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R. A. Briere , T. E. Browder , D. N. Brown , A. Budano , S. Bussino ,

M. Campajola , L. Cao , G. Casarosa , C. Cecchi , J. Cerasoli , D. Červenkov ,
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Abstract
We present results on the semileptonic decays B0 → ρ−`+ν` and B+ → ρ0 `+ν`

in a sample corresponding to 189.9 fb−1 of Belle II data at the SuperKEKB e−e+ col-

lider. Signal decays are identified using full reconstruction of the recoil B meson in

hadronic final states. We determine the total branching fractions via fits to the dis-

tributions of the square of the “missing” mass in the event and the dipion mass in

the signal candidate and find B(B0 → ρ−`+ν`) = (4.12± 0.64(stat)± 1.16(syst))× 10−4 and

B(B+ → ρ0`+ν`) = (1.77± 0.23(stat)± 0.36(syst))× 10−4 where the dominant systematic uncer-

tainty comes from modeling the nonresonant B → (ππ)`+ν` contribution.
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1. INTRODUCTION

The Belle II detector has been collecting physics data from electron-positron collisions
at the SuperKEKB collider since 2019. In this document, we present results on the decays
B0 → ρ−`+ν` and B+ → ρ0 `+ν`, where ` = e, µ, [1] via hadronic B-tagging, in a sample
corresponding to 189.9 fb−1 of Belle II data . These decays offer access to determinations
of the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |Vub|, inde-
pendent from the modes B0 → π−`+ν` and B+ → π0 `+ν`, which are commonly used for
this purpose. Here B-tagging refers to the reconstruction, in hadronic final states, of the
second B meson in a Υ(4S ) → BB decay and uses the Full Event Interpretation (FEI) al-
gorithm [2]. Both of the two most precise previous measurements of the branching fraction
B(B0 → ρ−`+ν`) and the two most precise previous measurements of the branching fraction
B(B+ → ρ0`+ν`) are in significant tension with each other [3, 4]. An inclusive measurement
of B → ππ`ν`, reconstructing the same final state as B+ → ρ0 `+ν`, has been reported in
Ref. [5] and allows for the presence of a nonresonant component in the dipion mass, which
might explain this discrepancy.

The results presented here supersede the preliminary Belle II results based on a 62.8 fb−1

data set [6]. Compared to the previous result, which employed a single variable for signal
extraction, the larger data set allows the use of a two-dimensional signal region that provides
additional discrimination between the signal and nonresonant B → ππ`ν` background.

2. THE BELLE II DETECTOR

The Belle II detector is described in detail in Ref. [7]. The z-axis of the Belle II detector
is defined as the symmetry axis of the solenoid, and the positive direction is approximately
given by the electron-beam direction. The polar angle θ, as well as the longitudinal and the
transverse directions, are defined with respect to the z-axis. The innermost layers are known
collectively as the vertex detector and are dedicated to the precise determination of particle
decay vertices. The vertex detector is composed of two layers of silicon pixel sensors in which
the outer layer is incomplete and covers 15% of the azimuthal acceptance. These pixel sensor
layers are surrounded by four layers of silicon strip detectors. A central drift chamber (CDC)
surrounds the vertex detector, encompassing the barrel region (17◦ < θ < 150◦) of the
detector, and is primarily responsible for the reconstruction of charged particle trajectories
(tracks). Particle identification is provided by two independent Cherenkov-imaging systems,
the time-of-propagation detector system and the aerogel ring-imaging Cherenkov detector,
located in the barrel and forward endcap (14◦ < θ < 30◦) regions of the detector surrounding
the CDC. The electromagnetic calorimeter (ECL) consists of forward, backward and barrel
regions. The ECL encloses all of the sub-detector systems described above and is used
primarily for the determination of the energies of electrons and photons. A superconducting
solenoid surrounds the inner components and provides a 1.5 T axial magnetic field. Finally,
outermost subdetectors detect K0

L mesons and muons.

3. DATA SETS

The data studied for this analysis correspond to an integrated luminosity of 189.9 fb−1

collected at collision energies close to the mass of the Υ(4S ) resonance. In addition, a smaller
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data set was collected at beam energies 60 MeV below the Υ(4S ) mass, corresponding to
9.5 fb−1. To derive the reconstruction efficiencies of signal events, study the background
composition, and define templates used in the signal extraction, simulated Monte Carlo
(MC) samples corresponding to a total integrated luminosity of 1 ab−1 are used. These
contain events with decays of pairs of charged or neutral B mesons, as well as continuum
e+e− → qq processes where q indicates a u, d, s, or c quark. Beam-background effects
including beam scattering and radiative processes are simulated separately and overlaid in
each event to represent the conditions in the detector.

