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The Bþ → Dþ
s D−

s Kþ decay is observed for the first time using proton-proton collision data collected by
the LHCb detector at center-of-mass energies of 7, 8, and 13 TeV, corresponding to an integrated
luminosity of 9 fb−1. Its branching fraction relative to that of the Bþ → DþD−Kþ decay is measured to be
BðBþ→Dþ

s D−
s KþÞ

BðBþ→DþD−KþÞ ¼ 0.525% 0.033% 0.027% 0.034; where the first uncertainty is statistical, the second

systematic, and the third is due to the uncertainties on the branching fractions of the D%
s → K∓K%π% and

D% → K∓π%π% decays. This measurement fills an experimental gap in the knowledge of the family of
Cabibbo-favored b̄ → c̄cs̄ transitions and opens the path for unique studies of spectroscopy in future.

DOI: 10.1103/PhysRevD.108.034012

I. INTRODUCTION

The family of B → Dð&Þ
ðsÞD̄

ð&Þ
ðsÞK

ð&Þ decays proceeds at the

quark level via the Cabibbo-favored b̄ → c̄cs̄ transition.1

Such decays provide an excellent laboratory for inves-
tigations of open- and hidden-charm meson spectroscopy
[1–7], covering both conventional and exotic states.
Additionally, measurements of the amplitude structures
in the Dð&Þ

ðsÞD̄
ð&Þ
ðsÞ system of these decays can offer important

information to the theoretical calculations of the charm-
loop contributions to b → slþl− processes that are
sensitive to physics beyond the Standard Model [8].
There have already been experimental studies of B →

Dð&ÞD̄ð&ÞKð&Þ decays by the ALEPH, BABAR, Belle,
and LHCb collaborations [1–7,9–13], not only making
observations of some of these decay channels but also
leading to discoveries of new resonances. However,
all such measurements to date focus only on B decays
with a Dð&ÞD̄ð&Þ pair in the final state. Decays involving
the Dð&Þþ

s Dð&Þ−
s pair, e.g. Bþ → Dþ

s D−
s Kþ, have never

been explored. The Dþ
s D−

s system is attractive as it
provides a unique insight into the charmonium(like)
spectroscopy. Conventional charmonium mesons with
natural spin (J), parity (P), and charge-parity (C) quantum
numbers (JPC ¼ 0þþ; 1−−; 2þþ;…), e.g. ψð4040Þ [14],

are expected to predominantly decay into the Dð&ÞD̄ð&Þ

final state. In contrast, charmoniumlike hadrons with the
cc̄ss̄ constituents could have a larger partial decay width
to the Dþ

s D−
s final state than that to Dð&ÞD̄ð&Þ. A few

candidates for cc̄ss̄ states have been observed in the
J=ψϕ final state from Bþ → J=ψϕKþ decays [15]. They
might also decay into Dþ

s D−
s and contribute to the

Bþ → Dþ
s D−

s Kþ decay.
This paper presents the first observation of the

Bþ→Dþ
s D−

s Kþ decay. The contributing tree-level
Feynman diagrams of this decay are shown in Fig. 1.
The branching fraction of the Bþ → Dþ

s D−
s Kþ decay is

measured relative to that of the normalization channel
Bþ → DþD−Kþ. The two channels have a similar decay
topology, so the corresponding systematic uncertainties on
the branching-fraction ratio are expected to largely cancel.
The measurement uses the proton-proton (pp) collision
data collected by the LHCb experiment in 2011, 2012, and
2015–2018 at center-of-mass energies of 7, 8, and 13 TeV,
respectively, corresponding to a total integrated luminosity
of 9 fb−1. The branching fraction of the Bþ → Dþ

s D−
s Kþ

decay is an essential input to obtain the partial width
information of the near-threshold structure in the Dþ

s D−
s

system analyzed in the accompanying paper [16].

II. DETECTOR AND SIMULATION

The LHCb detector [17,18] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region [19], a large-area silicon-strip
detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and three stations of
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silicon-strip detectors and straw drift tubes [20,21] 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. The minimum
distance of a track to a primary pp collision vertex (PV),
the impact parameter, is measured with a resolution of
ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV. Different types
of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors [22]. Photons,
electrons, and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [23].
The online event selection is performed by a trigger [24],

which consists of a hardware 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 pT or a hadron, photon, or electron with
high transverse energy in the calorimeters. The hadron can
originate from either the studied decay or the rest of the
event. The software trigger requires a two-, three-, or four-
track secondary vertex with a significant displacement from
any PV. At least one charged particle must have a transverse
momentum pT > 1.6 GeV and be inconsistent with origi-
nating from a PV. A multivariate algorithm [25,26] is used
for the identification of secondary vertices consistent with
the decay of a b hadron.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements for
the Bþ → Dþ

s D−
s Kþ and Bþ → DþD−Kþ decays. In the

simulation, pp collisions are generated using PYTHIA [27]
with a specific LHCb configuration [28]. Decays of
unstable particles are described by EvtGen [29], in which
final-state radiation is generated using PHOTOS [30]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit [31]
as described in Ref. [32]. The underlying pp interaction is

reused multiple times, with an independently generated
signal decay for each event [33]. The particle-identification
(PID) response is not well described in the LHCb simu-
lation, and is corrected to match that in data. The correction
is determined from calibration samples using a reweighing
approach, the so-called PID transformation [34,35].

III. EVENT SELECTION

The Bþ → Dþ
s D−

s Kþ and Bþ → DþD−Kþ decays
are reconstructed using the Dþ

s → KþK−πþ and
Dþ → K−πþπþ decay channels, respectively. The selection
starts by choosing well-reconstructed tracks that are incon-
sistent with originating from any PV. The selected tracks
should have PID information consistent with the corre-
sponding final-state kaons and pions. Additionally, the
opening angle between any two final-state charged tracks
must be larger than 0.5 mrad to reduce potential reuse of
track segments. The Dþ and Dþ

s candidates, obtained by
combining K and π candidates, are required to have good-
quality vertices and their reconstructed masses must lie
within%25 MeV of the known masses [14], corresponding
to about three times the mass resolution. The Bþ candidates
are then formed by combining Dþ

ðsÞ, D
−
ðsÞ, and Kþ candi-

dates. The Bþ decay vertex must be well reconstructed and
significantly displaced from all PVs. The Bþ candidate is
required to have a flight direction pointing back to the PV
where it is produced, referred to hereafter as the associated
PV. To reduce the contamination from the non-double-
charm (NDC) Bþ decay candidates that have the same set
of the final-state tracks as that of the Bþ → Dþ

ðsÞD
−
ðsÞK

þ

decay but do not involve two real D%
ðsÞ mesons, require-

ments on the distances between the Bþ andD%
ðsÞ vertices are

imposed, taking advantage of the nonzero flight distance of
the D%

ðsÞ meson. A kinematic fit [36] is employed to
improve the Bþ mass resolution by constraining the D%

ðsÞ
mass to its known value [14] and requiring theBþ candidate
to originate from the associated PV. A second kinematic fit
with an additional Bþ mass constraint is utilized when

FIG. 1. Feynman diagrams contributing to the Bþ → Dþ
s D−

s Kþ decay.
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investigating the distributions of the Dalitz-plot variables
in Bþ →Dþ

s D−
s Kþ and Bþ→DþD−Kþ decays.

