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ABSTRACT

Measurements of the CKM matrix element |Vcb| are performed using semilep—
tonic B decays recorded with the BaBar detector. These decays are primarily
identified by the presence of a high momentum lepton. Several measurements of
the hadronic mass and lepton energy moments are then performed as a function
of the minimum allowed lepton energy Ecut. Combining these measurements
into the HQE kinetic—mass scheme allows for the simultaneous determination
of the inclusive semileptonic branching ratio 8(B —> X6612), |Vcb|= the b— and
c—quark masses, and the HQE parameters.

1 Introduction

The element |Vcb| of the CKM matrix is a fundamental parameter of the Stan—
dard Model and: as such, a precise measurement of |Vcb| is important. The
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weak decay rate for B —> X0511 may be calculated accurately at the parton
level; it is proportional to Wed2 and also depends on the charm and bottom
quark masses. In order to extract |Vcb| from the measurements of the semilep—
tonic B—meson decay rate, corrections to the parton-level calculations must be
applied to encompass the effects of strong interactions. Heavy—Quark Expan—
sions (HQEs) 1) have become a useful tool for calculating perturbative and
non—perturbative QCD corrections 2), and for estimating their uncertainties.
For instance, in the kinetic-mass scheme 3), expansions in terms of 1 /m1, and
as (7m) to order 0(1/mg) contain six parameters: the running kinetic masses of
the b- and c—quarks, mb ([1],) and mc 00, and four non—perturbative parameters.
These parameters may be determined simultaneously from a fit to the moments
of the hadronic-mass and electron—energy distributions from semileptonic B de—
cays to charm particles. This fit yields significantly improved measurements of
the inclusive branching fraction B —> Xcfizx and of |Vcb| 4). It also allows to test
the consistency of the data with the HQEs employed and to check for the pos-
sible impact of higher—order contributions. In my presentation, I limited myself
to the results obtained by the BaBar experiment 5), and summarize these be-
low. New models 6= 7= 8) have recently become available and are currently
under study.

2 Moments and fitting technique

9, 10)

These moments were derived from the inclusive hadronic—mass (AIX) and electro:
energy (E2) distributions in B —> XCKI/ decays produced at the T015) reso-
nance, and averaged over charged and neutral B. In the case of energy mo-

The results I presented were based on moment measurements described in

ments, only electrons were used, whereas muons were also used for the mass
moments.

The electron-energy distribution was measured in events tagged by a high—
momentum electron from the second B meson. To differentiate between pri-
mary and secondary decay electrons, the data were divided into unlike— and
like—sign samples, Q(etag) = :FQ(esig), respectively. Primary signal electrons
made up most of the unlike-sign sample. Background electrons originating
from the same B meson as the tagged electron usually have opposite charge
and direction; they were suppressed by applying a cut on the opening angle
between the two electrons. Further backgrounds from J/ ‘1’ —> e+e_ were re—
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moved by applying a veto on the invariant mass A166 of the tagged electron
for the interval 2.9 < Afee < 3.15 GeV/c2. Like-sign electrons are mostly
produced in secondary decays. Energy spectra for electrons produced via pho-
ton conversion and Dalitz decays were extracted from data studies, whereas
spectra for cascade b —> C771 and b —> 053 electrons were estimated from Monte
Carlo simulations. Continuum backgrounds, which contribute to both like- and
unlike-sign samples, were subtracted out by sealing the off—resonance yields to
on-resonance luminosity and energy.

The hadronic-mass distribution was measured in events tagged by the
fully reconstructed hadronic decay of the second B meson, which allowed for a
knowledge of the B flavour and momentum p13. The kinematic consistency of
the Breco candidates was checked by computing the beam-energy—substituted
mass mE3 = W. Combinatorial backgrounds were subtracted out
from a fit to the mEs distribution using an emperical function 11) describing
the combinatorial background from both continuum and BB events and a nar-
row signal function 12) peaked at the B—meson mass. Further requirements
were applied on the recoil B: the lepton charge needed to be consistent with
the Bream flavour, and the measured missing energy and momentum had to
be consistent with a neutrino. The extracted hadronic mass of the meson was
then corrected for detector resolution and efficiency losses on a event-by—event
basis using the linear relationships observed between the measured and gen-
erated AIX values in Monte Carlo simulations. To verify this procedure, the
calibration was applied to measured masses for exclusive final states in simu-
lated B —> X067 decays and the resulting calibrated mass was compared to the
true one. No significant mass bias was observed after calibration for the full
mass range. The procedure was also validated on a data sample of partially
reconstructed D*+ —> D07r+ decays.

