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Searches are presented for BY — Dh*h~ decays, where D is a charmed meson and h¥ is a charged pion
or kaon, using pp collision data collected by the LHCb experiment corresponding to an integrated
luminosity of 9 fb=!. The decays B} — D*K*z~, Bf - D**K*z~, and Bf — D} K*K~ are observed
for the first time. Their branching fractions, expressed as ratios relative to that of the Bf — Bz decay, are
determined to be R(Bf — DTKtz~) = (1.96 +0.23 £0.08 £ 0.10) x 1073, R(Bf - D**K*z") =
(3.67 £0.55 £ 0.24 £ 0.20) x 1073, R(Bf — Dy K*K~) = (1.61 £0.35 4+ 0.13 +-0.07) x 1073, where
the first uncertainty is statistical, the second is systematic, and the third is due to the limited precision on the

D-meson branching fractions. The decay channels proceed primarily through excited K° or D° resonances
or ¢» mesons, and open a new avenue for studies of charge-parity violation in beauty mesons.

DOIL: 10.1103/£5j9-89jt

Decays of B mesons provide a powerful probe for testing
the standard model (SM) and exploring new physics. The
B meson, which is less extensively studied than B°, BT,
and BY mesons, offers a unique opportunity to expand our
understanding of B-meson properties and explore systems
containing two heavy quarks. The B meson decays
exclusively via weak interactions, through three distinct
processes. The decay through a b-quark transition contrib-
utes about 20% of the total width, the c-quark transition
around 70%, and the remaining 10% is attributed to the
bc - W' = gq' weak annihilation amplitude [1].

Since the discovery of the B} meson [2,3], the study of
its decays has prompted significant theoretical and exper-
imental interest. The weak decay of the B meson provides
an ideal platform for investigating the nonperturbative
realm of quantum chromodynamics (QCD) and CP-violat-
ing effects. Decays with an open-charm hadron in the final
state, B — DX, are of particular interest because they
include interfering amplitudes from bc annihilation [4] and
b — uii5(d) tree and electroweak loop (penguin) diagrams,
which can give rise to observable CP-violating effects.
Charge conjugate processes are implied throughout this
Letter. Branching fractions (BFs) and CP asymmetries of
two-body B — D!TP and B} — DitV decays, where
P(V) represents a pseudoscalar (vector) meson, have been
calculated using the perturbative QCD approach [5,6].
However, experimental studies are quite limited due to
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the relatively low production cross section of B} mesons in
ete™ [7] and pp collisions [8] compared to that of b
hadrons with lighter quarks. The first open-charm B, decay
to be observed was B — DK™, reported by the LHCb
Collaboration [9]. This Letter has been extended in
Ref. [10] to cover additional studies, including the first
observation of the B} — D*K*° decay. The previous BF
measurements favor a dominant annihilation contribution
in the decay amplitude. These studies offer valuable
insights into the contributions of different decay amplitudes
in B decays, enabling a better understanding of the SM
[11,12]. Further experimental results are needed to under-
stand how the different quark-level processes contribute in
different decay channels.

This Letter describes searches for the decays
Bf - D'K*n~, Bf - D*"K*z~, and Bf - Dy KK~
which proceed via processes such as those depicted in
Fig. 1. These three-body B decays are expected to exhibit
a rich dynamic structure with multiple intermediate reso-
nances. Amplitude analyses of multibody decays, with their
rich interference patterns and sensitivity to phases, provide
unique insights into resonance properties, polarization
fractions, and CP violation. The measurements described
here are based on pp collision data collected by the
LHCb experiment at center-of-mass energies of 7, 8, and
13 TeV, corresponding to a total integrated luminosity of
about 9 fb~!.

The LHCb detector [13—17] is a single-arm forward
spectrometer  covering the pseudorapidity range
2 <n <5, designed for the study of particles containing
b or ¢ quarks. The detector elements that are particularly
relevant to this analysis are: a silicon-strip vertex detector
surrounding the pp interaction region that allows ¢ and b
hadrons to be identified from their characteristically long
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FIG. 1. Possible Feynman diagrams for the B — D®)*K* 7~
decay.

flight distance; a tracking system that provides a measure-
ment of the momentum, p, of charged particles; and two
ring-imaging Cherenkov (RICH) detectors that are able to
discriminate between different species of charged hadrons.
Photons, electrons and hadrons are identified by a calorim-
eter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter
[18]. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional cham-
bers [17]. The online event selection is performed by a
trigger [19], which consists of a hardware stage [20], based
on information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction. Simulation samples are generated using
BCVEGPY implemented in PYTHIA 8 [21-25] with a dedicated
LHCb configuration [26]. These samples play an important
role in optimizing the event selection and estimating the
selection efficiencies of signal decays.

