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ABSTRACT: Evidence for the decays B? — EOQS and B — E*0¢ is reported with a
significance of 3.6 0 and 4.3 o, respectively. The analysis employs pp collision data at centre-
of-mass energies /s = 7, 8 and 13 TeV collected by the LHCb detector and corresponding
to an integrated luminosity of 9fb~!. The branching fractions are measured to be

B(B® — D) = (7.7+2.1+£0.7+£0.7) x 107,
B(B° — D) = (224 0.5+ 0.24+0.2) x 107°.

In these results, the first uncertainty is statistical, the second systematic, and the third
is related to the branching fraction of the B% — D'K+TK- decay, used for normalisation.
By combining the branching fractions of the decays B — ﬁ(*)ogﬁ and BY — E(*)Ow,
the w-¢ mixing angle § is constrained to be tan®?§ = (3.6 + 0.7 £ 0.4) x 1073, where the
first uncertainty is statistical and the second systematic. An updated measurement of the
branching fractions of the BY — ﬁ(*)ogi) decays, which can be used to determine the CKM
angle -, leads to

B(B? — D) = (2.30 £0.10 £ 0.11 + 0.20) x 1075,
B(BY — D*%¢) = (3.17 £ 0.16 & 0.17 4 0.27) x 107°.
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1 Introduction

Weak nonleptonic decays of B mesons provide a valuable source of information about the
relative importance of various flavour-topology amplitudes and rescattering contributions.
The decay B — D™ proceeds at leading order through W-exchange diagrams [1], which
are suppressed by the Okubo-Zweig-lizuka rule (OZI-suppression) [2-5]. The Feynman di-
agram for the decay can be found in figure 1. Such OZI-suppressed modes have not been
observed yet in b-hadron decays [6] but were recently observed in charmonium resonance
decays x.; — w¢ [7]. In addition, in the quark model, isoscalar states with the same
quantum numbers mix. Strange-nonstrange mixing is expected to be small for isoscalar
vector states since they belong to a homochiral multiplet [8]. As such, the w(782) meson
is mostly nonstrange and the ¢(1020) meson is mostly strange. The departure from ideal
mixing [9] and its nature is of particular theoretical interest [10-13]. Significant enhance-
ment by rescattering beyond the w-¢ mixing through intermediate states is unlikely [1].
The authors in ref. [1] predict the branching fraction to be (2.1+£0.3) x 107¢ for BY — D%
and (1.8 £0.5) x 1076 for BY — D*%¢, which is based on the universal value of —4.64° of
the w-¢ mixing angle and the measured OZI-allowed branching fractions.

A search for the OZI-suppressed modes B® — D™*)0¢ allows the w-¢ mixing angle to
be constrained when combining with measurements of B® — D®*)%y modes. A previous



Figure 1. Feynman diagram for the decay B? — D*)0¢.

analysis [14] was published in 2018 by the LHCb collaboration using a data set correspond-
ing to an integrated luminosity of 3.2 fb~!. An upper limit on the branching fraction of
B — D% was determined to be B(B? — D%p) < 1.98 x 1076 at 90% CL and no mea-
surement for the B® — D*9¢ mode was provided. A constraint on the w-¢ mixing angle §
was set at [§] < 5.2° at 90% CL.

In flavour physics, one of the main goals is precision measurements of the Cabibbo-
Kobayashi-Maskawa (CKM) [15] angle « in various B-meson decay modes. Determinations
of v usually exploit the interference of decays that proceed via the b — cus and b — ucs
tree-level amplitudes, in which the determination of the relative weak phase - is not affected
by theoretical uncertainties. At LHCD, the best precision on the angle v is obtained by
combining measurements of many decay modes, which yields v = (63.8:’%:?)0 [16]. This de-
termination dominates the world average of « from tree-level decays. Meanwhile, the mea-
surement of v with BY mesons is presently based only on the decay modes B? — DF K+ [17]
and BY — DT K*r 7~ [18], which leads to a combined constraint v = (79725)° [16]. Ad-
ditional methods employing other BY decay modes are therefore of interest to improve
the precision of the constraint provided by B? modes and to verify compatibility with the
BT modes, which dominate the precision of 7. The decays B? — D®0¢ were previously
observed by the LHCb collaboration in 2013 [19], and in 2018 [14], with data samples
corresponding to integrated luminosities of 1 fb~! and 3 fb™!, respectively. Theoretical
predictions for their branching fractions are given in refs. [20-25]. The potential sensitivity
of these decays to v was studied in ref. [26], which showed that a precision of about 8° to
19° is achievable, by using the full dataset collected by the LHCb collaboration.

