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We present a study of rare decay modes Bt — D h%, BT — D:Th% and Bt — D*h°, where h° denotes
the neutral meson 5 or K*, using a data sample of (772 + 10) x 10® BB events produced at the T(4S)
resonance. The data were collected by the Belle detector operating at the asymmetric-energy KEKB
collider. We find no evidence for these decays, so we set upper limits at the 90% confidence level on the
branching fractions of B — D7 h°, D:*h°, and D*h° decay modes. Along with these rare decay modes,
we report improved measurements of the color-suppressed decay branching fractions B(B° — D%) =
(26.6 1.2 +2.1) x 107> and B(B® - D°K?) = (5.6 + 0.5 + 0.2) x 107>. The first and second quoted
uncertainties are statistical and systematic, respectively.
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The dominant amplitude for the decay Bt — D K? is
expected to be the weak-annihilation process, where the
initial-state bu pair annihilates to produce a virtual W
boson as shown in Fig. 1(a). Such annihilation amplitudes
cannot be evaluated using the factorization approach [1].
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The weak-annihilation amplitude is expected to be propor-
tional to f/mpg, where my and f are the mass and decay
constant of B meson, respectively. Numerically, f5/mp ~
2> [1,2], where A=sin6, ~0.22 [3] with 6, being the
Cabibbo angle. These processes are additionally suppressed
by the Cabibbo-Kobayashi-Maskawa factor |V ;| ~ 2> [4]
and so the resulting amplitudes are naively of the order of
A3. Therefore, in most theoretical calculations such ampli-
tudes are neglected. However, rescattering effects from
other decay modes might increase the branching fractions
of decays dominated by the weak annihilation [2].

Published by the American Physical Society
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FIG. 1. Feynman diagrams for (a) B — D7 K° annihilation
amplitude, (b) BT — D7 spectator amplitude, (c) B¥ — DTK°
annihilation amplitude, and (d) B™ — D7 annihilation ampli-
tude.

The related decay B' — Djn, the leading process
involves a b — u quark-level transition as shown in
Fig. 1(b), which is suppressed by a factor |V,,|
Searching for these decay modes is crucial in order to
improve the theoretical understanding, as they provide an
insight into the internal dynamics of the B mesons [1].
These rare decays are sensitive probes for physics beyond
the Standard Model and are not well measured. Such
measurements provide a benchmark to search for new
physics contributions in loop-dominated processes that
would constrain the unitarity triangle. Further, these modes
also represent a significant background source for analyses
of other rare modes. The decays B* — DTK" and BT —
D™ n are of interest as these modes are also dominated by the
weak-annihilation diagram as shown in Figs. 1(c) and 1(d).

The upper limits on the branching fractions of Bt —
Dﬁv*Hr] and BT — DYTKO decays were set at the 90% con-
fidence level by the CLEO Collaboration using a sample
of 1.16 x 10° BB events [5]. In addition, the BABAR
Collaboration reported an upper limit on BT — D*K?
decays based on a sample of 226 x 10° BB [6]. The BT —
D*n decay mode has never been searched for. To validate
the rare decay modes, we use B — D% as a control mode
for Bt — Dy, Di*y, DYy decay modes and B° — D°K?
as a control mode for study of the B* — DfK°, Di* K",
and D K? decay modes. These control modes were earlier
studied by Belle [7,8] and BABAR [9,10] using samples
containing between 85 x 10° and 454 x 10° BB events.

In this Letter, we present studies of the branching fraction
of rare decay modes BT — Dfn, BT — Dify,
Bt - DYK°, B* - D:*K’, B* - D*p, and B* —
D*K%;, where Di* — Dfy; D} — ¢zt K KT K{K*;
Dt - K= ntzt,Kon"; and n — yy, a2z’ We also

report improved measurements of the branching fractions
of color-suppressed decay modes B — D% and B’ —
D°K?; where D° —» K=zn*, K~ntntzn~, Kz n", and
K-z*z°. Charge conjugate decay modes are included
throughout the Letter unless explicitly stated otherwise.
The results are based on the full sample of 772 x 10% B
meson pairs collected by the Belle detector at the KEKB
asymmetric-energy e" e~ collider [11]. The first sample of
152 x 10° BB events was collected with a 2.0 cm radius
beam pipe and a three-layer silicon detector, while the
remaining 620 x 10° BB pairs were collected with a 1.5 cm
radius beam pipe, a four-layer silicon detector, and modified
drift chamber [12].

