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We present a measurement of jVubj from a simultaneous study of the charmless semileptonic decays
B0 → π−lþνl and Bþ → ρ0lþνl, where l ¼ e, μ. This measurement uses a data sample of 387 million
BB̄ meson pairs recorded by the Belle II detector at the SuperKEKB electron-positron collider between
2019 and 2022. The two decays are reconstructed without identifying the partner B mesons.
We simultaneously measure the differential branching fractions of B0 → π−lþνl and Bþ → ρ0lþνl
decays as functions of q2 (momentum transfer squared). From these, we obtain total branching
fractions BðB0 → π−lþνlÞ ¼ ð1.516� 0.042ðstatÞ � 0.059ðsystÞÞ × 10−4 and BðBþ → ρ0lþνlÞ ¼
ð1.625� 0.079ðstatÞ � 0.180ðsystÞÞ × 10−4. By fitting the measured B0 → π−lþνl partial branching
fractions as functions of q2, together with constraints on the nonperturbative hadronic contribution from
lattice QCD calculations, we obtain jVubj ¼ ð3.93� 0.09� 0.13� 0.19Þ × 10−3. Here, the first uncer-
tainty is statistical, the second is systematic, and the third is theoretical.

DOI: 10.1103/jnwn-ts6q

I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) [1,2] matrix
elements are related to four fundamental parameters of the
StandardModel (SM) of particle physics. The magnitude of
the matrix element Vub can be determined by measuring the
rate of B → Xulνl decays, which is proportional to jVubj2,
where Xu is a charmless hadronic final state and l is a light
charged lepton. Two methods can be used to measure jVubj.
In the inclusive method, no specific Xu final state is
reconstructed, and the sum of all possible final states is
analyzed. The theoretical description involves calculation
of the total semileptonic rate. In the exclusive method,
a specific final state is reconstructed and the theoretical
description takes the form of parametrizations of the low-
energy strong interactions (form factors). These two meth-
ods have complementary uncertainties introduced by their
theoretical descriptions. Determinations of jVubj from
experimental data obtained by the inclusive and exclusive
methods currently differ by approximately 2.5 standard
deviations [3].
The most experimentally and theoretically reliable

exclusive measurements of jVubj come from B → πlνl
decays. The current world average of jVubj from this mode,
taking all of the experimental and theoretical information
into consideration, is ð3.67� 0.09� 0.12Þ × 10−3 [3],
where the first uncertainty is experimental and the second

is theoretical. A simultaneous measurement of B0 →
π−lþνl with B → ρlνl decays allows for an additional
measurement of jVubj while accounting for decays of
one type that are reconstructed as the other. Therefore,
we simultaneously reconstruct B0 → π−lþνl and Bþ →
ρ0lþνl (with charge conjugation implied throughout),
focusing on decays with entirely charged final states in
order to avoid backgrounds associated with neutral par-
ticles. We measure the differential branching fractions of
these decays as a function of q2, the squared momentum
transferred from the B meson to the hadron. We use data
from the Belle II detector located at the SuperKEKB
electron-positron collider in Japan. The B-meson decays
are reconstructed in eþe− → ϒð4SÞ → BB̄ events. We use
an “untagged” reconstruction method in which the signal
lepton and hadron candidates are selected without prior
reconstruction (tagging) of the partner B meson. This leads
to a high signal efficiency, but also a low purity due to the
large combinatorial background from the partner B meson
and increased backgrounds from eþe− collisions that
produce light quark pair (continuum) events.
We reconstruct B0 → π−lþνl and Bþ → ρ0lþνl events

and make signal selections that reduce backgrounds. For
both modes we build three-dimensional histograms of two
kinematic variables and the reconstructed q2. From simu-
lation, we define B0 → π−lþνl and Bþ → ρ0lþνl signal
categories based on 13 and ten disjoint intervals (bins) of
simulated q2, respectively. Signal templates defined in this
way, which we refer to as true q2 binning, can overlap in
reconstructed q2 due to resolution effects. We extract signal
yields in all 23 signal categories with a simultaneous
extended maximum-likelihood fit to both histograms.
From these, we obtain differential branching fractions as
functions of true q2. We then combine constraints from
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theoretical form-factor predictions from unquenched lattice
QCD (LQCD) [4] and light-cone sum rule (LCSR) [5,6]
calculations with the measured differential branching
fractions to determine jVubj.

II. THEORETICAL FRAMEWORK

In contrast to hadronic decays, in semileptonic B →
Xulνl decays, the leptonic and hadronic parts of the decay
matrix element factorize at leading electroweak order,
which allows for a straightforward determination of
jVubj. However, the description of the hadronic contribu-
tion to the matrix element has many uncertainties, since
higher-order perturbative corrections and hadronization
processes need to be included. Form factors parametrize
these QCD processes in the full phase space and are
constrained in specific phase-space regions by theoretical
predictions based on, for example, LQCD and LCSR
calculations [7]. These predictions rely on the V − A
structure of the process and are usually formulated as
functions of q2. For the semileptonic decay B → Xlνl,

q2 ¼ ðpB − pXÞ2; ð1Þ

where pB and pX are the four-momenta of the Bmeson and
the hadron, respectively. Here we use natural units with
c ¼ 1 throughout. LQCD predictions rely on first princi-
ples to predict the form factors for B → πlνl, and are only
available in the high-q2 region. LCSR predictions, on the
other hand, are only applicable in the low-q2 region, but are
available for B → πlνl and B → ρlνl decays.
In the theoretical description of the kinematic processes

as a function of q2, it is necessary to distinguish between
decays into pseudoscalar and vector mesons, such as
B → πlνl and B → ρlνl, respectively. The hadronic
matrix element of the decay B → πlνl can be written in
terms of two form factors fþðq2Þ and f0ðq2Þ, where f0ðq2Þ
is negligible for l ¼ e, μ. The differential decay rate can
then be expressed as a function of fþðq2Þ and jVubj [7],

dΓðB → πlνlÞ
dq2d cos θWl

¼ jVubj2
G2

Fjp⃗πj3
32π3

sin2θWljfþðq2Þj2; ð2Þ

whereGF is the Fermi constant, p⃗π is the momentum of the
pion in the B-meson rest frame, and θWl is the angle
between the W boson momentum in the B rest frame and
the lepton momentum in the W rest frame.
The hadronic matrix element of B → ρlνl is described

by four form factors, which can be reduced to three, A1ðq2Þ,
A2ðq2Þ, and Vðq2Þ, for decays to light leptons (l ¼ e, μ).
The form factors can be rewritten in terms of the helicity
amplitudes, Hþðq2Þ, H−ðq2Þ, and H0ðq2Þ, of the ρ meson.
The differential decay rate as a function ofH�,H0ðq2Þ, and
jVubj then becomes [7],

dΓðB → ρlνlÞ
dq2d cos θWl

¼ jVubj2
G2

Fjp⃗ρjq2
128π3m2

B

�
sin2θWljH0ðq2Þj2

þ ð1 − cos θWlÞ2
jHþðq2Þj2

2

þ ð1þ cos θWlÞ2
jH−ðq2Þj2

2

�
; ð3Þ

where mB is the mass of the B meson, and p⃗ρ is the
momentum of the ρ meson in the B rest frame.
Due to the relationship between the differential decay

rate of B → πlνl (or B → ρlνl), jVubj, and the respective
form factors, jVubj can be extracted from measurements of
the differential decay rates of B → πlνl (or B → ρlνl) if
the q2 shape and normalizations of the form factors are
known. The normalizations are provided by theoretical
QCD calculations of the form factors. Since these calcu-
lations are not available across the entire q2 range, the q2

dependence of the form factors is interpolated between the
high and low-q2 regions using analyticity and unitarity
arguments. One technique employs dispersion relations to
expand in powers of the variable zðq2; q20Þ defined as

zðq2; q20Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2þ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2þ − q20

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2þ − q2

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2þ − q20

p ; ð4Þ

where mþ ¼ mB þmX is the sum of the masses of
the B meson and the hadron. According to Ref. [8] the
optimal choice of the parameter q20 is given by
q20 ¼ mþð ffiffiffiffiffiffiffi

mB
p − ffiffiffiffiffiffiffi

mX
p Þ2.

