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We present a determination of the Cabibbo-Kobayashi-Maskawa matrix element |V ;| from the decay
B — Dfv, using a 365 fb~! e*e™ — Y(4S) — BB data sample recorded by the Belle II experiment at
the SuperKEKB collider. The semileptonic decay of one B meson is reconstructed in the modes
B > D™ (» K*z~n")¢*v, and Bt — D°(— K*n7)¢*uv,, where £ denotes either an electron or a muon.
Charge conjugation is implied. The second B meson in the Y(4S) event is not reconstructed explicitly.
Using an inclusive reconstruction of the unobserved neutrino momentum, we determine the recoil
variable w = vp - vp, where vp and vp are the four-velocities of the B and D mesons. We measure the
total decay branching fractions to be B(B® — D=¢*v,) = (2.06 £ 0.05(stat) + 0.10(sys))% and
B(BT — D%*u,) = (2.31 + 0.04(stat) & 0.09(sys))%. We probe lepton flavor universality by measuring
B(B = Dev,)/B(B — Duv,) = 1.020 # 0.020(stat) £ 0.022(sys). Fitting the partial decay branching
fraction as a function of w and using the average of lattice QCD calculations of the B — D form factor, we
obtain |V,| = (39.2 & 0.4(stat) £ 0.6(sys) £ 0.5(th)) x 1073,

DOI: 10.1103/vs8k-259v

I. INTRODUCTION

In the Standard Model (SM) of particle physics, the
Cabibbo-Kobayashi-Maskawa (CKM) matrix describes
the relationship between the weak interaction and the
mass eigenstates of quarks [1,2]. The squared magnitude
of the matrix element V., determines the transition rate
of b into ¢ quarks and must be determined experimen-
tally. The precise knowledge of this fundamental param-
eter of the SM is important for the ongoing precision
flavor physics program at the Belle II experiment
and elsewhere, and probes the mechanism of quark
flavor mixing in the SM. The CKM magnitude |V,|
can be measured from inclusive semileptonic decays
B — X .?v,, where X, is a hadronic system with a charm
quark and 7 is an electron or muon, or determinations
can be based on a single, exclusive mode such as B —
D*¢v, or B — D¢v,. These two approaches currently
differ by about three standard deviations [3] motivating
further research.

For the measurement of |V |, the decay B — D£v, has
received less attention than B — D*/v,, with few recent
measurements available [4-6]. This is largely due to its
smaller branching fraction and significant experimental
backgrounds, particularly from B — D*/v, feed-down.
These disadvantages can be mitigated with the large data
samples available at the B factory experiments, in which
case the advantages of B — DZv, become clear: the B —
D transition can be described by the single vector form
factor f. (¢*) and thus has smaller theoretical uncertainties
than B — D*¢v,. The reconstruction of B — Dfv, does
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not require the measurement of the slow pion from the D*
decay, which is the leading experimental uncertainty in
recent measurements of B — D*/v, [7]. In addition, in
B — D?¢v, both isospin states are accessible with similar
experimental precision, allowing us to probe isospin
violating contributions resulting from long-distance radi-
ative corrections to B® — D~¢*v, decays. In contrast to
previous comparable measurements by the BABAR and
Belle collaborations [4-6], which fully reconstructed the
second B meson in the event hadronically, this analysis
reconstructs the tag side inclusively from the remaining
particles in the event. This approach is similar to the
inclusive tagging approach employed when searching
for B — Kvp at Belle II [8], and allows for higher
signal yields.

This paper is organized as follows: After reviewing
the theory of the decay B — Dfv, in Sec. II, we
describe the experimental procedure in Sec. III. Our
results are presented in Sec. IV together with a detailed
discussion of experimental systematic uncertainties.
Finally, Sec. V converts our measurement of the decay
B — D?v, into a determination of the CKM magnitude
|V.p|- Throughout this paper charge conjugation is
implied. We refer to B® — D=¢*v, as the neutral mode,
and to B* — D*u, as the charged mode in reference
to the B meson charge.

II. THEORETICAL FRAMEWORK

The differential decay width of B — Dfv, can be
expressed as a function of w = vp - vy, where v and
vp are the four-velocities of the B and D mesons,
respectively.  Alternatively, ¢*> = (p, + p,,)?, the 4-
momentum squared of the lepton neutrino system, can
be used. These quantities are related by
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2 2 2
:mB+mD—q

, 1
2mBmD ( )
where mp and mp are the B and D meson masses." The
range of w is bounded by the zero recoil point (w = 1),
where the D meson is at rest in the B meson rest frame
and by

2 2
mg + mp
9

2mBmD

(2)

Whax =

where the entire kinetic energy is transferred to the D
meson. Averaging over charged and neutral modes, we
find wy,, = 1.59.

For massless leptons, the expression of the differential
decay width as a function of w is [9]

dU(B — Dfv,;) Gim;
= D) OB (1 o = 1
x Mgy (14 650)G W)V . (3)

where Gy is Fermi’s constant, ngw = 1.0066 + 0.0050
[10,11] is the electroweak correction arising from short-
distance dynamics [11], and G(w) contains the vector form
factor function f, (w),

4r 5
EetEI 4)
with r = mp/mg. In addition to the well-understood short-
distance electroweak correction, virtual photon exchanges
between the D meson and the lepton give rise to long-
distance interactions if the final state particles carry electric
charge. The resulting Coulomb factor is not precisely
known, but it can be estimated to be 500 =ar = 0.023
[12] for the B°—> D ¢"v, mode and & =0 for
Bt — D°/*v,, where a is the fine-structure constant.

