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Using (771.6 £ 10.6) x 10® BB meson pairs recorded by the Belle experiment at the KEKB e* e collider,
we report the branching fractions B(B® — D**z~) = (2.62 +-0.02 + 0.09) x 103 and B(B® —» D**K~) =
(2.22 4 0.06 +0.08) x 107*; the quoted uncertainties are statistical and systematic, respectively. A
measurement of the ratio of these branching fractions is also presented, R/, = B(B— D**K7)/
B(B - D*"r~) = (8.41 4024 £0.13) x 1072, where systematic uncertainties due to the D** meson
reconstruction cancel out. Furthermore, we report a new QCD factorization test based on the measured ratios for
B — D*h™ and B — D**¢ v decays at squared momentum transfer values equivalent to the mass of the
h = = or K hadron. The parameters |a, (/)| are measured to be |a;(z)| = 0.884 £ 0.004 £ 0.003 £ 0.016
and |a;(K)| = 0.913 £ 0.019 £ 0.008 & 0.013, where the last uncertainties account for all external inputs.
These values are approximately 15% lower than those expected from theoretical predictions. Subsequently,
flavor SU(3) symmetry is tested by measuring the ratios for pions and kaons, |a;(K)|*/|a;(7)|* =
1.066 £ 0.042 £ 0.018 £ 0.023, as well as for different particle species. The ratio is consistent with unity
and therefore no evidence for SU(3) symmetry breaking effects is found at the 5% precision level.
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large data samples containing them are available for pre-
cision measurements. Since the B’ — D**K~ decay
involves virtual b - ¢W~ and W~ — js transitions, its
branching fraction is approximately five times smaller than
that of B — D**x~, which proceeds via a W~ — iid
transition. The branching fractions of both decays allow
for precision tests of the theoretical framework used to
calculate hadronic B decays as well as to constrain physics
beyond the Standard Model (SM) [1,2]. The branching
fractions of these processes were measured by many experi-
ments such as CLEO [3-7], OPAL [8], ARGUS [9-11], and
more recently by BABAR [12-14] and Belle [15]. The ratios
of branching fractions allow for a probe into the symmetries
of the SM, such as flavor SU(3), with cancellation of
the major systematic uncertainties, e.g. those from D**
reconstruction. Recent measurements of these ratios were
reported by BABAR [14], Belle [15], and LHCb [16].

Using the semileptonic decay rate dT'(B° — D**¢0) /dq?
at a fixed lepton-momentum transfer, g> = m37, combined
with the BY — D*th~ decay rate, one can measure
|ai(¢?)| = |a,(h)|, a fundamental parameter in the descrip-
tion of hadronic B decays [17]. One finds

F(BO N D*+h_) = 67T2’Z'B|qu|2f%lxh|al(q2)|2
X dF(BO — D*+lxﬂ_ﬂ)/dq2|q2:mf’ (1)

where 75 is the lifetime of the B® meson, V, the CKM
matrix element, f), the decay constant of the respective
meson, and X, =1+ O(m3/m%). A measurement of
|a;(g?)| requires determinations of hadronic and semi-
leptonic branching fractions and has never been performed
by a single experiment. Measurements based on results
from different experimental sources are in tension with the
theoretical predictions [18]. The semileptonic inputs for
our measurement are taken from Refs. [19,20]. Charge
conjugation is implied throughout this paper.

A. The Belle detector and data sample

The results use the full Y(4S) data sample containing
(771.6 4 10.6) x 10° BB meson pairs recorded with the
Belle detector [21,22] at the KEKB asymmetric-energy
ete™ collider [23,24]. The subdetectors relevant for our
study are: a silicon vertex detector, a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calo-
rimeter comprised of CsI(Tl) crystals. All these compo-
nents are located inside a superconducting solenoid coil
that provides a 1.5 T magnetic field. The z-axis is the
direction opposite to the e™ beam.

Monte Carlo (MC) simulation studies are performed
using a sample corresponding to five times the integrated
luminosity of this dataset. The MC sample is generated
using the EVTGEN [25], PYTHIA [26], and PHOTOS [27]

packages with interference effects due to final-state
radiation switched on. We reconstruct candidate events
using the Belle II analysis software framework [28],
after converting them to the Belle II data format with
the B2BII package [29].

II. MEASUREMENT OF B(B® - D**z~)
AND B(B® - D**K-)

A. Strategy and event reconstruction

We reconstruct B — D*Th~ decays with a pion mass
hypothesis for the charged hadron accompanying the D*,
which we will refer to as the bachelor hadron. The sample
is split into B® - D**z~ enhanced and B° — D**K~
enhanced subsamples by suitably requiring kaon-pion
identification criteria for the bachelor hadron. As the
BY — D*TK~ decay is reconstructed with the pion mass
hypothesis it peaks approximately 48 MeV lower in the
energy-difference variable, AE = E};, — Ef -, where E7 is
the energy of the B meson and E}_,  is the beam energy,
evaluated in the center-of-mass frame (denoted by the
symbol *). Thus, peaks from both decays can be fit
simultaneously, which allows the distribution in a given
enhanced subsample to constrain the shape of the distri-
bution of the corresponding depleted subsample where it is
treated as a background.

