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We report measurements of the ratios of branching fractions for B → D̄ð�Þπlþνl and

B → D̄ð�Þπþπ−lþνl relative to B → D̄�lþνl decays with l ¼ e, μ. These results are obtained
from a data sample that contains 772 × 106BB̄ pairs collected near the ϒð4SÞ resonance with the Belle
detector at the KEKB asymmetric energy eþe− collider. Fully reconstructing both B mesons in the

event, we obtain BðB0→D̄0π−lþνlÞ
BðB0→D�−lþνlÞ ¼ ð7.23� 0.36� 0.14Þ%, BðBþ→D−πþlþνlÞ

BðBþ→D̄�0lþνlÞ ¼ ð6.78� 0.24� 0.18Þ%,

BðB0→D̄�0π−lþνlÞ
BðB0→D�−lþνlÞ ¼ ð11.10�0.48�0.23Þ%, BðBþ→D�−πþlþνlÞ

BðBþ→D̄�0lþνlÞ ¼ ð9.50�0.33�0.34Þ%, BðB0→D−πþπ−lþνlÞ
BðB0→D�−lþνlÞ ¼

ð2.91�0.37�0.26Þ%, BðBþ→D̄0πþπ−lþνlÞ
BðBþ→D̄�0lþνlÞ ¼ ð3.10�0.26�0.22Þ%, BðB0→D�−πþπ−lþνlÞ

BðB0→D�−lþνlÞ ¼ ð0.99�0.43�
0.20Þ%, BðBþ→D̄�0πþπ−lþνlÞ

BðBþ→D̄�0lþνlÞ ¼ ð1.25� 0.27� 0.15Þ%, where the uncertainties are statistical and system-

atic, respectively. These are the most precise measurements of these branching fraction ratios to date.
The invariant mass spectra of the Dπ, D�π, and Dππ systems are studied, and the branching fraction
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products BðB0 → D�−
2 lþνlÞ × BðD�−

2 → D̄0π−Þ ¼ ð0.157� 0.015� 0.005Þ%, BðBþ→D̄�0
0 lþνlÞ×

BðD̄�0
0 →D−πþÞ¼ð0.054�0.022� 0.005Þ%, BðBþ→D̄�0

2 lþνlÞ×BðD̄�0
2 →D−πþÞ¼ð0.163�0.011�

0.008Þ%, BðB0 → D−
1 l

þνlÞ× BðD−
1 → D̄�0π−Þ ¼ ð0.306� 0.050� 0.029Þ%, BðB0→D0−

1 lþνlÞ×
BðD0−

1 → D̄�0π−Þ¼ð0.206�0.068�0.025Þ%, BðB0→D�−
2 lþνlÞ×BðD�−

2 → D̄�0π−Þ¼ð0.051�0.040�
0.010Þ%, BðBþ → D̄0

1l
þνlÞ × BðD̄0

1 → D�−πþÞ ¼ ð0.249� 0.023� 0.015Þ%, BðBþ→ D̄00
1 l

þνlÞ×
BðD̄00

1 →D�−πþÞ¼ð0.138�0.036�0.009Þ%, BðBþ→ D̄�0
2 lþνlÞ×BðD̄�0

2 →D�−πþÞ¼ð0.137�0.026�
0.009Þ%, BðB0 →D−

1 l
þνlÞ×BðD−

1 →D−πþπ−Þ ¼ ð0.102� 0.013� 0.009Þ%, BðBþ→ D̄0
1l

þνlÞ×
BðD̄0

1→ D̄0πþπ−Þ¼ð0.105�0.011�0.009Þ%, are extracted. This is the first observation of the decays
B → D̄1lþνl with D1 → Dπþπ−.

DOI: 10.1103/PhysRevD.107.092003

I. INTRODUCTION

Semileptonic decays of Bmesons are an important tool for
precision measurements of the Cabibbo-Kobayashi-
Maskawa matrix elements Vcb and Vub [1,2]. The
latest determinations of jVcbj from inclusive semileptonic
B → Xclþνl decays, with Xc being a charmed hadronic
state that is not explicitly reconstructed, differ from those
using the exclusive semileptonic decays B → D̄lþνl and
B → D̄�lþνl by about 2.4σ [3]. The measured sum of the

exclusive B → D̄ð�Þlþνl, B → D̄ð�Þπlþνl, and Bþ →

Dð�Þ−
s Kþlþνl rates accounts for only 85� 2% [3] of the

inclusive rate for semileptonic B decays to charm
final states.
Semileptonic decays of B mesons can also be used for

other precision tests of the electroweak sector of the
standard model, such as lepton flavor universality. An
example is the ratio RðDð�ÞÞ of the branching fractions
BðB → D̄ð�Þτþν̄τ) and BðB → D̄ð�ÞlþνlÞ (l ¼ e, μ), for
which a persistent 3σ deviation between the standard
model expectation [4] and the combined experimental
results [4] from BABAR [5,6], Belle [7–9], and LHCb
[10,11] has been observed. Important backgrounds in
these processes are the decays B → D̄ð�Þπþπ−lþνl and
B → D̄ð�Þπlþνl. The former accounts for part of the
missing exclusive rate described above. The latter pro-
ceeds predominantly via B→D̄��lþνl, D��→Dð�Þπ,

where the D�� is an orbitally excited (L ¼ 1) charmed
meson. The D�� mass-spectrum contains two doublets of
states that have light-quark total angular momenta of jq ¼
1
2
and jq ¼ 3

2
[12]. The spin-0 state D�

0 can only decay to
Dπ and the spin-1 states D1 and D0

1 only via D�� → D�π.
The spin-2 state D�

2 can decay both into Dπ and D�π. The
D�� masses are not far from threshold. Since the jq ¼ 3

2

states (D1 and D�
2) have a significant D-wave component,

these states are narrow and were observed with a typical
width of about 20 MeV=c2 [13–15]. On the other hand,
the states with jq ¼ 1

2
decay mainly via S-wave and are

therefore expected to be broad resonances with a width of
several hundred MeV=c2 [12,16]. The decay rate of
semileptonic B decays to the jq ¼ 1

2
states is observed

to be similar to the rate to the jq ¼ 3
2
doublet, while model

calculations predict a substantially smaller rate to the jq ¼
1
2
doublet [17].
The decay modes with one charged pion in the final state

have been measured by BABAR [15] and in a previous
Belle analysis [18]. For the B → D̄ð�Þπþπ−lþνl channel so
far only a BABAR result [19] with limited statistical
precision is available. The results of these three measure-
ments are listed in Table I. The current measurement
improves upon the aforementioned Belle result by using a
new method to reconstruct (“tag”) the other B in the
event, known as the Full Event Interpretation (FEI)

TABLE I. Previous results of B → D̄ð�Þπlþνl and B → D̄ð�Þπþπ−lþνl branching fraction measurements by
BABAR [15,19] and Belle [18]. The first uncertainty is statistical, the second systematic, and the third comes from
the branching fraction of the normalization mode.

Decay mode BABAR (%) Belle (%)

B0 → D̄0π−lþνl ð0.43� 0.08� 0.03Þ ð0.405� 0.036� 0.041Þ
Bþ → D−πþlþνl ð0.42� 0.06� 0.03Þ ð0.455� 0.027� 0.039Þ
B0 → D̄�0π−lþνl ð0.48� 0.08� 0.04Þ ð0.646� 0.053� 0.052Þ
Bþ → D�−πþlþνl ð0.59� 0.05� 0.04Þ ð0.603� 0.043� 0.038Þ
B0 → D−πþπ−lþνl ð0.127� 0.039� 0.026� 0.007Þ � � �
Bþ → D̄0πþπ−lþνl ð0.161� 0.030� 0.018� 0.008Þ � � �
B0 → D�−πþπ−lþνl ð0.138� 0.039� 0.030� 0.003Þ � � �
Bþ → D̄�0πþπ−lþνl ð0.080� 0.040� 0.023� 0.003Þ � � �
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algorithm [20], and by providing a result for the
B → D̄ð�Þπþπ−lþνl channel as well.

