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Abstract
We present a measurement of the B} meson lifetime in the semileptonic decay mode
Bf — J/vyetv, using the CDF II detector at the Fermilab Tevatron Collider. From a sample of
about 360 pb~! of pp collisions at /s = 1.96 TeV, we reconstruct J/e* pairs with invariant mass
in the kinematically allowed range 4 < M/, < 6 GeV/ c?. A fit to the decay-length distribution

of 238 signal events yields a measured B, meson lifetime of 0.463 70053 (stat) + 0.036 (syst) ps.

PACS numbers: 13.20.He, 14.40.Nd



The B} meson is the only known meson consisting of two heavy quarks of different
flavor: a charm quark and a bottom antiquark. It provides a unique test of heavy-quark
dynamics, since the bound state can be treated using the same non-relativistic expansion
that successfully describes both c¢ and bb families. However, unlike c¢ and bb states, the B}
meson decays only via weak interactions, thus having a measurable lifetime. The lifetime
of the B} meson is expected to be about two to three times smaller than the B* meson
lifetime if one assumes three major decay subprocesses [1, 2]: b quark decay with ¢ quark
as spectator, ¢ quark decay with b quark as spectator, and bc annihilation decays. An
early measurement from CDF [3] found a lifetime consistent with predictions. More precise
measurements will determine the relative importance of the three decay subprocesses and
provide insight into the strong dynamics of heavy quarks. In this Letter, we report a new
B} meson lifetime measurement using the decay mode B — J/ye*v,. Charge-conjugate
modes are implied throughout this Letter. The new measurement is about 2.5 times more
precise than the previous one.

We use a data sample of about 360 pb~—! collected between February 2002 and August
2004 with the CDF II detector [4] at the Fermilab Tevatron Collider at a center of mass
energy of 1.96 TeV. The components of the CDF II detector pertinent to this analysis
are briefly described below. A cylindrical drift chamber (COT) [5] and a silicon microstrip
detector [6] immersed in a 1.4 T solenoidal magnetic field track charged particles in the
pseudorapidity range |n| < 1 [7]. The COT has 96 measurement layers, between 40 and 137
cm in radius, organized into alternating axial and stereo superlayers. Seven layers of double-
sided silicon sensors provide precise position measurements at radii between 2.5 and 28 cm.
Four layers of planar drift chambers (CMU) [8] detect muons with momentum transverse
to the beam line pr > 1.4 GeV/c within |n| < 0.6. Conical sections of drift tubes [9] cover
0.6 < |n| < 1.0 for muons with p; > 2GeV/c. A lead-scintillator calorimeter (CEM) [10]
provides electron identification for || < 1.1. An embedded multiwire proportional chamber
(CES) located near shower maximum at about six radiation lengths and a preshower wire
chamber (CPR) between the magnet coil and the CEM located at about one radiation length
provide fine-grained measurements of the longitudinal and transverse shower development.

The Bf — J/ve" v, reconstruction starts with J/¢ — p*p~ candidates collected by the
CDF di-muon triggers [4, 11], where at least one muon is required to be detected in the CMU.

The J/1 candidates are further purified during offline reconstruction by vertex constraining



the p*p~ pairs and by selecting the pairs with transverse momentum pr, P 3GeV/e.
Then, each J/1 candidate with a reconstructed mass within 50 MeV/c? of its nominal value
is combined with an electron to form a B candidate.