We consider D** candidates from D** — Dz* decays
reconstructed from two specific D° decay channels: the
highly pure but smaller branching fraction D° — K~z*
channel and the less pure but larger branching fraction
D — K=2z*n~ channel. When accounting for the effi-
ciencies, the expected yields of the two D channels are
of the same order. This is a blind analysis in which the
measurement is first optimized using MC simulation and
then performed on data with the same selection criteria.
Efficiency differences between data and MC simulation
for the reconstruction of low-momentum ‘slow’ pions from
D*t — D" decays and particle identification are cor-
rected for using control sample measurements.

Charged particle tracks originating from e™ e~ collisions
are selected by requiring the track impact parameter along
the z axis to be |dz| <4 cm and a radial distance to the
interaction point of |dr| <2 cm. Information from the
CDC, ACC and TOF is used to determine a K /x likelihood
ratio Lg,, = Lx/(L, + L) for charged particle identi-
fication, where Ly and L, are the likelihoods that a
particular track is either a kaon or a pion, respectively.
For all high-momentum pions (pr > 200 MeV/c), we
require Lg,, < 0.6, which is referred to as z-ID. Slow
pions (pr <200 MeV/c) from D** — Dz" decays are
excluded from these requirements since they have only
limited particle identification information. For all kaons,
the opposite requirement of Lg,, > 0.6 is applied, also

referred to as K-ID. The D° meson candidates are required
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to have an invariant mass, Mo, within the range
Upo — 300 < Mpo < ppo 4+ 3op0. The central value, 0,
is found by a fit to data, where the width, ¢, is defined as
the weighted average of the widths of a double Gaussian
function used for the signal probability distribution func-
tion (PDF). The values of o0 are approximately 6 and
7 MeV/c? in the D° - K~z* and D° — K277z~ chan-
nels, respectively. For the reconstruction of D** candidates
we use an asymmetric window for the variable AM -+ =
Mp+ —Mpo of piay — 361 < AMpe+ < piay + 305igns
where the widths 6y, 645, are based on weighted averages
of a Gaussian and an asymmetric Gaussian function.
The widths are approximately 0.7 MeV/c% For B® meson
candidates we require the beam-energy constrained mass
to be My.=+/E2, /c*—pi/c?>527GeV/c?, where
pp 1s the momentum of the B meson in the center-of-mass
frame, and the energy difference to be —150 MeV <
AE < 125 MeV. The latter is a relatively wide window
chosen to simultaneously select both B® — D**z~ and
B — D**K~ decays.

After applying the above selection criteria, multiple D**
candidates are found in approximately 2% of candidate B
events. To select the best D* candidate, a minimal y?
based approach is used, with the y* defined as

Mo — 2 AM s — Amper \ 2
12:< D° mD°> +( D mD>_ (2)

5D0 5AM

Here, my denotes the world-average mass of the D° meson
and Amp- is the difference between the world-average
D** and D° masses [30]. The terms 8,0 and J,,, are the
uncertainty in Mpo and AM -+, respectively, propagated
from the uncertainty in the vertex position, momentum and
energy of the decay products within the Belle detector.
If two candidates have the same y? value, one is chosen
arbitrarily.

To correct for data-MC differences in the kaon-pion
separation, control samples of D** — D%(— K=z")z*"
and K — 7"z~ decays are used. In the D*" sample,
efficiencies are obtained by fitting the AM distributions
with and without particle identification criteria using loose
track selection, requiring that they originate from near the
interaction point. For the K9 sample, a loose track selection
is required followed by a requirement that the momentum
vector of the K2 and the vector pointing from the
interaction point to the decay vertex align. The efficiencies
are determined in a simultaneous fit to the K9 invariant
mass distributions for candidates that pass and fail the
particle identification selection. The efficiencies are calcu-
lated in bins of track polar angle and momentum. In the
regions covered by the D** sample, these results are used,
otherwise the results from the K3 sample are taken. If no
corrections are available for a given polar angle and
momentum then the event is not included in the analysis.

Data-MC differences in the slow pion efficiencies are also
corrected, and described in detail elsewhere [19]. The final
reconstruction efficiencies include corrected particle
identification efficiencies and are found to be e(B° —
D7) =(3267+£0.12)% and ¢(B°— D*TK") =
(28.33 4 0.42)% for the D° — K~z" channel, and ¢(B° —
D*tn7) = (17.85+£0.06)% and ¢(B° - D*TK™) =
(14.98 4 0.20)% for the D° — K~2x" 2z~ channel.

B. Background

The remaining sources of background are from other B
meson decays and from continuum quark-pair production
processes (eTe~ — gg), where g denotes a light-flavor or
(predominantly) charm quark.

For the D° —» K~z+ channel, in the B° - D*trn~
sample, continuum processes account for 70% of the
background while the largest contributions to the back-
ground from other B meson decays are from B — D**¢~i
(~8%), B - D**p~ (~7%) and inclusive B’ — D*'X
(~4%). For the B® — D**K~ sample in the same D°
channel, continuum processes account for 90% of the
background and the largest contributions to the background
from other B meson decays are from inclusive B — D*0X
(~2%) and B = D**p~ (=2%).