In this paper, we will employ two parametrizations of
G(w): First, we consider the parameterization by Bourrely,
Caprini, and Lellouch (BCL) [13], which expresses the
form factors as expansions of z,

\/f_\/f
Vie-g@+ =

The vector and scalar form factor functions truncated at the
order N are

G(w) =

2(q*. 1) =

)
2 - k N
1) =g [ = (@

'Natural units (¢ = # = 1) are used throughout this paper.

and

folg®

) =———5 bk (7)
1—#/%; ‘

where m_ j are the masses of the closest B, resonances.
The Flavor Lattice Averaging Group (FLAG) [14] presents
an average of the Fermi National Accelerator laboratory
(FNAL)/MIMD Lattice Computation (MILC) [15] and
High Precision Lattice QCD (HPQCD) [16] lattice QCD
calculations of the B — D form factors using Egs. (6)
and (7) with N =3. FLAG provides an expansion for
(1 —q*/m? ) f+0(q*), absorbing the factors (1 — g*/m? )
into the parametrization. While the differential decay rate
depends explicitly on the vector form factor f_ (¢?) only, we
include the calculation of the scalar function in our analysis as
both are connected at maximum recoil w,,, = 1.59 through
the kinematic constraint

fO(Wmax) :er(Wmax)' (8)

Alternatively, we use the expression obtained by
Caprini, Lellouch, and Neubert (CLN) [17] to compare
with previous experimental results [4,5]. The CLN approach
reduces the number of free parameters by adding multiple
dispersive constraints based on spin- and heavy-quark
symmetries,

G(y) =G(1)(1=8p*y + (51p* = 10)y* — (252p* — 84)y?),
9)
where
VW I-V2
) = T A (10)

The single free parameter is p*> while G(1) can be calculated
by nonperturbative methods. The precision of this approxi-
mation is estimated to be better than 2% by the original
authors, which is close to the current experimental accuracy
of |Vcb|'

III. EXPERIMENTAL PROCEDURE

A. Data and simulated samples

The Belle II detector [18] operates at the SuperKEKB
asymmetric-energy electron-positron collider [19], located
at KEK in Tsukuba, Japan. It consists of nested detector
subsystems arranged around the beam pipe in a cylindri-
cal geometry. The innermost subsystem is the vertex
detector, which includes two layers of silicon pixel
detectors and four outer layers of silicon strip detectors.
In the data set used in this analysis, the second pixel
layer is instrumented in only a part of the solid angle.
Most of the tracking volume consists of a helium
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and ecthane-based small-cell drift chamber (CDC).
Outside the drift chamber, a Cherenkov-light imaging
and time-of-propagation detector provides charged-par-
ticle identification in the barrel region. In the forward end
cap, this function is provided by a proximity-focusing,
ring-imaging Cherenkov detector with an aerogel radia-
tor. Further out is the electromagnetic calorimeter (ECL),
consisting of a barrel and two end cap sections made of
CsI(Tl) crystals. A uniform 1.5 T magnetic field is
provided by a superconducting solenoid situated outside
the calorimeter. Multiple layers of scintillators and resis-
tive-plate chambers, located between the magnetic flux-
return iron plates, constitute the K and muon identi-
fication system.

We use the experimental data collected from 2019 to
2022 at the c.m. energy of the Y(4S) resonance. This
dataset has an integrated luminosity of 365 fb~! [20] and
contains (387 £ 6) x 10° Y(4S) events. In addition, a
42 fb~! data sample collected at a c.m. energy 60 MeV
below the Y(4S) resonance is used to measure the
continuum background.

We use samples of Monte-Carlo-simulated (MC)
events equivalent to at least four times the data lumi-
nosity. The sample of Y(4S) - BB events in which
B mesons decay generically is generated with EvtGen
[21], interfaced with PYTHIA [22]. The branching frac-
tions and form factors of semileptonic B decays are
adjusted to the most recent experimental results [10]. The
B — D*¢/v, form factor is tuned to the parameters
obtained in Ref. [23]. For B - D#v, we use the form
factor measured in Ref. [5]. We also include presently
unmeasured semileptonic modes (B — Dnfv, and
B — D*nfv,), generated according to a phase space
model, in equal parts to account for the discrepancy
between the sum of known exclusive semileptonic
branching fractions and the inclusive semileptonic B
decay rate. D meson decays are also generated by
EvtGen. Continuum background from the processes
ete” > qq (g=u, d, s, c¢) is simulated with KKMC
[24] interfaced with PYTHIA [22], while low-multiplicity
contributions from ete™ — 7~ are generated using a
combination of KKMC and TAUOLA [25]. A full
detector simulation based on GEANT4 [26] is applied
to the MC events. These simulated events are overlaid
with run-dependent random trigger data for accurate
modeling of beam backgrounds.

B. Event reconstruction

We require charged particles (tracks) to originate from
the interaction point and to have a distance of closest
approach of less than 3 cm along the z axis (parallel to the
beams) and less than 1 cm in the transverse plane. We
further require charged tracks to lie within the CDC
angular acceptance (17° < 8 < 150° with 6 the polar angle

with respect to the z axis) and to have transverse momenta
greater than 50 MeV. Photons are reconstructed in the
same angular region from in-time ECL energy depositions
(clusters) unmatched to charged particle tracks. Neutral
pions are searched for in their decay to two photons. All
quantities are defined in the laboratory frame unless
otherwise stated.

At least three charged tracks are required to suppress
Bhabha scattering and other low-multiplicity processes.
We select events with a ratio R, of the second to the
zeroth Fox-Wolfram moment below 0.5 [27] to reduce
backgrounds from continuum. The visible energy, i.e.,
the sum of energies associated to all tracks and
clusters observed in the event, is required to be between
6 GeV and 10.5 GeV. These selections retain 97% of the
signal.

