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We report measurements of the ratios of branching fractions for B — DWz/ty, and
B — DWgta¢+u, relative to B — D*/*u, decays with # = e, u. These results are obtained
from a data sample that contains 772 x 10°BB pairs collected near the Y(4S) resonance with the Belle
detector at the KEKB asymmetric energy e*e™ collider. Fully reconstructing both B mesons in the

B(B"=>Dz—¢+ B(B*=>D nttty,
et = (1.23 £ 036 £ 0.14)%, 555500 — (6.78 4 0.24 +0.18)%,

Bo_,xoff- B(Bt*=D*nt¢*u, BO_}*v*f‘F;
il = (11.10£0.48£0.23)%, =Lt — (9.50+0.33£0.34)%, SEmtrf il

B(Bt* =Dzt ¢tu, B(B'sD*ntr¢+u,
(291£037+0.26)%, BEFoid el = (3.104£0.26+022)%, SGZPrrid—(0.994+043 +

0.20)%, % = (1.254+0.27 £ 0.15)%, where the uncertainties are statistical and system-

atic, respectively. These are the most precise measurements of these branching fraction ratios to date.
The invariant mass spectra of the Dz, D*z, and Dz systems are studied, and the branching fraction

event, we obtain

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

2470-0010/2023/107(9)/092003(23) 092003-1 Published by the American Physical Society


https://orcid.org/0000-0002-6088-0412
https://orcid.org/0000-0003-0983-4936
https://orcid.org/0000-0003-2287-0173
https://orcid.org/0000-0001-6208-0876
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/0000-0002-0953-7387
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0002-5440-2668
https://orcid.org/0000-0001-8153-2719
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/0000-0003-4861-7918
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/0000-0001-8332-5668
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0002-8650-6058
https://orcid.org/0000-0003-4064-388X
https://orcid.org/0000-0002-8544-9274
https://orcid.org/0000-0002-8803-4429
https://orcid.org/0000-0001-7620-2053
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/0000-0001-6857-966X
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/0000-0001-8656-2693
https://orcid.org/0000-0002-6849-0427
https://orcid.org/0000-0002-4374-1234
https://orcid.org/0000-0002-5862-9739
https://orcid.org/0000-0002-7406-4707
https://orcid.org/0000-0002-8880-6134
https://orcid.org/0000-0002-8895-0128
https://orcid.org/0000-0001-8785-847X
https://orcid.org/0000-0001-9632-5616
https://orcid.org/0000-0001-8602-5652
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/0000-0002-6347-433X
https://orcid.org/0000-0002-5138-5903
https://orcid.org/0000-0001-6504-1872
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0002-1641-430X
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/0000-0002-7323-0830
https://orcid.org/0000-0002-2211-619X
https://orcid.org/0000-0002-6816-0751
https://orcid.org/0000-0002-4089-5238
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/0000-0001-5959-8172
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/0000-0002-6627-9708
https://orcid.org/0000-0002-6277-2626
https://orcid.org/0000-0003-1572-5365
https://orcid.org/0000-0001-9448-5691
https://orcid.org/0000-0001-9128-6806
https://orcid.org/0000-0003-0234-0474
https://orcid.org/0000-0002-9835-1006
https://orcid.org/0000-0002-5991-622X
https://orcid.org/0000-0002-3240-4523
https://orcid.org/0000-0002-7366-1307
https://orcid.org/0000-0002-4413-6247
https://orcid.org/0000-0002-9909-2851
https://orcid.org/0000-0003-2024-5649
https://orcid.org/0000-0002-1219-3247
https://orcid.org/0000-0003-2792-7511
https://orcid.org/0000-0003-0864-6693
https://orcid.org/0000-0003-3416-0056
https://orcid.org/0000-0001-5139-5784
https://orcid.org/0000-0002-7109-5583
https://orcid.org/0000-0003-4673-570X
https://orcid.org/0000-0002-2698-5448
https://orcid.org/0000-0002-7764-5777
https://orcid.org/0000-0002-7082-8108
https://orcid.org/0000-0002-0128-264X
https://orcid.org/0000-0003-4352-734X
https://orcid.org/0000-0002-2209-6969
https://orcid.org/0000-0002-0294-9071
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/0000-0002-7310-5079
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/0000-0001-7994-0537
https://orcid.org/0000-0001-6087-2052
https://orcid.org/0000-0001-6520-0028
https://orcid.org/0000-0003-4864-3411
https://orcid.org/0000-0002-4114-1091
https://orcid.org/0000-0002-8813-0437
https://orcid.org/0000-0003-1804-9470
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/0000-0003-1839-8152
https://orcid.org/0000-0002-4310-3638
https://orcid.org/0000-0001-5823-4393
https://orcid.org/0000-0002-4199-4369
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/0000-0002-7310-1983
https://orcid.org/0000-0002-8378-4255
https://orcid.org/0000-0002-1615-9118
https://orcid.org/0000-0002-4824-101X
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0002-1312-0429
https://orcid.org/0000-0002-9012-4618
https://orcid.org/0000-0002-8478-5639
https://orcid.org/0000-0002-5978-0289
https://orcid.org/0000-0001-9029-2462
https://orcid.org/0000-0002-0749-2146
https://orcid.org/0000-0002-5735-4059
https://orcid.org/0000-0001-8751-5944
https://orcid.org/0000-0002-1898-5333
https://orcid.org/0000-0001-7470-9301
https://orcid.org/0000-0002-8954-0585
https://orcid.org/0000-0002-0486-3896
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/0000-0001-6567-3036
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/0000-0002-0887-7953
https://orcid.org/0000-0003-1685-9824
https://orcid.org/0000-0002-7448-4816
https://orcid.org/0000-0002-0302-8151
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0003-4220-8056
https://orcid.org/0000-0002-0979-8341
https://orcid.org/0000-0001-6917-6694
https://orcid.org/0000-0002-5241-6628
https://orcid.org/0000-0002-3151-6072
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/0000-0002-1652-6686
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0002-4001-9748
https://orcid.org/0000-0001-6140-2044
https://orcid.org/0000-0002-8253-641X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.092003&domain=pdf&date_stamp=2023-05-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

F. MEIER et al.

PHYS. REV. D 107, 092003 (2023)

products
B(Dy’—D~n")=(0.05440.022 £ 0.005) %,
0.008)%,

0.010)%,

B(D? - D*~n*) = (0.138£0.036 +:0.009)%, B(B* — D3*¢*v,)x B(DY - D*~n*
B(B® - Di£*v,) x B(D7 — D~z 7~) = (0.102 4 0.013 £ 0.009) %,

0.009)%,

B(B® - Dy~ ¢*v,) x B(Dy~ — D°z~) = (0.157 +0.015 £ 0.005)%,
B(B+— D3¢+ 1,)x B(D - D7) =(0.163+£0.011+
B(B® = D7£*w,) x B(D7T — D7) = (0.306 £ 0.050 = 0.029)%,
B(D'~ - D*z~) = (0.206 +0.068 +:0.025)%, B(B°— D~ ¢*v,) x B(Ds~ — D*z")
B(B* — D%*v,) x B(D® - D*n*) = (0.249 £ 0.023 £ 0.015)%, B
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B(DY - Dzt 72~)=(0.10540.011+0.009)%, are extracted. This is the first observation of the decays

B — D¢*v, with D; - Drtn~.
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I. INTRODUCTION

Semileptonic decays of B mesons are an important tool for
precision measurements of the Cabibbo-Kobayashi-
Maskawa matrix elements V. and V,, [1,2]. The
latest determinations of |V ,| from inclusive semileptonic
B — X .¢"v, decays, with X, being a charmed hadronic
state that is not explicitly reconstructed, differ from those
using the exclusive semileptonic decays B — D¢ v, and
B — D*¢*u, by about 2.46 [3]. The measured sum of the
exclusive B — D®W¢ty,, B— DWafty,, and Bt —
Dﬁ*)_KJ’fﬂ/f rates accounts for only 85 4 2% [3] of the
inclusive rate for semileptonic B decays to charm
final states.

Semileptonic decays of B mesons can also be used for
other precision tests of the electroweak sector of the
standard model, such as lepton flavor universality. An
example is the ratio R(D™*)) of the branching fractions
B(B — D¥z*p,) and B(B - DW¢ty,) (¢ = e, w), for
which a persistent 3¢ deviation between the standard
model expectation [4] and the combined experimental
results [4] from BABAR [5,6], Belle [7-9], and LHCb
[10,11] has been observed. Important backgrounds in
these processes are the decays B — DWztn=¢*v, and
B — DWnf*u,. The former accounts for part of the
missing exclusive rate described above. The latter pro-
ceeds predominantly via B—D*¢*v,, D*—DWgr,

where the D** is an orbitally excited (L = 1) charmed
meson. The D** mass-spectrum contains two doublets of
states that have light-quark total angular momenta of j, =
1and j, =3 [12]. The spin-0 state Dj; can only decay to
Dr and the spin-1 states D, and D} only via D** — D*r.
The spin-2 state D3 can decay both into Dz and D*z. The
D** masses are not far from threshold. Since the j, :%
states (D and D3) have a significant D-wave component,
these states are narrow and were observed with a typical
width of about 20 MeV/c? [13-15]. On the other hand,
the states with j, = % decay mainly via S-wave and are
therefore expected to be broad resonances with a width of
several hundred MeV/ ¢ [12,16]. The decay rate of
semileptonic B decays to the j, :% states is observed
to be similar to the rate to the j, = % doublet, while model
calculations predict a substantially smaller rate to the j, =
% doublet [17].

