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The lifetimes of the B* and B° mesons have been measured using fully reconstructed decays. In a
sample of ~ 49600 J/¢ — utu~ decays recorded with the Collider Detector at Fermilab, 148 1- 16
B* and 121 + 16 B° mesons have been reconstructed using the silicon vertex detector. Unbinned
likelihood fits to the proper lifetime distributions of these B mesons give 7+ = 1.61 £ 0.16 (stat) £

0.05 (sys) ps, 7° = 1.57 + 0.18 (stat) & 0.08 (sys) ps, and 7+ /r° = 1.02 £ 0.16 (stat) £ 0.05 (sys).

PACS numbers: 13.25.4+m, 14.40.Jz

Recently, precision measurements of the average b-hadron lifetime have been made [1,2). When combined with a
partial decay width and a theoretical model of B decay, such measurements can be used to calculate the Cabibbo-
Kobayashi-Maskawa matrix element |V,,| [3]. The simplest B decay model is the spectator model, which predicts
equal charged and neuiral B meson lifetimes. Although deviations from the spectator model are large in the charm
sector, calculations of the B* /B lifetime ratio that include non-spectator diagrams predict 7+ /7° to be equal to 1.0
within 10-20% [4].

Measurements of 7+ and 7° have been made at PEP and LEP using partially reconstructed decays containing a
lepton and a D% or D™~ (5|. Indirect measurements have also been made by CLEO and ARGUS, using the ratio
of the BT and B° semileptonic branching ratios {6]. We present here a measurement of the v+ and 7 using fully
reconstructed decays of the form B — WK, where ¥ represents a J /v or $(2S) and K represents a K+, K*(892)*, K2,
or K*(892)° . This is the first high statistics measurement of B meson lifetimes performed using fully reconstructed
decays. Throughout this paper, references to a specific charge state imply the charge-conjugate state as well.

The data used in this analysis were collected by the Collider Detector at Fermilab ' (CDF) during 1992-1993. The
data sample corresponds to an integrated luminosity of ~ 22.4 pb~! of pp collisions at a cenier-of-mass energy of 1.8
TeV. The CDF detector has been described in detail elsewhere [7]. The main detector systems used for this analysis
are the silicon vertex detector (SVX), the central tracking chamber (CTC) and the muon system. The SVX and
CTC are located in a 1.4 T solenoidal magnetic field. The SVX consists of 4 layers of silicon strip detectors with r-¢
readout, including pulse height information [8]. The pitch between readout strips is 60 um (55 pum) on the 3 inner
(1 outer) layers. A spatial resolution of 13 um has been obtained. The first measurement plane is located 3 cm from
the interaction point, leading to an impact parameter resolution of (13 + 40/pr) pm, where pr is the momentum

transverse to the beam direction (measured in GeV/c). The transverse profile of the beam is circular and has an rms



of ~ 40 um, while the longitudinal beam size is ~ 30 cm. The CTC is a cylindrical drift chamber containing 84 layers,
which are grouped into alternating axial and stereo superlayers containing 12 and 6 layers respectively. The combined
CTC/SVX pr resolution is 8pr /pr = [(0.0009pr)? + (0.0066)%]%. The central muon system consists of three detector
elements. The Central Muon Chambers (CMU), located behind ~ 5 interaction lengths {A;) of material, provide
muon identification over 85% of ¢ for the pseudorapidity range |p| < 0.6, where n = —In[tan(8/2)]. This 7 region
is further instrumented by the Central Muon Upgrade (CMP), located after ~ 8 ;. The central muon extension
(CMX), which covers the psendorapidity range 0.6 < || < 1.0, provides muon identification over 67% of the azimuth
and is located behind ~ 6 A;. The dimuon trigger used for this analysis is described in Reference [2].

Muons for reconstruction of J/¢ candidates are selected using the following criteria: 1) The difference in the distance
in the transverse plane between the track in the muon chamber and the extrapolated CTC track is required to be less
than 3¢, where o is calculated using the guadratic sum of the multiple scattering and measurement uncertainties. For
muons in the CMU, where the z position is measured, the 30 matching requirement is also made in the longitudinal
view. 2) The energy deposited in the hadronic calorimeter by each muon is required to be greater than 0.1 GeV,
indicating the presence of a track. 3) The reconstructed pr of at least one of the muon tracks is required to be > 2.5
GeV/e.

To insure that the decay point of the B meson is well measured, the following quality cuts are applied: 1) each track
must contain at least 2 CTC axial superlayers each of which must have at least 5 hit layers; 2) each track must contain
at least 2 CTC stereo superlayers each of which must have at least 2 hit layers; 3) both muons must be reconstructed
in the SVX.

The invariant mass for oppositely charged dimuon candidates obtained with these cuts has been calculated after
constraining the two tracks to come from a common point in space {“vertex constraint”). The total number of events
in the signal region (defined as +80 MeV/c? from the world average value of the J/y mass [9]) is 58338. The number
of J/¢ candidates after background subtraction is 49630 + 260.