The D-meson candidates are reconstructed from their
decays D" > K ztn", D*" - D(-K " z")z", and D} —
Kt K=z, which have relatively large BFs. These D-meson
candidates are subsequently combined with charged pions
and kaons to form B} candidates. The known B — Bz*
decay, with BY — Dy (— K*K~z*)n™, is used as a nor-
malization channel, enabling measurements of the BF
ratios

__B(Bf - Dh*h™)
RB:T—>D11+h‘ = B(Bj _)B(Y)”Jr)

B(BY)
(. m
(5

_NBj—>Dmh- g Bn+
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where Njp:_x represents the yield of B}/ — X decays,
eg+_x represents their selection efficiency, B(DE;‘))J“) rep-
resents the appropriate D-meson branching fraction for the

signal channels, and B(BY) represents the BF prod-
uct B(BY - D;zt)B(Dy - K*K~n7).

At the hardware-trigger level, events are required to have
a hadron with transverse energy Et in the calorimeters
exceeding 3.5 GeV [18]. These trigger objects may
originate directly from the B decays of interest or from
other particles in the event. The subsequent software trigger
performs full event reconstruction and imposes stricter
requirements: at least one charged particle must possess
higher transverse momentum (pr) than the hardware
threshold and be significantly displaced from all recon-
structed primary interaction vertices (PVs). Furthermore,
the reconstructed events must have signal candidates
forming a two-, three-, or four-track secondary vertex
with a significant displacement from any PV [27.28].
For the offline event selection, momentum requirements
are applied to reconstructed tracks to ensure that they fall
within the kinematic ranges where the RICH detectors
operate at full efficiency [29]. Additional requirements,
including on particle identification (PID) quantities, track-
fit quality, and the minimum impact parameter of a
track relative to any PV, are applied to all final-state
particles to ensure consistency with the signal decays.
Masses of the reconstructed D candidates are required to be
within £20 MeV/c?> (for D* and D] candidates) and
+2 MeV/c? (for D** candidates) of the known values
[30]. A kinematic fit is performed to each candidate [31],
with vertex constraints applied to both the B and D vertices,
and with the D candidates’ (D*, D°, and D}) masses
constrained to their known values [30]. This has the effect
of significantly improving the D** mass resolution.

To further suppress background, a multivariate analysis
based on a boosted decision tree (BDT) classifier [32] is
implemented for each channel. The classifier is trained
using a set of observables selected for their discriminating
power between signal and background candidates. The
input variables for the BDT training include calibrated PID
quantities and topological observables, such as the impact-
parameter significance, flight distance with respect to the
PV, and the vertex-fit )(2, for different particles. For the
training, simulated signal candidates are used as a proxy
for the true signal while the background proxy sample
uses data from the high-B/-mass sideband region
(6450, 6750] MeV/c?. To mitigate the effects of statistical
fluctuations, the k-fold method [33] is applied to the
samples during training. The requirement on the BDT
output is chosen to maximize the figure of merit,
&,/VS + B, where ¢, is the signal efficiency estimated
from simulation, S is the signal yield estimated based
on the assumption B(Bf - D"K'z™)=2B(B} —
DTK*(892)°(— K*z7)), and B is the background yield
in the signal region (defined as being within £40 MeV/c?
of the known B mass) estimated from the sideband
sample. The factor 2 in the assumption takes the other
excited K* states into consideration. The assumption
B(Bf - D**K*z~) = B(Bf - DfK*K™) = B(B} —
D*K*z~) is made when optimizing the BDT requirement
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FIG. 2. Mass distributions for (a) Bf — D*K*z~, (b) Bf - D**K*z~, (c) Bf -» DYK*K~, and (d) B} — Bz" candidates, after

all selection criteria are imposed. The fit results are also shown.

for the other two signal decays. The resulting mass spectra
for the D*K*n~, D**K*n~, DYK*K~ and Bz" final
states, after applying all selection criteria, are shown
in Fig. 2.

A simultaneous unbinned maximum-likelihood fit is
performed to all four mass spectra to determine the yield
of each decay. To minimize the influence of partially
reconstructed background in the signal channels, the mass
fit range is chosen to be [6200,6500] MeV/c?. For all
decays, the signal shape is described using the sum of a
Gaussian function and a Crystal Ball function [34],
modified to include power-law tails on both sides of the
Gaussian core. The power-law tail parameters are fixed to
values obtained from fits to the simulation. The four decay
channels share a common B peak position and width ratio
for the two peaking functions, which are fixed to values
obtained from simulation, allowing only one width to float.
The main background contribution is combinatorial in
nature, and is described by an exponential function. For
the normalization channel B} — B%z", the sample is
contaminated by the decay B} — B:°(— BYy)z" where
the photon is not reconstructed. This component is
described by a shape obtained from the fast simulation
package RapidSim [35]. The signal and background yields
are left unconstrained during the fit. The fit projections are
shown in Fig. 2.

The extracted signal yields are 230 423 for the
B} - DTK*z~ decay, 87 £ 12 for the Bf - D*"K*n~
decay, 68+ 13 for the Bl — DJK"K~ decay, and

267 + 19 for the B} — B%z™" decay, where the uncertain-
ties are statistical only. The signal significances are
evaluated using Wilks’s theorem [36], which is derived
from the likelihood difference between the background-
only and signal-plus-background hypotheses. The signal
significance for all decay modes exceeds five standard
deviations, after accounting for systematic uncertainties
due to the choice of fit model.