In addition to these generic MC samples, dedicated samples in which one B meson decays
as B → Xu`ν`, where Xu is a hadronic system resulting from the quark-flavor transition
b → u, are used to model signal decays and related backgrounds. The Xu system includes
both resonant and nonresonant contributions using the hybrid modeling technique of Ref. [8],
which is briefly described here. In addition to the resonant decays B → π`+ν`, B → ρ`+ν`,
B+ → η`+ν`, B+ → η′`+ν`, and B+ → ω`+ν` with well-measured branching fractions,
contributions from two unobserved resonant decays are included in the simulated samples.
The branching fractions for these decays are assumed to be B(B+ → f0 (980)`+ν`) = 1× 10−5

and B(B+ → f2 (1270 )`+ν`) = 1.62× 10−4, where the latter is taken from [4]. For the former
decay, no such estimates exist. The branching fraction of the decay f2 (1270 ) → π+π− is
assumed to be 0.57 according to Ref. [9]; for B(f0 (980) → π+π−) a branching fraction of 0.5
is assumed, which is consistent with Ref. [10].

In the generic MC samples used in Belle II, the two B+ → fn`
+ν` decay modes mentioned

above are not included. When adding them, any model involving the same final states
in a nonresonant amplitude must be rescaled to maintain the total rate. In addition to
the resonant (R) exclusive decays described above, a second sample containing 50 million
nonresonant (NR) events corresponding to an inclusive component, described using the
BLNP heavy-quark-effective-theory-based model [11], is generated. The hadronic system Xu

from this inclusive model is then fragmented using the PYTHIA software package [12]. The
inclusive and exclusive samples are combined and the eFFORT tool [13] is used to calculate
an event-wise weight wi as a step-wise function of the generated lepton energy in the B-
frame, EB

` ; the squared four-momentum transfer to the leptonic system, q2; and the mass of
the hadronic system containing an up-quark, MX ; such that the relation Hi = Ri + wiNRi

holds. The B → Xu`ν` events from the generic 1 ab−1 MC samples are replaced with the
equivalent amount of this “hybrid MC”.

4. FULL EVENT INTERPRETATION

The Full Event Interpretation (FEI) algorithm [2] uses machine learning to identify
whether a collision produced a BB pair (“tag the event”) and infer the kinematic prop-
erties of the signal by reconstructing the second B meson (“Btag”) in the event. FEI can
identify Btag decays in both hadronic and semileptonic final states, reconstructing B mesons
in more than 4000 individual decay chains. The algorithm uses the FastBDT software pack-
age to train a series of multivariate classifiers for each tagging channel via a number of
stochastic gradient-boosted decision trees [14]. The training is performed in a hierarchical
manner with final-state particles being reconstructed first from detector information. The
decay channels are then built up from these particles and used to reconstruct B mesons. For
each B-meson tag candidate reconstructed by the FEI algorithm, a value of the final multi-
variate classifier output, the SignalProbability, is assigned. The SignalProbability is
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distributed between zero and one, representing candidates identified as being background-
like and signal-like, respectively.

For each event reconstructed using the hadronic FEI, three or more tracks are required, as
the vast majority of B-meson decay chains reconstructable by hadronic FEI include at least
three charged particles. Requirements are placed on the track impact parameters as defined
in Ref. [15] to ensure close proximity to the interaction point (IP), with the distances from
the nominal center of the detector along the z-axis and in the transverse plane satisfying
|z0| < 2.0 cm and |d0| < 0.5 cm, respectively. A minimum threshold pt > 0.1 GeV/c is
placed on the charged particle’s transverse momentum. Similar requirements are applied to
the localized energy deposits (clusters) in the ECL, with at least three signals satisfying a
minimum deposited energy threshold E > 0.1 GeV within the polar angle acceptance of the
CDC, 0.3 < θ < 2.6 rad. The total detected energy in each event is required to be at least 4
GeV. The total energy deposited in the ECL is restricted to the range 2 < EECL < 7 GeV,
however, to suppress events with an excess of energy due to beam background.

Application of the FEI algorithm typically results in up to 20 Btag candidates per event.
The number of these candidates is reduced with selections on the beam-constrained mass,
Mbc, and energy difference, ∆E,

Mbc =
√
E2

beam − ~p 2
Btag

, ∆E = EBtag
− Ebeam

where Ebeam is the beam energy in the center-of-mass system (cms) and ~pBtag
and EBtag

are
the Btag momentum and energy in the cms, respectively. The criteria applied are Mbc > 5.27

GeV/c2 and |∆E| < 0.2 GeV.
Finally, a loose requirement on the Btag classifier output, SignalProbability > 0.001,

provides further background rejection with minimal signal loss. The Btag candidate having
the highest value of the SignalProbability classifier output is retained in each event.

