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A study is presented of Bþ → K0
SK

−πþKþ and Bþ → K0
SK

þπ−Kþ decays based on the analysis of
proton-proton collision data collected with the LHCb detector at center-of-mass energies of 7, 8 and
13 TeV, corresponding to an integrated luminosity of 9 fb−1. The K0

SKπ invariant-mass distributions of
both Bþ decay modes show, in the mðK0

SKπÞ < 1.85 GeV mass region, large activity which is resolved
using an amplitude analysis. A simple model, where JPC amplitudes are described by multiple
Breit-Wigner functions with appropriate angular distributions, provides a good description
of the experimental data. In this approach a complex mixture of JPC ¼ 0−þ, 1þþ and 1þ− amplitudes
is observed that is dominated by ηð1405Þ, ηð1470Þ, ηð1760Þ, f1ð1285Þ, f1ð1420Þ and h1ð1405Þ
resonances. The K0

SKπ Dalitz plots are dominated by asymmetric crossing K�K̄ bands which are
different for the two Bþ decay modes. This is due to a different interference pattern between the 1þþ

and 1þ− amplitudes in the two channels. Branching fractions are measured for each resonant
contribution.
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I. INTRODUCTION

Quantum chromodynamics (QCD) allows, in addition to
mesons and baryons, the existence of exotic states such as
glueballs, hybrids, and multiquark states. In particular,
gluonium states have been extensively searched for over the
past few decades in several processes such as radiative
decays of charmonium, central production, p̄p annihila-
tions, etc. [1]. The experimental confirmation of states
having valence gluon content would provide fundamental
information about QCD in the confinement regime and
would be a direct test of QCD theory [2]. Significant
progress on the experimental side has been made, but many
issues remain unresolved [1,3]. In the sector of the
pseudoscalar glueball [4], phenomenological models [5–7]
calculate a mass around 1.4 GeV,1 while lattice QCD
calculations [2] predict a mass around 2.5 GeV. The
difference in predicted masses is caused by the assumed
effective gluon mass inside the hadrons [4].
One of the most interesting and disputed questions is the

nature of the pseudoscalar structure with a mass around

1.4 GeV, the so-called “ιð1440Þ” state. This was first
observed in the early 1980s by the Mark II and Crystal
Ball Collaborations [8,9] in the KK̄π final state using J=ψ
radiative decays. A summary of the experimental and
phenomenological status of the subject can be found in
Ref. [10]. The structure has been subsequently confirmed
by different experiments and is often interpreted as the
combination of three states: two pseudoscalars, the
ηð1405Þ, ηð1475Þ and one axial state, the f1ð1420Þ meson
[11]. Pseudoscalar structures in the mass region below
2 GeV are also observed in the ηð0Þππ and VV (where V
refers to ρ, ω vector mesons) final states [10]. Whether
these observed pseudoscalar structures originate from the
same source remains unclear. However, an amplitude
analysis of J=ψ → γωω decays by the BES experiment
provides strong evidence of a pseudoscalar state, labeled as
the ηð1760Þ [12]. Recently, the BESIII experiment has
performed a high-yield partial-wave analysis of the
K0

SK
0
Sπ

0 system produced in radiative J=ψ decays [13],
confirming the previously observed resonance composition
of the structure around 1.4 GeV.
The K0

SKπ mass region below 1.6 GeV is further
complicated by the presence of two JPC ¼ 1þþ states,
f1ð1420Þ and f1ð1510Þ, both potential candidates for the ss̄
member of the JPC ¼ 1þþ nonet. The f1ð1420Þ state is
observed in π−p interactions and central production [14],
while the f1ð1510Þ resonance is mostly seen in K−p
interactions [15,16]. In the latter, strong interference effects
are observed between the JPC ¼ 1þþ f1ð1510Þ and the
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JPC ¼ 1þ− h1ð1415Þ states [15]. The presence of two
JPC ¼ 1þþ states close in mass suggests the possibility
that the f1ð1420Þ could be a K�K̄ molecule [17].
In the present paper, a study of the Bþ → K0

SK
−πþKþ

and Bþ → K0
SK

þπ−Kþ final states is presented.2 These
decays can proceed through different diagrams, as shown in
Fig. 1. Decays of B mesons to final states with strangeness
have been proposed as potential channels for searching for
gluonium states [18]. A possible diagram for the production
of a gluonium state R0 decaying to K0

SKπ is shown in
Fig. 1(a). However, in the same B decays, contributions
from ss̄ and uū resonances are also expected [see
Figs. 1(b)–1(d)]. Possible diagrams describing the
Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ nonresonant

decays are shown in Fig. 2. Note that the K0
SKπ system

is charge-conjugated in the two Bþ decay modes.3

Very little is known at present about charmless B decays
to pseudoscalar and axial meson resonances [19]. The
BABAR Collaboration [20] has studied neutral resonances,
referred to R0 in the following, in the Bþ → R0Kþ decays,
where the R0 mass spectra were interpreted as signals from
ηð1475Þ → K�K̄ and ηð1295Þ → ηπþπ−.

II. DETECTOR, DATA AND SIMULATION

The LHCb detector [21,22] 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 elements particularly relevant to this analysis
are a silicon-strip vertex detector (VELO) [23] surrounding
the pp interaction region that allows c and b hadrons to be
identified by exploiting their characteristically long flight
distance; a tracking system that provides a measurement of
the momentum, p, of charged particles; and two ring-
imaging Cherenkov detectors that are able to discriminate
between different species of charged hadrons. 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.
The analysis is performed on pp collisions data at

center-of-mass energies 7, 8 and 13 TeV collected by
the LHCb experiment during Runs 1 and 2 and corre-
sponding to an integrated luminosity of 9 fb−1. 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. During
offline selection, trigger signatures are associated with
reconstructed particles. Since the trigger system uses the
transverse momentum of the charged particles with respect
to the beam axis, pT, the phase-space and time acceptance
is different for events where signal tracks were involved in
the trigger decision and those where the trigger decision
was made using information from the rest of the event only.
Data from both trigger conditions are used but studied
separately for consistency tests and for the evaluation of
systematic uncertainties.
Simulation is required to model the effects of the detector

acceptance and the applied selection requirements. In the
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FIG. 1. Possible diagrams for Bþ decays involving the production of a resonance R0 being (a) a gluonium state, (b) a ss̄meson, or (c),
(d) an uū meson.

2The inclusion of charge-conjugate processes is implied
throughout the paper.

3Kaons and pions charges are not indicated when the sentence
refers to both Bþ decay modes.
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simulation, pp collisions are generated using PYTHIA [25]
with a specific LHCb configuration [26]. Decays
of unstable particles are described by EvtGen [27], in
which final-state radiation is generated using PHOTOS

[28]. The interaction of the generated particles with the
detector, and its response, are implemented using the Geant4

toolkit [29] as described in Ref. [30]. In the simulation, Bþ
meson decays are modeled according to a phase-space
distribution.

III. EVENT SELECTION

This paper presents a study of the two Bþ decay modes,
Bþ → ðK0

SK
−πþÞKþ and Bþ → ðK0

SK
þπ−ÞKþ [31], in the

region of mðK0
SKπÞ < 1.85 GeV. Candidate K0

S mesons
are reconstructed via their decay into the πþπ− final state,
classified into two categories. The first includes K0

S mesons
that decay early enough for the pions to be reconstructed
within the VELO, referred to as long K0

S (K0
SLL). The

second category includes K0
S mesons that decay later,

resulting in pion track segments that lie outside the
VELO, referred to as downstream K0

S (K0
SDD). While the

K0
SLL category has better mass, momentum and vertex

resolution, the number of K0
SDD candidates is approxi-

mately twice as large.
Candidate Bþ mesons are formed by combining the K0

S
candidate with three additional charged tracks. A kinematic
fit of the entire decay tree is performed [32], under the
assumption that the Bþ candidate originates from a good-
quality primary vertex. The selection of K0

S and Bþ

candidates requires appropriate particle-identification
information for each track and imposes broad invariant-
mass selections around the known K0

S and Bþ masses [19].
To suppress background contribution, in particular the

combinatorial background formed from random combina-
tions of unrelated tracks, the candidates satisfying the trigger
requirements are filtered by a loose selection, followed by a
multivariate analysis optimized separately for each final state.
The selection criteria are tuned to minimize correlation of the
signal efficiency with the kinematic variables, resulting in
better control of the corresponding systematic uncertainties.
As a result, the selection reliesminimally on the kinematics of

the final-state particles and instead focuses on the topological
features associated with the detached vertex of the Bþ
candidate. These features include the impact parameters of
the Bþ candidate and its decay products, the fit quality of the
decay vertices of the Bþ and K0

S candidates, and the
separation of these vertices from each other and from the
primary vertex.
The separation of signal from combinatorial background

is achieved by means of a boosted decision tree (BDT)
classifier [33,34], implemented within the TMVA toolkit
[35]. For this analysis a BDT with a gradient boosting
algorithm [36] is used, with separate classifiers for theK0

SLL
and K0

SDD categories.
Although the amplitude analysis is performed for

mðK0
SKπÞ < 1.85 GeV (see Sec. V), to obtain information

on the resonant contribution in an extended mass region,
the classifiers are trained using data and simulated
signal decays with mðK0

SKπÞ < 2.5 GeV from both Bþ

decay modes. The simulation matches the relative yields of
the dataset at the various center-of-mass energies. It is
assumed that the efficiencies for the reconstruction of the
Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ decays are the

same. Data from the lower and upper mass sidebands of the
Bþ signal region are used as background proxy in the BDT
training, as indicated in Fig. 3. The composition of the
background sample reflects the data-taking conditions, and
events from the sidebands from both Bþ decays are
included in equal proportions. The optimization of the
BDT-classifier working point is performed by considering
the figure of merit

S ¼ Nsigffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p ; ð1Þ

where Nsig and Nbkg represent the Bþ signal, respectively,
in the signal region and combinatorial background yield in
the signal region evaluated by fitting the mðK0

SKπKÞ mass
distributions.
In order to facilitate the extraction of the K0

S and Bþ
signal and combinatorial background components from
these invariant-mass spectra, a kinematic fit of the decay
without constraints on the masses of the K0

S and Bþ is
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FIG. 2. Possible diagrams describing (a) Bþ → K0K−πþKþ and (b) Bþ → K̄0Kþπ−Kþ nonresonant decays.
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performed. The binned πþπ− invariant-mass distributions
for K0

SLL and K0
SDD candidates are fitted separately. The fit

model uses the sum of two Gaussian functions sharing the
same mean for the signal and a linear function for the
background. An effective resolution is computed as

σeff ¼ fσ1 þ ð1 − fÞσ2; ð2Þ

where σ1 and σ2 indicate the width of the two Gaussian
functions and f is the fraction of the first Gaussian
contribution. The resulting effective resolutions are
σeff ¼ 2.5 MeV and σeff ¼ 6.5 MeV for the LL and DD
categories, respectively. The K0

S signals are selected within
3.0σeff of the fitted K0

S mass of 497.8 MeV.
To improve the resolution of the other invariant masses,

the energy of the selected candidate K0
S is calculated as

EK0
S
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
K0

S
þm2

K0
S

q
; ð3Þ

where pK0
S
is the reconstructed K0

S momentum and mK0
S
the

known K0
S mass [19]. Compared to using the K0

S mass
constraint, this method achieves the same resolution for the
K0

SKπK invariant mass but results in a slightly worse
resolution, by ∼6%, for theK0

SKπ invariant mass. However,
it retains the ability to extract both the Bþ and K0

S signals
and the combinatorial background from a fit to the K0

SKπK
and πþπ− invariant-mass spectra.

