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We report two novel measurements for tests of lepton flavor universality between electrons
and muons using semileptonic B decays with a data sets of 189 fb−1 collected at the Belle
II experiment between 2019 and 2021. Firstly, we find a ratio of inclusive branching ratios
at R(Xe/µ) ≡ B(B → Xe−νe)/B(B → Xµ−νµ) = 1.007 ± 0.009(stat.) ± 0.019(syst.). This
inclusive measurement leads to the most precise universality test based on branching ratios.
The measured R(Xe/µ) is consistent with the Standard-Model prediction. Secondly, we mea-

sure a comprehensive set of five angular asymmetries of B
0 → D∗+ℓ−νℓ decays and obtain

agreements with the Standard Model for the asymmetries at a p-value more than 13%. From
both tests, no evidence of the universality violation is found.

1 Introduction

The Standard Model (SM) postulates the lepton flavor universality that a gauge boson couples
equally to all three generations of leptons. Semileptonic b̄ → cℓ−ν̄ℓ transition mediated by a W
boson. The branching ratios are described commonly between lepton flavors and only depend on
charged lepton masses in SM. The universality agrees with results of experiments that measured
decays of gauge bosons, light mesons, and leptons. However, we have recently observed a
deviation by more than three sigmas from the SM expectation in tests using semileptonic B
decays of B̄ → D(∗)ℓν̄ℓ

5. It offers a suspicion that the lepton flavor universality (LFU) could
be violated through New Physics processes, such as leptoquarks. In addition, it motivates to
test LFU between electron and muons since some of New Physics effects could contribute to
interactions with light leptons.

We test the LFU between electrons and muons at the Belle II experiment. Low multiplicity
and known initial kinematics of e+e− collisions at the B-factory can deliver good conditions
to study semileptonic B decays that contain missing neutrinos in the final states. We perform
two novel measurements with a ratio of inclusive branching fractions and differences of angu-
lar asymmetries, which provide theoretically and experimentally clean probes thanks to major
cancellation of uncertainties.

We use an electron-positron collision data of 189 fb−1 collected between 2019 and 2021 at a
center-of-mass energy of 10.58 GeV, corresponding to the Υ(4S) resonance. The data contains
(198.0± 3.0)× 106 BB pairs. We also analyze an off-resonance data of 18 fb−1 at an energy 60
MeV below the Υ(4S) resonance to evaluate background contributions from e+e− → qq (q =
u, d, s, c) processes. The Belle II detector consists of vertex and tracking detectors, particle
identification detectors, an electromagnetic calorimeter, 1.5 T solenoid magnets, and a K0

L and
muon detector from the innermost layer to the outer layer 2. Monte Carlo (MC) simulation
that reflects responses of the Belle II detector is generated to make selection optimization and
estimate signal and background distributions. The events from both the data and the simulation



are reconstructed with the Belle II Software Framework, basf2 3.

2 Measurement of R(Xe/µ)

We measure a ratio of inclusive branching ratios of semileptonic B decays defined by R(Xe/µ) =

B(B → Xe−νe)/B(B → Xµ−νµ), where X represents B-daughter hadrons reconstructed inclu-
sively. One of the B mesons, denoting Btag, from Υ(4S) decays are fully reconstructed through
hadronic B decay channels using the Full Event Interpretation (FEI) algorithm 6 to identify BB
events. The FEI returns a confidence score between 0 and 1 for each Btag candidate and we
allow only one B meson with the highest score in an event. Out of the remaining tracks, we
find a lepton candidate that has momentum in the signal B rest frame, pBℓ , above 1.3 GeV/c.
The lepton flavor is classified by a multiclass boosted decision tree (BDT) for electrons and a
likelihood ratio for muons. Other tracks and clusters not used for the Btag and the lepton are
attributed to the inclusive hadron system of signal B daughters. Two B mesons with opposite
and same flavors are combined for signal B and background-enriched control channels, respec-
tively. The events with same B flavors allow more contamination of BB backgrounds produced
by events with a misidentified lepton candidate or with a correct lepton from a secondary decay

of a charmed meson in addition to correct signal candidates with B0-B
0
mixing. This control

channel helps to constrain background yields in the signal channels through a simultaneous fit.
The background candidates from e+e− → qq (q = u, d, s, c) events are suppressed with a

dedicated BDT employing 21 event-topology variables. The BDT rejects 55% of qq backgrounds
and discriminates BB candidates at a 97% retention rate. The qq background distributions are
described by the off-resonance data which is scaled by the luminosity and qq cross section.