As the multivariate classifiers used in the FEI are trained using simulated data, the
efficiency of the tagging differs between recorded and simulated data. An independent
analysis of inclusive semileptonic decays is performed using the momentum of the lepton
to determine corrections as detailed in Ref. [16]. To test the validity of the calibration
factor and the associated systematic uncertainties for B → ρ`ν` decays, the normalization
is evaluated in a sideband and, if necessary, extrapolated to the signal region as detailed in
Section 6.

5. SIGNAL SELECTION

The distribution of the square of the missing mass, M2
miss, and the invariant mass of the

dipion system M(ππ) are the variables chosen for the determination of the signal yields. We
define the four-momentum of the signal B meson Bsig in the cms as follows,

pBsig
≡ (EBsig

, ~pBsig
) =

(mΥ (4S)

2
,−~pBtag

)
,

where mΥ (4S) is the known Υ (4S) mass [9]. We then define the missing four-momentum as

pmiss ≡ (Emiss, ~pmiss) = pBsig
− pY ,

where Y represents the combined lepton–ρ-meson system. The square of the missing mo-
mentum is M2

miss ≡ p2
miss.
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The event selection closely follows that from a 2013 study of exclusive, hadronically-
tagged B → Xu`ν` decays reconstructed in the full 711 fb−1 Belle data set [4]. All selections
are applied in addition to the hadronic FEI skim criteria described in the previous section.

5.1. Selections on final state particles

Tracks are required to have longitudinal axis and transverse-plane distances from the IP of
|dz| < 5 cm and dr < 2 cm, respectively, to suppress mismeasured tracks. Charged-particle
momenta are multiplied by a factor to correct for momentum-scale differences between data
and MC.

Electrons and muons are reconstructed based on charged particles that meet specific
particle-identification criteria. Only leptons within the acceptance of the CDC are selected
with a lab-frame momentum greater than plab > 0.4 GeV/c. Electrons and muons are
identified through selection criteria on the particle-identification variables. These variables
describe the probability that each species of charged particle generates the observed particle-
identification signal, and use information from all the individual subdetectors except the
SVD. Electron and muon candidates are each required to have an identification probability
above 0.9 as assigned by the appropriate reconstruction algorithm. In B -meson decays and
within the selected detector and momentum regions, the particle identification requirements
select electrons with an efficiency of (86.0 ± 0.4)% with pion mis-identification rates of
(0.41 ± 0.02)%. Muons are selected with an efficiency of (88.5 ± 0.4)% with pion mis-
identification rates of (7.33± 0.02)%.

The four-momenta of the reconstructed electrons are corrected in order to account for
bremsstrahlung radiation. Any energy deposit in the ECL not associated with a track and
above a given energy is considered a bremsstrahlung photon if it is detected within a given
angle from a reconstructed electron candidate. In this case, the four-momentum of the
photon is added to that of the electron, and the photon is excluded from the rest of the
event. To maximize the performance of this method, the electron candidates are separated
into three momentum regions, from 0.4 to 0.6 GeV/c, from 0.6 to 1.0 GeV/c, and above
1.0 GeV/c. In each region, individual threshold values in angle and energy are determined
by minimizing the root-mean-square deviation between the reconstructed and generated
electron momenta in simulation. Finally, a single lepton is retained in each event with the
highest value of the lepton identification probability.

For the charged pions, similar impact parameter criteria are applied as those for the
leptons, with dr < 2 cm and |dz| < 4 cm. Charged pions are required to lie within the
CDC acceptance. A pion-identification criterion is applied with an efficiency of about 89%
for correctly identified pions and a rejection rate of about 85% for misidentified pions in B
meson decays.

5.2. Selections on recombined particles

In reconstructing neutral pions, different thresholds on the final-state photon energies
are required, depending on the polar angle of the candidate photon. These requirements
are E > 0.080 GeV for the forward end-cap, E > 0.030 GeV for the barrel region, and
E > 0.060 GeV for the backward end-cap. The diphoton mass is required to be within 0.120
to 0.145 GeV/c2. Additionally, a selection cosψ(γγ) > 0.4 on the cosine of the lab-frame
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opening angle of the π0 photons is applied in order to reject backgrounds. A correction is
applied to scale the energies of the photons assigned to the signal π0 candidates to account
for known photon-energy biases.

