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The first simultaneous determination of the absolute value of the Cabibbo-Kobayashi-Maskawa matrix
element Vub using inclusive and exclusive decays is performed with the full Belle data set at the ϒð4SÞ
resonance, corresponding to an integrated luminosity of 711 fb−1. We analyze collision events in which one
B meson is fully reconstructed in hadronic modes. This allows for the reconstruction of the hadronic Xu

system of the semileptonic b → ulν̄l decay. We separate exclusive B → πlν̄l decays from other inclusive
B → Xulν̄l and backgrounds with a two-dimensional fit that utilizes the number of charged pions in the Xu

system and the four-momentum transfer q2 between the B and Xu systems. Combining our measurement
with information from lattice QCD and QCD calculations of the inclusive partial rate as well as external
experimental information on the shape of the B → πlν̄l form factor, we determine jVexcl

ub j ¼ ð3.78�
0.23� 0.16� 0.14Þ × 10−3 and jV incl

ub j ¼ ð3.88� 0.20� 0.31� 0.09Þ × 10−3, respectively, with the
uncertainties being the statistical error, systematic errors, and theory errors. The ratio of jVexcl

ub j=jV incl
ub j ¼

0.97� 0.12 is compatible with unity.
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In this Letter, we report the first simultaneous determi-
nation of the absolute value of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element Vub using inclusive
and exclusive decays. Exclusive determinations of jVubj
focus on reconstructing explicit final states such as

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 131, 211801 (2023)

0031-9007=23=131(21)=211801(7) 211801-1 Published by the American Physical Society

