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We measure the tau-to-light-lepton ratio of inclusive B-meson branching fractions RðXτ=lÞ≡
BðB → XτνÞ=BðB → XlνÞ, where l indicates an electron or muon, and thereby test the universality
of charged-current weak interactions. We select events that have one fully reconstructed B meson and a
charged lepton candidate from 189 fb−1 of electron-positron collision data collected with the Belle II
detector. We find RðXτ=lÞ ¼ 0.228� 0.016ðstatÞ � 0.036ðsystÞ, in agreement with standard-model
expectations. This is the first direct measurement of RðXτ=lÞ.

DOI: 10.1103/PhysRevLett.132.211804

In the standard model, all leptons share the same
electroweak coupling, a symmetry known as lepton univer-
sality. Semileptonic decays of B mesons into a charmed
hadronic state, a lepton, and a neutrino provide excellent
sensitivity to potential lepton-universality-violating (LUV)
new interactions [1]. The combination of experimental LUV
tests in the rate of such exclusive decays toDð�Þmesons and τ
leptons relative to the light leptons, l ¼ e or μ, from the
BABAR [2,3], Belle [4–7], Belle II [8], and LHCb [9,10]
experiments has a 3.3σ tension with the standard model
expectation [11]. This could indicate an enhanced coupling
of the b quark to the τ lepton, as predicted in some beyond-
standard-model scenarios [12,13]. Measurements of the
inclusive b-hadron branching fraction Bðb-admix → XτνÞ
at the LEP experiments [14–18], however, are consistent
with the standard model. Here, X indicates the generic
hadronic final state that originates from b → cτν or, rarely,
b → uτν decays.
We present a complementary probe of LUV through the

firstmeasurement of the tau-to-light-lepton ratio of inclusive
semileptonic B-meson branching fractions, RðXτ=lÞ≡
BðB → XτνÞ=BðB → XlνÞ. This approach incorporates
D and D� mesons regardless of their decay mode and
includes a 14%–20% expected contribution from unex-
plored semitauonic B-meson decays [19]. The predictions
for RðXτ=lÞ and those for the ratios of exclusive decays
RðDð�ÞÞ are based on different theoretical input [21,22].
Consequently, this measurement provides a lepton-univer-
sality test that is statistically and theoretically distinct from
RðDð�ÞÞ, sensitive to different systematic uncertainties, and
is potentially more precise [1,23].
We use electron-positron collision data collected by the

Belle II experiment between 2019 and 2021 at the center-
of-mass energy

ffiffiffi

s
p ¼ 10.58 GeV, corresponding to the

ϒð4SÞ resonance, which decays almost exclusively into
B0B̄0 or BþB−. The integrated luminosity is 189 fb−1,
equivalent to approximately 198 × 106 BB̄ pairs. We use an
additional off-resonance dataset (18 fb−1) collected
60 MeV below the energy of the ϒð4SÞ resonance to
determine the expected backgrounds from continuum
processes eþe− → qq̄, where q indicates u, d, s, or c
quarks.
We reconstruct one B meson in a fully hadronic decay

mode (the partner B, labeled Btag) and associate remaining
particle candidates, which must include a lepton identified
as an electron or muon, with the accompanying B meson
(the signal, Bsig). The event is called signal if the lepton is
the decay product of a primary τ lepton in a B → Xτν decay
and normalization if the lepton is the primary lepton in a
B → Xlν decay. We simultaneously extract the signal and
normalization yields with a two-dimensional fit to the
distribution of pB

l , the lepton momentum in the rest frame
of the Bsig meson, and the missing mass squared M2

miss ¼
½ð ffiffiffi

s
p

; 0⃗Þ − P�
Btag

− P�
X − P�

l�2, where P�
Btag

, P�
X, and P�

l are

the measured four-momenta of the partner B meson, the
hadronic system X, and the signal-lepton candidate, in the
center-of-mass frame, respectively.
The Belle II detector at the SuperKEKB asymmetric-

energy electron-positron collider [24] consists of a nearly
hermetic solenoidal magnetic spectrometer surrounded by
particle-identification, electromagnetic-calorimetry (ECL),
and muon subdetectors [25,26]. The detector has a cylin-
drical barrel region that is nearly coaxial with the beams
and closed on either end by forward and backward
end caps.
We use simulation to model the signal, normalization,