To reconstruct ρ mesons, either two oppositely charged pions or a charged pion and a
neutral pion are combined. The invariant mass of this pion pair M(ππ) is required to be
between 0.33 GeV/c2 and 1.22 GeV/c2 for charged ρ mesons and between 0.27 GeV/c2 and
1.36 GeV/c2 for neutral ρmesons to reject contributions from nonresonantB → ππ`ν` decays
while minimizing the impact on the signal yield. If multiple charged ρ meson candidates are
reconstructed, the candidate with the highest energy in the center-of-mass frame is chosen.
To test whether the two charged pions originate from the same production vertex, a vertex
fit using the TreeFitter package [17] is carried out and ρ0 candidates with failed vertex
fits are rejected. If the vertex fit is successful, the momenta of the ρ meson candidates are
updated according to the fit result. However, the vertex fit does not modify M(ππ).

The four-momenta of the reconstructed meson and lepton in the cms are combined into
the pseudoparticle Y . The angle between the momenta of this Y and the nominal signal B
meson as calculated from the known beam energy and the B meson mass is then used to
select correctly reconstructed events. The cosine of this angle, cos(θBY ), is defined as

cos(θBY ) =
2EbeamEY −m2

Bsig
−m2

Y

2|~pBsig
||~pY |

,

where mBsig
is the mass of the signal B meson and EY , mY , and ~pY are the energy, mass,

and momentum of the Y system, respectively. A value of |cos(θBY )| < 1 is expected only if
a single neutrino is missing in the reconstruction. However, this requirement is loosened to
−3.0 < cos(θBY ) < 1.1 to account for resolution effects and to avoid introducing potential
bias in the background M2

miss distributions.
To test whether the reconstructed leptons and hadrons in the Y system originate from

the same vertex, a second vertex fit is carried out and B-meson candidates in which the fit
fails are rejected. To limit the number of degrees of freedom in this fit, the mass of the π0

candidate in the B → ρ−`ν` reconstruction is constrained to the known value. Again, the
particle momenta are updated according to the fit results.

5.3. Event-level selections and continuum suppression

A minimum threshold on the missing energy in the event, Emiss > 0.1 GeV, accounts for
the neutrino. All charged particles and calorimeter energy depositions without associated
charged particles remaining after the full reconstruction are combined into a single system
known as the rest-of-event. Events in which additional tracks satisfying the conditions
dr < 2 cm, |dz| < 4 cm and pt > 0.2 GeV/c remain after the reconstruction are excluded.
For the remaining ECL clusters satisfying E > 0.08 GeV, E > 0.03 GeV, and E > 0.06 GeV
for the forward end-cap, barrel and, backward end-cap regions, respectively, the energies are
summed. This extra energy is required to be less than 1.2 GeV for B → ρ`ν` candidates.

In order to suppress events from the continuum background, a multivariate classifier is
used. Several variables including the second normalized Fox-Wolfram moment, B-meson
thrust angles and magnitudes, CleoCones [18], modified Fox-Wolfram moments [19], and
the beam-constrained mass of the Btag are combined into a boosted-decision-tree classifier
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[14]. Out of the 64 available variables, the 61 with the highest classification power are
selected. The optimal classifier requirement is chosen by maximising the figure-of-merit

λFOM =
Nsig√

Nsig +Nbkg

where Nsig and Nbkg are the numbers of simulated signal and background events in the signal

region. The resulting continuum background suppression in the B+ → ρ0`ν` reconstruction
is 94.8% while 94.4% of signal events are retained. In the B0 → ρ+`ν` reconstruction, 93.4%
of continuum events are rejected and 93.1% of signal events are retained.

The resultant M2
miss and M(ππ) distributions in the MC simulation are displayed in Fig-

ure 1. The MC sample is separated into distinct components to illustrate the relative contri-
butions of various background processes. The background distributions shown in Figure 1
include the cross-feeds from nonresonant B0 → ππ`+ν` decays, ρ mesons from other BB̄
decays and a large contribution from B → Xc`ν` decays as well as candidates reconstructed
from other generic BB̄ and continuum events.

6. CORRECTIONS

To accurately reproduce experimental data, a number of corrections are applied to the
simulated data displayed in Figure 1. This is necessary because both the distributions used
in the fit as well as the efficiencies used in the branching-fraction calculation are derived
from simulated data.

The total number of MC events is scaled down by hadronic FEI calibration factors of
0.713 ± 0.019 for events reconstructed using neutral B-meson tags and 0.640 ± 0.039 for
those reconstructed via charged B-meson tags, based on independent studies on control chan-
nels [16]. To test the applicability of these factors, which account for the differences between
data and MC simulation in the Btag reconstruction efficiency, the number of background

events in data and MC simulation is compared in the sideband region 1.0 GeV/c2 < M2
miss.