The decay modes with one charged pion in the final state
have been measured by BABAR [15] and in a previous
Belle analysis [18]. For the B - D®)z* 2~ ¢*v, channel so
far only a BABAR result [19] with limited statistical
precision is available. The results of these three measure-
ments are listed in Table I. The current measurement
improves upon the aforementioned Belle result by using a
new method to reconstruct (“tag”) the other B in the
event, known as the Full Event Interpretation (FEI)

TABLE 1. Previous results of B = D" z/ v, and B - D"zt a~¢*v, branching fraction measurements by
BABAR [15,19] and Belle [18]. The first uncertainty is statistical, the second systematic, and the third comes from

the branching fraction of the normalization mode.

Decay mode BABAR (%) Belle (%)

B - Dz~ ¢*u, (0.43 +£0.08 +0.03) (0.405 4+ 0.036 + 0.041)
BT - D at¢ty, (0.42 +0.06 + 0.03) (0.455 £0.027 £ 0.039)
B = DVr~¢*u, (0.48 £0.08 £0.04) (0.646 £ 0.053 £+ 0.052)
BT - D*xt¢ty, (0.59 +0.05 + 0.04) ( )

B - D atn¢tu,
Bt = Dztn ¢y,

BT = Dzt ¢y,

(0.127 4+ 0.039 4+ 0.026 + 0.007)
(0.161 £ 0.030 £ 0.018 + 0.008)
B - D*ntnty, (0.138 £ 0.039 £ 0.030 & 0.003)
(0.080 +£ 0.040 £ 0.023 £ 0.003)

0.603 £0.043 £0.038
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algorithm [20], and by providing a result for the
B —» DWzata~¢*u, channel as well.

II. EXPERIMENTAL APPARATUS AND DATA

The Belle detector is a large-solid-angle magnetic
spectrometer. Its innermost component is a silicon vertex
detector (SVD). A 50-layer central drift chamber (CDC)
provides tracking and charged particle identification (PID)
information using specific ionization measurements. An
array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF) in the central part, and an electromagnetic
calorimeter (ECL) comprised of Csl (Tl) crystals provide
further PID information. These detector components are
located inside a super-conducting solenoid coil that pro-
vides a 1.5 T magnetic field. The iron return yoke located
outside of the coil is instrumented to detect K mesons and
to identify muons (KLM). The detector’s z-axis is defined
to be anti-parallel to the e™ beam. More details about the
detector can be found in Ref. [21].

Electron candidates are identified using the ratio
between the energy deposited in the ECL and their track
momentum, the ECL shower shape, the matching between
the track and the ECL cluster, the energy loss in the CDC,
and the number of photoelectrons in the ACC [22]. Muons
are identified based on their penetration range and trans-
verse scattering in the KLM [23]. Charged kaons and pions
are identified by a combination of the energy loss in the
CDC, the Cherenkov light in the ACC, and the time of
flight in the TOF.

A data sample corresponding to an integrated luminosity
of L,, = 711 tb~!, collected with the Belle detector at the

|

B(B" - D'z~ ¢*u,)

Ngo(B® - D°n~ ¢ ) [€4ig(B® — DO wy)

KEKB asymmetric-energy e* e~ collider [24] operating at
the Y'(4S) resonance at /s = 10.58 GeV, is used for the
measurement. The sample contains 772 x 10° BB pairs. A
further data sample corresponding to an integrated lumi-
nosity of L.y = 89 fb~! taken slightly below the reso-
nance, at \/E =10.52 GeV, is used for background
templates. These two samples are referred to as the on-
resonance and off-resonance samples, respectively.

We use a sample of simulated BB background
Monte Carlo (MC) events generated with EvtGen [25].
This sample has six times more events than the Belle
collision data. The full detector simulation is based on
GEANT3 [26]. Final-state radiation is simulated with the
PHOTOS package [27]. The B — D*¢£ v, decays are simu-
lated using the HQET2 model [28] of EvtGen. For the B —
D®nt*v, decay modes, dedicated MC samples of 73 x
10° events for each of five transitions (via D, and D} for
B — Dnt* vy, and via Dy, D), and D} for B — D*nt"v,)
are generated with the ISGW2 model [29]. A signal MC
sample of 50 x 10° events of B — Dx* 7~ ¢ ", is used for
simulating the B — D,#"v, decay modes. A MC sample
of 25x10° events of B — D*ntn ¢*v, is used for
simulating the B — D¢ v, decay modes. Both are simu-
lated with the ISGW2 model.

Data-MC efficiency differences due to a variety of
sources are corrected. A more detailed description can
be found in Sec. VI

III. MEASUREMENT OVERVIEW

The B® — D°z~¢*v, branching ratio relative to B® —
D*~¢*v, is measured,

BB = D ¢'u,)

which reduces systematic uncertainties due to data-MC
differences and external branching fraction values of the
charm modes as they largely cancel in the ratio. Similar
expressions are used for the other measured decays. Here
N, is the number of signal candidates and eg, is the
corresponding signal efficiency. Branching fractions of
B — D¥nzty, (n = 1, 2) are also reported, after multi-
plying by the B(B* — D*%¢/*v,) =558 £0.22% and
B(B - D*~¢*v,) =497 4+0.12% averages from the
Particle Data Group (PDG) [3].

IV. EVENT SELECTION

The Belle data are converted into the Belle II format [30],
and the particle and event reconstruction is performed within
the BASF2 framework [31,32] of the Belle II experiment.

Nsig(BO b d D*_f+l/f)/€sig(BO i D*_f+1/f) ’

(1)

|
A. Common selection requirements

In each event two B meson candidates are reconstructed.
One of the B meson candidates (By,,) is reconstructed with
FEIL. The FEI algorithm follows a hierarchical approach.
Final-state particle candidates are combined to intermediate
particles until the final By,, candidates are formed. More
than 100 explicit decay channels, leading to O(10000)
distinct decay chains are reconstructed. For each final-state
particle and for each decay channel of an intermediate
particle, a multivariate classifier is trained which estimates
the probability that each decay chain correctly describes the
true process. In this analysis only hadronically recon-
structed decay chains are considered. The B, meson
candidates are required to have a beam-constrained mass

My, = \/ (Ecm /c?) = (Py, /c)* > 527 GeV/c2, and an
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energy difference AE = E By ~ E. ., within £180 MeV.
Here E, ,, is half of the center-of-mass (c.m.) energy of the
beams, and i’Bmg and E B,, are the momentum and energy of
the By, meson in the c.m. frame, respectively. The FEI
signal probability of By, candidates is required to be
greater than 0.5%. Distributions of My, AE, and the signal
probability are shown in Fig. 1. We take into account that
the composition of decay modes reconstructed by FEI
differs between data and MC. The ratio between the relative
abundance in each decay mode is used to correct this effect.

The other B meson candidate (Bg,) is reconstructed in
the decays of interest. The first selection step of the B,
reconstruction is the requirement of at least one electron or
muon candidate in the event. For both lepton types, the
lepton is required to have a minimum momentum of
p > 300 MeV/c. The lepton’s point of closest approach
to the KEKB interaction point (IP) is required to be within
|dz| < 2 cm of the IP along the detector axis and within
dr < 0.5 cm in the transverse plane.

The polar angle of muon candidate tracks is required
to be within the range 45° < 6, < 145° to ensure that the
tracks enter the KLM. Electron tracks need to be within
the CDC acceptance 17° < 8, < 150°. This implies that
the track is within the ECL acceptance.

The likelihood ratio R, = L,/ (L, + Lnadron)> Where L,
and Lya40n are the likelihoods for muons and charged
hadrons, is required to be greater than 0.9 for muon
candidates. This selection has an average efficiency of
89% with a pion misidentification rate of 1.4% for muons
with momenta between 1 and 3 GeV/c [23]. For electron
candidates the likelihood ratio R, is required to be greater
than 0.8. This requirement has an average efficiency of
92% at a pion misidentification rate of 0.25% for electrons
with momenta between 1 and 3 GeV/c [22].

The four-momentum of the closest photon that is within
a 5° cone around an electron’s momentum direction is
added to that of the electron candidate to correct for
bremsstrahlung. The photon’s energy is required to be
greater than 50, 75, and 100 MeV for the barrel
(32.2° < 6, < 128.7°), forward (12.4° < 6, < 31.4°), and

backward end cap (130.7° < 6, < 155.1°) region of the
ECL, respectively.

Kaons and pions are identified using the ratio Rg/, =
Li/(Lg + L) between the combined ACC, TOF, and
CDC likelihood for a kaon and the sum of the kaon and
pion likelihoods [33]. Kaons (pions) are required to have
Rijz > 0.6 (Rg/, < 0.4), which has an average efficiency
of 92% (93.5%). Kaon and pion candidate tracks must
satisfy dr <2 cm and |dz| <5 cm.