Gradient boosted decision tree (BDTG) [37–39] classi-
fiers are employed to reduce further background from
random combinations of tracks, referred to hereafter as
combinatorial background. The classifier is trained sepa-
rately for the Bþ → Dþ

s D−
s Kþ and Bþ → DþD−Kþ chan-

nels using the corresponding simulated sample as the
signal proxy and candidates in data with a reconstructed
Bþ mass of 5360–6000 MeV as the background proxy.
The discriminating variables used in the classifier include
PID information of the final-state tracks, kinematic
properties, and the decay topology of the Bþ and D%

ðsÞ
candidates. The selection criterion for the response of each
classifier is optimized by maximizing the figure of merit,
NS=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS þ NB

p
, separately for each channel. Here, NS

(NB) is the expected signal (background) yield within
%20 MeV of the known Bþ mass [14], estimated as the
product of the signal (background) yield without any
BDTG requirement and the signal efficiency (1-back-
ground-rejection factor) for a given criterion. The signal
and background yields without the BDTG requirements in
each channel are evaluated using a simple fit to the
reconstructed Bþ mass distribution with the signal and
background probability density functions (PDFs) modeled
by a Gaussian function and an exponential function,
respectively. The signal efficiency and background-
rejection factor are directly obtained from the samples
used to test the classifiers.
Multiple candidates, found in a few percent of pp

collision events, are mostly due to the duplicated use of
tracks from the same event. In each event, the candidate
having the smallest χ2 of the kinematic fit without the Bþ

mass constraint is retained.
The reconstructed Dþ

s D−
s Kþ and DþD−Kþ invariant-

mass distributions after all the selection requirements are
shown in Fig. 2. The mass windows, ð5280 − 80; 5280þ
80Þ MeV and ð5280 − 60; 5280þ 80Þ MeV, for the signal
and normalization channels, respectively, are chosen to

exclude the contributions of partially reconstructed back-
ground with a missing photon from D&%

s → D%
s γ or

D&% → D%γ decay. Here, the tighter lower-side threshold
for the Bþ → DþD−Kþ channel than that for the
Bþ→Dþ

s D−
s Kþ channel is found necessary to exclude all

visible tails of the partially reconstructed background [5,6].
These mass windows are also sufficient to exclude
partially reconstructed background with a missing π0

meson from D&þ
s → Dþ

s π0 or D&þ → Dþπ0 decay, as the
reconstructed Dþ

s D−
s Kþ or DþD−Kþ mass is shifted at

least 135 MeV below the Bþ mass peak [14]. For both the
Bþ → Dþ

s D−
s Kþ signal and Bþ → DþD−Kþ normaliza-

tion channels, any potential background resulting from the
misidentification of a single K or π would originate from
Cabbibo-suppressed decays and thus is negligible.

IV. SIGNAL EXTRACTION

Unbinned extended maximum-likelihood fits to the
mass distributions of the Bþ candidates are performed to
determine the signal yields in the Bþ → Dþ

s D−
s Kþ and

Bþ → DþD−Kþ channels. The signal PDF is a sum of
two crystal ball (CB) functions [40] with a common peak
position and opposite-side tails. The tail parameters are fixed
to the values obtained from the simulated Bþ → DþD−Kþ

or Bþ → Dþ
s D−

s Kþ sample and the fractions of the two CB
functions are set to 0.5. All other parameters including the
peak position, the widths of the two CB functions are free to
vary in the fit to data. The combinatorial background is
modeled using an exponential function with its parameter
free to vary in the fit.
The fit results are shown in Fig. 2. A signal yield of

Nsig ¼ 360% 22, where the uncertainty is statistical only, is
obtained for the Bþ → Dþ

s D−
s Kþ decay, with a purity in a

%20 MeV window around the peak of approximately 84%.
The statistical significance of the Bþ → Dþ

s D−
s Kþ decay is

evaluated under the assumption that the log-likelihood
difference between the fit without the signal component
and the default fit follows a χ2 distribution with the number
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FIG. 2. Invariant-mass distributions of reconstructed (left) Dþ
s D−

s Kþ and (right) Dþ D− Kþ candidates. The fit results are overlaid.
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of degrees of freedom being the difference in the number
of free parameters of the two fits [41]. Given the log-
likelihood difference of 646 with four degrees of freedom,
the significance is found to be much larger than 10
standard deviations (σ). Since the systematic uncertainty
discussed in Sec. VI is not expected to greatly reduce the
significance, this result constitutes the first observation of
the Bþ → Dþ

s D−
s Kþ decay. The signal yield in the

Bþ→DþD−Kþ channel is obtained as Nnorm ¼ 3215%65,
where the uncertainty is statistical, and the purity is
around 91% using the same mass window definition.
The Bþ → DþD−Kþ signal yield is larger and the corre-
sponding purity is lower compared with those in
Refs. [5,6], reflecting that looser selection criteria are
imposed in this paper.
To demonstrate the potential contributions from inter-

mediate resonances in the Bþ → Dþ
s D−

s Kþ decay, the
invariant-mass distributions of the Dþ

s D−
s , D−

s Kþ, and
Dþ

s Kþ combinations, denoted, respectively, as mðDþ
s D−

s Þ,
mðD−

s KþÞ, and mðDþ
s KþÞ, are shown in Fig. 3. The

combinatorial background is subtracted using the sPlot
method [42] with the Bþ candidate mass exploited as the
discriminating variable. A clear peaking structure is seen at
the Dþ

s D−
s mass threshold, corresponding to a charmonium

(like) candidate. An amplitude analysis is performed to
study the resonant contributions in the Bþ → Dþ

s D−
s Kþ

decay, presented separately in Ref. [16]. The intermediate
resonant contributions to the Bþ → DþD−Kþ decay have
been studied in the previous LHCb analyses described in
Refs. [5,6].
Pseudoexperiments are carried out to check potential

biases on the extracted signal yields in the signal and
normalization channels. Numerous samples are randomly
generated according to the determined PDFs where the
number of signal (background) candidates in each sample
is varied according to a Poissonian distributionwith themean
set to the determined signal (background) yield, referred to as
the default result. The signal yield in each generated sample
is determined by a fit to the Bþ candidate mass distribution
and its variation from the default result is quantified as the
pull value, ðNi − N0Þ=σi, whereNi and σi are the signal yield
and its statistical uncertainty in the ith sample, respectively,
andN0 is the default signal yield. The pull distribution is then
fitted using a Gaussian function. The mean represents the
bias on the signal yield relative to the size of its statistical
uncertainty. The bias is δsig ¼ 0.09% 0.01 for the signal
channel and is corrected for in the branching fraction
calculation. Here, the uncertainty is due to limited number
of the pseudoexperiments. No obvious bias is found on the
signal yield for the normalization channel.
The measured Bþ → Dþ

s D−
s Kþ and Bþ → DþD−Kþ

signal yields contain residual NDC contributions, which
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FIG. 3. Distributions of background-subtracted invariant mass of the (top) Dþ
s D−

s , (bottom left) D−
s Kþ, and (bottom right) Dþ

s Kþ

systems of the Bþ → Dþ
s D−

s Kþ decay.
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need to be subtracted in the branching fraction calculation
presented in Sec. V. The expected NDC yields are esti-
mated using the same method as that in Refs. [5,6], based
on the number of candidates in the D%

ðsÞ mass sidebands,
which are 30–80 MeV away from the known D%

ðsÞ
mass [14]. The fractions of the NDC yields in the total
Bþ signal yields, are found to be fsigNDC ¼ ð5.2% 2.7Þ%
and fnormNDC ¼ ð3.2% 0.6Þ% for the Bþ → Dþ

s D−
s Kþ and

Bþ → DþD−Kþ channels, respectively. The uncertainties
are due to the limited number of the candidates in the D%

ðsÞ
mass sidebands. The larger NDC-background contamina-
tion in the Bþ → DþD−Kþ channel compared with that in
Refs. [5,6] is due to relatively looser selection requirements
in this paper.

V. BRANCHING FRACTION CALCULATION

The branching fraction of the Bþ → Dþ
s D−

s Kþ decay is
measured relative to that of the Bþ → DþD−Kþ decay,

R≡BðBþ→Dþ
s D−

s KþÞ
BðBþ→DþD−KþÞ

¼
Ncorr

sig

Ncorr
norm

"
BðDþ→K−πþπþÞ
BðDþ

s →K−KþπþÞ

#
2

;

ð1Þ

where the branching fractions of the decays
Bþ → DþD−Kþ, Dþ → K−πþπþ, and Dþ

s → K−Kþπþ

are taken from Refs. [11,14]. The efficiency-
corrected signal yields of the Bþ → Dþ

s D−
s Kþ and

Bþ → DþD−Kþ channels, Ncorr
sig and Ncorr

norm, are deter-
mined as

Ncorr
sig ¼

X

i

wsig;i

ϵsig;iðm2ðDþ
s D−

s Þ; m2ðD−
s KþÞÞ

; ð2Þ

Ncorr
norm ¼

X

i

wnorm;i

ϵnorm;iðm2ðDþD−Þ; m2ðD−KþÞÞ
; ð3Þ

where the index i runs over all the selected Bþ candidates
in the signal or normalization channel. The weight wsig;i or
wnorm;i assigned to each candidate is obtained using the
sPlot method [42]; summing over these weights effects a
statistical subtraction of the combinatorial background
contribution. The discriminating variable is the recon-
structed Dþ

s D−
s Kþ or DþD−Kþ mass, as shown in Fig. 2.

