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We report a measurement of the branching fraction of the exclusive charmless semileptonic decay
Bt — wltv, where £ is either an electron or a muon. We use samples of BT mesons tagged by a
reconstructed charmed semileptonic decay of the other B meson in the event. The measurement is
based on a dataset of 426.1 fb~! of e e~ collisions at a center-of-mass energy of 10.58 GeV recorded
with the BABAR detector at the PEP-II asymmetric-energy eTe™ storage rings. We measure a
branching fraction of B(BT — wfTv) = (1.35 £ 0.21 % 0.11)-10™*, where the uncertainties are
statistical and systematic, respectively. We also present measurements of the partial branching
fractions in three bins of ¢2, the invariant-mass squared of the lepton-neutrino system, and we

compare them to theoretical predictions of the form factors.

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

Measurements of branching fractions of charmless
semileptonic B decays can be used to determine the mag-
nitude of the Cabibbo-Kobayashi-Maskawa matrix [1, 2]
element |V,;| and can thus provide an important con-
straint on the Unitarity Triangle. These measurements
can either be inclusive, i.e. integrated over all possible
hadronic final states, or exclusive, i.e. restricted to a
specific hadronic final state, which is explicitly recon-
structed. Studies of exclusive decays allow for more
stringent kinematic constraints and better background
suppression than inclusive decays. However, the predic-
tions for exclusive decay rates depend on calculations of
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hadronic form factors, and these are affected by theoreti-
cal uncertainties different from those involved in inclusive
decays.

Currently, the most precise determination of | V| with
exclusive decays, both experimentally and theoretically,
is based on a measurement of B — mlv decays [3]. It is
important to study decays to other pseudoscalar or vector
mesons, in order to perform further tests of theoretical
calculations, and to improve the knowledge of the com-
position of charmless semileptonic decays. We present
measurements of the branching fractions B(BT — wltv),
where ¢ = e, u and charge-conjugate modes are included
implicitly. The w meson is reconstructed in its de-
cay to three pions, which has a branching fraction of
B(w — mtr~aY%) = (89.2 4+ 0.7)% [4]. This decay chain
has previously been studied by the Belle collaboration us-
ing neutrino reconstruction [5] and hadronic tagging [6],
and by the BABAR collaboration using neutrino recon-
struction on a partial [7] and the full dataset [g], as well
as employing a different analysis strategy based on a loose
neutrino reconstruction technique [9]; in this analysis, we
employ a semileptonic tag on the full BABAR dataset.

The results presented in this analysis are based on
data collected with the BABAR detector at the PEP-



IT asymmetric-energy ete™ storage rings, operating at
the SLAC National Accelerator Laboratory. At PEP-II,
9.0 GeV electrons collide with 3.1 GeV positrons to yield
a center-of-mass (CM) energy of /s = 10.58 GeV, which
corresponds to the mass of the 7°(4S5) resonance. The
asymmetric energies result in a boost of the CM frame of
By = 0.56. We analyse the full BABAR dataset collected
at the 7'(4S) resonance from 1999 to 2008, correspond-
ing to an integrated luminosity of 426 fb~' [10] and 467.8
million BB pairs. In addition, 40 fb~! are recorded at a
CM energy 40 MeV below the 7°(45) resonance to study
background from ete™ — ff (f = u,d,s,c,T) contin-
uum events.

A detailed description of the BABAR detector can
be found elsewhere [11]. Charged-particle trajectories
are measured in a five-layer double-sided silicon vertex
tracker and a 40-layer drift chamber, both operating in
the 1.5-T magnetic field of a superconducting solenoid.
Charged-particle identification is achieved through mea-
surements of the particle energy loss (dE/dz) in the
tracking devices and the Cherenkov angle obtained by
an internally reflecting ring-imaging Cherenkov detector.
A CsI(T1) electromagnetic calorimeter provides photon
detection and electron identification. Muons are identi-
fied in the instrumented flux return of the magnet.

In order to validate the analysis, Monte Carlo (MC)
techniques are used to simulate the production and de-
cay of BB and continuum events |12, 13], and to simulate
the response of the detector [14]. Charmless semileptonic
decays are simulated as a mixture of three-body decays
B — X, tv (X, = m,n,7n,p,w) and are re-weighted ac-
cording to the latest form-factor calculations from light-
cone sum rules [15-17]. Decays to non-resonant hadronic
states X,, with masses mx, > 2m, are simulated with a
smooth myx, spectrum [18].