Neutral kaon candidates are reconstructed from z*z~
pairs. The invariant mass of Kg candidates is required to be
in the range 482 to 514 MeV//c?, which is about 4¢ around
the nominal mass, where ¢ corresponds to the mass
resolution. For low- (p < 0.5 GeV/¢), medium- (0.5 < p <
1.5 GeV/c), and high-momentum (p > 1.5 GeV/c) K
candidates, we require that the pion daughters have
dr > 0.05, 0.03, and 0.02 cm, respectively. The angle in
the transverse plane between the vector from the interaction
point to the Kg vertex and the Kg flight direction is required
to be less than 0.3, 0.1, and 0.03 rad for low-, medium-, and
high-momentum candidates, respectively; the separation
distance along the beam axis of the two pion trajectories
at their point of closest approach is required to be below 0.8,
1.8, and 2.4 cm, respectively. For medium- (high-) momen-
tum KQ candidates, we require the flight length in the
transverse plane to be greater than 0.08 cm (0.22 cm).
Finally, a mass-constrained vertex fit of the K(s) candidate
must converge.

Neutral pion candidates are reconstructed from pairs of
photons, which must satisfy the same region-dependent
energy requirements as the photons considered for the
bremsstrahlung correction described above. The diphoton
invariant mass is required to be between 120 and
150 MeV/c?, which corresponds to about 5¢ around the
nominal mass. A mass-constrained fit of the two photons is
required to converge. Photons are not allowed to be shared
between 7° candidates. To eliminate duplicates, all z°
candidates of an event are sorted according to the most
energetic daughter photon (and then, if needed, the second
most energetic daughter). Any z° candidate that shares
photons with one that appears earlier in this list is removed.

FIG. 1.
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Charged kaons, charged and neutral pions, and K(s)
mesons are combined to form neutral and charged D
meson candidates. A total of 10 hadronic D° modes with
the final states K-zt, K-zt2°, K ntntn~, K(S)ﬂ+7t_,
K'K~, K% Klntn 2% ntn~, Katanta% and
#tn 7% and 9 hadronic D' modes with the final states
Kgn'+, Kgﬂ+7£_ﬂ+, K rztrzt, K Ktzt, K xtrta°,
K(S)ﬂ'+ﬂ'0, KgK*, ata0, and zt7x~ 7t are considered [34].
For D final states with at least one z° the D -candidate
invariant mass is required to be within =25 MeV/c? of the
nominal value [3], while the requirement for all other
modes is =15 MeV/ ¢%, which corresponds to about 3c.
A global decay chain fit [35] is performed for all D modes
except for D — K27°. In these fits, mass constraints are
applied to the D candidate as well as to K(S) and 7° candidates.
If the fit fails, the candidate is discarded. The relative
contribution and purity of the D modes is listed in
Tables XIIT and XIV.

Neutral D° meson candidates are combined with z°
candidates to form D*0 candidates. The mass difference
between the D0 and the D° candidates is restricted to be
between 138.9 and 145.5 MeV/c?, and a global decay chain
fit with mass constraints on the D*°, D, K2, and z° must
converge. Similarly, D** meson candidates are formed from
combinations of D and z° as well as D° and z*. The
invariant mass of the D** candidates is allowed to deviate
from the nominal mass by no more than 3 MeV/c?. Again, a
global decay chain fit is performed with mass constraints on
the D**, D° or D™, K2, and #°.

B. Specific event selection of B — D" z¢*v, decays

By combining one D*) meson candidate, one lepton
candidate, and one charged pion candidate, B meson
candidates are formed. The invariant mass M(Dx) is
required to be below 2.8 GeV/c?, as the potential D**
states are expected to be at lower masses. We also require
M (D) to be above 2.05 GeV/c? to suppress B — D*¢*v,
contributions.

C. Specific event selection of
B — DYa*x~¢*v, decays

Further B meson candidates are formed from D*) meson
candidates, one lepton candidate, and two oppositely-
charged pion candidates. The PID requirement for the
muons is tightened to R, > 0.97, which implicitly also
removes all muon candidates with momenta lower than
500 MeV/c. To suppress the background from hadronically
decaying B meson events, the missing momentum p,;,, of
the event is required to be greater than 200 MeV/c. Here
Priss = |P(e*e™) = P(Bug) = P(DY) = p(m1) = p(ms) =
p(?)] is the difference between the total momentum of the
initial colliding beam particles and the combined momen-
tum of all visible particles measured in the center-of-mass

frame. Analogously, the missing energy E is defined as
the energy difference between the center-of-mass energy
and the sum over the energies of the By, and B,
candidates.

To suppress D*~ contributions to the final state in
BT — D°ztn~¢*v,, a veto is implemented: the combined
invariant mass of the neutral D meson and the pion with the
opposite charge to that of the B meson is required to be
above 2.05 GeV/c?. The contamination from B —
D*~zt¢*v, with D*~ — Dz~ is reduced by 50% with
this veto. However, the pions used in the reconstruction of
the B;, meson candidate can also arise from the decay of the
By,, meson. Therefore, a second veto is implemented: the
invariant mass of each 7™ used in the By,, reconstruction

combined with the signal D is required to be greater
than 2.05 GeV/c>.

The B — DWatz~¢*v, modes have much more back-
ground than the B — D*/*v, and B - D" z/* v, modes.
In order to increase the sensitivity of this channel, a boosted
decision tree (BDT) [36] is used to further reduce the
background. The following 25 input variables are used in the
BDT: E ., the unaccounted energy in the ECL; R| — Ry,
the ratios of the first, second, third, and fourth to the zeroth
Fox-Wolfram moments [37]; Hy,— H,, the harmonic
moments of zeroth to fourth order with respect to the thrust
axis (Chapter 9.3 of Ref. [38]); Cy — Cg, the momentum
flow in nine cones of 10° around the thrust axis [39]; the
sphericity and the aplanarity of the event (Chapter 9.3 of
Ref. [38]); the thrust value of the event and the cosine of the
polar angle of the thrust axis (Chapter 9.3 of Ref. [38]); the
number of tracks used in the B,, reconstruction; the number
of neutral clusters used in the By,, reconstruction. The BDT is
trained with signal MC simulations and off-resonance data, as
most of the remaining background originates from ete™ —
qq (g = u, d, s, c) “continuum” events. The signal MC is
divided into N subsamples each containing the number of
expected candidates in the full Belle dataset based on the
branching fraction results of the BABAR measurement [19].
For each subsample an individual BDT is trained using the
other N — 1 subsamples such that the size of the training
sample is maximized while keeping it independent from the
sample that the BDT is applied to and therefore avoiding
bias. Separate BDTs are trained for the B* and BY modes.
The distribution of all BDT output classifiers combined is
shown in Fig. 2. The BDT output variable is required to be
greater than —0.06 for B¥ — DWztz= ¢y, and greater
than —0.09 for B® - D"~z z~¢*v,, which maximizes
the ratio between the signal yield and its uncertainty from a
fit to MC samples.

sig

D. Y(4S) selection

A total of 12 BT modes and 12 B modes are recon-
structed. Each Bg, candidate and B, candidate are
combined to form an Y (4S) candidate. In the combinations
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FIG.2. Distribution of BDT output classifier for B* — D%z* 2~ ¢*v, (left) and B* - D™zt n~¢"v, (right). Candidates to the right of

the vertical line are retained.

the electric charge must be conserved but the flavor of two
neutral B mesons is allowed to be the same. Candidates
with tracks that are not assigned to the Y'(4S) candidate are
rejected. The average number of candidates per event after
all previously described selection steps is 1.10. In events
that contain more than one Y(4S) candidate, a single
candidate is selected, as follows. Firstly, the By,, candidate
with the highest FEI signal probability is selected. If
multiple Bg;, candidates remain, the D* mode is preferred
over the D mode, since otherwise an additional z°
candidate would be left in the event. In some events,
candidates are reconstructed in both the one-pion and the
two-pion modes. As the distribution of U = E ;s — PmissC
is used for signal extraction, if U is between —0.1 and
0.1 GeV for at least one candidate in both decay modes, all
candidates in the event are rejected. If there are still
multiple candidates, only the one with the smallest differ-
ence between the D) candidate mass and the nominal
mass is retained.

A wrong-sign reconstruction, e.g., Bt - Dtz ¢y,
instead of B* — D~n"¢"uv,, is performed to validate
the background distribution.

TABLE II. Ratios between the selection efficiencies of the
signal and normalization modes. The uncertainty is the MC
sample statistical uncertainty.