https://orcid.org/0000-0001-8332-5668
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0003-3917-3761
https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0002-1907-5964
https://orcid.org/0000-0002-4895-3869
https://orcid.org/0000-0002-1586-5790
https://orcid.org/0000-0003-2435-501X
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0003-3466-9290
https://orcid.org/0000-0003-0419-6912
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0001-8852-2409
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0003-1776-0439
https://orcid.org/0000-0001-6254-3594
https://orcid.org/0000-0003-1449-6986
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0001-5735-8386
https://orcid.org/0000-0001-5279-4787
https://orcid.org/0000-0003-2990-1913
https://orcid.org/0000-0002-5915-1319
https://orcid.org/0000-0002-2495-0524
https://orcid.org/0000-0002-2270-9673
https://orcid.org/0000-0001-7357-9007
https://orcid.org/0000-0002-0856-1131
https://orcid.org/0000-0003-2518-7134
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0002-8650-6058
https://orcid.org/0000-0002-8803-4429
https://orcid.org/0000-0001-7620-2053
https://orcid.org/0000-0002-7008-3759
https://orcid.org/0000-0003-1705-7399
https://orcid.org/0000-0002-1673-5664
https://orcid.org/0000-0003-2747-8277
https://orcid.org/0000-0003-3499-7948
https://orcid.org/0000-0001-9841-0216
https://orcid.org/0000-0001-7347-6585
https://orcid.org/0000-0003-0167-8641
https://orcid.org/0000-0001-6857-966X
https://orcid.org/0000-0002-6509-7793
https://orcid.org/0000-0002-2047-9675
https://orcid.org/0000-0001-8442-107X
https://orcid.org/0000-0001-7052-3163
https://orcid.org/0000-0001-9076-5936
https://orcid.org/0000-0001-5767-2121
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0003-3043-1939
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0002-4374-1234
https://orcid.org/0000-0001-7470-3874
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0000-0003-2599-1405
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0001-8602-5652
https://orcid.org/0000-0002-1470-6536
https://orcid.org/0000-0002-5541-2278
https://orcid.org/0000-0002-5858-3187
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-6280-494X
https://orcid.org/0000-0002-4321-0417
https://orcid.org/0000-0001-7741-4381
https://orcid.org/0000-0002-6347-433X
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0001-9772-9989
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0002-1641-430X
https://orcid.org/0000-0002-4271-711X
https://orcid.org/0000-0003-2765-7072
https://orcid.org/0000-0002-2927-3366
https://orcid.org/0000-0002-3561-5633
https://orcid.org/0000-0003-1590-0266
https://orcid.org/0000-0002-9402-7559
https://orcid.org/0000-0002-9996-6336
https://orcid.org/0000-0002-1935-9887
https://orcid.org/0000-0001-8176-8545
https://orcid.org/0000-0002-7323-0830
https://orcid.org/0000-0002-5515-0087
https://orcid.org/0000-0003-3054-1222
https://orcid.org/0000-0002-6816-0751
https://orcid.org/0000-0002-2209-535X
https://orcid.org/0000-0002-5743-7698
https://orcid.org/0000-0001-8125-9070
https://orcid.org/0000-0002-4659-1112
https://orcid.org/0000-0002-9695-8103
https://orcid.org/0000-0001-7175-4182
https://orcid.org/0000-0002-8644-2349
https://orcid.org/0000-0003-2487-8080
https://orcid.org/0000-0001-5959-8172
https://orcid.org/0000-0003-0971-0968
https://orcid.org/0000-0001-8084-1931
https://orcid.org/0000-0002-4967-7675
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0001-6251-8049
https://orcid.org/0000-0002-6277-2626
https://orcid.org/0000-0003-1572-5365
https://orcid.org/0000-0002-7011-5044
https://orcid.org/0000-0001-9448-5691
https://orcid.org/0000-0003-0234-0474
https://orcid.org/0000-0002-7400-6013
https://orcid.org/0000-0002-9835-1006
https://orcid.org/0000-0002-5991-622X
https://orcid.org/0000-0001-5520-5394
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0002-4413-6247
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0003-0864-6693
https://orcid.org/0000-0003-3416-0056
https://orcid.org/0000-0001-5139-5784
https://orcid.org/0000-0001-8412-8308
https://orcid.org/0000-0003-1161-4983
https://orcid.org/0000-0002-7109-5583
https://orcid.org/0000-0003-4673-570X
https://orcid.org/0000-0002-2698-5448
https://orcid.org/0000-0002-7764-5777
https://orcid.org/0000-0002-6088-0412
https://orcid.org/0000-0002-7082-8108
https://orcid.org/0000-0002-0128-264X
https://orcid.org/0000-0003-4352-734X
https://orcid.org/0000-0002-2209-6969
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0001-6388-3005
https://orcid.org/0000-0002-0294-9071
https://orcid.org/0000-0002-7640-5456
https://orcid.org/0000-0001-8424-7075
https://orcid.org/0000-0003-0486-9291
https://orcid.org/0000-0002-1076-814X
https://orcid.org/0000-0002-7739-914X
https://orcid.org/0000-0002-2572-4692
https://orcid.org/0000-0001-9562-1253
https://orcid.org/0000-0001-6373-2346
https://orcid.org/0000-0003-2220-7224
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0000-0003-4486-0064
https://orcid.org/0000-0002-7524-0936
https://orcid.org/0000-0001-7426-4824
https://orcid.org/0000-0001-7518-3022
https://orcid.org/0000-0003-1204-0846
https://orcid.org/0000-0001-7994-0537
https://orcid.org/0000-0001-6087-2052
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0001-6019-6218
https://orcid.org/0000-0003-4864-3411
https://orcid.org/0000-0002-4114-1091
https://orcid.org/0000-0002-8813-0437
https://orcid.org/0000-0001-9839-7373
https://orcid.org/0000-0003-1804-9470
https://orcid.org/0000-0001-6836-0748
https://orcid.org/0000-0002-6131-819X
https://orcid.org/0000-0002-9465-2493
https://orcid.org/0000-0002-1407-7450
https://orcid.org/0000-0002-4310-3638
https://orcid.org/0000-0003-2651-5021
https://orcid.org/0000-0001-5823-4393
https://orcid.org/0000-0002-4199-4369
https://orcid.org/0000-0001-5853-349X
https://orcid.org/0000-0003-3904-2956
https://orcid.org/0000-0002-9184-2830
https://orcid.org/0000-0002-7336-3246
https://orcid.org/0000-0003-4844-5028
https://orcid.org/0000-0002-8378-4255
https://orcid.org/0000-0002-1615-9118
https://orcid.org/0000-0002-4824-101X
https://orcid.org/0000-0003-2811-2218
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0002-1312-0429
https://orcid.org/0000-0002-9012-4618
https://orcid.org/0000-0002-8478-5639
https://orcid.org/0000-0002-1456-1496
https://orcid.org/0000-0002-9420-0091
https://orcid.org/0000-0002-5735-4059
https://orcid.org/0000-0001-8751-5944
https://orcid.org/0000-0002-1898-5333
https://orcid.org/0000-0002-8954-0585
https://orcid.org/0000-0002-9795-3582
https://orcid.org/0000-0001-8225-3973
https://orcid.org/0000-0001-6651-0706
https://orcid.org/0000-0002-8255-3746
https://orcid.org/0000-0003-3469-9377
https://orcid.org/0000-0002-5887-1883
https://orcid.org/0000-0001-6567-3036
https://orcid.org/0000-0003-4904-6168
https://orcid.org/0000-0002-4944-1830
https://orcid.org/0000-0003-3355-765X
https://orcid.org/0000-0002-2209-8198
https://orcid.org/0000-0002-3401-0480
https://orcid.org/0000-0003-3174-403X
https://orcid.org/0000-0003-3144-2920
https://orcid.org/0000-0003-1685-9824
https://orcid.org/0000-0002-0302-8151
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0003-0983-4936
https://orcid.org/0000-0003-1485-2143
https://orcid.org/0000-0001-6391-5118
https://orcid.org/0000-0002-0979-8341
https://orcid.org/0000-0002-5241-6628
https://orcid.org/0000-0002-0614-8773
https://orcid.org/0000-0002-4245-7442
https://orcid.org/0000-0001-5096-1182
https://orcid.org/0000-0002-2680-0474
https://orcid.org/0000-0003-0713-0871
https://orcid.org/0000-0002-9543-7971
https://orcid.org/0000-0002-1479-9349
https://orcid.org/0000-0002-4912-048X
https://orcid.org/0000-0002-4001-9748
https://orcid.org/0000-0001-6140-2044
https://orcid.org/0000-0002-0907-5565
https://orcid.org/0000-0002-8253-641X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.211801&domain=pdf&date_stamp=2023-11-21
https://doi.org/10.1103/PhysRevLett.131.211801
https://doi.org/10.1103/PhysRevLett.131.211801
https://doi.org/10.1103/PhysRevLett.131.211801
https://doi.org/10.1103/PhysRevLett.131.211801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