Particle identification of the three charged hadrons is
performed using the output of a neural network (NN)
trained on the information of all the relevant subdetectors.
The figures of merit are expressed as PK¼NNKð1−NNπÞ
for kaon identification and Pπ ¼ NNπð1 − NNKÞ for pion
identification, where NNπ and NNK are the NN proba-
bilities for pion and kaon identification, respectively. Very
loose selections are applied to these quantities to maximize
the significance of the Bþ candidate invariant-mass peak
as a function of PK or Pπ. Tests performed using a large
ηc → K0

SKπ sample [31] show that ð0.35� 0.05Þ% and
ð3.0� 0.1Þ% of ηc signal decays are removed from both
Bþ decays under the pion and kaon hypotheses, respec-
tively. This procedure ensures that minimal bias is intro-
duced into the angular distributions of the Bþ decays. With
such particle-identification requirements it is found that
data and simulation agree, in fractional ηc losses, within 2
standard deviations (σ).
Figure 3 shows the K0

SK
−πþKþ and K0

SK
þπ−Kþ invari-

ant-mass spectra for the selected candidates, separated by
K0

SLL and K0
SDD categories. The fits give a signal peak Bþ-

mass value of 5280.0 MeV and an effective width of
σeff ¼ 17.7 MeV. Signal candidates are selected in a
window of �2σeff (used in the amplitude analysis reported
in Sec. V) of the fitted Bþ mass, common to the four
datasets. Table I lists the fitted yields and purities (P) in the
Bþ signal region for the different datasets, where the purity
is defined as
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FIG. 3. Distributions of the (top) K0
SK

−πþKþ and (bottom) K0
SK

þπ−Kþ invariant mass for (left) K0
SLL and (right) K0

SDD candidates.
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P ¼ Nsig

Nsig þ Nbkg
: ð4Þ

It is found that P, for the four datasets, does not depend on
the collision energy nor the data-taking conditions, which
simplifies the amplitude analysis and they are analyzed
together. Approximately 0.02% of the events contain
multiple Bþ decay candidates, all of which are retained
for further analysis.
The K0

SKπ invariant-mass spectra for events in the Bþ

signal region, summed over the K0
SLL and K0

SDD datasets,
are shown in Fig. 4. The lower and upper mass sidebands
around the Bþ signal peak, representing the background,
defined in the ranges [−6σeff ;−4σeff ] and [4σeff ; 6σeff ], are
superimposed onto the K0

SKπ invariant-mass spectrum
from the Bþ signal region. For the Bþ → K0

SK
þπ−Kþ

final state, which has two kaons with the same charge, the
smallest of the two possible mass combinations is plotted.
Notably, for mðK0

SKπÞ < 2.3 GeV, there is only one
combination possible.
TheK0

SKπmass spectra show a peak at the position of the
f1ð1285Þ resonance, followed by a broad enhancement
suggesting the presence of several states. A D0 → K0

SKπ
peak is visible, originating from the open-charm decay
Bþ → D̄0Kþ. The structure above 1.9 GeV, which appears
only in the background samples, is due to reflections from

D0 → K0
Sπ

þπ− decays, where one pion is misidentified as a
kaon. This D0 background contribution has two different
sources: (a)Bþ → D̄0πþ and (b)D0 open-charm production
in the background. The Bþ contribution is reconstructed by
assigning the pion mass to both kaon candidates and
selecting the candidate if the recalculated masses fall within
mass windows around the D0 and Bþ masses. The con-
tribution (b) is reconstructed after having enhanced the D0

signal by requiring the K0
Sπ

� mass to be in the K�� mass
region. The combination of these two selections is illustrated
by the black distributions shown in Fig. 4. This contribution
is subsequently removed from the sideband sample.

IV. MASS RESOLUTION, EFFICIENCY AND
BACKGROUND

The K0
SKπ mass resolution is obtained from simulation

as the difference between true and reconstructed mass in
slices of the K0

SKπ mass. The resolution is described by the
sum of two Gaussian functions, with σeff [see Eq. (2)]
varying across the K0

SKπ invariant-mass values range
1.3 < mðK0

SKπÞ < 1.9 GeV. For K0
SLL candidates σeff

spans from 4.5 to 7.0 MeV, while for K0
SDD candidates it

ranges from 5.5 to 9.0 MeV. Since the width of the
resonances present in this mass range is much larger than
the experimental resolution, its effect is ignored. An
exception is the f1ð1285Þ resonance, whose description
is discussed in Sec. VI A.
Several angular variables are used to show projected

distributions and determine the efficiency profiles. The Bþ
decay can be described by the process

B → ðK0
SKπÞK4; ð5Þ

where K indicates the kaon participating in resonant decay
to the K0

SKπ system, with mðK0
SKπÞ < 1.85 GeV, and K4

is the spectator kaon.

TABLE I. Fitted Bþ signal yield and purity for K0
SK

−πþKþ

and K0
SK

þπ−Kþ final states separated by K0
S type.

Final state Bþ signal yield Bþ purity [%]

K0
SK

−πþKþ

K0
SLL 2911� 68 87.1� 0.6

K0
SDD 7672� 116 87.7� 0.4

K0
SK

þπ−Kþ

K0
SLL 3497� 86 83.5� 0.6

K0
SDD 8955� 112 83.7� 0.4
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FIG. 4. K0
SKπ invariant-mass distributions for (a) Bþ → K0

SK
−πþKþ and (b) Bþ → K0

SK
þπ−Kþ candidates in the Bþ signal region.

The gray distributions are obtained from the Bþ mass sidebands normalized to the expected background in the signal region; the black
distributions show the D0 → K0

Sπ
þπ− reflection from pions misidentified as kaons.
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The angular distributions used in this analysis are
defined as follows and illustrated in Fig. 5. The angle
θπðθKÞ is defined as the angle between the KðπÞ in the
K0

SKðK0
SπÞ rest frame and the K0

SKðK0
SπÞ direction in the

K0
SKπ rest frame. Similarly, the angle θK4

is defined by
exchanging K with K4. Finally, ϕK is the angle formed by
the spectator K4 momentum with the normal to the K0

SKπ
decay plane.

A. Efficiency

The kinematics of a four-body decay are fully described
by five independent variables. A mixture of invariant-mass
combinations and decay angles is used as variables in this
analysis. The various possible invariant-mass combinations
have different kinematic bounds; therefore, mass-reduced
variables are used instead as they always range between 0
and 1. They are defined as [37]

mx ¼
1

π
arccos

�
2

m −mmin

mmax −mmin
− 1

�
; ð6Þ

where m, mmin and mmax indicate the invariant-mass and its
minimum and maximum kinematically allowed values,

respectively. Note that the mx ranges are reduced by the
request mðK0

SKπÞ < 1.85 GeV.
Two types of efficiencies are evaluated, total and local.

The total efficiency describes the effects of the
reconstruction on the full phase space of the Bþ decay
to the four-body final state. Local efficiencies are evalu-
ated in the specific K0

SKπ mass region considered in the
present analysis. The efficiencies are evaluated using
simulated samples that undergo the same reconstruction
and selection criteria as the data. Efficiency distributions
are determined by taking the ratio of selected to generated
events, projected onto the relevant kinematic variables. A
comparison of the pT distributions of Bþ candidates
between simulation and data shows a small disagreement,
which is corrected by weighting the former to match the
latter.
The total efficiency for the two Bþ decay modes is

evaluated in an iterative manner as described in Ref. [31].
The local efficiency is evaluated separately for K0

SLL and
K0

SDD simulations using the same method.
First, the variable whose efficiency distribution shows

the most significant deviation from uniformity, mxðK0
SK4Þ,

is identified. Figure 6 shows the efficiency projected onto
mxðK0

SK4Þ separately for the K0
SLL and K0

SDD samples and
the result of a fit with a seventh-order polynomial function,
labeled as ϵ1ðmxðK0

SK4ÞÞ. The simulated candidates
are then weighted by the inverse of the efficiency
1=ϵ1ðmxðK0

SK4ÞÞ and a second variable (mxðK0
SKÞ) is

chosen and fitted with a fifth-order polynomial function,
labeled as ϵ2ðmxðK0

SKÞÞ. The events are then weighted by
the factor 1=ðϵ1ðmxðK0

SK4ÞÞ · ϵ2ðmxðK0
SKÞÞÞ. The process

continues in this fashion, terminating when the efficiency
is consistent with being uniform across all nine of
the considered variables [mðK0

SKπÞ, five two-body
mxðK0

SπðKÞÞ combinations and the three angular variables,
cos θK, cos θK0

S
and cosϕ] both in their one- and two-

dimensional projections. The total efficiency for each K0
S

category, ϵLL and ϵDD, is found to be well described by the
following functions:

(a)

S
0K

K
K)

S
0(K

(b)

K

S
0K

K
K)

S
0(K

(c)

4K

S
0K

4K
)4KS

0(K
(d)

K
S
0K

K

4K

FIG. 5. Diagrams illustrating the angular variables θπ , θK , θK4

and ϕK .

)4KSLL
0K(xm

0.2 0.4 0.6

ef
fic

ie
nc

y 
[a

.u
.]

0

2

4

6

8
(a)LHCb

Simulation
fit

)4KSDD
0K(xm

0.2 0.4 0.6

ef
fic

ie
nc

y 
[a

.u
.]