The Belle detector is a large-solid-angle spectrometer,
which includes a silicon vertex detector, a 50-layer central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter
(ECL) comprising 8736 CsI(TI) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux-return yoke located outside the
coil is instrumented to detect K? mesons and muons.
Further details of the Belle experiment can be found
elsewhere [13].

To validate the analysis procedure, determine efficien-
cies, and study backgrounds, we use samples of simulated
data generated with EvtGen [14] with QED final-state
radiation generated by PHOTOS [15]. The detector response
is incorporated using GEANT3 [16]. For background studies,
we use five separate simulation samples that include
ete” — BB and qg (¢ =u,d,s,c) events. Each such
sample has the same size as the data sample. We perform
the analysis using the B2BII software package [17], which
converts Belle data into a format compatible with the Belle
II software framework [18].

We select tracks consistent with originating from the
interaction point by requiring d, < 0.5 and |d,| < 4.0 cm,
where d, and d, are the track impact parameters in the plane
transverse and parallel to the beam axis, respectively.
Particle identification of K* (z%) candidates is accom-
plished by combining the information from various sub-
detectors: ionization energy loss from the CDC, the number
of photoelectrons from the ACC, and timing measurements
from the TOF. We require the likelihood ratio £L(K/x) =
Ly/(Lg + L) to be greater than 0.2 (less than 0.8) for K+
(z*) candidates, where £(h) is the likelihood of a track
being consistent with the particle 4. The efficiency for
kaon (pion) identification ranges between 85% and 90%
(87%-91%) depending on the track momentum with the
misidentification rate of a pion (kaon) as a kaon (pion) of
about 11%—-16% (13%—6%).

For photons, we use the ECL clusters that have energy
greater than 50, 100, and 150 MeV in the barrel
(32.2° < 0 < 128.7°), forward (12.4° <@ < 31.4°), and
backward (130.7° < @ < 155.1°) regions of the ECL,
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respectively. To suppress misreconstructed # — yy candi-
dates, we select photon candidates whose energies in the
c.m. frame are greater than 300 MeV. After implementing
the energy requirement on photons, the signal loss fraction
is 19.6%, while the background rejection fraction is 56.3%.
For photon candidates coming from D}*, we select only
those whose energies in the c.m. frame are greater than
110 MeV.

We require 7° — yy(n — yy) candidates to have an
invariant mass M,, within the range [0.115, 0.155]
([0.50,0.58]) GeV/c?, which corresponds to 43¢ about
the nominal mass of the 7° (1) meson [19], with ¢ being the
mass resolution. We also reconstruct n — 7z 7~ z° candi-
dates, which are required to have an invariant mass in the
range [0.535,0.560] GeV/c?. The mass interval corre-
sponds to £3¢ about the known # mass [19]. For the
selected # and 7° candidates, a mass-constrained fit is
performed to improve the momentum resolution.

We reconstruct Kg candidates by combining pairs of
oppositely charged particles compatible with originating
from a common vertex; both charged particles are assumed
to be pions. Further, a multivariate algorithm is used to
improve the purity of the sample [20]. The K(S) candidates
are required to have an invariant mass in the range
[0.487,0.508] GeV/c?, which corresponds to 43¢ about
the nominal mass of the K 2 meson [19]. We retain only the
¢ (K*°) candidates having invariant masses within 14
(100) MeV/c? of their known values [19].

The invariant masses of the DY candidates are required
to be within 13, 15, and 17 MeV/c? of the D} nominal
mass [19] for ¢z*, K*°K*, and K3K* decay modes,
respectively. The invariant mass of DT candidates is
required to be within 15 MeV/c? of the nominal mass
of the D [19] mesons for both K~z z* and K%z decay
modes. These selection criteria correspond to approxi-
mately a +36 window. The D}t candidates are selected
from combinations of the D7 and a photon. We require D**
candidates to have AM between 0.13 and 0.16 GeV/c?,
where AM is the difference between the reconstructed mass
of D+ and Dy . The invariant mass of D meson candidates
are required to be within 20, 15, 20, and 35 MeV/ ¢? of the
DY [19] nominal mass for K~ zt, K- ztzt 7", Kgﬂ_ﬂ+, and
K- 7n*z’ decay modes, respectively. These selection
requirements correspond to a £36 window in mass
resolution. To reduce the combinatorial backgrounds that
include a poorly reconstructed z° candidate in the D° —
K~ n* 7 decay mode, we use 7° candidates with c.m. frame
momenta greater than 0.4 GeV/c and invariant masses in
the range [0.120,0.145] GeV/c?.