Electron mode Muon mode

BY - Dz ¢+u, 1.194 £0.012 1.139 +£0.010
Bt - Dzt ¢ty 0.518 £ 0.004 0.482 + 0.004
B’ - Dz ¢ty, 1.156 4 0.009 1.094 £ 0.009
BT - D* nt¢ty, 0.4040 £ 0.0026 0.3824 £ 0.0027
B - D ntatty, 0.450 £0.015 0.389 +0.014
BT - Dntnttu, 0.288 + 0.007 0.264 £ 0.007
B - D" ntn ttu, 0.286 £ 0.016 0.270 £ 0.017
Bt - Dzt n=¢tu, 0.220 £ 0.008 0.179 £ 0.008

For each signal MC mode, the efficiency is taken to be
the fraction of correctly reconstructed candidates. A
weighted average of the efficiencies based on the relative
abundances of the D** state reported by the PDG [3] is
taken as the final efficiency value. The ratios between the
efficiencies of the signal and normalization modes

e(B* = D*0¢*u,)
e(BT = D*¢*y,)
e(B" = D" ¢*1,)
e(B" — D~ ¢*u,)

R(BT) = and

R(B%) =
are given in Table II.

V. EXTRACTION OF SIGNAL YIELDS

The number of signal candidates is determined with
an unbinned extended maximum likelihood fit of
U = Eiss — PmissC- The probability density function
(PDF) used to describe the U distribution is constructed
from templates based on the MC.

A. Fit of B - D®¢*v, sample

For the fit of the B — D*)#*v, sample the total PDF
consists of four (three) components

De

€
PPe = NDepDe + —MC NggeP
+
+f€ngbkgPDe ( ~ R NEPR )
ePr _
D D D* D, D
PPt = SIQP“g + i Dy sig# +f bng blngBg
c + emé
+(1 fbkg) P 4)
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TABLE III.  Fitted signal and background yields of the normalization modes B — D™ £ %y, in the full Belle data
sample. The quoted uncertainties are statistical only.
Signal Background
Electron mode Muon mode Electron mode Muon mode
B’ - D~ ¢*u, 3154 + 67 2723 £ 60 2097 + 60 1696 + 52
Bt = D%y, 8974 + 136 7752 £ 124 9840 + 149 8548 + 133
B - D ¢*y, 6271 £ 102 5624 +91 925 + 54 742 + 44
Bt - D¢y, 19940 + 200 18045 + 183 523 £35 508 + 34
B background yields are listed in Table III and the corre-
D'e _ €MC NDepDe | fD*‘f NDepDre sponding plots are shown in Figs. 3—6. In the Appendix the
€MC +ebé Noig P bkg “"bke © BB fit results of the mean and width of the Gaussian are listed.
D*e
( fbkg)kag cont (5) B. Fit of B —» D" af*v, and
B - DYt x~¢*v, samples
) oy N [ A simultaneous fit to the U distribution of 16 categories
PDu — LD* Sig"PSig" + fbk” kag Pui splitting the full sample according to the B flavor mode
emc + ené (B° vs B"), the D mode (D°/D™* vs D*°/D**), the number
( fbk ) Dyphe (6)  of pion daughters (Dz vs Drr), and the lepton mode (e vs
COl’l ’ . .
& £ w) is performed. This allows several background sources to
be constrained directly from the data, as described below.
where ng is the signal PDF and P27, Pgé, and PPU'¢  All templates are constructed with 120 bins in the range —1

are the PDFs describing the feeddown, BB background,
and continuum background, respectively. Feeddown
describes a contribution from B — D*#*v, that shows
up in the B — Df*v, modes if the neutral pion of a
D = D% or a D* — D7° decay is missed in the
reconstruction. Due to the missing z° it is shifted to higher
values in the U distribution. Thus, this contribution can be
separated and used to improve the sensitivity of the
branching fraction measurement.

The fraction of the BB component among the total
background, fy,, is constrained to the values estimated in
simulation. A simultaneous fit of B — D¢*v, and B —
D*¢*v, is performed, where the total B — D*#*v, yield
Nggf is determined as the sum of the signal and feeddown
components, which are related via their efficiencies e¢. The
templates used to construct the PDFs are created with 125
bins between —0.5 and 2 GeV. Separate PDFs are used for
the electron and muon modes except for the continuum
PDF, which is created from the combined sample of the two
modes as their distributions are statistically compatible with
each other.

The width of the signal peak in the U distribution differs
between data and MC, even after all known corrections are
applied. To compensate for this effect, the signal PDFs
are constructed by convolving the signal-MC templates
with a Gaussian whose mean and width are floating in
the fit to data. Independent widths are used for the electron

and muon modes. The fitted B — D®)¢*v, signal and

to 2 GeV.

The B* — D~z ¢ v, fit PDF consists of five compo-
nents: signal, feeddown, misreconstructed B — D**¢*v,
background, other BB, and continuum:

D=zt ¢t _ D rtet pDTatet
P - Nblg Pslg
€D atet
MC D*~ n*z,’*'])D et
D ﬂ+f+ +e€ D*’ +pt 7 sig

D=zt D~ ¢t pD-atet
+§ Ny JPBIAET 4 NDo ¢t pD-

Zon Pa™ (7)
off

The signal template ng” " is obtained from signal MC,
in which the Dz is produced in D;}? decay 62% of the time,
and in D*0 decay 38% of the time [3]. As in the fit of the
B — D! )erl/f sample, the signal template is convolved
with a Gaussian to compensate for the different signal
widths between data and MC. The feeddown component
PR comes from BT — D*"zt¢* v, decays and is
taken from signal MC, in which the D*x final state is
produced in DY decay 45% of the time, in D} decay 40%
of the time, and in D;O decay the rest of the time. The
B — D**¢*u, background PDF P5.7"*" is obtained from
14 different MC samples:
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according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB components.
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FIG. 4. Distribution of Epyis — piss¢ of Bt — D%, (left) and B — D" v, (right) for the data. The MC shapes, normalized
according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB components.

(i) B* - D*%¢*y, with D*** € (D°, DY, D}, D3°),
(ii) BY —» DY¢*v, with DY - Dz* 7,
(ii) Bt - Dzt n¢tu,,
(v) Bt - Dt n=¢ttu,,
(v) B® > D*~¢*v, with D**~ € (D}, Dy, D7, D57),
(vi) B® - D7¢"v, with D] - Dz ™,
(vii) B - D~atx~¢*v,, and
(viii) B = D*~nta = ¢tu,.
These events constitute background due to misreconstructed
signal candidates, swapping of final state particles between
the B, and B,, candidates, or events with D** — D0,
The composition of the different D** states is set to the
world averages of these modes [3]. The yields of the

B — D**¢"v, background components, Ny ;, are calcu-
lated as the product of the terms listed in Table V. The other
BB background is taken from a generic b — ¢ MC sample
with six times the luminosity of data. Off-resonance data
is used to model the continuum PDF P2.7"¢". The yield of
the continuum contribution in the fit is constrained via the
ratio of the on- and off-resonance luminosities. The ratio is
allowed to float in the fit within a Gaussian constraint with
a width of 1%. This accounts for the uncertainty in the
determination of the luminosity ratio.

The fit model for B° — D°z~¢*v, is constructed
similarly:
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FIG. 6. Distribution of E i — Piss¢ of BT = D%, (left) and B — D*'u* v, (right) for the data. The MC shapes, normalized
according to the result of the fit, are also shown.
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emc -~ teénc =1

0 *— Pt 0 N0 .— o+

¢(B" —» D*~¢*v, reconstructed as B’ — Dz~ ¢ Uf)ND* ¢ pDoa et (8)
0 *— o+ 0 *— o+ sig D¢t

e(B’ - D* " ¢*uv, reconstructed as BY — D* "¢ "v,)

[

The signal composition is 71% B® — Djy~¢"v, and 29%  component is added to account for misreconstructed B® —
B® - D3~ ¢"v, decays [3]. Again, the signal template is ~ D*”¢*v, candidates that survive the D* veto. The yield of
convolved with a Gaussian. The feeddown is produced in  this component is fixed by the product of the B’ —
BY — Dy¢*v, decay 42.5% of the time, in B — D"¢*v, D" £"v, signal yield N5, " from the fit described in
decay 47% of the time, and in BY > Dé_f+l/f decay 10.5% Sec. VA and the ratio of efficiencies of the B° —
of the time. Compared to the BT mode an additional sixth D°z=¢*v, and B — D*~¢*v, selections.
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TABLE IV. The B — D*#*v, background yields are the product of the scaling factor, the corresponding signal yield, and the
efficiency ratio. The scaling factor accounts for the assumed relative abundance of the D** state, e.g., that for B — D~z ¢*v, in 62%

of the time the decay proceeds via an intermediate D’ resonance.