Electron identification uses both specific ionization (dE/dz) information from the COT
and calorimeter shower information from the CEM, CES, and CPR. The logarithm of the
ratio of the measured dE /dz value from a charged particle to that expected for an electron,
Z, = log(dE/dz) — log(dE /dx) predict, is compared to its standard deviation oz,. The ex-
pected dE/dz and o, are functions of the particle charge, momentum, and the multiplicity
of associated COT hits. Electron candidates are required to have Z./oz, > —1.3 to reject
hadrons (7/K/p) while remaining efficient for true electrons. Enriched samples of electrons,
pions, kaons, and protons are used to determine the dF /dz identification efficiencies listed in
Table 1. The enriched samples come from photon conversions, ¥ — ete™, and from hadron
decays, K? - 7tn—, D® — K~ 7*, and A — pr—. The hadrons surviving the Z, /o, cut
are dominated by pions, which are rejected by comparing their calorimeter shower shapes to
those of electrons. Charged particles with pr > 2 GeV/c are extrapolated into the calorime-
ter to match shower clusters in the CEM, CES, and CPR. The probabilities for a particle
to have a shower shape consistent with being an electron or a hadron are calculated us-
ing the distributions of shower energy and shower cluster profiles for the enriched electron
and hadron samples described above. We first define a ratio of probability for a charged
particle to be an electron as the ratio between its joint probability to be an electron and
the sum of its probabilities to be an electron or a hadron. We then obtain a cumulative
probability distribution of the ratio using the enriched electron sample and impose a cut
on electron candidates at a 70% probability value. To calculate the average probability for
hadrons to pass this requirement, we use enriched hadron samples having Z. /o, > —1.3 in
a mix of /K /p particles predicted by a PYTHIA Monte Carlo simulation of B — J/¢¥X
events [12]. This averaged probability as a function of pr is listed in Table I. Overall, the
electron identification using combined dE/dz and calorimeter information has an efficiency
of 60% for true electrons, while hadrons have a probability to pass the selection lower than
0.15%. Electrons found to originate from photon conversion, v — ete~, are removed from
consideration as J/vwet candidates.

A B candidate is a J/ie™ pair with transverse momentum pr, . > 5GeV/c and in-

variant mass 4 < M,y < 6 GeV/c?. The lower bound on M J/pe 18 set higher than the



TABLE I: Electron identification efficiencies (%) as functions of particle pr (GeV/c) using dE /dz
and calorimeter (Cal) for electron and hadrons. The dE/dz results are averages of positively and
negatively charged particles. The calorimeter results for hadrons (h) are the weighted averages of

7, K and p. The conversion-finding efficiency €.ony is also listed.

pr 23 3-4 45 5-6 > 6
dE/dz:e 91.34+0.1 91.440.2 90.7 + 0.2 90.5 4 0.3 89.5 + 0.2
dE/dz:m 16.4 +0.1 23.8 +0.1 32.0 +0.1 39.0 +0.2 49.4 4 0.2
dE /dz:K 2.09 + 0.09 2.35 £ 0.07 3.29 £ 0.09 44401 9.5+ 0.2
dE /dz:p 3.38 £ 0.03 2.14 + 0.04 2.54 4+ 0.07 3.040.1 49402
Cal:e* 68.5 & 0.3 68.8 & 0.5 68.9 0.8 68.9 + 1.1 67.6 & 1.0
Cal:e~ 67.9 +0.4 69.5 + 0.5 69.6 & 0.7 68.1 4+ 1.2 68.5 + 0.9
Cal:h* 0.77 + 0.04 0.37 4 0.04 0.37 £ 0.03 0.29 + 0.04 0.13 £ 0.04
Cal:h~ 0.64 % 0.04 0.37 4 0.02 0.27 £ 0.03 0.25 + 0.04 0.21 4 0.04
€conv 498 +1.4 55.0 £ 2.2 56.5 4 3.3 61.5+4.5 69.2 + 3.4

kinematic limit of M/, to reduce the background from B semileptonic decays other than
the exclusive decay B} — J/veTv, to a few percent [1, 3]. The opening angle between the
J/1 and electron momenta must satisfy A¢ < 90° to reduce generic bb background that
produces a J/¢ and an electron from different b hadrons. Finally, the tracks of the three
daughter particles, u™, p~, and et, are fit to a common vertex and the fit probability is
required to exceed 0.1%. The B/ decay length in the transverse plane, L,,, is calculated
as the projection of the displacement of the B[ vertex from the primary vertex onto the
momentum of the J/pe™ system. The primary vertex position is obtained from run-by-run
averages using samples of prompt tracks.

