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We present a measurement of the Cabibbo-Kobayashi-Maskawa matrix element |Vy| and the form-
factor slope p? in B — D{~ 7, decays based on 460 X 10° BB events recorded at the Y(4S) resonance
with the BABAR detector. B — D{~ 7, decays are selected in events in which a hadronic decay of the
second B meson is fully reconstructed. We measure B(B~ — D¢~ p,)/B(B~ — X{ ;) = (0.255 =
0.009 = 0.009) and B(B° — D€ v,)/B(B° — X€ ;) = (0.230 = 0.011 = 0.011), along with the
differential decay distribution in B — D¢~ 7, decays. We then determine G(1)|Vy| = (42.3 + 1.9 =
1.4) X 1073 and p? = 1.20 + 0.09 + 0.04, where G(1) is the hadronic form factor at the point of zero

recoil.

DOI: 10.1103/PhysRevLett.104.011802

In the standard model (SM) of electroweak interactions,
the rate of the semileptonic B — D€~ ¥, decay is propor-
tional to the square of the Cabibbo-Kobayashi-Maskawa
(CKM) [1] matrix element |V, |, which is a measure of the
weak coupling of the b to the ¢ quark. The length of the
side of the unitarity triangle opposite to the well-measured
angle B is proportional to |V,,/V|, making the determi-
nation of |V | an important test of the SM description of
CP violation. In addition, imprecise knowledge of |V | is a
significant uncertainty limiting comparison of CP viola-
tion measurements in K-meson decays with those in
B-meson decays [2].

| V| has been extracted from inclusive semileptonic B
decays [3] and exclusive decays B — D{ v, and B —
D*¢" v, [4]. The results rely on different QCD calcula-
tions. For inclusive decays, the decay rate is predicted by
an expansion in inverse powers of the b-quark mass and in
terms of the strong coupling constant ag, while exclusive
decays are expressed in terms of form factors with a
normalization taken from Heavy Quark Symmetry and
nonperturbative QCD calculations. The theoretical uncer-
tainties of these two approaches are independent, and the
measurements have, to a large extent, uncorrelated statis-
tical and systematic uncertainties. This makes the compari-
son of |V, | from inclusive and exclusive decays a powerful
test of our understanding of semileptonic decays. The most
recent results differ by more than 2 standard deviations,
with the error on the exclusive measurements larger by a
factor >2 [5]. The B — D{~ ¥, decay is to a large extent
complementary to the B — D*{~ ,, which depends on
three form factors and therefore requires a full angular
analysis. Improvements in the measurements of the exclu-
sive decay rates are highly desirable, in particular, for B —
D{~ v, decays where, at present, the experimental uncer-
tainties dominate. Studies of B — D{~ 7, decays have
previously been reported by the Belle [6], CLEO [7],
ALEPH [8], and BABAR [4] Collaborations.

The B — D{ v, differential decay rate dI'p,/dw [9]
depends on the hadronic matrix element describing
strong-interaction effects in B — D transitions. In the limit
of very small lepton masses (£ = e or w), their effect can
be parametrized by a single form factor G(w):

er — G%’ | Vcb |2

ST M3 (M +Mp)2(w? — D¥2G2(w), (1)

PACS numbers: 13.20.He, 12.15.Hh, 12.38.Qk, 14.40.Nd

where G is the Fermi coupling constant, and M and M,
are the masses of the B and D mesons, respectively. The
variable w denotes the product of the B and D meson
4-velocities Vg and Vp, w=Vy-Vy = (M3 + M3 —
q*)/(2MgMp), where ¢* = (pg — pp)*, and pg and pp,
are the 4-momenta of the B and D mesons.