B → πlν̄l [1], Λb → pμν̄μ [2], or Bs → Kμν̄μ [3], whereas
inclusive determinations study Bmeson decays undergoing
b → ulν̄l transitions and are indiscriminate of the u → Xu
hadronization process. Theworld averages of either method
are only marginally compatible [1],

jVexcl
ub j ¼ ð3.51� 0.12Þ × 10−3; ð1Þ

jV incl
ub j ¼ ð4.19� 0.16Þ × 10−3; ð2Þ

with a ratio of jVexcl
ub j=jV incl

ub j ¼ 0.84� 0.04, which deviates
3.7 standard deviations from unity. The underlying reason
for this tension is unknown. New physics explanations are
challenging (see, e.g., Refs. [4–7]), leading some to
speculate the existence of until now unaccounted system-
atic effects [8]. This motivates the simultaneous determi-
nation in a single analysis, in which B → πlν̄l and the
B → Xulν̄l rates can be simultaneously extracted and
systematic effects can be correlated.
The presented measurement of inclusive and exclusive

b → ulν̄l decays uses the same collision events and a
similar analysis strategy as Refs. [9,10]. Charmless semi-
leptonic decays are reconstructed by relying on the com-
plete reconstruction of the second B meson in the
eþe− → ϒð4SÞ → BB̄ process. This approach allows for
the direct reconstruction of the Xu system of the B →
Xulν̄l process. Specifically, the four-momentum transfer
squared, q2 ¼ ðpB − pXu