II. EXPERIMENTAL APPARATUS AND DATA

The Belle detector is a large-solid-angle magnetic
spectrometer. Its innermost component is a silicon vertex
detector (SVD). A 50-layer central drift chamber (CDC)
provides tracking and charged particle identification (PID)
information using specific ionization measurements. An
array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF) in the central part, and an electromagnetic
calorimeter (ECL) comprised of CsI (Tl) crystals provide
further PID information. These detector components are
located inside a super-conducting solenoid coil that pro-
vides a 1.5 T magnetic field. The iron return yoke located
outside of the coil is instrumented to detect K0

L mesons and
to identify muons (KLM). The detector’s z-axis is defined
to be anti-parallel to the eþ beam. More details about the
detector can be found in Ref. [21].
Electron candidates are identified using the ratio

between the energy deposited in the ECL and their track
momentum, the ECL shower shape, the matching between
the track and the ECL cluster, the energy loss in the CDC,
and the number of photoelectrons in the ACC [22]. Muons
are identified based on their penetration range and trans-
verse scattering in the KLM [23]. Charged kaons and pions
are identified by a combination of the energy loss in the
CDC, the Cherenkov light in the ACC, and the time of
flight in the TOF.
A data sample corresponding to an integrated luminosity

of Lon ¼ 711 fb−1, collected with the Belle detector at the

KEKB asymmetric-energy eþe− collider [24] operating at
the ϒð4SÞ resonance at

ffiffiffi
s

p ¼ 10.58 GeV, is used for the
measurement. The sample contains 772 × 106 BB̄ pairs. A
further data sample corresponding to an integrated lumi-
nosity of Loff ¼ 89 fb−1 taken slightly below the reso-
nance, at

ffiffiffi
s

p ¼ 10.52 GeV, is used for background
templates. These two samples are referred to as the on-
resonance and off-resonance samples, respectively.
We use a sample of simulated BB̄ background

Monte Carlo (MC) events generated with EvtGen [25].
This sample has six times more events than the Belle
collision data. The full detector simulation is based on
GEANT3 [26]. Final-state radiation is simulated with the
PHOTOS package [27]. The B → D̄�lþνl decays are simu-
lated using the HQET2 model [28] of EvtGen. For the B →
D̄ð�Þπlþνl decay modes, dedicated MC samples of 73 ×
106 events for each of five transitions (via D�

0 and D�
2 for

B → D̄πlþνl, and via D1, D0
1, and D�

2 for B → D̄�πlþνl)
are generated with the ISGW2 model [29]. A signal MC
sample of 50 × 106 events of B → D̄πþπ−lþνl is used for
simulating the B → D̄1lþνl decay modes. A MC sample
of 25 × 106 events of B → D̄�πþπ−lþνl is used for
simulating the B → D̄0

1l
þνl decay modes. Both are simu-

lated with the ISGW2 model.
Data-MC efficiency differences due to a variety of

sources are corrected. A more detailed description can
be found in Sec. VI.

III. MEASUREMENT OVERVIEW

The B0 → D̄0π−lþνl branching ratio relative to B0 →
D�−lþνl is measured,

BðB0 → D̄0π−lþνlÞ
BðB0 → D�−lþνlÞ

¼ NsigðB0 → D̄0π−lþνlÞ=ϵsigðB0 → D̄0π−lþνlÞ
NsigðB0 → D�−lþνlÞ=ϵsigðB0 → D�−lþνlÞ

; ð1Þ

which reduces systematic uncertainties due to data-MC
differences and external branching fraction values of the
charm modes as they largely cancel in the ratio. Similar
expressions are used for the other measured decays. Here
Nsig is the number of signal candidates and ϵsig is the
corresponding signal efficiency. Branching fractions of
B → D̄ð�Þnπlþνl (n ¼ 1, 2) are also reported, after multi-
plying by the BðBþ → D̄�0lþνlÞ ¼ 5.58� 0.22% and
BðB0 → D�−lþνlÞ ¼ 4.97� 0.12% averages from the
Particle Data Group (PDG) [3].

IV. EVENT SELECTION

The Belle data are converted into the Belle II format [30],
and the particle and event reconstruction is performed within
the BASF2 framework [31,32] of the Belle II experiment.

A. Common selection requirements

In each event two B meson candidates are reconstructed.
One of the B meson candidates (Btag) is reconstructed with
FEI. The FEI algorithm follows a hierarchical approach.
Final-state particle candidates are combined to intermediate
particles until the final Btag candidates are formed. More
than 100 explicit decay channels, leading to Oð10 000Þ
distinct decay chains are reconstructed. For each final-state
particle and for each decay channel of an intermediate
particle, a multivariate classifier is trained which estimates
the probability that each decay chain correctly describes the
true process. In this analysis only hadronically recon-
structed decay chains are considered. The Btag meson
candidates are required to have a beam-constrained mass

Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m:=c2Þ2 − ðP⃗Btag

=cÞ2
q

> 5.27 GeV=c2, and an
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energy difference ΔE ¼ EBtag
− Ec:m: within �180 MeV.

Here Ec:m: is half of the center-of-mass (c.m.) energy of the
beams, and P⃗Btag

and EBtag
are the momentum and energy of

the Btag meson in the c.m. frame, respectively. The FEI
signal probability of Btag candidates is required to be
greater than 0.5%. Distributions ofMbc, ΔE, and the signal
probability are shown in Fig. 1. We take into account that
the composition of decay modes reconstructed by FEI
differs between data andMC. The ratio between the relative
abundance in each decay mode is used to correct this effect.
The other B meson candidate (Bsig) is reconstructed in

the decays of interest. The first selection step of the Bsig

reconstruction is the requirement of at least one electron or
muon candidate in the event. For both lepton types, the
lepton is required to have a minimum momentum of
p > 300 MeV=c. The lepton’s point of closest approach
to the KEKB interaction point (IP) is required to be within
jdzj < 2 cm of the IP along the detector axis and within
dr < 0.5 cm in the transverse plane.
The polar angle of muon candidate tracks is required

to be within the range 45° < θμ < 145° to ensure that the
tracks enter the KLM. Electron tracks need to be within
the CDC acceptance 17° < θe < 150°. This implies that
the track is within the ECL acceptance.
The likelihood ratio Rμ ¼ Lμ=ðLμ þ LhadronÞ, where Lμ

and Lhadron are the likelihoods for muons and charged
hadrons, is required to be greater than 0.9 for muon
candidates. This selection has an average efficiency of
89% with a pion misidentification rate of 1.4% for muons
with momenta between 1 and 3 GeV=c [23]. For electron
candidates the likelihood ratio Re is required to be greater
than 0.8. This requirement has an average efficiency of
92% at a pion misidentification rate of 0.25% for electrons
with momenta between 1 and 3 GeV=c [22].
The four-momentum of the closest photon that is within

a 5° cone around an electron’s momentum direction is
added to that of the electron candidate to correct for
bremsstrahlung. The photon’s energy is required to be
greater than 50, 75, and 100 MeV for the barrel
(32.2° < θγ < 128.7°), forward (12.4° < θγ < 31.4°), and

backward end cap (130.7° < θγ < 155.1°) region of the
ECL, respectively.
Kaons and pions are identified using the ratio RK=π ¼

LK=ðLK þ LπÞ between the combined ACC, TOF, and
CDC likelihood for a kaon and the sum of the kaon and
pion likelihoods [33]. Kaons (pions) are required to have
RK=π > 0.6 (RK=π < 0.4), which has an average efficiency
of 92% (93.5%). Kaon and pion candidate tracks must
satisfy dr < 2 cm and jdzj < 5 cm.
Neutral kaon candidates are reconstructed from πþπ−

pairs. The invariant mass of K0
S candidates is required to be

in the range 482 to 514 MeV=c2, which is about 4σ around
the nominal mass, where σ corresponds to the mass
resolution. For low- (p < 0.5 GeV=c), medium- (0.5 ≤ p ≤
1.5 GeV=c), and high-momentum (p > 1.5 GeV=c) K0

S
candidates, we require that the pion daughters have
dr > 0.05, 0.03, and 0.02 cm, respectively. The angle in
the transverse plane between the vector from the interaction
point to the K0

S vertex and the K
0
S flight direction is required

to be less than 0.3, 0.1, and 0.03 rad for low-, medium-, and
high-momentum candidates, respectively; the separation
distance along the beam axis of the two pion trajectories
at their point of closest approach is required to be below 0.8,
1.8, and 2.4 cm, respectively. For medium- (high-) momen-
tum K0

S candidates, we require the flight length in the
transverse plane to be greater than 0.08 cm (0.22 cm).
Finally, a mass-constrained vertex fit of the K0

S candidate
must converge.
Neutral pion candidates are reconstructed from pairs of

photons, which must satisfy the same region-dependent
energy requirements as the photons considered for the
bremsstrahlung correction described above. The diphoton
invariant mass is required to be between 120 and
150 MeV=c2, which corresponds to about 5σ around the
nominal mass. A mass-constrained fit of the two photons is
required to converge. Photons are not allowed to be shared
between π0 candidates. To eliminate duplicates, all π0

candidates of an event are sorted according to the most
energetic daughter photon (and then, if needed, the second
most energetic daughter). Any π0 candidate that shares
photons with one that appears earlier in this list is removed.
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FIG. 1. Distribution of beam-constrained mass (left), energy difference (middle), and FEI signal probability (right) of charged Btag
meson candidates for the data after the full selection. The error bars show the statistical uncertainties.
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Charged kaons, charged and neutral pions, and K0
S

mesons are combined to form neutral and charged D
meson candidates. A total of 10 hadronic D0 modes with
the final states K−πþ, K−πþπ0, K−πþπþπ−, K0