Electron candidates are identified using a boosted
decision tree classifier (output P, > 0.9), which combines
sub-detector likelihoods and ECL observables, with the
ratio of the energy measured in the ECL to the track
momentum being the most discriminating variable, and are
required to have c.m. frame momenta p* between 0.6 GeV
and 2.4 GeV. We partially recover bremsstrahlung by
associating colinear photons with the electron candidate.
Muon candidates are identified using a likelihood-based
discriminator P, =L,/(L, + L, +L,+Lg+L,+ Ly)
where the likelihoods L; for each charged-particle hypoth-
esis combine particle identification information from all
detectors except the silicon trackers. We require P, > 0.9,
and select muons in the p* range from 1.0 GeV to 2.4 GeV.
The lepton candidate must be within the angular acceptance
of the ECL barrel region (32° < 8 < 127°). Kaons are
identified using information from all subdetectors except
the silicon tracker, with a requirement Pgx > 0.1 on the
likelihood-based discriminator [28]. The identification
efficiencies are 98% for electrons, 95% for muons, and
95% for kaons. The rates for misidentifying pions as
electrons, muons, or kaons are 0.1%, 4%, and 14%,
respectively.

Candidate D mesons are searched for in the decay
modes D' — K=zt and D* — K=z*z*. For D° candi-
dates, an identified K candidate is combined with an
oppositely charged 7 and the K~z invariant mass is
required to lie within the 1.85 GeV to 1.88 GeV range.
For D* candidates we require 1.86 < m(K zn"n") <
1.88 GeV. In both cases the mass ranges correspond to
about three times the mass resolution. In both decay
modes the hadron daughters are required to have
momenta larger than 0.5 GeV. The c.m. frame D momen-
tum must be below 2.4 GeV to reduce background
from hadronic continuum events. Candidate B - D¢v,
decays are formed by combining an appropriately charged
lepton with a D candidate. The kinematic variables of
the entire DZ decay topology are subjected to a vertex fit
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[29] and combinations with a y? probability below 0.05
are rejected.

Background from B — D*/v, decays (“feed-down”) is
vetoed by combining the D candidate with a pion and
reconstructing the modes D** — D%2°, D** — D%z and
D*t — D% Events are rejected if at least one D*
candidate with Am = mp+. — mp in the appropriate range
is found. These intervals are [140 MeV, 150 MeV],
[135 MeV, 150 MeV], and [135 MeV, 145 MeV] for the
D*t - Dzt D** = DY%Y and D*t — D*tz° modes,
respectively.

To further reduce contamination from continuum and BB
backgrounds, we apply a set of selections on seven
variables. These include the modified Fox-Wolfram
moment H3 [30], my, the missing momentum in the
c.m. frame pj .., the invariant mass of the rest-of-event
(ROE) system, the ROE momentum prqg, the cosine of the
angle between the direction of the lepton in the virtual W
rest frame and the direction of the W boson in the B rest
frame cos@,y, and the angle between the D and 7
directions in the laboratory frame 6, .. The ROE is defined
as the collection of all particles in the event that are not used
in the reconstruction of the ¥ = D# system. To reconstruct
cos 6, , the momentum vector of the B meson is approxi-
mated utilizing the algorithm outlined in the reconstruction
of win Sec. III C.

The selection criteria are optimized using an algorithm
based on simulated annealing [31] to maximize the geo-
metric mean of the expected signal significances across
bins of the hadronic recoil w. They are determined
separately for the charged and neutral modes.

C. Reconstruction of w
To access the variable w [Eq. (1)], we use an improved
version of the method described in Ref. [32], which was
previously employed in Ref. [33]. The B meson 3-momen-
tum lies on a cone around the Y direction defined by

2 2
2EBeamEY — mp —my

2|psllpyl

, (11)

cosOgy =

where Ey, |py|, and my are the reconstructed energy,
momentum, and invariant mass of Y, respectively, Epcam
is the beam energy in the c.m. frame, and | p | is the B meson
momentum, computed from mp and FEg.,. Next, we
consider several configurations of the B momentum on this
cone. For each potential pp direction, the kinematic variable
w = wvg-vp is calculated and our estimate of w is the
weighted average over these configurations. The weights are
taken to be

1

w=5 (1= P bog)sin’ 0. (12)

where pyop 18 the unit vector of the c.m. frame rest-of-event
momentum, and 6} is the angle of the B meson direction
with respect to the beam axis in the c.m. frame.

The weight assigned to the different possible B direc-
tions accounts for the expectation that the B direction
follows the direction opposite to that of the ROE system
momentum. We also take into account that the B direction
is expected to follow a sin® @ distribution since the Y'(45)
is produced in eTe™ annihilation. The w resolution result-
ing from this improved kinematic calculation is estimated
to be 0.038 (0.034) for the charged (neutral) mode.

We split the reconstructed B — Dfv, sample into ten
equal-width bins in w with bin boundaries at w = 1, 1.06,
1.12, 1.18, 1.24, 1.3, 1.36, 1.42, 1.48, 1.54, and w,,,.

D. Corrections to simulated data

To validate the description of signal and background
processes in simulation, we define and reconstruct a set of
control samples to assess the agreement between exper-
imental and simulated data and to identify potential
selection biases.

For the signal validation, we use hadronic B — Dx
decays, taking the z as a substitute for the lepton in B —
D?v, decays. Effects from missing energy, missing
momentum, and the ROE system are studied using partially
reconstructed B — Dz decays that originate from B —
D*(— D)z decays, where the unreconstructed slow pion
introduces missing energy. Analogously, we partially
reconstruct B — K*¢ within a sample of fully recon-
structed B — K*(— Kn)J/w(— ¢¢) decays. The unrecon-
structed second lepton introduces missing energy and
momentum, allowing validation of the ROE and the
kinematic variable reconstruction.

We validate all selections by comparing selection effi-
ciencies in data and MC, finding good agreement for all but
the vertex fit y’-probability, for which we observe a
mismodeling that is present in all signal validation samples.
We derive data-driven correction factors from the B — K*¢
control sample, by using the ratio of expected to observed
candidates. The correction factors are binned in the
vertex fit y> probability, and independently validated by
applying them to the B — Dz control sample, in which
the ratio of signal selection efficiencies in data over MC is
corrected from &gy, /emc = 1.010 £ 0.002 t0 €440/ EMc =
0.999 + 0.002. After validation, we apply the correction
factors to the signal component in the B — D¢, sample.