Event-shape variables that are sensitive to the topo-
logical differences between jet-like continuum events and
more spherical BB events are used to suppress back-
grounds from e*e™ — ¢q and other QED processes. We
reject events for which the ratio of the second and zeroth
Fox-Wolfram moments [19] is greater than 0.7. In addi-
tion, the event must contain at least six charged tracks
(with three of them needed for the B tagging, as ex-
plained in the following), two of which must be identified
as leptons of opposite charges.

In contrast to the earlier BABAR BT — wfTv mea-
surements [1, |€], for the present analysis the second B
meson in the event is partially reconstructed and used
as a tag B that identifies the charge of the signal B
meson; this yields a smaller candidate sample, but with
higher purity and better signal discrimination. We tag B
mesons decaying as B~ — D) (X)¢~ 7 through the full
hadronic reconstruction of DY mesons, where (X) repre-
sents zero, one, or several pions in the final state, which
are not explicitly reconstructed. The D° mesons are re-
constructed via decays into K~ 7+, K~ 7+ 7%, and K~
at 7 7. Neutral pions are reconstructed as 7 — vy
with the requirement 115 < m., < 150 MeV/c® on the

diphoton invariant mass. Masses of D candidates are re-
quired to be within 20 MeV/c? of the nominal D mass
for D° - K—n" and D° — K-ntatn~ decays, and
within 30 MeV/c? for D — K- 770 decays. We re-
quire the charged tracks from the D° decay to originate
from a common vertex. We reconstruct D*® mesons as
D%, The mass difference between the D*° candidate
and its corresponding D° must be within 5 MeV/c? of
its expected value. Candidate D™) mesons are paired
with a charged lepton with absolute momentum (in the
CM frame, denoted by a *) |p;| > 0.8 GeV/c to form a
Y = D®¢ candidate. The charged lepton is identified
as either an electron or muon. The lepton identification
efficiency is constant and greater than 92% for electrons
with momenta greater than 0.8 GeV/¢, and greater than
75% for muons with momenta greater than 1.2 GeV/ec.
The pion and kaon misidentification rates are of the or-
der of 0.1% and 0.5%, respectively, for the electron selec-
tor, while both are below 5% for the muon selector. The
electron energy is corrected for bremsstrahlung photons
emitted and detected close to the electron direction. The
lepton and the kaon from the D decay must have the same
charge. Assuming that the B~ — Y7 decay hypothesis
is correct, the angle Oy between the directions of the
(measured) Y and its parent B is given by

QEBEY — mQB — mgf
2|ps||py |

cosfpy = (1)
where Eg, mp, and |p| are the energy, mass, and abso-
lute momentum of the B meson, and Ey, my, and |py|
are the corresponding quantities for the Y system. Eq.
(@D is valid in any frame of reference. In the CM frame
however, the energy and momentum of the B meson can
be inferred from the beam energies, and cosfpgy can be
calculated without any specific knowledge of the B meson
kinematics. If the B~ — Y7 hypothesis is correct, then
|cosfpy| < 1, up to experimental resolution. Because
cosfpy is strongly correlated with our discriminating
variable cos? ¢ (described below), we impose the loose
requirement | cosf@py| < 5. The B~ — D™ (X))~ tag
efficiency is found to be 4.4%.

After identifying the tag B, we require the remaining
particles in the event to be consistent with a BT — wlTv
decay, i.e. there should be exactly three additional tracks,
one of them being identified as a charged lepton. We re-
quire the additional lepton to have an absolute CM mo-
mentum |p| > 0.8 GeV/c. The two remaining tracks (as-
sumed to be pions and required to come from a common
vertex) are combined with one neutral pion to form an
w candidate, which is required to have an invariant mass
between 0.75 and 0.81 GeV/c?. This is carried out with
all the neutral pions in the event, because at this point
we still allow for multiple w candidates in each event.
These w candidates are then paired with the lepton to
form X = w/ candidates. The angle 6px is defined anal-
ogously to Opy in Eq. (), and we require |cosfpx| < 5.
Since the signal decay is charmless, the momenta of the



daughter particles tend to be relatively large; we thus re-
quire |p| + [P, > 2.5 GeV/c, where |p] is the absolute
CM momentum of the w candidate.