The BT and B° meson decays are reconstructed
from D}, D:*, D*, and D° mesons that are combined
with an 5 or a Kg candidate. For the reconstruction
of B candidates, we utilize two kinematic variables: the
energy difference AE = Eg — Epeam, Where Epe,, 1S the

beam energy and Ejp is the B candidate energy, both
calculated in the c.m. frame; and the beam-constrained
mass My, = \/(Epeam/¢?)> — (Bp/c)?, where py is the
momentum of the B meson candidate in the c.m. frame.
The resolution of M, is between 2.6 and 4.3 MeV/c? for
all decay modes. The resolution of AE depends upon the
number of photons in the final state. Candidates satisfying
the |AE| < 0.18 GeV and M, > 5.27 GeV/c? criteria are
retained for further consideration. The AE interval is kept
wide for two reasons: to take care of the asymmetric signal
shape in modes containing an # and to model peaking
backgrounds effectively. Vertex- and mass-constrained fits
are performed on intermediate candidates, such as Dy, D°,
¢, and K, while only vertex-constrained fits are performed
on BT, B, and K*° candidates. These kinematic fits result
in an improved determination of the energy and momenta of
the candidate B mesons.

The production cross section of ete™ — gg is approx-
imately 3 times that of BB production at energies close to
the T (4S) resonance, making the continuum background
suppression necessary in all modes of interest. In the c.m.
frame, continuum events generally have particles collimated
into back-to-back jets, whereas the particles from the nearly-
at-rest B mesons produced in BB events are isotropically
distributed over the full solid angle. Therefore, we combine
event-shape variables and flavor-tagging information using
a multivariate classifier FastBDT [21] to distinguish
between continuum and BB events. The FastBDT algorithm
uses the following seven variables: two modified Fox-
Wolfram moments [22], the absolute value of the cosine
of the angle between the thrust axis of the B candidate and
that of the rest of the event in the c.m. frame, the thrust value
of the signal B candidate particles, the CLEO cone [23] in
10° of the thrust axis of the B candidate, the absolute value
of the cosine of the angle between the B candidate
momentum and the beam axis in the c.m. frame, and the
B meson category-based flavor-tagger output [24]. The
Belle II flavor taggers are multivariate algorithms that
receive track-hit and charged-particle identification infor-
mation about particles as kinematic input on the tag side and
provide the flavor of the tag-side B meson. These flavor-
tagger variables provide additional discrimination in our
study to separate BB-like events from gg events.

The continuum background peaks at zero and signals at
one in the distribution of FastBDT classifier output (C). We
do not find any correlation between C and AE. We require
candidates to have C > 0.92; this criterion is optimized by
maximizing the figure of merit defined in Ref. [25] and
retains 52%, 40%, 55%, and 47% of signal events, while
removing approximately 98% of background events, for
B* - Dfn, B* > DyKY, BY - D', and B* - D"K}
decays, respectively. We use the Boosted Decision Trees
classifiers trained on the signal modes for our study of
control modes to validate and calibrate the selection.
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TABLE I. The mass resolution (s;) of Df, DT, D°, and M,,
used to estimate the y? variable.

Mass resolution (MeV/c?) for reconstructed decays

o D} = ¢nt D} - KK+ Df — K}K*
3.8 4.0 5.1
op+ DY - K ntn" Dt — K%n*
4.7 5.1
opo D > K-zt D’ - K- atata~ D°— K~ ntn®
D° - Kntn~
6 5 12
Ou,, Bt — Din B* - DK} B* — Dty
Bt = D%y B* — DK Bt > D" KY
2.9 2.6 4.3

After the reconstruction, 0.9%—-11% of events contain
multiple B candidates, depending on the decay modes.
When there are more than one B candidate in a given event,
we select the best candidate (BCS) with the smallest value
of ygcs, defined as

Xbes = Xon,, + X (1)

where the )(%,,i variable is calculated using the reconstructed
mass M, its resolution ¢;, and the corresponding nominal
mass m; [19] of the reconstructed meson i as
)(%4,' = (Mg;m)z, and i indicates a D, DT, and D° meson.
Table I summarizes the resolution (o;) of DZ;), DO, and M,

used to estimate )(%,, The BCS chooses the correctly
reconstructed B candidate between 57% and 70% of the
time, depending on the decay mode.

InBT — D™ (B* - D*KY), the peaking background at
AE ~ —0.16 GeV comprises candidates reconstructed from
B° - D*p~ (B - D*K*") decay modes. For the control
mode, the significant cross feed contributions come from
B - DK to the B° - D decay mode at AE ~
—0.16 GeV since the additional photon is not reconstructed.
Another peaking background at around AE ~ —0.16 GeV
in the distributions of B® — D% and B — DK% decays
arises from charged B meson decays into three final-state
particles and B* — DYK** decay modes, respectively.