Þ2, and the number of charged
pion candidates of the Xu system, Nπ� , can be recon-
structed. This allows for the separation of Bþ → π0lþνl
and B0 → π−lþνl from other B → Xulν̄l decays. The
main background in the measurement stems from the much
more abundant B → Xclν̄l decays, and a multivariate
suppression strategy is used to reduce this and other
background processes. Charge conjugation is implied
throughout. The inclusive B → Xulν̄l branching fraction
is defined as the average branching fraction of Bþ and B0

meson decays. Furthermore, we denote l ¼ e, μ, and use
natural units: ℏ ¼ c ¼ 1.
We analyze ð772� 10Þ × 106 Bmeson pairs recorded at

theϒð4SÞ resonance energy and 79 fb−1 of collision events
recorded 60 MeV below the ϒð4SÞ peak. Both data sets
were recorded at the KEKB eþe− collider [11] by the Belle
detector. Belle is a large-solid-angle magnetic spectrometer.
A detailed description of its performance and subdetectors
can be found in Ref. [12]. The particle identification and
selection criteria are the same as in Ref. [9].
Monte Carlo (MC) samples of B meson decays and

continuum processes (eþe− → qq̄ with q ¼ u, d, s, c) are
simulated using the EvtGen generator [13]. The normaliza-
tion of continuum events is calibrated with the measured
off-resonance data. A detailed description of all samples
and decay models is given in Ref. [9]. The simulated
samples are used for background subtraction and to correct
for detector resolution, selection, and acceptance effects.

The used sample sizes correspond to approximately ten and
five times, respectively, the Belle collision data for the B
meson production and continuum processes.
Semileptonic B → Xulν̄l decays are simulated as a

mixture of specific exclusive modes and nonresonant
contributions using a “hybrid” approach [14–16]: the triple
differential rate of inclusive and exclusive predictions are
combined such that the partial rates of the inclusive
prediction are recovered. This is achieved by assigning
weights to the inclusive contribution as a function of the
generator-level q2, EB

l , and MX. Here, EB
l and MX denote

the energy of the lepton in the signal B rest frame and
the invariant mass of the Xu system produced in the B →
Xulν̄l decay. For the inclusive contribution, we use two
different calculations: the De Fazio and Neubert model [17]
(with mKN

b ¼ ð4.66� 0.04Þ GeV, aKN ¼ 1.3� 0.5 in the
Kagan-Neubert scheme) and the Bosch-Lange-Neubert-
Paz model [18] (with mSF

b ¼ 4.61GeV, μ2SFπ ¼ 0.20GeV2

in the Shape Functioin scheme). The difference between the
two models is treated as a systematic uncertainty. The
simulated inclusive B → Xulν̄l events are hadronized with
the JETSET algorithm [19] into final states with two or
more mesons. We study two different tunes of the frag-
mentation parameters and assign their difference as a
systematic uncertainty. The exclusive contributions are
modeled as follows: B → πlν̄l decays are modeled using
the Bourrely-Caprini-Lellouch (BCL) form factor para-
metrization [20]; B→ ρlν̄l and B→ωlν̄l decays are
modeled using the Bharucha-Straub-Zwicky form factors
[21] from the fit of Ref. [22] to light-cone sum rule (LCSR)
predictions [21] and the measurements of Refs. [23–25];
B → ηlν̄l and B → η0lν̄l are modeled using pole form
factors obtained from fits to LCSR [26]. For the branching
fractions the world averages from Ref. [27] are used.
Semileptonic B → Xclν̄l decays are dominated by B →

Dlν̄l and B → D�lν̄l decays. We simulate them with the
form factors of Refs. [28–30] and values determined by the
measurements ofRefs. [31,32].OtherB → Xclν̄l decays are
simulated as a mixture of resonant and nonresonant modes,
using the parametrization of Ref. [33] for the modeling of
B → D��lν̄l form factors. The known difference between
inclusive and the sum of measured exclusive B→Xclν̄l
decays is simulated with B→Dð�Þηlþνl decays.
We reconstruct eþe− collision events with the multivari-

ate tagging algorithm of Ref. [34]. The algorithm uses a
hierarchical approach utilizing neural networks to fully
reconstruct one of the two Bmesons in hadronic final states
(labeled as Btag). The Btag reconstruction efficiency is
calibrated using B → Xclν̄l decays following the prescrip-
tion outlined in [9]. The identified final state particles
forming the Btag are masked and b → ulν̄l signal candi-
dates are reconstructed by identifying an electron or muon
candidate in the events, requiring EB

