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We report measurements of the ratios of branching fractions RðDð�ÞþÞ ¼ BðB̄0 → Dð�Þþτ−ν̄τÞ=
BðB̄0 → Dð�Þþl−ν̄lÞ, where l denotes either an electron or a muon. These ratios test the universality
of the charged-current weak interaction. The results are based on a 365 fb−1 data sample collected with the
Belle II detector at the SuperKEKB eþe− collider, which operates at a center-of-mass energy corresponding
to the ϒð4SÞ resonance, just above the threshold for BB̄ production. Signal candidates are reconstructed by
selecting events in which the companion B meson from the ϒð4SÞ → BB̄ decay is identified in
semileptonic modes. The τ lepton is reconstructed via its leptonic decays. We obtain RðDþÞ ¼
0.418þ0.075

−0.073 ðstatÞþ0.049
−0.056 ðsystÞ and RðD�þÞ ¼ 0.306þ0.035

−0.033 ðstatÞþ0.016
−0.018 ðsystÞ, which are consistent with world

average values. Accounting for the correlation between them, these values differ from the Standard Model
expectation by a collective significance of 1.7 standard deviations.

DOI: 10.1103/fmn3-h8fy

I. INTRODUCTION

A fundamental property of the Standard Model (SM) of
particle physics is the universality of the electroweak gauge
couplings to the three fermion generations. In the lepton
sector, this universality results in an accidental symmetry of
the lepton flavors that is only broken by the Higgs-Yukawa
interaction. One key consequence is that physical processes
involving charged leptons feature lepton flavor universality
(LFU), an approximate symmetry of lepton flavor among
physical observables, only broken by charged lepton mass
terms emerging from the nonzero vacuum expectation
value of the Higgs field. An observation of lepton flavor
universality violation would therefore be a clear signature
of physics beyond the SM [1].
In this paper, we test LFU using semitauonic b → cτν̄τ

decays by measuring the ratios,1

RðDð�ÞÞ ¼ RðDð�ÞþÞ≡ BðB̄0 → Dð�Þþτ−ν̄τÞ
BðB̄0 → Dð�Þþl−ν̄lÞ

; ð1Þ

with l ¼ e, μ and Dð�Þ denoting either Dð�Þþ or Dð�Þ0. The
first equality follows from the assumption of isospin
symmetry. Predictions of these ratios are independent of
the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM)

matrix element Vcb and, to some extent, of the para-
metrization of hadronic matrix elements, reaching a pre-
cision of 1–2% [2–10]. Experimentally, measurements of
the ratios in Eq. (1) are preferred to measurements of
absolute branching fractions, as efficiency-related system-
atic uncertainties largely cancel. Furthermore, the simulta-
neous measurement of both RðDÞ and RðD�Þ is useful, as
B̄ → D�τ−ν̄τ decays are an important background in the
reconstruction of B̄ → Dτ−ν̄τ decays.
Several experiments previously reported measurements

of these or similar ratios [11–22]. Belle II reported
RðD�Þ ¼ 0.262þ0.041

−0.039ðstatÞþ0.035
−0.032ðsystÞ [23] and the inclu-

sive ratio RðXτ=lÞ ¼ 0.228� 0.016ðstatÞ � 0.036ðsystÞ
[24]. A combination of these measurements is reported
in Ref. [25] and achieves a precision of 8% for RðDÞ and
4% for RðD�Þ, with values of RðDÞ ¼ 0.342� 0.026 and
RðD�Þ ¼ 0.286� 0.012. Both exceed the SM expectations
of RðDÞ ¼ 0.296� 0.004 and RðD�Þ ¼ 0.254� 0.005
[2–10] with a significance of 3.1 standard deviations.
In this analysis, we study B0B̄0 pairs produced in ϒð4SÞ

decays. One B0 or B̄0 meson is reconstructed in a semi-
leptonic decay using the hierarchical reconstruction algo-
rithm from Ref. [26], referred to as Btag. This Btag is then
combined with an oppositely flavored semitauonic or semi-
leptonic decay candidate, which we define as Bsig. The
selected events are independent of those analyzed in
Refs. [23,24], as the latter relied on the reconstruction of
hadronically decaying Btag mesons. The analysis of BþB−

pairs is deferred to future work, as the reconstruction of the
isospin-conjugate B− signal decays necessitates the efficient
identification of D�0 → D0π0 decays, which suffer from an
increased combinatorial background.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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1Charge conjugation is implied throughout this paper.

I. ADACHI et al. PHYS. REV. D 112, 032010 (2025)

032010-2

https://orcid.org/0000-0003-1782-2978
https://orcid.org/0000-0003-0983-4936
https://orcid.org/0000-0003-2818-3155
https://orcid.org/0000-0002-9105-1625
https://orcid.org/0000-0002-0979-8341
https://orcid.org/0000-0001-5805-1255
https://orcid.org/0000-0002-3536-4950
https://orcid.org/0000-0002-2298-7315
https://orcid.org/0000-0001-6917-6694
https://orcid.org/0000-0002-5241-6628
https://orcid.org/0000-0003-0959-4784
https://orcid.org/0000-0002-4245-7442
https://orcid.org/0000-0001-5096-1182
https://orcid.org/0000-0002-2680-0474
https://orcid.org/0000-0002-8858-9336
https://orcid.org/0000-0003-0713-0871
https://orcid.org/0000-0001-6721-9435
https://orcid.org/0000-0001-8840-3346
https://orcid.org/0000-0002-1479-9349
https://orcid.org/0000-0002-3656-2326
https://orcid.org/0000-0002-1652-6686
https://orcid.org/0009-0005-0799-1630
https://orcid.org/0000-0003-4957-805X
https://orcid.org/0009-0003-6474-3508
https://orcid.org/0000-0002-9270-7403
https://orcid.org/0000-0002-5065-8762
https://orcid.org/0000-0002-6413-4687
https://orcid.org/0000-0001-5968-6359
https://orcid.org/0009-0007-1127-5818
https://orcid.org/0000-0002-8253-641X
https://orcid.org/0000-0003-1644-8523
https://crossmark.crossref.org/dialog/?doi=10.1103/fmn3-h8fy&domain=pdf&date_stamp=2025-08-26
https://doi.org/10.1103/fmn3-h8fy
https://doi.org/10.1103/fmn3-h8fy
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


We reconstruct signal candidates from the Dþl− and
D�þl− final states (with l ¼ e, μ), which can originate
from either semitauonic decays (B̄0 → Dð�Þþτ−ν̄τ with
τ− → l−ν̄lντ) or semileptonic decays (B̄0 → Dð�Þþl−ν̄l).
These processes differ in the number of neutrinos and are
thus distinguishable through kinematic properties. Since
both processes produce the same visible final state in the
detector, several experimental systematic uncertainties
cancel in the measurement of their ratio.
We distinguish Bsig candidates originating from semi-

tauonic, semileptonic, and background sources using
multivariate classifiers trained on the kinematic properties
of both the Bsig and Btag candidates. A binned maximum
likelihood fit is then performed to measure the relative
contribution from each source, allowing a direct determi-
nation of RðDð�ÞÞ.
The remainder of this paper is structured as follows:

Sections II and III provide an overview of the Belle II
detector, the analyzed dataset, and the simulated samples.
Section IV summarizes the tag and signal reconstruction,
while Sec. V describes the employed multivariate selection.
Section VI details the fitting procedure, and Sec. VII
discusses the systematic uncertainties affecting the meas-
urement. Section VIII presents our findings and consis-
tency checks, and Sec. IX provides our conclusions.