All moments were measured as functions of Ecut, a lower limit on the
lepton energy, and were corrected for detector effects and QED radiation 13).
Charmless contributions were subtracted out based on the branching fraction
B —> Xu£u2(0.22 d: 0.05)% 14). The first electron energy moment, defined
as MflEcut) = (EaEDEm, and the second and third moments, defined as
AIflEcut) 2 ((Eg — A[f(Ec,ut))”)Ez>Em with n 22,3, were measured. In ad-
dition, the partial branching fraction AlflEcut) : fECZZ” (dBCZV/dEg) dEz was
also obtained. The hadronic-mass moments Mff (Ecut) = {m})E,>E werecut
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Figure 1: The measured hadronic-mass (a-d) and electron-energy (e-h} mo-
ments as a function of the cut-ofi energy, Ecut, compared with the result of
the simultaneous fit (line), with the theoretical uncertainties 16) indicated as
shaded bands. The solid data points mark the measurements included in the fit.
The vertical bars indicate the experimental errors. Moment measurements for
diflerent Ecut are highly correlated.

measured for n 21,234 The measured electron-energy and hadronic-mass
moments as a function of Em” are shown in Fig. 1.

In the kinetic-mass scheme the HQE to 0(1/mg) for the rate of B —> Xgill
decays can be expressed as 15)

G2 m5
152753 "”6420 + AMAPMW) xl <1- >

2 pgg+p§ e 3
[LG ‘l—m4 p—% + 00/1712)].

ml;

rcb/ =

2 3 32 pQ+pgg
.U'7r _IU'G + mL.

22mb

_ _ —mb2(1 m2 + d(r)
b

(1)

The leading non-perturbative effects arise at (9(1 /m2) and are parameterized
by #7301) and #501), the expectation values of the kinetic and chromomag—
netic dimension-five operators. At (9(1/mg), two additional parameters enter=
p3D(u) and pisgu), the expectation values of the Darwin (D) and spin—orbit
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(LS) dimension—six operators. These parameters depend on the scale ,ul that
separates short-distance from long-distance QCD effects. Electroweak correc-
tions are 1 + Aew x 1.014, and perturbative QCD corrections are estimated to
be . pert (7', ,u) E 0.91 i 0.01 15). Linearized expressions for the HQEs 16) were
then substitued into equation 1.

HQEs in terms of the same heavy-quark parameters are available for the
hadronic-mass and electron-energy moments. The dependence on the heavy-
quark parameters was again linearized using the same a priori estimates of the
parameters 15= 16). The differences between the linearized expressions and the
full theoretical calculation were shown to be small in all cases. These linear
equations allowed for the determination of the unknown heavy—quark parame—
ters, the total branching fraction 8(B —> XC(11), and IVcbl from a simultaneous
X2 fit to the measured moments and the partial branching fraction, all as a
function of the cut—off lepton energy, Ecut.

In total, four hadronic—mass moments for each of seven different values of
Ecut, ranging from 0.9 to 1.5 GeV, and three electron-energy moments plus the
partial branching fraction at five values of Ecut, ranging from 0.6 to 1.5 GeV,
were available 9= 10). Many of these individual moments were highly correlated
such that a set of moments for which the correlation coefficients do not exceed
95% was chosen. As a result, only half of the 28 mass moments and 13 of the
20 energy moments were kept for the fit.