The efficiencies ϵsig;i and ϵnorm;i, determined using simu-
lated samples, take into account the effects of geometric
acceptance, reconstruction, and selection requirements.
They are evaluated separately in the two data-taking

FIG. 4. Efficiency as a function of the Dalitz-plot variables for the (top) Bþ → Dþ
s D−

s Kþ and (bottom) Bþ → DþD−Kþ decays,
calculated separately for the (left) run 1 and (right) run 2 periods.

FIRST OBSERVATION OF THE Bþ → Dþ
s D−

s Kþ … PHYS. REV. D 108, 034012 (2023)

034012-5



periods, 2011–2012 (run 1) and 2015–2018 (run 2),
because of the differences in the collision energy and
the detector configuration, and are shown in Fig. 4 as
functions of the Dalitz-plot variables of the corresponding
decays. The kernel density estimation (KDE) [43]
technique is employed to obtain smooth efficiency dis-
tributions across the Dalitz plots. Finally, the efficiency-
corrected yields are determined to be Ncorr

sig ¼ ð9.5%
0.6Þ × 105 and Ncorr

norm ¼ ð5.33% 0.11Þ × 106, where the
uncertainties are statistical only.
Before obtaining the branching-fraction ratio R, it is

necessary to subtract the NDC background contributions
and to correct for the small fit bias on the extracted signal
yield in the Bþ → Dþ

s D−
s Kþ channel. These two effects are

accounted for by introducing in Eq. (1) two correction
factors: ð1 − fsigNDCÞ=ð1 − fnormNDCÞ for the NDC background
subtraction, and 1 − σsig · δsig=Nsig for the bias correction,
whereNsig % σsig ¼ 360% 22 and δsig ¼ 0.09. The branch-
ing-fraction ratio is determined to be

R ¼ 0.525% 0.033; ð4Þ

where the uncertainty is due to statistical uncertainties on
the efficiency-corrected yields of both the Bþ → Dþ

s D−
s Kþ

and Bþ → DþD−Kþ channels.

VI. SYSTEMATIC UNCERTAINTIES

The sources of the systematic uncertainty on the
branching-fraction ratio are summarized in Table I.
They can be classified into two categories: the effects
on the signal yields and the effects on the efficiencies.
The total uncertainty is obtained by adding the contri-
butions in quadrature.
The sources affecting the signal yields include the choice

of the signal and background PDFs in the Bþ mass fits,

the uncertainties on the NDC background fractions in the
signal and normalization channels, the uncertainty on the
bias of the Bþ → Dþ

s D−
s Kþ signal yield and the multiple-

candidate removal strategy. To evaluate the systematic
uncertainty related to the choice of the signal PDF, an
alternative model with a Hypatia function [44] is
employed in the Bþ mass fits to the signal and normali-
zation channels. The effect due to the choice of the
background PDF is evaluated in a similar way, where a
second-order polynomial function is used as an alterna-
tive. The NDC background fractions in the signal and
normalization channels have large uncertainties, which
are due to the limited size of the data samples in the D%

and D%
s mass sidebands. These uncertainties are propa-

gated to the branching-fraction ratio. The uncertainty on
the bias of the Bþ → Dþ

s D−
s Kþ signal yield, resulting

from the limited number of the pseudoexperiments that
are employed to estimate the bias, is propagated in a
similar way. Finally, the effect of the multiple-candidate
removal strategy is evaluated by retaining an arbitrarily
chosen candidate in an event.
The remaining systematic uncertainty sources in Table I

influence the efficiencies in the signal and normalization
channels. The hardware trigger is generally not well
modeled in the LHCb simulation, but the effect is expected
to largely cancel in the branching-fraction ratio thanks to
the similarity in the topology between the signal and
normalization channels. The residual effect is evaluated
by applying to the simulated events an event-by-event
correction that is determined by calibration samples [45].
The PID response is not well described in the simulation

either and thus is corrected in the default result, with the
correction determined from calibration samples using the
PID transformation approach [34,35]. The performance of
the correction is limited by the size of the calibration
samples, the choice of the values of hyperparameters in the
transformation approach, and the choice of the correction
approach itself. The corresponding effects are investigated
by extracting the efficiency maps from simulated samples
with the correction determined by using alternative cali-
bration samples bootstrapped from the original ones,
varying the values of the hyperparameters of the PID
transformation approach, and choosing the PID resampling
approach [34,35]. The resulting changes on the branching-
fraction ratio are taken as the systematic uncertainties and
are added in quadrature to obtain the uncertainty due to the
imperfect PID correction.
The potentially imperfect descriptions of the discrimi-

nating variables in the simulation can cause bias on the
efficiencies of the BDTG classifiers. The effect is evaluated
by varying the BDTG selection for the two channels and
the resulting change of the branching-fraction ratio is taken
as the systematic uncertainty.
The uncertainties on the tracking efficiencies for the

same species of final-state particles in the signal and

TABLE I. Sources of systematic uncertainty (syst.) on the
branching- fraction ratio. The statistical uncertainty (stat.) is also
given.

Systematic source Relative uncertainty (%)

Signal model 0.3
Background model 0.1
NDC background 2.9
Mass fit bias 0.1
Multiple-candidate removal 0.7
Hardware trigger correction 2.3
PID correction 2.8
Classifier modeling 1.6
Tracking 1.0
Truth matching 0.6
Limited size of simulated samples 0.5
KDE parameters 0.4

Total syst. (stat.) 5.1 (6.3)
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normalization channels are expected to be the same and
fully correlated, so their effects on the branching-
fraction ratio largely cancel. The residual effect is from
different final-state particles in the two channels, i.e.
Dþ

s → K−Kþπþ and Dþ → K−πþπþ. The systematic
uncertainty on the branching-fraction ratio is evaluated
as 1.0% [46,47].
In the simulation, a truth-matching algorithm is used to

identify signal decays. The efficiency of this algorithm is
not 100%, leading to an underestimation of the efficiencies
shown in Fig. 4. However, the truth-matching efficiencies
are expected to be very similar between the signal and
normalization channels, and thus the associated systematic
uncertainties largely cancel. To evaluate the potential
residual effect, the truth-matching efficiencies in the two
channels are estimated using Bþ mass fits to the simulated
samples with and without truth matching. The efficiencies
are introduced as correction factors to the branching-
fraction ratio, and the resulting variation is taken as the
systematic uncertainty.
The kernel width in the KDE method is chosen to be

2 GeV2 in the default result. To evaluate the systematic
effect due to this choice, two alternative values, 1 and
3 GeV2, are taken in the efficiency parametrizations. The
maximum change of the branching-fraction ratio is taken as
the systematic uncertainty.
The last systematic uncertainty source affecting

the efficiencies is the limited size of simulated samples.
The uncertainty is propagated to the branching-fraction
ratio using the bootstrap method [48]. Bootstrapped
samples are produced by randomly selecting from the
simulated candidates with replacements. Each such sam-
ple has the same size as the original simulated sample.
These samples are employed to determine efficiencies
and finally to obtain a set of branching-fraction ratios,
whose standard deviation is taken as the systematic
uncertainty.