For neutral B-meson tags, this ratio agrees well with the one obtained in the independent
study. In charged B-meson tags, this ratio is not consistent with the value obtained from the
lepton-momentum spectrum study. A complementary calibration factor of 0.601±0.012(stat)
is obtained from the sideband region using a fit in M(ππ) as illustrated in Figure 2. In this
fit, a single template is used for both resonant and nonresonant B → ππ`ν` processes, owing
to the small fraction (≈ 0.3%) of these decays in the data set. As the normalization of
this template would assume negative values in the fit, it is set to zero. A second template
is constructed from simulated backgrounds, originating mostly from B → Xc`ν` processes.
The calibration factor obtained in this fit as well as the calibration factor from the indepen-
dent inclusive study are averaged and a systematic uncertainty is assigned that covers both
central values.

For B0 → ρ−`+ν` decays, an additional scaling factor SF
π
0 = 0.945± 0.041 is applied to

the total MC yield to correct for differences in the π0 reconstruction efficiency between MC
simulation and data. This factor is determined via an independent study of η → π0π0π0

decays, in which the ratio of signal efficiencies in data and MC simulation is determined
through fitting the invariant mass of the η meson.

Furthermore, each MC component is weighted by a set of corrections to account for the
differences in the lepton-identification efficiencies and the pion and kaon misidentification-
rates between MC and data. These corrections are obtained in an independent study [20]
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FIG. 1: Projections of (top) M2
miss and (bottom) M(ππ) for (left) B0 → ρ−`+ν` and (right)

B+ → ρ0`+ν` candidates reconstructed from a sample corresponding to 1 ab−1 of simulated
data. The branching fractions of the signal components are normalized to the world
averages from Ref. [9].

and are evaluated per track based on the magnitude of the lab-frame momentum p and
polar angle θ of the reconstructed lepton tracks. A similar set of MC corrections are applied
for the charged-pion identification efficiencies and the misidentification rates due to charged
kaons. To test for possible differences in the selection efficiency and distributions between
simulated continuum samples and continuum background in data, the reconstruction is
applied to data recorded with a beam energy 60 MeV below the kinematic threshold for
producing BB meson pairs. All selection criteria except the requirement on the continuum-
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FIG. 2: Distribution of M(ππ) in the M2
miss sideband (> 1.0 GeV2/c4) for B+ → ρ0 `+ν`

candidates with projections of the simulated templates overlaid (left) before and (right)
after the fit. The bottom subpanel shows the difference between the histograms derived
from experimental and simulated data normalized by the statistical uncertainty of the
difference between experimental and simulated data.

suppression classifier output are applied to this sample. A weight is then calculated from
the ratio of the remaining number of events from this selection in data and MC and applied
to the continuum MC sample.

7. SIGNAL EXTRACTION

The M2
miss distribution separates efficiently between signal and all but one background

component, the nonresonant B0 → ππ`+ν` background. Both the signal and this component
peak at M2

miss = 0 because all final-state particles except the neutrino are reconstructed. We
use a second variable, M(ππ), which allows the separation of resonant and nonresonantB0 →
ππ`+ν` decays, as the resonant signal produces a narrower structure than the nonresonant
decay.

Using simulated samples, three template probability density functions (PDFs) for the
signal component, a possible nonresonant B → ππ`ν` component, and all other backgrounds
are constructed. To account for the limited sample size of the MC samples from which the
templates are built, nuisance parameters corresponding to the number of simulated events
in each histogram bin are introduced for each template and each bin in the fit model. A two-
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TABLE I: Fit results. Signal yields are listed as Nsig, nonresonant background yields as
NNR and other background yields as Nbkg. Observed signal significances are also listed as
Σobs.

Decay mode Nsig NNR Nbkg Σobs

B0 → ρ−`ν` 157± 24 −56± 20 1973± 50 7.0σ

B+ → ρ0`ν` 205± 27 −42± 25 3817± 70 8.2σ

dimensional, three-component, extended binned maximum likelihood fit is then performed
to the M2

miss and M(ππ) distributions in data under the signal-plus-background hypothesis.
The fit returns three main parameters, the signal yield and yields for both background
components. All yields and nuisance parameters are allowed to float in the fit. Projections
of these two-dimensional PDFs to one dimension are shown in Figure 3.