For the D° — K2zt 7z~ channel, in the B - D*tn~
sample, continuum processes account for 60% of the
background while the largest B meson decay contributions
are from B’ — D**p~ (x~13%), misreconstructed D°
candidates (~10%) and B° — D*t¢#~0 (=~8%). For the
B — D**K~ sample in the same D° channel, continuum
processes account for 85% of the background and the
largest B meson decay contributions are from misrecon-
structed D° candidates (~5%) and B — D*Tp~ (=3%).

C. Signal extraction

The signal yields are determined by a simultaneous
unbinned maximum-likelihood fit to the pion-enhanced
and depleted samples in AE, where the same signal PDFs
are used in both samples. For the B® — D**z~ decay, the
signal PDF is modeled by a sum of two Gaussians and a
Crystal Ball function [31], while the B® — D**K~ decay
uses the sum of a single Gaussian and a Crystal Ball
function. The yields, means, and a width resolution
parameter common to both modes are allowed to float.
The widths of the respective channels are fixed to their MC
values, but allowed to float through the common resolution
factor, 3, which is simultaneously fit, i.e. 63 = f x oMC€
for each PDF i. The ratios of the Gaussian and Crystal
Ball contributions are fixed, which introduces a small
bias (< 0.5%), incorporated as a source of systematic
uncertainty.

Continuum background contributions are parameterized
with a second-order Chebyshev polynomial where its
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TABLE 1. The signal and background event yields and their statistical uncertainties as obtained from the
simultaneous fit, broken down by reconstruction channel.

D - K-zt D° = K 2ntn~
Component B - D**n~ B - DK~ B - D"tz B - D*K~
B - D*t g~ 16494 + 142 1247 4+ 46 19500 £ 162 1587 £ 52
B - DK~ 225+53 1182 £49 731+ 71 1414 £55
Background 3390 £ 115 658 + 61 7067 £ 185 1448 + 97

coefficients are fixed based on fits to MC and verified using
an M, < 527 GeV/c? sideband. The yield remains free
to float in the fit.

The background from B meson decays is mostly com-
binatorial, with a small component peaking away from the
signal region in AFE. It is thus described with a combination
of PDFs for each category defined in Sec. IIB. Each
component is parameterized with the sum of a Gaussian
and a Crystal Ball function, and a single yield is floated for
their combined PDF.

The yields obtained from the simultaneous fits are listed
in Table I and the fits are shown in Figs. 1 and 2 for the
D’ — K=z" and D° — K=2z%7z~ channels, respectively.
The yields for continuum processes and other B meson
decays were obtained from the fit separately and have been
combined into a single background category for the table
and figures.

The branching fractions are then calculated from the
measured signal yield of correctly identified candidates as

) Ny ()
0 Hp—) — meas
B8~ D) Npo x €, x B(D*") x B(D%)’ 3

where ¢}, is the reconstruction efficiency for a given channel,
derived from simulation and corrected for data-MC
differences. The efficiency has an uncertainty due to the
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FIG. 1.

limited number of MC events that are used for its determi-
nation. The branching fractions B(D°— K2zt 7")=
0.0822+0.0014, B(D° — K=zt) = 0.03946 + 0.00030
and B(D*" - D°z") = 0.667 £0.005 are taken from
Ref. [30]. The fraction of neutral B meson decays is f(B°) =
0.486 4+ 0.006 [30]; the total number of B® mesons is
given by

N1§0:2XNBB Xf(BO), (4)

where Nz = (771.6 £ 10.6) x 10° is the total number of
BB meson pairs recorded at Belle.

D. Systematic uncertainties

There are five categories of systematic uncertainties:
particle identification efficiencies, tracking efficiencies,
PDFs, normalization parameters, and MC statistics. We
perform two types of measurements: branching fractions
and ratios of branching fractions. For the latter, many
sources of systematic uncertainty are fully correlated as
the only difference between the two channels is the K/z
selection of the bachelor hadron. As a result, the correlated
quantities cancel out and do not need to be considered in
estimation of the systematic uncertainties.

The first category of systematic uncertainty is based on
K /7 identification corrections applied in bins of track polar

1200 #, t Data
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< 1000 ' b .
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Results of the fits to the AE distributions in the D° — K~z" channel of (a) B® - D**K~ and (b) B - D*"z~.
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FIG. 2. Results of the fits to the AE distributions in the D® — K~2z" 7~ channel of (a) B - D**K~ and (b) B » D**z~.

angle and momentum, described in Sec. II A, which contain
a statistical and systematic uncertainty. The uncertainty
from K /7 identification corrections is calculated by vary-
ing the measured value by its uncertainty in each correction
bin obtained with the calibration samples, taking into
account correlations.

An uncertainty associated with the slow pion tracking
efficiencies is evaluated based on corrections from a
partially reconstructed B° — D*~z" calibration sample
binned in momentum, with both bin-uncorrelated and bin-
correlated statistical uncertainty components and a sys-
tematic uncertainty. The uncertainty from slow pion
tracking efficiency is calculated by varying the measured
value by its uncertainty in each correction bin obtained
with the calibration sample, taking into account correla-
tions. Track finding efficiencies for high-momentum
tracks are assigned a flat systematic uncertainty of
0.35% per track, derived from a partially reconstructed
D** calibration sample.