Component Scaling factor Signal yield Efficiency ratio
Bt > Dsof”ryf 0.62 NP zte* N(B*—»D(*IO_WW with error in reconstruction as Bf =D~ ¢ v,)
stg N(B*—>D;%¢" v, correctly reconstructed as Bf —>D~n' £ ;)
Bt = D(l)f+l/f 0.45 NQ*‘n‘ & N(B*—DY¢" v, reconstructed as B* D~z #*v,)
sig N(B*—D\¢" v, correctly reconstructed as B =D~z £ v,)
BT — D/10£+l/f 0.4 NP rtet N(B*—D¢*v, reconstructed as B* D"t ¢*v,)
ste N(B' D¢ v, correctly reconstructed as B' D"~ ¢t v,)
BT — D;Oerl// 0.38 ND =" N(B*—D3’¢"v, with error in reconstruction as B* D~ 7" /"v,)
) stg N(B* —»D;OK‘ v, correctly reconstructed as Bt —>D~ 7" ¢ v,)
Bt — D(I)erDf (D(]) - DOT[+IZ'_) 0.55 NQ“H‘ ¢t N(B* —DY¢" v, reconstructed as BT =D "t u,)
Sig N(B*—D%¢" v, correctly reconstructed as B* —>D%z* 7~ ¢ v,)
Bt — Doﬂ'+ﬂ_f+l/g 0.45 NPzttt N(B* =Dzt~ ¢*v, reconstructed as B* =D~z ¢ v,)
sig N(B*—=D°z* 7= ¢*v, correctly reconstructed as B* =Dz 7= ¢ v,)
Bt —» D*0”+ﬂ.—bﬂ+yf 1 1\]1?*0”’/!’1/er N(B*=D*°z* 2~ ¢*v, reconstructed as B* =D 7" ¢ *v,)
Sig N(BT=D*z*z~¢" v, correctly reconstructed as B =Dzt z=¢*v,)
B° - Da_l/ﬂ+1/f 0.71 NDOm et N(B°->D;~¢* v, reconstructed as B*>D~nt ¢V v,)
Sig N(B"—D;~¢*u, correctly reconstructed as B'—Dz~ ¢ v,)
BY - Dl_erl/f 0.425 ND e N(B"—D; ¢ v, reconstructed as Bt =D~z ¢ v,)
sig N(B'->D; ¢" v, correctly reconstructed as B'—D*0z~¢"v,)
BY = D/l_f+7/f 0.47 NDz et N(B'->D/ ¢"v, reconstructed as B* >Dn' £ v,)
Sig N(B"=D/~¢" v, correctly reconstructed as B'~D*n=¢"v,)
B = D;—f-kuf 0.29 NDOH_{+ N(B*>D; ¢*v, reconstructed as B*>D "zt ¢ v,)
sig N(B'—>D; ¢ *u, correctly reconstructed as B'—Dz~ £ v,)
BY - D1_l'ﬂ+’/f (DI_ — D ntn7) 0.55 ND et N(B°->D; ¢ v, reconstructed as B*>D~rt ¢t v,)
ste N(B°->D;¢* v, correctly reconstructed as B°—D~z 7= ¢tu,)
B — D_ﬂ'+77.'_bﬂ+l/f 0.45 ND mta et N(B">D~z* 7z~ ¢* v, reconstructed as B¥ =D~z ¢*v,)
SIg N(B°=D "z ¢*v, correctly reconstructed as B°—=D~zt 7= £ v,)
BY = D*_ﬂ'+ﬂ'_f+l/f 1 ND na et N(B">D*~n*a~¢* v, reconstructed as B¥ =D~ z* ¢*v,)
2 sig

N(B°—=D*~z*z=¢*v, correctly reconstructed as B°—=D*"zt 7~ ¢*v,)

The B — D*nf*v, fit models consist of only four proportions

as the feeddown components in B —

components as there is no feeddown. The strategy for  p s+, , described above. For the Bt — D™ nt¢ty,

modeling background from B — D**#*v, is the same as
for B — Drt*v,. The signal PDF template is obtained
from signal MC, in which the D*z final state is produced
in D, decay, D| decay, and Dj decay at the same

300 :_B?)He —0 N = Total
S 550 Z_B = D'nTeTve Signal <
8 Feeddown 8
& 200 = Background Q
g t = Continuum 8
= 150 — BB =
3 : 3
© 100 ©
° 3 o
o H e}
& 50 3
O : O
5 -
3 =
a a

250

200

150

100

50

signal a convolution with a Gaussian is performed, but
not for the B — D**z~¢#*v, signal. The fitted mean and
width of the Gaussian are listed in Table XII.

LI B B L B B

Belle
BY— DOW_,LﬁVu — Signal

= Total

Feeddown

= Background
+ = Continuum

— BB

E . -.p

-c (GeV)

miss

FIG.7. Distribution of Eyyis; — Piss¢ of B® = Dz~ e, (left) and B — D%z~ p v, (right) for the data. The MC shapes, normalized
according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB components.
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FIG. 8. Distribution of Eyi— pmissc of BT — D~ zte*v, (left) and B* — D z*u'vy, (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum

and BB components.

For B — Drntn~¢*v, the fit model contains four com-
ponents (signal, feeddown, other BB, continuum), while for
B — D*ntn ¢*uv, only three components are needed as
there is no feeddown. Following the findings of the BABAR
measurement [19] the signal is assumed to proceed viaa D,
resonance for the Dz modes and via a D/ resonance for
the D*zzx modes. The B — D*n*n~¢*v, templates are
constructed with 30 bins in the range —0.5 to 1 GeV.

The plots of the data and fit results are shown in
Figs. 7-14. The signal and background yields are summa-
rized in Table V.
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VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties mainly arise from the fit
modeling, the uncertainty on the branching fraction values of
the normalization mode B — D*#* v, and the charm modes,
and the hadron PID. For the two-pion modes there are
additional sizable systematic uncertainties from the BDT
and from the limited size of the MC sample used to calculate
the signal efficiency of the selection. The various considered
sources of systematic uncertainties are described below.
Their numerical values are summarized in Tables VI and VII.

25
= - Belle BY— Dty
& 2F = Total
[Te) L .
al b — Signal
S s Signa
= : — Background
2 10 _ = Continuum
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2 r
e sfF
= r
(&) r
I
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=
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4 05 0 05 1 15 2
=E___-p_-c(GeV)

miss

FIG. 9. Distribution of Epi — pmiss¢ of B = D*z7e*v, (left)y and B° — D*z~p*v, (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum

and BB components.
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FIG. 10. Distribution of E— pmisc of BT = D*"z"etv, (left) and B — D* z"pu*y, (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum

and BB components.
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FIG. 11. Distribution of Ep — piss¢ of B > D nta~eTv, (left) and B® » D z"z 'y, (right) for the data. The MC
shapes, normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum

and BB components.

A. MC statistics fit model

To account for the finite size of the MC samples used to
produce the PDF templates, alternative fit PDFs are created
by varying the bin contents of each PDF template according
to a Poisson distribution. This is done 1000 times, and after
each variation the fit to the collision data is performed with
the new set of templates. It is checked that the pull
distributions are unbiased, where the pull is defined as
the difference between the yields using the varied fit PDF

and the nominal yields divided by the statistical uncertainty
of the new yields. The spread of the new signal yields (about
1% for the one-pion modes, 5%—20% for the two-pion
modes) is used as an estimate for the systematic uncertainty.

B. MC statistics signal efficiency

The uncertainty on the calculated signal efficiency ratios
in Table II due to the finite size of the MC samples is
propagated to the branching fractions and ratios, and
assigned as systematic uncertainty.
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FIG. 12. Distribution of Eyss — piss¢ of BT — Dz"z~eTw, (left) and B* — Dz p v, (right) for the data. The MC shapes,
normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB

components.

C. Charm branching ratios

To estimate the uncertainty due to the uncertainties on
the branching ratios of the charm decays, we sample each
charm branching ratio 10000 times from a Gaussian
distribution with mean and width that equal to the PDG
central value and uncertainty [3]. It is assumed that the
branching fractions for different D modes are independent.
For each sampled set of D branching fractions, the new sum
of branching fractions is calculated for the signal and
normalization channels. The reconstruction efficiency is
taken into account via the relative abundance of the modes.
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The ratio of the sums is calculated and the spread of the
resulting distribution assigned as systematic uncertainty.

D. Signal B — D**#*v, composition

The signal PDF U shapes slightly vary for different
intermediate D** states. Therefore, the overall U shape
depends on the D** composition. To estimate the signal
branching-fraction uncertainty due to the uncertainties in
the D** composition, we generate the U distribution using
the template of one D** state and then fit with the nominal
signal template described in Sec. V B whose composition is
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FIG. 13. Distribution of E,s; — piss¢ of B® = D* " n~e"v, (left) and B - D*~n"n~p*w, (right) for the data. The MC shapes,
normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB

components.
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FIG. 14. Distribution of Epyiss — Pmiss¢ of BY = D*n"n~eTw, (left) and B¥ — D*z*z~p v, (right) for the data. The MC shapes,
normalized according to the result of the fit, are also shown. The component labeled background is the sum of the continuum and BB

components.

taken from Ref. [3]. The largest average difference between
the generated and fitted signal yields among the tested D**
scenarios is assigned as a systematic uncertainty.

Also the signal efficiency differs depending on the
assumed intermediate D** state. Therefore, the integrated
signal efficiency depends on the relative abundance of the
D** states. The uncertainty on the world average of the D**
composition is propagated to the signal efficiency and
assigned as a systematic uncertainty.