Two expansion parametrizations are considered in this
work. The first parametrization is the Bourrely-Caprini-
Lellouch (BCL) parametrization [8], which expands the
form factor fþðq2Þ using form-factor coefficients bþk up to
expansion order K as,

fþðq2Þ ¼ Pðq2Þ
XK−1
k¼0

bþk

�
zk − ð−1Þk−K k

K
zK

�
: ð5Þ

Here Pðq2Þ ¼ ð1 − q2=m2
RÞ−1 is called the inverse

Blaschke factor, where the mass of the resonance mR
depends on the allowed angular momentum and parity.
The expansion of the form factor f0ðq2Þ using form-factor
coefficients b0k takes the form,

f0ðq2Þ ¼ fþð0Þ
�
1þ

XK−1
k¼0

b0kz
k

�
: ð6Þ

The Bharucha-Straub-Zwicky (BSZ) parametrization [6]
instead is a series expansion around q2 ¼ 0, using
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form-factor coefficients bik, so that the form factors
fiðq2Þ∈ fA1ðq2Þ; A2ðq2Þ; Vðq2Þg take the form

fiðq2Þ ¼ Pðq2Þ
XK−1
k¼0

bikðzðq2Þ − zð0ÞÞk: ð7Þ

By fitting the form-factor parametrizations given in
Eqs. (5)–(7) to measured partial branching-fraction spectra,
the form-factor coefficients bik can be extracted. In addition,
by adding theoretical input from LCSR or LQCD calcu-
lations, we can determine jVubj.

III. DETECTOR, DATA SET, AND SIMULATION

A. Detector

The Belle II experiment [9] is located at SuperKEKB,
which collides electrons and positrons at and near the
ϒð4SÞ resonance [10]. The Belle II detector [9] has a
cylindrical geometry and includes a two-layer silicon-pixel
detector (PXD) surrounded by a four-layer double-sided
silicon-strip detector (SVD) [11] and a 56-layer central drift
chamber (CDC). These detectors reconstruct trajectories
(tracks) of charged particles. Only one sixth of the second
layer of the PXD was installed for the data analyzed here.
The symmetry axis of these detectors, defined as the z axis,
is almost coincident with the direction of the electron beam.
Surrounding the CDC, which also provides dE=dx energy-
loss measurements and has a polar angle acceptance of
17–150°, is a time-of-propagation counter (TOP) [12] in
the central region and an aerogel-based ring-imaging
Cherenkov counter (ARICH) in the forward region.
These detectors provide charged-particle identification.
Surrounding the TOP and ARICH is an electromagnetic
calorimeter (ECL) based on CsI(Tl) crystals that primarily
provides energy and timing measurements for photons
and electrons. Outside of the ECL is a superconducting
solenoid magnet. Its flux return is instrumented with
resistive-plate chambers and plastic scintillator modules
to detect muons, K0

L mesons, and neutrons. The solenoid
magnet provides a 1.5 T magnetic field that is parallel to
the z axis.
Using dE=dx energy-loss data from the CDC and

information from the two particle-identification detectors,
the ARICH and TOP, as well as data from the ECL, the
SVD, and the K0

L and muon detector (KLM), charged
particles of different masses are identified via particle-
identification (PID) likelihood ratios. Each of these is a
ratio of the likelihoodL for one charged-particle hypothesis
α to the sum of the likelihoods for all hypotheses:
Rα ¼ Lα=ðLe þ Lμ þ Lπ þ LK þ Lp þ LdÞ, where α∈
fe; μ; π; K; proton ðpÞ; deuteron ðdÞg. The identification
efficiencies and misidentification probabilities of the pion,
kaon, electron, and muon likelihood ratios are determined
separately for both charges in bins of momentum and polar

angle using data samples of control modes, such as J=ψ →
lþl− and D�þ → D0½→ K−πþ�πþ.

B. Experimental data

The primary dataset used in this analysis consists of
(387� 6) ×106 ϒð4SÞ → BB̄ events from ð364� 2Þ fb−1
of electron-positron collisions collected at a center-of-mass
(c.m.) energy of

ffiffiffi
s

p ¼ 10.58 GeV, corresponding to the
ϒð4SÞ resonance. We use an additional sample correspond-
ing to ð42.6� 0.3Þ fb−1 of off-resonance collision data,
collected at a c.m. energy 60 MeV below the ϒð4SÞ
resonance, to describe background from continuum proc-
esses. These include qq̄ production eþe− → uū; dd̄; ss̄,
and cc̄, QED processes such as eþe− → τþτ−, and two-
photon processes such as eþe− → eþe−lþl− and
eþe− → eþe−πþπ−.

C. Simulation

We use simulated data sets referred to as Monte Carlo
(MC) samples to identify efficient background-
discriminating variables and to form fit templates for signal
extraction. The MC samples for BB̄ background events
correspond to an integrated luminosity of 3 ab−1 and
contain semileptonic and hadronic B decays, generated
using the EvtGen [13] software package.
We use generated signal MC samples containing ten

million events of B0 → π−lþνl and Bþ → ρ0lþνl decays
to obtain reconstruction efficiencies and study the key
kinematic distributions. In order to describe the remaining
B → Xulνl decays, we simulate four samples, each con-
taining 50 million events, of resonant and nonresonant
B0 → X−

ulþνl, and Bþ → X0
ulþνl. The resonant sample

contains B → Xulνl decays, where Xu ∈ fπ; ρ;ω; η; η0g.
We simulate the hadronization of the Xu state to
multiple hadrons in nonresonant B → Xulνl events with
PYTHIA [14]. The second B meson decays in the same way
as the generic BB̄ background described above.
We also generate 1 ab−1 of qq̄ and ττ continuum-event

samples with KKMC [15], and simulate qq̄ fragmentation
with PYTHIA [14] and τ decays with TAUOLA [16].
Additionally, we simulate 2 ab−1 of two-photon production
with AAFH [17]. Final-state radiation of photons from stable
charged particles is simulated with PHOTOS [18] and we
overlay simulated beam-induced backgrounds to all gen-
erated events [19]. The propagation of particles through
the detector and the resulting interactions are simulated
using Geant4 [20]. We reconstruct and analyze simulated and
experimental data with the Belle II analysis software
framework, BASF2 [21,22].
In the simulation of BB̄ backgrounds, we use world-

average B → Xlνl branching fractions [23] in combination
with an isospin-symmetry assumption, following the pro-
cedure in Ref. [24] for B → Xclνl decays. We assume that
the remaining difference between the sum of the exclusive
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B → Xclνl decay branching fractions and the measured
total branching fraction, accounting for approximately 4%
of the B → Xclνl decays, is saturated by B → Dð�Þηlνl
decays, which corresponds to the procedure in Ref. [25].
For the form factors of B → Dlνl and B → D�lνl decays,
we use the Boyd-Grinstein-Lebed parametrization [26]
with central values from Ref. [27,28], respectively.
For B → Xulνl decays, the sum of the measured

exclusive branching fractions is approximately 20% of
the inclusively measured branching fraction. We model the
remaining difference with nonresonant B → Xulνl decays.
An important component of these nonresonant B → Xulνl
decays is events in which the Xu system consists of a πþπ−
pair. The partial-branching-fraction spectrum of Bþ →
πþπ−lþνl as a function of the dipion invariant mass
mππ has been measured in Ref. [29]. We compare this
experimental spectrum to the simulated spectrum of non-
resonant Bþ → πþπ−lþνl events. Assuming that nonreso-
nant B → Xulνl events have no structure below the ρ0

mass peak, we interpolate the measured spectrum to the ρ0

mass peak window by fitting a straight line with floating
slope and intercept to the spectrum surrounding the peak.
We then assign event weights to the simulated Bþ →
πþπ−lþνl events in order to recover the measured partial
branching fractions as a function of mππ in the simulation.
We describe the remaining nonresonant B → Xulνl

decays with the de Fazio and Neubert (DFN) model [30],
which combines a prediction of the triple-differential rate
in Xu particle mass mX, the B rest-frame lepton energy El,
and q2, with a nonperturbative shape function using an
exponential model. In the simulation we use central values
for the two relevant parameters provided in Ref. [31]. The
total B → Xulνl composition is described by implement-
ing a hybrid model [32], following closely the method in
Ref. [33]. This approach combines the exclusive and
nonresonant decay rates in bins of mX, El, and q2, in
order to reproduce the inclusive rates.
We describe B → πlνl decays using the BCL para-

metrization [8] with central values for the parameters bþk
and b0k in Eqs. (5) and (6), respectively, from Ref [4], and
B → ρlνl and B → ωlνl decays using the BSZ para-
metrization [6] with central values for bik in Eq. (7) from
Ref. [34]. The line shape of the ρ meson is modeled
following the description in Ref. [35] neglecting interfer-
ence between the ρ and the ω meson, which is included
as a systematic uncertainty and described in Sec. VII. For
the form-factor description of B → ηð0Þlνl decays we use a
LCSR calculation [36].