Uncertainties arising due to PDF parameters determined
from fits to MC simulation are considered, which include
PDF fractions and shape parameters. The total uncertainty
from this contribution is evaluated by varying each fixed
parameter by one standard deviation and summing the
uncertainties in quadrature. Fit biases are determined with
pseudoexperiments (toy MC simulations) and the full
estimated bias value is assigned as the uncertainty.

The next categories of uncertainties are from normali-
zation parameters, followed by MC statistics. For the
branching fractions, the individual contributions are listed
in Table 1L

For the ratio, only the values indicated with a dagger ()
are considered, for K/z selection these are calculated
using only the bachelor hadrons. The total systematic
uncertainty is found by summing these contributions in
quadrature, under the assumption they are uncorrelated.

The D° channels are combined by taking the average of
measurements using the correlation coefficient, p, as given
in Table II. There are three cases of possible correlation
between related measurements: no correlation, partial or
full correlation. For the tracking correlation coefficients
we use the ratio of number of tracks: N, (D° — Kr)/
Nyacks(D® = K37) = 3/5. The slow pion from the D**
decay is common to both channels and is treated separately
due to its relatively large uncertainty. This uncertainty in
slow pion detection efficiency is evaluated from a control
sample that is statistically independent from the control
sample for fast tracks. For the z-ID we use the ratio of the
number of pions in the reconstructed decay channels,
excluding the slow pion.

E. Branching fraction results

The branching fractions and their ratios are shown in
Figs. 3 and 4, respectively, with a comparison to theoretical
predictions and prior measurements. The numerical values
are listed in Table III. For future updates of the D** and D°
meson branching fractions we give results for the products
B(B"— D" 1i™) x B(D**) x B(D") = Nyeay () / (N o x5,
in Table IV.

For B(B° — D*"K~) the results are compatible with the
previous Belle measurement performed on a 10.4 fb~!
(Npz = 11.1 x 10°) dataset [15]. Both the statistical and
systematic uncertainties improved due to a larger dataset
and better understanding of the detector. The values
are compared to two theory models, and when taking
uncertainties from experiment and theory into account,
there is a 1.00 deviation from the predictions of Huber et al.
at next-to-next-to-leading-order (NNLO) [32] and a
deviation of 2.7¢ with respect to Bordone et al. [1]. The
same evaluation is made for B(B’ — D**z~) with a
deviation of 1.7¢ with respect to Ref. [32]. For the ratio
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TABLE II. Breakdown of the statistical and systematic uncertainties (in %). The total is determined assuming zero correlations
between the individual uncertainties. The entries marked with a § propagate into the ratio while others cancel out. The correlation
coefficient used to combine the D° channels is denoted as p. In the p column the first value for the z-ID systematic uncertainties is for
the B — D**7~ combination and the second is for the B — D*TK~ combination.

D’ — K~zt DY - K 2ztn™ Combined
Type B— D"z~ B-D""K~ B-D''z2= B- DK~ B->D"n B- DK~ p
z-1D statistical 0.78 0.54 0.95 0.20 0.75 0.32 2/4,1/3
0.72F 0.65" 0.587
7-1D systematic 0.60 0.27 0.52 0.20 0.49 0.19 2/4,1/3
0.447 0.46" 0.41F
K-ID statistical 0.76 1.05 0.72 1.03 0.74 1.04 1
0.72f 0.727 0.647
K-ID systematic 0.53 1.15 0.57 0.62 0.55 0.89 1
0.617 0.62° 0.55°
K-ID run-dependent 0.30 0.30 0.30 0.30 0.30 0.30 1
systematic uncertainty
Slow 7 uncorrelated 0.79 0.79 0.79 0.79 0.79 0.79 1
statistical uncertainties
Slow 7 correlated statistical 1.33 1.33 1.33 1.33 1.33 1.33 1
uncertainties
Slow 7z systematic uncertainties 0.01 0.01 0.01 0.01 0.01 0.01 1
Tracking systematic 1.05 1.05 1.75 1.75 1.26 1.26 3/5
Background PDF: fixed yields 0.107 0.10f 0.107 0.107 0.07° 0.07° 0
Background PDF: fixed shapes 0.107 0.107 0.107 0.10% 0.07* 0.07° 0
Fit bias 0.157 0.15f 0.08" 0.747 0.09° 0.37° 0
Npo 1.84 1.84 1.84 1.84 1.84 1.84 1
B(D** — Dz") 0.74 0.74 0.74 0.74 0.74 0.74 1
B(D%) 0.78 0.78 1.70 1.70 0.94 0.94 0
MC statistical 0.39° 1.407 0.35f 1.397 0.26 0.99° 0
Total systematic (B) 3.20 3.60 3.82 4.06 3.26 3.47
Total systematic (ratio) 1.93 1.93 1.89 1.89 1.50 1.50
Total statistical 0.84 4.00 0.78 3.70 0.57 2.74
Belle 10.6 fb* (2001) | \ CLEO-II 3.1 fb~! (1998) e
BaBar (2006) E \ BaBar (2006)
DOy K-t BaBar (2007) e
DO — K—rt
DY — K—2ntnm— i -H-
DY = K~2r+7~ -
Combined
Combined -H-
PDG average (2020)
[X1 NNLO Huber (2016) PDG average (2020)
N NNLO Bordone (2020) NNLO Huber (2016)
0 1 2 3 1 2 3 4
x107* x1073