In the limit of infinite heavy quark masses, G(w) co-
incides with the Isgur-Wise function [10]. This function is
normalized to unity at zero recoil, where g% is maximum.
Corrections to the heavy quark limit have been calculated
based on unquenched [11] and quenched lattice QCD [12].
Thus |V | can be extracted by extrapolating the differen-
tial decay rate to w = 1. To reduce the uncertainties asso-
ciated with this extrapolation, constraints on the shape of
the form factor are necessary. Several functional forms
have been proposed [13]. We adopt the parametrization
suggested in Ref. [14], where the nonlinear dependence of
the form factor on w is expressed in terms of a single shape
parameter, the form-factor slope p”. In Ref. [12] the form
factor G(w) has been computed at a few points above the
zero recoil limit, up to w = 1.2. This allows us to extract
|Vl in a region where the rate is much larger, avoiding the
large extrapolation to w = 1.

In this Letter, we present a measurement of dI';,/dw for
B — D¢ v, and B~ — D¢~ v, decays from which we
extract G(w)|Vg| at w = 1.0 and at few points with w >
1.0. The analysis is based on data collected with the
BABAR detector [15] at the PEP-II asymmetric-energy
et e storage rings. The data consist of 417 fb™! recorded
at the Y'(4S) resonance, corresponding to approximately
460 X 10° BB pairs. An additional sample of 40 fb™!,
collected at a center-of-mass (c.m.) energy 40 MeV below
the Y'(4S) resonance, is used to study background from
ete” = f f( f=u,d, s, c, 7) continuum events. We also
use samples of GEANT4 Monte Carlo (MC) simulated
events that correspond to about three times the data sample
size. The simulation models B — D¢~ 7, decays using
calculations based on heavy quark effective theory
(HQET) [14], B — D**(— D™ )¢~ 7, decays using the
ISGW2 model [16], and nonresonant B — D™ 7€~ 7, de-
cays using the Goity-Roberts model [17]. The MC simu-
lation includes radiative effects such as bremsstrahlung in
the detector material and final-state radiation modeled by
PHOTOS [18].
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Semileptonic decays are selected in BB events in which
a hadronic decay of the second B meson (B,) is fully
reconstructed, following the same criteria used in Ref. [19]
and briefly summarized here. We first reconstruct the semi-
leptonic decay selecting a lepton with momentum in the
c.m. frame pj > 0.6 GeV and a well-reconstructed D°/D*
candidate with the correct charge correlation with the
lepton. Then we reconstruct the By, decays in about

1000 different charmed hadronic modes B — DY where
Y represents a combination of 7=, 7%, K=, or K% [20]. The
kinematic consistency of a By,, candidate with a B meson

decay is evaluated requiring 5.27 < mpg = ‘/s/4 —(pp)?<
5.29 GeV, where /s is the total c.m. energy, and p} and Ej,
denote the momentum and energy of the By,, candidate in
the c.m. frame.

Semileptonic B decays are identified by their missing

mass squared, m2, = [pyus) — PB,, — Pp pel?, cal-

culated from the measured particles 4-momenta. For cor-
rectly reconstructed signal events, the only missing particle
is the neutrino and m?,  peaks at zero. Other semileptonic
B decays, like B — D) g~ v, where at least one particle
is not reconstructed (feed-down), yield larger values of
mgliss'

We measure G(1)|V,,| and the form-factor slope p” by a
fit to the w distribution. We examine the data and MC
events in ten equal-size w bins in the interval 1 < w < 1.6.
Since the B momentum is known from the fully recon-
structed By, in the same event, w is reconstructed with
good precision, namely, to ~0.01, which corresponds to
about 2% of the full kinematic range.

The B — D{ i, signal yield in each bin of w is ob-
tained from the m2.  distribution in data by an extended
binned maximum likelihood fit [21]. We assume that the
data sample is described by contributions from four differ-
ent sources: B — D{” 7, signal events, feed-down from
other semileptonic B decays, combinatorial BB and con-
tinuum background, and fake lepton events (mostly from
hadronic B decays with hadrons misidentified as leptons).
The probability density functions (PDFs) are derived from
the MC predictions for the different semileptonic B decay
m?. . distributions. We use the off-peak data to provide the
continuum background normalization. The shape of the
continuum background distribution predicted by the MC
simulation is consistent with that obtained from the off-
peak data. The measured m?2, . distributions are compared
with the results of the fits for two different w intervals in
Fig. 1.