IV. EVENT RECONSTRUCTION AND SELECTION

A. Signal reconstruction and selection

We begin signal reconstruction by identifying track
candidates that pass certain quality criteria. The extrapo-
lated trajectories must originate from a cylindrical region of

length 3 cm along the z axis and radius 0.5 cm in the
transverse plane, centered on the eþe− interaction point.
Furthermore, charged particles must have transverse
momenta greater than 0.05 GeV and polar angles within
the CDC acceptance. We discard events with fewer than
five tracks satisfying the above criteria.
In the remaining events, we select signal-lepton can-

didates from among the selected tracks by requiring that
their c.m. momenta p�

l are in the range [1.0, 2.85] GeV
and [1.4, 2.85] GeV in the B0 → π−lþνl and Bþ →
ρ0lþνl modes, respectively. These selections signifi-
cantly reduce the number of events in which the lepton
originates from B → Xclνl decays, where Xc is a
hadronic final state containing a charm quark. We choose
a higher lepton momentum threshold for Bþ → ρ0lþνl
candidates, since, due to the different spin structure,
the lepton momentum spectrum of Bþ → ρ0lþνl peaks at
a higher momentum than that of B0 → π−lþνl. In order
to reduce sensitivity to modeling of the detector response
in the extreme forward and backward directions of
the lepton polar angle θl, we exclude events with
cos θl < −0.55 and cos θl > 0.85.
We require that electron and muon candidates have PID

likelihood ratios greater than 0.9. The electron likelihood
ratio combines information from the CDC, ECL, ARICH
and the KLM, while the muon likelihood ratio also includes
information from the TOP. The average electron (muon)
efficiency is 92 (93)%. The hadron misidentification rates
are 0.2% for the electron and 3.2% for the muon selection,
respectively. The four-momenta of the electron candidates
are corrected for bremsstrahlung by adding the four-
momenta of photons with an ECL cluster energy below
1.0 GeV for B0 → π−lþνl and 0.5 GeV for Bþ → ρ0lþνl
found within a cone of 0.05 rad around the electron-
momentum vector.
In the B0 → π−lþνl mode we select pion candidates

from the remaining tracks and require that they have
a charge opposite to that of the lepton candidate. In the
Bþ → ρ0lþνl mode we require that the two selected pion
candidates that compose the ρ candidate have opposite
charges and have a mass mππ in the range [0.554,
0.996] GeV. This selection reduces combinatorial back-
ground, but is loose enough to reduce sensitivity to
modeling of the ρ mass distribution. We reduce sensitivity
to the modeling of the detector response in the extreme
backward region of pion polar angle θπ by selecting pions
with cos θπ > −0.65. All pion candidates are required to
have a PID likelihood ratio greater than 0.1. The pion
likelihood, in addition to data from the CDC, ECL, ARICH
and the KLM, includes information from the SVD and the
TOP. To improve the particle-identification performance,
we require that the pion candidates have at least 20
measurement points in the CDC. The resulting average
pion efficiency is 86% with kaon and lepton misidentifi-
cation rates of 7% and 0.4%, respectively.
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The selections described below are designed to reduce
backgrounds and enhance signal purity. We remove can-
didates with kinematic properties inconsistent with the
signal B meson decay. Assuming that only a single
massless particle is not included in the event reconstruction,
the angle between the B meson and the combination of the
signal lepton and hadron candidates, denoted Y, is given by

cos θBY ¼ 2E�
BE

�
Y −m2

B −m2
Y

2jp⃗�
Bjjp⃗�

Y j
; ð8Þ

where E�
Y , jp⃗�

Y j, and mY are the energy, magnitude of the
three-momentum, and invariant mass of the Y in the c.m.
frame, respectively. The energy E�

B and the magnitude of
the three-momentum jp⃗�

Bj of the B meson are calculated
from the beam properties, and mB is the mass of the B
meson [23]. For correctly reconstructed signal decays and
assuming perfect resolution, we expect cos θBY to lie
between −1 and 1. However, to retain enough background
events to train the classifiers discussed in Sec. V B, we
choose a less restrictive requirement, j cos θBYj < 1.6.
Additionally, we perform vertex fits [37] to the hadron
and lepton candidates and require that they converge.

B. Missing momentum reconstruction

We estimate the momentum of the signal neutrino by
attributing the sum of the remaining tracks and electro-
magnetic energy depositions (clusters) in the event, called
the rest of event (ROE), to the partner B. From energy and
momentum conservation, we construct the missing four-
momentum in the c.m. frame,

ðE�
miss; p⃗

�
missÞ ¼ ðE�

ϒð4SÞ; p⃗
�
ϒð4SÞÞ −

�X
i

E�
i ;
X
i

p⃗�
i

�
; ð9Þ

where E�
i and p⃗�

i correspond to the c.m. energy and
momentum of the ith track or cluster in the event,
respectively. We determine E�

i using the momentum
derived from the reconstructed track and select the mass
hypothesis α with the highest value of the likelihood ratio
Rα. We attribute the missing four-momentum to the signal
neutrino, with momentum p⃗�

ν ¼ p⃗�
miss, and energy, E�

ν ¼
jp⃗�

νj ¼ jp⃗�
missj. Taking the magnitude of p⃗�

miss, instead of
E�
miss, to approximate the neutrino energy, leads to an

improvement in resolution of 15%. While reconstruction
losses add up linearly in the calculation of E�

miss, this is not
the case for the vector sum calculation of p⃗�

miss.
Since all reconstructed tracks and clusters contribute

to the resolution of the neutrino momentum estimation,
obtaining an ROE as pure and complete as possible is
critical. To reduce the impact of clusters from beam-
induced backgrounds, acceptance losses, or other effects,
we impose quality requirements for objects to be included
in the ROE. We only consider clusters that are within the

CDC acceptance with energies in the forward, barrel,
and backward directions greater than 0.060, 0.050, and
0.075 GeV, respectively. We require that the clusters
contain more than one calorimeter crystal and are detected
within 200 ns of the collision time, which is approximately
five times the mean timing resolution of the calorimeter. In
addition to removing background particles from the ROE,
we must account for particles that escape undetected. To
reduce the impact of events with undetected particles, we
require that the polar angle of the missing momentum in the
laboratory frame θmiss is within the CDC acceptance.

C. Signal extraction variables

We reconstruct q2 from Eq. (1), and thus need to estimate
the B momentum vector. One existing method, called the
Diamond Frame [38], takes the weighted average of four
possible p⃗�

B vectors uniformly distributed in azimuthal
angle on the cone defined by cos θBY, weighting by the
sin2 θB distribution, which expresses the prior probability
of the B flight direction inϒð4SÞ decays with respect to the
electron-positron beam axis. A second method, called the
ROE method [39], assumes the signal B momentum vector
to be the vector on the cos θBY cone that is closest to
antiparallel to the ROE momentum vector p⃗�

ROE. There is a
third method [40] that combines these two by multiplying
the Diamond Frame weights by 1

2
ð1 − p̂�

B · p̂�
ROEÞ and

averaging over ten vectors uniformly distributed on the
cone, where p̂�

B and p̂�
ROE denote the unit vectors of p⃗

�
B and

p⃗�
ROE, respectively. We adopt this combined method

because, in simulation, it assigns reconstructed signal
candidates to the correct q2 bin more often than other
methods do, leading to a reduction in the bin migrations of
up to 2%. The resolutions in q2 decrease with increasing q2

and vary from 0.09–0.60 GeV2 in the B0 → π−lþνl mode,
and from 0.16–0.84 GeV2 in the Bþ → ρ0lþνl mode.
We divide B candidates into 13 reconstructed q2 bins

in the B0 → π−lþνl mode and into 10 bins in the
Bþ → ρ0lþνl mode. The lowest bin boundary is at zero,
and the first 12 (9) bins have uniform bin widths of 2 GeV2

in the B0 → π−lþνl (Bþ → ρ0lþνl) mode. The last bins
extend to the kinematic limits of 26.4 GeV2 in the B0 →
π−lþνl mode and 20.3 GeV2 in the Bþ → ρ0lþνl mode.
The following are the labels and bin edges for the q2 bins:
q1∶ q2 ∈ ½0; 2�, q2∶ ½2; 4�, q3∶ ½4; 6�, q4∶ ½6; 8�, q5∶ ½8; 10�,
q6∶ ½10; 12�, q7∶ ½12; 14�, q8∶ ½14; 16�, q9∶ ½16; 18�,
q10∶ ½18; 20ð20.3Þ�, q11∶ ½20; 22�, q12∶ ½22; 24�, q13∶ ½24;
26.4� GeV2.
Two additional variables that test the kinematic consis-

tency of a candidate with a signal B decay using ROE
information are the beam-constrained mass, defined as

Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E�2
beam − jp⃗�

Bj2
q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� ffiffiffi

s
p
2

�
2

− jp⃗�
Bj2

s
ð10Þ
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and the energy difference, defined as

ΔE ¼ E�
B − E�

beam ¼ E�
B −

ffiffiffi
s

p
2

; ð11Þ

where E�
beam, E

�
B, and p⃗�

B are the single-beam energy, the
reconstructed B energy, and the reconstructed B momen-
tum, all determined in the ϒð4SÞ rest frame, respectively.
The reconstructed B energy (momentum) is given by the
sum of the reconstructed energies (momenta) of the signal
lepton and hadron candidates and the inferred neutrino
energy (momentum) described above. We define a fit
region in ΔE and Mbc, corresponding to −0.95 < ΔE <
1.25 GeV and 5.095 < Mbc < 5.295 GeV. This region is
enriched in signal, but at the same time includes back-
ground-enhanced regions to allow sufficient discrimination
between signal and background.