The signal yields of both electron and muon modes are extracted with a binned maximum-
likelihood simultaneous fit to pBℓ for the signal and control channels. The signal and BB back-
ground templates are prepared based on the MC simulation. From the fit, we obtain

R(Xe/µ) = 1.007± 0.009(stat.)± 0.019(syst.). (1)

Figure 1 illustrates the fit distributions on pBℓ . The most significant systematic uncertainty
is induced by the lepton identification at 1.9%, which is followed by the simulation sample
size at 0.9%. The other uncertainties from B → Xℓ−νℓ branching ratios and B → Xℓ−νℓ form
factors are smaller at 0.2% due to cancellation between electron and muon modes in the R(Xe/µ)
ratio. The measured R(Xe/µ) value agrees with a previous test result performed by the Belle

experiment using exclusive B → D∗ℓ−νℓ decays 7. This result is also consistent with the SM
prediction under the LFU 8. Our R(Xe/µ) measurement has provided the most precise result for
a test of light-lepton flavor universality based on branching ratios of semileptonic B decays by
utilizing inclusive modes in the test for the first time. More details of our R(Xe/µ) measurement
are described in Ref. 9.

3 Measurement of angular asymmetry ∆Ax(w)

We perform a measurement of angular asymmetries and their differences for B0 → D∗ℓ−νℓ
decays with a set of five variables, AFB, S3, S5, S7, and S9. The B0 → D∗ℓ−νℓ decays are
characterized by a recoil parameter, w ≡ (m2

B0 +m2
D+∗ − (pB0 − pD+∗)2)/2mB0mD∗+ , and three

helicity angles: the angle between the charged lepton in the virtual W frame and the W in the
B0 frame, θℓ, the angle between the D0 in the D∗+ rest frame and the D∗+ in the B0 frame,
cos θV , and the angle between the decay planes formed by the virtual W and the D∗+ in the B0

frame, χ. The angular asymmetries are described by differential rates of the recoil parameter
and helicity angles,

Ax(w) ≡
(
dΓ

dw

)−1 [∫ 1

0
−

∫ 0

−1

]
dx

d2Γ

dwdx
, (2)
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Figure 1: Same-charge control channel (left) and opposite-charge signal (right) spectra of the lepton momentum in

the Bsig rest frame, pB
` , with the fit results overlaid. The background component mostly contains events with fake or

secondary leptons. The last bin contains overflow events. The hatched area shows the total statistical plus
systematic uncertainty, added in quadrature in each bin.

Table I: Statistical and systematic uncertainties on the
value of R(Xe/µ) from the most significant sources.

Source Uncertainty [%]
Sample size 0.9
Lepton identification 1.9
X ` ⌫ branching fractions 0.2
Xc ` ⌫ form factors 0.1
Total 2.1

of the two to be the uncertainty from that source. We
further validate these uncertainties by generating a large
number of test data sets obtained by modifying the simu-
lated data set, each corresponding to a specific systematic
variation, and observing the resulting variation in the ex-
tracted value of R(Xe/µ). The resulting uncertainties are
summarized in Table I. The largest uncertainty, of 1.9 %,
is associated with the lepton-identification e�ciencies
and misidentification probabilities. In the R(Xe/µ) ratio,
branching-fraction and form-factor uncertainties largely
cancel, with residual uncertainties arising from coupling
between signal and background template shapes. Un-
certainties associated with track finding e�ciencies are
negligible.

We find an R(Xe/µ) value of

R(Xe/µ) = 1.007 ± 0.009 (stat) ± 0.019 (syst), (2)

which agrees with a previous measurement from Belle
in exclusive B ! D⇤`⌫ decays [9]. In order to reduce
model dependence, we also provide a fiducial measure-
ment by recalculating Ngen

` of Eq. (1) in the restricted

phase space defined by selecting events with a generated
B-frame lepton momentum above 1.3 GeV/c, leading to
an overall scaling of R(Xe/µ) by 0.998. The result is

R(Xe/µ | pB
` > 1.3 GeV/c) = 1.005 ± 0.009 (stat)

± 0.019 (syst).
(3)

In order to test the dependence of the result on the cho-
sen lower threshold on pB