Using this J/4y sample, we hf.\;c searched for the decay ¥(2S) — J/¥x*x~. To improve the mass resolution, the
four tracks are vertex constrained and the dimunon mass is simultaneously constrained to the world average J/y mass.
Combinations where the fit x? corresponds to a confidence level of less than 1% are rejected. Within a mass window
of £20 MeV/c? of the world average ¥(2S5) mass (9], we obtain a total of 764153 events after background subtraction.

K2 candidates are selected by requiring two oppositely charged tracks with impact parameters with respect to the

primary vertex of at least 2¢, where o is the quadratic sum of the measurement error on the impact parameter and



the sige of the beam spot. The K2 candidate is required to have a positive decay length with respect to the J/y
vertex, and its impact parameter (computed as the minimum distance in the transverse plane between the X2 flight
path and the J/¢ vertex) is required to be less than 2 mm. Combinations with a mass more than 20 MeV /c? from
the world average K2 mass [8] are rejected.

B candidates are reconstructed by combining a ¥ candidate either with a track (assumed to be a Kt), or with a
K2 candidate plus a track (assumed to be 8 #*) forming a K*(892)% candidate, or with & K2 candidate, or with
two oppositely charged tracks (assumed to be a K* and a x~) forming a K*(892)° candidate. The J/4 and y(2S)
candidates are mass constrained and all tracks (except K2 decay products) are constrained to come from a single
vertex. K9 decay products are mass and vertex constrained and the X is constrained to point to the B decay vertex.
Combinations where the K*(892) mass is more than 80 MeV/c? from the world average mass (9] are rejected. In all
cases, the fit is required to have a x? which corresponds to a confidence level of better than 1%.

Cuts on the B meson and K pr are optimized to give the smallest statistical uncertainty on the number of B mesons
after background subtraction. A Monte Carlo simulation is used to model the signal coming from B meson decays,
while data in the sidebands of the invariant mass distributions are used to determine the number of background
events. The pr cuts obtained by this proceedure are not strongly decay-mode dependent. We therefore use the same
selection criteria for all channels: pr(B) > 6.0 GeV/c and pr(K) > 1.256 GeV/c.

The reconstruction is applied to all possible track combinations, allowing the same J/9 to be used for more than
one B candidate. Since such duplicate events could bias the lifetime measurement, we choose only one candidate per
event in a +120 MeV /c? window around the world average B mass [9]. First, for duplicate candidates arising from the
ambiguity of the mass assigned to the two tracks forming the K*(892)°, only the candidate with the K= or 7K mass
assignment closest to the world average K*(892)° mass is kept; this choice decreases the number of B candidates by
~ 30%. Then, among the remaining candidates in the mass window, we choose the one with the highest confidence
level returned by the fit described above.

The upper plots in Figure 1 show the invariant mass distributions of all B+ and B° candidates. Background in
these distributions comes from combinations of J/¥’s with tracks produced during the b-quark fragmentation or with
other remnants of the pp collision. These tracks should reconstruct to the primary vertex. Thus the background is
largest for events where the decay distance is small. This fact is demonstrated in the lower plots of Figure 1.

We define the B signal region of the invariant mass distribution to be the region within £30 MeV /c? of the world

average B mass. Sideband regions, used to determine the shape of the background under the mass peak, are defined



to have invariant mass between 60 and 120 MeV/c? from the world average B mass. These sidebands have been
chosen to exclude the regions where B — ¥Kr events are kinematically allowed.

The technique used to measure the B+ and B lifetimes is similar to the one used by CDF to measure the average
B lifetime [2]. For each B candidate, the two dimensional decay distance L., is calculated as the projection of the
vector X pointing from the primary to the secondary vertex onto the transverse momentum of the B candidate. Since

the momentum of the B meson is known, the proper decay length c¢r can be determined:

=

LA Y LY
P

The primary vertex position is approximated by the mean beam position, determined run-by-run using SVX infor-
mation and averaging over many events. We choose not to measure the primary vertex event-by-event because the
presence of a second b quark coupled with the low multiplicity in the J/y events can lead to a systematic bias in the
lifetime. This technique would not improve the statistical uncertainty of the measurement significantly.