We also reject events containing lepton pairs kinemati-
cally and geometrically consistent with having originated
from the decay of a J/ip meson. If the two leptons are
an eTe” pair, we require them to be inconsistent with
v — eTe™ conversion.

For each combination of D¢~ and wl* candidates,
we require that there be no additional tracks in the event
and less than 200 MeV of energy from photon candidates
not associated with the reconstructed event. In the case
that more than one D™*)¢/~ — w/* combination satisfies
all requirements, which is the case in 76.1% of the events,
a single candidate is chosen by the following method: if a
Y = D*{~ is reconstructed, all Y = D¢~ candidates re-
constructed with the same D are discarded. Among the
remaining multiple Y = D*/~ or Y = D{~ candidates,
those with the reconstructed D mass closest to the nom-
inal value are selected. If several candidates fall into this
category (i.e. events with multiple X = w/ candidates),
we select the candidate with the smallest absolute value
of cosfpy and cosfpx, in that order.

The momentum vectors of the reconstructed Y and X
systems together define a plane. The angles between the
momentum vectors of Y and X relative to the momen-
tum of the corresponding parent B meson, gy and 0px,
are calculated in the CM frame using the known beam
energies, so that the possible B directions are constrained
to two cones around ﬁ;j(x) with angles GBy(BX), respec-
tively. This information, together with the requirement
that tag and signal B mesons emerge back-to-back in the
CM frame, determines the direction of either B meson up
to a two-fold ambiguity. A schematic of the event kine-
matics is shown in Fig.[Il The angle between the Y — X
plane and either pj possibility, denoted by ¢p, is given
by

cos? gy + 2 cosycos gy cosfpx + cos? Opx

cos? pp = i
sin” y

(2)
where v is the angle between the X and Y momenta in
the CM frame. Events consistent with the hypothesis of
two semileptonic B — Y (X)v decays have cos? ¢ < 1,
up to resolution effects.

We extract the signal yield from an extended binned
maximum-likelihood fit to the measured cos? ¢ distribu-
tion. The data are described as a sum of three contribu-
tions, dN/d C082 (bB = Nsigpsig + kagpbkg + Ncontpcontv
where the N; and P; are the yields and probability
density functions (PDFs) of: signal (“sig”), BB back-
ground (“bkg”), and background from continuum events
(“cont”). The signal PDF, Py, is parametrized as a
threshold function in the physical region (0 < cos? ¢p <
1) with finite resolution and an exponential tail:

—

p*,

sig

FIG. 1: Event kinematics of a decay Bsig — XV, Btag — Y.
The various angles and momenta are described in the text.

1 — erf[po log(py cos® ¢)]
2

Psig + poe™P3 cos® o8 (3)
The BB background and continuum background PDFs
are both modelled as the sum of an exponential function
and a positive constant:

Prrg X e P4 cos’ ¢ + pg, 4)

2
Pcont X eipﬁ cos” ¢5 +p$ (5)

The various yields are obtained from a binned maximum
likelihood fit (see Fig. B) of dN/dcos? ¢p to the data,
where the PDF shape parameters of the three contribu-
tions are fixed to those values obtained from three sep-
arate fits to the corresponding MC samples. The yield
of the continuum contribution however is fixed to the
luminosity-adjusted value from the MC sample, instead
of being allowed to float, due to its similar functional
form as the background PDF, and its small overall size.
We find 103 + 16 signal events and 355 + 23 background
events. The dominant contribution to background events
comes from BT — X /Tv events, with most of the
Bt — X, (*v, other BB, and ¢ backgrounds eliminated
at the end of the event and final candidate selection. The
BT — wltv signal efficiency is 2.4% after all selection
cuts.
The branching fraction is given by