In this paper, searches for B — D®)%¢ decays and improved measurements of the
branching fractions of the BY — D®0¢% modes are presented.! Comparing with the previ-
ous work, in addition to the increase of the sample size, selection criteria are optimised in
the ¢ region and more signal candidates are obtained with similar purity. The ¢ mesons
are reconstructed through decays to KT K~ mesons and the D° mesons through decays
to KTm~ mesons. The B?S) — D*0¢ decay is partially reconstructed without consider-
ation of the neutral 7 or photon from the D*0 decay, thus allowing a large detection
efficiency. The branching fractions are determined relative to that of the decay mode
BY — DYK* K~ [14, 27], which is used as a normalisation channel and allows the can-
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cellation of most of the systematic uncertainties related to the detection efficiency. A
measurement of the w-¢ mixing angle is also performed.

The analysis is based on proton-proton (pp) collision data recorded with the LHCb
detector between 2011 and 2018 at centre-of-mass energies of 7, 8 and 13 TeV, corre-
sponding to an integrated luminosity of about 9fb~!. To consider different efficiencies and
cross-sections at various centre-of-mass energies, the dataset is split into two samples: the
2011-2012 data sample (denoted Run 1, about 3fb~!), with collision centre-of-mass ener-
gies of \/s = 7TeV (2011) and /s = 8 TeV (2012); and the 2015-2018 data sample (denoted
Run 2, about 6 fb™!) with \/s = 13 TeV. The b-quark production cross-section in Run 2 is
about twice that of Runl [28].

2 Detector and simulation

The LHCb detector [29, 30] is a single-arm forward spectrometer covering the pseudo-
rapidity range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4 Tm, and silicon-strip detec-
tors and straw drift tubes placed downstream of the magnet. The tracking system provides
a measurement of the momentum, p, of charged particles with a relative uncertainty that
varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a
track to a primary vertex (PV), the impact parameter (IP), is measured with a resolution
of (154 29/pt) pm, where pr is the component of the momentum transverse to the beam,
in GeV/c. Different types of charged hadrons are distinguished using information from two
ring-imaging Cherenkov (RICH) detectors. Photons, electrons, and hadrons are identified
by a calorimeter system consisting of scintillating-pad and pre-shower detectors, an elec-
tromagnetic and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger system, which consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction. At the hardware trigger stage,
events are required to have a muon with high pp or a hadron, photon, or electron with
high transverse energy in the calorimeters. For hadrons, the transverse energy threshold
is 3.5 GeV. A global hardware trigger decision is ascribed to the reconstructed candidate,
the rest of the event or a combination of both; events triggered as such are defined respec-
tively as triggered on signal (TOS), triggered independently of signal (TIS), and triggered
on both. The software trigger requires a two-, three- or four-track secondary vertex with
a significant displacement from any reconstructed primary vertex. At least one charged
particle must have a transverse momentum pp > 1.6 GeV/c and be inconsistent with origi-
nating from a PV. A multivariate algorithm [31, 32] is used to identify secondary vertices
consistent with the decay of a b-hadron.

Simulated events are used to describe the signal and to compute the detection efficien-
cies. In the simulation, pp collisions are generated using PYTHIA [33] with a specific LHCb



configuration [34]. Decays of unstable particles are described by the EVTGEN package [35],
in which final-state radiation is generated using PHOTOS [36]. The interaction of the gen-
erated particles with the detector, and its response, are implemented using the GEANT4
toolkit [37] as described in ref. [38].

3 Event selection

Candidate B?S) signal decays are reconstructed by combining DY candidates, identified
via the decay to K7~ tracks, with ¢ — K+TK~ candidates. The normalisation mode
B? — DK+ K~ is reconstructed with decays to the same final state.