All aforementioned D subdecay modes are used to
reconstruct B candidates except for B® — D, where we
exclude the D° — K~z* 7" subdecay mode because of the
large combinatorial background. The branching fractions of
decay modes are extracted from the unbinned maximum-
likelihood fits to the AE distributions. For all decay modes,
the AE fit is performed in the range |AE| < 0.18 GeV. For
BT — Din, BY - D%y, and B — D% decay modes, the
signal probability density function (PDF) shape in the AE
distribution is parametrized with the sum of a Gaussian and
a bifurcated Gaussian function with a common mean.

For B* — D{KY, Bt — D'KY, and B° — D°KY decay
modes, the signal shape is modeled with the sum of two
Gaussians with a common mean. The combinatorial back-
ground, mainly from continuum events, is modeled with a
straight line. The peaking background at AE ~ —0.16 GeV
from partially reconstructed B decays is modeled with the
sum of two Gaussian functions with a common mean. We fix
all the parameters of the signal PDF for Bt — D{h,
BT = D:*h,B* - D"h, and B° — D% decay modes
from the corresponding simulated signal sample after
applying a correction for differences between data and
simulation in the mean and resolution; the corrections are
estimated from the respective control modes. The peaking-
background PDF parameters are also fixed to those fit to the
generic simulated sample corrected for any resolution and
bias with respect to the data as estimated from the control
sample. A simultaneous fit is performed for 7 — yy and n —
-zt 7’ decay modes for 7 modes in order to account for
resolution differences. The projections of fits to the AE
distribution are shown in Fig. 2.
We calculate the branching fraction using

N

B= .
NBB X B(”/Kg) X Zi[gcorr,» X Bi]

(2)

where N is the signal yield from combined D meson
subdecay modes, N 5 is the number of BB events from the
data sample [(772 4 10) x 10°] [13], B; is the branching
fraction of secondary decays reported in Ref. [19], and €.,
is the corrected signal efficiency, where i indicates the
different D subdecay modes. Equation (2) assumes an
equal production of neutral and charged B mesons from
Y (4S). Table II summarizes the corrected efficiency of the
signal modes, as well as the control decay modes.

Table III summarizes the yield from the fit,
signal significance, and branching fraction obtained
from the combined D}, D*, and D° subdecay modes
from the fitted distributions of AE; the first and
second uncertainties are statistical and systematic,
respectively. The signal significance (S) is computed
as S = \/2(InL(N,) - In L(N, = 0)), where L(N,) is the
likelihood of the nominal fit and £(N, = 0) is the value
obtained after repeating the fit with the signal yield (V)
fixed to zero. In the absence of a significant yield for
signal decay modes, an upper limit (U.L.) is set on each
signal yield at the 90% confidence level (C.L.) using a
frequentist approach [26], which includes systematic
uncertainties. We perform pseudoexperiments by gener-
ating the fixed background from the final PDF and
varying the yield of the input signal. We use the
corresponding PDF that has been used to fit data for
generating the datasets for pseudoexperiments. The frac-
tion of pseudoexperiments with a fitted yield greater than
the estimated signal yield in data has been taken as the
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FIG. 2. Fits to the AE distributions in data for decay modes (a) B* — D{n(yy), (b) BT — D{n(z~n*7°), (c) BY — D n(yy),

(d) BT

- Dt n(z~n*7°), (e) BY — D*n(yy), () BY — D y(z~n+2°), (z) B+

— D{KY, (h) B —» D;TKY, (i) B® — D(yy),

() B - D% (z=n*2%), (k) B - DK, and (1) B" - DTKY. A simultaneous fit is performed for n — yy and n — 7~z z° decay
modes. The black points with error bars show the data points. The different curves correspond to the various fit components: the solid
blue curve is the total PDF, the dotted red line is the signal PDF, the dash-dotted magenta line is the peaking background PDF, and the

green dashed line is the combinatorial background PDF.