VII. SUMMARY

In conclusion, theBþ → Dþ
s D−

s Kþ decay is observed for
the first time using the proton-proton collision data col-
lected by the LHCb detector at center-of-mass energies of
7, 8, and 13 TeV, corresponding to an integrated luminosity
of 9 fb−1. The significance of the signal observed is larger
than 10σ. The branching fraction of this decay is measured
relative to that of the Bþ → DþD−Kþ normalization
channel as

R ¼ BðBþ → Dþ
s D−

s KþÞ
BðBþ → DþD−KþÞ

¼ 0.525% 0.033% 0.027% 0.034: ð5Þ

With BðBþ → DþD−KþÞ ¼ ð2.2% 0.7Þ × 10−4 as the
input [11,14], the Bþ → Dþ

s D−
s Kþ branching fraction is

then determined to be

BðBþ →Dþ
s D−

s KþÞ¼ ð1.15%0.07%0.06%0.38Þ×10−4:

ð6Þ

In each of these results, the first and second uncertainties
are statistical and systematic, respectively, and the third is
from the uncertainties on the known branching fractions of
the Dþ → K−πþπþ [49], Dþ

s → K−Kþπþ [14,50–52], and
Bþ → DþD−Kþ decays [11].
The observation of the Bþ → Dþ

s D−
s Kþ decay fills a

major experimental gap in knowledge of the Cabibbo-
favored b̄ → c̄cs̄ transition with two open-charm hadrons
in the final states [14]. The measurement of its branching
fraction is of great importance for investigations of the
intermediate resonant states. In particular, it is vital input to
studies probing the nature of the near-threshold structure in
the Dþ

s D−
s system [16].

ACKNOWLEDGMENTS

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); MOST and NSFC (China); CNRS/
IN2P3 (France); BMBF, DFG, and MPG (Germany); INFN
(Italy); NWO (Netherlands); MNiSW and NCN (Poland);
MEN/IFA (Romania); MICINN (Spain); SNSF and SER
(Switzerland); NASU (Ukraine); STFC (United Kingdom);
DOE NP and NSF (USA). We acknowledge the computing
resources that are provided by CERN, IN2P3 (France),
KIT and DESY (Germany), INFN (Italy), SURF
(Netherlands), PIC (Spain), GridPP (United Kingdom),
CSCS (Switzerland), IFIN-HH (Romania), CBPF (Brazil),
Polish WLCG (Poland), and NERSC (USA). We are
indebted to the communities behind the multiple open-
source software packages on which we depend. Individual
groups or members have received support from ARC and
ARDC (Australia); Minciencias (Colombia); AvH
Foundation (Germany); EPLANET, Marie Skłodowska-
Curie Actions and ERC (European Union); A*MIDEX,
ANR, IPhU, and Labex P2IO, and Région Auvergne-
Rhône-Alpes (France); Key Research Program of
Frontier Sciences of CAS, CAS PIFI, CAS CCEPP,
Fundamental Research Funds for the Central
Universities, and Sci. & Tech. Program of Guangzhou
(China); GVA, XuntaGal, GENCAT, and Prog. Atracción
Talento, CM (Spain); SRC (Sweden); the Leverhulme
Trust, the Royal Society and UKRI (United Kingdom).

FIRST OBSERVATION OF THE Bþ → Dþ
s D−

s Kþ … PHYS. REV. D 108, 034012 (2023)

034012-7



[1] B. Aubert et al. (BABAR Collaboration), Study of reso-
nances in exclusiveB decays to D̄ð&ÞDð&ÞK, Phys. Rev. D 77,
011102 (2008).

[2] J. Brodzicka et al. (Belle Collaboration), Observation of a
New DðsJÞ Meson in Bþ → D̄0D0Kþ Decays, Phys. Rev.
Lett. 100, 092001 (2008).

[3] T. Aushev et al. (Belle Collaboration), Study of the decays
B → Ds1ð2536ÞþD̄ð&Þ, Phys. Rev. D 83, 051102 (2011).

[4] J. P. Lees et al. (BABAR Collaboration), Dalitz plot analyses
of B0 → D−D0Kþ and Bþ → D̄0D0Kþ decays, Phys. Rev.
D 91, 052002 (2015).

[5] R. Aaij et al. (LHCb Collaboration), Model-Independent
Study of Structure in Bþ → DþD−Kþ Decays, Phys. Rev.
Lett. 125, 242001 (2020).

[6] R. Aaij et al. (LHCb Collaboration), Amplitude analysis
of the Bþ → DþD−Kþ decay, Phys. Rev. D 102, 112003
(2020).

[7] R. Aaij et al. (LHCb Collaboration), Observation of a New
Excited Dþ

s State in B0 → D−DþKþπ− Decays, Phys. Rev.
Lett. 126, 122002 (2021).

[8] A. Khodjamirian, T. Mannel, A. A. Pivovarov, and Y.-M.
Wang, Charm-loop effect in B → Kð&Þlþl− and B → K&γ,
J. High Energy Phys. 09 (2010) 089.

[9] R. Barate et al. (ALEPH Collaboration), Observation of
doubly charmed B decays at LEP, Eur. Phys. J. C 4, 387
(1998).

[10] B. Aubert et al. (BABAR Collaboration), Measurement of
the branching fractions for the exclusive decays of B0 and
Bþ to D̄ð&ÞDð&ÞK, Phys. Rev. D 68, 092001 (2003).

[11] P. del Amo Sanchez et al. (BABAR Collaboration), Meas-
urement of the B → D̄ð&ÞDð&ÞK branching fractions, Phys.
Rev. D 83, 032004 (2011).

[12] R. Aaij et al. (LHCb Collaboration), First observation of the
decay B0 → D0D̄0Kþπ−, Phys. Rev. D 102, 051102 (2020).

[13] R. Aaij et al. (LHCb Collaboration), Measurement of
branching fraction ratios for Bþ →D&þD−Kþ, Bþ →
D&−DþKþ, and B0 → D&−D0Kþ decays, J. High Energy
Phys. 12 (2020) 139.

[14] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[15] R. Aaij et al. (LHCb Collaboration), Observation of New
Resonances Decaying to J=ψKþ and J=ψϕ, Phys. Rev.
Lett. 127, 082001 (2021).

[16] R. Aaij et al. (LHCb Collaboration), Companion Letter,
Observation of a Resonant Structure Near theDþ

s D−
s Thresh-

old in the Bþ→Dþ
s D−

s Kþ Decay, Phys. Rev. Lett. 131,
071901 (2023).

[17] A. A. Alves, Jr. et al. (LHCb Collaboration), The LHCb
detector at the LHC, J. Instrum. 3, S08005 (2008).

[18] LHCb Collaboration, LHCb detector performance, Int. J.
Mod. Phys. A 30, 1530022 (2015).

[19] R. Aaij et al., Performance of the LHCb vertex locator, J.
Instrum. 9, P09007 (2014).

[20] R. Arink et al., Performance of the LHCb outer tracker, J.
Instrum. 9, P01002 (2014).

[21] P. d’Argent et al., Improved performance of the LHCb
outer tracker in LHC Run 2, J. Instrum. 12, P11016
(2017).

[22] M. Adinolfi et al., Performance of the LHCb RICH detector
at the LHC, Eur. Phys. J. C 73, 2431 (2013).

[23] A. A. Alves, Jr. et al., Performance of the LHCb muon
system, J. Instrum. 8, P02022 (2013).

[24] R. Aaij et al., The LHCb trigger and its performance in
2011, J. Instrum. 8, P04022 (2013).

[25] V. V. Gligorov and M. Williams, Efficient, reliable and fast
high-level triggering using a bonsai boosted decision tree, J.
Instrum. 8, P02013 (2013).

[26] T. Likhomanenko, P. Ilten, E. Khairullin, A. Rogozhnikov,
A. Ustyuzhanin, and M. Williams, LHCb topological
trigger reoptimization, J. Phys. Conf. Ser. 664, 082025
(2015).

[27] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduc-
tion to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008); T. Sjöstrand, S. Mrenna, and P. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006)
026.

[28] I. Belyaev et al., Handling of the generation of primary
events in Gauss, the LHCb simulation framework, J. Phys.
Conf. Ser. 331, 032047 (2011).

[29] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[30] N. Davidson, T. Przedzinski, and Z. Was, PHOTOS interface
in C++: Technical and physics documentation, Comput.
Phys. Commun. 199, 86 (2016).