and backgrounds, identify selection criteria, and to calcu-
late reconstruction efficiencies. The software packages
EVTGEN [27], PYTHIA [28], and KKMC [29] are used to
model particle production and decay, PHOTOS [30] for
photon radiation from charged particles, and GEANT4 [31]
for material interaction and detector response. Simulated
beam-induced backgrounds are overlaid on the events [32].
Simulated events are processed as collision data with the
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Belle II analysis software basf2 [33,34]. Simulated
eþe− → ϒð4SÞ → BB̄ samples, equivalent to an integrated
luminosity of 900 fb−1, contain known semileptonic and
hadronic B decays and additional hadronic B decays
modeled using PYTHIA. The signal (normalization) model
includes the following exclusive decays, with charge con-
jugation implied throughout: B→DτðlÞν, B → D�τðlÞν,
and B → D��τðlÞν, where D�� collectively indicates the
excited charmed states D�

0, D
0
1, D1, and D�

2, whose masses
and widths are taken from Ref. [35]. The B → Dð�ÞτðlÞν
decays are modeled with the BLPRXP form-factor
parametrization [36]. The modeling of B → D��τðlÞν
decays is based on the BLR model [37,38]. Semileptonic
B decays into the nonresonant final states Dð�ÞππτðlÞν
and Dð�ÞητðlÞν are used to fill the difference between the
sum of individual branching ratios of exclusive decays,
B → Dð�;��ÞτðlÞν, and the total semileptonic B decay
widths. These “gap modes” are included in dedicated
simulated samples that use intermediate, broad D�� reso-
nances and are modeled with BLR. We take the total width
for decays to light leptons from Ref. [35]; the widths for
semitauonicmodes are based on standard-model predictions
relative to the light-lepton decay rates [21,22,38,39].
Semileptonic B decays including b → uτðlÞν quark tran-
sitions are simulated in a hybrid model [40] that is updated
and scaled according to Refs. [35,41].
In order to identify signal events in the data, we first use

the Full Event Interpretation to reconstruct the Btag meson
in a fully hadronic decay mode [42]. This allows each final-
state particle to be uniquely associated with one of the two
B mesons and increases the signal purity. The selection
follows Ref. [43], resulting in 63% charged and 37%
neutral Btag candidates.
We select signal-lepton candidates from charged-particle

trajectories (tracks) remaining after the Btag reconstruction.
We require that the lepton charge corresponds to the charge
of a primary lepton from the semileptonic decay of a B
meson of opposite flavor to the Btag candidate. Lepton
tracks are required to be within the angular acceptance of
the tracking system and to point back to within 1 cm
(1.5 mm) of the interaction point in three dimensions for
electrons (muons).
Muon candidates are identified using a likelihood

ratio that combines particle-identification information from
all relevant subdetectors. In order to efficiently reject
misidentified muon candidates, we require their transverse
momenta to be above 0.4 GeV=c and lab-frame momenta
pμ to be above 0.7 GeV=c. The muon identification
efficiency is measured from control channels to be on
average 90% for pμ > 1 GeV=c, corresponding to a muon
misidentification probability for pions (kaons) of 2.5% (1%).
For pμ < 1 GeV=c, the efficiency averages to 70%, with a
pion (kaon) misidentification probability as a muon of
4% (0.2%).

Electron candidates are identified using a multiclass
boosted-decision-tree classifier that exploits several ECL
observables in combination with particle-identification
likelihoods [44]. We require their transverse momenta
to be above 0.3 GeV=c and lab-frame momenta pe to be
above 0.5 GeV=c and correct their four-momenta to
recover bremsstrahlung radiation. A stringent classifier
threshold results in average misidentification probabilities
for pions (kaons) with pe > 1 GeV=c of 0.1% (0.02%);
and for pe < 1 GeV=c, of less than 0.1% (0.1%), with
electron identification efficiencies of roughly 95% for
pe > 1 GeV=c and 70% for pe < 1 GeV=c.
In 3% of events, two or more signal-lepton candidates

pass these selections. In these events, we select the
candidate with the highest identification likelihood, with
81% efficiency for simulated signal leptons.
Backgrounds fromϒð4SÞ → BB̄ decays include hadrons