V. BACKGROUND SUPPRESSION

A. Signal and background categories

As explained in Sec. III C, the simulated samples can be
separated into two main categories: BB̄ events and con-
tinuum events. For the BB̄ events we define a subcategory
that combines true signal and combinatorial signal events.
In combinatorial signal either the signal hadron or lepton
candidate is incorrectly chosen. In addition, we define an
isospin-conjugate signal category, where the lepton orig-
inates from the isospin conjugate of the signal decay. The
branching fraction of the isospin-conjugate signal events
scales with the branching fraction of true signal events
under the assumption of isospin symmetry,

BðB0 → π−lþνlÞ ¼ 2τ0=τþ × BðBþ → π0lþνlÞ;
BðB0 → ρ−lþνlÞ ¼ 2τ0=τþ × BðBþ → ρ0lþνlÞ;

where τþ=τ0 is the B lifetime ratio.
A fourth signal category, called cross-feed signal,

includes events in which the lepton originates from the
reconstructed signal decay mode, but was reconstructed in
another signal mode, i.e. B → ρlνl events reconstructed in
the B → πlνl sample, and vice versa. Since the number of
true, combinatorial, and isospin-conjugate signal events
scales with the same branching fraction as the cross-feed
signal events from the other reconstructed mode, we
combine the four signal categories into a total signal
category.
We further split the remaining BB̄ events into the two

largest semileptonic backgrounds, B → Xclνl and
B → Xulνl. The remaining BB̄ events are combined into
the other BB̄ category, which is mainly composed of
candidates with misidentified leptons, or with leptons from
secondary decays.

B. Background suppression using
boosted decision trees

In order to further reduce the BB̄ and continuum back-
grounds, we train boosted decision trees (BDTs) to separate
signal from these two background categories using the
FastBDT package [41]. Since the background composition is
different in the B0 → π−lþνl and Bþ → ρ0lþνl modes
and depends on the q2 bin, we train the classifier and
optimize the selection separately for each q2 bin and mode.
In addition, to increase the sensitivity in the highest q2 bin
in the Bþ → ρ0lþνl mode, we split the last bin into
two bins during training and optimization of the selection.
Since separate classifiers are trained for the suppression
of continuum and BB̄ backgrounds, we train a total of
2 × ð13þ 11Þ ¼ 48 BDTs. In each training we use equal
amounts of simulated true signal and background events,
corresponding to 400 fb−1 of simulated continuum data,
and 1 ab−1 of simulated BB̄ data.
We use event-shape, kinematic and topological variables

as BDT input variables. The event-shape input variables
includes four normalized Fox-Wolfram moments [42] and
variables based on the thrust axis, which is the axis that
maximizes the sum of the projected momenta of a collec-
tion of particles in the event [43]. Distinct thrust axes can be
defined for the signal B and the ROE. Their magnitudes, the
angle between the two axes cos θT , and the angle between
the signal B thrust axis and the beam direction serve as
input variables. Three cones with opening angles of 10°,
20°, and 30° centered around the signal B thrust axis are
defined, and the momentum flows into each of the three
cones are added as input variables [44].
The kinematic and topological variables include the p

value from the χ2 of the vertex fit to the pion and lepton
candidates, and the cosine of the angle between the signal B
momentum vector and the vector connecting its fitted
vertex to the interaction point, both in the plane parallel
and perpendicular to the beam axis. Other input variables
are cos θBY, θmiss, the number of tracks, the momentum of
the ROE, and the polar angle of the lepton candidate. The
remaining variables are the angle between the direction of
the lepton in theW frame and theW in the B frame, and for
the Bþ → ρ0lþνl mode, the angle between the ρ in the B
frame and the pion in the ρ rest frame.
We train each of the 48 BDTs using the 12 input

variables that provide the highest discriminating power
in the corresponding q2 bin and are correlated with ΔE
and Mbc with a Pearson coefficient below 0.7. The input
variable with the most discriminating power for the
suppression of continuum events is cos θT , while cos θBY
and the χ2 vertex fit probability are the input variables with
the most discriminating power for the suppression of BB̄
events. We identify the optimal selection criterion on the
combination of the continuum and BB̄ output classifiers
within each q2 bin by maximizing the ratio between the
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number of signal events and the square root of the sum of
the number of signal and background events, as predicted
by simulation. In the B0 → π−lþνl (Bþ → ρ0lþνl) mode
these selections retain 55% (48%) of the signal, 4% (1%) of
the BB̄ background, and 1% (0.6%) of the continuum
background.

C. Continuum reweighting

Because of the small size of the off-resonance data,
especially after suppressing continuum events, using it
directly to construct fit templates results in large statistical
fluctuations in the individual bins. Instead, we weight the
simulated continuum candidates using off-resonance data
in order to use the resulting template during signal
extraction. To obtain the weights we initially compare
the q2 shapes of simulated continuum data and off-
resonance data, where we account for the difference in
cross section between the on- and the off-resonance data-
sets. We observe similar normalization differences in the
B0 → π−lþνl and Bþ → ρ0lþνl modes, corresponding to
a ratio between the number of events in off-resonance to
simulated data of 1.2. After correcting the simulated
continuum data for the total normalization, differences in
the q2 and ΔE spectra remain. These residual differences
are removed by correcting the simulated two-dimensional
q2 and ΔE spectra using bin-by-bin event weights, which
are the ratios between the number of off-resonance events
and the number of simulated continuum events in each bin.
This approach relies on the assumption that the difference
between off-resonance data and the simulated continuum
sample is independent of Mbc. We validate this assumption
and verify the reweighting procedure by obtaining reason-
able p values from χ2 tests on the distributions of ΔE and
Mbc in the reweighted simulated and off-resonance data.
The systematic uncertainty due to the limited size of the off-
resonance data sample is described in Sec. VII.

D. Selection summary

At this stage of the analysis, an average of 1.08 (1.18)
candidates remain for each selected event in the B0 →
π−lþνl (Bþ → ρ0lþνl) mode. About 25% of the events
are reconstructed in both modes. In events with multiple
candidates in both or either of the modes, we randomly
select one and discard the rest, to ensure that a single event
cannot contribute multiple times to either or both of the
B0 → π−lþνl and Bþ → ρ0lþνl modes. The resulting
selection efficiencies for B0 → π−lþνl and Bþ → ρ0lþνl
are 0.93 and 0.85, respectively.
We divide the simulated signal events into categories

based on their true q2 values, using the same intervals as the
reconstructed q2 bins described in Sec. IV C. We define
the signal efficiency as the fraction of signal events
generated in a given true q2 interval that survive all
selections, regardless of whether the generated events are

reconstructed in the same q2 interval. In simulation, these
efficiencies vary from 9% to 19% in the B0 → π−lþνl
mode and from 3% to 9% in the Bþ → ρ0lþνl mode. We
call the ratio between the number of true and combinatorial
signal candidates and the total number of signal candidates
the signal strength. Depending on the true q2 bin, the signal
strength varies between 69% and 99% in the B0 → π−lþνl
mode and between 23% and 57% in the Bþ → ρ0lþνl
mode. The distributions of ΔE and Mbc integrated over
the 13 (10) reconstructed q2 bins for B0 → π−lþνl
(Bþ → ρ0lþνl) decays after all selections are shown in
Fig. 1. We find excellent agreement between experimental
data and the expectation from simulation.