Sπ
þπ−,

KþK−, K0
Sπ

0, K0
Sπ

þπ−π0, πþπ−, K−πþπ−πþπ0, and
πþπ−π0, and 9 hadronic Dþ modes with the final states
K0

Sπ
þ, K0

Sπ
þπ−πþ, K−πþπþ, K−Kþπþ, K−πþπþπ0,

K0
Sπ

þπ0, K0
SK

þ, πþπ0, and πþπ−πþ are considered [34].
For D final states with at least one π0 the D -candidate
invariant mass is required to be within ±25 MeV=c2 of the
nominal value [3], while the requirement for all other
modes is ±15 MeV=c2, which corresponds to about 3σ.
A global decay chain fit [35] is performed for all D modes
except for D0 → K0

Sπ
0. In these fits, mass constraints are

applied to theD candidate aswell as toK0
S andπ

0 candidates.
If the fit fails, the candidate is discarded. The relative
contribution and purity of the D modes is listed in
Tables XIII and XIV.
Neutral D0 meson candidates are combined with π0

candidates to form D�0 candidates. The mass difference
between the D�0 and the D0 candidates is restricted to be
between 138.9 and 145.5 MeV=c2, and a global decay chain
fit with mass constraints on the D�0, D0, K0

S, and π0 must
converge. Similarly,D�þ meson candidates are formed from
combinations of Dþ and π0 as well as D0 and πþ. The
invariant mass of the D�þ candidates is allowed to deviate
from the nominalmass by nomore than 3 MeV=c2. Again, a
global decay chain fit is performed with mass constraints on
the D�þ, D0 or Dþ, K0

S, and π0.

B. Specific event selection of B → D̄ð�Þπl+ νl decays

By combining one Dð�Þ meson candidate, one lepton
candidate, and one charged pion candidate, B meson
candidates are formed. The invariant mass MðDπÞ is
required to be below 2.8 GeV=c2, as the potential D��

states are expected to be at lower masses. We also require
MðDπÞ to be above 2.05 GeV=c2 to suppress B → D̄�lþνl
contributions.

C. Specific event selection of
B → D̄ð�Þπ +π −l+ νl decays

Further B meson candidates are formed from Dð�Þ meson
candidates, one lepton candidate, and two oppositely-
charged pion candidates. The PID requirement for the
muons is tightened to Rμ > 0.97, which implicitly also
removes all muon candidates with momenta lower than
500 MeV=c. To suppress the background from hadronically
decaying B meson events, the missing momentum pmiss of
the event is required to be greater than 200 MeV=c. Here
pmiss ¼ jp⃗ðeþe−Þ − p⃗ðBtagÞ − p⃗ðDð�ÞÞ − p⃗ðπ1Þ − p⃗ðπ2Þ −
p⃗ðlÞj is the difference between the total momentum of the
initial colliding beam particles and the combined momen-
tum of all visible particles measured in the center-of-mass

frame. Analogously, the missing energy Emiss is defined as
the energy difference between the center-of-mass energy
and the sum over the energies of the Bsig and Btag

candidates.
To suppress D�− contributions to the final state in

Bþ → D̄0πþπ−lþνl, a veto is implemented: the combined
invariant mass of the neutralD meson and the pion with the
opposite charge to that of the B meson is required to be
above 2.05 GeV=c2. The contamination from Bþ →
D�−πþlþνl with D�− → D̄0π− is reduced by 50% with
this veto. However, the pions used in the reconstruction of
the Bsig meson candidate can also arise from the decay of the
Btag meson. Therefore, a second veto is implemented: the
invariant mass of each πþ used in the Btag reconstruction
combined with the signal D0 is required to be greater
than 2.05 GeV=c2.
The B → D̄ð�Þπþπ−lþνl modes have much more back-

ground than the B → D̄�lþνl and B → D̄ð�Þπlþνl modes.
In order to increase the sensitivity of this channel, a boosted
decision tree (BDT) [36] is used to further reduce the
background. The following 25 input variables are used in the
BDT: Eextra, the unaccounted energy in the ECL; R1 − R4,
the ratios of the first, second, third, and fourth to the zeroth
Fox-Wolfram moments [37]; H0 −H4, the harmonic
moments of zeroth to fourth order with respect to the thrust
axis (Chapter 9.3 of Ref. [38]); C0 − C8, the momentum
flow in nine cones of 10° around the thrust axis [39]; the
sphericity and the aplanarity of the event (Chapter 9.3 of
Ref. [38]); the thrust value of the event and the cosine of the
polar angle of the thrust axis (Chapter 9.3 of Ref. [38]); the
number of tracks used in the Btag reconstruction; the number
of neutral clusters used in theBtag reconstruction. The BDT is
trainedwith signalMCsimulations andoff-resonance data, as
most of the remaining background originates from eþe− →
qq̄ (q ¼ u, d, s, c) “continuum” events. The signal MC is
divided into N subsamples each containing the number of
expected candidates in the full Belle dataset based on the
branching fraction results of the BABAR measurement [19].
For each subsample an individual BDT is trained using the
other N − 1 subsamples such that the size of the training
sample is maximized while keeping it independent from the
sample that the BDT is applied to and therefore avoiding
bias. Separate BDTs are trained for the Bþ and B0 modes.
The distribution of all BDT output classifiers combined is
shown in Fig. 2. The BDT output variable is required to be
greater than −0.06 for Bþ → Dð�Þπþπ−lþνl and greater
than −0.09 for B0 → Dð�Þ−πþπ−lþνl, which maximizes
the ratio between the signal yield and its uncertainty from a
fit to MC samples.

D. ϒð4SÞ selection
A total of 12 Bþ modes and 12 B0 modes are recon-

structed. Each Bsig candidate and Btag candidate are
combined to form an ϒð4SÞ candidate. In the combinations
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the electric charge must be conserved but the flavor of two
neutral B mesons is allowed to be the same. Candidates
with tracks that are not assigned to the ϒð4SÞ candidate are
rejected. The average number of candidates per event after
all previously described selection steps is 1.10. In events
that contain more than one ϒð4SÞ candidate, a single
candidate is selected, as follows. Firstly, the Btag candidate
with the highest FEI signal probability is selected. If
multiple Bsig candidates remain, the D� mode is preferred
over the D mode, since otherwise an additional π0

candidate would be left in the event. In some events,
candidates are reconstructed in both the one-pion and the
two-pion modes. As the distribution of U ¼ Emiss − pmissc
is used for signal extraction, if U is between −0.1 and
0.1 GeV for at least one candidate in both decay modes, all
candidates in the event are rejected. If there are still
multiple candidates, only the one with the smallest differ-
ence between the Dð�Þ candidate mass and the nominal
mass is retained.
A wrong-sign reconstruction, e.g., Bþ → Dþπ−lþνl

instead of Bþ → D−πþlþνl, is performed to validate
the background distribution.

For each signal MC mode, the efficiency is taken to be
the fraction of correctly reconstructed candidates. A
weighted average of the efficiencies based on the relative
abundances of the D�� state reported by the PDG [3] is
taken as the final efficiency value. The ratios between the
efficiencies of the signal and normalization modes

RðBþÞ ¼ ϵðBþ → D̄��0lþνlÞ
ϵðBþ → D̄�0lþνlÞ

and

RðB0Þ ¼ ϵðB0 → D��−lþνlÞ
ϵðB0 → D�−lþνlÞ

ð2Þ

are given in Table II.

V. EXTRACTION OF SIGNAL YIELDS

The number of signal candidates is determined with
an unbinned extended maximum likelihood fit of
U ¼ Emiss − pmissc. The probability density function
(PDF) used to describe the U distribution is constructed
from templates based on the MC.

A. Fit of B → D̄ð�Þl+ νl sample

For the fit of the B → D̄ð�Þlþνl sample the total PDF
consists of four (three) components

PD̄e ¼ ND̄e
sigP

D̄e
sig þ

ϵD̄e
MC

ϵD̄e
MC þ ϵD̄

�e
MC

ND̄�e
sig PD̄e

fd

þ fD̄e
bkgN

D̄e
bkgP

D̄e
BB̄ þ

�
1 − fD̄e

bkg

�
ND̄e

bkgP
D̄l
cont; ð3Þ

PD̄μ ¼ ND̄μ
sigP

sig
D̄μ

þ ϵD̄μ
MC

ϵD̄μ
MC þ ϵD̄

�μ
MC

ND̄�μ
sig PD̄μ

fd þ fD̄μ
bkgN

D̄μ
bkgP

D̄μ
BB̄

þ
�
1 − fD̄μ

bkg

�
ND̄μ

bkgP
D̄l
cont; ð4Þ
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FIG. 2. Distribution of BDToutput classifier for Bþ → D̄0πþπ−lþνl (left) and B0 → D−πþπ−lþνl (right). Candidates to the right of
the vertical line are retained.

TABLE II. Ratios between the selection efficiencies of the
signal and normalization modes. The uncertainty is the MC
sample statistical uncertainty.

