstructed. The
secondary vertex farthest from the IP is se-
lected in events having more than one vertex in
an event hemisphere. Additional tracks are
associated with the secondary if they pass
within 1mm of the line joining the IP to the
secondary, and if the distance between the IP
and their point of closest approach to the decay
line is at least 30% of the distance to the secon-
dary. The invariant mass of all the tracks
associated with the secondary must exceed
2GeV/c? in order to remove charm contamina-
tion, and the decay length of the resultant
vertex must exceed 1 mm. Additional tracks,
with less stringent quality cuts, are included in
the secondary vertex for the charge determina-
tion. The algorithm reconstructs 3382 neutral
and 5303 charged decays, which have charge
|Ql>1. Monte Carlo studies show that 99.3% of
the selected events are in fact bb. The neutral
(charged) sample consists of 22.2% (56.2%) B,,
55.5% (29.8%) By, 15.3% (8.2%) Bs, and 6.3%
(4.8%) B baryon.

The observed charge distribution shown in
Fig.4 is in excellent agreement with Monte
Carlo simulation. A second check on the charge
assignment is the observation of the forward-
backward asymmetry for the charged B meson
sample. In this sample, the charge of the meson
is a measure of the quark charge. Consequently,
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Figure 4. Distribution of charges recon-
structed in the topological analysis. Data
are shown as points and the Monte Carlo
simulation as the histogram.

as shown in Fig. 5, the observed angular distri-
bution shows a distinct asymmetry. The
agreement between the data and Monte Carlo
simulation is good for both the 1993 ({P) =
1 63.0+1.1%) and 1994-5 ((B,) = 77.310.6%) run-
ning, confirming that the charge assignment is
correctly modeled.

The observed decay lengths for the neutral
and charged samples are shown in Fig. 6. The
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Figure 5. Measured (data points) and
predicted (histogram) asymmetries for
charged B decays. The measured B pro-
duction angle is signed with the product
of the B meson charge and incident elec-
tron helicity.
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Figure 6. Decay length distribution for
charged and neutral B meson decays in the
topological analysis. The histogram is
the Monte Carlo prediction corresponding to
the best fit.

two-parameter fit proceeds as in the semilep-
tonic analysis, with the two distributions being
fit simultaneously. The fitting function is again
derived from the Monte Carlo and thus includes
effects from B energy spread and the fact that
tracks from both secondary B and tertiary D
decays can be included in the decay length de-
termination. The systematic errors are
dominated by uncertainties in the tracking effi-
ciency, fit systematics, and B fragmentation
and decay multiplicities. Preliminary results
are as follows:

Tge = 1.55+£0.07+£0.12 ps

Bt 1.67+£0.06+0.09 ps

+0.09
TB+ /TBO = 1'08—0.08 +0.10 ps .

These results are consistent with those from
the semileptonic analysis presented above and
those from other experiments. They are also
consistent with the theoretical expectation
that the charged and neutral B mesons have
roughly equal lifetimes. The errors in this
analysis are competitive with those from ex-
periments with much larger data sets,
illustrating the statistical power of topological
vertexing, and promising much reduced errors in
the future.

6. MOTIVES FOR MEASURING Bg MIXING



Bs and B mixing, taken together, determine

the least well known side of the unitarity tri-
angle, Vtd/Vbc, with only 10% theoretical
uncertainty [7]. This comes about because uncer-
tainties in the B meson masses, bag factors, and
decay constants largely cancel when one takes
the ratio between the oscillation frequencies for
Bs and B, mixing. This accuracy may be suffi-

cient to establish whether or not the CKM
phase is nonzero, or equivalently, whether
CKM mixing is a source of CP violation. In fact,
the measurement of Bg mixing could well be the

first test of this standard model source of CP
violation. If CP violation in the K system is the
result of CKM mixing, the mixing parameter is
expected to lie in the range 6 < x,<33 [7]. This
corresponds to rapid Bg oscillations (on the
scale of the B lifetime), and requires proper
time resolution in the 3-10% range to be seen.
Successful observation of Bg mixing is likely to
require excellent decay length resolution and
good boost resolution.