Additional extended maximum likelihood fits are then performed on the same data sam-
ples under the background-only hypothesis. The likelihood ratio λ between fits is com-
puted for each decay mode, λ = LS+B/LB , where LS+B and LB are the maximized ex-
tended likelihoods returned by the fits to the signal-plus-background and background-only
hypotheses, respectively. A significance estimator Σ is defined based on the likelihood ratio,
Σ =

√
2 lnλ . The fitted yields for each decay mode are listed in Table I, together with the

observed significances. The best fit parameters found in both fits correspond to negative
yields for the nonresonant components as no bounds are placed on the normalization param-
eters while the bin-by-bin nuisance parameters still allow the minimization to converge. A
systematic uncertainty is assigned for this effect by repeating the fit without the nonresonant
component.

The branching fractions for each decay mode are extracted using the following formulae:

B(B0 → ρ−`+ν`) =
Ndata

sig (1 + f+0)

4 ε CFFEI(SF
π
0)NBB̄

, (1)

B(B+ → ρ0`+ν`) =
Ndata

sig (1 + f+0)

4 ε CFFEI f+0 NBB̄

, (2)

where Ndata
sig is the fitted signal yield, f+0 is the ratio between the branching fractions of the

decays of the Υ (4S) meson to pairs of charged and neutral B mesons [9], CFFEI is the FEI
calibration factor between data and MC simulation, SF

π
0 is the scaling factor to correct the

π0 reconstruction efficiency, NBB̄ is the number of B-meson pairs determined in the current
data set, and ε is the signal efficiency, which includes both electrons and muons. The factor
of four in the denominator accounts for the presence of two B mesons in the Υ (4S) decay
and the reconstruction of both light lepton flavors. The signal efficiency includes acceptance
and particle identification efficiencies but does not include CFFEI and SF

π
0 . The efficiency

is calculated from the fraction of generated signal events that are reconstructed after all
analysis selections.

The values of the above parameters together with the measured branching fractions are
summarized in Table II.
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TABLE II: Measured branching fractions of B0 → ρ−`+ν` and B+ → ρ0`+ν` decays using
189.9 fb−1 of data. The values of the external inputs used in the measurement are also
given.

B0 → ρ−`+ν` B+ → ρ0`+ν`

Ndata
sig 157± 24 205± 27

f+0 1.058 ± 0.024

CFFEI 0.713± 0.019 0.640± 0.039

SF
π
0 0.945± 0.004± 0.041 —

NBB̄ (198.0 ± 3.0) ×106

ε (0.147± 0.007)% (0.445± 0.0015)%

B (4.12± 0.64(stat))× 10−4 (1.77± 0.23(stat))× 10−4

8. SYSTEMATIC UNCERTAINTIES

A number of sources of systematic uncertainty are identified for this analysis and their
effects evaluated for the branching-fraction measurements. The fractional uncertainties are
summarized in Table III and include the following contributions:

• f+0: We combine the uncertainties on the world averages for the branching fractions

B(Υ (4S)→ B+B−) and B(Υ (4S) → B0B̄0) and calculate the relative uncertainty on
the fraction f+0 as a systematic uncertainty.

• FEI calibration: The uncertainty on the calibration factor for the hadronic FEI is
determined taking into account multiple systematic effects in the fitting to the lepton-
momentum spectrum of B → X`ν` decays [16]. These include uncertainties on both
the branching fractions and form factors of the various semileptonic components of
B → X`ν`, the lepton ID efficiency and misidentification-rate uncertainties, track-
ing uncertainties, and template uncertainties due to MC sample size. For charged B
mesons, the observed normalization in the M2

miss sideband is not consistent with the
systematic uncertainty derived in the study of B → X`ν` decays. A systematic un-
certainty is assigned that covers the central values of both the observed normalization
difference and the factor from the independent study.

• π0 efficiency: The uncertainty on the scaling factor to correct the π0 efficiency in
MC is derived from an independent η → π0π0π0 study comparing the number of
reconstructed η mesons in data and MC.

• NBB̄: The uncertainty on the number of BB̄ events includes systematic effects due
to uncertainties on the luminosity, beam-energy spread and shift, tracking efficiency,
and the efficiency for selecting BB̄ events.

• Reconstruction efficiency: We represent the uncertainty on the reconstruction ef-
ficiency with a binomial uncertainty dependent on the size of the MC samples used
for the analysis.
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• Tracking efficiency: We assign a systematic uncertainty of 0.69% for each charged
particle. We assume complete correlation between the uncertainties for the lepton and
pion tracks.

• Lepton identification: The lepton efficiencies and pion misidentification rates are
evaluated in bins of the lepton momentum p and polar angle θ, each with statistical and
systematic uncertainties. The effect of these uncertainties on the signal reconstruction
efficiency is determined by generating 200 variations on the nominal correction weights
via Gaussian smearing. The relative uncertainty is then taken from the spread of the
values of the reconstruction efficiency over all variations.

• Pion identification: The pion efficiencies and kaon misidentification rates as well as
their associated uncertainties are evaluated the same way as the lepton identification
corrections.