II. BELLE II DETECTOR AND DATASET

The analysis uses Belle II data collected at SuperKEKB
[27] from 2019 to 2022 at a center-of-mass energy of
10.58 GeV,2 corresponding to the ϒð4SÞ resonance, having
an integrated luminosity of 365 fb−1. The sample contains
an estimated ð387� 6Þ × 106 BB̄ events. Additionally,
42.3 fb−1 of off-resonance data at 10.52 GeV is used to
study qq̄ (q ¼ u, d, s, c) background.
The Belle II detector [28] is an upgraded version of Belle

[29] with enhanced particle reconstruction and identifica-
tion. Its subdetectors are arranged cylindrically around the
interaction point (IP), which is enclosed by a 1 cm
beryllium beam pipe. The pixel detector (PXD) consists
of two layers, with the first fully instrumented and the
second partially completed. The PXD is surrounded by a
four-layer double-sided silicon-strip detector (SVD), and
both detectors are used to reconstruct decay vertices with
high precision. Surrounding these detectors is the central
drift chamber (CDC), which provides three-dimensional
tracking and specific ionization (dE=dx) measurements.
Outside the CDC, the time-of-propagation (TOP) and

aerogel ring-imaging Cherenkov (ARICH) detectors pro-
vide particle identification in the barrel and forward end cap
regions, respectively.
The electromagnetic calorimeter (ECL), consisting of a

3m barrel and annular end caps, is located outside the TOP

and within a 1.5T superconducting solenoid. The K0
L and

muon detector (KLM), situated outside the solenoid, is
composed of iron plates interleaved with active detector
elements.
Particle candidates are constructed and identified using

the information from various detector systems.
Charged particle candidates (tracks) are reconstructed by

the vertex and tracking systems, and identified based on
information from the outer detectors. In particular, muons
with sufficiently high momentum will traverse the KLM,
while other charged particles are absorbed. In contrast,
electrons deposit nearly all of their energy in the ECL.
Photon candidates consist of ECL clusters that are not

consistent with extrapolations of charged tracks. Minimum
energy selections are necessary to reject clusters from
beam-induced background photons.

III. SIMULATION

Monte Carlo (MC) samples are used to determine
reconstruction efficiencies and acceptance effects as well
as to estimate background contamination and to train
multivariate classifiers. The B decays are simulated using
the EvtGen generator [30]. The simulation of eþe− → qq̄
continuum processes is carried out with KKMC [31] and
PYTHIA8 [32]. Electromagnetic final-state radiation is simu-
lated using PHOTOS [33] for all charged final-state particles.
Interactions of particles with the detector are simulated
using GEANT4 [34]. The simulated samples contain the
equivalent of 2.8 ab−1 of BB̄ and continuum processes. The
BB̄ events are simulated with equal fractions of neutral
and charged B mesons. An additional sample of 176 × 106

B̄0 → Dð�Þþτ−ν̄τ decays with τ− → l−ν̄lντ is used, corre-
sponding to an effective sample size of 8.5 ab−1.
The signal decays B̄0 → Dð�Þþτ−ντ and B0 → Dð�Þþl−νl

are modeled using the form factors from Ref. [6], with
parameter values obtained from a fit to the measurements in
Refs. [35,36]. To incorporate this form factor model into
the Monte Carlo simulation, the HAMMER software package
[37] is used to compute and apply event-by-event weights.
For the branching fractions isospin-averaged values of
Ref. [38] are used.
The decays B̄0 → D��τ−ν̄τ and B̄0 → D��lν̄l, where

D�� ¼ fD�þ
0 ; D0þ

1 ; Dþ
1 ; D

�þ
2 g, are modeled using the

heavy-quark-symmetry-based form factors proposed in
Refs. [39,40], with D�� masses and widths taken from
Ref. [41]. For the B̄ → D��lν̄l branching fractions, we
adopt the values from Ref. [38] to account for missing
isospin-conjugated and other established decay modes
observed in studies of B decays into fully hadronic final
states, following the approach outlined in Ref. [39].
The difference between the inclusive semileptonic

branching fraction and the sum of exclusive semileptonic
B decays (the so-called “gap”) is accounted for by using a
dedicated sample of B̄ → Dð�Þðππ=ηÞlν̄l decays. These are2Natural units (c ¼ ℏ ¼ 1) are used throughout this paper.
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simulated using broad D�� contributions that do not form
distinct resonance peaks in their invariant mass distribu-
tions, resulting in a smooth continuum across phase space.
The heavy-quark-symmetry-based form factors of
Refs. [39,40] are used to simulate the decay dynamics.
We refer to these as “nonresonant” D�� decays, in contrast
to “resonant” D�� decays, which proceed via well-defined
intermediate states with Breit-Wigner resonance shapes
characterized by specific mass and width parameters.
Nonresonant D�� decays account for approximately
0.7% of all semileptonic and semitauonic events in our
reconstructed sample. We also use simulated samples of the
isospin-conjugate modes to understand the contamination
from Bþ decays.
The simulation is corrected using data-driven weights to

account for differences in identification and reconstruction
efficiencies. Lepton identification (LID) efficiency and fake
rate corrections for electrons are applied as functions of the
laboratory-frame momentum, angle relative to the electron
beam, and charge of the electron candidate. These correc-
tions are derived from samples of eþe− → eþe−ðγÞ,
eþe− → eþe−eþe−, and events with J=ψ → eþe− decays.
Muon LID corrections are obtained using samples of
eþe− → μþμ−γ, eþe− → eþe−μþμ−, and events with
J=ψ → μþμ− decays. The rates of misidentifying charged
hadrons as leptons are corrected using samples of
K0

S → πþπ−, D�þ → D0πþ, and eþe− → τþτ−. The effi-
ciency for identifying slow pions from D�þ → D0πþ

decays is corrected using studies of B̄0 → D�þπ−. All data
and simulated events are reconstructed and analyzed with
the open-source basf2 framework [42].