7. MEASURING Bg MIXING WITH THE SLD

Two features of the SLC enhance our ability
to measure Bg mixing with the SLD. The po-
‘larization of the electron beam permits control
of the Z° polarization. Since the angular dis-
tribution of b quarks is strongly asymmetric, and
depends on the known sign of the polarization,
the initial b quark charge is tagged by the pro-
. duction angle:

do

— - (1- 2
dcosty (1- AcP.) (1+cos GB)

+2Ap(A —P.) cosOp .

Note that a polarization tag is 100% efficient.
With beam polarizations near 80%, it has an
analyzing power, averaged over the useful
solid angle, of 0.5. The tiny, well-defined in-
teraction point, and the small beam pipe radius
at the SLC permit very high resolution vertex
detection, which is needed to probe high x..

An upgraded CCD vertex detector [8] will be
installed prior to the January 1996 SLD run
The new detector is based on very large area
(1.5x8 cm?) CCDs and will provide improved
solid angle coverage (AQ=.75-0.90), overlap-
ping three-layer coverage, thinner layers

(x/x0=1.2%—0.4%/layer), and an increased
lever arm, all of which result in significantly
improved resolutions: 6,4, = 7+37/p sin®?6 [um];
o,, = 14837 /p sin*?9 [um]. The improved reso-
lution increases sensitivity to high x; and boosts
event selection efficiencies. The larger solid
angle improves acceptance and results in in-
creased analyzing power.

To measure Bg mixing requires knowledge of
the initial quark charge, which is tagged by
polarization and jet-charge; the final quark
charge, which is tagged by lepton charge;
and the B decay length and the B energy. The
decay length is determined with the semi-
leptonic method described above. The signal for
Bs mixing is a high frequency oscillatory com-
ponent of the proper time distribution, which is
visible once the mixed and unmixed samples
have been separated.

8. THE x;, REACH

Studies [9] of the x, reach of the upgraded
detector have used full Monte Carlo to evaluate
vertexing efficiencies (41%), decay length reso-
lution (200 um), and boost resolution (10%) and
acceptance. The present studies assume a 500 kZ
sample with the upgraded vertex detector, 80%
beam polarization, and 12% B, fraction. Using
these parameters as input, a fast Monte Carlo is
used to generate an ensemble of experiments,
the simulated data of which are fit with a
maximum likelihood technique. Besides find-
ing the optimum value of x,, the fit assigns a
significance by determining the difference in
log likelihood between the optimum x; and as-
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Figure 7. Efficiency to observe a B, mixing
signal with a significance > 2.5 as a func-
tion of the oscillation frequency, x..



significance by determining the difference in
log likelihood between the optimum x_ and as-
ymptotically high x.. The significance must be
reasonably high, or a false minimum may be
detected. The experiment's reach for a signifi-
cance cut of 2.5 (and corresponding fake rate of
5%) is shown in Fig. 7, which plots the effi-
ciency for detecting a result at or above the
significance cut as a function of x.. The experi-
ment has a reasonable chance to see B, mixing

up to x of 15 or so.

Several improvements should extend SLD’s
reach beyond the baseline established above.
The vertexing efficiency can likely be im-
proved, as can the sample purity (by requiring
neutrals only or kaon tagging). The most sig-
nificant improvements may come from
topological tags of final quark charge, made
possible by identifying charged D’s in the
decay products.

9. CONCLUSIONS

The charged and neutral B meson lifetimes,
and their ratio, have been measured with the
SLD detector using new techniques which rely

heavily on topological vertexing. The installa-
tion of an improved CCD vertex detector and an
anticipated quadrupling of the size of the data
set will yield lifetime measurements with suf-
ficient accuracies to test theoretical expecta-
tions. Using the new vertex detector and polari-
zation tagging, the SLD will be sensitive to B,
mixing for values of the oscillation parameter
x, <15
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