l ¼ jpB
l j > 1 GeV as

measured in the signal B rest frame. To reject background
from the much more abundant B → Xclν̄l decays, eleven
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distinguishing features are combined into a single discrimi-
nant using boosted decision trees (BDTs) and utilizing the
implementation of Ref. [35]. The most discriminating
training features are the reconstructed neutrino mass,
M2

miss, the vertex fit probability of the decay vertex between
the hadronic system X and the signal lepton l, and the
number of identified K� and K0

S in the X system. As in [9],
we select a working point that corresponds to a signal
efficiency of 18.5%, which rejects 98.7% of B → Xclν̄l
decays, defined with respect to all events after the Btag

selection. To test the modeling of B → Xclν̄l and other
backgrounds in the extraction variables, q2 and Nπ� , we
also utilize the events failing the BDT selection and find
good agreement [36]. We further separate events by the
reconstructedMX, categorizingMX < 1.7 GeV into five q2

bins ranging in ½0; 26.4� GeV2 as a function of the Nπ�

multiplicity for the interval of ½0; 1; 2;≥ 3�. Events with
MX ≥ 1.7 GeV are analyzed only in bins of Nπ� as they are
dominated by background. To enhance the B → πlν̄l
purity in the low-MX Nπ� ¼ 0 and Nπ� ¼ 1 events, we
apply a selection on the thrust of 0.92 and 0.85, respec-
tively. It is defined by maxjnj¼1ð

P
i jpi · nj=

P
i jpijÞ, when

summing over the neutral and charged constituents of the
reconstructed X system in the center of mass frame. For
B → πlν̄l events, we expect a more collimated Xu system
than for B → Xclν̄l and other B → Xulν̄l processes,
resulting in a higher thrust value.
The q2∶ Nπ� bins and the MX ≥ 1.7 GeV Nπ� distribu-

tion are analyzed using a simultaneous likelihood fit, which
incorporates floating parameters for the modeling of the
B → πlν̄l form factor, the binned templates, and system-
atic uncertainties as nuisance parameters. Specifically, the
shape of B → πlν̄l template is linked to the form factors by
correcting the efficiency and acceptance effects. The fit
components we probe are the normalizations of B → πlν̄l
decays, other B → Xulν̄l signal decays, and of back-
ground events dominated by B → Xclν̄l decays. The fþ
and f0 form factors describing the B → πlν̄l decay
dynamics are parametrized with expansion coefficients
aþn and a0n using the BCL expansion

fþðq2Þ ¼
1

1 − q2=m2
B�

XNþ−1

n¼0

aþn

�

zn − ð−1Þn−Nþ n
Nþ zN

þ
�

;

f0ðq2Þ ¼
XN0−1

n¼0

a0nzn; ð3Þ

at expansion order Nþ ¼ N0 ¼ 3 in the conformal variable
z ¼ zðq2Þ [20,37], and a02 is expressed by the remain-
ing coefficients to keep the kinematical constraint
fþð0Þ ¼ f0ð0Þ. We constrain the expansion coefficients
to the lattice QCD (LQCD) values of Ref. [37], combining
LQCD calculations from several groups [38,39]. Note that
the measured distributions have no sensitivity for f0, and

thus, we neglect its effects in the decay rate. The inclusion
of the f0 expansion coefficients, however, reduces uncer-
tainties on the B → πlν̄l rate through the correlation to the
fþ shape. In order to utilize the full experimental knowl-
edge of the B → π form factors to date, we constrain its
shape to the combined lattice QCD and experimental
information of Refs. [40–43]. The fit scenario with only
lattice QCD constraints is studied for a stand alone
comparison with other experimental results.
We consider additive and multiplicative systematic