IV. TAG AND SIGNAL-SIDE RECONSTRUCTION

To select events likely to containϒð4SÞ → B0B̄0 decays,
we require at least three tracks and three ECL clusters in
the event. Tracks must have transverse momenta greater
than 0.1 GeV and originate within jd0j < 0.5 cm and
jz0j < 2.0 cm. Here, jd0j and jz0j denote the distance of
closest approach between the nominal interaction point (IP)
and the track in the plane perpendicular to and along the
beam axis, respectively. At this stage, all tracks are assigned
a pion mass hypothesis. We reconstruct ECL clusters with
energy deposits above 0.1 GeV that are not associated with
any track. Finally, the sum of the selected track and cluster
energies must exceed 4 GeV.
We reconstruct Btag candidates using the full event

interpretation (FEI) algorithm [26]. The algorithm con-
structs Btag candidates from tracks and clusters, using
multivariate classifiers and by using a hierarchical
approach. The algorithm is trained to identify semileptonic
decays and we use it to reconstruct B0 → Dlν and B0 →
D�lν decay candidates, where the D and D� undergo
subsequent hadronic decays. A complete list of decay
modes and selection criteria is given in Ref. [43]. Each

Btag candidate is assigned a confidence score by the
algorithm, ranging from zero to one. Candidates with a
confidence score above 0.1 are selected. To suppress
signal-side semitauonic decays in the Btag candidates, the
lepton momentum in the center-of-mass (c.m.) frame must
exceed 1 GeV. The cosine of the angle between the B
meson’s momentum and its visible decay products in the
c.m. frame is defined as

cos θBY ¼ 2EbeamEY −m2
B −m2

Y

2jp⃗Bjjp⃗Yj
; ð2Þ

whereEbeam is the beam energy,mB is theBmesonmass, and
jp⃗Bj is its momentum, computed from mB and Ebeam. Here
Y ¼ Dð�Þl represents the system of visible decay products.
For correctly reconstructed semileptonic B decays with a
single undetected neutrino, cos θBY lies within ½−1; 1�, but
resolution effects and final-state radiation shift it beyond this
range. Semitauonic decays with multiple missing neutrinos
have on average large negative values of cos θBY . All Btag

candidates are required to have cos θBY in the range
½−1.75; 1.1�, reducing the fraction of semitauonic decays
among selected candidates to below 0.4%.
Background from qq̄ production is suppressed using Fox-

Wolfram moments [44], which are constructed from a
superposition of spherical harmonics using tracks and
clusters. The tracks used in the calculation of Fox-
Wolfram moments must lie within the CDC acceptance
region, have transverse momenta above 0.1 GeV, and satisfy
jz0j < 3.0 cm and jd0j < 0.5 cm. The less stringent jz0j
requirement enhances discrimination against qq̄ back-
grounds by including tracks with larger longitudinal dis-
placements, which are more characteristic of signal decays
and improve event shape information. We apply a cut on the
ratio of the second-order to the zeroth-order Fox–Wolfram
moments, with the second-order moment quantifying devia-
tions of the energy flow from isotropy and the zeroth-order
moment reflecting the event’s spherical geometry. Higher
ratios indicate a more collimated structure typical of qq̄
events. Therefore, we require this ratio to be less than 0.4 to
reduce the qq̄ background.
On average, approximately 2.02 Btag candidates per

event are reconstructed in the events that passed the
selection criteria. From these, we select the candidate with
the highest classifier value.
We reconstruct Bsig candidates in two final states: Dþl−

and D�þl− candidates are formed from tracks and clusters
not associated with the Btag candidate. Exactly one charged
lepton candidate is required. The signal-side lepton is
required to have a charge opposite to the Btag lepton and
is identified using a likelihood-based score that incorpo-
rates information from several subdetectors. Electron iden-
tification relies on information from the ECL, CDC, TOP,
and ARICH, with the most important discriminant being
the ratio of reconstructed ECL energy to the estimated track
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momentum, which is expected to be close to unity for
electrons. Electron candidates must have momenta above
0.2 GeV, with a loose LID score selection. We correct the
electron energy for bremsstrahlung losses by adding back
ECL clusters that are near the tracks, following the
methodology of Ref. [24]. Muons are identified by
extrapolating tracks to the KLM, where the likelihood is
primarily constructed from the longitudinal penetration
depth and transverse scattering of the extrapolated track.
Muon candidates must have momenta above 0.4 GeV, with
a stringent LID score requirement. The efficiency for
correctly identifying electrons is 98.7% (99.7%) in semi-
tauonic (semileptonic) events, with a misidentification rate
such that only 1% of pions or kaons pass this requirement.
The efficiency for correctly identifying muons is 79.3%
(86.3%) in semitauonic (semileptonic) events, with only
5% of pions or kaons satisfying the selection.
Neutral pion (π0) candidates are reconstructed from pairs

of ECL clusters not associated with any tracks with an
invariant mass between 120 and 145 MeV. To suppress
background, clusters must have energies above 0.08, 0.03,
or 0.06 GeV in the forward, barrel, and backward regions,
respectively. Each cluster must consist of multiple crystals,
lie within the CDC angular acceptance, and have a
measured time within 200 ns of the expected event time.
A multivariate classifier is constructed from electromag-
netic cluster shape quantities and combined with the
photon’s distance to the nearest track to distinguish real
photons from clusters originating from hadronic showers.
More details can be found in Ref. [23].
Neutral kaon (K0

S) candidates are reconstructed from
pairs of charged particles, each of which is assigned a pion
mass hypothesis, whose combined invariant mass lies
between 450 and 550 MeV and which can be fit to a
common vertex. The flight distance must be positive, the
significance of the displacement between the point of
closest approach and the IP must exceed 0.5, and the
cosine of the angle between the momentum and vertex
position vector must be greater than 0.8. The displacement
significance, defined as the separation divided by its
uncertainty, distinguishes true K0

S candidates from random
combinations of tracks.
The decays of D mesons are reconstructed in modes

with large branching fractions and high purities. For the
Dþl− final state, we include Dþ → K−πþπþ, K0

Sπ
þπ0,

K0
Sπ

þπþπ−, K0
Sπ

þ, K−Kþπþ, and K0
SK

þ. For the D�þl−

final state, where only the D�þ → D0πþ decay is used, we
include D0 → K−πþπ0, K−πþπþπ−, K0