0

10

20

30

40 (b)LHCb
Simulation

fit

FIG. 6. Efficiency projections (in arbitrary units) on mxðK0
SK4Þ for the (a) K0

SLL and (b) K0
SDD samples with mðK0

SKπÞ < 1.85 GeV.

R. AAIJ et al. PHYS. REV. D 111, 092009 (2025)

092009-6



ϵLL ¼ ϵ1ðmxðK0
SK4ÞÞ · ϵ2ðmxðK0

SKÞÞ · ϵ3ðcosϕÞ · ϵ4ðmxðK0
SπÞÞ;

ϵDD ¼ ϵ1ðmxðK0
SK4ÞÞ · ϵ2ðmxðK0

SKÞÞ · ϵ3ðcosϕÞ: ð7Þ

Figure 7 shows the resulting efficiency distributions
across the Dalitz plot for mðK0

SKπÞ < 1.85 GeV while
Fig. 8 shows the normalized efficiency projected onto cosϕ
and cos θπ .

B. Description of the background

The background distribution is obtained by inspecting
the Bþ mass sidebands where the K0

SLL and K0
SDD data are

combined and performing an unbinned maximum-like-
lihood fit to the K0

SKπ and two-body mass distributions.
The K0

SKπ mass distribution is described by a fourth-order
polynomial function, while the two-particle mass distribu-
tions are modeled including the contributions from charged
and neutral K�ð892Þ resonances with parameters fixed to
known values [19], and a nonresonant contribution. The
former are modeled with relativistic Breit-Wigner (BW)

functions, while the latter is represented by a constant
value. In the following K�

neð892Þ and K�
chð892Þ indicate the

neutral and charged K�ð892Þ contributions, respectively.
Figure 9 shows the K0

SKπ mass spectra of the Bþ
sidebands along with the result from the fits. The two-
particle mass distributions and fits results are shown in
Fig. 10, with the fit results listed in Table II.

V. AMPLITUDE ANALYSIS

Figure 11 shows the K0
SKπ Dalitz plot in the 1.30 <

mðK0
SKπÞ < 1.85 GeV mass region, separately for Bþ →

K0
SK

−πþKþ (10,830 candidates) and Bþ → K0
SK

þπ−Kþ

(12,930 candidates). The distributions are dominated by
two intersecting bands associated with the K�

neð892Þ and
K�

chð892Þ resonances. Notably, the event distribution along
the bands is not uniform, due to the spin of the contributing
resonances and their interference. A comparison between
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the Bþ → K0
SK

−πþKþ and Bþ → K0
SK

þπ−Kþ data reveals
opposite behavior in the interference pattern between the
K�

neð892Þ and K�
chð892Þ bands.

A. Fitting method

An amplitude analysis of Bþ → K0
SK

−πþKþ and
Bþ → K0

SK
þπ−Kþ decays is performed with two unbinned

maximum-likelihood fits, one for each decay channel. The
likelihood function is defined as

L ¼
YN
n¼1

�
Pϵðy⃗nÞ

P
i;jcic

�
jAiðx⃗nÞA�

jðx⃗nÞP
i;jcic

�
j IAiA�

j

þ ð1 − PÞ
P

kfkBkðz⃗nÞP
kfkIBk

�
; ð8Þ

whereN is the number of events in the Bþ signal region and
P is the signal purity listed in Table I; ϵðy⃗nÞ is the efficiency
parametrized as described in Sec. IVA in terms of the list of
mass-reduced variables, here indicated by y⃗n; the Aiðx⃗nÞ
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function, modeled by the nonrelativistic Zemach-tensor
formalism [38–40], described in Appendix A and listed in
Table XV, describes the complex signal-amplitude
contribution parametrized as a function of the list of
parameters x⃗n. The parameter ci is the complex coefficient
for the ith signal component, which is allowed to vary in the
fit. One amplitude, the largest, is taken as the reference by
setting jcij ¼ 1with zero phase. The term Bkðz⃗nÞ represents
the background probability-density function, described
in terms of the parameters z⃗n as discussed in Sec. IV B.
It is assumed that interference between signal and
background amplitudes can be ignored. The parameter
fk is the magnitude of the kth background component,
obtained from the fit to the candidates in the side-
band regions as described in Sec. IV B. The terms
IAiA�

j
¼ R

Aiðx⃗ÞA�
jðx⃗Þϵðy⃗Þdx⃗dy⃗ and IBk

¼ R
Bkðz⃗Þdz⃗ are

normalization integrals. They are determined through
numerical integration on phase-space-generated events,
with initial-state masses for the signal and background
samples set according to their respective distributions
measured from the Bþ-candidate mass. The K0

SLL and
K0

SDD datasets enter in the likelihood function according
to their efficiency and purity.
For each contribution, resonant or nonresonant, the

fraction is defined as

fi ¼
jcij2

R jAiðx⃗Þj2dx⃗R jPjcjAjðx⃗Þj2dx⃗
: ð9Þ

The fractions fi do not necessarily sum to 100% because of
interference effects. The uncertainty of each fi is evaluated
by propagating the covariance matrix obtained from the fit.
Interference fractions are evaluated as

fij ¼
R
2Re½cic�jAiðx⃗ÞA�

jðx⃗Þ�dx⃗R jPjcjAjðx⃗Þj2dx⃗
: ð10Þ

To evaluate the quality of the fit, a large simulated
sample is prepared, where events are generated uniformly
in the phase space [41]. These events are weighted by the
fitted likelihood function, normalized to the yields in data
and compared to the data distribution on several invariant-
mass and angular projections. Several two-dimensional
distributions are divided into a grid of n × n cells. In total
Ncells cells are considered whose weighted yield is at least
two. A χ2 estimator is used, defined as

χ2 ¼
XNcells

i¼1

ðNi
obs − Ni

expÞ2=σ2; ð11Þ

where Ni
obs and Ni

exp are event yields from data and

simulation, respectively. Here σ ≡
ffiffiffiffiffiffiffiffiffi
Ni

exp

q
for cells con-

taining more than nine entries, while it is approximated as
the average of the lower and upper Poisson uncertainties at
the 68% confidence level for lower statistics cells. The
figure of merit for the fit quality is defined as χ2=n:d:f:,
with n:d:f: ¼ Ncells − npar − 1, where npar is the number of
free parameters and one degree of freedom is removed
because of the normalization constraint.

VI. AMPLITUDE FIT

A. Study of the f 1ð1285Þ mass region

The f1ð1285Þ state is a well-known resonance with
established JP ¼ 1þ quantum numbers. The resonance is
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FIG. 11. Dalitz plot distribution of the K0
SKπ system for candidates with 1.30 < mðK0

SKπÞ < 1.85 GeV for (a) Bþ → K0
SK

−πþKþ

and (b) Bþ → K0
SK

þπ−Kþ decays.

TABLE II. Yields and fractional composition of the back-
ground from a fit to the candidates in the Bþ mass sidebands for
K0

SK
−πþKþ and K0

SK
þπ−Kþ decays.

Final state Candidates K�
neð892Þ K�

chð892Þ Nonresonant

K0
SK

−πþKþ 1702 0.110� 0.016 0.177� 0.018 0.713� 0.025

K0
SK

þπ−Kþ 1933 0.126� 0.016 0.073� 0.016 0.801� 0.022
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narrow and located in the threshold region of the K0
SKπ

phase space; therefore, little interference with other reso-
nant amplitudes is expected. Therefore a study of this
resonance allows to perform a simple test of the amplitude
analysis model to correctly obtain a good description of the
data and confirm the f1ð1285Þ quantum numbers. The data
from both Bþ decay modes are added as we do not
expect significant differences. The f1ð1285Þ decays to
the K0

SKπ final state mainly through the a0ð980Þπ inter-
mediate state [19], hereafter denoted as a0π. Figure 12
shows the low-mass region of the K0

SKπ spectrum,
summed over the K0

SLL, K0
SDD, Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ data samples, where a significant
f1ð1285Þ signal is observed.
The data are fitted using the modulus squared of the BW

function

BWðmÞ ¼ 1

ðm0 −mÞ − iΓ=2
; ð12Þ

wherem indicates the K0
SKπ mass, multiplied by a function

representing the K0
SKπ phase space for the signal and a

second-order polynomial function for the background.
Since the known width of the f1ð1285Þ resonance,
Γ ¼ 23.0� 1.1 MeV [19], is comparable with the average
mass resolution in this region, σ ¼ 5.3 MeV, the signal is
alternatively modeled using a BW convolved with the
experimental mass resolution fixed to this value. This fit is
shown in Fig. 12 with the results from both fits summarized
in Table III.
Both approaches yield similar-quality fits and results,

though the width is larger without the BW convolution (see
Table III). However, for simplicity, the BW model with no
convolution is used to describe the f1ð1285Þ line shape in
the amplitude analysis described in Sec. VI B.

An amplitude analysis of the data in the f1ð1285Þ
mass region is performed by selecting candidates in the
1.248 < mðK0

SKπÞ < 1.318 GeV interval and combining
the Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ data sam-

ples. This sample corresponds to 497 events and a Bþ
purity of P ¼ 0.890� 0.015.
Three different hypotheses, listed in Table IV, are used to

fit the data; in all cases the interference between the different
contributions is included. In fit (a), the fit model consists of
two contributions: JP¼1þ f1ð1285Þ→a0ð980Þπ and a
phase-space (PS) contribution. In fit (b), the f1ð1285Þ
resonance is assumed to have quantum numbers JP ¼ 0−.
This hypothesis is discarded by the fit, having a much worse
likelihood and χ2=n:d:f: values. For (c) an additional
ηð1295Þ → a0ð980Þπ contribution is included. This gives
a similar quality to fit (a) but returns large interference terms.
The fraction of this additional contribution is 0.129� 0.050,
consistent with zero within 2.6σ. Given the low significance
and the large interference effects, fit (c) is discardedwhile fit
(a) is considered as the baseline solution. These results are
confirmed by the full amplitude analysis of the K0

SKπ mass
spectrum (see Sec. VI B). The fit projections, with compar-
isons between JP ¼ 1þ and JP ¼ 0− f1ð1285Þ assignments,
are shown in Fig. 13.
To better visualize the difference between the two JPC

hypotheses, Fig. 14 shows the fit projections to the cos θK0 ,
cos θπ and cosϕK distributions. A significant discriminant
power can be observed in the distribution of cosϕK due to
the f1ð1285Þ resonance originating from a Bþ decay.
The quoted χ2=n:d:f: value listed in Table IV for the

three different scenarios is obtained by dividing the Dalitz
plot into a 10 × 10 grid and using the method described in
Sec. VA.