Before making a lifetime measurement, we first establish the B[ signal in the J/ye™
pairs. The background pairs from prompt decays are removed here by imposing a selection
of Lyy/or,,> 3. The My, distribution from J/iet pairs passing the Lg,/or,, cut is
shown in Fig.1. Within the 4 < M;/y, < 6 GeV/c? window, 203 candidates are found with
a background of 88 + 14 from fake .J/v, fake electrons from hadrons, photon conversion
electrons, and decays resulting from bb, as listed in Table II. The number of fake J/¢

candidates from combinatorial background is estimated using u* 1~ pairs with invariant mass
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FIG. 1: Invariant mass distribution of the .J/e™ pairs with Lgy/or,, > 3 (data with error bars)
together with predicted mass shape (dashed line) from a sum of a Monte Carlo simulation for signal

and estimated background (solid lines). The contributions from fake J/1 are already subtracted.

outside the 50 MeV /c? window for .J/1 candidates. To estimate the hadron backgrounds,
we use a sample of J/i-track pairs passing the same selection criteria as the J/ie™ pairs,
including the dE/dz requirement and the requirement to point to the CEM fiducial region,
but without any selection based on calorimeter information. The size of the contribution is
estimated from a weighted counting of the J/i-track pairs with the weights taken as the
averaged probabilities in Table I for hadrons to pass the electron selection criteria using
the calorimeter. We derive the residual conversion electron contribution from the rate of
identified photon conversions together with the conversion-finding efficiency listed in Table I.
The conversion-finding efficiency, defined as the fraction of the identified electrons with their
conversion partners in the kinematic acceptance of the CDF detector, is estimated from a
Monte Carlo simulation. Finally, the contribution from decays resulting from bb production is
estimated using a PYTHIA Monte Carlo sample with relative rates of flavor creation, flavor
excitation, and gluon splitting tuned from data [12, 13]. The number of B/ signal events is
found to be 115+ 16 (stat) £+ 14 (syst). For comparison, there are 2872 +59 Bt — J/Y K™
signal events in the data sample corresponding to the same integrated luminosity. We find
the production rate of B[ relative to that of Bt [o(B}) - B(Bf — J/vetv,)]|/[o(B") -
B(B* — J/¢KT)], in the kinematic range pr > 4GeV/c and rapidity |y| < 1 to be
0.282 £ 0.038 (stat) & 0.035 (syst) £ 0.065 (acceptance). The first error is statistical; the

second covers the systematic uncertainty of B signal excess counting, and the third pertains
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to the estimated detector acceptance ratio correction Ag+/Ags = 4.42 £ 1.02 from Monte
Carlo simulation where the B} pr spectrum, its lifetime values and decay modes are the
major sources of uncertainty. This new production ratio result agrees well with the earlier

CDF measurement [3].

TABLE II: Numbers of observed J/te* pairs with 4 < M, < 6 GeV/c* and estimated back-

grounds. The error listed contains both the statistical and systematic errors.

No Lgy cut Lyy/or,, >3
fake J/1 164.0 £9.1 245+ 3.5
fake electron 110.2 +19.0 154 £ 2.5
conversion electron 67.4 £ 34.8 145+78
bb 63.0 +18.5 33.6+11.4
prompt decay 141.7 + 32.0 -
total background 545 + 55 88 + 14
observed J/vye™ pairs 783 203

Having established a clear B signal in J/¢e* combinations, we measure the B meson
lifetime in a larger sample of 783 J/vwe™ events, selected with the same criteria as above,
but without the L,, cut or fake J/v subtraction. We estimate the net signal excess in
this sample to be 238. The background sources and their contributions are listed in Ta-
ble II. Contributions from fake electrons, conversion electrons, bb decays, and fake J/v are
estimated as described earlier. The number of additional prompt-decay events is extracted
directly from the lifetime fit.

An unbinned maximum-likelihood fit is used to extract the B} meson lifetime. The
transverse decay length L,, and its event-by-event error oy, from the J/ye™ pairs are the
input variables for the fit. The lifetime fitting likelihood function has the form [14]

5

f(Lwyaany) = (1- Zfbi)fs(LzyaJLW)PS(ULW)