misidentified as leptons (fakes) and leptons originating
mainly from decays of charmed hadrons (secondaries). We
suppress muon fakes from pions or kaons by rejecting
combinations that are consistent with ω→ πþπ−π0, K�0 →
π−Kþ, D0→K−π−πþπþ, Dþ → πþπþπ−þ½π0orπþπ−�,
and Dþ → K−πþπþðπ0Þ decays, assigning the pion or
kaon mass to the muon candidate. We suppress secondaries
from photon conversion and π0 → eþe−ðγÞ decays by
rejecting signal-electron candidates with Bsig-frame
momentum pB

l below 1 GeV=c if they combine with an
oppositely charged particle in a displaced vertex or have an
eþe− invariant mass below 0.15 GeV=c2. We reject signal-
lepton candidates that can combine with an oppositely
charged lepton yielding the J=ψ → lþl− mass.
Following Ref. [43], we obtain corrections and uncer-

tainties for lepton-identification performance in discrete
intervals of lab-frame momentum (pl), angle with respect
to the electron beam (θl), and charge (q), using dedicated
data samples. We suppress continuum background,
described by off-resonance data, using event-topology
variables, and correct its yield and the kinematic properties
of the final-state particles following the same reference.
The hadronic system X is reconstructed using remaining

tracks and energy deposits in the ECL (clusters) that are not
associated with any tracks. Clusters are required to be at
least 30 cm from the nearest track and have energies greater
than 40, 55, and 90 MeV in the forward, barrel, and
backward regions, respectively. Tracks are required to be
consistent with originating from the interaction point and
are assigned masses according to the first satisfied particle-
identification criterion in the sequence electron, muon,
kaon, and proton. Tracks satisfying none of these criteria
are assigned the pion mass. We define MX to be the
invariant mass of all reconstructed particles associated with
the X system.
In order to assess the modeling of normalization and

background events, we define two samples that are depleted
of signal events. The high-pB

l (pB
l > 1.4 GeV=c) sample
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consists of 95% B → Xlν events. The same-flavor sample
contains events where both B mesons have the same flavor,
and it is enriched with fakes, secondaries, and continuum
(77%), but also includes B → XτðlÞν decays from neutral
B-meson oscillations (23%).
The simulatedMX distribution in the high-pB

l sample has
a significant deficit relative to the experimental distribution
for low MX values, and a significant excess for high MX
values, suggesting mismodeling of the charmed meson
decays that largely constitute the X system. Such mismod-
eling would likely introduce inconsistencies in the pion and
kaon multiplicities, which we also observe. These effects
cannot be attributed to the modeling of B → Dð�ÞτðlÞν or
B → D��τðlÞν decays, or of detector response. The dis-
agreement is particularly sensitive to the simulated pro-
portion of D decays to K0

L mesons.
To correct for this mismodeling, we reweight the

simulated B → XτðlÞν events using the experimental-to-
simulated yield ratio in 17 intervals of MX using the high-
pB
l sample. The weights range between 0.80 and 1.27, with

uncertainties from 0.01 to 0.18 that are dictated by the
number of simulated and experimental events in each bin.
The largest weights are measured at low MX, a region
enriched with events with at least one K0

L meson. We
measure these weights in five equally populated pB

l
intervals in each MX interval, and find statistically con-
sistent values. In order to accommodate any pB

l dependence
potentially hidden by the statistical uncertainties, we
extrapolate linearly to the signal-enriched region pB

l <
1.25 GeV=c and assign the absolute difference between the
nominal and extrapolated weights as an additional uncer-
tainty. We apply these factors as weights to B → XτðlÞν
events, then rescale the proportions of the known individual
semileptonic B decays so that they are preserved.

We also reweight secondary-lepton and muon-fake
events in the simulated BB̄ backgrounds. We derive weights
for secondary leptons using the same-flavor electron
sample, in which 98% of the BB̄ backgrounds are sec-
ondaries. We determine the weights in two-dimensional
intervals of pl and MX. These weights are equally
applicable to electron and muon secondaries, as they pre-
dominantly arise from the same D decay modes. We derive
weights for muon fakes from the remaining experiment-to-
simulation deviations. The impact of this reweighting on
the BB̄ background yields is treated as an uncertainty on the
muon fake-to-secondary composition. Secondaries from
hadronic B decays to multiple charmed hadrons are
assigned shape and yield uncertainties that cover up to
twice the corrections derived from the same-flavor secon-
daries due to their low purity in this sample.
These simulation reweightings significantly ameliorate