B(B" = D*K")

(@)

(b)

B(B" = D* )

FIG. 3. Comparison of the branching fraction ratio measurements using the full data sample and the data subsamples with respect to
previous measurements by (a) Belle [15] and BABAR [14], and (b) BABAR [12,13] and CLEO-II [7]. The theoretical predictions are taken
from Refs. [1,32]. The inner uncertainty is statistical and the outer is the quadrature sum of both statistical and systematic uncertainties.
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BaBar (2006)

LHCb (2013)

DO s K—nt -I—o—l-
DY — K 2ntn~ 'I_’_l'
Combined 'I_°_|'

NNLO Huber (2016)

0.06 0.07 0.08 0.09
B(B" — D*"K~)/B(B" — D*"n™)

FIG. 4. Comparison of the branching fraction ratio measure-
ments using the full data sample and the data subsamples with
respect to previous measurements by BABAR [14], LHCb [16]
and the theoretical prediction from Ref. [32]. The inner un-
certainty is statistical and the outer is the quadrature sum of both
statistical and systematic uncertainties.

Ri/x = B(B® > D*"K~)/B(B® - D*"x™) a deviation of
276 from Ref. [32] is found. The total experimental

uncertainty on this ratio is 3.2%, which is lower than
BABAR (5.7%) [14] and LHCb (5.5%) [16].

TABLE III. Results of the branching fraction and their ratios.
The first uncertainty is statistical and the second is systematic.
The last column lists the deviation with theoretical predictions in
terms of standard deviations, o, taking into account experimental
and theoretical uncertainties. The comparisons without paren-
theses are with respect to Huber et al. [32], and those with
parentheses are with respect to Bordone et al. [1].

no measured-

B(B® - D**z7) Result theoretical

DY - K~n* (2.607 £ 0.023 4 0.083) x 1073 1.8
DY — K27z~ (2.640 4+ 0.022 £ 0.101) x 1073 1.7
Combined (2.623 +£0.016 4 0.086) x 1073 1.7

B(B° - D**K™)

D’ — K=z (2.154 +£0.089 £ 0.078) x 10~ 1.1(2.7)
D — K277~ (2.287 +0.088 +0.093) x 10™*  0.7(2.4)
Combined (2.221 £ 0.063 +0.077) x 10~ 0.9(2.6)
RK/I[

D’ - K=z* (8.26 +£0.35+0.16) x 1072 1.8
D — K277z~ (8.56+£0.34 +0.16) x 1072 2.5
Combined (8.41 £0.24 £0.13) x 1072 2.7

X
[ BGL(2.2,2), F-MILC
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FIG. 5. Semileptonic decay rates dI'(B® — D**¢~0)/dg” as a

function of dilepton invariant mass squared determined from fits
to Belle data and lattice QCD inputs from Fermilab-MILC and
JLQCD, based on the method described in Ref. [20].

1. MEASUREMENT OF |a,(h)|

Quantum chromodynamic (QCD) factorization predicts
lay(h)| =1 in its most naive version. Taking higher
order corrections into account one expects a quasiuniversal
value of |a;(h)| = 1.05 [17], independent of the bachelor
hadron species.

The values for the differential decay rate dI'(B° —
Dt ¢~0)/dg* are directly extracted from an untagged
Belle measurement [19]. The semileptonic differential
decay rate is determined by fits using both the Caprini-
Lellouch-Neubert (CLN) [33] and Boyd-Grinstein-Lebed
(BGL) [34] parametrizations using additional constraints
from lattice QCD (LQCD) calculations of form factors at
nonzero recoil, as described in Ref. [20]. Two independent
sources of LQCD calculations were included so that any
dependence on the inputs could be tested. These inputs
were from the Fermilab-MILC collaboration [35], using
nine different values, and JLQCD [36] with four. A
comparison of the differential decay rates is shown in
Fig. 5 for the CLN noHQS configuration using JLQCD
inputs and BGL(2,2,2) in both JLQCD and Fermilab-
MILC. Each of the differential decay rates is consistent
within the uncertainty bands. The BGL(2,2,2) configura-
tion was taken as the nominal result as it is more
model-independent than CLN, and lattice inputs from
Fermilab-MILC were included due to more values being
available with a robust uncertainty estimation. Further
inputs used in the evaluation of |a;(h)| [Eq. (1)] are listed

TABLE 1V. Results for B(B® —» D**h™) x B(D**) x B(D®) = Npeas(h7)/(Ngo X €;). The first uncertainty

value is statistical and the second is systematic.