1

5
+ > fo;Foi(Lay, 014, )P (01, ), (1)
1

where F,(Lgy,01,,) is the lifetime Probability Distribution Function (PDF) for pure B}

signal, fy, and Fy,(Lay,01,,) are fractions of the five background contributions and their
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lifetime PDFs, and P,(or,,) and Py, (or,,) are the PDFs of the oz, for signal and back-
grounds. The lifetime PDF for the B; signal, F,(Lsy, 01,,), is assumed to be an exponential
lifetime distribution convoluted with a Gaussian resolution function. In the calculation, the
transverse decay length is related to the Lorentz-invariant proper decay time by a Lorentz
boost Bty = pry, /Mp. = (P1;,,./Misye) - c0s /K, where where « is the angle between the
vectors of pr, . and pr,_ . The B} mass Mp, is assumed to have a value of 6.271 GeV /¢ [2]
in the calculation. The transverse momentum of the B, pr, , is calculated from pr, Jve
with a correction K = (pr,,,,/prs,) - (Mp,/Mj/ye) - cosa. The K distributions, shown in
Fig.2, are obtained from a Monte Carlo calculation for four My, bins. For background
Fv,(Ley,01,,) calculation, the variable before correction, LyyMj/ye/pr;,,., called pseudo-
proper decay time, is used directly. The prompt background is assumed to have zero life-
time with a Gaussian resolution function. Other backgrounds are described by a sum of a
Gaussian distribution centered at zero and two pairs of positive and negative exponential
lifetime functions. The initial parameters for these background PDFs are obtained from fits
to the background samples as shown in Fig. 3. The obtained results are used to constrain
the corresponding parameters in the final lifetime fit. The constraints are imposed by mul-
tiplying the likelihood function with Gaussian functions of the appropriate mean and width.

Similarly, the background fractions f,, are also constrained during the B meson lifetime

fit.
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FIG. 2: Distribution of K from Monte Carlo simulation for four My, bins, (a) 4-4.5 GeV/c?,
(b) 4.5-5.0 GeV/c?, (c) 5.0-5.5 GeV/c? and (d) 5.5-6.0 GeV/c?.

In Fig.4, the pseudo-proper decay time distribution from the 783 B; candidates is shown
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fake J/4 contributions and shapes (dotted lines) are constrained to that obtained from sideband

events. The bb background events for (d) are from Monte Carlo simulation.
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FIG. 4: Pseudo-proper decay time distribution from 783 B candidates. The points with error

bars are data points and the solid line is the fit result. The dashed line is the B signal distribution

and the dotted line is the background contribution.

together with the fitting result superimposed. We find crp, = 139752 um. The sources
of systematic uncertainty on the lifetime fit are now considered, and their magnitudes are
estimated. The uncertainty associated with the K distribution is estimated by varying the
pr spectrum, the mass and lifetime values, and the B} meson decay modes used in the

Monte Carlo. The pr spectrum is varied from using a theoretical calculation [15] for B;

production to that of the inclusive decay B — J/¢X [4]. The mass and lifetime in the
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Monte Carlo are varied in the ranges Mp, = 6.2 — 6.4 GeV/c? and 75, = 0.4 — 0.7 ps [1, 2].
The B semileptonic decay considered in the simulation is varied from the exclusive B —
J/petv, alone to that of an inclusive decay table predicted in Ref. [1]. The effect of the K
distribution uncertainty on the B lifetime fit is estimated to be Acrp, = £2.8 um by using
variations of the K distributions. The uncertainty related to background lifetime shapes
is estimated from investigating the pr dependence of the electron identification efficiencies
and the conversion-finding efficiency, from using fake J/1) events from different samples, and
from changing fractions of bb events originating from the three main mechanisms according
to a fit using CDF data [13]. The estimated effect from background shape uncertainties is
£9.2 pm. Finally, the uncertainty related to the L,, calculation and its error distribution
is found to be £4.7 um from the uncertainty in the silicon detector alignment, by using
an alternative resolution functional form to include additional Gaussian and symmetric
exponential tails, and by using alternative decay-length error distributions. Adding all the
estimated systematic errors in quadrature we find c7p, = 139 122 (stat) 4+ 11 (syst) ym or
g, = 0.463 T00%3 (stat) 4 0.036 (syst) ps.

In conclusion, from an unbinned maximume-likelihood fit to the decay-length distri-
bution of 238 signal events of Bf — J/¢e'v,, the B meson lifetime is found to be
0.463 *39%2 (stat) + 0.036 (syst) ps which is about one third of the B+ meson lifetime.
This agrees with theoretical models [1, 2] in which all the three major decay subprocesses,
the two spectator processes (b-quark and c-quark) and the bc annihilation, play important
roles in the B} decays.
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