` , we measure R(Xe/µ) while
changing the nominal value of 1.3 GeV/c to 1.1, 1.2, and
1.4 GeV/c. The values are mutually consistent with a
p-value of 0.27, taking into account the correlations be-
tween uncertainties of the four measurements. Similarly,
the result is consistent between subsets of the full data
set when split by lepton charge, tag flavor, and by data-
taking period. We find that the bremsstrahlung recovery
procedure has negligible impact on the result. Further-
more, we check the impact on R(Xe/µ) of the modeling of
charmed D meson decays by varying the branching ratio
of each decay D ! K + anything within its uncertainty
as provided in Ref. [22] while fixing the total event nor-
malization. The e↵ect is negligible. No evidence for a
significant bias associated with the selection of a single
candidate in the case of multiple candidates as described
in Ref. [36] is observed.

Our result is the most precise branching fraction-
based test of electron-muon universality in semileptonic
B decays. The measurement in the full phase space,
Eq. 2, is consistent with the standard-model prediction
of 1.006 ± 0.001 [37].

This work, based on data collected using the Belle
II detector, which was built and commissioned prior to

Figure 1 – Fit results of lepton momentum spectra in the Bsig rest frame, pBℓ (ℓ = e, µ), for same-charge control
channel (left) and in opposite-charge signal channel (right). Total statistical and systematic uncertainties of the
MC samples are shown by yellow hatched areas. Electron and muon modes are illustrated on left and right side
of each plot. The last bins of pBℓ include overflow entries.

where x = cos θℓ for AFB, cos 2χ for S3, cosχ cos θV for S5, sinχ cos θV for S7, and sin 2χ for S9.
We compare electron and muon modes by ∆Ax(w) = Aµ

x(w)−Ae
x(w) to test the LFU. AFB, S3,

and S5 is highly sensitive to the LFU violation induced by SM extensions. On the other hand,
S7 and S9 have reduced senditivity or no sensitivity to the LFU, respectively. Thus, they are
taken advantage of as control variables of the analysis method.

One B meson is fully reconstructed with the FEI algorithm and only one B meson is selected
with the highest confidence score in the event. The remaining tracks and clusters are assigned

for the signal B reconstruction. The B
0 → D∗+ℓ−νℓ decays are reconstructed by combining

a D∗+ candidate with an electron (muon) candidate that is required to have a momentum
above 0.4 GeV. The lepton flavors are identified by the BDT for electrons and the likelihood
ratio for muons. D∗+ candidates are reconstructed through D∗+ → D0π+. D0 candidates are
reconstructed via eight decay modes ofK−π+, K−π+π−π+, K−π+π0, K−π+π−π+π0, K0

Sπ
+π−,

K0
Sπ

+π−π0, K0
Sπ

0, and K+K−. The D(∗) candidates must satisfy MD0 ∈ [1.85, 1.88] GeV
(∆MD∗+ ∈ [0.143, 0.148] GeV), where ∆MD∗+ ≡ MD∗+ − MD0 . We require that no tracks
remain in addition to those used for the reconstruction in the event. Only one candidate is
selected by taking a candidate with ∆MD∗+ closest to the PDG value ?.

We extract the signal yields by binned maximum-likelihood template fits to the M2
miss dis-

tributions. The extracted yields are corrected for M2
miss bin migrations, migration of angular

and w ranges, efficiencies, and acceptance effects with a migration matrix. To address the SM
extensions with optimized sensitivity, we set three w ranges for integration of angular asym-
metries in Eq. (2) and determine all asymmetry variables simultaneously for both electron and
muon modes in different w ranges.

We find angular asymmetries for electron and muon modes and their differences as sum-
marized in Figure 2. The systematic uncertainty is dominated by the simulation sample size
to estimate the migration matrix around a quarter to a half of statistical uncertainties. Other
systematic uncertainties, such as lepton identification, is small up to 0.004.