To validate background contributions, we define back-
ground-enriched control samples for each of the four major
background categories. Continuum events are isolated
using off-resonance data, providing a sample without B
meson decays. Misreconstructed D meson backgrounds are
studied by selecting a sideband in m(Kz(x)), which yields
a sample dominated by incorrectly reconstructed D can-
didates. A sample enriched with B — D*/v, backgrounds
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is obtained by inverting the veto requirement designed to ~ computed independently for each of the true D, fake D,
suppress these events. Finally, a “same-charge” control  continuum, and B — D*Zv, control samples, from their
sample is formed from pairs with intentionally incorrect  respective background control sample. The correction
charge combinations, such as D*#*, to provide a sample  factors are most significant for the true D component,
for studying backgrounds with correctly reconstructed D for which we apply an average weight of 0.96 with a
mesons that do not fall into any of the previous categories.  standard deviation of 0.10, while the averages of other
Observed biases in the comparison between simulation  corrections remain between 0.999 and 1.003. Applying the
and data in the reconstructed energy and mass of the DZ  correction factors to the signal reconstruction significantly
system extend to the cos@py distribution. To correct for  improves the agreement between data and simulation in the
these biases, we extract calibration factors using the  my, E}, and cos @py distributions.
distributions of Ej and my in the background-enriched Additional corrections are applied to account for mis-
control samples defined above. The calibration factors are =~ modeling in the simulation of particle identification

Belle II JL£dt=365fb"! Belle II JLdt=365fb!
| B B Dév Bt D% "y, 20000 | == B— Dtv Bt =+ D%*y,
20000 -3 B—-D*w ) Prefit r 3 B=D / Prefit
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— [ [ Fake D — I 1 Fake D
ﬁ 15000 |+ B Continuum f‘:]‘ 15000 | B Continuum
S [ oy MIC all. unc. S t vttt MC all. unc.
~ r Data ~ { Data
£ 10000 | 2 10000F
S — S I
< o
> L > L
€2 L <) 3
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o® ZZ
: I s O.o'. XY L Suovet sevet seess e 00
: 1 1 |- 1 1 Zg 1 P 1 -
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Belle II JLdt=365fb"! Belle II JL£dt=365fb"!
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: % MC all. unc.
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Events / (0.12)
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FIG. 1. Distribution of cos gy after signal selection shown separately for the charged and neutral modes and electron and muon
events. The Belle II data are the points with error bars. The stacked histograms show the expected distributions prior to the fit,
normalized to the luminosity and after applying the corrections described in Sec. III D. Section III E describes the different components.
The hatched area represents the statistical and systematic uncertainties of the simulated samples. The panels at the bottom of each
distribution show the difference between data and simulation divided by the combined uncertainty.
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efficiencies and misidentification likelihoods. These correc-
tions are evaluated by comparing data and simulation
using pure samples of electrons and muons from J/y —
£+¢~ and low-multiplicity eTe™ — £1¢7(y) and eTe™ —
eTe ¢ processes. To calibrate charged kaon identifica-
tion, we use a sample of kaons from D** — DY(—
K n")n" decays and misidentified pions from
Kg — ntx~. The correction factors are binned in the
laboratory frame momenta and polar angles of the particle
tracks.

Figure 1 shows the result of the signal selection
summed over bins of w after the corrections have been
applied. Additional validation plots for kinematic varia-
bles in control samples are provided in the Supplemental
Material [34].

E. Signal extraction

The signal yield is extracted using a maximum like-
lihood fit to cos Oy [Eq. (11)] after applying all selections
described above. For correctly reconstructed signal decays
and assuming perfect resolution, we expect cos gy to lie
between —1 and 1. Due to detector resolution effects, signal
events can be slightly smeared beyond the physical range.
For background events, cos 6y can take unphysical values
—particularly when the assumption that only a single
neutrino is missing is not valid, such as in candidates from
B — D**¢v, decays.

We use ten equal-width bins of cos@py in the range
[—4,2] as the fitting region to separate signal and back-
ground events. If the lowest bin in cos gy is empty, it is
iteratively merged with the next-lowest bin until all bins
contain events. The choice of ten initial equal-width bins is
sufficient to capture the key features of the distributions,
and using more bins does not lead to further improvements
in the fit precision.

In the fit, we consider five components: B — Dfv,
signal, feed-down background from the decay B — D*/v,,
combinations with a correctly reconstructed D meson that
does not originate from a B — D*)£v, decay (“true D”),
and combinatorial background in which the D meson is
misreconstructed (“fake D). Finally, candidates from
non-BB events from processes such as e*e” — ¢g
(q=u, d, s, ¢) and eTe™ — 777~ are combined into the
continuum background category. The fit templates for all
components are derived from simulation, with systematic
uncertainties incorporated through nuisance parameters
that modify both the template shape and normalization.
The nuisance parameters are varied in the fit together with
the signal and background yields [35].

The fit is performed simultaneously in ten bins of w
using the bin boundaries defined in Sec. IIIC, in the
electron and the muon samples, and for the charged and the
neutral modes, to determine the differential decay widths
AT';/Aw of the D%, D°u, D*e, and D" subsamples. The
effects of bin-to-bin migration due to w resolution, which

can reach the level of 20% between neighboring bins, are
accounted for by constructing signal templates based on
their generated values of w.

The multiplicative nature of efficiency corrections and
global normalization factors can cause a bias when aver-
aging across bins [36]. To mitigate this effect, the average
across modes is obtained directly from the simultaneous fit
by linking the signal normalization parameters across
channels. For the determination of branching fractions in
individual modes and for tests of lepton flavor universality,
the fit is performed with separate signal normalization
parameters for each subsample.