uncertainties in the likelihood fit by adding bin wise
nuisance parameters for each template. The parameters
are constrained to a multivariate Gaussian distribution with
a covariance reflecting the sum of all considered systematic
effects, and the correlation structure between templates
from common sources is taken into account. This includes
detector and reconstruction related uncertainties, such as
the tracking efficiency for low and high momentum tracks,
particle identification efficiency uncertainties, and the
calibration of the Btag reconstruction efficiency. We further
consider uncertainties on the B → Xulν̄l and B → Xclν̄l
shapes from the form factors, nonperturbative parameters,
and their compositions. The u → Xu fragmentation uncer-
tainties are evaluated by changing the default Belle tune of
fragmentation parameters to the values used in Ref. [44].
We further vary the ss̄-production rate γs ¼ 0.30� 0.09,
spanning the range of Refs. [45,46]. The largest uncer-
tainties on the exclusive branching fraction measurements
are from the calibration of the tagging efficiency (�4.1%)
and the B → Xulν̄l modeling (�3.5%). The largest uncer-
tainties on the inclusive branching fraction measurement
are from the B → Xulν̄l (�10.9%) modeling and the u →
Xu fragmentation (�5.3%). The uncertainties of the mod-
eling of the B → Xclν̄l background are�1.2% and�2.8%
for the B → πlν̄l and B → Xulν̄l branching fractions,
respectively.
Figure 1 shows the q2∶ Nπ� distribution of the signal

region after the fit and with only using LQCD information:
Bþ → π0lþνl and B0 → π−lþνl events are aggregated in
the Nπþ ¼ 0 and Nπþ ¼ 1 bins, respectively, whereas
contributions from other B → Xulν̄l processes are in all
multiplicity bins. The high MX bins constrain the B →
Xclν̄l and other background contributions. We use the
isospin relation and B0=Bþ lifetime ratio to link the yields
of Bþ → π0lþνl and B0 → π−lþνl. The fit has a χ2 of
13.8 with 21 degrees of freedom, corresponding to a p
value of 88%. The measured Bþ → π0lþνl and B0 →
π−lþνl yields are corrected for efficiency effects to
determine the corresponding branching fractions B. The
measured inclusive yield is calculated from the sum of
Bþ → π0lþνl, B0 → π−lþνl, and other B → Xulν̄l
events and unfolded to correspond to a partial branching
fraction ΔB with EB

l > 1.0 GeV, also correcting for the
effect of final state radiation photons. We find
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BðB̄0 → πþl−ν̄lÞ¼ ð1.45�0.19�0.14Þ×10−4; ð4Þ

ΔBðB→Xulν̄lÞ ¼ ð1.39� 0.14� 0.22Þ× 10−3; ð5Þ
with the errors denoting statistical and systematic uncer-
tainties, and we used the isospin relation between B− →
π0l−ν̄l and B̄0 → πþl−ν̄l to link both branching fractions.
The recovered branching fraction for B̄0 → πþl−ν̄l is
compatible with the world average of BðB̄0 → πþl−ν̄lÞ ¼
ð1.50� 0.06Þ × 10−4 [1]. The correlation between the
exclusive and inclusive branching fractions is ρ ¼ 0.11.
Using calculations for the inclusive partial rate and the
fitted form factor parameters, we can determine values for
jVubj. As our baseline, we use the GGOU [47] calculation
for the inclusive partial rate with EB

l > 1.0 GeV
(ΔΓ=jVubj2 ¼ 58.5� 2.7 ps−1), but other calculations
result in similar values for inclusive jVubj. We find

jVexcl
ub j ¼ ð4.05� 0.30� 0.16� 0.16Þ × 10−3; ð6Þ

jV incl
ub j ¼ ð3.87� 0.20� 0.31� 0.09Þ × 10−3; ð7Þ

for exclusive and inclusive jVubj with the uncertainties
denoting the statistical error, systematic error, and error
from theory (either from LQCD or the inclusive calcula-
tion). The correlation between the exclusive and inclusive
jVubj is ρ ¼ 0.07. The determined value for inclusive jVubj
is compatible with the determination of Ref. [9]. For the
ratio of inclusive and exclusive Vub values, we find

jVexcl
ub j=jV incl

ub j ¼ 1.05� 0.14; ð8Þ

which is compatible with the standard model (SM) expect-
ation of unity. The value is higher and compatible with the
current world average of jVexcl