SK
þK−, KþK−,

K−πþ, K0
Sπ

þπ−, and π−πþ. All D candidates must have
a reconstructed invariant mass within 2.5σ of the nominalD
mass [41], where σ refers to the resolution of the mass peak.
For the reconstruction of D�þ candidates, each D0

candidate is combined with a single charged track, assumed
to be a pion. Candidates are required to have a mass
difference Δm ¼ mðD�þÞ −mðD0Þ between 130 and

160 MeV, corresponding to 2.8 times the Δm resolution.
An additional vertex fit is performed on eachD�þ candidate
to update its momentum. Using MC simulation, we
estimate that for true D�þ candidates, the slow pion is
correctly identified in 71% of cases.
The construction of Bsig candidates is achieved by

combining Dð�Þþ and l− candidates. The requirement
−15 < cos θBY < 1.1 selects semitauonic and semileptonic
final states, with approximately 5% of semitauonic signal
events falling outside this range on the negative end.
Finally, Btag and Bsig candidates are combined to form

ϒð4SÞ candidates, requiring no additional charged tracks in
the event. We demand that Btag and Bsig are of opposite
flavor and reject events in which one B mixed, as such
events possess lower purity. On average, fewer than 1.08
ϒð4SÞ candidates remain per event after applying the
selection criteria, and we select a single candidate per
event based on the highest signal-side Dð�Þþ vertex fit p-
value. The unassigned energy in the calorimeter of the
selected ϒð4SÞ candidate, Eextra, is calculated by summing
clusters not associated with any particles used in the
reconstruction. Two multivariate algorithms, described in
Ref. [45] and based on the FastBDT classifier [46], remove
contributions from beam background and hadronic split-
offs, by utilizing features based on timing, energy spread,
scintillation pulse shape, and cluster localization in the
ECL. Clusters added as bremsstrahlung corrections to
tracks are excluded. From correctly reconstructed events
we expect values of Eextra near zero, while background
events typically exhibit higher values. We only retain
events with Eextra < 1.2 GeV.
Appendix A provides more details on the differences of

the signal and tag-side selection and reconstruction.

V. MULTIVARIATE CLASSIFICATION

Signal extraction is performed using a multiclass clas-
sification algorithm that differentiates semitauonic signal,
semileptonic signal, and background events. The model
employs gradient-boosted decision trees (BDTs), where
each tree corrects the errors of the previous ones to improve
classification. Further details can be found in Ref. [47].
The BDT is trained on five input variables. The most

discriminating variable is cos θBY of the Bsig candidate,
followed by the unassigned energy in the calorimeter,
Eextra. The third most important variable, cos2ΦB, is
defined as

cos2ΦB ¼ cos2θsigBY þ cos2θtagBY þ 2 cos θsigBY cos θ
tag
BY cos γ

sin2γ
:

ð3Þ

It combines cos θBY from both the Bsig and Btag candidates
with the angle γ between their Y momenta. For correctly
reconstructed semileptonic Bsig and Btag candidates, each
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with a single missing neutrino, cos2ΦB is expected to take
values between zero and one. Events with multiple missing
neutrinos, such as semitauonic decays or misreconstructed
events, tend to have larger values. The fourth and fifth most
important input variables are the center-of-mass momenta
of the D (p�

D) and lepton (p�
l) candidates, respectively.

These variables help distinguish semitauonic, semileptonic,
and background events based on the different phase space
available in each case. Figure 1 shows the five input
variables for D and D� candidates with electrons and
muons combined. A good separation of all three event
types can be obtained between semileptonic and semi-
tauonic signal decays in cos θBY , cos2ΦB, p�

l, and p�
D,

whereas Eextra is very powerful at separating semileptonic
and semitauonic signal from other semileptonic processes
or backgrounds. The three resulting classification scores are
denoted as zτ, zl, and zbkg for semitauonic, semileptonic,
and background events, respectively.
The performance of the classification was tested using

independent MC events, and no signs of overtraining were

detected. The MC events used for training and testing were
not used further in the analysis.

VI. FITTING PROCEDURE

We extract the signal using a binned two-dimensional
log-likelihood fit to the variables zτ and zdiff ¼ zl − zbkg.
We consider four categories of events: Dþe−, D�þe−,
Dþμ−, and D�þμ− candidates. The likelihood is imple-
mented using the PYHF package [48,49]. The total like-
lihood function has the form

L ¼
Y

c

Lc ×
Y

l

Gl; ð4Þ

with the individual category likelihoods Lc and nuisance-
parameter (NP) constraints Gl. The product in Eq. (4) runs
over all categories c and independent uncertainty sources l,
respectively. The role of the NP constraints is detailed in
Sec. VII. Each category likelihood Lc is defined as the
product of individual Poisson distributions P,

Lc ¼
Ybins

i

Pðni; νiÞ ð5Þ

with ni denoting the number of observed data events and νi
the total number of expected events in a given bin i. The
number of expected events in a given bin, νi, is estimated
using simulated events. It is given by

νi ¼
Xprocesses

k

ηkfik; ð6Þ

where ηk is the total number of events from a given process
k with a fraction fik of such events being reconstructed in
the bin i. The values ofRðDþÞ andRðD�þÞ and the sum of
semileptonic signal decays ηDð�Þl from electrons and muons
are used to determine the number of semitauonic decays
ηDð�Þτ via

ηDð�Þτ ¼
1

2
RðDð�ÞþÞ × ηDð�Þl ×

�
ϵDð�Þτ

ϵDð�Þl

�
; ð7Þ

where ϵDð�Þτ and ϵDð�Þl denote the efficiencies of semi-
tauonic and semileptonic signal decays from electrons
and muons.
The factor of 1

2
in Eq. (6) accounts for the definition of the

semileptonic signal, which includes both electron and
muon final states. We implement a nonuniform binning
scheme in both dimensions, increasing granularity in
regions where the classifier is most sensitive to semitauonic
events and B̄ → D��lν̄l as well as other semileptonic gap
backgrounds. In contrast, the region dominated by semi-
leptonic B̄ → Dð�Þlν̄l events is binned more coarsely, as
these events are readily identifiable. Figure 2 shows the

FIG. 1. The five input variables for the multiclassification BDT
are shown for electrons and muons, and the Dþl and D�þl
categories combined.
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binning structure for semitauonic and semileptonic events,
for the background category from B̄ → D��lν̄l and gap
modes, and for other backgrounds.
The likelihood [Eq. (4)] is numerically maximized to fit

the values of the different components, ηk, using the
observed events. This maximization is performed with
the IMINUIT package [50]. The ten parameters of interest
we determine are

(i) RðDþÞ and RðD�þÞ (2 parameters, shared between
e and μ channels);

(ii) Normalizations ηDð�Þl of B̄0 → Dþl−ν̄l and B̄0 →
D�þl−ν̄l events (2 parameters, shared between e
and μ channels);

(iii) Background from B → D��lν̄l and semileptonic
gap events (2 parameters; shared between e and μ
channels); and

(iv) Number of other BB̄ or continuum background
events (4 parameters; one for each fit category).