The lifetimes of the B* and B° are obtained by performing separate unbinned maximum likelihood fits to the cr
distributions of the charged and neutral event samples. For each sample, the fit is made simultaneously to the signal
and sideband distributions. The number of background events in the peak region is constrained to be equal, within
Poisson fluctuations, to the number of events in the normalised sideband distribution. The fits, which are shown in

Figure 2 and summarized in Table I, are performed under the following assumptions:

e The .signa.l region contains both signal and background events. The proper decay lengths of the signal events
are distributed according to an exponential function convoluted with a Gaussian resolution function. The slope
of the exponential () is the proper decay length to be measured. The Gaussian resolution for each event is the
measurement error on cr. The fit parameter a gives the fraction of signal events in the peak region while A/

gives the number of signal events.

o Background events in the signal region are assumed to have the same cr distribution as the events in the
sideband region. The proper decay lengths of the background events are distributed according to the sum of a
Gaussian resolution function and two ex.ponential tails, where the exponentials are used to model the positive
and negative Lifetime tails [2]. The fit parameters f* and f~ are the fraction of background events in the

positive-side and negative-side exponentials, while A* and A~ are the exponential slopes.

Estimates of the systematic uncertainties on the lifetime measurements are listed in Table II. The uncertainties



due to residual misalignment, trigger bias, and movement of the beam-spot within a single run are determined in the
same manner as Reference 2] and are completely correlated in the B* and B° lifetime measurements. The result
of the maximum likelihood fit depends on the decay-length error calculated for each event. We have varied these
errors by a common scale factor which is allowed to float in the fit; this variation changes the proper decay length by
< 2 pm. The effect of non-gaussian tails in the resolution function has been studied by including exponential tails in
the fit and allowing both the slope and normalization of these tails to vary freely. This study yields a 7 pm (4 pm)
uncertainty in the proper decay length of the B+ (B®). From studies using event samples generated with a Monte
Carlo technique, we determine that the fitting procedure biases the lifetime measurements by < 2 pm.

An additional source of uncertainty on this measurement comes from the modeling of the background cr distribution.
Although the confidence levels of the fits are adequate (Table I), we estimate the systematic uncertainty associated
with the choice of parameterisation by comparing the fitted lifetime to that obtained if an extreme model of the
background shape is used. We add to the background ‘parameterisation a flat component in the range 0 < cr < 0.2
cm. The normalization of this flat component is allowed to vary in the fit. Based on this study, we assign a systematic
uncertainty of 6 um (21 um) to the Bt (B°) proper decay length due to uncertainties in the shape of the background
distribution.

Combining the above sources of uncertainty in quadrature, we estimate a systematic uncertainty of 16 pm (25 pm)
on the B+ (B°) mean decay length. When calculating the uncertainty on the lifetime ratio, we remove the correlated

systematic uncertainties indicated above. The final results are:

rt = 1.61+ 0.16 (stat) = 0.05 (sys) ps
0 = 1.57+ 0.18 (stat) =+ 0.08 (sys) ps
/7% = 1.02£0.16 (stat) + 0.05 (sys)

These measurements are consistent with those presented in References (5] and [6], but have a smaller uncertainty.
They are also consistent with recent measurements of the average b-hadron lifetime (1.49 + 0.038 ps) [11].

The measurement of 70 can be combined with CLEO measurements of the ¢° dependence of the partial width for
B® — D"~ L%y, to extract a value of |V,;| [10]. Using the method and results of Reference [12] and the value of 7°
quoted here, we find |V.s| = (36 £ 5 + 4) x 10~3. Using our measurement of 70, there is no increase in the overall
error on |V;4| and any systematic uncertainty associated with using the inclusive lifetime is eliminated.
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Parameter B* B° J
A [um) 482 + 48 472 + 55
a [%)] 26.9 + 2.3 14.4 + 1.8
N [events] 148 + 16 121 + 16
f- (%] 2.3 + 0.6 1.3 + 0.3
A~ (mm] 349 + 79 514 + 114
f* [%) 10.2 + 1.4 11.0 + 1.2
at [m) 281 + 37 191 + 19
Confidence level 43% 32%

TABLE 1. Results of lifetime fits.

Source of systematic error

Error on Bt

Error on B°

Residual misalignment 10 um 10 pm
Trigger bias 6 um 6 um
Beam stability 5 um 5 um
Scale factor for resolution 1 pm 2 pm
Non-gaussian tails in resolution function 7 pm 4 ym
Fitting procedure bias 2 pm 2 pm
Background parametrisation 6 um 21 pym
Total 16 ym 25 pm

TABLE II. Summary of systematic uncertainties




(*) Visitor.
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FIG. 1. The invariant mass distribution for all reconstructed B* and B° mesons. AM is the measured mass minus the world
average B-meson mass. The upper plots show all events passing the selection described in the text. The lower plots show the

subset of events with the proper decay length c¢r > 100 um. In the fit to the lifetime, the peak region is defined as the 6 central

bins and the sideband regions are defined as the 6 leftmost and the 6 rightmost bins.
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FIG. 2. The cr distributions of all reconstructed B* and B’ mesons. The upper (lower) histograms show the peak (sideband)
region distributions. The first (last) bin of each histogram shows the number of underflow (overflow) events. The superimposed
curves are the contributions from the signal, the background and their sum, as determined from the likelihood fit described in

the text.
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