Electron mode Muon mode

B0 → D̄0π−lþνl 1.194� 0.012 1.139� 0.010
Bþ → D−πþlþνl 0.518� 0.004 0.482� 0.004
B0 → D̄�0π−lþνl 1.156� 0.009 1.094� 0.009
Bþ → D�−πþlþνl 0.4040� 0.0026 0.3824� 0.0027
B0 → D−πþπ−lþνl 0.450� 0.015 0.389� 0.014
Bþ → D̄0πþπ−lþνl 0.288� 0.007 0.264� 0.007
B0 → D�−πþπ−lþνl 0.286� 0.016 0.270� 0.017
Bþ → D̄�0πþπ−lþνl 0.220� 0.008 0.179� 0.008
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PD̄�e ¼ ϵD̄
�e

MC

ϵD̄e
MC þ ϵD̄

�e
MC

ND̄�e
sig PD̄�e

sig þ fD̄
�e

bkgN
D̄�e
bkgP

D̄�e
BB̄

þ
�
1 − fD̄

�e
bkg

�
ND̄�e

bkgP
D̄�l
cont ; ð5Þ

PD̄�μ ¼ ϵD̄
�μ

MC

ϵD̄μ
MC þ ϵD̄

�μ
MC

ND̄�μ
sig PD̄�μ

sig þ fD̄
�μ

bkgN
D̄�μ
bkgP

D̄�μ
BB̄

þ
�
1 − fD̄

�μ
bkg

�
ND̄�μ

bkgP
D̄�l
cont ; ð6Þ

where PD̄ð�Þl
sig is the signal PDF and PD̄l

fd , PD̄ð�Þl
BB̄ , and PD̄ð�Þl

cont

are the PDFs describing the feeddown, BB̄ background,
and continuum background, respectively. Feeddown
describes a contribution from B → D̄�lþνl that shows
up in the B → D̄lþνl modes if the neutral pion of a
D�0 → D0π0 or a D�þ → Dþπ0 decay is missed in the
reconstruction. Due to the missing π0 it is shifted to higher
values in the U distribution. Thus, this contribution can be
separated and used to improve the sensitivity of the
branching fraction measurement.
The fraction of the BB̄ component among the total

background, fbkg, is constrained to the values estimated in
simulation. A simultaneous fit of B → D̄lþνl and B →
D̄�lþνl is performed, where the total B → D̄�lþνl yield
ND̄�l

sig is determined as the sum of the signal and feeddown
components, which are related via their efficiencies ϵ. The
templates used to construct the PDFs are created with 125
bins between −0.5 and 2 GeV. Separate PDFs are used for
the electron and muon modes except for the continuum
PDF, which is created from the combined sample of the two
modes as their distributions are statistically compatible with
each other.
The width of the signal peak in the U distribution differs

between data and MC, even after all known corrections are
applied. To compensate for this effect, the signal PDFs
are constructed by convolving the signal-MC templates
with a Gaussian whose mean and width are floating in
the fit to data. Independent widths are used for the electron
and muon modes. The fitted B → D̄ð�Þlþνl signal and

background yields are listed in Table III and the corre-
sponding plots are shown in Figs. 3–6. In the Appendix the
fit results of the mean and width of the Gaussian are listed.

B. Fit of B → D̄ð�Þπl+ νl and
B → D̄ð�Þπ +π −l+ νl samples

A simultaneous fit to the U distribution of 16 categories
splitting the full sample according to the B flavor mode
(B0 vs Bþ), the D mode (D0=Dþ vs D�0=D�þ), the number
of pion daughters (Dπ vs Dππ), and the lepton mode (e vs
μ) is performed. This allows several background sources to
be constrained directly from the data, as described below.
All templates are constructed with 120 bins in the range −1
to 2 GeV.
The Bþ → D−πþlþνl fit PDF consists of five compo-

nents: signal, feeddown, misreconstructed B → D̄��lþνl
background, other BB̄, and continuum:

PD−πþlþ ¼ ND−πþlþ
sig PD−πþlþ

sig

þ ϵD
−πþlþ

MC

ϵD
−πþlþ

MC þ ϵD
�−πþlþ

MC

ND�−πþlþ
sig PD−πþlþ

fd

þ
X14
i¼1

ND��;iPD−πþlþ
D��;i þ ND−πþlþ

BB̄ PD−πþlþ
BB̄

þ Lon

Loff
PD−πþlþ

off : ð7Þ

The signal template PD−πþlþ
sig is obtained from signal MC,

in which the Dπ is produced in D�0
0 decay 62% of the time,

and in D�0
2 decay 38% of the time [3]. As in the fit of the

B → D̄ð�Þlþνl sample, the signal template is convolved
with a Gaussian to compensate for the different signal
widths between data and MC. The feeddown component
PD−πþlþ

fd comes from Bþ → D�−πþlþνl decays and is
taken from signal MC, in which the D�π final state is
produced in D0

1 decay 45% of the time, in D00
1 decay 40%

of the time, and in D�0
2 decay the rest of the time. The

B → D̄��lþνl background PDF PD−πþlþ
D��;i is obtained from

14 different MC samples:

TABLE III. Fitted signal and background yields of the normalization modes B → D̄ð�Þlþνl in the full Belle data
sample. The quoted uncertainties are statistical only.

Signal Background

Electron mode Muon mode Electron mode Muon mode

B0 → D−lþνl 3154� 67 2723� 60 2097� 60 1696� 52

Bþ → D̄0lþνl 8974� 136 7752� 124 9840� 149 8548� 133

B0 → D�−lþνl 6271� 102 5624� 91 925� 54 742� 44

Bþ → D̄�0lþνl 19940� 200 18045� 183 523� 35 508� 34
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(i) Bþ → D̄��0lþνl with D̄��0 ∈ ðD̄�0
0 ; D̄0

1; D̄
00
1 ; D̄

�0
2 Þ,

(ii) Bþ → D̄0
1l

þνl with D̄0
1 → D̄0πþπ−,

(iii) Bþ → D̄0πþπ−lþνl,
(iv) Bþ → D̄�0πþπ−lþνl,
(v) B0 → D��−lþνl with D��− ∈ ðD�−

0 ; D−
1 ; D

0−
1 ; D

�−
2 Þ,

(vi) B0 → D−
1l

þνl with D−
1 → D−πþπ−,

(vii) B0 → D−πþπ−lþνl, and
(viii) B0 → D�−πþπ−lþνl.
These events constitute background due to misreconstructed
signal candidates, swapping of final state particles between
the Bsig and Btag candidates, or events with D�� → Dð�Þπ0.
The composition of the different D�� states is set to the
world averages of these modes [3]. The yields of the

B → D̄��lþνl background components, ND��;i, are calcu-
lated as the product of the terms listed in Table IV. The other
BB̄ background is taken from a generic b → c MC sample
with six times the luminosity of data. Off-resonance data
is used to model the continuum PDF PD−πþlþ

off . The yield of
the continuum contribution in the fit is constrained via the
ratio of the on- and off-resonance luminosities. The ratio is
allowed to float in the fit within a Gaussian constraint with
a width of 1%. This accounts for the uncertainty in the
determination of the luminosity ratio.

The fit model for B0 → D̄0π−lþνl is constructed
similarly:
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PD̄0π−lþ ¼ ND̄0π−lþ
sig PD̄0π−lþ

sig þ ϵD̄
0π−lþ

MC

ϵD̄
0π−lþ

MC þ ϵD̄
�0π−lþ

MC

ND̄�0π−lþ
sig PD̄0π−lþ

fd þ
X14
i¼1

ND��;iPD̄0π−lþ
D��;i þ ND̄0π−lþ

BB̄ PD̄0π−lþ
BB̄ þ Lon

Loff
PD̄0π−lþ

off

þ ϵðB0 → D�−lþνl reconstructed as B0 → D̄0π−lþνlÞ
ϵðB0 → D�−lþνl reconstructed as B0 → D�−lþνlÞ

ND�−lþ
sig PD̄0π−lþ

D�−lþ : ð8Þ

The signal composition is 71% B0 → D�−
0 lþνl and 29%

B0 → D�−
2 lþνl decays [3]. Again, the signal template is

convolved with a Gaussian. The feeddown is produced in
B0 → D−

1 l
þνl decay 42.5% of the time, in B0 → D0−

1 l
þνl

decay 47% of the time, and in B0 → D�−
2 lþνl decay 10.5%

of the time. Compared to the Bþ mode an additional sixth

component is added to account for misreconstructed B0 →
D�−lþνl candidates that survive the D� veto. The yield of
this component is fixed by the product of the B0 →
D�−lþνl signal yield ND�−lþ

sig from the fit described in

Sec. VA and the ratio of efficiencies of the B0 →
D̄0π−lþνl and B0 → D�−lþνl selections.
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FIG. 5. Distribution of Emiss − pmissc of B0 → D�−eþνe (left) and B0 → D�−μþνμ (right) for the data. The MC shapes, normalized
according to the result of the fit, are also shown.
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according to the result of the fit, are also shown.
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The B → D̄�πlþνl fit models consist of only four
components as there is no feeddown. The strategy for
modeling background from B → D̄��lþνl is the same as
for B → D̄πlþνl. The signal PDF template is obtained
from signal MC, in which the D�π final state is produced
in D1 decay, D0

1 decay, and D�
2 decay at the same

proportions as the feeddown components in B →
D̄πlþνl described above. For the Bþ → D�−πþlþνl
signal a convolution with a Gaussian is performed, but
not for the B0 → D̄�0π−lþνl signal. The fitted mean and
width of the Gaussian are listed in Table XII.