The fit determines the differential decay width AI';/Aw
in the /™ bin of w,

AT; N,
Aw  NpB(D)ejrp(1+ 65 )Aw’

i=1,..10 (13)

which are treated as free parameters in the fit. Here, B
stands for either B* or B® and Ny is the number of B
mesons in the experimental data sample,

N(B*) =2f""Ny(s), (14)
N(B®) = 2f®Nyus), (15)

with Ny the number of Y(4S) events. ™= (%) is
the fraction of Y(4S) decays to B*B~ (B°B°). N; is the
yield in the i™ bin of generated w before detector
effects, B(D) is the subdecay branching fraction (either
D’ = K—zt or D" — K~ ntxt), € is the overall effi-
ciency after applying all selections in the given bin and
subsample, 75 is either the BT or the BY lifetime, 6%+ is
the long-distance QED correction introduced in Eq. (3),
and Aw is the bin width.

F. Systematic uncertainties

The uncertainties in the nuisance parameters are used to
determine the corresponding systematic uncertainties and
their correlations.

1. B lifetime

The B° and B* lifetimes are taken to be 1.517 +
0.004 ps and 1.638 +0.004 ps [10], respectively, and
included in the likelihood by two nuisance parameters.

2. B » DW¢v, form factors

Signal templates are divided by the generator value of w,
and variations in the form factor in simulation affect the
measured rates in two ways: (1) the cos @y shape of the
signal template in each reconstructed bin of w can vary as a
function of the input form factor. This affects both B — D
and B — D* templates. (2) The signal templates contain
tails that migrate into neighboring bins of w, and therefore,
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varying the input distribution affects the magnitude of the
bin-to-bin migrations.

To propagate these effects into the fit, the covariance
matrices of the B — D and B — D* form factors in
Refs. [5,23] are decomposed into their eigendirections.
A nuisance parameter is assigned to every eigencomponent
and constrained to vary within the corresponding uncer-
tainty. Variations of the B - D¢v, form factor are fully
correlated over all signal templates, while variations of the
B — D*fv, parameters simultaneously affect all feed-
down background templates. There are eight (five) param-
eters for the D¢v, (D*¢v,) form factor shapes.

3. X, v, model

Exclusive semileptonic B decay modes other than B —
D™ ¢y, are adjusted to their measured branching fractions
[10] and allowed to vary within their experimental uncer-
tainty. Unmeasured modes (B — Dnfv, and B — D*nfv,)
are added to fill the gap to the inclusive semileptonic B
decay rate in equal parts and are allowed to vary in the fit
with a 100% uncertainty. In total, 24 nuisance parameters
are used to account for systematic variations of the
X v, model.

4. D meson branching fractions

The D° — K~z* and the D* — K~z*z* branching
fractions are rescaled to the latest world average values
and allowed to vary within their respective uncertainties
[10] (two parameters).

5. Charged particle tracking

Differences between track finding efficiencies in data
and simulation for tracks above 300 MeV are determined in
eTe™ -t~ events, in which one 7 lepton decays into
three charged tracks. The resulting uncertainty is 0.24% for
each charged track. Adding this error linearly results in a
total tracking uncertainty of 0.72% (0.96%) for the charged
(neutral) mode. This uncertainty is considered to be fully
correlated between all templates and modeled by a single
nuisance parameter.

6. Nys) and f+ /"

The integrated luminosities of the on- and off-resonance
data samples in this analysis are determined by counting
Bhabha events and using the well-known cross section of
this process. In the next step, the number of Y(4S) decays
in the sample of selected hadronic events is estimated by
subtracting the scaled off-resonance data, and Ny 45 =
(387 4 6) x 109 is found. We include the uncertainty on
Ny(s) as a nuisance parameter, fully correlated between
final states.

In addition to this, we use two nuisance parameters
affecting the B/B* fractions: one for the ratio f+~/f%,

constrained to 1.052+0.031 [3], and another for
the fraction of non-BB decays of the Y(4S), f 5=

0.00270 008 [31, where f,_ + foo + f5 = 1.

7. Background w modelling

The w distributions of the feed-down B — D*¢v,, true
D, fake D, and continuum backgrounds are validated using
dedicated control samples: the inverted D* veto sample,
D¢ wrong-sign combinations, the m;, sidebands, and
off-resonance data. These samples allow us to assess the
accuracy of the MC templates and assign appropriate
uncertainties.

For the lowest w bin, we conservatively assign a 30%
uncertainty for both charged and neutral B modes, as this
bin is poorly populated and the estimates of the uncertainty
fluctuate. For the remaining w bins, uncertainties are
derived from binned likelihood fits performed separately
on each control sample and B mode, where shape uncer-
tainties capture discrepancies between experimental and
Monte Carlo data.

We obtain constraints on the bin-by-bin normalizations
by performing a fit to the w distribution in each control
sample. For the fake D, feed-down, and continuum
background components, we obtain bin-by-bin variations
constrained to 3.2% (2.0%), 2.4% (10.6%), and 2.6%
(2.9%) in the charged (neutral) mode, respectively. In
addition to these Gaussian-constrained bin-by-bin varia-
tions, each background component also includes an uncon-
strained overall normalization parameter shared across
all w bins.

We observe good agreement between the different lepton
flavor modes in the control samples and, therefore, use joint
bin-by-bin normalizations, leading to 20 nuisance param-
eters per sample (continuum, fake D, B — D*fvy), i.e., 60
in total. Due to data-MC disagreements in the wrong-
charge control sample, we leave the bin-by-bin variations
for the true D component unconstrained and split
between modes.

8. (Ey.my) background reweighting

To estimate the systematic uncertainty associated with
the (E},my) background reweighting correction, we
resample the correction factors derived from control sam-
ples. We generate toy sets of correction factors by applying
uncorrelated Gaussian smearing terms based on the stat-
istical uncertainties of the control samples, along with
correlated Gaussian smearing terms with widths equal to
the full correction magnitude.

These variations are then propagated to the signal
region bins, and their effects, along with correlations,
are incorporated into a covariance matrix. This matrix is
subsequently factorized into a canonical form using
eigendecomposition and represented using nuisance
parameters. We retain the first 30 eigenvectors as
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correlated shape uncertainties. Including additional terms
does not change the error estimate.