The selection criteria largely follow those described in refs. [14, 27], with some improve-
ments to increase the efficiency of the D*)0¢ selection. All the charged tracks used in the
reconstruction of the B(y) meson candidate are required to be inconsistent with originating
from any candidate PVs in the event. The charged kaons and pions are identified using
information from the RICH detectors [39, 40]. To ensure efficient particle identification,
kaons and pions are required to have momenta in the range 3 to 100 GeV/¢, transverse
momenta larger than 100 MeV/c and be within the acceptance of the RICH detectors. The
DY decay products are required to form a good quality vertex with an invariant mass
within 25 MeV/c? of the known D° mass [9]. The D and two kaon candidates from a ¢
resonance must also form a good vertex. The reconstructed D° and B vertices are required
to be significantly separated from any PV candidates. The B invariant-mass resolution is
improved by a kinematic fit [41], where the DY mass is constrained to its known value and
the B momentum is constrained to point back to the PV with the smallest value of X%P’
where X12p is defined as the difference in the vertex fit x? of a given PV reconstructed with
and without the particle under consideration. The significance of the distance along the
beam direction between the B and D decay vertices, defined as (zp — 2p)/\/02, + 02,
where zp(py is the position on z-axis of the decay vertex of D%(BY), and Ozp(p) 18 the cor-
responding uncertainty, is used to reject background from charmless decays of b-hadrons,
such as the B — K+7~h*th™ decay (h stands for any hadron). This requirement also
suppresses background from charmed mesons directly produced at the PV. The background
due to B® — D*(2010)~ KT, D*(2010)~ — D%~ decays is removed by requiring the re-
constructed mass difference mpo_— —mpo to be at least 4.8 MeV/ c? away from the charged
7 mass [9], when one of the kaons is assumed to be a pion. The BY — D7 (— ¢m)K™*
and swapped background (decay products of D and ¢ mesons swapped during reconstruc-
tion) are vetoed if the reconstructed D; mass is in the range [1950, 1990] MeV/c? and
the swapped DY(i.e. K*7n~ <+ 7TK~) candidates are reconstructed in the range [1840,
1890] MeV/c?. Only candidate B?s) — DYK* K~ decays with invariant masses in the range
[5000, 6000] MeV/c? are retained by the selection.

Particle identification (PID) requirements reduce misidentification backgrounds and
are optimised with simulation samples and data from the upper sideband region
(Mo g+ - € [5600,6000] MeV/c?), where events with one or two 7 — K misidentifica-
tions are localised. This background is low for the signal mode due to the ¢ mass re-
quirement. More stringent PID requirements are imposed on the normalisation mode



B — DPK*K~—, which is subject to larger contributions from the misidentified back-
ground modes B?s) — DK,

A multivariate analysis (MVA) based on a Fisher discriminant [42] is used to further
separate signal from combinatorial background. The Fisher classifier is trained on simulated
BY — D¢ signal decays and a background-enriched data sample obtained from the upper
sideband regions my+ - € [2mg, 1200] MeV/c? U mpr+.— € [5350, 6000] MeV/c?, where
mp is the known kaon mass [9] and the mp,+,- mass is computed when the two kaon
associated tracks are reconstructed using the pion mass hypothesis. Unlike the m g0y -
upper sideband, the mp, +,- high-mass sideband contains only combinatorial background.
The discriminant uses the following information: the smallest values of x# and pr of the
decay products from the B-decay vertex; the x? probability of the B vertex fit; the B
and DY X%P, and the signed minimum cosine of the angle between the direction of one
of the charged tracks from the B decay and the D° meson, as projected in the plane
perpendicular to the beam axis. At the MVA selection point corresponding to the largest
statistical significance (defined as Ngig/\/Nsig + Npkg), the signal efficiency is about 95%
and the fraction of rejected background is about 60%.

After all selection requirements are applied, less than 1% of the events contain multiple
candidates. In these events, a single candidate is retained based on the fit quality of the
B- and D-meson vertices and on the PID information of the D° decay products. The
multiple candidate selection is found to have a negligible effect on the final results [43].

Signals for B?S) and ¢ mesons are observed in the invariant-mass distributions after all of

the above selection criteria are applied, as shown in figures 2 and 3. Finally, B?S) — D™y
candidates are retained if they satisfy my+ - € [2mr, 2mg + 90] MeV/c2.

4 Fit to the normalisation mode

The DYK*TK~ mass distribution after all selections is shown in figure 2 and exhibits
narrow peaks corresponding to the B — D°K*K~ and B? — D°KTK~ decays, as
well as several identifiable specific background contributions. Background contributions
originate from random particle combinations (combinatorial), particle misidentification,
and partially reconstructed b-hadron decays.