E. Lepton PID

By using yy — £7¢~ processes, lepton PID efficiency
factors in kinematic ranges of the momentum and polar
angle have been calculated (Chapter 5.4 of Ref. [38]),
which correct for the difference between the selection
efficiency in data and MC. The systematic uncertainties

on the PID efficiency factors account for the method itself
and for a possible effect from a hadronic environment,
which is determined using inclusive B — J/yX decays. To
propagate the uncertainties to the branching fractions we
sample lepton correction factors for each kinematic bin
using a Gaussian around the nominal value with a width
corresponding to the uncertainty of the correction factor.
The average correction factor over all truth-matched signal
events as well as the average correction factor over all truth-
matched candidates of the normalization channels are
calculated. The spread of the distribution of the ratio of
the two means is taken as the systematic uncertainty due to
lepton identification. This procedure is performed sepa-
rately for each of the D** states, and the largest uncertainty
per B and D) mode among all B — D**¢*v, modes is
assigned as the systematic uncertainty.

TABLE V. Fitted B - D®z¢*v, and B - D¥at 7z~ ¢+, signal and background yields in the full Belle data

sample. The quoted uncertainties are statistical only.

Signal Background
Electron mode Muon mode Electron mode Muon mode

B - Dz~ ¢y, 570 £35 433 £34 2641 + 80 2190 £ 78
Bt - D™zt "y, 721 £32 569 + 31 1329 £ 53 1302 £ 54
B - DOz=¢ty, 798 + 44 690 + 43 77 £12 64 £ 11
Bt - D* zt¢ty, 787 £ 35 634 £+ 34 172 £ 19 242 +23
B - D ntn iy, 88 £ 14 58+12 452 +26 271 +21
BT - Dztn¢tu, 196 420 1324+ 18 852 + 37 603 4 33
B - D" ntn ¢tu, 3+£10 41+10 86 £ 11 41+ 8

BT — Dt a ¢y, 57+ 15 384 14 37+7 2646
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TABLE VI. Relative systematic uncertainties (in %) in the determination of the B — D™ z#* v, branching fractions.
BY = Dz~ ¢*u, BT - D nt¢ty, B - DOn ¢+, Bt - D* ¢ Ty,
MC statistics: Fit model 1.1 0.7 1.1 0.7
MC statistics: Efficiency 0.6 0.5 0.7 0.7
Charm branching ratios 1.0 1.4 1.1 1.2
Signal D** composition 0.8 0.8 0.9 1.1
Lepton PID 0.1 0.1 0.1 0.1
Charged hadron PID 0.3 1.5 0.2 2.0
Tracking efficiency 0.3 0.6 0.6 0.6
79 efficiency 0.1 0.4 0.3 0.2
B — D*¢*v,/B — D**¢*v, form factors 0.5 0.4 0.3 0.5
Sum 1.9 2.6 2.1 35
B (B — D*¢*u,) 24 39 24 39
Sum including B (B — D*¢*v,) 3.1 4.7 3.2 53
TABLE VII. Relative systematic uncertainties (in %) in the determination of the B — D™ z*z~¢#*v, branching fractions.
B> D ntn¢tv, BY—-Dztn¢tv, B’ D"ntn v, BT - DOrtaty,

MC statistics: Fit model 7.0 4.5 17.1 10.6
MC statistics: Efficiency 24 1.8 8.1 3.7
Charm branching ratios 1.4 0.9 1.0 0.9
BDT 3.9 4.0 5.5 4.2
Lepton PID 0.3 0.3 0.6 0.4
Charged hadron PID 24 3.6 1.6 1.6
Tracking efficiency 0.5 0.7 0.6 0.7
7Y efficiency 0.4 0.2 0.4 0.3
B — D*¢*v, form factors 0.1 0.1 0.1 0.1
Sum 8.9 7.3 19.8 12.2
B (B — D*¢*u,) 24 39 24 39
Sum including B (B — D*£*v,) 9.2 8.3 20.0 12.8

F. Charged hadron PID

Similar to the study for the lepton PID, correction factors
for the hadron PID selection requirements are sampled in
bins of the momentum and polar angle to evaluate the
systematic uncertainty on the branching fraction due to the
uncertainties in the determination of the correction factors
using inclusive D* samples (Chapter 5.4 of Ref. [38]). The
average correction factors of the signal and normalization
samples are calculated, then divided by each other, and the
spread of the resulting distribution of ratios is interpreted as
the systematic uncertainty for the hadron PID. Similar to
the lepton PID described above, the largest value over
the possible D** states is assigned as the final systematic
uncertainty.

G. Tracking efficiency

For each signal and normalization mode the average
track multiplicity over the various D modes is determined

in simulation. The difference between the signal and
normalization mode average track multiplicity is multiplied
by 0.35% (Chapter 15.1.1.2 of Ref. [38]) and the result is
taken as systematic uncertainty due to tracking efficiency
differences between data and MC. For low-momentum
tracks (pt < 200 MeV/c) an additional tracking-related
systematic uncertainty is calculated. Using a B® — D"~z
sample the slow pion efficiency is determined in six
momentum bins for data and MC (Chapter 15.1.1.2 of
Ref. [38]). The relative uncertainty of the ratio between the
data and MC efficiencies is taken as systematic uncertainty
due to low-momentum tracking. The two tracking-related
systematic uncertainties are added in quadrature.

H. n° efficiency

The 7° efficiency differs between data and MC. The
effect is corrected in the calculation of the signal efficiency
and the uncertainty on the ratio between the data and MC
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efficiency of about 2.4% (Chapter 15.1.4 of Ref. [38]) is
propagated to the systematic uncertainty of the branching
fraction measurement. First, the average z° multiplicity for
each signal and normalization mode is determined and the
difference between the signal and normalization values is
calculated. This difference is multiplied by the aforemen-
tioned uncertainty to obtain the systematic uncertainty due
to the 7¥ efficiency data-MC ratio.

I. B - D*¢*v, and B — D**¢*v, form factors

The B — D**¢*v, MC samples are generated with the
ISGW2 model [29]. A more accurate description can be
achieved with the LLSW model [16]. To estimate the

systematic uncertainty due to using the ISGW?2 model two-

2 2 2
my+ms .. —q .
—5—2——, with
MMy

the masses of the B meson mp and the D** system mip-,
and the four-momentum transfer squared to the lepton-
neutrino system g2, and the cosine of the angle between the
charged lepton and the D meson cos#; are determined.
These weights are calculated separately for decays via Dy,
Dy, D!, and D; mesons. The U distribution is generated
using the nominal ISGW2-based templates and fit with
signal and feeddown templates that are reweighted with the
form factor weights described above. The average differ-
ence between the fitted and generated yields over 1000
iterations of generating and fitting is calculated and divided
by the generated yield (f).

Similarly, the simulation of the B — D™*)#* 1, modes is
based on heavy quark effective theory (HQET) [28]. A
reweighting in the momentum transfer and the momentum
of the charged lepton is applied to account for outdated
values of the CLN [40] form factor parameters p?, R;, and
R,. The U distribution is generated with the nominal
HQET-based templates and fit with the reweighted tem-
plates. The difference between the fitted and generated
yields divided by the generated yield is calculated (f,om)-

The difference of the ratio f,/ from from unity is taken
as the systematic uncertainty due to the form factors.

dimensional form factor weights in w =

TABLE VIIL

J. B(B - D*¢f*v,)

The PDG average of the branching ratio of the normali-
zation mode Bt — D*¢*v, is B(Bt - D¢ty,) =
(5.58 £0.22) x 1072 [3], introducing a systematic uncer-
tainty of 3.9%. The corresponding PDG average for the B°
mode is B(B — D* ¢*v,) = (4.97 £0.12) x 1072 [3],
which introduces a systematic uncertainty of 2.4%.

K. BDT

The BDT to suppress continuum background in B —
DWzat ¢+, is trained with signal MC and off-resonance
data. Differences in the input variable distributions between
the signal simulation and signal events in real data might
introduce a bias in the calculation of the signal efficiency.
To estimate the associated uncertainty, the BDT output is
calculated for the cross-check and normalization modes
B — D¢*v, and B — D*/*v,. The same requirement on
the BDT output as for the Dzz signal-candidate selection is
applied for these B — D™)¢#*v, modes and the fit to the
B — D¢+, sample described in Sec. VA is performed.
The ratio between the B — D¢ *y, yield of this fit and
the yield obtained without the BDT requirement is con-
sidered a data-based efficiency of the BDT requirement.
This efficiency is compared with the signal MC efficiency
of the B » D¢y, samples. The largest relative differ-
ence between the data- and MC-based efficiencies among
the B — D¢f*v, and B — D*¢*v, values is taken as the
BDT-related systematic uncertainty. This procedure
assumes that the BDT, which uses variables of the B,
meson reconstruction and event-shape variables, is mostly

independent of the B, meson reconstruction.

VII. BRANCHING FRACTION RESULTS

The weighted average branching fraction ratios are
calculated based on the total uncertainties. The calculation
takes into account that some component uncertainties
are correlated between the electron and muon mode.

Branching fraction ratio results and ratios between electron and muon decay modes with statistical

and systematic uncertainties. The denominator for the branching fraction ratios is B — D*~#*v, for the B modes

and BT — D*¢*y, for the B* modes.