9. Particle identification

The efficiencies and misidentification rates of the
electron, muon, and kaon identification requirements
are determined from various data in bins of laboratory
frame momentum and polar angle. As the systematic
correlations between these bins are unknown, different
assumptions are tested. Among the different assumptions,
full correlation results in the largest systematic uncertainty
and is therefore chosen.

The corresponding modifiers are obtained in a similar
manner as for the cos@py correction: the systematic
variations are then propagated to the signal region, and
the resulting covariance matrix is decomposed into
eigenvectors. The leading five eigenvectors are then
used as nuisance parameters to represent correlated shape
uncertainties.

10. Vertex fit x* correction

The systematic error related to the vertex fit y> proba-
bility correction factors, derived from the B® — K*#
control sample, is modeled as a fully correlated normali-
zation uncertainty on the signal templates. The width of the
corresponding nuisance parameter is determined by vary-
ing the control sample within its statistical uncertainties,
recalculating the correction factors, and propagating the
resulting changes to the observed signal efficiency of the
selection.

11. Simulation sample size

The templates are allowed to vary within their statistical
uncertainty to account for the limited sample size of the
simulation. For the nominal fit with ten bins in cos 0y, ten
bins in w, and four subsamples, this corresponds to 380
nuisance parameters after combining bins to avoid empty
bins. The per-bin scale factors are uncorrelated.

12. Electroweak corrections

As discussed in Sec. II, the charged current vertex in
the decay B — DZv, can receive both short- and long-
distance electroweak corrections that affect the extrac-
tion of |V.|. The modifier on the short-distance
electroweak correction ngy is fully correlated between
charged and neutral B decays. The long-distance
Coulomb correction resulting from virtual photon
exchange between the D meson and the lepton affects
only the neutral B mode. Given that the value of this
correction is not precisely known, we assume 6% =
55 =0 and assign a nuisance parameter with width of
0.023 to &2 corresponding to the estimated order of
magnitude of such effects [12] when performing

the isospin average. The averaged fit yields &% =
0.023 x (—=0.09 4+ 0.94).

After pruning nuisance parameters with negligible
impact on the fit, the model includes 550 constrained
parameters and 62 unconstrained parameters, including
the (linked) signal normalization parameters across
channels, bin-by-bin variations for the true D back-
ground, and overall normalizations for the major back-
ground components.

IV. RESULTS

The fitted distributions in (w, cos fy) bins are shown in
Fig. 2 for each of the four samples. The lower panel
indicates the compatibility of the data with the post-fit
model normalized by the statistical uncertainty. The good-
ness of fit, measured using y* per degree of freedom, is
335.4/318 = 1.05, corresponding to a p value of 24%.

The resulting central values of AT'/Aw, their uncertain-
ties, and their correlation coefficients are shown in Table II.
The total fitted signal yields are listed in Table 1. The
individual differential decay rates in each subsample are
shown in Table III. The numerical values with full precision
and the full covariance matrices are available on
HEPData [37].

The signal branching fractions are obtained in each
subsample by summing the differential decay widths over
w, multiplied by the bin widths and the corresponding B
meson lifetime. Uncertainties and correlations among the
yields are propagated using multivariate Gaussian resam-
pling based on the full covariance matrix. After averaging
over lepton flavors, we find

B(B* — D°¢*v,) = (2.31 + 0.04(stat) & 0.09(sys)) %,
(16)

and

B(B® — D~¢*u,) = (2.06 + 0.05(stat) + 0.10(sys)) %,
(17)

which are consistent with the current world averages [3].
The branching fractions in the subsamples are listed in
Table I.

To test lepton flavor universality, we compute

R¢/* = B(B — Dev,)/B(B — Duv,), (18)
where the branching fractions from the two B meson
species are combined using their respective lifetimes. We
find

R¢/" = 1.020 + 0.020(stat) + 0.022(sys),  (19)

consistent with the SM expectation.

112009-9



I. ADACHI et al. PHYS. REV. D 112, 112009 (2025)

104 Belle I1 | £ dt = 365 b
L4f 5o ety x2/ndf=335.4/318 o ]
1.2} Postfit = TreeD ]
False D
1.0p . Continuum ]
@ / Uncertainty
2
Z 08
>
M 0.6

WL TRREEY FUT PUUOY [ UTUDL FUTUNTR SRS SUUERE T PP ) $h4ah t by, IRYSSOeL) oty
7* gy rvvv+ LY B AARAAS ’I”f* IEEERAAASREAEL BN FERE ] +v Ty +f T [RE AR * [RAA
0 20 40 60 80
(cos By, w) bin
x10* Belle IL | £ dt =365{b~!
r Eot = B-Do ]
LAF gy —Doptu, Ran'ylv
1.2 Postfit TrieD ]
False D
1.0f BN Continuum ]
) 2777 Uncertainty
Z 08¢ t  Data ]
=
H 0.6
0.4
0.2

3
S SVOTTC R TONY TUCERY UL SN AUE SETUUY I YYUUUN UL SVST IS SUURNUS AUURUT T SUUTY SUDUY STRUTVYRIUUS SOUY
-1 *7" oy ’*' T e e g T I R T R
-3
0 20 40 60 80
(cos Oy, w) bin
BelleIIdet:365fb !
7000 ‘ = B DA
B'—=D etv, ~Diw
F . B-»D'w ]
6000 Postfit True D
False D
5000' Continuum ]
- /. Uncertainty
5 4000 F Data
o
& 3000 1
2000 F 1
1000 p 1
%N t J; .H;.*% ”.0 #df HH‘ f $oat f#.f.
[ASRAEAAN A A £ E L A T A
60 80
(cos By, w) bin
Belle I1 [ £ dt = 365 b
7000 T T T T ’
. B Div
6000k B'—=D pty, B-D'w ]
Postfit True D
False D
5000 F = Continuum
" 7777 Uncertainty
< 4000 F Data
[
= 3000 F 1
2000 F . ]
1000 f 1
0
5. 3 }
R T U VE SV N STUt FOR U I TN LY S VU ULANEY PUTTNE U SUNUEY ST J0 UL SOT ST YRRPY.
Y AL A A B A 5 A A B A AR B A
zl -3
0 20 40 60 80