B. Amplitude analysis of the full low-mass K0
SKπ region

It is well known that the BW function provides a
simplified description, strictly valid only in cases of
isolated, single resonances, far away from thresholds. In
the present analysis a particularly complex problem is
faced, with the presence, in a limited mass region, of
several interfering amplitudes with different quantum
numbers. This approach, taking into account its limitations,
is employed to describe the data in the present analysis.
An unbinned maximum-likelihood fit is performed to the

data in the low-mass region mðK0
SKπÞ < 1.85 GeV

inserting all possible resonances which decay into the
K0

SKπ final state [19]. The Bþ → K0
SK

−πþKþ and
Bþ → K0

SK
þπ−Kþ data are fitted separately. A search
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FIG. 12. Fit to the mðK0
SKπÞ mass distribution in the f1ð1285Þ

mass region with the result of the fit also shown. The dashed line
indicates the fitted background; the vertical dotted lines indicate
the region used for the amplitude analysis.

TABLE III. Results from the fits in the f1ð1285Þ mass region.

Fitting method χ2=n:d:f: m0 [MeV] Γ [MeV] Yield

BW with resolution 13.3=22 1283.5� 1.5 27.4� 5.6 360� 50
BW 13.6=22 1283.5� 1.6 32.3� 5.4 381� 51

R. AAIJ et al. PHYS. REV. D 111, 092009 (2025)

092009-10



for the best solution is performed by adding resonances one
by one and considering as figures of merit the significance
of their fit fractions, which relates to the increase of the
likelihood and the decreasing χ2=n:d:f:. Defining the
significance of a given contribution σR ≡ f=δf, where f
and δf are the fitted fraction and the corresponding
statistical error, contributions with σR < 3 are discarded.
The list of resonances contributing to the two Bþ decay
modes is given in Table V. In addition, a nonresonant
phase-space contribution and incoherent K�

neð892Þ and
K�

chð892Þ contributions are included, modeled by relativ-
istic Breit-Wigner functions with no angular dependence.

According to the results of Ref. [13], R0 resonances are also
allowed to decay directly to the K0

SKπ final state, here
described by a constant term, neglecting a possible inter-
mediate contribution from the K�

0ð700Þ whose parameters
are affected by large uncertainties [19].
Different fitting sequences are tried, taking as reference

amplitude the JPC ¼ 0−þ ηð1475Þ → K�K̄ or the
JPC ¼ 1þþ f1ð1420Þ → K�K̄, which are found to be
significant in all the fits. Additional contributions are
included and removed to test their significance and the
effects on the fitting sequence. After finding the best
solution, additional tests are performed to evaluate the
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FIG. 13. (a) Dalitz plot of candidates in the f1ð1285Þ mass region and (b)–(d) projections with the fit result also shown.

TABLE IV. Results from the amplitude analysis of the f1ð1285Þ mass region. Likelihood variations are evaluated with respect to the
baseline fit (a). Positive changes in the Δð−2 logLÞ means better results.

Amplitudes Δð−2 logLÞ Fractions Sum of fractions χ2=n:d:f:

(a) 1þf1ð1285Þ; PS � � � 0.601� 0.042, 0.392� 0.042 0.993 62=66 ¼ 0.94
(b) 0−f1ð1285Þ; PS −405.3 0.164� 0.041, 0.784� 0.104 0.948 85=64 ¼ 1.32
(c) 1þf1ð1285Þ; PS; 19.7 0.577� 0.043, 0.766� 0.101 1.471 64=66 ¼ 0.97

0−ηð1295Þ 0.129� 0.050
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significance of lower-level contributions. It is concluded
that the baseline solution described below is unique and the
list of resonances that describe the data is the same for both
Bþ decay modes.
In the baseline fit, the amplitude for the ηð1475Þ → K�K̄

decay is used as a reference, with parameters fixed to the
values of Ref. [13]. The fit-fraction and relative-
phase results from the fits to the Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ data are summarized in Table VI.

The fits find the same resonance composition for
both Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ decays

and the results can be summarized as follows. The decay
Bþ → R0ð→ K0

SKπÞKþ is dominated by pseudoscalar
ηð1405Þ, ηð1475Þ and ηð1760Þ resonances, which contrib-
ute via the K�K̄, a0π and direct K0

SKπ decay modes.
Contributions from a0ð1450Þπ are tested but found con-
sistent with zero. Significant contributions from the JPC ¼
1þþ f1ð1420Þ and f1ð1510Þ resonances are also observed.
Concerning the negative C-parity states, the JPC ¼ 1þ−

h1ð1415Þ resonance is present in both S and D waves (see
Table XV) as well as the h1ð1595Þ resonance, which
contributes only in the S-wave decay mode.
An attempt to include the ηð1295Þ → a0π contribution is

made, but the significance σR is found to be below the
threshold defined above. An f02ð1525Þ component is also
included, but its fit fraction is consistent with zero as
expected due to the very small branching fraction reported
in Ref. [13]. Similarly, the presence of a ϕð1680Þ resonance
is tested but rejected by the fits to the data.
The sum of the fractions exceeds 100%, indicating the

presence of interference effects. The majority of the
interference terms are found to be very small. However,
contributions with fractions greater than 5% are present and
are mostly due to resonances decaying directly to K0

SKπ or
via global PS contributions.
A comparison is made between the results obtained from

the amplitude analyses of the two Bþ decays. This is
achieved by introducing the significance nσ1, defined as
Δf=δ, where Δf indicates the fraction difference and δ is
the associated statistical uncertainty. A significance nσ2 is
also evaluated by replacing ϵ as the sum in quadrature of the
statistical and systematic uncertainties. Similar quantities
are defined for the evaluation of the significance of the
phase difference Δϕ.
The results, summarized in Table VII, can be outlined as

follows. Most of the fractional contributions are consistent
between the two Bþ decay modes. A few fractional
contributions have nσ1 > 5 but with lower significances
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FIG. 14. Angular distributions in the f1ð1285Þ mass region with fit projections corresponding to the two JPC hypotheses.

TABLE V. List of the light-meson R0 resonances which
contribute to the Bþ decays studied. For the ηð1475Þ resonance
both the PDG values [19] (in parentheses) and values from
Ref. [13] are listed. For other resonances PDG values are shown.
The f1ð1285Þ width has been increased to 32.3 MeV to take into
account the experimental resolution (see Sec. VI A). The decay
products of the h1 resonances can be in either a relative S or D
wave (see Table XV).

Resonance JPC m0 [MeV] Γ [MeV] Decay mode

ηð1295Þ 0−þ 1294.4� 4 55� 5 a0π
ηð1405Þ 0−þ 1408.8� 2 50.1� 2.6 a0π

K�K̄
PS

ηð1475Þ 0−þ (1475� 4) (90� 9) a0π
1507.6� 1.6 115.8� 2.4 K�K̄

PS
ηð1760Þ 0−þ 1751� 15 240� 30 a0π

K�K̄
PS

f1ð1285Þ 1þþ 1281.9� 0.5 22.7� 1.1 a0π
ð32.3Þ

f1ð1420Þ 1þþ 1426.3� 0.9 54.5� 2.6 K�K̄
f1ð1510Þ 1þþ 1518� 5 73� 25 K�K̄
h1ð1415Þ 1þ− 1416� 8 90� 15 K�K̄½S�

K�K̄½D�
h1ð1595Þ 1þ− 1594� 15 384� 60 K�K̄½S�

K�K̄½D�
η2ð1645Þ 2−þ 1617� 5 181� 11 a0π

K�K̄

R. AAIJ et al. PHYS. REV. D 111, 092009 (2025)

092009-12



TABLE VII. Fit fractions and relative-phase differences between the results from amplitude analyses of the Bþ → K0
SK

−πþKþ and
Bþ → K0

SK
þπ−Kþ decay modes. The significances nσ1 and nσ2 defined in the text are also listed for each contribution.

Contribution Decay Δf nσ1 nσ2 Δϕ nσ1 nσ2

ηð1475Þ K�K̄ 0.5� 1.5� 1.8 0.3 0.2 � � � � � � � � �
a0π −0.4� 0.6� 0.5 0.7 0.6 0.26� 0.24� 0.20 1.1 0.8
PS 6.2� 2.5� 3.5 2.5 1.5 −0.24� 0.15� 0.18 1.6 1.0
Total 6.3� 3.0� 3.9 2.1 1.3 � � � � � � � � �

ηð1760Þ K�K̄ −1.1� 0.6� 0.6 1.9 1.4 −0.37� 0.21� 0.34 1.8 0.9
a0π 0.3� 0.5� 0.4 0.5 0.4 −0.95� 0.19� 0.31 5.0 2.6
PS −11.4� 3.0� 5.8 3.9 1.8 −0.32� 0.12� 0.29 2.6 1.0
Total −12.2� 3.0� 5.8 4.1 2.0 � � � � � � � � �

ηð1405Þ K�K̄ 1.2� 0.8� 2.0 1.5 0.5 −0.09� 0.15� 0.27 0.6 0.3
PS −1.2� 0.8� 1.2 1.5 0.8 −0.19� 0.17� 0.34 1.1 0.5
Total 0.0� 1.1� 2.3 0.0 0.0 � � � � � � � � �

f1ð1285Þ a0π −0.1� 0.3� 0.3 0.2 0.2 0.1� 0.2� 0.3 0.7 0.4
f1ð1420Þ K�K̄ 4.8� 0.9� 2.7 5.6 1.7 −0.4� 0.1� 0.4 3.3 1.1
h1ð1415Þ K�K̄½S� −8.6� 1.5� 4.1 5.8 2.0 3.0� 0.1� 0.6 26.7 5.1

K�K̄½D� 0.9� 0.4� 0.3 2.4 1.9 2.4� 0.11� 0.5 21.6 5.3
Total −7.7� 1.5� 4.1 5.0 1.8 � � � � � � � � �

f1ð1510Þ K�K̄ 0.3� 0.5� 3.0 0.6 0.1 −0.35� 0.13� 0.52 2.8 0.7
h1ð1595Þ K�K̄½S� −9.5� 1.7� 3.1 5.8 2.7 −2.76� 0.10� 0.52 27.6 5.3
η2ð1645Þ K�K̄ 0.8� 0.3� 0.8 3.0 0.9 0.13� 0.16� 0.13 0.8 0.7
PS −6.8� 3.5� 5.8 2.0 1.0 0.28� 0.11� 0.22 2.5 1.1

TABLE VI. Results of the amplitude analysis for the two Bþ → R0ð→ K0
SKπÞKþ final states. The parameters of the listed

contributions are given in Table V.