mismodeling in kinematic variables correlated to the X
system, in particular, M2

miss [19].
We extract the signal and normalization yields for the

electron and muon modes, Nmeas
τðlÞ , from a simultaneous

maximum-likelihood fit to the binned two-dimensional
distributions of pB

l and M2
miss (Fig. 1). For each lepton

flavor we define signal, normalization, BB̄ background, and
continuumcomponents, and associate eachwith a histogram
template and corresponding yield parameter. The signal,
normalization, and BB̄ background yields are uncon-
strained. The continuum component has a Gaussian con-
straint on its yield derived from off-resonance data.
The statistical and systematic uncertainties on the tem-

plates are incorporated in the likelihood definition via
nuisance parameters, one for each (pB

l , M
2
miss) bin for each

component. Constraints on the nuisance parameters are
encoded in a global covariance matrix for bins and

FIG. 1. Two-dimensional distributions of electron (left) and muon (right) momentum in the Bsig rest frame pB
l and the missing mass

squared M2
miss, flattened to one dimension in intervals as used in the signal extraction fit, with the fit results overlaid. The hatched area

shows the total statistical and systematic uncertainty, added in quadrature for each interval. The residuals are normalized to the statistical
uncertainty of the data points and the M2

miss intervals are given in units of GeV2=c4.
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components, constructed by summing the covariance
matrices of all individual uncertainty sources.
Uncertainties on the track-reconstruction efficiency are

estimated with control samples, and are propagated as a
0.3% uncertainty per track in each event. The uncertainties
associated with the lepton-identification-performance
weights are also provided by auxiliary measurements [43].
Wepropagate these toRðXτ=lÞ uncertainties byassuming that
they are fully correlated for events of a given lepton or hadron
fake type that share a (pl, θl, q) bin, and are uncorrelated
otherwise. We derive the uncertainties associated with the
simulation reweighting via 500 random variations of the
event weights. These uncertainties are assumed to be fully
correlated for events in the same MX [or (pl, MX), for BB̄
background] bin, and, initially, to be uncorrelated otherwise.
The total yield is fixed in each variation, thereby introducing
correlations caused by bin migrations.
We incorporate branching-fraction uncertainties by

deriving efficiency uncertainties and bin covariances based
on histogram shape differences caused by their �1σ
variations. For B → Xulν and B → Dð�Þlν decays, we
use the latest values [35,45], combining the results of
neutral and charged B mesons under the assumption of
isospin symmetry. For the remaining b → clν decays, not
all final states have been measured to date. We estimate the
unknown branching fractions by extrapolating from
existing measurements to the unobserved D�� final-state
decays, assuming isospin symmetry. Among the nonreso-
nant gap modes, only the decay B → Dð�Þπþπ−lν is
measured [46]. This result is extrapolated to the other
charge configurations to estimate their total branching
fractions. The remaining gap modes, B → Dð�Þηlν, are
assigned a 100% branching fraction uncertainty. The fit to
data reduces the uncertainties on the gap-mode branching
fractions by exploiting its distinctive shape. Branching
fractions of semitauonic B decays are derived by combin-
ing the corresponding light-lepton branching fractions
with the standard-model predictions of RðDð�ÞÞ, RðD��Þ,
and RðXuÞ [38,39,41]; semitauonic gap-mode branching
fractions are based on the average of the RðXτ=lÞ pre-
dictions of Refs. [21,22], with relative fractions assumed to
be equivalent to those of the corresponding light-lepton
gap modes.
Decay-model parameters (form factors) are varied

according to their covariances using the HAMMER soft-
ware package [47]. The full differences between the
BLPRXP parameter prediction and parametrizations using
the BGL [48–50] (CLN [45,51]) model are treated as
additional uncertainties for B → Dð�Þlν (B → Dð�Þτν)
processes.
We assume that the tagging efficiency cancels in the

RðXτ=lÞ ratio. This assumption is supported by the agree-
ment between experimental and simulated distributions of
all relevant Btag quantities.