We also test LFU between electrons and muons for the
semileptonic signal modes. For this we modify the fit setup
by introducing four normalization parameters for each of
the four decays of interest and modify Eq. (7) accordingly.

To validate the fit procedure, we generated ensembles of
pseudoexperiments for different inputRðDþÞ andRðD�þÞ
values. Fits to these ensembles show no biases in central
values and no under- or overcoverage of determined
confidence intervals. Assuming SM values for RðDþÞ
and RðD�þÞ, we expect significances of 3.9 and 7.0
standard deviations, respectively.

VII. SYSTEMATIC UNCERTAINTIES

Several systematic uncertainties affect the measured
ratios of RðDþÞ and RðD�þÞ, as summarized in Table I,
with a corresponding table for the LFU tests provided in the
Appendix (Table VI).
The effect of systematic uncertainties is directly incorpo-

rated into the likelihood function. We distinguish between
additive and multiplicative uncertainties: Additive uncer-
tainties affect the signal and background template shapes,
whereas multiplicative uncertainties affect efficiencies or
branching fractions of semitauonic and semileptonic signal
events. A vector of NPs, θ, is introduced and each NP is
constrained in the likelihood Eq. (4) using a standard normal

FIG. 2. The densities of the four fit categories in the zdiff ¼ zl − zbkg vs zτ plane and the chosen binning are shown. The four
components, shown from top left to bottom right, are semitauonic, semileptonic, D�� and gap-mode backgrounds, and other
backgrounds. The binned histogram shows the density of data events.
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distribution Gl ¼ GðθlÞ with l denoting an independent
uncertainty source or if applicable Poisson constraints.
A brief summary of each significant uncertainty source

follows, ordered by their importance:
The dominant uncertainty arises due to the finite size of

the simulated data samples and is estimated using the
“Barlow-Beeston Lite” method [49], introducing Poisson
constraints to correctly treat sparsely populated bins.
The next largest uncertainty stems from the limited

knowledge on the composition and modeling of the semi-
leptonic gap processes. To account for the former, we
assign a 100% uncertainty to their branching fractions. The
latter is addressed by varying the heavy-quark-symmetry-
based form factors independently for each assumed gap
process, using the uncertainties and correlations provided
in Refs. [39,40] for the broad states. Due to the larger
contamination, their impact is more pronounced in the D
channel than in the D� channel, translating into a larger

systematic uncertainty forRðDþÞ. The resulting systematic
uncertainty is inherently asymmetric, as the gap event yield
is constrained to be non-negative in the fit.
In contrast, the branching fractions and modeling of

resonant B̄ → D��lν̄l decays are better constrained exper-
imentally [51] and we vary the form factors of the broad
and narrow states using the uncertainties and correlations
provided in Refs. [39,40].
Lepton identification impacts the precision of RðDþÞ

and RðD�þÞ due to the limited size and systematic
uncertainties of the calibration samples used to correct
discrepancies between data and Monte Carlo simulations.
These effects influence both correctly identified leptons and
misidentified leptons (“fakes”). The contribution of mis-
identified background events is larger in the signal-enriched
regions of the Dðe=μÞ channels compared to the D�ðe=μÞ
channels, resulting in a higher uncertainty in RðDþÞ. The
additive lepton identification uncertainties can become
asymmetric due to correlations with background yields.
We assign a track reconstruction efficiency uncertainty

of 0.3% per track for kaon, pion, and lepton tracks,
reflecting the imperfect knowledge of the track-
reconstruction efficiency. This uncertainty is estimated
using a control sample of eþe− → τþτ− events and is
assumed to be fully correlated across all tracks. The slow-
pion efficiency for momenta less than 0.2 GeV is corrected
relative to the tracking efficiency at momenta larger than
0.2 GeV in the laboratory frame. We study B̄0 → D�þπ−
decays to determine corrections for three momentum bins
spanning [0.05, 0.12, 0.16, 0.20] GeV. The associated
statistical and systematic uncertainties of the correction
weights affect the RðDþÞ and RðD�þÞ and are evaluated
using variations of the correction weights, taking into
account their correlations.
A systematic uncertainty also arises from the modeling of

the BDT input variables. The most significant mismodeling
is observed in the negative region of the cos θBY distribution
of the Bsig candidate. To estimate the impact of this
mismodeling, MC samples are reweighted to data, with
event weights derived from a linear spline fit to the data-to-
MC ratio as a function of cos θBY . This reweighting is done
separately for each of the four categories, yielding distinct
spline fits. The event weights are then used to construct a fit,
with each template normalized to the nominal fit event count
to isolate shape effects. Two approaches were investigated:
first, reweighting data while fitting with nominal templates,
and second, reweighting the fit templates while fitting to
nominal data.We use the larger shift to assess the uncertainty.
The uncertainty on the form factors of semitauonic and

semileptonic signal are evaluated by using the eigenvar-
iations provided in Ref. [6]. In addition, we assign the
difference in central value between the parametrization of
Refs. [6] and [52,53] for semileptonic signal and Ref. [54]
for semitauonic signal events, using the information from
Refs. [55,56].

TABLE I. Systematic uncertainties on RðDþÞ and RðD�þÞ
ranked by the magnitude of the uncertainty on RðDþÞ. The
percentage values in brackets indicate the relative uncertainty.

Systematic uncertainty ΔRðDþÞ ΔRðD�þÞ
Additive
MC sample size 0.033 (7.9%) þ0.011ð3.4%Þ

−0.012ð3.9%Þ
Gap B þ0.014ð3.4%Þ

−0.038ð9.1%Þ
0.001 (0.1%)

LID efficiency (μ) þ0.025ð6.1%Þ
−0.016ð3.9%Þ

0.001 (0.1%)

Fake rates (e) þ0.016ð3.7%Þ
−0.008ð2.0%Þ

0.002 ð0.7%Þ
π� from D� → Dπ 0.003 (0.7%) 0.001 (0.1%)
Continuum fraction þ0.003ð0.7%Þ

−0.002ð0.4%Þ
0.001 (0.2%)

Gap FFs þ0.003ð0.6%Þ
−0.001ð0.3%Þ

0.001 (0.1%)

BðB̄ → D��lν̄lÞ 0.002 (0.5%) 0.001 (0.1%)
B̄ → D��lν̄l FFs 0.001 (0.3%) 0.001 (0.2%)
BDT modeling 0.001 (0.3%) 0.001 (0.2%)
B̄ → Dð�Þlν̄l=τν̄τ FFs 0.001 ð0.1%Þ 0.001 ð0.3%Þ
LID efficiency (e) 0.001 (0.1%) 0.001 (0.3%)
Fake rates (μ) 0.001 (0.1%) 0.001 (0.1%)
Total additive uncertainty þ0.047ð11.3%Þ