Nsig/€) - T8
BT ty) = (Vg <
BB —wltv) = =% gt (6)

where Ngjg is the number of reconstructed signal events,
€ is the reconstruction efficiency, and Npg+p- is the
number of produced BTB~ events, which is given by
Np+p- = f+—/foo - Npg/2, where fi_/foo is the ra-
tio of the 7(4S) — B*B~ and T(4S) — B°B° branching



fractions [20]. The factor of 4 arises as the product of
two contributions: one factor of 2 comes from the fact
that the branching fraction is quoted as the average of
the electron and muon contributions, and another factor
of 2 from the fact that either of the two B mesons in the
BTB~ event may decay in the signal mode. The tag effi-
ciency correction factor rt*8 takes into account differences
in the tagging efficiency between data and simulation, in-
cluding all tag side branching fractions and reconstruc-
tion efficiencies, and is determined by studying “double
tag” events, i.e. events reconstructed as BB with both
B mesons decaying as B — D) (v,
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FIG. 2: Distribution of cos® ¢5. Points represent data, the
curves are stacked fit results for “continuum background”
(dashed), “BB background” (dotted), and “signal” (solid)
PDF's, as defined in the text.

We also measure the partial branching fraction
AB/Aqg? in bins of ¢?, the invariant-mass squared of the
lepton-neutrino system. For a Bt — wl*v decay, ¢°
is calculated in the approximation that the B is at rest
in the CM frame, i.e. ¢> = (mp — E*)? — |p%|?, where
E} and |p| are the energy and absolute momentum of
the w meson in the CM frame. We divide the data into
three bins: ¢ < 7,7 < ¢ < 14 and ¢ > 14 GeV?/c4,
in each of which the yield is extracted separately using
the same maximum likelihood fit as for the full branch-
ing fraction. The ¢? resolution is 0.2 GeV?/c*, signif-
icantly smaller than the widths of the ¢? bins used to
measure the partial branching fractions. Table [[]summa-
rizes the measured partial branching fractions for these
three regions of ¢? along with the corresponding signal
yields and overall reconstruction efficiencies (including
the fit), which are determined from MC signal events.
The MC simulation is validated by detailed comparisons
with data at various stages in the selection process, and
the corresponding uncertainties are taken into account in
the systematic error analysis, as discussed in the follow-
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FIG. 3: The partial branching fractions AB(Bt —

wlTv)/Ag* in bins of ¢?. The points are the measurements,
with the error bars indicating the statistical uncertainty, and
the quadratic sum of statistical and systematic uncertainties,
respectively. The histograms are predictions by Ball-Zwicky
(blue), and ISGW2 (green) calculations, each scaled to the
measured total branching fraction.

TABLE I: Signal yields, reconstruction efficiencies, and par-
tial branching fractions AB(B' — wfTv) in three bins of ¢2,
along with the corresponding values over the full range. The
uncertainties are statistical and systematic, respectively.

¢° bin signal yield|efficiency | AB(BT — wl™v)
(GeV?/c") (107%) (1077)

<7 35+£8 10.6 3.6 208 £ 0.5

7 < q2 < 14| 39+ 10 7.91 54+1.4 4+ 0.6

14 < q2 284+ 9 6.81 45+15 %06

Total 103 £+ 16 8.41 135 +£21 + 1.1

ing. In Fig. B the measured partial branching fractions
are compared to the predicted ¢ dependence by Ball-
Zwicky [15-17] and ISGW2 |21] calculations, normalized
to the measured total branching fraction. Within the
large experimental uncertainties, both form factor calcu-
lations are consistent with the data.

The systematic uncertainties on the measured branch-
ing fraction are listed in Table[[Il They are estimated by
varying the detection efficiencies or the parameters that
impact the modelling of the signal and the background
processes within their uncertainties. The complete anal-
ysis or only parts of it are then repeated and the differ-
ences in the resulting branching fractions are taken as the
systematic errors. The total systematic error is obtained
by adding in quadrature all listed contributions.

To estimate the uncertainty related to the stability of
the yield extraction fit, we vary each parameter of the



TABLE II: Summary of the relative systematic uncertainties
for the total branching fraction B(BT — wltv).