The background-subtracted [37,38] two-body mass dis-
tributions of signal decays are shown in Fig. 3. A
significant peak compatible with the K*(892)° state and
a smaller peak compatible with the K*(1430)° state are
seen in the mg+,- mass spectrum for the B - DYK*tz~
decay. A peak compatible with the K*(892)° state is
also visible in the mg+,- mass spectrum for the
BY — D*TKTx~ decay. A significant contribution in the
low-mass m+ g- region is observed in the Bf — DF K™K~
decay, with part of it originating from the ¢(1020)
resonance. Additionally, a hint of the f}(1525) state
may also be present.

Measurements of the branching fractions require cor-
rections for the efficiency to detect, reconstruct, and select
the decays under study. For the three-body decays, the
efficiency distribution across the phase space is nonuniform
and is therefore calculated as a function of the two-
dimensional mass combinations (mD<*>+ K+,mDE*;7 h,). The

®
total efficiency is calculated as the product of several
components, including the geometrical acceptance and
reconstruction, trigger and selection efficiencies, all of
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FIG. 3. Two-body mass distributions for (a),(b) B}

which are derived from simulation samples. To ensure good
agreement between data and simulation, various correc-
tions are applied to the simulated samples. The PID
variables in the simulation are calibrated using data from
Dt — D%(— K~n")n" decays [39]. The pr distribution
of B mesons in the simulation sample are weighted to
match those in the data sample, using the B — J/yx™
decay, which has a large signal yield. Due to inaccuracies in
the simulation of the hardware trigger, the trigger efficiency
is corrected using the data-driven method of Ref. [19] to
align the efficiency in the simulation with that in the data.

Many systematic effects cancel out in the BF ratio due to
similar decay topology of signal and normalization chan-
nels. The remaining sources of systematic uncertainty in
the BF ratio measurement are summarized in Table I. The
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total systematic uncertainty is obtained by summing all
contributions in quadrature. To account for the effect of the
particular signal and background models used in the mass
fit, alternative descriptions are used. These are a Cruijff
function [40] for the signal peaks and a first-order
Chebyshev polynominal function for the background.
The resulting shift in the measurement with respect to
the baseline result is assigned as a systematic uncertainty.
The uncertainty due to the finite simulation sample size is
included as a subdominant systematic uncertainty in the BF
ratio measurement. The p weighting procedure, calibrated
using B} — J/wn" decays, is applied to the simulation
samples. Due to the limited sample size of the calibration
sample, this introduces a systematic uncertainty. To esti-
mate its impact on the BF measurement, the uncertainty of
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TABLE 1. Absolute systematic uncertainties (in units of 1073) on the BF ratio measurements.

Sources Rp~p ks Rpiopikia R —pik k-
Fit model 0.02 0.05 0.02
Simulation sample size 0.04 0.09 0.06

pr weight 0.01 0.09 0.03

2D efficiency binning 0.06 0.18 0.08
Trigger correction 0.01 0.02 0.01
PID calibration 0.02 0.07 0.05
Total 0.08 0.24 0.13

the pr weights are propagated to the BF measurement
using pseudoexperiments.

The efficiency is determined as a function of
(m D23+ e D&H ) Variations in the binning scheme used

for this evaluation lead to different results. To quantify the
associated uncertainty, different binning schemes (10 x 10,
15 x 15, 20 x 20, and 25 x 25) are applied when calculat-
ing the BF ratios, and the maximum variation is assigned as
a systematic uncertainty. The systematic uncertainty from
the hardware trigger correction is determined using the
method of Ref. [19]. The PID variables from the simulated
samples are corrected to match the large high-purity
calibration samples [41]. The associated uncertainty is
estimated by using alternative PID templates.

Taking all systematic uncertainties into account, the BF
ratio between each signal decay and the normalization
decay are determined by Eq. (1) to be

Rp:—pxinm = (196 £0.23 £ 0.08 £0.10) x 1073,
Ry opkn = (3.67£0.55+£0.24 +0.20) x 1072,

where the first uncertainty is statistical, the second is
systematic, and the third is due to the limited precision
on the D-meson branching fractions [30].

To  summarize, the decays BFf - DTK'n~,
BY - D*"K™x~, and Bf — DYKTK~ are observed for
the first time, using a data sample corresponding to an
integrated luminosity of 9 fb=! collected by the LHCb
experiment. Their branching fractions relative to the
B — B+ decay are measured. Following the recent
upgrade of the LHCb detector [42], the experiment is now
entering a new phase of data collection characterized by
higher luminosity and enhanced trigger capabilities. This
development opens the door to unprecedented investiga-
tions into hadronic B decays. This Letter lays a crucial
groundwork for future searches for local CP violation in
B7 decays, offering valuable insights into the underlying
quark-level dynamics and contributing to our broader
understanding of CP phenomena within the stan-
dard model.
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