−0.054ð12.9%Þ
þ0.011ð3.6%Þ
−0.012ð4.0%Þ

Multiplicative
B̄ → Dð�Þlν̄l=τν̄τ FFs 0.009 (2.1%) 0.011 (3.5%)
MC sample size 0.007 (1.7%) 0.004 (1.2%)
LID efficiency (e) 0.001 (0.2%) 0.001 (0.2%)
Bðτ− → l−ν̄lντÞ 0.001 (0.2%) 0.001 (0.2%)
LID efficiency (μ) 0.001 (0.1%) 0.001 (0.1%)
Tracking efficiency 0.001 (0.1%) 0.001 (0.1%)
π� from D� → Dπ � � � 0.001 (0.2%)
Total multiplicative uncertainty 0.012 (2.8%) 0.011 (3.7%)
Total systematic uncertainty þ0.049ð11.6%Þ

−0.056ð13.4%Þ
þ0.016ð5.2%Þ
−0.018ð5.8%Þ

Total statistical uncertainty þ0.075ð17.9%Þ
−0.073ð17.5%Þ

þ0.035ð11.4%Þ
−0.033ð10.8%Þ

Total uncertainty þ0.089ð21.4%Þ
−0.092ð22.0%Þ

þ0.038ð12.6%Þ
−0.037ð12.2%Þ
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Finally, we assign a 10% uncertainty to the fraction of
continuum events in the background, based on the observed
difference in efficiency between off-resonance data and the
expected continuum contribution.

VIII. RESULTS

A. RðD + Þ and RðD + �Þ
Figure 3 shows the fitted classifier bins for the Dð�Þþe−

and Dð�Þþμ− categories. We measure

RðDþÞ ¼ 0.418þ0.075
−0.073ðstatÞþ0.049

−0.056ðsystÞ; ð8Þ

RðD�þÞ ¼ 0.306þ0.035
−0.033ðstatÞþ0.016

−0.018ðsystÞ; ð9Þ

with a correlation of ρ ¼ −0.24. These values are com-
patible with the SM predictions of RðDÞ ¼ 0.296� 0.004
and RðD�Þ ¼ 0.254� 0.005 [2–10] within 1.7 standard
deviations. The p-value of the fit is 8.3% and evaluated
using the saturated likelihood method [57]. Figures 4–5
show the distributions of Eextra and p�

l for the signal
enriched bins of the two-dimensional classifier with the
postfit scaling applied. More details can be found in
Appendix B.

FIG. 3. The fitted classifier distributions for the Dþe−, Dþμ−, D�þe−, and D�þμ− categories are shown. The hatched regions of the
histograms correspond to the systematic uncertainties. The black lines demarcate the first two bins from the remaining bins, which
contain significantly fewer events, and are thus displayed with two different y-axis scales on the left and right sides.
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B. LFU tests of electrons versus muons

For the ratio of the semileptonic signal branching
fractions of electrons to muons we find,

RðDþ
e=μÞ ¼ 1.068þ0.050

−0.048ðstatÞþ0.024
−0.023ðsystÞ; ð10Þ

RðDþ�
e=μÞ ¼ 1.079þ0.037

−0.036ðstatÞþ0.020
−0.019ðsystÞ; ð11Þ

with a correlation coefficient of ρ ¼ −0.398, both consis-
tent with the expectation of LFU within 1.2 and 1.6
standard deviations, respectively.

C. Consistency checks

To assess the stability of the result, we determine
RðDð�ÞþÞ for various subsamples, fitting them simultane-
ously to account for correlations in common systematic
uncertainties. The tests are summarized in Fig. 6. We
consider several sample divisions: First, we split by the
lepton flavor of the semitauonic and semileptonic signal,
fitting RðDð�ÞÞ separately in the reconstructed electron and
muon channels. We also decouple the Dþ and D�þ fit
channels, allowing for an independent extraction of
RðDþÞ and RðD�þÞ in the Dþ sample, while fitting only
RðD�þÞ in the D�þ sample.
The limited number ofD� feed-down signal events results

in a large anticorrelation. The obtained RðDþÞ (RðDþ�Þ)
values in the split datasets are consistent with the nominal
result with p-values ranging from 10%–78% (20%–88%).
Additional cross-checks involve splitting the data by the

charge of the signal lepton and by its polar angle, where the
latter is divided at cos θl ¼ 0.22 to approximately halve the
dataset. We also consider a separation based on the number

FIG. 4. Distributions of the signal enriched bins (5, 6, 10–20)
for Eextra with the results of the fit superimposed.

FIG. 5. Distributions of the signal enriched bins (5, 6, 10–20)
for p�

l with the results of the fit superimposed.

FIG. 6. Summary of the various consistency checks. The central
values of each sample split fit (blue and orange error bars), along
with the sizes of the statistical and total uncertainties are shown
(inner and outer ticks). The nominal results Eqs. (8) and (9) are
also shown (dashed black line) with statistical and total un-
certainty (inner and outer gray line). The left column shows
RðDÞ, and the right column RðD�Þ.
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of reconstructed tracks on the signal side (excluding the
lepton). Here, we choose a threshold of four tracks to
ensure a balanced division of the dataset.
Beyond that, the dataset is split according to different D

meson reconstruction modes, selecting alternating modes
based on their branching fractions. Furthermore, we divide
the dataset based on the decay modes of the tag-side B0: We
partition the dataset by choosing only tag-side semileptonic
decays with electrons and with muons, respectively.
Second, we further categorize events by distinguishing
between tag-side decays with D mesons and those with D�
mesons. We also test the stability using a more stringent
LID selection and find good agreement between the results.
The ratio of branching fractions of B̄0 → Dþl−ν̄l over

B̄0 → D�þl−ν̄l is 0.40� 0.01, which is consistent with the
prediction from Ref. [6] of 0.417� 0.012 within 1.1
standard deviations and the world average of Ref. [25]
of 0.431� 0.014 within 1.8 standard deviations.