• B → Xc`ν` branching fractions: To evaluate the effect of uncertainties in the
branching fractions of several exclusive B → Xc`ν` decay modes, the branching frac-
tions of the modes B → D∗0`ν`, B → D0`ν`, B → D∗+`ν`, B → D+`ν`, and
B → D∗π+π−`ν` are varied within their uncertainties. The branching fractions of
the possible nonresonant decay modes B → D∗0π+`ν` and B → D∗+π−`ν` are varied
by ±100%. For each variation, new templates are generated and the fit to data is
repeated, taking the difference from the nominal result as systematic uncertainty. To
combine the uncertainties from each variation, no correlation between them is assumed.
This procedure is applied to the following two sources of systematic uncertainty as well.

• B → Xu`ν` branching fractions: To evaluate the effect of uncertainties in the
branching fractions of simulated B → ρ`ν`, B → ω`ν`, and non-dipion inclusive
B → Xu`ν` decays in the background template, these decays are varied within their
uncertainties. This corresponds to a variation of 100% for the inclusive non-dipion
decays whose rates are not known.

• B → f2/f0`ν` branching fraction: To evaluate the impact of these unmeasured
channels on the measured B0 → ρ−`+ν` and B+ → ρ0`+ν` branching fractions, the fit
to data is repeated with the B → f2/f0`ν` branching fraction varied by 100% while
maintaining the overall inclusive normalization via hybrid weights.

• B → ρ`+ν` form factor: To evaluate the impact of the uncertainties associated
with the form factors used to describe B → ρ`+ν` decays, these factors are varied
within their uncertainties and the signal templates are reweighted accordingly for
each variation[13].

• Nonresonant B → ππ`ν` model: To account for the negative normalization as-
signed to the B → ππ`ν` component in the fit, the normalization of this template is set
to zero and the fit repeated. We take the difference between the nominal B → ρ`+ν`
result and the result obtained without the nonresonant template as a systematic un-
certainty.

• Simulation sample size: The effect of limited MC sample size used to generate the
fit templates is accounted for with nuisance parameters in each bin of the template
fit. Therefore no multiplicative value is assigned in Table III.
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TABLE III: Summary of systematic uncertainties

Source of systematic uncertainty % of B(B0 → ρ−`+ν`) % of B(B+ → ρ0`+ν`)

f+0 1.2 1.2

FEI calibration 2.7 6.1

NBB̄ 1.5 1.5

Reconstruction efficiency ε 0.5 0.3

Tracking 0.6 0.9

Lepton ID 0.7 0.5

Hadron ID 0.3 0.6

π0 efficiency 4.4 —

B → f2/f0`ν` BF – 12.1

B → Xu`ν` BFs 2.8 4.8

B → Xc`ν` BFs 0.5 0.5

B → ρ`+ν` form factor 2.7 0.7

Nonres. B → ππ`ν` model 27.3 14.4

Total 28.2 20.5

The systematic uncertainties are dominated by the uncertainty assigned to the nonreso-
nant B → ππ`ν` model. Previous tagged analyses of B → ρ`ν` such as the one in Ref. [4]
do not observe negative normalizations in the fit and assign uncertainties of 5 % (B+) and
1 % (B0 ). Constraints on the normalization of the nonresonant template as imposed by
the inclusive measurement presented in Ref. [5] should limit the negative yield found in the
fit, thereby decreasing the systematic uncertainty assigned to this simulated component di-
rectly. In addition, the approach used here does not consider correlations with B → f2/f0`ν`
branching fractions. Including the inclusive measurement is expected to significantly lower
the overall uncertainty in the reconstruction of the B+ → ρ0 `+ν` decay mode.

9. RESULTS AND SUMMARY

Including systematic uncertainties, we obtain total measured total branching fractions of
B(B0 → ρ−`+ν`) = (4.12± 0.64(stat)± 1.16(syst))× 10−4 and
B(B+ → ρ0`+ν`) = (1.77± 0.23(stat)± 0.36(syst))× 10−4. These values are compatible
within one standard deviation with those determined in Ref. [4] but incompatible with
the results reported in Ref. [3]. Both results agree well with the current world aver-
ages of BPDG(B0 → ρ−`+ν`) = (2.94 ± 0.11 ± 0.18) × 10−4 and BPDG(B+ → ρ0`+ν`) =
(1.58± 0.11)× 10−4 [9].
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FIG. 3: Distributions of (top) M2
miss and (bottom) M(ππ) for (left) B0 → ρ−`+ν` and

(right) B+ → ρ0 `+ν` candidates reconstructed from a sample corresponding to 189.9 fb−1

of experimental data with fit projections overlaid. The bottom subpanels show the
difference between experimental and simulated data normalized to the statistical
uncertainty of the difference between experimental and simulated data.
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[12] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai, P. Ilten, S. Mrenna, S. Prestel,

C. O. Rasmussen, and P. Z. Skands, An introduction to PYTHIA 8.2 , Comput. Phys.

Commun. 191 (2015) 159–177, arXiv:1410.3012 [hep-ph].