The lineshape of the reconstructed B? mass is parameterised as the sum of two Crystal
Ball (CB) [44] functions with a common mean that is left unconstrained in the fit. Since the
B® and BY states have similar masses and widths, the same functions are used to describe
the By — D°K*K~ shape. The mass difference Amp = mpo — mpo is fixed to the
world average value [9]. The combinatorial background is modelled with a linear function.
The shapes of the misidentified and partially reconstructed components (potentially arising
from B — D°K*r= BY — D'K—7™, B?S) — D*K+*K~, and B?S) — D*K7 decays)
are modelled by non-parametric probability density functions (PDF) [45] built from large
simulation samples, to which the same selection criteria as for the signal channel are applied.
The simulated samples of B — D°K*7~ and B? — DK 7t decays are also assigned
weights, depending on the variables m%o K %DH’
studied in refs. [46, 47]. The normalisation parameters of these background components are

4 and m using the models and resonances
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Figure 2. Distributions of mpo ;e o~ for the (left) Run 1 and (right) Run 2 data samples. The
results of the fits are overlaid.

left unconstrained during the fit. Based on the simulation, the m g, 1~ distributions of
Ag /Z, — D°’pK~ and /12 — D%n~ backgrounds are broad. However, these contributions
have prominent peaks in the Ag mass distribution, which allows them to be determined
precisely from data. The strategy for modelling these backgrounds closely follows that of
the previous LHCb publication [27]: shapes are modelled by non-parametric PDFs from
large simulation samples. The estimated yields for those backgrounds are determined from
simultaneous fits to the DYpK~ and the D°pn~ invariant-mass distributions obtained
by applying the proton or pion mass hypotheses to one or both kaons of the DVK K~
candidate. Those yields are then used as Gaussian constraints to fit the D° K+ K~ invariant
mass.

An extended unbinned maximum-likelihood fit to the D’ K+ K~ invariant-mass distri-
bution, in the range mpo -+~ € [5000, 6000] MeV/ 2, is performed using a global function
consisting of the sum of the eleven contributions described above. The fits use the MI-
NUIT [48] minimisation algorithms as implemented in RooFit [49]. The normalisation
channel yields are found to be 2728 + 80 and 11485+ 170 for the Run 1 and Run 2 dataset,
respectively. The fitted signal yield for Run 1 is 40% larger than that in the previous
analysis [27], owing to optimised selections.

5 Fit to the signal modes

The method to determine the B(OS) — 5(*)%5 yields proceeds in two sequential steps:
fitting the my+ - distribution and subsequently fitting to the DK+ K~ distributions
with weights (sWeights). The sPlot technique [50, 51] is employed to determine the
sWeights from a fit to the mpg+ - distribution near the ¢ resonance (i.e. my+- €
[2mg, 2my + 90] MeV/c? [9]), that effectively separates ¢ signal from non-¢ background
(S-wave interference is ignored here according to [52]). The small correlation between the
M+ - and Mo 4 o~ variables, less than 3%, ensures that the sPlot technique is ap-
propriate. The ¢ signal distribution is modelled with a Breit-Wigner PDF convolved with
a resolution function described by the sum of two CB functions. The width of the Breit-
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Figure 3. Distributions of mp+ - for (left) the Run 1 data and (right) the Run 2 data. The
results of the fits are overlaid.

Wigner function is fixed to the known value [9] and the pole mass is determined from data.
The parameters of the CB functions are fixed to the values obtained from the simulation.
The non-¢ background shape [14] is modelled with a phase space factor p x ¢ multiplied
by a quadratic function 1+ az + b(2z% — 1), where p and ¢ are the kaon momentum in the
Kt K~ rest frame and the momentum of the D" in the D? K+ K~ rest frame, respectively.
The variable z is defined as 2(m g+ - —2mg)/A — 1, where A is the width of the m g+ g—
mass range considered. The parameters a and b are determined in the fit. The fit results
are shown in figure 3. The ¢ signal yields obtained from the fit are 615 + 37, for the Run
1 data, and 2410 + 74, for the Run 2 data, respectively.

The weighted invariant-mass distributions of m g~ candidates are shown in fig-
ure 4. A B? — D¢ signal peak is clearly visible, while the B® — D¢ signal peak is much
less significant. Contributions from B?S) — D*0(— D79/ D%)¢ decays can be seen in the
region below mpo — M. + Mpo.