TABLE IV. The B → D̄��lþνl background yields are the product of the scaling factor, the corresponding signal yield, and the
efficiency ratio. The scaling factor accounts for the assumed relative abundance of the D�� state, e.g., that for Bþ → D−πþlþνl in 62%
of the time the decay proceeds via an intermediate D̄�0

0 resonance.

Component Scaling factor Signal yield Efficiency ratio

Bþ → D̄�0
0 lþνl 0.62 ND−πþlþ

sig
NðBþ→D̄�0

0
lþνl with error in reconstruction as Bþ→D−πþlþνlÞ

NðBþ→D̄�0
0
lþνl correctly reconstructed as Bþ→D−πþlþνlÞ

Bþ → D̄0
1l

þνl 0.45 ND�−πþlþ
sig

NðBþ→D̄0
1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðBþ→D̄0
1
lþνl correctly reconstructed as Bþ→D�−πþlþνlÞ

Bþ → D̄00
1 l

þνl 0.4 ND�−πþlþ
sig

NðBþ→D̄00
1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðBþ→D̄00
1
lþνl correctly reconstructed as Bþ→D�−πþlþνlÞ

Bþ → D̄�0
2 lþνl 0.38 ND−πþlþ

sig
NðBþ→D̄�0

2
lþνl with error in reconstruction as Bþ→D−πþlþνlÞ

NðBþ→D̄�0
2
lþνl correctly reconstructed as Bþ→D−πþlþνlÞ

Bþ → D̄0
1l

þνl (D0
1 → D0πþπ−) 0.55 ND0πþπ−lþ

sig
NðBþ→D̄0

1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðBþ→D̄0
1
lþνl correctly reconstructed as Bþ→D̄0πþπ−lþνlÞ

Bþ → D̄0πþπ−lþνl 0.45 ND0πþπ−lþ
sig

NðBþ→D̄0πþπ−lþνl reconstructed as Bþ→D−πþlþνlÞ
NðBþ→D̄0πþπ−lþνl correctly reconstructed as Bþ→D̄0πþπ−lþνlÞ

Bþ → D̄�0πþπ−lþνl 1 ND�0πþπ−lþ
sig

NðBþ→D̄�0πþπ−lþνl reconstructed as Bþ→D−πþlþνlÞ
NðBþ→D̄�0πþπ−lþνl correctly reconstructed as Bþ→D̄�0πþπ−lþνlÞ

B0 → D�−
0 lþνl 0.71 ND0π−lþ

sig
NðB0→D�−

0
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðB0→D�−
0
lþνl correctly reconstructed as B0→D̄0π−lþνlÞ

B0 → D−
1 l

þνl 0.425 ND�0π−lþ
sig

NðB0→D−
1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðB0→D−
1
lþνl correctly reconstructed as B0→D̄�0π−lþνlÞ

B0 → D0−
1 lþνl 0.47 ND�0π−lþ

sig
NðB0→D0−

1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðB0→D0−
1
lþνl correctly reconstructed as B0→D̄�0π−lþνlÞ

B0 → D�−
2 lþνl 0.29 ND0π−lþ

sig
NðB0→D�−

2
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðB0→D�−
2
lþνl correctly reconstructed as B0→D̄0π−lþνlÞ

B0 → D−
1 l

þνl (D−
1 → D−πþπ−) 0.55 ND−πþπ−lþ

sig
NðB0→D−

1
lþνl reconstructed as Bþ→D−πþlþνlÞ

NðB0→D−
1
lþνl correctly reconstructed as B0→D−πþπ−lþνlÞ

B0 → D−πþπ−lþνl 0.45 ND−πþπ−lþ
sig

NðB0→D−πþπ−lþνl reconstructed as Bþ→D−πþlþνlÞ
NðB0→D−πþπ−lþνl correctly reconstructed as B0→D−πþπ−lþνlÞ

B0 → D�−πþπ−lþνl 1 ND�−πþπ−lþ
sig

NðB0→D�−πþπ−lþνl reconstructed as Bþ→D−πþlþνlÞ
NðB0→D�−πþπ−lþνl correctly reconstructed as B0→D�−πþπ−lþνlÞ
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FIG. 7. Distribution of Emiss − pmissc of B0 → D̄0π−eþνe (left) and B0 → D̄0π−μþνμ (right) for the data. The MC shapes, normalized
according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB̄ components.
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For B → D̄πþπ−lþνl the fit model contains four com-
ponents (signal, feeddown, other BB̄, continuum), while for
B → D̄�πþπ−lþνl only three components are needed as
there is no feeddown. Following the findings of the BABAR
measurement [19] the signal is assumed to proceed via aD1

resonance for the Dππ modes and via a D0
1 resonance for

the D�ππ modes. The B → D̄�πþπ−lþνl templates are
constructed with 30 bins in the range −0.5 to 1 GeV.
The plots of the data and fit results are shown in

Figs. 7–14. The signal and background yields are summa-
rized in Table V.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties mainly arise from the fit
modeling, the uncertainty on the branching fraction values of
the normalization mode B → D̄�lþνl and the charmmodes,
and the hadron PID. For the two-pion modes there are
additional sizable systematic uncertainties from the BDT
and from the limited size of the MC sample used to calculate
the signal efficiency of the selection. The various considered
sources of systematic uncertainties are described below.
Their numerical values are summarized in Tables VI and VII.
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FIG. 8. Distribution of Emiss − pmissc of Bþ → D−πþeþνe (left) and Bþ → D−πþμþνμ (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum
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A. MC statistics fit model

To account for the finite size of the MC samples used to
produce the PDF templates, alternative fit PDFs are created
by varying the bin contents of each PDF template according
to a Poisson distribution. This is done 1000 times, and after
each variation the fit to the collision data is performed with
the new set of templates. It is checked that the pull
distributions are unbiased, where the pull is defined as
the difference between the yields using the varied fit PDF

and the nominal yields divided by the statistical uncertainty
of the new yields. The spread of the new signal yields (about
1% for the one-pion modes, 5%–20% for the two-pion
modes) is used as an estimate for the systematic uncertainty.

B. MC statistics signal efficiency

The uncertainty on the calculated signal efficiency ratios
in Table II due to the finite size of the MC samples is
propagated to the branching fractions and ratios, and
assigned as systematic uncertainty.
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FIG. 10. Distribution of Emiss − pmissc of Bþ → D�−πþeþνe (left) and Bþ → D�−πþμþνμ (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum
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C. Charm branching ratios

To estimate the uncertainty due to the uncertainties on
the branching ratios of the charm decays, we sample each
charm branching ratio 10 000 times from a Gaussian
distribution with mean and width that equal to the PDG
central value and uncertainty [3]. It is assumed that the
branching fractions for different D modes are independent.
For each sampled set ofD branching fractions, the new sum
of branching fractions is calculated for the signal and
normalization channels. The reconstruction efficiency is
taken into account via the relative abundance of the modes.

The ratio of the sums is calculated and the spread of the
resulting distribution assigned as systematic uncertainty.

D. Signal B → D̄��l+ νl composition

The signal PDF U shapes slightly vary for different
intermediate D�� states. Therefore, the overall U shape
depends on the D�� composition. To estimate the signal
branching-fraction uncertainty due to the uncertainties in
the D�� composition, we generate the U distribution using
the template of one D�� state and then fit with the nominal
signal template described in Sec. V B whose composition is
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FIG. 12. Distribution of Emiss − pmissc of Bþ → D̄0πþπ−eþνe (left) and Bþ → D̄0πþπ−μþνμ (right) for the data. The MC shapes,
normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB̄
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taken from Ref. [3]. The largest average difference between
the generated and fitted signal yields among the tested D��
scenarios is assigned as a systematic uncertainty.
Also the signal efficiency differs depending on the

assumed intermediate D�� state. Therefore, the integrated
signal efficiency depends on the relative abundance of the
D�� states. The uncertainty on the world average of the D��
composition is propagated to the signal efficiency and
assigned as a systematic uncertainty.