Bþ → K0
SK

−πþKþ Bþ → K0
SK

þπ−Kþ

Contribution Decay Fraction [%] Phase [rad] Fraction [%] Phase [rad]

ηð1475Þ K�K̄ 10.7� 1.1� 1.1 0 10.3� 1.1� 1.4 0
a0π 1.4� 0.4� 0.4 3.18� 0.19� 0.15 1.8� 0.4� 0.4 2.92� 0.14� 0.13
PS 15.2� 2.1� 2.1 3.33� 0.10� 0.12 8.9� 1.4� 2.7 3.57� 0.11� 0.13
Total 27.4� 2.4� 2.4 � � � 21.0� 1.8� 3.1 � � �

ηð1760Þ K�K̄ 1.9� 0.4� 0.3 −1.53� 0.16� 0.28 3.1� 0.4� 0.5 −1.16� 0.13� 0.20
a0π 2.0� 0.4� 0.3 2.11� 0.15� 0.20 1.7� 0.4� 0.3 3.06� 0.12� 0.24
PS 11.9� 1.8� 2.7 1.60� 0.10� 0.19 23.2� 2.4� 5.1 1.92� 0.07� 0.22
Total 15.8� 1.9� 2.7 � � � 27.9� 2.5� 5.1 � � �

ηð1405Þ K�K̄ 3.5� 0.6� 1.9 −0.10� 0.10� 0.20 2.3� 0.5� 0.7 −0.01� 0.11� 0.18
PS 5.2� 0.5� 0.8 1.77� 0.11� 0.28 6.4� 0.5� 0.9 1.96� 0.13� 0.20
Total 8.7� 0.8� 2.0 � � � 8.6� 0.7� 1.1 � � �

f1ð1285Þ a0π 2.0� 0.2� 0.2 −0.35� 0.13� 0.26 2.0� 0.2� 0.2 −0.47� 0.11� 0.12
f1ð1420Þ K�K̄ 11.4� 0.7� 2.1 4.25� 0.08� 0.23 6.6� 0.5� 1.7 4.67� 0.10� 0.27
h1ð1415Þ K�K̄½S� 10.0� 0.9� 2.0 4.59� 0.08� 0.20 18.6� 1.2� 3.5 1.57� 0.08� 0.55

K�K̄½D� 3.3� 0.3� 0.2 −0.13� 0.08� 0.16 2.4� 0.3� 0.2 −2.57� 0.08� 0.42
Total 13.3� 1.0� 2.0 � � � 21.0� 1.2� 3.6 � � �

f1ð1510Þ K�K̄ 2.9� 0.4� 1.2 −3.23� 0.09� 0.47 2.6� 0.3� 2.7 −2.88� 0.09� 0.23
h1ð1595Þ K�K̄½S� 5.3� 0.8� 1.4 1.44� 0.08� 0.19 14.8� 1.4� 2.8 4.20� 0.06� 0.48
η2ð1645Þ K�K̄ 1.6� 0.2� 0.8 2.28� 0.10� 0.09 0.8� 0.2� 0.2 2.15� 0.12� 0.09
PS 18.2� 2.4� 2.9 3.13� 0.09� 0.15 25.1� 2.6� 5.0 2.85� 0.07� 0.16
K�

ne 3.2� 0.4� 0.3 −0.87� 0.08� 0.22 2.0� 0.3� 0.3 −1.36� 0.08� 0.16
K�

ch 8.4� 0.7� 0.9 −0.86� 0.07� 0.19 2.8� 0.4� 1.0 −0.82� 0.07� 0.10

Sum 118.0� 4.3� 6.2 � � � 135.5� 4.6� 9.7 � � �
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when nσ2 is considered. In addition it can be noted that
relative phases of positive C-parity contributions are con-
sistent, while significant differences are observed for
negative C-parity resonance contributions. This effect is
observed here for the first time.
In Sec. V a significant difference is found between

the K0
SKπ Dalitz plots for Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ datawhich are explained by the observed
phase differences in the two decay modes. Figure 15 shows
the K0

SKπ mass spectrum and Fig. 16 the two-body mass

projections for Bþ → K0
SK

−πþKþ and Bþ → K0
SK

þπ−Kþ

data together with the projections of the fit. Note the different
behavior in theKπ mass distributions between the two decay
channels.A reasonable agreement between the fit and the data
is observed in all the distributions.
Figures 17 and 18 show the invariant-mass distributions

and the fitted functions weighted by Legendre-polynomial
moments up to order eight, for Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ data, respectively. A good agreement
between the data and the fit is observed for all the
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distributions, indicating that the fit is capable of reproduc-
ing local structure observed in the Dalitz plot. A compari-
son between the two figures emphasizes once more the
difference in the angular distributions between the two Bþ

decay modes.
An additional test on the fit quality is performed by

evaluating the χ2=n:d:f: value of different two-dimensional
distributions, divided into 40 × 40 cells, following the
method described in Sec. VA. The results are listed in
Table VIII and confirm the good description of the data in
most of the distributions. A few higher χ2=n:d:f: values are
present as systematic uncertainties are not included by
construction. These are possibly related to imperfections in
the fitting model or poor knowledge of the parameters of
some resonance contributions [19].

C. Partial-wave decomposition

Figure 19 shows the K0
SKπ mass spectra for the two

decay modes with contributions of the different resonances
superimposed. Here, the squared moduli of the amplitudes
are summed over all their partial decay modes.
The composition of the structure around 1.5 GeV resulting

from this analysis is rather complex. A superposition of
ηð1405Þ, f1ð1420Þ and ηð1475Þ is present, with similar frac-
tional composition to that obtained from radiative J=ψ decays
[11,13]. In addition, significant contributions from h1ð1415Þ,
h1ð1595Þ andf1ð1510Þ resonances are found.The ratios of fit
fractions for thef1ð1420Þ andh1ð1415Þ resonances are found
to be rather different, 0.86� 0.08� 0.20 and 0.32� 0.03�
0.10 forBþ → K0

SK
−πþKþ andBþ → K0

SK
þπ−Kþ decays,

respectively [Figs. 19(b) and 19(d)].
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Other experiments also studied the K0
SKπ system. The

f1ð1510Þ resonance was first observed in K−p interactions
by the ACNO Collaboration [16] where it is found that this
state fits well the hypothesis of being the ss̄ member of the
JPC ¼ 1þþ nonet. Furthermore, the h1ð1415Þ was first
observed in K−p interactions [15] through a significant
interference with the f1ð1510Þ resonance. On the other
hand, the f1ð1420Þ resonance dominates the K0

SKπ mass
spectrum in central production [14] and a molecular
assignment for this resonance has been proposed [17].

VII. SYSTEMATIC UNCERTAINTIES AND TESTS

Several systematic uncertainties are evaluated and
listed in Tables XVI and XVII of Appendix B for

Bþ → K0
SK

−πþKþ and Bþ → K0
SK

þπ−Kþ data, respec-
tively. In the baseline fits the radius r, which enters the
Blatt-Weisskopf form factors [42] used by the relativistic
BW function describing theK�ð892Þ resonances, is fixed to
2.5 GeV−1 [31]. This value is varied to 1.5 and 3.5 GeV−1

and the average of the variations with respect to the baseline
fit results is taken as systematic uncertainties (listed as r in
Tables XVI and XVII).
The mass and width of the resonances included in this

analysis are fixed to their known values, as listed in Table V.
Attempts to vary these parameters freely during the fits
were unsuccessful due to fit instabilities introduced by the
large number of free parameters. The uncertainty associated
to this effect is evaluated by performing 100 alternative fits
to data where, in each fit, the mass and width of each
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resonance is randomly sampled from Gaussian functions
based on their known values and uncertainties [19], also
listed in Table V. The root mean squares of the differences
with respect to the baseline fit results are taken as
systematic uncertainties (indicated as BW).
The a0ð980Þ resonance is described by a coupled-channel

Breit-Wigner described by Eq. (A3) in Appendix A. The
measured parameters describing the resonance are varied
within their known statistical uncertainties, and the averages

of the absolute deviations from the baseline fit results are
taken as systematic uncertainties (indicated as a0).
The effect of the uncertainty on the efficiency model is

evaluated by repeating the fit using a modified model where
the last correction term in the functional expressions
describing the efficiency in Eq. (7) is removed for both
K0

SLL and K0
SDD datasets. The deviations of the fit results

from the baseline values are small (indicated as eff).
The uncertainty due to the background model is evalu-

ated by varying within uncertainties the purity of the Bþ
signal, listed in Table I, and the fitted fractions of the K�
contributions describing the background model and listed
in Table II. The averages of the absolute deviations of the
fitted fractions and phases from the baseline fit results are
assigned as systematic uncertainties (indicated as bkg).
The K0

SKπ mass spectrum has limited phase space near
the threshold and a large number of simulation samples are
performed to evaluate normalization integrals. To assess the
impact on the results, the number of the simulated
candidates is doubled and halved and the average of the
resulting variations with respect the baseline fit results is
taken as systematic uncertainty (indicated as int).
The effect of the trigger (trig) on the composition of the

dataset is evaluated by first recomputing separate efficien-
cies for the two types of trigger samples (described in
Sec. II) and separate K0

SLL and K0
SDD simulations. The
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FIG. 19. K0
SKπ invariant-mass distribution of (a),(b) Bþ → K0

SK
−πþKþ and (c),(d) Bþ → K0

SK
þπ−Kþ decays.

TABLE VIII. Results from the χ2=n:d:f: tests on various
two-dimensional distributions for Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ data.