An extended unbinned maximum-likelihood fit to the weighted m o ;— distribution
is performed to determine the various signal yields. The B? — D% shape is modelled
similarly to the normalisation mode B® — DYK*K~, for which the mean value and res-
olution of the PDF are free parameters. The parameters for the B® — D% shape are
shared with the B? — D¢ shape except for the mean value, which is shifted by the known
mass difference between the BY and B® mesons [9]. The reconstructed m(D%#) mass from
the B?S) — D*%¢ modes strongly depends on the polarisation of the B-decay amplitudes,
which is a priori unknown. To ascertain its effect, two extreme polarisation configurations
are considered: fully longitudinal (the longitudinal polarisation fraction f;, = 1) and fully
transverse (fr, = 0). They have different shapes due to the different D*° helicities, and
are modelled by analytical functions derived from their angular distributions [53], with
parameters determined from fits to corresponding simulated samples. The PDFs of the
two D* decay modes D** — D°7%/ D% are summed according to their relative branching
fractions [9] and corresponding efficiencies. The total PDF for the B? — D*’¢ signals
is then modelled as the sum of the longitudinal and transverse components with fr(B?)
as a free parameter. The BY — D*9¢ shapes are modelled in a similar way, after apply-
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Figure 4. Distributions of weighted mpy for (left) Run 1 data and (right) Run 2 data. The results
of the fits are overlaid.

ing the known mass shift mpo — mpo and with an independent parameter fr(B%). The
combinatorial background is accounted for by a linear function. A partially reconstructed
background in the low mass region is also considered with its shape determined from the
RapidSim [54] package.

A simultaneous fit to the Run 1 and Run 2 data samples is performed to extract the
ratios of the branching fractions between the signal and normalisation modes, defined as

B(BY

by = DY) x B(¢p — K+TK™)

B(B® — DOK+K~)
N(B?, — D" x ¢(B® - D°K+*K~) x B(¢p - KtK™)

(s)
N(BY — DOK+K~) x £(B%, — D*)0¢)

(s)

R(B{,y — D"¢) =

X F

(5.1)

where N represents the yields of the signal and control channels, and e the corresponding
efficiencies (see section 6). The parameter F is unity for the B% — D®0 decays, and is
fa/fs (for Runl, fs/fq = 0.239 £ 0.008, and for Run2, fs/fq = 0.254 £ 0.008) [55] for the
B? — D)0 decays. The results of the simultaneous fit are shown in table 1, where the
uncertainties are statistical. fr,(B°) is not listed due to large statistical fluctuations. More
data is needed to determine f7,(B"). However, the robustness of these reported results is
validated.

The fit strategy is validated with pseudoexperiments. The mean values of the param-
eters are confirmed to be unbiased. However, the uncertainties are underestimated due to
the sPlot method used to subtract the non-¢ background. The corrected uncertainties,
determined from the pull distributions of the pseudoexperiments, are shown in table 1.

The significance is evaluated with a likelihood-based test, in which the likelihood dis-
tribution of the background-only hypothesis is obtained using pseudoexperiments [56], and
then convolved with a Gaussian distribution to include the systematic uncertainty. Signif-
icances of 3.6 o for the decays B® — D% and 4.3 ¢ for B — D*%¢ are obtained.



Observable Run 1 Run 2

N(BY — D) 174.5 £ 17.0 (13.9) 740.3 £ 34.0 (28.5)
N(B° — D) 48.3 £19.5 (9.3) 77.4 +26.2 (13.0)
N(B? — D*9¢) 233.2 +25.0 (20.3) 877.5 4 50.0 (40.8)
N(B° — D*0¢) 32.44+23.3 (13.9) 240.0 +51.7 (31.0)
R(B? — D) (%) 19.2 + 0.8 (0.7)

R(B® — D) (1073) 6.4+ 1.7 (0.9)

R(B? — D*¢) (%) 26.54+ 1.4 (1.1)

R(B® — D*0¢) (%) 1.84 0.4 (0.2)

fr(B% — D*°¢) (%) 53.1 £6.0 (4.8)

B(B? — D) (1079) 2.30 4 0.10

B(BY — D*9¢) (107?) 3.17+0.16

B(BY — D) (1077) 77+2.1

B(B® — D*¢) (107°) 22+0.5

Table 1. Results of the simultaneous fit to the mpg invariant-mass distribution with ¢-sWeighted
data. The uncertainties are after corrections using pseudoexperiments (uncertainties before correc-
tions are shown in parentheses).

6 Efficiency determination

The same strategy is employed to determine the efficiencies as in the previous analysis [14].
The total efficiency is the product of the detector acceptance, reconstruction and selection
efficiency, particle identification efficiency and trigger efficiency. The acceptance efficiency
corresponds to the fraction of simulated decays reconstructed within the LHCb detector.
The selection efficiency accounts for the software selection in the trigger system, the ini-
tial selection, the Fisher discriminant selection efficiencies, and the reconstruction of the
charged tracks. It is determined with simulated samples except for the track reconstruc-
tion part. The track reconstruction efficiencies are obtained from simulation and corrected
using control samples from data. The PID and hardware trigger efficiencies are determined
from calibration samples where the abundant D® — K7 sample is used [57].