We perform a least-squares fit to the observed signal
yields in the ten bins of w. We minimize a x> defined as

. Ni .
_ - (N(liata - Zji/llc sz)2

. Ni .~
=1 (O-Eiata)2 + z/lllc lez

2

where the index i refers to the w bin and the index j runs
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FIG. 1 (color online). Fit to the m?,  distribution in two

different w intervals for B~ — D¢~ 7,: the data (points with

error bars) are compared to the results of the overall fit (sum of

the solid histograms). The PDFs for the different fit components

are stacked in the order shown in the legend.

over all MC events in bin i; N}, is the observed number of
signal events found in the ith bin and ¢, the correspond-
ing uncertainty. The expected signal yields are calculated
at each step of the minimization from the reweighted sum
of Nj,c simulated events. Each weight is the product of two
terms: Wj =wL x W;‘theo, where W< is an overall fixed
scale factor, which accounts for the relative integrated
luminosity of the data and signal MC events, and W}‘theo

is computed using the true w value of the event j and
depends on G(1)|V,| and p?, which are free parameters
determined in the fit that are recalculated at each step of the
minimization.

We first fit the w distributions for the charged and neutral
B — D{~ v, samples separately and then perform a fit to
the combined B — D{~ 7, sample. In Fig. 2, we show the
comparison between the data and the fit results for the
combined sample. The measured values of G(1)|V| and
p?, with the corresponding correlation p,,,, obtained from
the fit, are reported in Table 1. The branching fraction is
derived by integrating Eq. (1) and dividing by the appro-
priate B-meson lifetime.

In order to reduce the systematic uncertainty on the
measurement of G(1)|V,,| and the branching fractions,
we normalize the exclusive signal yield to the yield of
inclusive semileptonic decays, B — X{¢ 7, in events
tagged by a fully reconstructed hadronic B decay. The
inclusive B — X{~ v, decays are selected by identifying
one charged lepton with p; > 0.6 GeV and the charge
expected based on the By,, decay. In the case of multiple
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FIG. 2 (color online). (a) Signal yield w distribution obtained
summing B~ — D%~ 7, and B® — D" {1, events. The data
(@) are compared to the results of the overall fit (histogram).
(b) G(w)|V| distribution corrected for the reconstruction effi-
ciency, with the fit result superimposed.

B, candidates in an event, we select the decay mode with
the highest purity, estimated from the MC prediction for
the fraction of true decays in the mpgg signal region.
Background components that peak in the mpg signal region
include cascade B meson decays, for which the lepton does
not come directly from the B, and hadronic decays; they
are subtracted using the corresponding MC predictions.
The B — X{~ ¥, yield is obtained from a maximum like-
lihood fit to the mgg distribution of the By,, candidates, as
described in Ref. [19]. The fit yields (198.9 = 1.6) X 103
events for the B~ — X{~ 7, sample and (116.3 = 1.0) X
10? events for the B — X €~ , sample. The corresponding
reconstruction efficiencies, including the B,, reconstruc-
tion, are 0.39% and 0.25%, respectively. We investigated
numerous sources of systematic uncertainties, whose con-

TABLE 1.