E. Lepton PID

By using γγ → lþl− processes, lepton PID efficiency
factors in kinematic ranges of the momentum and polar
angle have been calculated (Chapter 5.4 of Ref. [38]),
which correct for the difference between the selection
efficiency in data and MC. The systematic uncertainties

on the PID efficiency factors account for the method itself
and for a possible effect from a hadronic environment,
which is determined using inclusive B → J=ψX decays. To
propagate the uncertainties to the branching fractions we
sample lepton correction factors for each kinematic bin
using a Gaussian around the nominal value with a width
corresponding to the uncertainty of the correction factor.
The average correction factor over all truth-matched signal
events as well as the average correction factor over all truth-
matched candidates of the normalization channels are
calculated. The spread of the distribution of the ratio of
the two means is taken as the systematic uncertainty due to
lepton identification. This procedure is performed sepa-
rately for each of the D�� states, and the largest uncertainty
per B and Dð�Þ mode among all B → D̄��lþνl modes is
assigned as the systematic uncertainty.
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FIG. 14. Distribution of Emiss − pmissc of Bþ → D̄�0πþπ−eþνe (left) and Bþ → D̄�0πþπ−μþνμ (right) for the data. The MC shapes,
normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB̄
components.

TABLE V. Fitted B → D̄ð�Þπlþνl and B → D̄ð�Þπþπ−lþνl signal and background yields in the full Belle data
sample. The quoted uncertainties are statistical only.

Signal Background

Electron mode Muon mode Electron mode Muon mode

B0 → D̄0π−lþνl 570� 35 433� 34 2641� 80 2190� 78

Bþ → D−πþlþνl 721� 32 569� 31 1329� 53 1302� 54

B0 → D̄�0π−lþνl 798� 44 690� 43 77� 12 64� 11

Bþ → D�−πþlþνl 787� 35 634� 34 172� 19 242� 23

B0 → D−πþπ−lþνl 88� 14 58� 12 452� 26 271� 21

Bþ → D̄0πþπ−lþνl 196� 20 132� 18 852� 37 603� 33

B0 → D�−πþπ−lþνl 3� 10 41� 10 86� 11 41� 8

Bþ → D̄�0πþπ−lþνl 57� 15 38� 14 37� 7 26� 6
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F. Charged hadron PID

Similar to the study for the lepton PID, correction factors
for the hadron PID selection requirements are sampled in
bins of the momentum and polar angle to evaluate the
systematic uncertainty on the branching fraction due to the
uncertainties in the determination of the correction factors
using inclusive D� samples (Chapter 5.4 of Ref. [38]). The
average correction factors of the signal and normalization
samples are calculated, then divided by each other, and the
spread of the resulting distribution of ratios is interpreted as
the systematic uncertainty for the hadron PID. Similar to
the lepton PID described above, the largest value over
the possible D�� states is assigned as the final systematic
uncertainty.

G. Tracking efficiency

For each signal and normalization mode the average
track multiplicity over the various D modes is determined

in simulation. The difference between the signal and
normalization mode average track multiplicity is multiplied
by 0.35% (Chapter 15.1.1.2 of Ref. [38]) and the result is
taken as systematic uncertainty due to tracking efficiency
differences between data and MC. For low-momentum
tracks (pT < 200 MeV=c) an additional tracking-related
systematic uncertainty is calculated. Using a B0 → D�−πþ
sample the slow pion efficiency is determined in six
momentum bins for data and MC (Chapter 15.1.1.2 of
Ref. [38]). The relative uncertainty of the ratio between the
data and MC efficiencies is taken as systematic uncertainty
due to low-momentum tracking. The two tracking-related
systematic uncertainties are added in quadrature.

H. π0 efficiency

The π0 efficiency differs between data and MC. The
effect is corrected in the calculation of the signal efficiency
and the uncertainty on the ratio between the data and MC

TABLE VI. Relative systematic uncertainties (in %) in the determination of the B → D̄ð�Þπlþνl branching fractions.

B0 → D̄0π−lþνl Bþ → D−πþlþνl B0 → D̄�0π−lþνl Bþ → D�−πþlþνl
MC statistics: Fit model 1.1 0.7 1.1 0.7
MC statistics: Efficiency 0.6 0.5 0.7 0.7
Charm branching ratios 1.0 1.4 1.1 1.2
Signal D�� composition 0.8 0.8 0.9 1.1
Lepton PID 0.1 0.1 0.1 0.1
Charged hadron PID 0.3 1.5 0.2 2.0
Tracking efficiency 0.3 0.6 0.6 0.6
π0 efficiency 0.1 0.4 0.3 0.2
B → D̄�lþνl=B → D̄��lþνl form factors 0.5 0.4 0.3 0.5

Sum 1.9 2.6 2.1 3.5

B (B → D̄�lþνl) 2.4 3.9 2.4 3.9
Sum including B (B → D̄�lþνl) 3.1 4.7 3.2 5.3

TABLE VII. Relative systematic uncertainties (in %) in the determination of the B → D̄ð�Þπþπ−lþνl branching fractions.

B0 → D−πþπ−lþνl Bþ → D̄0πþπ−lþνl B0 → D�−πþπ−lþνl Bþ → D̄�0πþπ−lþνl
MC statistics: Fit model 7.0 4.5 17.1 10.6
MC statistics: Efficiency 2.4 1.8 8.1 3.7
Charm branching ratios 1.4 0.9 1.0 0.9
BDT 3.9 4.0 5.5 4.2
Lepton PID 0.3 0.3 0.6 0.4
Charged hadron PID 2.4 3.6 1.6 1.6
Tracking efficiency 0.5 0.7 0.6 0.7
π0 efficiency 0.4 0.2 0.4 0.3
B → D̄�lþνl form factors 0.1 0.1 0.1 0.1

Sum 8.9 7.3 19.8 12.2

B (B → D̄�lþνl) 2.4 3.9 2.4 3.9
Sum including B (B → D̄�lþνl) 9.2 8.3 20.0 12.8
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efficiency of about 2.4% (Chapter 15.1.4 of Ref. [38]) is
propagated to the systematic uncertainty of the branching
fraction measurement. First, the average π0 multiplicity for
each signal and normalization mode is determined and the
difference between the signal and normalization values is
calculated. This difference is multiplied by the aforemen-
tioned uncertainty to obtain the systematic uncertainty due
to the π0 efficiency data-MC ratio.

I. B → D̄�l+ νl and B → D̄��l+ νl form factors

The B → D̄��lþνl MC samples are generated with the
ISGW2 model [29]. A more accurate description can be
achieved with the LLSW model [16]. To estimate the
systematic uncertainty due to using the ISGW2 model two-

dimensional form factor weights in ω ¼ m2
Bþm2

D��−q2

2mBmD�� , with

the masses of the B meson mB and the D�� system mD�� ,
and the four-momentum transfer squared to the lepton-
neutrino system q2, and the cosine of the angle between the
charged lepton and the D meson cos θl are determined.
These weights are calculated separately for decays via D�

0,
D1, D0

1, and D�
2 mesons. The U distribution is generated

using the nominal ISGW2-based templates and fit with
signal and feeddown templates that are reweighted with the
form factor weights described above. The average differ-
ence between the fitted and generated yields over 1000
iterations of generating and fitting is calculated and divided
by the generated yield (fsig).
Similarly, the simulation of the B → D̄ð�Þlþνl modes is

based on heavy quark effective theory (HQET) [28]. A
reweighting in the momentum transfer and the momentum
of the charged lepton is applied to account for outdated
values of the CLN [40] form factor parameters ρ2, R1, and
R2. The U distribution is generated with the nominal
HQET-based templates and fit with the reweighted tem-
plates. The difference between the fitted and generated
yields divided by the generated yield is calculated (fnorm).
The difference of the ratio fsig=fnorm from unity is taken

as the systematic uncertainty due to the form factors.

J. B (B → D̄�l+ νl)

The PDG average of the branching ratio of the normali-
zation mode Bþ → D̄�0lþνl is BðBþ → D̄�0lþνlÞ ¼
ð5.58� 0.22Þ × 10−2 [3], introducing a systematic uncer-
tainty of 3.9%. The corresponding PDG average for the B0

mode is BðB0 → D�−lþνlÞ ¼ ð4.97� 0.12Þ × 10−2 [3],
which introduces a systematic uncertainty of 2.4%.

K. BDT

The BDT to suppress continuum background in B →
D̄ð�Þπþπ−lþνl is trained with signal MC and off-resonance
data. Differences in the input variable distributions between
the signal simulation and signal events in real data might
introduce a bias in the calculation of the signal efficiency.
To estimate the associated uncertainty, the BDT output is
calculated for the cross-check and normalization modes
B → D̄lþνl and B → D̄�lþνl. The same requirement on
the BDToutput as for theDππ signal-candidate selection is
applied for these B → D̄ð�Þlþνl modes and the fit to the
B → D̄ð�Þlþνl sample described in Sec. VA is performed.
The ratio between the B → D̄ð�Þlþνl yield of this fit and
the yield obtained without the BDT requirement is con-
sidered a data-based efficiency of the BDT requirement.
This efficiency is compared with the signal MC efficiency
of the B → D̄ð�Þlþνl samples. The largest relative differ-
ence between the data- and MC-based efficiencies among
the B → D̄lþνl and B → D̄�lþνl values is taken as the
BDT-related systematic uncertainty. This procedure
assumes that the BDT, which uses variables of the Btag

meson reconstruction and event-shape variables, is mostly
independent of the Bsig meson reconstruction.