IX. CONCLUSIONS

We reportmeasurements of the ratiosRðDþÞ andRðD�þÞ
and test the predictions of lepton-flavor-universality of the

SM. For this we analyzed a 365 fb−1 data sample, recorded
by theBelle II experiment from2019–2022. Signal events are
selected by first reconstructing the companion B meson in
semileptonic modes using a hierarchical approach. The
signal side is analyzed using a multiclass multivariate
approach, combining the discriminating power of five
variables. The selected events are analyzed using a likelihood
fit and we determine

RðDþÞ ¼ 0.418þ0.075
−0.073ðstatÞþ0.049

−0.056ðsystÞ;
RðD�þÞ ¼ 0.306þ0.035

−0.033ðstatÞþ0.016
−0.018ðsystÞ;

consistent with the SM expectation within 1.7 standard
deviations. Figure 7 shows the 2D confidence intervals
(CI) and compares this result with the SM expectation and
the Belle II measurements Refs. [23,24], which analyzed an
orthogonal dataset. Further we present the world average
from Ref. [25] and find our results to be consistent with it
within 0.6 standard deviations. The uncertainties on the
measurements of the ratios are dominated by statistical
uncertainties and the largest systematic uncertainty is the
limited simulated sample size used to determine efficiencies,
train the multiclass classification algorithm, and determine
template shapes.
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APPENDIX A: SELECTIONS

Tables II and III summarize the differences in the tag-
side and signal-side B0 reconstruction and the recon-
structed D decay modes. In the table, pl refers to the
lepton momentum in the laboratory frame; LID refers to the
likelihood-based variables used for lepton identification; E
denotes the energy of the ECL clusters of the photon (γ)
candidate; cos θp⃗;v⃗ denotes the cosine of the angle between
the momentum vector and the vector defined by the
reconstructed vertex. In addition, mπ0 , mK0

S
, mD, and

mD� are the invariant masses of the reconstructed neutral
pion, K0

S, D, and D� mesons, respectively, while mPDG

refers to their masses determined in [41]. The parameter σ
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TABLE II. Comparison of the selection criteria for Bsig and Btag reconstruction.

Selection Btag Bsig

Tracks Except for πþ from D�þ → D0πþ:
jd0j < 2 cm, jz0j < 4 cm jd0j < 0.5 cm, jz0j < 2.0 cm

Within CDC angular acceptance with ≥ 1 hit

e LID > 0.5
p�
l > 1 GeV pl > 0.2 GeV

μ LID > 0.9
p�
l > 1 GeV pl > 0.4 GeV

γ Forward: E > 0.10 GeV Forward: E > 0.08 GeV
Barrel: E > 0.09 GeV Barrel: E > 0.03 GeV
Backward: E > 0.16 GeV Backward: E > 0.06 GeV

> 1 crystal
Within CDC angular acceptance
Measured time within < 200 ns of exp. event time
For π0 candidates:
Optimized requirement based on the distance to the
Nearest track and a shower-shape classifier

π0 0.08 GeV < mπ0 < 0.18 GeV 0.12 GeV < mπ0 < 0.145 GeV

K0
S 0.4 GeV < mK0

S
< 0.6 GeV 0.45 GeV < mK0

S
< 0.55 GeV

Flight distance > 0
Significance of distance > 0.5
cos θp⃗;v⃗ > 0.8

D 1.7 GeV < mD < 1.95 GeV mPDG
D − 2.5σ < mD < mPDG

D þ 2.5σ
With mPDG

D0 ¼ ð1.86484� 0.00005Þ GeV
And mPDG

Dþ ¼ ð1.86966� 0.00005Þ GeV
σðmodes with πþÞ ¼ 0.0027 GeV
σðmodes with π0Þ ¼ 0.005 GeV

D� 0 < Q < 0.3 GeV 0.13 GeV < mD�þ −mD0 < 0.16 GeV

B 1.75 < cos θBY < 1.1 −15 < cos θBY < 1.1
P > 0.1
Candidate with largest P Candidate with largest p-value from D vertex fit

TABLE III. Reconstructed D modes used in the reconstruction of Btag and Bsig candidates.

Decay mode Tag side Signal side

D0 → K−πþπ0 ✓ ✓

D0 → K−πþπþπ− ✓ ✓

D0 → K−KþK0
S ✓ ✓

D0 → K−Kþ ✓ ✓

D0 → K−πþ ✓ ✓

D0 → K0
Sπ

þπ− ✓ ✓

D0 → π−πþ ✓ ✓

D0 → K−πþπ0π0 ✓

D0 → K−πþπþπ−π0 ✓

D0 → π−πþπ0 ✓

D0 → π−π−πþπ0 ✓

(Table continued)
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is the width of the D mass peak as determined from a
Gaussian fit and Q represents the energy release in the
particle decay. The classifier output from the tag-side
reconstruction algorithm is denoted by P.
Table IV lists the ratios of efficiencies of semitauonic and

semileptonic events for the four categories.

APPENDIX B: FIT DETAILS

Figure 8 shows the leading 20 systematic uncertainties on
RðDþÞ and RðD�þÞ, excluding the dominant systematic
uncertainty due to the limited MC sample size. If stated, the
number (#) indicates the eigendirection of the uncertainty
source. The uncertainty “choice of FF model” parametrizes
the impact of changing the semitauonic and semileptonic
signal form factor parametrization, cf. Sec. VII. Within the
FF uncertainties for the D�� resonances, we distinguish
between D�

broad resonances [D�
0ð2400Þ and D1ð2430Þ] and

D�
narrow resonances [D1ð2420Þ and D�

2ð2460Þ] as they are
described by different parametrizations due to their varying
decay widths.
The pull is defined as the difference of the postfit value

(θ̂) with respect to the nominal input value of the nuisance

parameter (θ0), and normalized with the postfit uncertainty
(Δθ). The sizes of the error bars on the pulls correspond to
the asymmetric confidence intervals obtained from the
likelihood profile.
Also shown are the impacts of the relative uncertainties

ΔRðDþÞ=RðDþÞ and ΔRðD�þÞ=RðD�þÞ on the deter-
mined ratios. We estimate the prefit impact by analyzing
how variations in the NP affect the POI, independent of the
other fitted parameters: In order to isolate the specific
contribution of the NP, we construct an Asimov dataset in
which the NP under investigation is maintained at its initial
value, while all other parameters are set to their best-fit
values obtained from the nominal fit. This dataset is then
refitted, keeping all parameters except the respective POI
[ΔRðDþÞ=RðDþÞ or ΔRðD�þÞ=RðD�þÞ] fixed to their
best-fit values, while shifting the NP to θ0 � Δθ0, where
Δθ0 denotes its prefit uncertainty. The prefit impact is then
quantified as the relative change in the POI compared to a
reference POI value, determined in the same way with the
NP set at its initial value.
The postfit impact is defined as the relative deviation of

the POI from its nominal value, considering only postfit
systematic variations. To evaluate this, the best-fit value of

TABLE III. (Continued)

Decay mode Tag side Signal side

D0 → π−πþπþπ− ✓

D0 → K0
Sπ

0 ✓

D0 → K0
Sπ

þπ−π0 ✓

D0 → K−Kþπ0 ✓

Dþ → K−πþπþ ✓ ✓

Dþ → K0
Sπ

þπ0 ✓ ✓

Dþ → K0
Sπ

þπþπ− ✓ ✓

Dþ → K0
Sπ

þ ✓ ✓

Dþ → K−Kþπþ ✓ ✓

Dþ → K0
SK

þ ✓

Dþ → πþπ0 ✓

Dþ → K−πþπþπ0 ✓

Dþ → πþπþπ− ✓

Dþ → πþπþπ−π0 ✓

Dþ → KþK0
SK

0
S ✓

D0 → K−Kþπþπ0 ✓

TABLE IV. Ratios of efficiencies between semitauonic and semileptonic signal. The uncertainties correspond to
the systematic uncertainties.