The simulated samples of the normalisation mode are generated uniformly over the
phase-space of the three-body BY — DYK* K~ decays and are different from the three-
body distributions in the data. This effect is taken into account by weighting the simulation
samples to match the distributions found in the data and the average efficiency is calculated.
The total efficiencies of Run 1 and Run 2 for the signal and control channels are shown in
table 2.



Mode Efficiency (x10~%)
Run 1 Run 2

B - D'K+K~- 14.55 +0.08 18.034+0.13
BY — D% 18.59 £ 0.03 23.87 +0.11
BY — D*0¢, D** — D79 longitudinal 17.08 +0.13 21.76 4 0.26
BY — D¢, D*0 — D79 transverse  18.01 £0.12 22.83+0.27
BY — D*0¢, D* — DYy, longitudinal ~ 13.61 £ 0.11 17.77 +0.24
BY — D*9¢, D** — D"~ transverse 14.594+0.11 19.104+0.25

Table 2. Summary of total efficiencies for the signal modes B? — D%, BY — D*°¢ and the
control mode B® — D°K*K~. The efficiencies for B® — D®*)%¢% decays are assumed to be the
same as for the BY — D)%% modes.

7 Systematic uncertainties

The same selection criteria are used for all signal decay modes and the normalisation mode,
except for the PID requirements that are optimised individually to suppress the different
background compositions. Therefore, many potential sources of systematic uncertainty on
the efficiencies cancel to a large extent in the ratios of branching fractions displayed in
table 1. The main sources of systematic uncertainties are due to differences in the trigger
and PID efficiencies between the signal and the normalisation channels and in the fit model
hypotheses.

The calculation of the hardware trigger efficiency is based on a data-driven method
described in refs. [58, 59], using data from the normalisation channel B® — DK*K~.
The relative differences in simulation samples between signal and normalisation modes are
used to compute the trigger systematic uncertainties, leading to a total relative value of
efficiencies equal to 2.4 %, for the Run 1 data subset, and 2.3 %, for Run 2. Their combined
effect gives rise to a relative uncertainty of 2.4 % on the branching fractions. The systematic

TOS can be neglected since it is determined by the size of the calibration

uncertainty on €
samples, which is much larger than the signal samples.

The systematic uncertainties associated with the PID requirements are evaluated sep-
arately for the different requirements for the KT K~ pairs in the B® — D°K*TK~ and
BY — DY%)(K*K~) decay modes. The uncertainties are attributed to variations of the
PID efficiencies by varying the pr and 7 intervals used for the PID calibration samples.
Relative variations of 0.3% for BY — D¢(K+K~) and of 2.1% for B — D°K*K~ in
efficiencies are observed and assigned as systematic uncertainties. Taking the correlations
on the ratios into account, the overall relative PID systematic uncertainty on the ratios
R(B?S) — D™")0¢) is estimated to be 1.8 %.

The systematic uncertainties from the signal and background models in the fits are
evaluated as follows. A number of sources contribute to the signal PDF of the normalisation
mode: the modelling of the tails, the different mass resolution of the B and BY modes,

and the mass difference between B® and BY mesons, which is fixed in the fit. The values
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of the tail parameters, estimated from simulated samples, are varied by 4+ 1o, which gives
rise to a 0.3% change in the fitted yield. An uncertainty of 0.1% on the event yields is
evaluated from an alternative fit in which the mass resolutions of the B® — D°K+ K~ and
BY — D'K* K~ modes are assigned to independent parameters, which vary freely, rather
than a single shared parameter. Similarly, allowing the mass difference to be unconstrained
in the fit induces a relative change of 0.1 %. These three sources of systematic uncertainty
are considered to be uncorrelated and are added in quadrature to obtain a total systematic
uncertainty of 0.3 % on the yield of the B — DK+ K~ decay.