After all selections and corrections, we determine
efficiencies from the ratio of the number of selected signal
(normalization) events in simulation Nsel

τ→lðlÞ to the

number generated Ngen
τ→lðlÞ. The electron-mode efficiency is

ð1.50� 0.02Þ × 10−3 in the signal mode and ð2.29�
0.03Þ × 10−3 in the normalization mode, with a correlation
of 0.62. The respective muon-mode efficiencies are lower,
ð1.12� 0.02Þ × 10−3 and ð2.15� 0.03Þ × 10−3, due to
more-restrictive pμ thresholds, with a correlation of 0.71.
We fit the experimental (pB

l , M
2
miss) spectra as shown in

Fig. 1 and measure electron (muon) normalization yields of
Nmeas

e ¼ 95 690� 770 (Nmeas
μ ¼ 89 970� 810) and signal

yields of Nmeas
τ→e ¼ 2590� 450 (Nmeas

τ→μ ¼ 1810� 460), with
correlations of −0.53 (−0.54). From these yields and
correlations, we calculate RðXτ=lÞ and its uncertainty using
Ngen

τ ¼Ngen
τ→l=Bðτ→lννÞ via RðXτ=lÞ ¼ ðNmeas

τ→l=N
meas
l Þ

ðNsel
l =Nsel

τ→lÞðNgen
τ =Ngen

l Þ and the appropriate uncertainty
propagation.
We estimate the size of each systematic uncertainty by

refitting the simulated spectrum with all systematic sources
fixed and then with all but one source fixed, and take the
quadrature difference between the two.
The resulting uncertainties are summarized in Table I.

The largest uncertainties are associated with the experi-
mental and simulation sample sizes. Normalization and BB̄
background shape uncertainties associated with the simu-
lation reweightings are driven by the sample sizes of the
control samples. They should decrease with larger sample
sizes like statistical uncertainties, as should the branching-
fraction uncertainties, which are dominated by constraints
on the 100% uncertainty assigned to the branching fraction
of the nonresonant gap modes from the fit to data. These
sources are comparable to the form-factor uncertainties,
which are dominated by deviations between form-factor
model parametrizations for B → D�lν processes.

TABLE I. Relative statistical and systematic uncertainties on
the value of RðXτ=lÞ for electrons, muons, and their combination
(l). Detailed descriptions of each source are provided in the text.

Uncertainty [%]

Source e μ l

Experimental sample size 8.8 12.0 7.1
Simulation sample size 6.7 10.6 5.7
Tracking efficiency 2.9 3.3 3.0
Lepton identification 2.8 5.2 2.4
Xclν reweighting 7.3 6.8 7.1
BB̄ background reweighting 5.8 11.5 5.7
Xlν branching fractions 7.0 10.0 7.7
Xτν branching fractions 1.0 1.0 1.0
XcτðlÞν form factors 7.4 8.9 7.8

Total 18.1 25.6 17.3
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We find RðXτ=lÞ for electrons and muons of

RðXτ=eÞ ¼ 0.232� 0.020ðstatÞ � 0.037ðsystÞ; and

RðXτ=μÞ ¼ 0.222� 0.027ðstatÞ � 0.050ðsystÞ;

respectively. By combining light-lepton flavors in a
weighted average of correlated values, we find

RðXτ=lÞ ¼ 0.228� 0.016ðstatÞ � 0.036ðsystÞ:

This Letter started as a blind analysis. Unblinding of an
earlier version exposed a significant correlation of the
results with the lepton momentum threshold, attributed to a
biased selection applied in an early data-processing step
and to insufficient treatment of low-momentum back-
grounds. We reblinded, removed the problematic selection,
tightened lepton requirements, and introduced the lepton-
secondary and muon-fake reweightings. The results are
now independent of the lepton momentum threshold, and
are consistent between subsets of the full dataset when split
by lepton charge, tag flavor, lepton polar angle, and data
collection period. We verify that the reweighting uncer-
tainties cover mismodeling of D-meson decays by varying
the branching ratio of each decay D → KðanythingÞ within
its uncertainty as provided in Ref. [35] while fixing the total
event normalization.
Our result is in agreement with an average of standard-

model predictions of 0.223� 0.005 [21,22,41] but also is
consistent with a hypothetically enhanced semitauonic
branching fraction as indicated by the RðDð�ÞÞ world
averages [45] (cf. Fig. 2). Because of distinct experimental
strategies and small statistical overlap (approximately
0.4% shared events), the total correlation between this

measurement and the exclusive measurement of RðD�Þ in
Ref. [8] is estimated to be below 0.1. Therefore, RðXτ=lÞ is
a largely independent probe of the b → cτν anomaly.
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