Decay mode

Branching fraction ratio [%]

e/u ratio

B - Dz~ ¢+,

Bt - D nt ¢y,
B - Dz~ ¢*u,
Bt - D*xt¢tuy,
B - D ntn¢tu,
BT - Dzt ¢ty,
B - D nta ¢y,
BT — Dt a ¢ty

7.23 + 0.36(stat) % 0.14(syst)
6.78 £ 0.24(stat) £ 0.18(syst)
11.10 4 0.48(stat) £ 0.23(syst)
9.50 + 0.33(stat) % 0.34(syst)
2.91 £ 0.37(stat) & 0.26(syst)
3.10 £ 0.26(stat) + 0.22(syst)
0.99 =+ 0.43(stat) £ 0.20(syst)
) (syst)

1.25 +0.27(stat) = 0.15(syst

1.13 £ 0.12(stat)
1.07 £ 0.08(stat)
0.98 -+ 0.08(stat)
1.06 + 0.08(stat)
1.18 £ 0.31(stat)
1.23 £ 0.21(stat)
0.06 £ 0.21 (stat
1.1 4 0.5(stat)
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The results and the ratios between the electron and muon
mode branching fractions are listed in Table VIII.

The results are the most precise determinations of
these branching fraction ratios to date (except for
B = D ntn~¢*v,). All values are compatible with
the previous world averages. The electron and muon values
are compatible with each other within one standard
deviation apart from those for B — D*~ntn~¢*v,. The
p-value of the hypothesis that the latter are compatible
is 0.5%.'

The branching fraction ratios are converted into absolute
branching fractions by multiplying them with the branching
fraction of B — D*#*v,. The results are listed in Table IX.

VIII. EXCLUSIVE B - D**¢*v, BRANCHING
FRACTIONS

Using the sPlot technique [41] with the implementation
of Ref. [42], signal weights are assigned to each event
based on the fit to the U distribution. This allows the
background contribution to the m(Dzx), m(D*z), and
m(Dzr) distributions to be statistically subtracted, and
the signal-only distribution to be studied. For all fit
components only very small values (< 5%) for the corre-
lations between the U distribution and the invariant masses
are found, which is a requirement for the validity of the
sPlot technique. We perform weighted unbinned maximum
likelihood fits to the invariant mass distributions. The
uncertainty calculation is based on Ref. [43].

For the B — Dn¢*v, modes the PDG reports decays via
the Dy and Dj resonances. These two contributions are
parametrized with Breit-Wigner functions that are con-
volved with a Gaussian distribution. The width of the
Gaussian is fixed from simulations to 3.4 MeV/c?. The
peak position and width of the Dj and D’ resonances are
allowed to float in the fit. However, they are constrained
within Gaussian distributions using their world averages
and corresponding uncertainties [3]. In a second fit the peak
positions and widths are fixed to the results from the first
fit. The difference in the statistical uncertainties between
the two fits is used to single out the uncertainty introduced
by the Gaussian constraint. It is interpreted as a systematic
uncertainty. The weighted m(Dx) distribution (see Fig. 15)
shows that a third component must be added to the fit
model. Here, we choose an exponential distribution. The
yields, which are listed in Table X, are converted into
branching fractions using Eq. (1). The statistical uncer-
tainty is extracted directly from the fit, while the systematic
uncertainty is the sum in quadrature of the relative
uncertainties of the inclusive branching fractions reported
in Table IX and the uncertainties introduced by the limited
knowledge of the D** peak positions and width described

'"The deviation of the ratios from unity cannot naively be
interpreted in terms of standard deviations.

TABLE IX. Branching fraction results with statistical and
systematic uncertainties.

Decay mode

B = DOz~ ¢y,

BJr d D_ﬂ'+f+l/f
B - DOz ¢*y,
BT - D* "y,
B = D atn ¢y,
Bt = Dzta ¢y,
B’ = D*ntn¢tu,
Bt = D¥nta¢tu,

Branching fraction [%]

0.360 = 0.018(stat) = 0.011(syst)
0.378 £ 0.013(stat) & 0.018(syst)
0.551 £ 0.024(stat) & 0.017(syst)
0.530 £ 0.019(stat) = 0.028(syst)
0.145 £ 0.018(stat) & 0.013(syst)
(stat) (
(stat) (
(stat) (

0.173 4 0.014(stat) £ 0.014(syst)
0.049 + 0.021(stat) & 0.010(syst)
0.070 £ 0.015(stat) £ 0.009(syst)

above. In the fit to the m(D°z~) distribution the yield of the
D;~ component is compatible with zero. Therefore, instead
of calculating a branching fraction, an upper limit at
90% confidence level (CL) is set. We create 2000 new
data samples by bootstrapping [44] the original data
(randomly selecting events, each with its corresponding
weight, while allowing repetition of the events). The D%z~
mass fit is performed for each sample. The 90% CL
upper limit on the yield is the value that is higher than
that found in 90% of the samples in which a positive
D" yield is obtained. This yield is then converted into the
upper limit.

Three D** resonances are known for the D*z final state,
Dy, D), and Dj. The three components are parametrized
with Breit-Wigner functions convolved with a Gaussian.
The shape parameters of the two narrow resonances D and
Dj are constrained within Gaussian distributions to their
world averages [3], while the peak position and width of the
broad D resonance is fixed to its world average. Instead of
fitting the m(D*x) mass directly the invariant mass of the
D* is subtracted. This allows us to conveniently incorporate
the feeddown component as well. By subtracting the
invariant mass of the D meson from m(Dx) the peaks
align. We perform the fit in the range 0.2 to 0.8 GeV/c?.
The data and the overlaid fit projections are shown in
Fig. 16. The yields of the three components and the
resulting branching fractions are listed in Table XI. The
systematic uncertainty is dominated by the shape uncer-
tainties. It is determined by fitting twice, once with the
shape parameters floating and once fixed.

The weighted unbinned maximum likelihood fit to the
m(Dzm) distribution is performed in the range 2.15 to
5 GeV/c? (see Fig. 17). Initially, the fit model consists of a
single Gaussian and a first-order polynomial. The fitted
peak position and width are compatible with the D;
resonance for the B® and Bt modes. Therefore, the
Gaussian component is interpreted as B — Dy ¢" v, with
Dy - D ntz~ and Bt - D% "*v, with DY - Dz*zn~,
respectively. The peaking component is replaced with
a Breit-Wigner function convolved with a Gaussian.
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Invariant m(Dx) mass distribution of B® - Dz~ ¢*v, (left) and B* — D~ z+¢*u, (right) reconstruction after applying

signal weights determined from a fit of the U distribution using the sPlot technique.

The shape parameters of the Breit-Wigner are set to the
PDG values, but allowed to float within a Gaussian
constraint. We find 103 4 13 events for the B mode
and 197 4+ 20 events for the B™ mode. By comparing
the log-likelihood with a fit, in which the D, yield is fixed
to zero, the statistical significance is determined to be 17.3
for the BY mode and 25.1 for the BT mode. The remaining
signal events (42 & 13 events in the B mode and 131 4 20
events in the BT mode), which are parametrized with the
polynomial, can either be a nonresonant decay process or a

decay via a very broad resonance, such as the Dj; or D).
However, with our statistical power we can only state that
there must be at least one additional process besides the
decay via the D; resonance, but cannot characterize it
further. The D, yields are converted into the following
branching fractions:

B(B® —» Dy¢*v,) x B(D] = D™ntn")
— (0.102 + 0.013(stat)  0.009(syst))%

TABLE X. Fitted D** yields, statistical significances, and branching fractions for the D final state. The statistical

significance is calculated as S = V2AL, where AL is the difference between the log-likelihood value of the
nominal fit and of a fit with the signal yield fixed to zero.

Yield S Branching fraction [%]
B® — Dy~ ¢*v, with Dy~ — DOz~ < 0.044 at 90% CL
B® - Dy ¢*v, with D3~ — Dz~ 457 + 45 25.2 0.157 + 0.015(stat) & 0.005(syst)
other B® = D%z~ ¢+, 547 £ 45 not applicable -
B* = D{°¢*v, with D » D~ r+ 180 + 72 3.9 0.054 £ 0.022(stat) & 0.005(syst)
B* = D{¢*y, with D - D-x* 590 + 39 24.9 0.163 £ 0.011(stat) % 0.008(syst)
other BT - D™zt ¢ v, 520+ 70 not applicable e

TABLE XI. Fitted D** yields, statistical significances, and branching fractions for the D*z final state.
Yield S Branching fraction [%]

B® - Dy¢*v, with DT — Dz~ 866 + 142 25.3 0.306 £ 0.050(stat) £ 0.029(syst)
B® - D ¢*v, with D" — D"z~ 523 £173 17.3 0.206 + 0.068(stat) + 0.025(syst)
B® - Dy ¢*v, with D3~ — D0z~ 145+ 114 4.4 0.051 4 0.040(stat) £ 0.010(syst)
Bt - DY¢*v, with DY - D*~z* 698 £ 65 242 0.249 + 0.023(stat) £ 0.015(syst)
Bt - DY¢*v, with DY —» D*"zn* 353 £93 13.3 0.138 4 0.036(stat) + 0.009(syst)
Bt — D3°¢*v, with D} - D*~z* 382 +£74 11.8 0.137 4 0.026(stat) £ 0.009(syst)
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Invariant m(Dzz) mass distribution of B® — D~ z*z~¢*v, (left) and B* — D°z*n~¢*v, (right) reconstruction after

applying signal weights determined from a fit of the U distribution using the sPlot technique. A fit function consisting of a Gaussian and

a first-order polynomial is overlaid.