Bþ decay mode Variables χ2=n:d:f:

Bþ → K0
SK

−πþKþðmðK0
SK

−πþÞ; cos θπÞ 1328=1113 ¼ 1.19
ðm2ðK−πþÞ; m2ðK0

Sπ
þÞÞ 920=809 ¼ 1.14

ðmXðK−πþÞ; cos θK0Þ 1230=1102 ¼ 1.12
ðmXðKþK−πþÞ; cos θKþÞ 994=964 ¼ 1.03
ðmXðK0

Sπ
þÞ; cos θKÞ 1316=1039 ¼ 1.27

Bþ → K0
SK

þπ−KþðmðK0
SK

þπ−Þ; cos θπÞ 1201=1185 ¼ 1.01
ðm2ðKþπ−Þ; m2ðK0

Sπ
−ÞÞ 1063=847 ¼ 1.25

ðmXðKþπ−Þ; cos θK0Þ 1222=1142 ¼ 1.07
ðmXðKþKþπ−Þ; cos θKþÞ 1286=1064 ¼ 1.21
ðmXðK0

Sπ
þÞ; cos θKÞ 1117=1084 ¼ 1.03
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K0
SK

−πþKþ and K0
SK

þπ−Kþ mass spectra are also fitted
separately to evaluate the purities in each subsample. Then,
the likelihood function given by Eq. (8) is modified in order
to include separate contributions for each dataset. The
increase of the likelihood value determines a small
improvement in the description of the data. The absolute
deviations from the baseline fit results are included as
systematic uncertainties. The different sources of system-
atic uncertainties are added in quadrature assuming no
correlations among them, with the total uncertainties listed
in Tables XVI and XVII in Appendix B.
Further tests of the amplitude model are performed for

which no sizable impact on the results is found. Possible fit
biases are evaluated by generating, from the baseline fit
solution, large samples of pseudoexperiments having the
same size as the datasets. These samples are then fitted with
the same baseline model, with deviations on the fractions
and relative phases from the baseline fit results evaluated. It
is found that the average values of these deviations are
found to be consistent with zero, and the root-mean-square
values of the distributions agree well with the statistical
uncertainties resulting from the fits to the data.
The effect of a small discrepancy between data and

simulation in the calculation of the tracking efficiency is
evaluated by applying corrections to the simulation based
on high-yield control samples. It is found that the kinematic
variables used in the description of the data and simulation
are not affected by these corrections. Charge conjugation
on Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ decays is

tested by fitting separately Bþ and B− data. The differences
in the fractions and phases are found consistent with zero
within uncertainties.
In Sec. IV [Eq. (5)] it is assumed that theK0

SKπ system is
“decoupled” from the kaon (K4) which is assumed to be a
spectator. This assumption is reasonable given the strong
kinematic constraint of mðK0

SKπÞ < 1.85 GeV, which
removes all possible resonances involving particles from
the K0

SKπ system and the spectator kaon. Therefore two-
body and three-body invariant-mass combinations involv-
ing the spectator kaon should behave just as phase space
(see Appendix C). It is found that the fit reproduces all of
the invariant-mass distributions reasonably well.

VIII. MEASUREMENT OF THE BRANCHING
FRACTIONS

Branching fractions for the process Bþ → R0Kþ chan-
nels are evaluated. Table IX reports the branching fractions
measured in Ref. [31] for Bþ → K0

SK
−πþKþ and

Bþ → K0
SK

þπ−Kþ decays using as reference the known
Bþ → ηcKþ and Bþ → J=ψKþ branching fractions [19].
The amplitude analysis discussed in Sec. VI evaluates the

fraction of events fR for resonance R0 in the mðK0
SKπÞ <

1.85 GeV region. Using this information, it is possible to
compute the branching fraction for resonance R0 as

BðBþ → R0ð→ K0K�π∓ÞKþÞ ¼ fR ·R · B · fK0 ; ð13Þ

where fK0 indicates the correction for the unseen K0 decay
modes. This correction takes into account BðK0 →
πþπ−Þ ¼ 0.6920� 0.0005 [19] and a factor of 2 for the
K0

L component in the K0 meson, yielding a total factor
fK0 ¼ 2.890� 0.001. The R factor is computed using
efficiency-corrected data as

R ¼ NðmðK0
SKπÞ < 1.85 GeVÞ

Ntot
; ð14Þ

where NðmðK0
SKπÞÞ indicates the event yield in the indi-

cated mass region and Ntot the total B → K0
SKπK event

yield.
To evaluate the above ratios, the total efficiency correc-

tion for the four-body decay Bþ → K0
SK

−πþKþ is used, as
described in Ref. [31]. The candidates are weighted by the
inverse of the total efficiency, and the resulting K0

SKπK
mass spectra are fitted to obtain the total Bþ yields. The
same method is used to obtain the efficiency-corrected
yield for mðK0

SKπÞ < 1.85 GeV. Tables X and XI
give information on the uncorrected and corrected Bþ

yields. Before evaluating the Bþ → K0
SK

−πþKþ and
Bþ → K0

SK
þπ−Kþ yields, background contributions from

open-charm b-hadron decays Bþ → DðsÞX, where X indi-
cates one or two additional particles, must be subtracted.
To account for possible charm resonances in the back-

ground, the two- and three-body invariant-mass distribu-
tions for Bþ candidates in the mass sideband regions are
subtracted from the corresponding distributions of the
signal region applying an appropriate normalization. In
the mass region mðK0

SKπÞ < 1.85 GeV, a D̄0 → Kþπ−

contribution is removed from the Bþ → K0
SK

þπ−Kþ can-
didates, while no open-charm contribution is present for
Bþ → K0

SK
−πþKþ decays.

The resulting ratios are R ¼ 0.147� 0.002� 0.003 for
Bþ → K0

SK
−πþKþ and R ¼ 0.206� 0.003� 0.002 for

TABLE IX. Measured branching fractions B for
Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ from Ref. [31].

The first uncertainty is statistical, the second is systematic and
the third is due to the uncertainties on the known Bþ → ηcKþ and
Bþ → J=ψKþ branching fractions. Inverse-variance-weighted
averages of the two measurements are also reported.

Final state Reference B ð×10−5Þ
Bþ → K0K−πþKþ ηc 32.3� 0.3� 2.0� 7.2

J=ψ 34.0� 0.7� 0.9� 3.1
Average 32.6� 0.3� 0.8� 2.9

Bþ → K̄0Kþπ−Kþ ηc 26.6� 0.3� 0.7� 5.9
J=ψ 28.0� 0.7� 1.4� 2.6
Average 26.8� 0.3� 0.6� 2.3
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Bþ → K0
SK

þπ−Kþ data. Systematic uncertainties are due
to variations of the fit models used for subtraction of the
open-charm contributions [31]. The systematic uncertainty
on the charm fraction is obtained by comparing results with
and without efficiency corrections.

The fractional contributions resulting from the amplitude
analysis given in Table VI for Bþ → K0

SK
−πþKþ decays

are converted to branching fractions, listed in Table XII.
This is achieved by multiplying by the total scaling factor
s ¼ R · B · fK0 ¼ ð13.84� 0.23� 0.45� 1.19Þ × 10−5,
where B indicates the Bþ → K0

SK
−πþKþ branching

TABLE X. Left: uncorrected and right: efficiency-corrected yields of Bþ candidates and charm contributions in
Bþ → K0

SK
−πþKþ decays. The second uncertainty in the corrected yields is systematic.

Contribution Yield Corrected yield

Bþ → K0
SK

−πþKþ 95200� 480 173600� 800� 240

D−
s → K0

SK
− 1490� 70 2590� 80

D0 → KþK− 280� 30 580� 50

D0 → K0
SK

−Kþ 17130� 130 28070� 170

D0 → K0
SK

−πþ 490� 40 950� 50

Sum of charm 19390� 160 32190� 200
Charm fraction 0.180� 0.002� 0.006
Charmless Bþ decays 78090� 430 142390� 720� 970

Bþ → K0
SK

−πþKþ mðK0
SKπÞ < 1.85 GeV 11310� 150 20870� 260� 370

TABLE XI. Left: uncorrected and right: efficiency-corrected yields of Bþ candidates and charm contribution in
Bþ → K0

SK
þπ−Kþ decays. The second uncertainty in the corrected yields is systematic.

Contribution Yield Corrected yield

Bþ → K0
SK

þπ−Kþ 68020� 120 131130� 680� 1270

Dþ
s → K0

SK
þ 1090� 60 2060� 80

D̄0 → Kþπ− 4460� 90 8340� 120

D̄0 → K0
SK

þπ− 820� 40 1660� 60

Sum of charm 6370� 110 12050� 150
Charm fraction 0.090� 0.002� 0.002
Charmless Bþ decays 61650� 160 118520� 650� 1170

Bþ → K0
SK

þπ−Kþ mðK0
SKπÞ < 1.85 GeV 12600� 260 24770� 280� 20

D̄0 → Kþπ− 180� 20 410� 30

Charm fraction 0.014� 0.002� 0.002

Charmless Bþ decays 12420� 250 24410� 280� 60

TABLE XIII. Measured branching fractions for Bþ → R0Kþ

from Bþ → K̄0Kþπ−Kþ decays.

Contribution BðBþ → R0KþÞ × 10−5

Bþ → ηð1475ÞKþ → ðK�K̄ÞKþ 1.42� 0.15� 0.20� 0.12
Bþ → ηð1475ÞKþ → ða0ð980Þ−πþÞKþ 0.25� 0.06� 0.05� 0.02
Bþ → ηð1475ÞKþ → ðK̄0Kþπ−ÞKþ 1.23� 0.20� 0.38� 0.11
Bþ → ηð1760ÞKþ → ðK�K̄ÞKþ 0.42� 0.06� 0.07� 0.04
Bþ → ηð1760ÞKþ → ða0ð980Þ−πþÞKþ 0.24� 0.06� 0.04� 0.02
Bþ → ηð1760ÞKþ → ðK̄0Kþπ−ÞKþ 3.21� 0.31� 0.71� 0.28
Bþ → ηð1405ÞKþ → ðK�K̄ÞKþ 0.32� 0.07� 0.09� 0.03
Bþ → ηð1405ÞKþ → ðK̄0Kþπ−ÞKþ 0.89� 0.08� 0.13� 0.08
Bþ → f1ð1285ÞKþ → ða0ð980Þ−πþÞKþ 0.28� 0.03� 0.03� 0.02
Bþ → f1ð1420ÞKþ → ðK�K̄ÞKþ 0.92� 0.07� 0.24� 0.08
Bþ → f1ð1510ÞKþ → ðK�K̄ÞKþ 0.36� 0.05� 0.38� 0.03
Bþ → h1ð1415ÞKþ → ðK�K̄ÞKþ 2.91� 0.17� 0.50� 0.22
Bþ → h1ð1595ÞKþ → ðK�K̄ÞKþ 2.05� 0.20� 0.39� 0.18
Bþ → η2ð1645ÞKþ → ðK�K̄ÞKþ 0.11� 0.02� 0.03� 0.01

TABLE XII. Measured branching fractions for Bþ → R0Kþ

from Bþ → K0K−πþKþ decays.