VI. SIGNAL EXTRACTION

A. Fit method

We extract the B0 → π−lþνl and Bþ → ρ0lþνl signal
yields by performing a simultaneous extended maximum
likelihood fit to the binned three-dimensional distributions
of ΔE, Mbc and reconstructed q2. We divide the ΔE and
Mbc distributions into five and four bins, respectively. The
corresponding bin widths vary, with smaller bins being
used in the signal-rich regions. The binning is chosen so
that a clear separation of signal and background is
achieved, while ensuring a sufficient number of events
populate each bin. This results in 20 bins per reconstructed
q2 bin, and therefore a total of 20 × ½13ðB0 → π−lþνlÞþ
10ðBþ → ρ0lþνlÞ� ¼ 460 bins.
The background in each signal mode is treated sepa-

rately and split into four components according to the
description in Sec. VA. The fit parameters include uncon-

strained scale factors bðπ=ρÞp for each mode ðπ=ρÞlν and
each background component p. The background tem-
plates are constructed from simulated BB̄ data and the
reweighted continuum data. We introduce Gaussian pen-
alty factors to constrain the continuum yields to the scaled
off-resonance yields.
In addition to the background templates, we also have

one independent total signal template for each true q2 bin i
and each mode, resulting in 23 signal templates with
unconstrained scale factors sπi and sρi . Because these
templates are based on true q2 categories, they naturally
account for resolution effects that could cause events that
are generated in one q2 bin to be reconstructed in another.
The composition of the total signal component is described
in Sec. VA. In this way, the B0 → π−lþνl background in
the Bþ → ρ0lþνl mode is linked with the B0 → π−lþνl
signal in the B0 → π−lþνl mode, and vice versa. The
signal templates are constructed from simulated signal
events. The contribution of true and combinatorial signal
to the total signal templates, the signal strength, is inferred
from simulation. A summary of the 31 templates and scale
factors is given in Table I.
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The likelihood to be maximized is

LðS⃗; B⃗Þ ¼
Y
l

Poisson

�
Nlj

X
j

Slj þ
X
k

Blk

�
; ð12Þ

whereNl is the observed number of events in bin l, S⃗, and B⃗
are the vectors of signal and background templates,
respectively, Slj is the number of events in bin l of signal
fit template j, and Blk is the number of events in bin l of
background fit template k.

B. Fit results

The fit projections of ΔE and Mbc in each q2 bin are
shown in Fig. 2 for the B0 → π−lþνl and Bþ → ρ0lþνl

modes. The χ2 per degree of freedom of the fit is
468.5=429 ¼ 1.09. The magnitudes of the correlations
between the component yields are all smaller than 0.75.
The highest observed correlations occur between the B →
Xclνl and BB̄ background yields in the Bþ → ρ0lþνl
mode. In the higher q2 bins, the signal scale factor becomes
increasingly correlated to the B → Xulνl scale factor.
Using the expected number of signal events from

simulation, the fitted signal scale factors, and the signal
strengths, we obtain the signal yields in each true q2 bin,
corresponding to the number of true and combinatorial
signal events. The signal yields with statistical and sys-
tematic uncertainties are given in Table II. The sources of
systematic uncertainty and their estimation is described in
Sec. VII.

FIG. 1. Distributions of ΔE (left) and Mbc (right) reconstructed in Belle II data integrated over the q2 bins for B0 → π−lþνl decays
(top) and Bþ → ρ0lþνl decays (bottom) with expected distributions from simulation overlaid. The simulated samples are weighted
according to luminosity. The hatched areas include statistical and systematic uncertainties on the simulated distributions, discussed in
Sec. VII. The expected signal distributions (scaled by a factor two) are also shown. The panels below the histograms show the difference
between collision and simulated data divided by the combined uncertainty.
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The partial branching fraction in true q2 bin i is
calculated using the signal yield, Ni, and the corresponding
signal efficiency, ϵi, from

ΔBiðB0 → π−lþνlÞ ¼
Nið1þ fþ0Þ
4ϵi × NBB̄

; ð13aÞ

ΔBiðBþ → ρ0lþνlÞ ¼
Nið1þ fþ0Þ
4ϵi × NBB̄

×
1

fþ0

; ð13bÞ

where fþ0 ¼ Bðϒð4SÞ → BþB−Þ=Bðϒð4SÞ → B0B0Þ ¼
1.065� 0.052 [45], and NBB̄ is the number of BB̄ pairs.
The partial branching-fractionΔB results for B0 → π−lþνl
and Bþ → ρ0lþνl decays are given in Table III and shown
as functions of q2 in Fig. 3. The entries in the total
correlation matrices of the partial branching fractions
of B0 → π−lþνl and Bþ → ρ0lþνl are presented in
Tables IX and X in Appendix A. The central values of
the partial branching fractions and the statistical and
systematic covariance matrices combining both modes will
be made available on HEPData.
The total branching fractions determined from the sums

of the partial branching fractions are

BðB0 → π−lþνlÞ ¼ ð1.516� 0.042� 0.059Þ × 10−4

BðBþ → ρ0lþνlÞ ¼ ð1.625� 0.079� 0.180Þ × 10−4

where the first uncertainties are statistical and the second
are systematic. The full experimental correlation between
the two values is −0.16. These results are consistent with
the world-average [3] values of

BðB0 → π−lþνlÞ ¼ ð1.50� 0.06Þ × 10−4;

BðBþ → ρ0lþνlÞ ¼ ð1.58� 0.11Þ × 10−4:

We perform additional fits to test the stability of the
results. We divide the data set by lepton flavor, by lepton
charge, and by θmiss region. We then fit separately for each
subsample and verify that the results agree within statistical
uncertainties.

VII. SYSTEMATIC UNCERTAINTIES

The fractional uncertainties on the partial branching
fractions in each q2 bin from various sources of systematic
uncertainty are given in Tables IV and V. All systematic
uncertainties are evaluated using the same approach.
For each source of uncertainty, we vary the templates
1000 times by sampling from Gaussian distributions of the
central values fully taking correlations into account. For
example, to evaluate the uncertainties due to the B → ωlνl
form factors, we sample 1000 alternative B → Xulνl
distributions by assuming the form-factor parameter uncer-
tainties follow Gaussian distributions. We create 1000
simplified simulated data (toy) distributions by adding
the resulting variations to the remaining nominal templates.
Finally, we fit the nominal templates to the toy distributions
and obtain a covariance matrix of the fitted yields for each
source of uncertainty using Pearson correlations [46].
Covariance matrices for the signal strengths and efficien-
cies are evaluated using a similar approach. The systematic
uncertainties on the partial branching fractions are evalu-
ated by propagating the covariance matrices of the fitted
yields, the signal strengths and efficiencies.

A. Detector and beam-energy effects

The detector uncertainties include uncertainties arising
from the tracking efficiency and the corrections to the
lepton- and pion-identification efficiencies. All of these
were estimated from studies of independent data control
samples.
In addition, we observe a dependence of the recon-

structed q2 resolution on the c.m. energy. Since the c.m.
energy in the simulated sample differs from the mean c.m.
energy in data, we account for the effect on the shape
of the signal template. We investigate the effect using
a control mode, in which we fully reconstruct Bþ →
J=ψ ½→ μþμ−�Kþ events. By removing one of the muons,
we obtain events that are similar to signal decays with a
single missing neutrino.
We find a 4% difference in q2 resolution between

measured and simulated data in this control mode. We
scale the resolutions in each q2 bin obtained from the
simulated sample, and using the true q2 values, in combi-
nation with Gaussian smearing according to the new
resolutions, produce 1000 pseudoreconstructed q2 distri-
butions. By combining these with the remaining unaffected

TABLE I. Summary of the templates and corresponding scale
factors determined from the fit for the different background
sources and signal samples. There is one signal scale factor for
each true q2 bin i and each signal decay, where i∈ ½1; 13� for sπi
and i∈ ½1; 10� for sρi . All fit parameters are free, with bπcont and
bρcont constrained by off-resonance data.

Reconstructed mode

Component B0 → π−lþνl Bþ → ρ0lþνl

Signal:
True signal sπi sρi
Combinatorial signal sπi sρi
Isospin-conjugate signal sπi sρi
Cross-feed sρi sπi

Background:
B → Xulνl bπXulν bρXulν

B → Xclνl bπXclν bρXclν

Other BB̄ bπBB̄ bρBB̄
Continuum bπcont bρcont
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FIG. 2. Distributions of ΔE (top) andMbc (bottom) in the q2 bins for B0 → π−lþνl and Bþ → ρ0lþνl candidates reconstructed in
Belle II data with fit projections overlaid. The dashed vertical lines indicate the boundaries of the q2 bins, within which five Mbc
(top) and four ΔE (bottom) bins are shown, which correspond to the bins shown in Fig. 1. The difference between collision and
simulated data divided by the collision data uncertainty is shown in the panels below the histograms. The boundaries of the q2 bins
are provided in the text.
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templates we obtain 1000 varied toy distributions, which
are then fit using the nominal templates.