3 Results

The global fit took into account the statistical and systematic errors and cor-
relations of the individual measurements, as well as the uncertainties of the
expressions for the individual moments. As suggested in 16), the uncertainty of
the calculated moments was assesed by varying in the linearized expressions the
a priori estimates for p72, and ”E; by i20‘7c and for pig and p313 by i30%. For a
given moment, these changes were assumed to be fully correlated for all values
of Ecut, but uncorrelated for different moments. The resulting fit, shown in
fig. 1, describes the data well with X2 = 15.0 for 20 degrees of freedom. Table 1
lists the fitted parameters and their errors. Note that for the mass difference,
BaBar obtained mb — me = (3.436 d: 0.025wp i 0.018HQE i 0.010%) GeV.

1Calculations are performed for ,u = 1 GeV 3).
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Table 1: Fit results and error contributions from the moment measurements,
approximations to the HQEs, and additional theoretical uncertainties from as
terms and other perturbative and non-perturbative terms contributing to Tag”.

Parameter | Result | 6e | 6HQE | 60,5 61- |
|Vc,,| (10-3) 41.390 0.437 0.398 0.150 0.620
nib(GeV) 4.611 0.052 0.041 0.015
’mc( GeV) 1.175 0.072 0.056 0.015
,u72,(GeV2) 0.447 0.035 0.038 0.010
p3D(GeV3) 0.195 0.023 0.018 0.004
#2,.(Gev2) 0.267 0.055 0.033 0.018
p§S(Gev3) —(].(]85 0.038 0.072 0.010
B(B—>Xc£u)(%) 10.611 0.163 0.063 0.000

Beyond the uncertainties that are included in the fit, the limited knowl-
edge of the expression for the decay rate, including various perturbative cor-
rections and higher-order non-perturbative corrections, introduces an error in
|Vcb|= assessed to be 1.5% 15). On the other hand, the uncertainty in as is
estimated to have a relatively small effect.

The fit results are fully compatible with independent estimates 16) of
,ué:(0.35i0.07) GeVz, based on the B*—B mass splitting, and of piS:(—0.15:
0.10) GeV3, from heavy—quark sum rules 17). Figure 2 shows the AX2 : 1 el—
lipses for |Vcb| versus mg, and [3,, for a fit to all moments and separate fits to
the electron—energy moments and the hadronic-mass moments, but including
the partial branching fractions in both. The lepton-energy and hadronic—mass
moments have slightly different sensitivity to the fit parameters, but the results
for the separate fits are fully compatible with each other and with the global fit
to all moments. Since the expansions for the two sets of moments are sensitive
to different theoretical uncertainties and assumptions, in particular the differ—
ences in the treatment of the perturbative corrections, the observed consistency
of the separate fits indicates that such differences are small compared with the
experimental and assumed theoretical uncertainties.
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Figure 2: Fit results (crosses) with contours corresponding to AX2 = 1 for two
pairs of the eight free parameters a} mb and 1)} hi versus |Vcb|, separately for
fits using the hadronie-mass, the electron-enemy, and all moments.

4 Conclusion

BaBar extracted |lv/;b|, the semileptonic branching fraction= and the heavy-
quark masses=

|Vcb| = (41.4 i 0.4%, i 0.4HQE i 0.6m) x 10—3,
808,, = (10.61 i 0.16m i 0.06HQE)%,

mb(1 GeV) 2 (4.61 i 0.05%, i 0.04HQE : 0.02“.) GeV:
mc(1 GeV) = (1.18 :l: 0.07.”, :l: 0.06HQE : 0.02m) GeV,

as well as the non-perturbative parameters in the kinetic-mass scheme up to
order (1/7712).

Based on a large set of hadronic—mass and electron-energy moments and
a consistent set of HQE calculations= uncertainties in the 0(1/mg) terms were
determined from the data without constraints to any a priori values. The
fitted values of the parameters appear to be consistent with theoretical esti—

3, 15)mates , and the uncertainties on the quark masses are much smaller
than those of previous measurements 18) . Finally: the result on IWbI is in
agreement with previous measurements using HQEs= either for a different mass
scheme and with fixed terms of 0(1/m§) 7), or for the kinetic-mass scheme,
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but with external constraints on almost all HQE parameters 8), as well as
with an analysis combining both of these measurements
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