[31] J. Allison et al. (Geant4 Collaboration), GEANT4 develop-
ments and applications, IEEE Trans. Nucl. Sci. 53, 270
(2006); S. Agostinelli et al. (Geant4 Collaboration),
GEANT4: A simulation toolkit, Nucl. Instrum. Methods
Phys. Res., Sect. A 506, 250 (2003).

[32] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S.
Miglioranzi, M. Pappagallo, and P Robbe, The LHCb
simulation application, Gauss: Design, evolution and expe-
rience, J. Phys. Conf. Ser. 331, 032023 (2011).

[33] D. Müller, M. Clemencic, G. Corti, and M. Gersabeck,
ReDecay: A novel approach to speed up the simulation at
LHCb, Eur. Phys. J. C 78, 1009 (2018).

[34] L. Anderlini et al., The PIDCalib package, Report No. LHCb-
PUB-2016-021, 2016.

[35] R. Aaij et al., Selection and processing of calibration
samples to measure the particle identification performance
of the LHCb experiment in Run 2, Eur. Phys. J Tech.
Instrum. 6, 1 (2019).

[36] W. D. Hulsbergen, Decay chain fitting with a Kalman filter,
Nucl. Instrum. Methods Phys. Res., Sect. A 552, 566
(2005).

[37] L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone,
Classification and Regression Trees (Wadsworth
International Group, Belmont, California, USA, 1984).

[38] Y. Freund and R. E. Schapire, A decision-theoretic gener-
alization of on-line learning and an application to boosting,
J. Comput. Syst. Sci. 55, 119 (1997).

[39] H. Voss, A. Hoecker, J. Stelzer, and F. Tegenfeldt, TMVA—
Toolkit for multivariate data analysis with ROOT, Proc. Sci.
ACAT2007 (2007) 040; A. Hoecker et al., TMVA 4—
Toolkit for multivariate data analysis with ROOT, users
guide, arXiv:physics/0703039.

[40] T. Skwarnicki, A study of the radiative cascade transitions
between the upsilon-prime and upsilon resonances, Ph.D.
thesis, Institute of Nuclear Physics, Krakow, 1986.

R. AAIJ et al. PHYS. REV. D 108, 034012 (2023)

034012-8

https://doi.org/10.1103/PhysRevD.77.011102
https://doi.org/10.1103/PhysRevD.77.011102
https://doi.org/10.1103/PhysRevLett.100.092001
https://doi.org/10.1103/PhysRevLett.100.092001
https://doi.org/10.1103/PhysRevD.83.051102
https://doi.org/10.1103/PhysRevD.91.052002
https://doi.org/10.1103/PhysRevD.91.052002
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevLett.125.242001
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevD.102.112003
https://doi.org/10.1103/PhysRevLett.126.122002
https://doi.org/10.1103/PhysRevLett.126.122002
https://doi.org/10.1007/JHEP09(2010)089
https://doi.org/10.1007/s100529800924
https://doi.org/10.1007/s100529800924
https://doi.org/10.1103/PhysRevD.68.092001
https://doi.org/10.1103/PhysRevD.83.032004
https://doi.org/10.1103/PhysRevD.83.032004
https://doi.org/10.1103/PhysRevD.102.051102
https://doi.org/10.1007/JHEP12(2020)139
https://doi.org/10.1007/JHEP12(2020)139
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1103/PhysRevLett.127.082001
https://doi.org/10.1103/PhysRevLett.131.071901
https://doi.org/10.1103/PhysRevLett.131.071901
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/9/09/P09007
https://doi.org/10.1088/1748-0221/9/09/P09007
https://doi.org/10.1088/1748-0221/9/01/P01002
https://doi.org/10.1088/1748-0221/9/01/P01002
https://doi.org/10.1088/1748-0221/12/11/P11016
https://doi.org/10.1088/1748-0221/12/11/P11016
https://doi.org/10.1140/epjc/s10052-013-2431-9
https://doi.org/10.1088/1748-0221/8/02/P02022
https://doi.org/10.1088/1748-0221/8/04/P04022
https://doi.org/10.1088/1748-0221/8/02/P02013
https://doi.org/10.1088/1748-0221/8/02/P02013
https://doi.org/10.1088/1742-6596/664/8/082025
https://doi.org/10.1088/1742-6596/664/8/082025
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1016/j.cpc.2015.09.013
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1140/epjc/s10052-018-6469-6
https://doi.org/10.1140/epjti/s40485-019-0050-z
https://doi.org/10.1140/epjti/s40485-019-0050-z
https://doi.org/10.1016/j.nima.2005.06.078
https://doi.org/10.1016/j.nima.2005.06.078
https://doi.org/10.1006/jcss.1997.1504
https://doi.org/10.22323/1.050.0040
https://doi.org/10.22323/1.050.0040
https://arXiv.org/abs/physics/0703039


[41] S. S. Wilks, The large-sample distribution of the likelihood
ratio for testing composite hypotheses, Ann. Math. Stat. 9,
60 (1938).

[42] M. Pivk and F. R. Le Diberder, sPlot: A statistical tool to
unfold data distributions, Nucl. Instrum. Methods Phys.
Res., Sect. A 555, 356 (2005).

[43] A. Poluektov, Kernel density estimation of a multidimen-
sional efficiency profile, J. Instrum. 10, P02011 (2015).

[44] D. Martínez Santos and F. Dupertuis, Mass distributions
marginalized over per-event errors, Nucl. Instrum. Methods
Phys. Res., Sect. A 764, 150 (2014).

[45] A. Martin Sanchez, P. Robbe, and M.-H. Schune, Perfor-
mances of the LHCb L0 calorimeter trigger, Report
No. LHCb-PUB-2011-026, No. CERN-LHCb-PUB-2011-
026, 2012.

[46] R. Aaij et al. (LHCb Collaboration), Measurement of the
branching fraction and CP asymmetry in Bþ → J=ψρþ

decays, Eur. Phys. J. C 79, 537 (2019).
[47] R. Aaij et al. (LHCb Collaboration), Measurement of the

branching fraction of the B0 → Dþ
s π− decay, Eur. Phys. J. C

81, 314 (2021).

[48] B. Efron, Bootstrap methods: Another look at the jackknife,
Ann. Stat. 7, 1 (1979).

[49] G. Bonvicini et al. (CLEO Collaboration), Updated
measurements of absolute Dþ and D0 hadronic branching
fractions and σðeþe− → DD̄Þ at Ecm ¼ 3774 MeV,
Phys. Rev. D 89, 072002 (2014); G. Bonvicini et al.
(CLEO Collaboration), Phys. Rev. D91, 019903(E)
(2015).

[50] P. del Amo Sanchez et al. (BABAR Collaboration),
Measurement of the absolute branching fractions
for D−

s → l−ν̄l and extraction of the decay constant
fDs

, Phys. Rev. D 82, 091103 (2010); 91, 019901(E)
(2015).