tributions are listed in Ref. [22]. The largest uncertainties
are due to differences in the efficiency of the By,, selection
between the exclusive B— D{¢ 7, and inclusive B —
X{~ vy decays (a relative 1.5% systematic uncertainty on
[V D), the B— D€ v, fit procedure (1.3%), and the un-
certainties on the branching fractions of the reconstructed
D decay modes and B — D**¢” v, decays (1.1%). The
uncertainties due to the detector simulation are established
by varying, within bounds given by data control samples,
the tracking efficiency of all charged tracks (0.7%), the
calorimeter efficiency (0.9%), and the lepton identification
efficiency (0.9%). We evaluate the systematic uncertainties
associated with the MC simulation of various signal and
background processes: photon conversion and 77° Dalitz
decay, B cascade decay contamination (0.8%), and flavor
cross feed (0.2%). The uncertainty arising from radiative
corrections (0.1%) is studied by comparing the standard
results with those obtained when PHOTOS is not used. We
take 30% of the difference as a conservative systematic
uncertainty. We vary the B — D*{~ i, form factors (0.4%)
within their measured uncertainties [4] and use a HQET
parametrization [23] to describe B — D**{~ p, decays
(0.3%). We evaluate an uncertainty associated with the
B — X{~ 1, fitting procedure (0.8%) and with the absolute
branching fraction B(B — X{~ #,) used for the normaliza-
tion (0.8%).

From the fit to the combined B — D€~ ¥, sample, we
measure G(1)|V| = (42.3 = 1.9 = 1.4) X 1073, Using
an unquenched lattice calculation [11], corrected by a
factor of 1.007 for QED effects, we obtain |V,| = (39.2 *
1.8 = 1.3 = 0.9g) X 1073, where the third error is due to
the theoretical uncertainty in G(1). As an alternative, we
use a quenched lattice calculation based on the step scaling
method (SSM) [12] and obtain |V,| = (40.9 + 1.8 =
1.4 = 0.7gr) X 1073, The authors of [12] report the lattice
determination of G(w) for finite momentum transfer.
Although quenched, this calculation allows the extraction
of |Vl avoiding the large extrapolation to w = 1. For
example, from a linear interpolation around w = 1.2, we
obtain |V | = (40.7 = 1.3 = 1.4 = 1.0g) X 1073, We re-

Fit results for each sample. The last column reports the result of the B°/B~ combined fit (here B refers to B® decays). We

also report signal yields and reconstruction efficiencies integrated over the full w range. Absolute branching fractions (last row) are
derived from relative branching fractions using B(B — X€~ #,) from Ref. [5].

B~ — D% p, B — D¢ p, B— D{ p,
G|Vl - 10° 41.0x21=*13 449 +32=*1.6 423+19=*14
p? 1.14 £ 0.11 = 0.04 1.29 = 0.14 + 0.05 1.20 *= 0.09 + 0.04
Peorr 0.943 0.950 0.952
x?/ndf 3.4/8 5.6/8 9.9/18
Signal Yield 2147 + 69 1108 + 45

(1.99 = 0.02) X 107#
(0.255 =+ 0.009 = 0.009)

(2.29 = 0.08 = 0.09)%

Reconstruction Efficiency
B(B — D{~ ﬁg)/B(B — Xt~ 1_/()

B(B — DE™ )

(1.09 = 0.02) X 107#
(0.230 = 0.011 = 0.011)

(221 +0.11 = 0.11)%

(0.223 £ 0.006 = 0.009)
(2.15 £ 0.06 = 0.09)%
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port our measurements of G(w)|V| for w > 1 in Ref. [22].
The |V,,| measurement at w > 1 is affected by smaller
uncertainties than the one extracted at w = 1.

The results presented here can be combined with a
recent BABAR measurement [4]. We neglect the tiny sta-
tistical correlations among the two measurements and treat
the systematic uncertainties as fully correlated. We obtain
G)|Vgl = (424 = 1.7) X 1073 and p? = 1.18 + 0.06,
with a correlation coefficient of 0.89. We also obtain the
branching fraction B(B® — D¢~ ;) = (2.15 = 0.08)%.
The combined BABAR result (using the unquenched lattice
calculation [11]) is |V| = (39.2 = 1.6 = 0.9) X 1073,
which is consistent with the measurement obtained from
B— D¢ vy, |Vy|=(38.6% 0.9¢xp * 1.0gp) X 1073,
decays, and also compatible with the inclusive determina-
tion of |V | = (41.6 = 0.6) X 1073 [5].
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