ub j=jV incl
ub j ¼ 0.84� 0.04 [1]

within 1.5 standard deviations. Figure 2 (top) compares the
measured individual values with the SM expectation and
the current world average. We also test what happens if we
relax the isospin relation between B− → π0l−ν̄l (red
ellipse) and B̄0 → πþl−ν̄l (blue) branching fractions and
find compatible results for exclusive and inclusive jVubj, as
well as for the exclusive jVubj values.
In the nominal result, we utilize the full theoretical and

experimental knowledge of the B → πlν̄l form factor,
combining shape information from the measured q2 spec-
trum with LQCD predictions, as provided by Ref. [37]. The
determined (partial) branching fractions in this scenario are

BðB̄0 → πþl−ν̄lÞ ¼ ð1.53� 0.18� 0.12Þ × 10−4; ð9Þ

ΔBðB → Xulν̄lÞ ¼ ð1.39� 0.14� 0.22Þ × 10−3; ð10Þ

FIG. 1. The q2∶ Nπ� spectrum after the 2D fit is shown for the
scenario that only uses LQCD information. The uncertainties
incorporate all postfit uncertainties discussed in the text.

FIG. 2. The jVubj values obtained with the fits using (top)
LQCD or (bottom) LQCD and experimental constraints for the
B̄0 → πþl−ν̄l form factor are shown. The inclusive jVubj value is
based on the decay rate from the Gambino-Giordano-Ossola-
Uraltsev (GGOU) calculation. The values obtained from the
previous Belle measurement [9] (gray band) and the world
averages from the Heavy Flavor Averaging Group (HFLAV) [1]
(black marker) are also shown. The shown ellipses correspond to
39.3% confidence levels (Δχ2 ¼ 1).
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with a correlation of ρ ¼ 0.12 between inclusive and
exclusive branching fractions and assuming isospin rela-
tion. This fit leads to a more precise value of jVubj from
B → πlν̄l and we find with the same inclusive calculation

jVexcl
ub j ¼ ð3.78� 0.23� 0.16� 0.14Þ × 10−3; ð11Þ

jV incl
ub j ¼ ð3.88� 0.20� 0.31� 0.09Þ × 10−3; ð12Þ

with a correlation ρ ¼ 0.11 and a ratio of

jVexcl
ub j=jV incl

ub j ¼ 0.97� 0.12; ð13Þ

compatible with the world average within 1.2 standard
deviations. Figure 2 (bottom) compares the obtained
values, and we also find good agreement between the
isospin conjugate exclusive values of jVubj. Figure 3
compares the fitted q2 spectra of the differential rate of
B̄0 → πþl−ν̄l for both fit scenarios as well as for the
LQCD input [37]. The inclusion of the full experimental
and theoretical knowledge leads to a higher rate at low q2.
In summary, we presented the first simultaneous deter-

mination of inclusive and exclusive jVubj within a single
analysis. In the ratio of both jVubj values, many systematic
uncertainties, such as the tagging calibration or the lepton
identification uncertainties, cancel, and one can directly test
the SM expectation of unity. We recover ratios that are
compatible with this expectation, but 1.5 standard devia-
tions higher than the ratio of the current world averages of
inclusive and exclusive jVubj. This tension is reduced to 1.2
standard deviations when including the constraint based on

the full theoretical and experimental knowledge of the B →
πlν̄l form factor shape. We average our inclusive and
exclusive values from both approaches using LQCD or
LQCD and additional experimental information and find,

jVubj ¼ ð3.96�0.27Þ×10−3; ðLQCDÞ ð14Þ

jVubj ¼ ð3.84�0.26Þ×10−3; ðLQCDþ expÞ; ð15Þ

respectively. These values can be compared with the
expectation from CKM unitarity of Ref. [48] of jVCKM

ub j ¼
ð3.64� 0.07Þ × 10−3 and are compatible within 1.2 and 0.8
standard deviations, respectively. The applied approach of
simultaneously fitting q2 and the number of charged pions
in the Xu system will benefit from the large anticipated data
set of Belle II. Additional fit scenarios and inclusive jVubj
values from other theory calculations of the partial rate are
provided in the Supplemental Material [36].
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