[51] P. U. E. Onyisi et al. (CLEO Collaboration), Improved
measurement of absolute hadronic branching fractions of
the Dþ

s meson, Phys. Rev. D 88, 032009 (2013).
[52] A. Zupanc et al. (Belle Collaboration), Measurements of

branching fractions of leptonic and hadronic Dþ
s meson

decays and extraction of the Dþ
s meson decay constant,

J. High Energy Phys. 09 (2013) 139.

R. Aaij ,32 A. S. W. Abdelmotteleb ,50 C. Abellan Beteta,44 F. Abudinén ,50 T. Ackernley ,54 B. Adeva ,40

M. Adinolfi ,48 H. Afsharnia,9 C. Agapopoulou ,13 C. A. Aidala ,77 S. Aiola ,25 Z. Ajaltouni,9 S. Akar ,59 K. Akiba ,32

J. Albrecht ,15 F. Alessio ,42 M. Alexander ,53 A. Alfonso Albero ,39 Z. Aliouche ,56 P. Alvarez Cartelle ,49

R. Amalric ,13 S. Amato ,2 J. L. Amey ,48 Y. Amhis ,11,42 L. An ,42 L. Anderlini ,22 M. Andersson ,44

A. Andreianov ,38 M. Andreotti ,21 D. Andreou ,62 D. Ao ,6 F. Archilli ,17 A. Artamonov ,38 M. Artuso ,62

E. Aslanides ,10 M. Atzeni ,44 B. Audurier ,12 S. Bachmann ,17 M. Bachmayer ,43 J. J. Back ,50 A. Bailly-reyre,13

P. Baladron Rodriguez ,40 V. Balagura ,12 W. Baldini ,21 J. Baptista de Souza Leite ,1 M. Barbetti ,22,j R. J. Barlow ,56

S. Barsuk ,11 W. Barter ,55 M. Bartolini ,49 F. Baryshnikov ,38 J. M. Basels ,14 G. Bassi ,29,p B. Batsukh ,4

A. Battig ,15 A. Bay ,43 A. Beck ,50 M. Becker ,15 F. Bedeschi ,29 I. B. Bediaga ,1 A. Beiter,62 V. Belavin,38

S. Belin ,40 V. Bellee ,44 K. Belous ,38 I. Belov ,38 I. Belyaev ,38 G. Benane ,10 G. Bencivenni ,23 E. Ben-Haim ,13

A. Berezhnoy ,38 R. Bernet ,44 S. Bernet Andres ,75 D. Berninghoff,17 H. C. Bernstein,62 C. Bertella ,56 A. Bertolin ,28

C. Betancourt ,44 F. Betti ,42 Ia. Bezshyiko ,44 S. Bhasin ,48 J. Bhom ,35 L. Bian ,68 M. S. Bieker ,15 N. V. Biesuz ,21

S. Bifani ,47 P. Billoir ,13 A. Biolchini ,32 M. Birch ,55 F. C. R. Bishop ,49 A. Bitadze ,56 A. Bizzeti , M. P. Blago ,49

T. Blake ,50 F. Blanc ,43 S. Blusk ,62 D. Bobulska ,53 J. A. Boelhauve ,15 O. Boente Garcia ,12 T. Boettcher ,59

A. Boldyrev ,38 C. S. Bolognani ,74 R. Bolzonella ,21,i N. Bondar ,38,42 F. Borgato ,28 S. Borghi ,56 M. Borsato ,17

J. T. Borsuk ,35 S. A. Bouchiba ,43 T. J. V. Bowcock ,54 A. Boyer ,42 C. Bozzi ,21 M. J. Bradley,55 S. Braun ,60

A. Brea Rodriguez ,40 J. Brodzicka ,35 A. Brossa Gonzalo ,40 J. Brown ,54 D. Brundu ,27 A. Buonaura ,44

L. Buonincontri ,28 A. T. Burke ,56 C. Burr ,42 A. Bursche,66 A. Butkevich ,38 J. S. Butter ,32 J. Buytaert ,42

W. Byczynski ,42 S. Cadeddu ,27 H. Cai,68 R. Calabrese ,21,i L. Calefice ,15 S. Cali ,23 R. Calladine,47 M. Calvi ,26,m

M. Calvo Gomez ,75 P. Campana ,23 D. H. Campora Perez ,74 A. F. Campoverde Quezada ,6 S. Capelli ,26,m

L. Capriotti ,20,g A. Carbone ,20,g G. Carboni ,31 R. Cardinale ,24,k A. Cardini ,27 I. Carli ,4 P. Carniti ,26,m L. Carus,14

A. Casais Vidal ,40 R. Caspary ,17 G. Casse ,54 M. Cattaneo ,42 G. Cavallero ,42 V. Cavallini ,21,i S. Celani ,43

J. Cerasoli ,10 D. Cervenkov ,57 A. J. Chadwick ,54 M. G. Chapman,48 M. Charles ,13 Ph. Charpentier ,42

C. A. Chavez Barajas ,54 M. Chefdeville ,8 C. Chen ,3 S. Chen ,4 A. Chernov ,35 S. Chernyshenko ,46

V. Chobanova ,40 S. Cholak ,43 M. Chrzaszcz ,35 A. Chubykin ,38 V. Chulikov ,38 P. Ciambrone ,23 M. F. Cicala ,50

X. Cid Vidal ,40 G. Ciezarek ,42 G. Ciullo ,21,i P. E. L. Clarke ,52 M. Clemencic ,42 H. V. Cliff ,49 J. Closier ,42

J. L. Cobbledick ,56 V. Coco ,42 J. A. B. Coelho ,11 J. Cogan ,10 E. Cogneras ,9 L. Cojocariu ,37 P. Collins ,42

T. Colombo ,42 L. Congedo ,19 A. Contu ,27 N. Cooke ,47 I. Corredoira ,40 G. Corti ,42 B. Couturier ,42

D. C. Craik ,58 J. Crkovská ,61 M. Cruz Torres ,1,e R. Currie ,52 C. L. Da Silva ,61 S. Dadabaev ,38 L. Dai ,65

FIRST OBSERVATION OF THE Bþ → Dþ
s D−

s Kþ … PHYS. REV. D 108, 034012 (2023)