χ2 tests are performed to evaluate agreements with the SM predictions for sets of all asym-
metries, three asymmetries of AFB, S3, and S5, and two asymmetries of S7 and S9. The tests
returns chi2/Ndof = 14.6/10(p = 0.14), 2.0/3(p = 0.57), and 0.6/2(p = 0.76) in the wincl. range,
respectively. The tests in w subranges, whigh and wlow, also have p-values no less than 0.13.
Therefore, there is no evidence of violation of the light-lepton flavor universality observed.
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Figure 2: Observed asymmetries and their differences (points with error bars), one-standard-deviation bands from
the previous Belle [13] and Belle II [14] measurements (hatched boxes), calculations from Ref. [9] based on a
previous measurement from Belle [25](empty boxes), and standard-model expectations (solid boxes). The
standard-model expectation is drawn with a dashed line when its uncertainty is too small to display.

Table I: Summary of �A results (Measurement)
compared to their standard model (SM) expectations
[32]. The measurement uncertainties are statistical and
systematic, respectively.

Obs. w bin Measurement SM
�AFB wlow 0.099 ± 0.056 ± 0.020 �0.00104

whigh �0.168 ± 0.068 ± 0.024 �0.01133
wincl. �0.024 ± 0.043 ± 0.016 �0.00566

�S3 wlow �0.026 ± 0.068 ± 0.024 0.00028
whigh �0.101 ± 0.069 ± 0.025 0.00023
wincl. �0.062 ± 0.047 ± 0.017 0.00018

�S5 wlow �0.019 ± 0.068 ± 0.024 0.00027
whigh �0.055 ± 0.065 ± 0.023 0.00107
wincl. �0.035 ± 0.046 ± 0.016 0.00049

�S7 wlow 0.028 ± 0.067 ± 0.024 0
whigh �0.066 ± 0.065 ± 0.022 0
wincl. �0.026 ± 0.046 ± 0.016 0

�S9 wlow 0.032 ± 0.067 ± 0.024 0
whigh 0.020 ± 0.068 ± 0.024 0
wincl. 0.020 ± 0.047 ± 0.017 0

prehensive tests of lepton universality in the angular dis-294

tributions of semileptonic B decays. We compare our295

measurements to predictions from Ref. [32] and measure-296

ments from Refs. [9, 13, 14]. The results in Ref. [9] are297

obtained in a slightly reduced w range, [1, 1.5], which298

makes them not strictly comparable to the other results.299

However, the standard-model expectations in these two300

w ranges differ only in the fourth decimal place. The301

results from Refs. [9, 14] derive from analyses without302

explicit reconstruction of the tag B, resulting in lower303

statistical uncertainties relative to these results.304

To test agreement with the standard-model expecta-305

tion [32], we perform three different �2 tests, accounting306

for the statistical and systematic covariances between all307

of the variables. Tests of the asymmetries A in the full308

w range (wincl.) yield �2/Ndof = 14.6/10 (p = 0.15) and309

in w subranges (wlow, whigh) yield 26.7/20 (p = 0.14).310

Tests of the LUV-sensitive asymmetry differences �AFB,311

�S3, and �S5 in the wincl. range yield �2/Ndof = 2.0/3312

(p = 0.57) and in w subranges yield 10.2/6 (p = 0.13).313

Tests of the insensitive quantities �S7 and �S9 in the314

wincl. range yield �2/Ndof = 0.6/2 (p = 0.76) and in w315

subranges yield 1.5/4 (p = 0.83). Our results agree well316

with the standard-model expectations and provide no ev-317

idence for LUV.318

The numerical values and full covariance matrices of319

the measured observables will be made available on HEP-320

Data [33].321
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Figure 2 – Measured asymmetries for electron (left) and muon (middle) modes and their differences (right). Black
and gray points are determined in range of full w range and high or low w ranges, respectively. Yellow solid box
show the SM prediction.

4 Conclusion

In the SM, the coupling of gauge bosons is presupposed to be common between all lepton flavors
as LFU. However, it is recently challenged between tau and light leptons by several experimental
results using semileptonic B decays. To test the LFU between electrons and muons, we perform
two first measurements utilizing a ratio of inclusive branching fractions, R(Xe/µ), and differences
of angular asymmetries, ∆Ax(w), with the 189 fb−1 data set collected at the Belle II experiment
between 2019 and 2021. We determine R(Xe/µ) = 1.007 ± 0.009(stat.) ± 0.019(syst.). The
inclusive measurement results in the world-leading precision and the obtained R(Xe/µ) agrees
with the SM prediction. In addition, we find lepton flavor universality for a comprehensive
asymmetry set of AFB, S3, S5, S7, and S9 with at least a p-value of 13%. From both tests, no
evidence of the LFU violation is found.
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