B. Simulated sample size

The effect of having limited samples of simulated data is
considered. The largest uncertainty contribution comes
from the limited size of the simulated continuum sample.
In addition to shape variations due to the number of events
within each bin, we also account for migration effects in
the true q2 distribution, which results in signal-template
migrations. To estimate this uncertainty, we sample, with
replacement, true q2 values from the total signal component
1000 times, split these into the true-q2 templates, then fit
these templates to the sum of the nominal templates.

C. BDT efficiency

We estimate an uncertainty to account for possible
disagreements between the signal efficiencies in experi-
mental and simulated data of the selection on the 48 BDT
output classifiers. For each BDT output classifier selection,
we use the Bþ → J=ψ ½→ μþμ−�Kþ control mode discussed
above to determine the ratio between the efficiency in
experimental and simulated data. The ratios are in agree-
ment with unity within uncertainties.
To account for these uncertainties we separately evaluate

the standard deviations of the ratios for each type of BDT
and mode and assign these as uncertainties on the signal
efficiencies. We obtain uncertainties of 1.1% and 0.6%
on the efficiencies of the selection on the continuum
suppression BDTs in the B0 → π−lþνl and Bþ →
ρ0lþνl modes, respectively. For the BB̄ suppression
BDTs the uncertainties on the efficiencies are 0.7% and
1.5% for the B0 → π−lþνl and Bþ → ρ0lþνl modes,
respectively.

D. Physics constraints

We consider additional systematic uncertainties from the
number of BB̄ pairs NBB̄ and the branching fraction ratio

TABLE II. Signal yields for theB0→π−lþνl andBþ→ρ0lþνl
modes in each true q2 bin with statistical and systematic uncer-
tainties. The boundaries of the q2 bins are given in the text above.

Yield

q2 bin B0 → π−lþνl Bþ → ρ0lþνl

q1 869� 095� 139 332� 100� 118
q2 1406� 123� 172 651� 114� 178
q3 1426� 112� 124 630� 131� 131
q4 1714� 120� 139 1028� 147� 240
q5 1617� 120� 113 1273� 158� 236
q6 2167� 138� 151 1207� 164� 244
q7 1817� 143� 172 962� 136� 206
q8 1921� 147� 181 1141� 118� 218
q9 1640� 149� 174 936� 114� 186
q10 1328� 142� 156 821� 096� 220
q11 1472� 140� 239
q12 819� 120� 211
q13 295� 066� 122

TABLE III. Partial branching fractions ΔB (×104) in each q2

bin for the B0 → π−lþνl and Bþ → ρ0lþνl modes. The first
uncertainty is statistical and the second is systematic. The
boundaries of the q2 bins are provided in the text above.

ΔB (×104)

q2 bin B0 → π−lþνl Bþ → ρ0lþνl

q1 0.117� 0.013� 0.019 0.109� 0.033� 0.039
q2 0.142� 0.013� 0.018 0.140� 0.025� 0.038
q3 0.119� 0.009� 0.011 0.113� 0.024� 0.024
q4 0.137� 0.010� 0.012 0.162� 0.023� 0.038
q5 0.129� 0.010� 0.010 0.193� 0.024� 0.036
q6 0.170� 0.011� 0.013 0.183� 0.025� 0.037
q7 0.139� 0.011� 0.014 0.161� 0.023� 0.035
q8 0.146� 0.011� 0.015 0.225� 0.023� 0.044
q9 0.119� 0.011� 0.013 0.182� 0.022� 0.037
q10 0.096� 0.010� 0.012 0.158� 0.019� 0.043
q11 0.109� 0.010� 0.018
q12 0.065� 0.010� 0.017
q13 0.028� 0.006� 0.011

FIG. 3. Measured partial branching fractions as a function of q2 for B0 → π−lþνl (a),(b) and Bþ → ρ0lþνl (c). The fitted differential
rates are shown together with the one, two, and three standard-deviation uncertainty bands for fits using constraints on the form factors
from (a) LQCD, (b) LQCD and LCSR, and (c) LCSR predictions.
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of ϒð4SÞ → BB̄, fþ0. These affect the calculation of
the partial branching fractions from the yields. The
uncertainty on NBB̄ results in a relative uncertainty of
1.4%, while the uncertainty on fþ0 contributes uncer-
tainties of 2.5% and 2.4% to the uncertainties on
the partial branching fractions for B0 → π−lþνl and
Bþ → ρ0lþνl, respectively.

In addition, we assign an uncertainty to the assumption
of isospin symmetry. The assumption discussed in Sec. VA
relies on the B lifetime ratio τþ=τ0 ¼ 1.076� 0.004 [23].
To estimate the effect on the signal yields, we vary the
relative fraction of neutral and charged B modes in the
signal templates by sampling Gaussian variations of
the fractions within the relative uncertainty of 0.4%.

TABLE IV. Summary of fractional uncertainties in % on the B0 → π−lþνl partial branching fractions ΔB in each
q2 bin. The boundaries of the q2 bins are provided in the text above.

B0 → π−lþνl

Source q1 q2 q3 q4 q5 q6 q7 q8 q9 q10 q11 q12 q13

Detector effects 2.0 0.9 1.1 1.0 1.0 1.1 1.1 1.0 0.9 1.2 2.3 4.1 5.8
Beam energy 0.6 0.8 0.7 0.8 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.6 0.7
Simulated sample size 4.7 3.8 3.3 3.2 3.2 2.9 3.8 3.7 4.0 4.5 5.9 8.0 13.6
BDT efficiency 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Physics constraints 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9

Signal model 0.1 0.1 0.2 0.1 0.0 0.2 0.2 0.4 0.3 0.8 0.9 0.2 4.9
ρ lineshape 0.1 0.1 0.3 0.3 0.2 0.1 0.3 0.1 0.3 0.1 0.2 0.2 0.6

Nonresonant B → ππlνl 0.5 0.6 0.4 0.4 0.5 1.0 1.2 1.0 0.8 1.8 1.2 2.3 14.3
DFN parameters 0.8 0.4 1.5 1.6 1.4 1.7 1.2 0.1 0.7 1.2 2.9 3.5 3.7
B → Xulνl model 0.2 0.4 0.3 0.4 0.2 0.9 1.1 1.2 1.0 1.3 1.6 0.7 8.7

B → Xclνl model 1.4 2.0 1.7 1.3 1.3 1.4 1.8 1.6 1.3 1.4 1.1 0.5 1.7

Continuum 15.1 11.3 7.6 7.1 5.8 5.7 8.1 8.3 9.6 10.4 14.5 23.8 34.4

Total systematic 16.4 12.6 9.3 8.7 7.7 7.7 10.0 9.9 11.1 12.2 16.6 26.0 41.6
Statistical 11.0 8.8 7.9 7.0 7.5 6.4 7.9 7.7 9.1 10.7 9.6 14.6 22.6

Total 19.7 15.4 12.2 11.2 10.7 10.0 12.7 12.6 14.4 16.3 19.1 29.8 47.3

TABLE V. Summary of fractional uncertainties in % on the Bþ → ρ0lþνl partial branching fractions ΔB in each
q2 bin. The boundaries of the q2 bins are provided in the text above.

Bþ → ρ0lþνl

Source q1 q2 q3 q4 q5 q6 q7 q8 q9 q10

Detector effects 2.8 2.0 1.6 1.1 1.7 1.9 2.4 1.4 1.4 1.6
Beam energy 2.1 1.9 1.9 1.5 1.3 1.1 1.0 0.9 0.8 0.5
Simulated sample size 14.1 7.8 7.4 6.3 6.3 5.2 6.4 5.6 6.2 7.3
BDT efficiency 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
Physics constraints 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

Signal model 0.7 0.2 0.2 0.2 0.3 0.4 0.5 0.3 1.8 2.4
ρ lineshape 1.7 1.6 2.0 1.0 1.9 1.8 1.4 0.9 1.6 1.7

Nonresonant B → ππlνl 5.6 6.3 6.7 8.6 9.3 10.7 10.1 7.0 7.8 11.8
DFN parameters 3.6 5.5 4.1 3.5 1.1 1.2 2.7 1.7 1.9 2.3
B → Xulνl model 1.7 3.0 3.8 5.0 5.8 6.1 6.3 1.9 7.2 12.4