Contribution BðBþ → R0KþÞ × 10−5

Bþ → ηð1475ÞKþ → ðK�K̄ÞKþ 1.49� 0.15� 0.16� 0.13
Bþ → ηð1475ÞKþ → ða0ð980Þ−πþÞKþ 0.19� 0.05� 0.05� 0.02
Bþ → ηð1475ÞKþ → ðK0K−πþÞKþ 2.09� 0.29� 0.31� 0.18
Bþ → ηð1760ÞKþ → ðK�K̄ÞKþ 0.27� 0.05� 0.05� 0.02
Bþ → ηð1760ÞKþ → ða0ð980Þ−πþÞKþ 0.28� 0.05� 0.04� 0.02
Bþ → ηð1760ÞKþ → ðK0K−πþÞKþ 1.64� 0.25� 0.37� 0.14
Bþ → ηð1405ÞKþ → ðK�K̄ÞKþ 0.48� 0.08� 0.26� 0.04
Bþ → ηð1405ÞKþ → ðK0K−πþÞKþ 0.72� 0.08� 0.12� 0.06
Bþ → f1ð1285ÞKþ → ða0ð980Þ−πþÞKþ 0.27� 0.03� 0.02� 0.02
Bþ → f1ð1420ÞKþ → ðK�K̄ÞKþ 1.58� 0.10� 0.30� 0.14
Bþ → f1ð1510ÞKþ → ðK�K̄ÞKþ 0.40� 0.05� 0.17� 0.03
Bþ → h1ð1415ÞKþ → ðK�K̄ÞKþ 1.85� 0.14� 0.28� 0.13
Bþ → h1ð1595ÞKþ → ðK�K̄ÞKþ 0.74� 0.12� 0.19� 0.06
Bþ → η2ð1645ÞKþ → ðK�K̄ÞKþ 0.22� 0.03� 0.11� 0.02
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fraction and the third uncertainty is due to the branching
fraction B listed in Table IX.
Similarly, the fractional contributions given in Table VI

forBþ → K0
SK

þπ−Kþ are converted to branching fractions,
listed in Table XIII by multiplying by the total scaling
factor s¼R ·B ·fK0 ¼ð15.96�0.29�0.43�1.39Þ×10−5.
As noted in Sec. VI B the resulting fractions are con-

sistent among the two channels when including the
systematic uncertainties. Assuming compatibility between
the two sets of measurements, it is possible to evaluate the
inverse-variance averages of the two sets of measurements,
as given in Table XIV.

IX. SUMMARY

A study is presented of Bþ → K0
SK

−πþKþ and Bþ →
K0

SK
þπ−Kþ decays at proton-proton collision energies of

7, 8 and 13 TeVusing the LHCb detector with an integrated
luminosity of 9 fb−1. The K0

SKπ invariant-mass spectra, in
the mðK0

SKπÞ < 1.85 GeV mass region, show a large
activity which is resolved using an amplitude analysis. A
simple model, where JPC amplitudes are described by
multiple Breit-Wigner functions with appropriate angular
distributions, provides a good description of the exper-
imental data.
It is found that the K0

SKπ mass spectrum is dominated by
JPC ¼ 0−þ, 1þþ and 1−þ amplitudes. Strong interference is
observed between the JPC ¼ 1þþ and JPC ¼ 1−þ contri-
butions with different patterns in the two decay modes.
Associating the measured amplitudes to known resonances
[19], these interference patterns are similar to those
observed in K−p interactions [15] between the h1ð1415Þ
and f1ð1510Þ resonances. In the present analysis, the
contribution from the f1ð1510Þ is found to be small, with
the interference instead generated between the h1ð1415Þ
and f1ð1420Þ resonances. The presence of two I ¼ 0,
JPC ¼ 1þþ resonances that are close in mass, namely the

f1ð1420Þ and f1ð1510Þ, complicates the interpretation as
both states compete to be interpreted as the ss̄ member of
the JPC ¼ 1þþ nonet [15]. The relative phases of the JPC ¼
1−þ resonances are found to be different in the two final
states as a result of the inversion of the population of neutral
and charged K� in the K0

SKπ Dalitz plot for Bþ →
K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ decays.

A strong JPC ¼ 0−þ contribution is found, composed of
ηð1405Þ, ηð1475Þ and ηð1760Þ resonances. As these states
are also observed in J=ψ radiative decays, this suggests that
their production mechanisms are possibly similar to those
acting in Bþ decays.
The understanding of the I ¼ 0, JPC ¼ 0−þ nonet is still

incomplete, with each of the three η resonances being
proposed as candidates for the pseudoscalar glueball [43]
(see the review on the spectroscopy of light-meson reso-
nances in Ref. [19]).
In this paper, the first measurements of branching

fractions for exclusive Bþ → R0Kþ decays are reported,
where R0 is an I ¼ 0 resonance having uū, ss̄ or possibly
gg content. These results provide new information on light-
meson spectroscopy in the low-mass region, offering
insights into gluonium physics, a fundamental aspect of
QCD. New experimental inputs may arise in the near future
from current experiments studying charmonium decays or
central production or from future proton-antiproton
colliders.
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APPENDIX A

An amplitude analysis is performed on candidates in the
Bþ signal region (see Sec. III) and mðK0

SKπÞ < 1.85 GeV
to describe the two Bþ decays and to obtain information on
the resonances contributing to the K0

SKπ final state.
Amplitudes are modeled by the nonrelativistic Zemach-
tensor formalism [38–40]. The particles involved in the
decay are labeled as

B → π1K2K0
3K4;

and the decay is assumed to proceed as

B → R0K4;

whereR0 indicates an intermediate resonancewhich decays as

R0 → π1K2K0
3; ðA1Þ

and K4 is assumed to be a spectator. An isobar model is
assumed for the decay of the resonance asR0 → Xc, whereX
indicates a two-body X → ab resonance. While the
B → R0K4 process is a weak decay and conserves only
angular momentum, the R0 → π1K2K0

3 transition is a strong

decay and conserves angular momentum and parity. In the
decayR0 → π1K2K0

3,pi (i ¼ 1, 2, 3) indicate themomenta of
the three particles in the rest frame of the π1K2K0

3 system. The
amplitudes are defined as follows.

(i) Symmetric and traceless tensors of rank L con-
structed with pi are used to describe orbital angular
momenta L between the resonance X and c.

(ii) Symmetric and traceless tensors of rank S constructed
with ti are used to describe the spin of the intermediate
resonanceX. For a resonanceX, decaying to the a and
b final states, having 3-momenta pj, pk with masses
mj and mk, the ti are defined as

ti ¼ pj − pk − ðpj þ pkÞ
m2

j −m2
k

m2
jk

; ðA2Þ

with cyclic i, j, k indices.
(iii) The tensors are then combined into a tensor TJ of

rank J to obtain the spin J of the π1K2K0
3 system.

(iv) To describe the decay B → R0K4, q4 indicates the
momentum of the kaon K4 in the B rest frame. A
symmetric and traceless tensor QJ of rank J made
with q4 is used to describe the orbital angular
momentum between R0 and K4.

(v) Finally, the two TJ andQJ tensors are contracted to a
scalar to obtain the spin of the B meson.

Resonances that can contribute to the decay of the K0
SKπ

system for mðK0
SKπÞ < 1.85 GeV are K�ð892Þþ,

K�ð892Þ0, and a0ð980Þ. The K�ð892Þ resonance is
described by a complex spin-1 relativistic BW function
with standard Blatt-Weisskopf [42] form factors and a
radius r fixed to 2.5 GeV−1 [31]. The symbol K�ðijÞ in
Table XV indicates the K�ð892Þ BW function formed with
the particles combination ij listed in Eq. (A1). The a0ð980Þ
resonance is described by a complex coupled-channel
Breit-Wigner function

TABLE XV. Amplitudes used in the Dalitz plot analysis of B → ðR0 → π1K2K0
3ÞK4 decays, where JP indicate the R0 spin parity and

L the angular momentum between the subresonance (K� or a0) and the other final-state particle. Bold symbols represent three-vectors.

JP L Amplitude (W)

0−½S� 0 a0ð23Þ
0−½P� 1 K�ð12Þðt3 · p3Þ þ GK�ð13Þðt2 · p2Þ
1þ½S� 0 ½K�ð12Þt3 þGK�ð13Þt2� · q4
1þ½P� 1 a0ð23Þðp1 · q4Þ
1þ½D� 2 ½K�ð12Þfp3ðt3 · p3Þ − 1

3 ðp3 · p3Þt3g þ GK�ð13Þfp2ðt2 · p2Þ − 1
3 ðp2 · p2Þt2g� · q4

1− 1 ½K�ð12Þðt3 × p3Þ þ GK�ð13Þðt2 × p2Þ� · q4
2−½P� 1 ½K�ð12Þf1

2
ðti3 · pj

3 þ tj3 · p
i
3Þ − 1

3
ðt3 · p3Þδijg þ GK�ð13Þf1

2
ðti2 · pj

2 þ tj2 · p
i
2Þ

− 1
3
ðt2 · p2Þδijg� · ½qi4qj4 − 1

3
jq4j2δij�

2−½D� 2 a0ð23Þðpi
1p

j
1 −

1
3
ðjp1j2Þ · ðqi4qj4 − 1

3
jq4j2δijÞ

2−½F� 3 ½K�ð12Þfðt3 · p3Þðpi
3p

j
3 − 1

3
jp3j2δijÞg þ GK�ð13Þfðt2 · p2Þðpi

2p
j
2 − 1

3
jp2j2δijÞg� · ½qi4qj4 − 1

3
jq4j2δij�

2þ 2 ½K�ð12Þf1
2
ðt3 × p3Þipj

3 þ pi
3ðt3 × p3Þjg − 1

3
fðt3 × p3Þ · p3gδij

þGK�ð13Þf1
2
½t2 × p2Þipj

2 þ pi
2ðt2 × p2Þjg − 1

3
fðt2 × p2Þ · p2gδij� · ½qi4qj4 − 1

3
jq4j2δij�
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a0ðmÞ ¼ g2
m2

0 −m2 − iðρ1g21 þ ρ2g22Þ
; ðA3Þ

where ρ1 and ρ2 and g1 and g2 are phase-space factors
and couplings, respectively, to the ηπ (1) and KK̄ (2) final
states. The a0ð980Þ parameters are fixed to the
values m0 ¼ 999� 2 MeV, g1 ¼ 324� 15 MeV, and
g22=g

2
1 ¼ 1.03� 0.14 [45] and the corresponding BW

function is indicated with a0ð23Þ in Table XV.
For isospin I ¼ 0 resonances, the interference between

neutral K�ð12Þ and charged K�ð13Þ is fixed by G parity,
being constructive forG ¼ þ1 and destructive for G ¼ −1.
Note, however, that as G parity is related to C parity by
G ¼ Cð−1ÞI , an additional minus sign is added to the
above definitions of the 3-momenta to ensure correct

transformation under C parity instead, such that construc-
tive interference is obtained with G ¼ −1 and vice versa.
Table XV lists the amplitudes used in this analysis.