034012-9

https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1088/1748-0221/10/02/P02011
https://doi.org/10.1016/j.nima.2014.06.081
https://doi.org/10.1016/j.nima.2014.06.081
https://doi.org/10.1140/epjc/s10052-019-6698-3
https://doi.org/10.1140/epjc/s10052-020-08790-2
https://doi.org/10.1140/epjc/s10052-020-08790-2
https://doi.org/10.1214/aos/1176344552
https://doi.org/10.1103/PhysRevD.89.072002
https://doi.org/10.1103/PhysRevD.91.019903
https://doi.org/10.1103/PhysRevD.91.019903
https://doi.org/10.1103/PhysRevD.82.091103
https://doi.org/10.1103/PhysRevD.91.019901
https://doi.org/10.1103/PhysRevD.91.019901
https://doi.org/10.1103/PhysRevD.88.032009
https://doi.org/10.1007/JHEP09(2013)139
https://orcid.org/0000-0003-0533-1952
https://orcid.org/0000-0001-7905-0542
https://orcid.org/0000-0002-6737-3528
https://orcid.org/0000-0002-5951-3498
https://orcid.org/0000-0001-9756-3712
https://orcid.org/0000-0002-1326-1264
https://orcid.org/0000-0002-2368-0147
https://orcid.org/0000-0001-9540-4988
https://orcid.org/0000-0001-6209-7627
https://orcid.org/0000-0003-0288-9694
https://orcid.org/0000-0002-6736-471X
https://orcid.org/0000-0001-8636-1621
https://orcid.org/0000-0001-5317-1098
https://orcid.org/0000-0002-8148-2392
https://orcid.org/0000-0001-6025-0675
https://orcid.org/0000-0003-0897-4160
https://orcid.org/0000-0003-1652-2834
https://orcid.org/0000-0003-4595-2729
https://orcid.org/0000-0002-3277-0662
https://orcid.org/0000-0002-2597-3808
https://orcid.org/0000-0003-4282-1512
https://orcid.org/0000-0002-3274-5627
https://orcid.org/0000-0001-6808-2418
https://orcid.org/0000-0003-3594-9163
https://orcid.org/0000-0002-6273-0506
https://orcid.org/0000-0003-2918-1311
https://orcid.org/0000-0001-6288-0558
https://orcid.org/0000-0003-1647-4238
https://orcid.org/0000-0002-1779-6813
https://orcid.org/0000-0002-2785-2233
https://orcid.org/0000-0002-5991-7273
https://orcid.org/0000-0003-3286-683X
https://orcid.org/0000-0002-3208-3336
https://orcid.org/0000-0001-9090-4254
https://orcid.org/0000-0002-1186-3894
https://orcid.org/0000-0001-5996-2747
https://orcid.org/0000-0001-7791-4490
https://orcid.org/0000-0003-4240-2094
https://orcid.org/0000-0002-1611-7188
https://orcid.org/0000-0001-7658-8777
https://orcid.org/0000-0002-4442-5372
https://orcid.org/0000-0002-6704-6914
https://orcid.org/0000-0002-8295-8612
https://orcid.org/0000-0002-0898-6551
https://orcid.org/0000-0002-9264-4799
https://orcid.org/0000-0002-8479-5802
https://orcid.org/0000-0002-6418-6428
https://orcid.org/0000-0001-5860-8770
https://orcid.org/0000-0002-2145-3805
https://orcid.org/0000-0003-1020-2549
https://orcid.org/0009-0001-6252-960X
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-4872-1213
https://orcid.org/0000-0002-7972-8760
https://orcid.org/0000-0002-8315-2119
https://orcid.org/0000-0001-7806-5283
https://orcid.org/0000-0001-7154-1304
https://orcid.org/0000-0001-5314-0953
https://orcid.org/0000-0003-0014-2589
https://orcid.org/0000-0003-1699-9202
https://orcid.org/0000-0002-7458-7030
https://orcid.org/0000-0002-8176-8315
https://orcid.org/0000-0002-5107-0610
https://orcid.org/0000-0002-9510-8414
https://orcid.org/0000-0002-4431-7582
https://orcid.org/0000-0002-4856-8063
https://orcid.org/0000-0002-4515-7541
https://orcid.org/0000-0002-3160-147X
https://orcid.org/0000-0003-1393-4315
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0002-2395-235X
https://orcid.org/0000-0002-4315-6414
https://orcid.org/0000-0002-0146-0717
https://orcid.org/0000-0002-9709-903X
https://orcid.org/0000-0001-5209-5097
https://orcid.org/0000-0001-7113-7862
https://orcid.org/0000-0003-3004-0946
https://orcid.org/0000-0001-7072-4854
https://orcid.org/0000-0001-5433-9876
https://orcid.org/0000-0001-6064-9993
https://orcid.org/0000-0001-9157-4461
https://orcid.org/0000-0002-0023-3897
https://orcid.org/0000-0001-7979-1092
https://orcid.org/0000-0001-5729-5530
https://orcid.org/0000-0001-7542-2388
https://orcid.org/0000-0002-0259-5891
https://orcid.org/0000-0001-5775-3132
https://orcid.org/0000-0001-9170-684X
https://orcid.org/0000-0002-3003-9980
https://orcid.org/0000-0002-3543-9959
https://orcid.org/0000-0003-0261-8085
https://orcid.org/0000-0002-2439-9955
https://orcid.org/0000-0002-7872-6819
https://orcid.org/0000-0003-3752-6789
https://orcid.org/0000-0002-0055-0577
https://orcid.org/0000-0003-2714-9879
https://orcid.org/0000-0002-3149-6710
https://orcid.org/0000-0001-5135-1511
https://orcid.org/0000-0001-5760-2924
https://orcid.org/0000-0002-9065-9030
https://orcid.org/0000-0002-0044-6470
https://orcid.org/0000-0002-3505-6915
https://orcid.org/0000-0002-9909-0186
https://orcid.org/0000-0001-6782-3982
https://orcid.org/0000-0002-4489-1314
https://orcid.org/0000-0001-5650-445X
https://orcid.org/0000-0002-8556-0597
https://orcid.org/0000-0002-4442-1048
https://orcid.org/0000-0001-9846-9672
https://orcid.org/0000-0003-4457-5896
https://orcid.org/0000-0003-4907-6463
https://orcid.org/0000-0002-1480-454X
https://orcid.org/0000-0003-0243-0517
https://orcid.org/0000-0002-5155-1094
https://orcid.org/0000-0001-9542-1411
https://orcid.org/0000-0002-1816-536X
https://orcid.org/0000-0002-7958-6790
https://orcid.org/0009-0008-0187-3395
https://orcid.org/0000-0002-7763-500X
https://orcid.org/0000-0002-1354-5400
https://orcid.org/0000-0001-6401-1583
https://orcid.org/0000-0001-9056-0711
https://orcid.org/0000-0002-8797-1357
https://orcid.org/0000-0001-5588-1448
https://orcid.org/0000-0001-8233-1951
https://orcid.org/0000-0001-8998-9975
https://orcid.org/0000-0003-1968-1216
https://orcid.org/0000-0002-8444-4498
https://orcid.org/0000-0003-4899-0587
https://orcid.org/0000-0002-7045-2243
https://orcid.org/0000-0003-1128-8276
https://orcid.org/0000-0002-7835-7638
https://orcid.org/0000-0002-6649-0298
https://orcid.org/0000-0002-0411-1141
https://orcid.org/0000-0002-7820-2732
https://orcid.org/0000-0003-0469-2588
https://orcid.org/0000-0002-1449-1619
https://orcid.org/0000-0002-8516-237X
https://orcid.org/0000-0001-7707-169X
https://orcid.org/0000-0002-8342-7047
https://orcid.org/0000-0001-7601-129X
https://orcid.org/0000-0003-4715-7622
https://orcid.org/0000-0001-9777-881X
https://orcid.org/0000-0002-1865-741X
https://orcid.org/0000-0003-3537-9404
https://orcid.org/0000-0003-4795-498X
https://orcid.org/0000-0001-9295-8635
https://orcid.org/0000-0002-4602-8661
https://orcid.org/0000-0002-6553-6493
https://orcid.org/0000-0002-3400-5489
https://orcid.org/0000-0002-8647-1828
https://orcid.org/0000-0003-0232-6808
https://orcid.org/0000-0002-2546-6080
https://orcid.org/0000-0002-1353-6002
https://orcid.org/0000-0001-8091-4766
https://orcid.org/0000-0001-7901-8710
https://orcid.org/0000-0003-1061-9643
https://orcid.org/0000-0002-7767-9117
https://orcid.org/0000-0003-0253-9846
https://orcid.org/0000-0003-0678-5809
https://orcid.org/0000-0002-0468-541X
https://orcid.org/0000-0003-1002-8368
https://orcid.org/0000-0001-8297-2206
https://orcid.org/0000-0003-3746-0732
https://orcid.org/0000-0003-1710-6824
https://orcid.org/0000-0003-0531-0916
https://orcid.org/0000-0002-0228-9130
https://orcid.org/0000-0002-5146-9605
https://orcid.org/0000-0002-5310-6808
https://orcid.org/0000-0001-5615-3899
https://orcid.org/0000-0001-7194-7566
https://orcid.org/0000-0002-8933-9427
https://orcid.org/0000-0002-1281-5923
https://orcid.org/0000-0003-1437-4022
https://orcid.org/0000-0002-9617-9687
https://orcid.org/0000-0003-4536-4644
https://orcid.org/0000-0002-3545-2969
https://orcid.org/0000-0002-4179-3700
https://orcid.org/0000-0002-6089-0899
https://orcid.org/0000-0003-2857-4471
https://orcid.org/0000-0001-6749-1033
https://orcid.org/0000-0002-3684-1560
https://orcid.org/0000-0002-7946-7580
https://orcid.org/0000-0003-2607-131X
https://orcid.org/0000-0002-0166-9529
https://orcid.org/0000-0003-4106-8258
https://orcid.org/0000-0002-0093-3244
https://orcid.org/0000-0002-4070-4729