Source of uncertainty [6B(B" — wltv) (%)
Additive errors
Fit yield 3.9
Fit bias 0.3
Multiplicative errors
Tracking efficiency 1.6
PID efficiency 3.0
7° efficiency 3.4
B — wlv FF 1.1
B(w — ntn~70) 0.8
B — D™y FF 1.1
B(B — D™ ) 2.0
B counting 1.1
J+-/ foo 2.7
Tag efficiency 3.2
MC statistics 2.1
Total systematic error 8.3

fit individually within its uncertainty derived from MC
statistics, and also the functional forms of the PDF's used
for the yield extraction; we find a maximum deviation of
four events from varying the background parameters, cor-
responding to a fit yield uncertainty of 3.9%. To estimate
the uncertainty due to a potential fit bias, we randomly
fluctuate the individual signal, background, and contin-
uum yields about their expected values according to Pois-
son statistics, and generate toy MC samples from the sum
of these contributions. A fit is then applied in the usual
way, and the deviation of the mean of the obtained pull
distribution for the signal yield from the expected value
of zero is quoted as the fit bias uncertainty of 0.3%.

Uncertainties due to the reconstruction of charged par-
ticles are evaluated by varying their corresponding recon-
struction efficiencies in the simulation, and comparing
the resulting efficiencies to the original ones. As double
tag events are used to determine the D*){v reconstruc-
tion efficiency, detector simulation uncertainties are ap-
plied only to particles on the signal side: 0.5% per track
and 3.4% per 7°. For lepton identification, relative un-
certainties of 1.4% and 3% are used for electrons and
muons, respectively. The tag efficiency uncertainty of
3.2% is derived from the limited statistics of the double
tag sample and from the difference in tagging efficiency
found between double tag and single tag samples, added
in quadrature.

Uncertainties in the modelling of the signal and tag de-
cays due to the imperfect knowledge of the form factors
affect the shapes of kinematic spectra and thus the ac-
ceptances of signal events. We use the Isgur-Wise quark
model [21] as an alternative to the default Ball-Zwicky
calculations [15-17)] to test the model dependence of the
BT — wlTv simulation. The uncertainties due to the im-
perfect MC modeling on the tag side are similarly eval-

uated by reweighting the B~ — D™/~ form factors,
and also by varying the B~ — D®***¢~5 branching
fractions. We also include a 1.1% systematic uncertainty
from counting BB pairs [22], a 0.8% systematic uncer-
tainty from the w — 77~ 70 branching fraction 4], and
a 2.7% systematic uncertainty from the correction factor
f+—/foo = 1.056 £ 0.028 |20].

In summary, we have measured the total branching
fraction of the charmless semileptonic decay BT — wl*v
to be

B(BT = wltv) = (1.354£0.21+0.11) - 10~*  (7)

where the errors are statistical (data and simulation) and
systematic, respectively. This result is consistent with
the current world average [4] and previous BABAR re-
sults |[7H9], and manifests a slight improvement over the
earlier measurements from Belle [5, |6].

The value of |Vyp| can be determined from the mea-
sured partial branching fraction, the B lifetime 7, and
the reduced partial decay rate A( of the corresponding
theoretical form factor model:

AB(¢2 100 G2iax)
Vu — min max 8
Vel \/ e A ) ®)

1 qrznax dr heor
A<(q§1in7 qr2nax) / #dqz (9)
q,

TVl Jp A

Form-factor calculations are available from the method
of light-cone sum rules (LCSR) [16] and the ISGW2
quark model [21]. With A¢ = 7.10(7.02) ps~! for the
LCSR (ISGW2) model, and 74 = (1.638 £ 0.011) ps [4],
we obtain

Vol {(3.4110.31)-10—3 for LCSR
ub| —

for ISGW2 (10)

(3.4340.31)- 1073

where the quoted uncertainty does not include any un-
certainty from theory, since uncertainty estimates of the
form-factor integrals are not available. Both form-factor
calculations arrive at very similar values for |V,|, which
are consistent with the values derived from other exclu-
sive semileptonic B decays |8, 23].

We combine the measurement presented here with the
combination of the later two [, |9] of the three pre-
vious untagged BABAR measurements that is presented
in Ref. [9]. The measurements are combined using the
BLUE (Best Linear Unbiased Estimate) technique [24],
where the correlation of the statistical uncertainties be-
tween this analysis and the combination of the two un-
tagged BABAR analyses is negligible (7%). The cor-
relation of the systematic uncertainties between this
measurement and the combination of the two untagged
BABAR measurements is estimated to be 74%, based on
the systematic uncertainty contributions which a given



pair of analyses has in common. The combined aver-
age of the three measurements is B(Bt — wltv) =
(1.234+0.10 £0.09) - 10~4.
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