The main background components for the control sample are BY — D**KTK~ and
B(OS) — D**K7 decays. The B? — D**K*tK~ component is modelled with a non-
parametric PDF, based on samples simulated with a square-Dalitz [60] plot approach. Al-
ternatively, simulated shapes of the main decay modes contributing to the B — D*YK+ K~
decay, BY — D/ (2536)K~ and BY — D*¢, can be used. The difference in the yield ob-
tained with the two fit models is 0.5%, which is taken as the systematic uncertainty on
the B — D°K*+ K~ yield due to the B? — D**K*+ K~ model. Similarly, the component
B(Os) — D*9Kr is modelled with a non-parametric PDF from a square-Dalitz simulated
sample of B?s) — D*OK 1 decays. Alternatively, the shapes of the main decay modes, which
are in this case BY — D**K*0 and BY — DJ,(2536)n, are instead used. The systematic
uncertainty on N(B° — D°K*K~) due to the B? — D**K7 model is determined to be
1.5%. The systematic uncertainties due to background contributions from B(Os) — DK~
and B — D**K*+ K~ decays are found to be 0.3(0.1)% and 0.1%, respectively. A first-
order polynomial models the combinatorial background in the baseline fit. To evaluate
the systematic uncertainty in the determination of the combinatorial background, as an
alternate model, an exponential PDF is used. A relative change on N(B? — D'K+tK™)
of 0.4% is found and assigned as the systematic uncertainty. The background yields from
AY and =), decays have Gaussian constraints in the baseline fit. All sources of systematic
uncertainties dealt with above are considered uncorrelated and added in quadrature, which
corresponds to a relative systematic error of 1.7% on N(B° — D°KTK ™).

In the fit of the my+ - distribution, a systematic uncertainty on the m g+ - model
is associated with the uncertainty on the ¢ mass, which is varied within + 1 ¢ of its nomi-
nal [9] uncertainty, and to the background model, that is changed to third order Chebyshev
polynomials. In the fit of the weighted mpo 1~ distribution, the systematic uncertain-
ties on the m o+ ,— model are evaluated by using the shape of the normalisation mode
BY — DK+ K~ described earlier, as an alternate model for the B — D% and Bg — D%
decays. They are also estimated by changing the efficiencies of the decays B?S) — D¢,
D*® — DYz%/~ with longitudinal or transverse polarisations varied by +10. The dif-
ferences caused by changing the linear background function to an alternate exponential
function are also assigned as systematic uncertainties. Finally, the systematic uncertainty
associated with the choice of the relative branching fraction of D* — D70/ decays is
calculated by varying its value within its uncertainty [9]. For the estimation of the uncer-
tainty due to the my+ - model, only the largest variation to the model is used. For the
uncertainty due to the mpo 4~ model, they are considered uncorrelated and added in
quadrature.
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Source R(BY — D%) (%) R(B® — D%) (%) R(B?— D*9¢) (%) R(B°— D*¢) (%)

Trigger efficiency 2.4 2.4 2.4 2.4
PID efficiency 1.8 1.8 1.8 1.8
N(B® - D'K+K™) 1.7 1.7 1.7 1.7
Shape model 0.6 8.1 2.2 8.1
Low mass background 0.1 0.9 0.8 4.8
B¢ — KTK™) 1.0 1.0 1.0 1.0
fsl fa 3.3 - 3.3 -

Fit bias - - 0.2 -

Total 4.9 8.9 5.4 10.2

Table 3. Summary of systematic uncertainties on the measurements of ratios of branching fractions.

Source fr(BY — D*%¢) (%)
Trigger efficiency 0.2

PID efficiency 0.1

N(B° - D°K*+K~) -

Shape model 3.4

Low mass background 1.2

B(¢p — KTK™) -

fs/ fa -

Fit bias -

Total 3.6

Table 4. Summary of systematic uncertainties on the measurements of the fraction of longitudinal
polarisation f, of the B — D*%¢ mode.

An uncertainty is assigned to the low mass background model, by using the falling tail
of a Gaussian distribution for the mass distribution instead of the model from RapidSim.
Uncertainties arising from the size of the simulated signal samples are negligible due to
the large size of the generated samples. The uncertainty on fs/fq [55], induces a 3.3%
uncertainty on the ratios of branching fractions. In addition, as discussed earlier, pseudo-
experiments are used to estimate biases on ratios of branching fractions and are accounted
for as systematic uncertainties. All the systematic uncertainties are summarised in tables 3
and 4.