B → Xclνl model 1.8 1.9 1.7 1.1 1.4 1.7 0.9 0.9 1.9 2.6

Continuum 31.5 24.3 17.0 19.6 13.2 14.8 16.0 16.6 15.2 18.7

Total systematic 35.6 27.5 21.0 23.5 18.8 20.5 21.6 19.4 20.2 27.0
Statistical 30.0 17.5 20.8 14.4 12.4 13.6 14.1 10.4 12.2 11.8

Total 46.6 32.6 29.6 27.6 22.6 24.6 25.8 22.0 23.6 29.5
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E. Signal model and ρ line shape

There are three ways in which the signal form-factor and
branching-fraction uncertainties may affect our results. The
first is the residual signal form-factor model dependence
of the signal templates. Since the signal is extracted in
multiple bins of true q2, and therefore the fit is allowed to
determine the q2 spectrum, this contribution is small but not
negligible. The second effect comes from signal form-
factor and branching-fraction uncertainties on the compo-
sition of the background B → Xulνl template, which
propagate through the fit to uncertainties on the signal
yields.
The third effect accounts for bin migrations between the

true q2 bins due to signal form-factor uncertainties. These
are reflected in uncertainties on the signal strengths. The
assigned uncertainties are smaller than the ones originating
from the dependence of the background B → Xulνl
template on the signal model, but they are larger than
the ones due to the residual signal-template dependence.
The combination of these uncertainties is included in the
signal model category in Tables IV and V.
There is an additional uncertainty source concerning

the modeling of the Bþ → ρ0lþνl signal related to the line
shape of the ρ meson. We account for possible ρ-ω
interference resulting in a change in the ρ line shape. In
Ref. [35] an amplitude fit incorporating the interference
term is performed to the dipion invariant mass spectrum
measured in Ref. [29] and 1σ variations of the diagonalized
fit-parameter uncertainties are obtained. We vary the line
shape of all true ρ mesons for each variation, repeat the fit,
and take the largest change in fit results from the model
without ρ-ω interference as the systematic uncertainty.

F. B → Xulνl background

1. Nonresonant B → ππlνl component

One contribution to the B → Xulνl background uncer-
tainties is related to the treatment of the nonresonant
B → ππlνl component, which was described in Sec. III C.
In addition to the measured partial branching-fraction
spectrum, Ref. [29] also provides the corresponding
covariance matrix. We therefore vary the partial branching
fractions according to this covariance matrix to determine
the uncertainty on our signal yields. Overall, this results in
the largest contribution to the uncertainties originating from
the B → Xulνl background.

2. DFN parameters

A second uncertainty component comes from the uncer-
tainty in the DFN shape function parameters that define
the shape of the nonresonant B → Xulνl background. We
follow the procedure of Ref. [3] to evaluate the uncertain-
ties on the relevant parameters provided in Ref. [31].
We then generate simulated samples of nonresonant

B → Xulνl events based on these varied parameters and
reweight our nominal samples to match the varied samples.
We then estimate the uncertainties by sampling 1000 toy
distributions in agreement with Gaussian variations of these
parameters. We also compare to a different nonresonant
B → Xulνl model [47] but refrain from adding any addi-
tional uncertainties due to this, since the current uncer-
tainties already cover any difference introduced by the
change in model.

3. B → Xulνl model

Finally, we evaluate the uncertainties due to the B →
ωlνl, B → ηlνl, and B → η0lνl form factors, and obtain
uncertainties listed in theB → Xulνl category. This category
also includes the effects of uncertainties of the exclusive
and inclusive B → Xulνl branching fractions, except for the
B → πlνl and B → ρlνl branching fractions.

G. B → Xclνl model

The B → Xclνl model category in Tables IV and V
includes the effects of the uncertainties of the B → Dlνl
and B → D�lνl form-factor parameters, and the exclusive
and inclusive B → Xclνl branching fractions. For the
B0 → π−lþνl mode this contribution to the total system-
atic uncertainty is larger than that of the B → Xulνl model
at low q2, but smaller at high q2. It is subdominant over the
entire q2 range for the Bþ → ρ0lþνl mode.

H. Continuum reweighting

The limited off-resonance sample size affects the con-
tinuum weights obtained during the reweighting procedure,
since the weights are calculated using the number of
off-resonance events within each bin. To account for the
uncertainties of these numbers, we produce a set of 1000
continuum weights by recalculating the weights for each
bin using off-resonance event numbers drawn from the
corresponding Poisson distributions. We then proceed with
the usual procedure for determining systematic uncertain-
ties described above. The resulting uncertainties dominate
both in the B0 → π−lþνl and Bþ → ρ0lþνl mode, and are
especially large in those q2 bins where the continuum
background component is largest.

VIII. jVubj DETERMINATION

We extract jVubj separately from B0 → π−lþνl and
Bþ → ρ0lþνl using χ2 fits to the measured q2 spectra.
The χ2 is defined as

χ2 ¼
XN
i;j¼1

ðΔBi − ΔΓiτÞC−1
ij ðΔBj − ΔΓjτÞ þ

X
m

χ2Theory;m;

ð14Þ
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where C−1
ij is the inverse total covariance matrix of the

measured partial branching fractions ΔBi in bin i, and N is
the number of q2 bins. The quantities ΔΓi contain the
predictions for the differential decay rates in bin i, τ is the B
lifetime, and χ2Theory;m incorporates the constraints from
theory calculation m. The predictions for the differential
decay rates provided in Eqs. (2) and (3) include the form
factors and jVubj.
For B0 → π−lþνl we include LQCD constraints on

three fþðq2Þ BCL form-factor coefficients bþk and two
f0ðq2Þ BCL form-factor coefficients b0k given in Eqs. (5)
and (6), respectively, as nuisance parameters. These nui-
sance parameters constrain the shape and normalization of
the relevant form factors entering the differential decay rate
and allow for a determination of jVubj. In the evaluation of
the inverse Blaschke factors for the expansion of fþðq2Þ in
Eq. (5), mR takes the value of 5.325 GeV [8]. The χ2LQCD
term takes the form,

χ2LQCD ¼
X5
k;l¼1

ðbk − bLQCDk ÞC−1
LQCD;klðbl − bLQCDl Þ; ð15Þ

where the constraints on the form-factor coefficients bLQCDk
and the corresponding inverse covariance matrix C−1

LQCD;kl

are taken from the latest version of the FLAG 21 review
(February 2023) [4], and combine results from the
FNAL/MILC [48], RBC/UKQCD [49], and JLQCD [50]
Collaborations.
In addition to the LQCD constraints, we may also add

LCSR constraints from Ref. [5], which determine fþðq2Þ
and f0ðq2Þ at five points in q2. In this case the additional
χ2LCSR term takes the form,

χ2LCSR ¼
X10
k;l¼1

ðfk − fLCSRk ÞC−1
LCSR;klðfl − fLCSRl Þ: ð16Þ

Here we implement direct constraints on the form factors fk
(fþðq2Þ and f0ðq2Þ) from LCSR predictions fLCSRk , taking
the corresponding inverse covariance matrix C−1

LCSR;kl

into account.
The result for jVubj from the B0 → π−lþνl mode using

only the LQCD constraints is,

jVubjB→πlνl ¼ ð3.93� 0.09� 0.13� 0.19Þ × 10−3;

where for all quoted jVubj results the first uncertainty is
statistical, the second is systematic and the third is
theoretical. Upon adding the LCSR constraints, the result
for jVubj from B0 → π−lþνl becomes,

jVubjB→πlνl ¼ ð3.73� 0.07� 0.07� 0.16Þ × 10−3:

The measured central values of jVubj and the BCL form-
factor coefficients from the fits to the B0 → π−lþνl
spectrum are provided in Table VI. The full correlation
matrices corresponding to these values are provided in
Tables XI and XII in Appendix A.
For Bþ → ρ0lþνl we include LCSR constraints on six

BSZ coefficients bik given in Eq. (7) from Ref. [6]. These
correspond to constraints on two coefficients each for
A1ðq2Þ, A2ðq2Þ, and Vðq2Þ. The χ2LCSR term for the fit to
the measured Bþ → ρ0lþνl q2 spectrum takes the form,

χ2LCSR ¼
X6
k;l¼1

ðbk − bLCSRk ÞC−1
LCSR;klðbl − bLCSRl Þ; ð17Þ

where bLCSRk are the constraints on the coefficients and
C−1
LCSR;kl is the corresponding inverse covariance matrix

predicted by LCSR calculations. In the evaluation of the
inverse Blaschke factors for the expansion of A1ðq2Þ
and A2ðq2Þ in Eq. (7), mR takes the value of 5.724 GeV,
while it is 5.325 GeV for the expansion of Vðq2Þ [6].
The jVubj result obtained from Bþ → ρ0lþνl using LCSR
constraints is,

jVubjB→ρlνl ¼ ð3.19� 0.12� 0.17� 0.26Þ × 10−3:

The measured central values of jVubj and the BSZ form-
factor coefficients from the fit to the Bþ → ρ0lþνl
spectrum are provided in Table VII. The full correlation
matrix corresponding to these values is provided in
Table XIII in Appendix A. Figure 3 shows the measured
and fitted differential rates of B0 → π−lþνl and Bþ →
ρ0lþνl, as well as the one, two, and three standard-
deviation uncertainty bands from the fits.
The jVubj results obtained from B0 → π−lþνl are

consistent with previous exclusive measurements [3].
The result obtained from Bþ → ρ0lþνl is lower, but

TABLE VI. Measured central values of jVubj and the BCL
form-factor coefficients with total uncertainties from the fits to
the B0 → π−lþνl spectrum.