VII. BRANCHING FRACTION RESULTS

The weighted average branching fraction ratios are
calculated based on the total uncertainties. The calculation
takes into account that some component uncertainties
are correlated between the electron and muon mode.

TABLE VIII. Branching fraction ratio results and ratios between electron and muon decay modes with statistical
and systematic uncertainties. The denominator for the branching fraction ratios is B0 → D�−lþνl for the B0 modes
and Bþ → D̄�0lþνl for the Bþ modes.

Decay mode Branching fraction ratio [%] e=μ ratio

B0 → D̄0π−lþνl 7.23� 0.36ðstatÞ � 0.14ðsystÞ 1.13� 0.12ðstatÞ
Bþ → D−πþlþνl 6.78� 0.24ðstatÞ � 0.18ðsystÞ 1.07� 0.08ðstatÞ
B0 → D̄�0π−lþνl 11.10� 0.48ðstatÞ � 0.23ðsystÞ 0.98� 0.08ðstatÞ
Bþ → D�−πþlþνl 9.50� 0.33ðstatÞ � 0.34ðsystÞ 1.06� 0.08ðstatÞ
B0 → D−πþπ−lþνl 2.91� 0.37ðstatÞ � 0.26ðsystÞ 1.18� 0.31ðstatÞ
Bþ → D̄0πþπ−lþνl 3.10� 0.26ðstatÞ � 0.22ðsystÞ 1.23� 0.21ðstatÞ
B0 → D�−πþπ−lþνl 0.99� 0.43ðstatÞ � 0.20ðsystÞ 0.06� 0.21ðstatÞ
Bþ → D̄�0πþπ−lþνl 1.25� 0.27ðstatÞ � 0.15ðsystÞ 1.1� 0.5ðstatÞ
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The results and the ratios between the electron and muon
mode branching fractions are listed in Table VIII.
The results are the most precise determinations of

these branching fraction ratios to date (except for
B0 → D�−πþπ−lþνl). All values are compatible with
the previous world averages. The electron and muon values
are compatible with each other within one standard
deviation apart from those for B0 → D�−πþπ−lþνl. The
p-value of the hypothesis that the latter are compatible
is 0.5%.1

The branching fraction ratios are converted into absolute
branching fractions by multiplying them with the branching
fraction of B → D̄�lþνl. The results are listed in Table IX.

VIII. EXCLUSIVE B → D̄��l+ νl BRANCHING
FRACTIONS

Using the sPlot technique [41] with the implementation
of Ref. [42], signal weights are assigned to each event
based on the fit to the U distribution. This allows the
background contribution to the mðDπÞ, mðD�πÞ, and
mðDππÞ distributions to be statistically subtracted, and
the signal-only distribution to be studied. For all fit
components only very small values (< 5%) for the corre-
lations between the U distribution and the invariant masses
are found, which is a requirement for the validity of the
sPlot technique. We perform weighted unbinned maximum
likelihood fits to the invariant mass distributions. The
uncertainty calculation is based on Ref. [43].
For the B → D̄πlþνl modes the PDG reports decays via

the D�
0 and D�

2 resonances. These two contributions are
parametrized with Breit-Wigner functions that are con-
volved with a Gaussian distribution. The width of the
Gaussian is fixed from simulations to 3.4 MeV=c2. The
peak position and width of the D�

0 and D�
2 resonances are

allowed to float in the fit. However, they are constrained
within Gaussian distributions using their world averages
and corresponding uncertainties [3]. In a second fit the peak
positions and widths are fixed to the results from the first
fit. The difference in the statistical uncertainties between
the two fits is used to single out the uncertainty introduced
by the Gaussian constraint. It is interpreted as a systematic
uncertainty. The weighted mðDπÞ distribution (see Fig. 15)
shows that a third component must be added to the fit
model. Here, we choose an exponential distribution. The
yields, which are listed in Table X, are converted into
branching fractions using Eq. (1). The statistical uncer-
tainty is extracted directly from the fit, while the systematic
uncertainty is the sum in quadrature of the relative
uncertainties of the inclusive branching fractions reported
in Table IX and the uncertainties introduced by the limited
knowledge of the D�� peak positions and width described

above. In the fit to themðD̄0π−Þ distribution the yield of the
D�−

0 component is compatible with zero. Therefore, instead
of calculating a branching fraction, an upper limit at
90% confidence level (CL) is set. We create 2000 new
data samples by bootstrapping [44] the original data
(randomly selecting events, each with its corresponding
weight, while allowing repetition of the events). The D̄0π−

mass fit is performed for each sample. The 90% CL
upper limit on the yield is the value that is higher than
that found in 90% of the samples in which a positive
D�−

0 yield is obtained. This yield is then converted into the
upper limit.
Three D�� resonances are known for the D�π final state,

D1, D0
1, and D�

2. The three components are parametrized
with Breit-Wigner functions convolved with a Gaussian.
The shape parameters of the two narrow resonancesD1 and
D�

2 are constrained within Gaussian distributions to their
world averages [3], while the peak position and width of the
broadD0

1 resonance is fixed to its world average. Instead of
fitting the mðD�πÞ mass directly the invariant mass of the
D� is subtracted. This allows us to conveniently incorporate
the feeddown component as well. By subtracting the
invariant mass of the D meson from mðDπÞ the peaks
align. We perform the fit in the range 0.2 to 0.8 GeV=c2.
The data and the overlaid fit projections are shown in
Fig. 16. The yields of the three components and the
resulting branching fractions are listed in Table XI. The
systematic uncertainty is dominated by the shape uncer-
tainties. It is determined by fitting twice, once with the
shape parameters floating and once fixed.
The weighted unbinned maximum likelihood fit to the

mðDππÞ distribution is performed in the range 2.15 to
5 GeV=c2 (see Fig. 17). Initially, the fit model consists of a
single Gaussian and a first-order polynomial. The fitted
peak position and width are compatible with the D1

resonance for the B0 and Bþ modes. Therefore, the
Gaussian component is interpreted as B0 → D−

1 l
þνl with

D−
1 → D−πþπ− and Bþ → D̄0

1l
þνl with D̄0

1 → D̄0πþπ−,
respectively. The peaking component is replaced with
a Breit-Wigner function convolved with a Gaussian.

TABLE IX. Branching fraction results with statistical and
systematic uncertainties.

Decay mode Branching fraction [%]

B0 → D̄0π−lþνl 0.360� 0.018ðstatÞ � 0.011ðsystÞ
Bþ → D−πþlþνl 0.378� 0.013ðstatÞ � 0.018ðsystÞ
B0 → D̄�0π−lþνl 0.551� 0.024ðstatÞ � 0.017ðsystÞ
Bþ → D�−πþlþνl 0.530� 0.019ðstatÞ � 0.028ðsystÞ
B0 → D−πþπ−lþνl 0.145� 0.018ðstatÞ � 0.013ðsystÞ
Bþ → D̄0πþπ−lþνl 0.173� 0.014ðstatÞ � 0.014ðsystÞ
B0 → D�−πþπ−lþνl 0.049� 0.021ðstatÞ � 0.010ðsystÞ
Bþ → D̄�0πþπ−lþνl 0.070� 0.015ðstatÞ � 0.009ðsystÞ

1The deviation of the ratios from unity cannot naively be
interpreted in terms of standard deviations.
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The shape parameters of the Breit-Wigner are set to the
PDG values, but allowed to float within a Gaussian
constraint. We find 103� 13 events for the B0 mode
and 197� 20 events for the Bþ mode. By comparing
the log-likelihood with a fit, in which the D1 yield is fixed
to zero, the statistical significance is determined to be 17.3
for the B0 mode and 25.1 for the Bþ mode. The remaining
signal events (42� 13 events in the B0 mode and 131� 20
events in the Bþ mode), which are parametrized with the
polynomial, can either be a nonresonant decay process or a

decay via a very broad resonance, such as the D�
0 or D0

1.
However, with our statistical power we can only state that
there must be at least one additional process besides the
decay via the D1 resonance, but cannot characterize it
further. The D1 yields are converted into the following
branching fractions:

BðB0 → D−
1l

þνlÞ × BðD−
1 → D−πþπ−Þ

¼ ð0.102� 0.013ðstatÞ � 0.009ðsystÞÞ% ð9Þ
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FIG. 15. Invariant mðDπÞ mass distribution of B0 → D̄0π−lþνl (left) and Bþ → D−πþlþνl (right) reconstruction after applying
signal weights determined from a fit of the U distribution using the sPlot technique.