8 Constraint on the w-¢ mixing angle

The w-¢ mixing angle can be determined by combining the B®— D*)%¢ and B® — D®*)0, [9]
branching fractions: the physical states w and ¢ can be written as a function of the ideally
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mixed states w! = (ut + dd)/v/2 and ¢! = s5, as

w) cosd sind w! (8.1)
¢ ~ \ —sind cosé o . '

The w-¢ mixing angle § is related to the branching fractions [1] by
B(B° — D)%) RO
B(BY — D(*)0y) = ®(¢)’
where ®(w) and ®(¢) are the integrals of the phase space factors computed over the resonant

line shapes. The value of the ratio ®(w)/®(¢) = 1.05 £ 0.01 [14] is used, where the
uncertainty comes from the limited knowledge related to the shape parameters of the two

tan?§ =

(8.2)

resonances.
A value of the w-¢ mixing angle in D modes is obtained using B(BY — D%) (see
section 9) and the present world average [9] B(B? — D) = (25.4 £ 1.6) x 107°

tan?dp = (3.24£0.940.3) x 1072, (8.3)

where the first uncertainty is statistical, and the second is systematic.

The decay B? — D*Y¢ can also be used to calculate the w-¢ mixing angle. Employing
B(B? — D*¢) (see section 9) and the inputs [61] B(B? — D*%w) = (45.5 & 4.6) x 107,
the following value for the w-¢ mixing angle for the D* mode is obtained

tandp- = (5.0 £ 1.1 £0.5) x 1073, (8.4)

where the first uncertainty is statistical, and the second is systematic. The two decay
modes give consistent results at the 1.3 ¢ level and also agree well with the theoretical
predictions [1, 10-13].

A simultaneous fit is performed to obtain the value of § by combining the D/D*
modes, which includes the systematic uncertainties in the branching fraction measurements
previously described. The angle is determined to be tan? 6 = (3.6 +£0.740.4) x 1073, where
the first uncertainty is statistical and the second is systematic, with a significance of 4.4 .
The value of |§] is thus constrained in the range [3.1,3.8]° at 68.3% confidence level (CL)
and [2.1,4.4]° at 99.7% CL.

9 Conclusions

Studies of B?S) — D04 decays are performed using the proton-proton collision data
collected with the LHCb detector from 2011 to 2018. The branching fractions of the
B(OS) — D™0¢ decays are measured relative to the normalisation channel B® — DOK*TK .
The first evidence for the decays B — D% and B® — D*9¢ is reported with significances
of 3.6 0 and 4.3 o, respectively.

Using the signal yields and the efficiencies obtained in previous sections, the branching
fraction ratios, defined in eq. 5.1, are measured to be

R(BY — D) = (6.4+1.7+0.6) x 1073,
R(B® — D*¢) = (1.8 0.4 + 0.2)%,
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where the first uncertainty is statistical, and the second uncertainty is systematic, re-
spectively. Using the branching fractions B(BY — D’KTK~) = (5.9 4+ 0.5) x 107° and
B(¢p — KTK™) = (49.2 £ 0.5)% [9], the measured branching fractions are

B(B® — D) = (7.7+£2.1+0.7+0.7) x 1077,
B(B® = D) = (224 0.5+ 0.24+0.2) x 107°,

The last wuncertainty results from the uncertainties of the branching fractions
B(B® - D°KTK~) and B(¢p — KtK™).

By combining the measured result of the decays B? — D(*)0

w, the average w-¢ mixing
angle, ¢, is determined to be

tan®d = (3.6 + 0.7+ 0.4) x 1073,

where the first uncertainty is statistical and the second is systematic. The value of |J] is
constrained to be in the range [3.1,3.8]° at 68.3% CL. This result is consistent with the
theoretical prediction in ref. [1].

Finally, improved measurements for the branching fractions of the decay modes B? —
D™ are obtained

B(BY — D) = (2.30 £0.10 £ 0.11 £ 0.20) x 107?,
B(B? — D*'¢) = (3.17 4 0.16 + 0.17 + 0.27) x 1072,

where the first uncertainty is statistical, the second systematic and the third related to the
normalisation B® — DK+ K~ mode, including fs/fs. The fraction of longitudinal polar-
isation of the BY — D*Y¢ decay is computed to be f1(B? — D*0¢) = (53.1 £ 6.0 £ 1.9)%.
These results are consistent with, and supersede, the previous LHCb measurements [14],
which only used the Run 1 data. These decay modes, measured here with improved
accuracy, can be employed to measure the CKM angle v [26]. The measured value of
fr(BY — D*9¢) is smaller than the previous measurement [14]. However, from ref. [26],
the BY — D*°¢ modes contribute about 10%-25% on the precision of . As a result, the
expected 7y sensitivity is similar to that given in ref. [26].
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