Category Dþe− Dþμ Dþ�e− D�þμ−

ϵDð�Þτ=ϵDð�Þl 0.190� 0.005 0.142� 0.004 0.185� 0.007 0.185� 0.007
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FIG. 8. Nuisance parameter ranking forRðDþÞ (left) andRðD�þÞ (right) showing the 20 leading nuisance parameters with the largest
impact on the respective fitted ratio.

TABLE V. Determined yields and uncertainties for all four categories.

Sample Dþe Dþμ D�þe D�þμ

B̄0 → Dþlν̄l 2519� 68 2233� 61

B̄0 → D�þlν̄l 2486� 63 2323� 58 2344� 51 1961� 44

B̄0 → Dþτν̄τ 191� 41 155� 65

B̄0 → D�þτν 106� 14 84� 11 155� 19 111� 14

B̄ → D��lν̄l=B̄ → D��
gaplν̄l 653� 112 586� 102 87� 55 75� 46

BB̄ and Continuum Bkg. 2177� 145 1582� 149 611� 95 497� 83

Data 8219 6854 3241 2621

TEST OF LEPTON FLAVOR UNIVERSALITY WITH … PHYS. REV. D 112, 032010 (2025)

032010-15



the NP from the nominal fit, θ̂, is used and varied within its
estimated uncertainties, θ̂ � Δ�θ̂, where Δ�θ̂ represents
the asymmetric uncertainty obtained from the likelihood
scan. In this case, only the NP under consideration is fixed,
while all other parameters are allowed to vary freely during
the fit to real data.
Table V lists the yields within each category as calcu-

lated from the fit parameters.

APPENDIX C: POSTFIT PROJECTIONS OF BDT
INPUT VARIABLES

Figures 9–13 show the distributions of the input vari-
ables utilized in the multivariate algorithm used in the
signal classification, arranged by their importance in the
classifier training.
To evaluate the agreement between simulation and data,

the fit templates are scaled to their best-fit values.

FIG. 9. Distribution of cos θBY with best-fit scaling, including all systematic uncertainties for the four fit categories: Dþe−, Dþμ−,
D�þe− and D�þμ−.
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FIG. 10. Distribution of Eextra with best-fit scaling, including all systematic uncertainties for the four fit categories.
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FIG. 11. Distribution of cos2 ΦB with best-fit scaling, including all systematic uncertainties for the four fit categories. Note the use of
nonuniform binning, including a large overflow bin, which accounts for the absence of significant structure in the region of
high cos2 ΦB.
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FIG. 12. Distribution of p�
D with best-fit scaling, including all systematic uncertainties for the four fit categories.

FIG. 13. Distribution of p�
l with best-fit scaling, including all systematic uncertainties for the four fit categories.
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APPENDIX D: SYSTEMATIC UNCERTAINTIES FOR THE LFU TESTS e VS μ

Table VI presents a breakdown of the systematic uncertainties for the ratios RðDþ
e=μÞ and RðD�þ

e=μÞ into the same
sources discussed in Sec. VII. Figure 14 illustrates the 20 most influential nuisance parameters, in a manner similar to
Appendix B.

TABLE VI. Systematic uncertainties onRðDþ
e=μÞ andRðD�þ

e=μÞ, ranked by their impact onRðDþ
e=μÞ, following the

format of Table I.

Systematic uncertainty ΔRðDþ
e=μÞ ΔRðD�þ

e=μÞ
Additive
MC sample size þ0.017ð1.5%Þ

−0.016ð1.6%Þ
þ0.014ð1.3%Þ
−0.012ð1.2%Þ

BDT modeling 0.009 (0.8%) 0.007 (0.6%)
B̄ → Dð�Þlν̄l=τν̄τ FFs 0.003 ð0.3%Þ 0.003 (0.3%)
Fake rates (e) 0.003 ð0.3%Þ þ0.005ð0.4%Þ

−0.006ð0.5%Þ
LID efficiency (μ) 0.001 (0.1%) 0.001 (0.1%)
B̄ → D��lν̄l FFs 0.001 (0.1%) 0.001 ð0.1%Þ
Fake rates (μ) 0.001 (0.1%) 0.002 ð0.2%Þ
Gap B 0.001 (0.1%) 0.001 ð0.1%Þ
Gap FFs 0.001 (0.1%) 0.001 ð0.1%Þ
Continuum fraction 0.001 (0.1%) 0.001 (0.1%)
π� from D� → Dπ 0.001 (0.1%) 0.001 (0.1%)
BðB̄ → D��lν̄lÞ 0.001 (0.1%) 0.001 (0.1%)
LID efficiency (e) 0.001 (0.1%) 0.003 (0.3%)
Total additive uncertainty þ0.020ð1.8%Þ

−0.019ð1.7%Þ
þ0.017ð1.6%Þ
−0.016ð1.5%Þ

Multiplicative
MC sample size 0.012 (1.1%) 0.009 (0.9%)
LID efficiency (e) 0.004 (0.4%) 0.004 (0.4%)
LID efficiency (μ) 0.003 (0.3%) 0.003 (0.3%)
B̄ → Dð�Þlν̄l=τν̄τ FFs 0.001 (0.1%) 0.001 (0.1%)
π� from D� → Dπ � � � 0.001 (0.01%)
Tracking efficiency 0.001 (0.1%) 0.001 (0.1%)
Total multiplicative uncertainty 0.013 (1.2%) 0.011 (1.2%)
Total systematic uncertainty þ0.024ð2.2%Þ

−0.023ð2.2%Þ
þ0.020ð1.9%Þ
−0.019ð1.8%Þ

Total statistical uncertainty þ0.050ð4.7%Þ
−0.048ð4.5%Þ

þ0.037ð3.4%Þ
−0.036ð3.3%Þ

Total uncertainty þ0.056ð5.2%Þ
−0.053ð5.0%Þ

þ0.042ð3.9%Þ
−0.041ð3.8%Þ
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