TABLE X. FittedD�� yields, statistical significances, and branching fractions for theDπ final state. The statistical
significance is calculated as S ¼ ffiffiffiffiffiffiffiffiffiffi

2ΔL
p

, where ΔL is the difference between the log-likelihood value of the
nominal fit and of a fit with the signal yield fixed to zero.

Yield S Branching fraction [%]

B0 → D�−
0 lþνl with D�−

0 → D̄0π− � � � � � � < 0.044 at 90% CL
B0 → D�−

2 lþνl with D�−
2 → D̄0π− 457� 45 25.2 0.157� 0.015ðstatÞ � 0.005ðsystÞ

other B0 → D̄0π−lþνl 547� 45 not applicable � � �
Bþ → D̄�0

0 lþνl with D̄�0
0 → D−πþ 180� 72 3.9 0.054� 0.022ðstatÞ � 0.005ðsystÞ

Bþ → D̄�0
2 lþνl with D̄�0

2 → D−πþ 590� 39 24.9 0.163� 0.011ðstatÞ � 0.008ðsystÞ
other Bþ → D−πþlþνl 520� 70 not applicable � � �

TABLE XI. Fitted D�� yields, statistical significances, and branching fractions for the D�π final state.

Yield S Branching fraction [%]

B0 → D−
1 l

þνl with D−
1 → D̄�0π− 866� 142 25.3 0.306� 0.050ðstatÞ � 0.029ðsystÞ

B0 → D0−
1 lþνl with D0−

1 → D̄�0π− 523� 173 17.3 0.206� 0.068ðstatÞ � 0.025ðsystÞ
B0 → D�−

2 lþνl with D�−
2 → D̄�0π− 145� 114 4.4 0.051� 0.040ðstatÞ � 0.010ðsystÞ

Bþ → D̄0
1l

þνl with D̄0
1 → D�−πþ 698� 65 24.2 0.249� 0.023ðstatÞ � 0.015ðsystÞ

Bþ → D̄00
1 l

þνl with D̄00
1 → D�−πþ 353� 93 13.3 0.138� 0.036ðstatÞ � 0.009ðsystÞ

Bþ → D̄�0
2 lþνl with D̄�0

2 → D�−πþ 382� 74 11.8 0.137� 0.026ðstatÞ � 0.009ðsystÞ
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BðBþ → D̄0
1l

þνlÞ × BðD̄0
1 → D̄0πþπ−Þ

¼ ð0.105� 0.011ðstatÞ � 0.009ðsystÞÞ% ð10Þ

This is the first observation of these decay modes.

IX. CONCLUSION

In conclusion, using hadronic tagging, we have mea-
sured theB → D̄ð�Þπlþνl and B → D̄ð�Þπþπ−lþνl branch-
ing fractions, achieving the highest precision to date

(except for B0 → D�−πþπ−lþνl). These results were
obtained from a data sample that contains 772 × 106BB̄
pairs collected near the ϒð4SÞ resonance with the Belle
detector at the KEKB asymmetric energy eþe− collider. All
values are compatible with the previous world averages, but
tend to be slightly lower. Therefore, the gap between the
sum of the exclusive semileptonic B decays to charm final
states and the inclusive rate has slightly increased and
increased in significance. Furthermore, the mass spectra
of the hadronic final state particles were studied after
statistically subtracting the background contributions.
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FIG. 16. Distribution of the mass difference mðD�πÞ −mðD�Þ of B0 → D̄�0π−lþνl (left) and Bþ → D�−πþlþνl (right)
reconstruction after applying signal weights determined from a fit of the U distribution using the sPlot technique.

0

10

20

30

40

50

60

70 )2
C

a
n
d
id

a
te

s
 /
 (

0
.0

2
8
5
 G

e
V

/c

2.5 3 3.5 4 4.5 5

)2) (GeV/c��+��m(D

5�

0

5

P
u

ll

0

20

40

60

80

100

120

140

160
 )2

C
a
n
d
id

a
te

s
 /
 (

0
.0

2
8
5
 G

e
V

/c

2.5 3 3.5 4 4.5 5

)2) (GeV/c��+�0Dm(

5�

0

5

P
u

ll

FIG. 17. Invariant mðDππÞ mass distribution of B0 → D−πþπ−lþνl (left) and Bþ → D̄0πþπ−lþνl (right) reconstruction after
applying signal weights determined from a fit of theU distribution using the sPlot technique. A fit function consisting of a Gaussian and
a first-order polynomial is overlaid.
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The results for the B → D̄πlþνl decays via the D�
2

resonance are compatible with the world averages. They
constitute the most precise measurements of these branch-
ing fractions to date. The value for B (Bþ → D̄�0

0 lþνl) ×B
(D̄�0

0 → D−πþ) is significantly smaller than previous mea-
surements. This applies even more so to the B0 mode,
where no contribution could be found in this analysis.
Instead, an unknown new Dπ signal component with a
significant contribution is found, whose mass distribution
follows a falling exponential function. The results for the
B → D̄�πlþνl decays via the narrower D1 and D�

2 reso-
nances are compatible with previous measurements and the
world averages. For the decay via the wider D0

1 resonance
the branching fractions are measured to be 35% (50%)
lower than the world average in the B0 (Bþ) mode.
Additionally, we have performed the first observations of
B → D̄1lþνl with D1 → Dπþπ−.
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APPENDIX: ADDITIONAL FIT RESULTS

TABLE XII. Fitted mean and width of Gaussian used to smear signal U templates.

Mean [MeV] σ [MeV]

Electron mode Muon mode Electron mode Muon mode

B0 → D−lþνl 2.7� 1.0 1.4� 0.9 7.7� 2.1 9.7� 2.1
Bþ → D̄0lþνl 0.7� 0.7 −0.3� 0.7 10.7� 1.8 9.7� 2.5
B0 → D�−lþνl 1.3� 0.8 1.4� 0.8 9.3� 3.3 10.5� 1.7
Bþ → D̄�0lþνl −0.4� 1.8 −0.1� 1.5 22.5� 3.2 16.8� 2.8
B0 → D̄0π−lþνl 9.9� 0.8 2.4� 2.9 0.5� 0.5 4� 6

Bþ → D−πþlþνl 5.4� 2.4 3.4� 3.3 13� 5 23� 6

Bþ → D�−πþlþνl 5.1� 2.8 7.1� 3.0 15� 5 15� 5

TABLE XIII. Relative contribution (R) and purity (p) of D0 decay modes in the data (both in %).

B0→ D̄0π−lþνl Bþ→ D̄0πþπ−lþνl Bþ→D�−πþlþνl B0→D̄�0π−lþνl B0→D�−πþπ−lþνl Bþ→ D̄�0πþπ−lþνl

R p R p R p R p R R

D0→K−πþ 13.5 15 19.3 19 24.7 67 17.8 62 35.0 24.0
D0→K−πþπ0 28.1 6 36.4 16 28.0 68 22.3 29 27.9 28.0
D0→K−πþπþπ− 26.7 9 35.5 14 26.3 55 30.9 23 23.6 38.7
D0→K0

Sπ
þπ− 7.8 7 6.2 14 6.3 66 6.1 22 4.3 8.0

D0→K−Kþ 2.4 9 2.7 21 2.5 71 2.1 55 2.1 1.3
D0→K0

Sπ
0 0.9 21 � � � � � � � � � � � � � � � � � � � � � � � �

D0→K0
Sπ

þπ−π0 14.7 4 � � � � � � 4.3 39 � � � � � � � � � � � �
D0→πþπ− 5.9 4 � � � � � � 1.4 31 � � � � � � � � � � � �
D0→K−πþπ−πþπ0 � � � � � � � � � � � � 6.7 34 � � � � � � � � � � � �
D0 → πþπ−π0 � � � � � � � � � � � � � � � � � � 20.7 0 7.1 � � �

TABLE XIV. Relative contribution (R) and purity (p) of Dþ decay modes in the data (both in %).

Bþ → D−πþlþνl B0 → D−πþπ−lþνl Bþ → D�−πþlþνl B0 → D�−πþπ−lþνl
R p R p R p R

Dþ → K0
Sπ

þ 5.9 29 5.4 14 3.8 39 4.8
Dþ → K0

Sπ
þπ−πþ 13.1 7 12.9 10 � � � � � � 4.8

Dþ → K−πþπþ 52.5 25 38.8 27 40.4 48 66.7
Dþ → K−Kþπþ 11.7 12 13.2 7 7.2 32 14.3
Dþ → K−πþπþπ0 � � � � � � � � � � � � 28.4 6 � � �
Dþ → K0

Sπ
þπ0 15.3 12 17.1 5 5.3 68 9.5

Dþ → K0
SK

þ 1.5 30 2.1 20 � � � � � � � � �
Dþ → πþπ0 � � � � � � 10.4 0 � � � � � � � � �
Dþ → πþπ−πþ � � � � � � � � � � � � 14.9 0 � � �
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