(cos By, w) bin

FIG. 2. Fitted distributions of cos 8y in bins of w in the D%, D, D*e, and D*u samples. The two-dimensional distribution in
(cos Oy, w) is “unrolled,” such that each group of bins corresponds to cos Oy in a given w interval, with successive groups representing
increasing w bins. The Belle II data are the points with error bars. The stacked histograms are simulated events normalized according to
the fit result. Section III E describes the different components. The panels at the bottom of each distribution show the difference between
data and fit results, divided by the statistical uncertainty.
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TABLE I. Fitted signal yields and semileptonic B — D branch-
ing fractions in the subsamples. The first uncertainty is statistical,
and the second is systematic. The B* — D%/ *v, and B° —
D~¢*v, branching fractions are the averages over lepton flavors.
The final row represents an average over all four samples,
assuming the neutral B meson lifetime for all B mesons.

Signal yield B [%]

B* — D", 75186 234 40.05+0.10
Bt - D%'y, 61259 2.27 £ 0.05 £ 0.09
BY = D'y, 47617 2.07 £ 0.06 = 0.10
B - Dyt 39 648 2.05+0.06+0.11
Bt > D¢y, 231+ 0.04 £ 0.09
B > D¢ty 2.06 £ 0.05 £ 0.10
B — Dtv 2.10 £ 0.04 £ 0.06

V. DETERMINATION OF |V,,|
A. BCL form factor fit

The BCL expansion of the vector and scalar form factors,
fi(q?) and fo(q?), truncated at N = N* = N° =3 has
five free parameters [Eqs. (6), (7)],

(¢i) = (ag, ay,az, by, by), (20)

as the parameter b, can be obtained from the kinematic
constraint at wy,,, [Eq. (8)]. FLAG [14] has obtained the
B — D form factor functions f. (¢*) and f(g?) precisely
in this parametrization by averaging the calculations
from FNAL/MILC [15] and HPQCD [16]. In this expan-
sion, 7, is set to (mp + mp+)? =51.07 GeV? and
to = (mpo + mp+ ) (/Mg — \/mp+)* = 6.20 GeV2.  We
fit our result for AI';/Aw (Table II) to this form factor
calculation by minimizing

TABLE 11

10
Z AF AF, BCL C._.l ﬂ _
7 \Aw Y\ Aw
5
+ Z (cx = crrLac) Dy (¢1 = crrLac)-
Tl

ATl per
Aw

(21)

Here, AI';/ Aw are the measured values from Table II and
Al';gc/Aw are the partial widths calculated using
Egs. (3), (4), and (6). The covariance matrix C;; contains
only experimental uncertainties. The FLAG calculatlon is
contained in the parameter values c; pag and the theo-
retical covariance matrix D;;. The free parameters of the fit
are the five BCL parameters ¢, and 7gw|V | from Eq. (3).
Figure 3 shows the result of our fit to the BCL expansion.
The form factor parameters are given in Table IV together
with their correlation coefficients. From the fit we obtain
new|VenlpeL = (39.4 £0.8) x 1073, (22)
where the uncertainty includes all statistical, systematic,
and theoretical contributions. We split the uncertainty up
into individual sources by resampling related nuisance
parameters in the fit and varying the FLAG inputs within
their uncertainty. The decomposition yields

Ve lger = (39.2 +0.4(stat) +0.6(sys) +0.5(th)) x 1073,
(23)

The value of the y* function at minimum is 9.7 for 9 degrees
of freedom. The individual contributions to the uncertainty
in |V,,| are listed in Table V. A bin-by-bin extraction of
|V .| and a comparison of the fitted form factors f, (w) and
fo(w) to the lattice data are shown in the Supplemental
Material [34].

Values of AI';/Aw with their total uncertainty and correlation coefficients (including statistical and systematic

contributions) in different bins of w after combination of the four subsamples. The columns are (from left to right) the bin number,
the lower and the upper edge of the i bin, the value of AI';/Aw in this bin with the total uncertainty, and the correlation matrix. The
value of wp,, = 1.591 is the average of the values for charged and neutral B mesons.

Pij

i Wimn  Wimsx  AT;/Aw [107 GeV] 1 2 3 4 5 6 7 8 9 10

1 1.00 1.06 0.22 +£0.59 .00 -0.06 0.15 0.08 0.07 0.04 003 002 000 0.00
2 1.06 1.12 3.54 +£0.56 .00 0.13 033 026 024 022 019 0.13 0.07
3 1.12 1.18 6.46 £0.61 1.00 025 044 037 036 031 022 0.3
4 1.18 1.24 10.17 +0.68 100 037 059 052 048 034 020
5 1.24 1.30 1427 +£0.72 1.000 049 067 055 041 023
6 1.30 1.36 18.68 +0.84 .00 058 071 049 030
7 1.36 1.42 21.4140.89 .00 059 0.60 036
8 1.42 1.48 25.42 +0.96 1.00 049 048
9 1.48 1.54 28.11 4+ 1.09 1.00  0.61
10 154 wopu 29.44 4 1.41 1.00
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TABLE IIL

Values of AI';/ Aw with their total uncertainty in the four subsamples. i, W; yi,, and w; ., are the w-

bin number and lower and upper edge of the bin, respectively. The value of w,,,, is 1.592 for the subsamples with a
charged B meson and 1.589 for the subsamples with a neutral B meson. The rate is corrected for long-distance
Coulomb interaction effects for the neutral mode with 6% = 0.023 x (—0.09 £ 0.94) as determined in the fit. The
correlations between the AI';/Aw bins and samples are available on HEPData [37].