B0 → π−lþνl

LQCD LQCDþ LCSR

jVubj (10−3) 3.93� 0.25 3.73� 0.19

fþðq2Þ bþ0 0.42� 0.02 0.45� 0.02

bþ1 −0.52� 0.05 −0.52� 0.05

bþ2 −0.81� 0.21 −1.02� 0.18

f0ðq2Þ b00 0.02� 0.25 0.59� 0.02

b01 −1.43� 0.08 −1.39� 0.07

χ2=ndf 8.39=7 8.36=7

DETERMINATION OF jVubj FROM SIMULTANEOUS … PHYS. REV. D 111, 112009 (2025)

112009-15



consistent with previous jVubj determinations from B →
ρlνl decays [34]. The χ2 per degree of freedom for the fits
vary from 1.19 to 1.28, and are provided in Tables VI
and VII for B0 → π−lþνl and Bþ → ρ0lþνl, respectively.
The extracted central values of jVubj and the coefficients,
with the corresponding full covariance matrices, for the fits
to the B0 → π−lþνl and Bþ → ρ0lþνl spectra will be
provided on HEPData. We confirm the stability of the jVubj
results by repeating the fits using different q2 cut-off values.
The results are presented in Fig. 4 in Appendix B.

The fractional uncertainties on the jVubj results from
various sources of systematic uncertainty are shown in
Table VIII. For both B0 → π−lþνl and Bþ → ρ0lþνl the
largest contribution to the systematic uncertainty comes
from the limited off-resonance data sample. In addition, for
Bþ → ρ0lþνl the systematic uncertainty from nonresonant
B → ππlνl is significant.

IX. SUMMARY

We extract partial branching fractions of B0 → π−lþνl
and Bþ → ρ0lþνl decays reconstructed in a 364 fb−1

electron-positron collision data sample collected by
the Belle II experiment. The branching fraction of
B0 → π−lþνl is found to be ð1.516� 0.042ðstatÞ �
0.059ðsystÞÞ × 10−4, and the branching fraction of
Bþ → ρ0lþνl is found to be ð1.625� 0.079ðstatÞ �
0.180ðsystÞÞ × 10−4. These results are consistent with the
current world averages [23].
We extract values of the CKM matrix-element magni-

tude jVubj from B0 → π−lþνl decays using LQCD con-
straints provided by the FLAG 21 review (updated
February 2023) [4]. We obtain ð3.93� 0.09ðstatÞ �
0.13ðsystÞ � 0.19ðtheoÞÞ × 10−3. Using additional con-
straints from LCSR [5] this result becomes ð3.73�
0.07ðstatÞ � 0.07ðsystÞ � 0.16ðtheoÞÞ × 10−3. The jVubj
result obtained from the measurement of Bþ → ρ0lþνl
with constraints from LCSR [6] is ð3.19� 0.12ðstatÞ �
0.18ðsystÞ � 0.26ðtheoÞÞ × 10−3.
Currently our results are limited by the size of the off-

resonance dataset and the description of the nonresonant
B → Xulνl background. The first uncertainty could be
reduced by improvements in the simulation of continuum
backgrounds.
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APPENDIX A: CORRELATION MATRICES

Tables IX and X show the full experimental covariance
matrices for the measurements of the B0 → π−lþνl and
Bþ → ρ0lþνl partial branching fractions ΔB, respectively.
In addition, Tables XI and XII contain the full correlation
matrices of the measurements of jVubj and the form-factor
coefficients from B0 → π−lþνl using constraints from
LQCD or from LQCD in combination with LCSR.
Table XIII gives the full correlation matrix of the jVubj
and form-factor coefficient measurement from Bþ →
ρ0lþνl using LCSR constraints.
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TABLE IX. Total correlation matrix of the partial branching fractions ΔBi for B0 → π−lþνl.

q2 bin q1 q2 q3 q4 q5 q6 q7 q8 q9 q10 q11 q12 q13

q1 1.000
q2 0.021 1.000
q3 0.105 −0.193 1.000
q4 −0.018 0.019 −0.139 1.000
q5 −0.031 −0.052 0.202 −0.053 1.000
q6 0.065 −0.058 0.034 0.097 0.004 1.000
q7 −0.097 −0.160 0.069 0.226 0.223 0.090 1.000
q8 −0.067 −0.097 0.026 0.026 0.194 0.255 0.213 1.000
q9 0.088 0.035 −0.019 −0.027 0.053 0.170 0.108 0.110 1.000
q10 0.007 −0.007 0.001 −0.053 0.067 0.100 0.050 0.058 0.196 1.000
q11 0.075 0.001 0.059 −0.005 0.021 0.056 0.028 −0.035 0.148 0.236 1.000
q12 0.050 0.080 0.014 0.004 −0.035 −0.044 −0.038 −0.101 0.074 0.187 0.297 1.000
q13 0.030 −0.053 0.115 0.024 0.041 −0.048 −0.011 −0.078 −0.092 −0.129 −0.212 −0.355 1.000

TABLE X. Total correlation matrix of the partial branching fractions ΔBi for Bþ → ρ0lþνl.

q2 bin q1 q2 q3 q4 q5 q6 q7 q8 q9 q10

q1 1.000
q2 −0.340 1.000
q3 0.146 −0.322 1.000
q4 0.023 0.241 −0.241 1.000
q5 −0.052 0.131 0.275 −0.060 1.000
q6 0.017 0.139 0.183 0.464 0.148 1.000
q7 −0.021 0.197 0.068 0.184 0.428 0.030 1.000
q8 0.149 0.018 0.054 0.216 0.205 0.311 −0.063 1.000
q9 0.095 0.101 0.050 0.115 0.136 0.156 0.235 −0.005 −1.000
q10 0.004 0.187 −0.083 0.153 0.151 0.133 0.188 0.341 0.241 1.000

TABLE XI. Full correlation matrix of jVubj and the BCL form-
factor coefficients from the fit to the B0 → π−lþνl spectrum with
LQCD constraints.

jVubj bþ0 bþ1 bþ2 b00 b01

jVubj 1.000

bþ0 −0.806 1.000

bþ1 −0.053 −0.273 1.000

bþ2 0.062 −0.319 −0.338 1.000

b00 −0.315 0.409 −0.073 −0.204 1.000

b01 −0.142 −0.048 0.150 0.258 −0.775 1.000

TABLE XII. Full correlation matrix of jVubj and the BCL form-
factor coefficients from the fit to the B0 → π−lþνl spectrum with
LQCD and LCSR constraints.

jVubj bþ0 bþ1 bþ2 b00 b01

jVubj 1.000

bþ0 −0.791 1.000

bþ1 0.007 −0.339 1.000

(Table continued)

TABLE XII. (Continued)

jVubj bþ0 bþ1 bþ2 b00 b01

bþ2 0.243 −0.375 −0.448 1.000

b00 −0.376 0.430 −0.065 −0.190 1.000

b01 0.003 −0.164 0.127 0.244 −0.830 1.000

TABLE XIII. Full correlation matrix of jVubj and the BSZ
form-factor coefficients from the fit to the Bþ → ρ0lþνl spec-
trum with LCSR constraints.

jVubj bA1

0 bA1

1 bA2

0 bA2

1 bV0 bV1

jVubj 1.000

bA1

0
−0.464 1.000

bA1

1
0.035 0.542 1.000

bA2

0
−0.735 0.241 −0.117 1.000

bA2

1
−0.126 −0.007 0.023 0.472 1.000

bV0 −0.473 0.894 0.493 0.255 −0.056 1.000

bV1 0.064 0.538 0.946 −0.144 0.127 0.558 1.000
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APPENDIX B: jVubj STABILITY TEST

Figure 4 presents the values of jVubj extracted when different q2 cut-off values are used during the χ2 fits.
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