DY > K 2ntn~

DY - K~ 7t
BY - D*"n~ (6.862 4 0.058 4 0.206) x 107>
B’ - D*"K~ (5.671 4+0.227 £0.195) x 107°

(1.509 £ 0.012 4 0.046) x 10~
(1.307 £ 0.048 4 0.040) x 1073
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TABLE V. Input parameters for the |a; (k)| calculation taken from Ref. [30]. Values used exclusively in the
determination of the semileptonic decay rates not listed here are taken from Ref. [20].
Description Parameter Value
Lifetime Tgo (1.519 + 0.004) ps
CKM matrix element [V .al 0.97370 4 0.00010
[V sl 0.0.2231 £ 0.0004
Decay constants fx (0.1302 +0.0012) GeV/c?
fx (0.1556 + 0.0004) GeV/c?
So (0.216 4+ 0.006) GeV/c?
e (0.211 £ 0.007) GeV/c?
fa, (0.238 +0.01) GeV/c?
fo (0.2119 4 0.0011) GeV/c?
X, 1 £0.0007
Branching fraction B(B — D**p7) (6.8 +£0.9) x 1073

B(B - D*TK*")

B(B — D**ay)
B(D** - D)
B(D® —» K~nt)

B(D® - K 2z%77)

m(zt)
Mg+
m

Masses

ot
M gt

mar

(33+0.6) x 107
(1.30 +0.27) x 1072
0.667 & 0.005
(3.946 4 0.030) x 1072
(8.22 +0.14) x 1072

(0.13957039 + 0.00000018) GeV/c>
(0.493677 + 0.000016) GeV/c>
(0.77526 + 0.00025) GeV/c?
(0.89167 + 0.00026) GeV/c?
(1.230 4 0.040) GeV/c?

in Table V, and are taken from Ref. [30]. The parameter X,
depends on the spin of A: X, = 1 for vector mesons and
X, = 1 £ m3/m3 for non-vector mesons.

A. Testing SU(3) symmetry
A test is performed to verify whether |a,(h)| is a
universal factor independent of the quarks involved in
the hadronic transition. A value of |a,(K)|*/|a,(7)|* =1
would imply that SU(3) symmetry holds, as suggested
in Ref. [17]. The test is done by measuring the ratios of
|a;(h)| for different particles species, i.e. K and z:

(P _ Vad? 12 X
ar@F Vil 7% X

dF(BO — D*+f_l7)/dq2|q2:m,2[
RO k4 p— = 2 : (5)
dF(B - D7 U)/dq |q2:m§<

K/n

Two sets of ratios are performed: ratios based on
hadronic branching fractions measured in this paper
(h = K, &), and ratios based on branching fractions listed
in Ref. [30] (h = p, K*, a;).!

'Where a | is written as a function of ¢? or A it refers to the
QCD factorization parameter, and when it is written alone it refers
to the meson a; (1260).

TABLE VI. Correlations of dI'(B® — D**£~1)/dq* between
different g> = m2 points.

BGL F-MILC T~ K~ P~ K~ ay

I 1.000 0996 0977 0960 0.874
K- 1.000 0991 0980 0911
I’ 1.000  0.998  0.957
K*~ 1.000 0974
ay 1.000
BGL JLQCD 7~ K- I K+~ a7

n 1.000 0994 0956 0918  0.713
K- 1.000 0982 0956  0.783
P 1.000  0.994  0.886
K*~ 1.000  0.931
ay 1.000
CLN JLQCD n K- P K ay

n 1.000  0.992  0.941 0.891 0.623
K- 1.000 0976 0940  0.713
P 1.000  0.992  0.848
K*~ 1.000  0.909
ay 1.000
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B. Systematic uncertainties

For the ratios calculated with Belle data (h = K, )
many systematic uncertainties are fully correlated and
cancel out in the evaluation of |a;(h)| and their ratios.
Furthermore, it was verified that external input param-
eters match, in particular B(D*") and B(D°). This
means that for the B® — D**h~ decay widths, only

the K/z selection of the bachelor hadron, fit PDF
parameters, fit bias, and MC statistical uncertainty are
considered. For the B° — D*T¢~ differential decay
rate we consider PDF related uncertainties, statistical
uncertainties, as well as lepton identification, fake e/u
rates and the D** branching fractions and form factors
as sources of systematic uncertainties. The numerical

TABLE VII. Breakdown of the contributions to the total uncertainty on the |a, (k)| and |a,(h,)|?/]a;(hy)|?
measurements, given as a relative percentage. The hadronic uncertainties estimated from the B — D** A~ analysis
are separated into statistical and systematic categories, otherwise they are combined. The “Other” category
combines all uncertainties from Standard Model constants.