[13] M. Prim, b2-hive/eFFORT v0.1.0 , Github, July, 2020.

https://doi.org/10.5281/zenodo.3965699.

[14] T. Keck, FastBDT: A Speed-Optimized Multivariate Classification Algorithm for the Belle II

Experiment , Comput. Softw. Big Sci. 1 (2017) 2, arXiv:1609.06119 [cs.LG].

[15] Belle II Tracking Group, Track finding at BelleII , Computer Physics Communications 259

(2021) 107610, arXiv:2003.12466 [physics.ins-det].

[16] F. Abudinén et al., Belle II Collaboration, A calibration of the Belle II hadronic tag-side

reconstruction algorithm with B → X`ν decays, arXiv:2008.06096 [hep-ex].

[17] J.-F. Krohn et al., Global decay chain vertex fitting at Belle II , Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment 976 (2020) 164269, arXiv:1901.11198 [hep-ex].

[18] D. M. Asner et al., CLEO Collaboration, Search for exclusive charmless hadronic B decays,

Phys. Rev. D 53 (1996) 1039–1050, arXiv:9508004 [hep-ex].

[19] A. J. Bevan, B. Golob, T. Mannel, S. Prell, B. D. Yabsley, et al., The Physics of the B

Factories, The European Physical Journal C 74 (2014) 3026.

18

http://dx.doi.org/10.1007/s41781-019-0021-8
http://arxiv.org/abs/1807.08680
http://dx.doi.org/10.1103/PhysRevD.83.032007
http://arxiv.org/abs/1005.3288
http://arxiv.org/abs/1306.2781
http://dx.doi.org/10.1103/PhysRevD.103.112001
http://dx.doi.org/10.1103/PhysRevD.103.112001
http://dx.doi.org/10.1103/PhysRevD.103.112001
http://arxiv.org/abs/2005.07766
http://arxiv.org/abs/2111.00710
http://arxiv.org/abs/2111.00710
http://arxiv.org/abs/1011.0352
http://arxiv.org/abs/1011.0352
http://dx.doi.org/10.1103/PhysRevD.41.1496
http://dx.doi.org/10.1103/PhysRevD.41.1496
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1093/ptep/ptaa104
http://dx.doi.org/10.1103/PhysRevD.72.092002
http://dx.doi.org/10.1103/PhysRevD.72.092002
http://arxiv.org/abs/0508050
https://link.aps.org/doi/10.1103/PhysRevD.72.092002
http://dx.doi.org/10.1103/PhysRevD.72.073006
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
https://doi.org/10.5281/zenodo.3965699
http://dx.doi.org/10.1007/s41781-017-0002-8
http://arxiv.org/abs/1609.06119
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2020.107610
http://dx.doi.org/https://doi.org/10.1016/j.cpc.2020.107610
http://arxiv.org/abs/2003.12466
http://arxiv.org/abs/2008.06096
http://dx.doi.org/https://doi.org/10.1016/j.nima.2020.164269
http://dx.doi.org/https://doi.org/10.1016/j.nima.2020.164269
http://dx.doi.org/https://doi.org/10.1016/j.nima.2020.164269
http://arxiv.org/abs/1901.11198
http://dx.doi.org/https://doi.org/10.1103/PhysRevD.53.1039
http://arxiv.org/abs/9508004
http://dx.doi.org/http://dx.doi.org/10.1140/epjc/s10052-014-3026-9


[20] Belle II Collaboration, LeptonID group, Muon and electron identification efficiencies and

hadron-lepton mis-identification rates at Belle II for Moriond 2021 ,

BELLE2-CONF-PH-2021-002, Mar, 2021. https://docs.belle2.org/record/2318.

19

https://docs.belle2.org/record/2318

	Reconstruction of B   to        decays identified using hadronic decays of the recoil B   meson in 2019 – 2021 Belle II data 1em 
	Abstract
	Introduction
	The Belle II Detector
	Data sets
	Full Event Interpretation
	Signal Selection
	Selections on final state particles
	Selections on recombined particles
	Event-level selections and continuum suppression

	Corrections
	Signal Extraction
	Systematic Uncertainties
	Results and Summary
	Acknowledgments
	References