AT;/Aw (10715 GeV)

i Wi min Wi max B’ > D¢, B > D yuty, Bt = D*y, BT — Dutu,
1 1.00 1.06 —-0.1+0.7 0.6 +0.7 —05+1.5 1.8+ 1.7
2 1.06 1.12 3.7+0.8 32+08 41+13 3.7+14
3 1.12 1.18 6.2+0.8 72+£09 55+13 6.1£1.2
4 1.18 1.24 9.8+0.9 11.0+0.9 89+13 103+14
5 1.24 1.30 139+ 1.0 148+ 1.0 140+ 1.3 13.7£1.3
6 1.30 1.36 18.8 +1.2 18.0+ 1.1 18.6+ 14 18.6 £ 1.5
7 1.36 1.42 219+1.2 23.0£1.3 196 £ 1.6 197+ 1.6
8 1.42 1.48 255+ 14 250+ 1.5 2554+ 1.7 255+ 1.8
9 1.48 1.54 29.1 + 1.7 273+ 19 28.1 + 1.8 260+ 1.9
10 1.54 Winax 322425 253+2.6 30.5+23 272425

B. CLN form factor fit

We also use the measured AI';/Aw spectrum averaged
over the four modes to perform a fit to the differential decay
rate Eq. (3) assuming the CLN form factor Eq. (9) and
determine the form factor at zero recoil times the CKM
matrix element magnitude ngwG(1)|V.,| and the form
factor slope parameter p?. This is a least-squares fit with
the y? function

Belle I [ £ dt =365 b~

40
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FIG. 3. Form factor resulting from the fit described in Sec. VA

compared to the measurement of ATL';/Aw (Table II). The
uncertainty on 77gw|V,,,| shown represents the total uncertainty
from statistical, systematic, and theoretical sources, as directly
obtained from the fit, prior to decomposition into individual
components.

AL, AT Al'; AT
2 _ i i,CLN C-_-l =7 J,.CLN 24
“ Z<Aw Aw ) Y <Aw Aw >’ (24)

ij

where AI';/Aw are the measured values from Table I and
AT’; cpn/Aw are the partial widths calculated using Egs. (3)
and (9). We use the averaged masses of charged and neutral
mesons.

The result of the fit is

p? = 1.09 +0.06, (26)

with a correlation p 1 > = 0.89. The uncertainties
newG(D)|Vep|p
and the correlation coefficient include only experimental

contributions. The y? of the fit is 5.9 for 8 degrees of
freedom. Using G(1) = 1.0541 £ 0.0083 [15], we find

IVeplen = (38.5 £ 1.3) x 1072, (27)
The results for 7zwG(1)|V,,| and p? are consistent with
previous measurements by BABAR and Belle [4,5]. Due to
the limited precision of the CLN form factor (Sec. II) we

TABLE IV. Parameters of the N =3 BCL expansion of the
f+(g?) and fy(g?) form factor functions obtained from the fit
described in Sec. VA.

Values Correlation coefficients
ag 0.8959(92) 1 0.26 -0.38 0.95 0.51
a —8.03(15) 1 0.17 0.33 0.86
a 49.3(3.1) 1 -0.31 0.16
by 0.7813(73) 1 0.47
b, —3.38(15) 1
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TABLE V. Fractional contributions to the total uncertainty on
the extracted value of |V ,|. The sizes of the contributions are
given relative to the central value.

Source Uncertainty (%)
Statistical 0.9
Systematic 1.5
B+ lifetime 0.1
Signal form factor 0.1
B — D*¢v form factor 0.1
B(B - X tv) 0.3
B(D - Kz(x)) 0.5
Tracking efficiency 0.5
fool f o 0.1
f 0.4
Background w modelling 0.3
(Ey, my) reweighting 0.3
Lepton identification 0.3
Kaon identification 0.6
Vertex fit y? correction 0.3
Simulation sample size 0.5
Theoretical 1.3
Lattice QCD inputs 1.2
Long-distance QED 0.5
Total 2.1

select |V,,| obtained with the BCL form factor (Sec. VA)
as our central value.

VI. SUMMARY

We reconstruct about 87000 B — D=¢*v, decays
and about 136000 B* — D°/*v, decays in 365 fb~! of
ete” — Y(4S) - BB data recorded with the Belle II
experiment at the SuperKEKB collider. The branching
fractions of these decays are found to be

B(B® - D~¢*v,) = (2.06 £ 0.05(stat) + 0.10(sys)) %,
B(BT = D¢ *v,) = (2.31 4 0.04(stat) £ 0.09(sys))%.

We also probe lepton flavor universality in the b — ¢ weak
transition and determine

B(B = Dev,)/B(B = Duv,) = 1.020 + 0.020(stat)
=+ 0.022(sys).

By using inclusive reconstruction of the unobserved
neutrino momentum, we measure the recoil variable w =
vp - vp in every B — D¢v, signal event, where vy and v,
are the four-velocities of the B and D mesons, respectively.
This allows the determination of the differential B — DZv,
width, AT";/Aw, in ten bins of w, given in Table I and on
HEPData [37]. We determine the magnitude of the CKM
matrix element V., by fitting our measurement of AI';/Aw

to the theoretical expression of the rate assuming the BCL
expansion of the form factor [13]. In this fit, the coefficients
of the BCL expansion are constrained to the FLAG
average [14] of the FNAL/MILC [15] and HPQCD [16]
calculations of the B — D¢v, form factor. For |V |, we
obtain

V.| = (39.2 & 0.4(stat) & 0.6(sys) £ 0.5(th)) x 1073,

where the uncertainty is separated into statistical, system-
atic, and theoretical contributions.

This determination of the CKM matrix element |V ;| is
consistent with previous results from BABAR and Belle
[4-6] but with 2.1% total uncertainty significantly improves
the precisionof |V, | fromthe decay B — D£v,. Theresulting
value of |V | is also in agreement with the value obtained by
HFLAV from a global fit to exclusive measurements |V ,| =
(39.62 £ 0.47) x 1073 [3].
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