Hadronic Combined Semileptonic
Measurement Statistical ~ Systematic =~ BGL, F-MILC  BGL, JLQCD  CLN, JLQCD  Other
la) ()] 0.4 0.3 1.5 2.1 2.0 1.1
la; (K)] 2.1 0.9 1.4 1.8 1.8 0.4
lay(p)] 6.6 1.3 1.5 1.4 2.8
la, (K*)| 9.1 1.3 1.4 1.3 33
lay(ay)] 10.4 1.2 1.1 1.1 4.2
la; (K)|*/|a,(x)|? 4.2 1.8 0.3 0.7 0.7 2.2
lai (p)|?/]a(7)|? 13.3 0.7 1.5 1.7 6.0
lay(K*)|*/|a(x)|? 18.2 0.9 1.9 2.1 7.0
lai(a))*/]a; (x)|? 20.8 1.5 3.0 32 8.7
la, (p)?/|a; (K)|? 14.0 0.4 0.9 1.0 5.6
la; (K*))?/|a; (K)|? 18.7 0.6 1.3 14 6.7
lay(a))|?/]a; (K)[? 21.2 1.2 23 2.5 8.4
la (K*) [/ |ai(p)]? 22.5 0.2 0.4 0.4 8.7
lay(a;)*/|a;(p)? 24.6 0.8 14 1.5 10.1
la;(a)|?/|a; (K*)|? 27.6 0.6 1.0 1.1 10.7

TABLE VIII. The extracted values of |a;(h)| for h =z, p, K*, a;, and the three semileptonic input scenarios
described in the text. The deviations are calculated with respect to predictions in Ref. [32] and take both the

experimental and theoretical uncertainties into account.

Particle Model |ay (h)] no (measured-theoretical)
- BGL(2,2,2), F-MILC 0.884 £0.016 8.9 (—18+2)%
BGL(2,2,2), JLQCD 0.905 + 0.021 6.7 (-16 +2)%
CLNnoHQS, JLQCD 0.897 £ 0.021 7.1 (=16 £2)%
K~ BGL(2,2,2), F-MILC 0.913 £ 0.024 58 (-15+£3)%
BGL(2,2,2), JLQCD 0.930 + 0.027 47 (-13£3)%
CLNnoHQS, JLQCD 0.924 + 0.026 50 (-14+3)%
P BGL(2,2,2), F-MILC 0.826 + 0.061 3.6 (-22+5)%
BGL(2,2,2), JLQCD 0.837 £ 0.062 34 (=21 +£6)%
CLNnoHQS, JLQCD 0.834 + 0.062 34 (=21 +£6)%
K= BGL(2,2,2), F-MILC 0.803 +0.079 3.1 (-24+8)%
BGL(2,2,2), JLQCD 0.812 +0.080 3.0 (-23+8)%
CLNnoHQS, JLQCD 0.810 £ 0.080 3.0 (-23+8)%
ay BGL(2,2,2), F-MILC 0.980+0.111 0.7 (-7+11)%
BGL(2,2,2), JLQCD 0.983 £ 0.111 0.6 (-7+£11)%
CLNnoHQS, JLQCD 0.984 £ 0.111 0.6 (=7+£11)%
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values can be found in Ref. [19]. For all calculations
featuring the mesons h = p, K*, a;, the full systematic
uncertainty is taken. For ratios of |a;(h;)|*/|a;(h,)|*
where £, and h, are different particle types, it is crucial
to also account for the correlation between different g>
points in the B — D*T¢~p differential decay rate
spectrum. These correlations are found from the toy
MC samples provided by the authors of Ref. [20] and
are listed in Table VI. We also note that the hadronic
recoil binning for the semileptonic differential decay
rate has both ¢*> = m2- and m%- contained within the
same bin, resulting in a full correlation between their
corresponding |a; (k)| values. A breakdown of the
relative uncertainty contributions for the |a;(h)| and
|a;(h,)|?/|a;i(hy)]* measurements for pions and kaons is
given in Table VII.

C. Results for |a;(h)|

The results for |a;(h)| are given in Table VIII, and
compared to theoretical prediction and previous evaluations
in Fig. 6. For |a;(p)|, |a;(K*)| and |a, (a,)| the hadronic B
decay branching fractions are taken from Ref. [30].

Nominal values of |a;(z)| = 0.884 £ 0.004 £ 0.003 +
0.016 from B — D**z~ and |a,(K)| = 0.913 +0.019 +
0.008 4 0.013 from B — D**K~ are found based on BGL
(2,2,2) using Fermilab-MILC LQCD input. The first
uncertainty is statistical from the hadronic branching
fraction measurement, the second is systematic, and the
third includes the semileptonic input uncertainty and all
other Standard Model uncertainties. Compared to values
found by BABAR data in Ref. [18], of |a;(z)| = 0.98 £+
0.04 and |a,(K)| = 0.96 £ 0.05, this corresponds to an

NLO Beneke (2000)
NNLO 7~ Huber (2016) _
NNLO K~ Huber (2016) £ 7(
NNLO p~ Huber (2016) g
P4 BGL(2:22), F-MILC l
ki BGL(2,2,2), JLQCD ! 1
A CLNnoHQS, JLQCD L { _
@ Belle Fleischer (2012) By K
M BaBar Fleischer (2012) <
l
o
s
K*
N
i ay
[ A |
0.7 0.8 0.9 1.0 1.1
|ai(R)]

FIG. 6. The extracted values of |a;(h)| from B® — D**h~,
h == K,p,K* a; using the three semileptonic input scenarios
described in the text. The theory predictions are taken from
Refs. [17,32].

improvement on the total uncertainty for the pion channel
from 4.0% to 2.2% and for the kaon channel from 5.2% to
2.7%, and a shift of the central values toward lower values.