BBt - DV¢*v,) x B(DY - D" xn~)
— (0.105 £ 0.011(stat) £ 0.009(syst))%  (10)

This is the first observation of these decay modes.

IX. CONCLUSION

In conclusion, using hadronic tagging, we have mea-
sured the B - D" zf*v, and B - D" x*z~¢*v, branch-
ing fractions, achieving the highest precision to date

(except for B® — D*~ntn~¢*u,). These results were
obtained from a data sample that contains 772 x 10°BB
pairs collected near the Y(4S) resonance with the Belle
detector at the KEKB asymmetric energy e e~ collider. All
values are compatible with the previous world averages, but
tend to be slightly lower. Therefore, the gap between the
sum of the exclusive semileptonic B decays to charm final
states and the inclusive rate has slightly increased and
increased in significance. Furthermore, the mass spectra
of the hadronic final state particles were studied after
statistically subtracting the background contributions.
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The results for the B — Dzf*v, decays via the Dj
resonance are compatible with the world averages. They
constitute the most precise measurements of these branch-
ing fractions to date. The value for B (Bt — D;’¢*v,) xB
(DY’ — D~z*) is significantly smaller than previous mea-
surements. This applies even more so to the B” mode,
where no contribution could be found in this analysis.
Instead, an unknown new Dz signal component with a
significant contribution is found, whose mass distribution
follows a falling exponential function. The results for the
B — D*nt v, decays via the narrower D, and D} reso-
nances are compatible with previous measurements and the
world averages. For the decay via the wider D/ resonance
the branching fractions are measured to be 35% (50%)
lower than the world average in the B® (BT) mode.
Additionally, we have performed the first observations of
B - D,¢/*v, with D, — Drx*n~.

ACKNOWLEDGMENTS

This work, based on data collected using the Belle
detector, which was operated until June 2010, was sup-
ported by the Ministry of Education, Culture, Sports,
Science, and Technology (MEXT) of Japan, the Japan
Society for the Promotion of Science (JSPS), and the
Tau-Lepton Physics Research Center of Nagoya
University; the Australian Research Council including
Grants No. DP180102629, No. DP170102389,
No. DP170102204, No. DE220100462,
No. DP150103061, No. FT130100303; Austrian Federal
Ministry of Education, Science and Research (FWF) and
FWF Austrian Science Fund No. P 31361-N36; the National
Natural Science Foundation of China under Contracts
No. 11675166, No. 11705209, No. 11975076,
No. 12135005, No. 12175041, No. 12161141008; Key
Research Program of Frontier Sciences, Chinese Academy
of Sciences (CAS), Grant No. QYZDJ-SSW-SLHO11; the
Ministry of Education, Youth and Sports of the Czech
Republic under Contract No. LTT17020; the Czech Science
Foundation Grant No. 22-18469S; Horizon 2020 ERC
Advanced Grant No. 884719 and ERC Starting Grant
No. 947006 “InterLeptons” (European Union); the Carl

Zeiss Foundation, the Deutsche Forschungsgemeinschaft,
the Excellence Cluster Universe, and the
VolkswagenStiftung; the Department of Atomic Energy
(Project Identification No. RTI 4002) and the Department
of Science and Technology of India; BSF and ISF (Israel);
the Istituto Nazionale di Fisica Nucleare of Italy;
National Research Foundation (NRF) of Korea
Grants No. 2016R1D1A1B02012900,
No. 2018R1A2B3003643, No. 2018R1A6A1A06024970,
No. RS202200197659, No. 2019R111A3A01058933,
No. 2021R1A6A1A03043957, No. 2021R1F1A1060423,
No. 2021R1F1A1064008, No. 2022R1A2C1003993;
Radiation Science Research Institute, Foreign Large-size
Research Facility Application Supporting project, the
Global Science Experimental Data Hub Center of the
Korea Institute of Science and Technology Information
and KREONET/Global Ring Network for Advanced
Application Development (GLORIAD); the Polish
Ministry of Science and Higher Education and the
National Science Center; the Ministry of Science and
Higher Education of the Russian Federation, Agreement
No. 14.W03.31.0026, and the HSE University Basic
Research Program, Moscow; University of Tabuk research
Grants No. S-1440-0321, No. S-0256-1438, and No.
S-0280-1439 (Saudi Arabia); the Slovenian Research
Agency Grants No. J1-9124 and No. P1-0135;
Ikerbasque, Basque Foundation for Science, Spain; the
Swiss National Science Foundation; the Ministry of
Education and the Ministry of Science and Technology
of Taiwan; and the United States Department of Energy and
the National Science Foundation. These acknowledgements
are not to be interpreted as an endorsement of any statement
made by any of our institutes, funding agencies, govern-
ments, or their representatives. We thank the KEKB group
for the excellent operation of the accelerator; the
KEK cryogenics group for the efficient operation of the
solenoid; and the KEK computer group and the Pacific
Northwest National Laboratory (PNNL) Environmental
Molecular Sciences Laboratory (EMSL) computing group
for strong computing support; and the National Institute of
Informatics, and Science Information NETwork 6 (SINET6)
for valuable network support.

092003-20



FIRST OBSERVATION OF B — D, (= Dz*z~)¢v, AND ...

PHYS. REV. D 107, 092003 (2023)

APPENDIX: ADDITIONAL FIT RESULTS

TABLE XII. Fitted mean and width of Gaussian used to smear signal U templates.
Mean [MeV] o [MeV]
Electron mode Muon mode Electron mode Muon mode

B’ = D¢y, 27+1.0 1.4+09 7.7 +£2.1 9.7+2.1
Bt = D%*y, 0.7+0.7 -0.3+0.7 10.7 £ 1.8 97+25
B’ = D*¢*u, 1.34+0.8 1.44+0.8 93+33 105+ 1.7
Bt = D¢ ty, -04+£1.8 -0.1£1.5 225+32 16.8 +£2.8
BY = Dz~ ¢*u, 9.94+0.8 24+£29 0.5+£0.5 4+6
BT - D nttty, 54+24 34433 1345 23+ 6
BT > D" nt¢"u, 51428 7.1 +3.0 15+5 15+5

TABLE XIII. Relative contribution (R) and purity (p) of DY decay modes in the data (both in %).

B Dz~ ¢*v, B*=Dnrtn¢tv, Bt =D " ¢*tv, B'->Dx ¢*v, BO-D* ntn¢*v, Bt - Dntn ¢y,

R p R p R p R p R R

D’ - K nt 13.5 15 19.3 19 24.7 67 17.8 62 35.0 24.0
DY K- nta0 28.1 6 36.4 16 28.0 68 22.3 29 27.9 28.0
DK ntntn 26.7 9 355 14 26.3 55 30.9 23 23.6 38.7
D Kozta~ 7.8 7 6.2 14 6.3 66 6.1 22 4.3 8.0
D K-K* 24 9 2.7 21 2.5 71 2.1 55 2.1 1.3
D - K%z° 0.9 21
D’ > Kinta a0 14.7 4 4.3 39
DO = ta- 5.9 4 1.4 31
D’ K atnata® 6.7 34 e e e
D =zt a 20.7 0 7.1

TABLE XIV. Relative contribution (R) and purity (p) of D decay modes in the data (both in %).

B+ g D_ll'Jrerl/f

B - D ntn ¢ty

Bt - D" nt¢ty,

B - D ntn ¢y,

R p R p R p R

Dt — Kin" 5.9 29 54 14 3.8 39 4.8
DY - Kdntnnt 13.1 7 12.9 10 e e 4.8
DT - K ntxt 52.5 25 38.8 27 40.4 48 66.7
DY - K Ktn™ 11.7 12 13.2 7 7.2 32 14.3
Dt - K ntnata® 28.4 6
D" — Kdx"z° 15.3 12 17.1 5 53 68 9.5
Dt — K)K* 1.5 30 2.1 20

Dt — xta® 104 0

DT > ratrmt e . 14.9 0
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TABLE XV. Assumptions on D** modeling [3].

Decay mode Resonance Branching fraction [1073] Relative abundance
B - Dz~ ¢y, Dy~ 30£1.2 0.71
D;~ 1.21+£0.33 0.29
BT - D at¢ty, Dy’ 25405 0.62
D30 1.53£0.16 0.38
BY - Dz ¢ty Dy 2.804+0.28 0.425
D 3.1+£09 0.47
D;~ 0.68 £0.12 0.105
Bt - D* zt¢ty, DY 3.03 £0.20 0.45
DY 27+0.6 0.40
D3° 1.01 £0.24 0.15
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