X. Dai ,5 E. Dall’Occo ,15 J. Dalseno ,40 C. D’Ambrosio ,42 J. Daniel ,9 A. Danilina ,38 P. d’Argent ,15

J. E. Davies ,56 A. Davis ,56 O. De Aguiar Francisco ,56 J. de Boer ,42 K. De Bruyn ,73 S. De Capua ,56

M. De Cian ,43 U. De Freitas Carneiro Da Graca ,1 E. De Lucia ,23 J. M. De Miranda ,1 L. De Paula ,2

M. De Serio ,19,f D. De Simone ,44 P. De Simone ,23 F. De Vellis ,15 J. A. de Vries ,74 C. T. Dean ,61

F. Debernardis ,19,f D. Decamp ,8 V. Dedu ,10 L. Del Buono ,13 B. Delaney ,58 H.-P. Dembinski ,15 V. Denysenko ,44

O. Deschamps ,9 F. Dettori ,27,h B. Dey ,71 A. Di Cicco ,23 P. Di Nezza ,23 I. Diachkov ,38 S. Didenko ,38

L. Dieste Maronas,40 S. Ding ,62 V. Dobishuk ,46 A. Dolmatov,38 C. Dong ,3 A. M. Donohoe ,18 F. Dordei ,27

A. C. dos Reis ,1 L. Douglas,53 A. G. Downes ,8 M.W. Dudek ,35 L. Dufour ,42 V. Duk ,72 P. Durante ,42

J. M. Durham ,61 D. Dutta ,56 A. Dziurda ,35 A. Dzyuba ,38 S. Easo ,51 U. Egede ,63 V. Egorychev ,38 S. Eidelman,38,†

C. Eirea Orro,40 S. Eisenhardt ,52 E. Ejopu ,56 S. Ek-In ,43 L. Eklund ,76 S. Ely ,62 A. Ene ,37 E. Epple ,61

S. Escher ,14 J. Eschle ,44 S. Esen ,44 T. Evans ,56 F. Fabiano ,27,h L. N. Falcao ,1 Y. Fan ,6 B. Fang ,68 S. Farry ,54

D. Fazzini ,26,m M. Feo ,42 M. Fernandez Gomez ,40 A. D. Fernez ,60 F. Ferrari ,20 L. Ferreira Lopes ,43

F. Ferreira Rodrigues ,2 S. Ferreres Sole ,32 M. Ferrillo ,44 M. Ferro-Luzzi ,42 S. Filippov ,38 R. A. Fini ,19

M. Fiorini ,21,i M. Firlej ,34 K. M. Fischer ,57 D. S. Fitzgerald ,77 C. Fitzpatrick ,56 T. Fiutowski ,34 F. Fleuret ,12

M. Fontana ,13 F. Fontanelli ,24,k R. Forty ,42 D. Foulds-Holt ,49 V. Franco Lima ,54 M. Franco Sevilla ,60

M. Frank ,42 E. Franzoso ,21,i G. Frau ,17 C. Frei ,42 D. A. Friday ,53 J. Fu ,6 Q. Fuehring ,15 T. Fulghesu ,13

E. Gabriel ,32 G. Galati ,19,f M. D. Galati ,73 A. Gallas Torreira ,40 D. Galli ,20,g S. Gambetta ,52,42 Y. Gan ,3

M. Gandelman ,2 P. Gandini ,25 Y. Gao ,5 M. Garau ,27,h L. M. Garcia Martin ,50 P. Garcia Moreno ,39

J. García Pardiñas ,26,m B. Garcia Plana,40 F. A. Garcia Rosales ,12 L. Garrido ,39 C. Gaspar ,42 R. E. Geertsema ,32

D. Gerick,17 L. L. Gerken ,15 E. Gersabeck ,56 M. Gersabeck ,56 T. Gershon ,50 L. Giambastiani ,28 V. Gibson ,49

H. K. Giemza ,36 A. L. Gilman ,57 M. Giovannetti ,23,s A. Gioventù ,40 P. Gironella Gironell ,39 C. Giugliano ,21,i

M. A. Giza ,35 K. Gizdov ,52 E. L. Gkougkousis ,42 V. V. Gligorov ,13,42 C. Göbel ,64 E. Golobardes ,75

D. Golubkov ,38 A. Golutvin ,55,38 A. Gomes ,1,a S. Gomez Fernandez ,39 F. Goncalves Abrantes ,57 M. Goncerz ,35

G. Gong ,3 I. V. Gorelov ,38 C. Gotti ,26 J. P. Grabowski ,17 T. Grammatico ,13 L. A. Granado Cardoso ,42

E. Graugés ,39 E. Graverini ,43 G. Graziani , A. T. Grecu ,37 L. M. Greeven ,32 N. A. Grieser ,4 L. Grillo ,53

S. Gromov ,38 B. R. Gruberg Cazon ,57 C. Gu ,3 M. Guarise ,21,i M. Guittiere ,11 P. A. Günther ,17 E. Gushchin ,38

A. Guth,14 Y. Guz ,38 T. Gys ,42 T. Hadavizadeh ,63 G. Haefeli ,43 C. Haen ,42 J. Haimberger ,42 S. C. Haines ,49

T. Halewood-leagas ,54 M.M. Halvorsen ,42 P. M. Hamilton ,60 J. Hammerich ,54 Q. Han ,7 X. Han ,17

E. B. Hansen ,56 S. Hansmann-Menzemer ,17,42 L. Hao ,6 N. Harnew ,57 T. Harrison ,54 C. Hasse ,42 M. Hatch ,42

J. He ,6,c K. Heijhoff ,32 K. Heinicke ,15 C. Henderson ,59 R. D. L. Henderson ,63,50 A. M. Hennequin ,58

K. Hennessy ,54 L. Henry ,42 J. H Herd ,55 J. Heuel ,14 A. Hicheur ,2 D. Hill ,43 M. Hilton ,56 S. E. Hollitt ,15

J. Horswill ,56 R. Hou ,7 Y. Hou ,8 J. Hu,17 J. Hu ,66 W. Hu ,5 X. Hu ,3 W. Huang ,6 X. Huang,68 W. Hulsbergen ,32

R. J. Hunter ,50 M. Hushchyn ,38 D. Hutchcroft ,54 P. Ibis ,15 M. Idzik ,34 D. Ilin ,38 P. Ilten ,59 A. Inglessi ,38

A. Iniukhin ,38 A. Ishteev ,38 K. Ivshin ,38 R. Jacobsson ,42 H. Jage ,14 S. J. Jaimes Elles ,41 S. Jakobsen ,42

E. Jans ,32 B. K. Jashal ,41 A. Jawahery ,60 V. Jevtic ,15 E. Jiang ,60 X. Jiang ,4,6 Y. Jiang ,6 M. John ,57

D. Johnson ,58 C. R. Jones ,49 T. P. Jones ,50 B. Jost ,42 N. Jurik ,42 I. Juszczak ,35 S. Kandybei ,45 Y. Kang ,3

M. Karacson ,42 D. Karpenkov ,38 M. Karpov ,38 J. W. Kautz ,59 F. Keizer ,42 D. M. Keller ,62 M. Kenzie ,50

T. Ketel ,32 B. Khanji ,15 A. Kharisova ,38 S. Kholodenko ,38 G. Khreich ,11 T. Kirn ,14 V. S. Kirsebom ,43

O. Kitouni ,58 S. Klaver ,33 N. Kleijne ,29,p K. Klimaszewski ,36 M. R. Kmiec ,36 S. Koliiev ,46 A. Kondybayeva ,38

A. Konoplyannikov ,38 P. Kopciewicz ,34 R. Kopecna,17 P. Koppenburg ,32 M. Korolev ,38 I. Kostiuk ,32,46 O. Kot,46

S. Kotriakhova , A. Kozachuk ,38 P. Kravchenko ,38 L. Kravchuk ,38 R. D. Krawczyk ,42 M. Kreps ,50

S. Kretzschmar ,14 P. Krokovny ,38 W. Krupa ,34 W. Krzemien ,36 J. Kubat,17 W. Kucewicz ,35,34 M. Kucharczyk ,35

V. Kudryavtsev ,38 G. J. Kunde,61 A. Kupsc ,76 D. Lacarrere ,42 G. Lafferty ,56 A. Lai ,27 A. Lampis ,27,h

D. Lancierini ,44 C. Landesa Gomez ,40 J. J. Lane ,56 R. Lane ,48 G. Lanfranchi ,23 C. Langenbruch ,14 J. Langer ,15

O. Lantwin ,38 T. Latham ,50 F. Lazzari ,29,t M. Lazzaroni ,25 R. Le Gac ,10 S. H. Lee ,77 R. Lefèvre ,9 A. Leflat ,38
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uAlso at Università di Urbino, Urbino, Italy.
vAlso at MSU—Iligan Institute of Technology (MSU-IIT), Iligan, Philippines.
wAlso at Universidad de Alcalá, Alcalá de Henares, Spain.

R. AAIJ et al. PHYS. REV. D 108, 034012 (2023)

034012-14