For |a;(x)| and |a,(K)| the large observed deviation can
imply a large, 13%—16% nonfactorizable contribution to
the matrix elements, new physics contributions to the
Wilson coefficients, [37,38] or both. Theoretical analyses
of nonfactorizable contributions in B® — J/wK? decays
suggest contributions of the size O(107%) [39], which is
also in clear disagreement with the result obtained above.

The results for |a,(K)|?/|a;(z)|* are listed in Table IX.
The value of |a;(K)|*/|a;(7)|* = 1.066 +0.042 +
0.018 +0.023 is found to be consistent with SU(3)
symmetry. Furthermore, the ratio is calculated for different
particle species, which also agree with SU(3) symmetry.
Systematic uncertainties related to D*' reconstruction

TABLE IX. The extracted values of |a;(h)>/|a;(hy)|> for
h=mrK,p,K*, a; using the three semileptonic input scenarios
described in the text.

Model

BGL(2,2,2), F-MILC
BGL(2,2,2), JLQCD
CLN noHQS, JLQCD

Result
(7)] 1.066 4 0.054

|a1(K)\2/|a1(ﬂ)|2 1.057 + 0.054
(7)] 1.061 + 0.054

Ratio

BGL(2,2,2), F-MILC la (p) 2/ |a) (z)|? 0.87 £0.13
BGL(2,2,2), JLQCD la,(p)?/|a) (7)|? 0.86 +0.13
CLN noHQS, JLQCD  |a,(p)[*/|a; (=) 0.87 £0.13
BGL(2,2,2), F-MILC lay (K*)|/|a, (n)[? 0.83+0.16
BGL(2,2,2), JLQCD lay (K*)?/]a)(7)|? 0.81 £0.16
CLN noHQS, JLQCD |, (K*)[*/|a,(x)|? 0.82+0.16

2 1234028
2 1184027
2 1204027

BGL(2,2,2), F-MILC
BGL(2.2,2), JLQCD
CLN noHQS, JLQCD

BGL(2.2.2), FMILC  |a(p)P/|a\(K)?  0.82£0.12
BGL(2,2,2), JLQCD la, 0.81 +0.12
CLN noHQS, JLQCD |a,(p)*/|a\(K)>  0.82+0.12

(K)| 0.77 £0.15
lay(K*)|?/|a; (K)|? 0.76 £ 0.15
(K)2  077+0.15

BGL(2,2,2), F-MILC
BGL(2.2,2), JLQCD
CLN noHQS, JLQCD

BGL(2,2,2), F-MILC lay(ay))?/]a;(K)|? 1.15+£0.26
BGL(2,2,2), JLQCD lay(a))?/]a;(K)? 1.124+0.26
CLN noHQS, JLQCD  |a,(a,)[*/|a;(K)|? 1.134£0.26

|
|
|
P 0.94+023
|
!

BGL(2,2,2), F-MILC lai (K*)2/]a;(p
BGL(2,2,2), JLQCD lay (K*)|?/]a; (p)|? 0.94 +0.23
CLN noHQS, JLQCD  |a;(K*)|*/|a,(p)[? 0.94 4+ 0.23

BGL(2,2,2), F-MILC (
BGL(2,2,2), JLQCD la, (
CLN noHQS, JLQCD (

2 1.41 £0.36
2 1.38 £0.37
2 1.39 +£0.37

i |
| |
i |
BGL(2,2,2), E-MILC  |a,(a;)[*/|a,(K*)|? 1.49 £ 0.44
BGL(2,2,2), JLQCD lai(a))?/|ay (K> 1.47+£0.44
CLN noHQS, JLQCD  |a,(a;)[*/|a,(K*)| 1.48 £ 0.44
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cancel out as both measurements are performed with the
same Belle dataset.

IV. CONCLUSION

Measurements of branching fractions B(B® - D**z~) =
(2.624+0.02+0.09)x 1073 and B(B’ - D*'K~) =
(2.224+0.06 £0.08) x 1074, as well as their ratio
Rg/x=B(B° =D K~)/B(B" = D" ) =(8.41+0.24 +
0.13) x 1072, are presented. These are the first measure-
ments of B(B — D**z~) and R/, from Belle and the
most precise on B(B® — D**K~), superseding previous
Belle results. They are used to measure |a;(h)| with the
aim of performing a precision test of QCD factorization.
The measurements of |a;(z)| = 0.884 4+ 0.004 £+ 0.003 +
0.016 and |a;(K)| =0.913 £0.019 £ 0.008 £ 0.013 are
the first performed within a single experiment, canceling
many experimental systematic uncertainties. For the meas-
urement of |a;(h)| we use BGL(2,2,2) with Fermilab-
MILC inputs as it provides the least model-dependent
choice with the most robust error analysis. All measured
values of |a;(h)| are several standard deviations smaller
than the theory prediction. In the ratios of |a;(h;)[?/
|a;(hy)|* for different particle types #, it is found that
all of these are consistent with unity within one standard
deviation. This indicates that |a, (k)| is indeed a universal
quantity and SU(3) symmetry holds in hadronic B decays.
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