TABLE II. Summary of the corrected efficiency (%) for the
signal and the control decay modes.
Mode Df(¢n*) D (KK*) DJ(KIKT)
B* = Dinlyy) 5.9 6.4 6.7
B - Din(z~n*n°) 3.1 3.1 3.8
Bt — D¥n(yy) 1.8 1.4 1.2
BT - Dity(a~n*a%) 0.9 0.7 0.7
B* - DK} 7.7 9.4 9.7
B* - DK} 2.3 2.0 1.6
DY (K ztxt) D' (K%x™)

BT = Dn(—yy) 8.1 7.8
BT — D™n(— nnta°) 4.1 4.5
Bt > D'K} 12.3 13.0

K-zt Ka'n'zn~ Kintn~ Ktz
B = D%(yy) 10.0 5.6 5.8 3.0
BY = D%(xn*t2%) 54 3.0 3.0
B® — D°KY 15.5 8.7 8.4 4.6

confidence level. We also smear the yield in the toys
using systematic uncertainties.

Table IV summarizes the systematic uncertainties due to
various sources. The dominant source in signal decay
modes is the uncertainty on the current world-average
values of the secondary decay (Dy, D*, ¢, K*°, K%, n)

TABLE III. Summary of the fitted results. Signal yield from the
AE fit, significance (S) with systematic included, and measured
B; U.L. at 90% C.L., where no significant signal is observed. The
first (second) uncertainties are statistical (systematic).

Decay mode Yield (U.L.) S Bx107?
B* — Diy 184+77(21) 12 <14

BT =Dty —145+23 (5.5) <17

BT - D™y 34+ 16 (41) 1.4 <1.2

BT - DIK®  —271+28 (4) <03

Bt - Dﬁ‘*i{o —-2.64 +1.6 (1.8) <0.6

Bt - DTKO —-2.99 £5.7 (8) <0.2

B — D% 1373 £ 63 247 266+ 1.242.1
B® - DYKO 323 +£27 14.9 56£05+02
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TABLE IV. Systematic uncertainties on pion identification (x), kaon identification (K), tracking, Npp, Kg reconstruction, 7 (z°)
reconstruction, photon detection, uncertainty in secondary B, and PDF used for signal extraction.

Uncertainty (%)

Decay mode b2 K  Tracking Npp K(S) n (% y Secondary B Signal extraction PDF  Fit bias Total

BT - Dy 0.8 1.1 1.2 1.4 02 41 e 2.0 0.5 8.4 9.8

BT = Dy 1.1 1.6 1.2 14 02 41 30 22 +4.4,-4.0 232 4244,-243
BT - D™y 1.4 05 1.2 14 01 41 1.6 +9.7,-12.1 4.1 +11.6,-13.7
Bt - DyK% 03 0.7 1.8 14 16 - 1.9 1.2 2.2 43

Bt - D:*K) 04 09 1.8 1.4 1.6 3.0 2.1 1.2 9.9 11.0

Bt - DK 06 0.3 1.8 14 15 1.5 1.2 1.3 3.6

B® —» D% 1.4 0.7 1.2 14 01 57 2.0 +4.4,-4.0 0.6 +7.9,-7.7
B° - DK 0.8 0.5 1.7 14 15 20 1.9 1.2 0.4 4.1
branching fractions [19]. The uncertainties related to the No. DP170102204, No. DE220100462,
PDF shapes are obtained by varying all fixed parametersby =~ No. DP150103061, No. FT130100303; Austrian

410 and taking the change in the yield as the systematic
uncertainty. The systematics uncertainty from kaon (pion)
identification is estimated from a dedicated D** —
DY(K=z")x" sample, which is used to correct for the
small difference in the signal detection efficiency between
simulation and data for the signal decay modes. The
uncertainty from Npgp is 1.4%. The uncertainty on the
track finding efficiency is found to be 0.35% per track. The
uncertainties in reconstruction efficiencies of photon and
n(n°) are 3.0% [27] and 4.1% [28] per particle, respec-
tively. The uncertainty from Kg reconstruction is between
0.1% and 1.6%, which is estimated from the calibration
factor derived from D** — D°(K9x°)x3 ., [29]. The biases
of 0.4%-23.2% observed from simplified simulated experi-
ments are also taken as systematics related to the fitting
procedure.

In summary, we have searched for BT — D h°,
Bt - D:*hY, and BT — DTh® decays using the full
Y(4S) data sample recorded by the Belle experiment. In
the absence of a significant signal yield, an upper limit at
the 90% confidence level is given for each signal decay
mode. We present the first search result for the BT — D™y
decay mode. The obtained upper limits are 20 times more
stringent than the previous one. We report the most precise
measurement to date of the branching fraction for the B® —
D°K? [8,10] decay, which supersedes the previous Belle
result [8]. The branching fraction measurement of B® —
D"y decay modes is consistent with the world average and
supersedes the previous Belle [7] result.
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