Asymmetries between the charged and neutral K� can be
generated by interference between I ¼ 0 amplitudes having
opposite C parities or by interfering I ¼ 0 and I ¼ 1
amplitudes. In this analysis, no evidence is found of
contributing I ¼ 1 amplitudes.
In the B → R0K4 decay, R0 resonances are described

with the BW function given in Eq. (12) multiplied by the
appropriate spin-parity terms Wðx⃗Þ described in Table XV.

APPENDIX B

Systematic uncertainties on the measured fit fractions
and phases are listed in Tables XVI and XVII.

TABLE XVI. Absolute systematic uncertainties on fractions and phases for the Bþ → K0
SK

−πþKþ decay.

Fractions [%]

Contribution Decay mode r BW a0 Efficiency Background Integrals Trigger Total

ηð1475Þ K�K̄ 0.07 1.04 0.05 0.07 0.02 0.28 0.02 1.08
a0π 0.10 0.30 0.08 0.04 0.04 0.02 0.17 0.37
PS 0.26 1.99 0.30 0.57 0.08 0.16 0.22 2.13

ηð1760Þ K�K̄ 0.02 0.31 0.01 0.01 0.02 0.06 0.01 0.32
a0π 0.08 0.19 0.05 0.04 0.03 0.01 0.21 0.30
PS 0.42 2.60 0.09 0.05 0.11 0.26 0.05 2.65

ηð1405Þ K�K̄ 0.03 1.86 0.04 0.14 0.02 0.08 0.03 1.87
PS 0.03 0.80 < 0.01 0.09 0.02 0.02 0.06 0.81

f1ð1285Þ a0π < 0.01 0.14 0.01 0.04 < 0.01 0.04 0.03 0.15
f1ð1420Þ K�K̄ 0.06 2.10 0.03 0.23 0.02 0.13 0.32 2.14
h1ð1415Þ K�K̄½S� 0.06 1.86 0.01 0.16 0.02 0.19 0.56 1.96

K�K̄½D� 0.04 0.11 < 0.01 0.11 < 0.01 0.09 0.08 0.20

f1ð1510Þ K�K̄ < 0.01 1.18 0.01 0.10 0.01 0.06 0.03 1.19
h1ð1595Þ K�K̄½S� 0.09 0.82 0.02 0.19 0.23 0.19 1.02 1.36
η2ð1645Þ K�K̄ 0.03 0.80 < 0.01 0.08 < 0.01 0.02 0.07 0.81
PS 0.82 2.71 0.04 0.17 0.10 0.28 0.42 2.88
K�

ne 0.11 0.19 0.01 0.03 0.02 0.07 0.11 0.26
K�

ch 0.16 0.80 0.02 0.19 0.04 0.25 0.26 0.91

Phases [rad]

Contribution Decay mode r BW a0 Eff Bkg Int Trig Total

ηð1475Þ a0π 0.01 0.09 0.04 0.01 0.01 0.04 0.11 0.16
PS 0.01 0.10 0.01 0.03 0.01 <0.01 0.06 0.12

ηð1760Þ K�K̄ <0.01 0.20 0.01 0.16 0.09 0.02 0.06 0.28
a0π 0.01 0.16 0.04 0.10 0.01 0.01 0.03 0.21
PS 0.01 0.19 0.01 0.02 <0.01 0.01 0.01 0.20

ηð1405Þ K�K̄ 0.02 0.13 <0.01 0.14 <0.01 0.02 0.03 0.20
PS <0.01 0.19 <0.01 0.19 <0.01 0.01 0.08 0.31

f1ð1285Þ a0π 0.01 0.24 0.04 0.05 0.01 <0.01 0.08 0.26
f1ð1420Þ K�K̄ <0.01 0.22 <0.01 0.05 <0.01 0.02 0.05 0.23
h1ð1415Þ K�K̄½S� 0.01 0.18 <0.01 0.05 <0.01 0.02 0.06 0.20

K�K̄½D� <0.01 0.07 <0.01 0.14 <0.01 0.01 0.05 0.16
f1ð1510Þ K�K̄ <0.01 0.20 <0.01 0.42 <0.01 0.02 0.09 0.48

(Table continued)
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TABLE XVI. (Continued)

Fractions [%]

Contribution Decay mode r BW a0 Efficiency Background Integrals Trigger Total

h1ð1595Þ K�K̄½S� <0.01 0.16 <0.01 0.10 <0.01 0.01 <0.01 0.19
η2ð1645Þ K�K̄ 0.01 0.07 <0.01 <0.01 <0.01 <0.01 0.05 0.09
PS 0.01 0.14 <0.01 0.03 < 0.01 0.01 0.04 0.15
K�

ne 0.01 0.08 <0.01 0.19 < 0.01 0.02 0.06 0.22
K�

ch <0.01 0.06 <0.01 0.18 < 0.01 0.01 0.01 0.19

TABLE XVII. Absolute systematic uncertainties on fractions and phases for the Bþ → K0
SK

þπ−Kþ decay.

Fractions [%]

Contribution Decay mode r BW a0 Eff Bkg Int Trig Total

ηð1475Þ K�K̄ 0.13 1.28 0.11 0.09 0.03 0.07 0.59 1.43
a0π 0.14 0.30 0.11 0.04 0.02 0.08 0.01 0.62
PS 0.12 2.23 1.17 0.31 0.07 0.08 1.03 2.74

ηð1760Þ K�K̄ 0.09 0.40 0.19 0.02 0.01 0.02 0.07 0.53
a0π 0.07 0.23 0.11 0.03 0.01 0.03 0.08 0.29
PS 0.48 4.57 2.04 0.09 0.08 0.55 0.77 6.15

ηð1405Þ K�K̄ 0.08 0.57 0.22 0.08 0.01 0.03 0.23 0.73
PS 0.17 0.77 0.19 0.10 0.01 0.05 0.41 3.54

f1ð1285Þ a0π 0.01 0.19 0.02 0.05 <0.01 0.03 0.14 0.54
f1ð1420Þ K�K̄ 0.01 1.49 0.80 0.09 0.01 0.12 0.01 1.71
h1ð1415Þ K�K̄½S� 0.14 3.19 1.47 0.25 0.02 0.27 0.16 3.54

K�K̄½D� 0.01 0.11 0.16 0.09 0.01 0.03 0.09 0.24

f1ð1510Þ K�K̄ 0.08 2.72 0.06 0.10 <0.01 0.07 0.26 2.74
h1ð1595Þ K�K̄½S� 0.08 2.17 1.64 0.44 0.03 0.16 0.09 2.77
η2ð1645Þ K�K̄ 0.02 0.05 0.13 0.05 <0.01 0.02 0.10 0.18
PS 0.81 4.79 1.19 0.07 0.07 0.42 0.26 7.33
K�

ne 0.06 0.25 0.19 0.03 0.03 0.01 0.05 0.37
K�

ch 0.09 0.21 0.94 0.08 0.04 0.07 0.08 0.97

Phases [rad]

Contribution Decay mode r BW a0 Eff Bkg Int Trig Total

ηð1475Þ a0π 0.02 0.11 0.07 <0.01 0.01 0.02 0.01 0.13
PS 0.01 0.12 0.05 <0.01 <0.01 0.02 <0.01 0.14

ηð1760Þ K�K̄ 0.01 0.19 0.07 0.01 <0.01 0.02 0.01 0.21
a0π 0.01 0.13 0.19 0.01 0.01 0.02 0.07 0.25
PS 0.01 0.20 0.06 <0.01 <0.01 0.01 0.06 0.22

ηð1405Þ K�K̄ 0.02 0.18 0.02 <0.01 <0.01 0.02 0.01 0.18
PS 0.02 0.19 0.03 <0.01 0.01 0.01 0.06 0.20

f1ð1285Þ a0π 0.01 0.09 0.04 0.01 0.01 0.01 0.07 0.14
f1ð1420Þ K�K̄ 0.02 0.26 0.07 <0.01 <0.01 0.02 0.02 0.27
h1ð1415Þ K�K̄½S� 0.01 0.19 0.51 <0.01 <0.01 0.01 0.03 0.55

K�K̄½D� 0.01 0.08 0.41 <0.01 <0.01 0.03 0.06 0.42

f1ð1510Þ K�K̄ <0.01 0.19 0.06 0.02 <0.01 0.02 0.12 0.24
h1ð1595Þ K�K̄½S� 0.01 0.15 0.46 0.01 <0.01 0.01 0.01 0.48
η2ð1645Þ K�K̄ 0.01 0.07 0.02 0.03 <0.01 0.03 0.01 0.09
PS 0.11 0.11 0.05 0.01 <0.01 0.01 0.01 0.17
K�

ne 0.07 0.07 0.08 <0.01 <0.01 0.01 0.10 0.16
K�

ch 0.07 0.07 0.01 0.01 <0.01 0.02 0.02 0.10
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APPENDIX C

Figures 20 and 21 show the mass distributions of two- and three-body final-state particles involving the spectator kaon for
Bþ → K0

SK
−πþKþ and Bþ → K0

SK
þπ−Kþ data. The agreement between the fit and data is reasonable with all distributions

and fit projections being consistent with phase space, as expected.
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FIG. 20. Invariant-mass distributions and fit projections of (a)–(c) two- and (d)–(f) three-body final-state particles involving the
spectator kaon for Bþ → K0

SK
−πþKþ data.
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R. Le Gac ,13 H. Lee ,61 R. Lefèvre ,11 A. Leflat ,44 S. Legotin ,44 M. Lehuraux ,57 E. Lemos Cid ,49 O. Leroy ,13

T. Lesiak ,41 E. D. Lesser ,49 B. Leverington ,22 A. Li ,4,p C. Li ,13 H. Li ,72 K. Li ,8 L. Li ,63 M. Li,8 P. Li ,7

P.-R. Li ,73 Q. Li ,5,7 S. Li ,8 T. Li ,5,u T. Li ,72 Y. Li,8 Y. Li ,5 Z. Lian ,4,p X. Liang ,69 S. Libralon ,48 C. Lin ,7

T. Lin ,58 R. Lindner ,49 H. Linton ,62 V. Lisovskyi ,50 R. Litvinov ,32,49 F. L. Liu ,1 G. Liu ,72 K. Liu ,73 S. Liu ,5,7

W. Liu ,8 Y. Liu ,59 Y. Liu,73 Y. L. Liu ,62 G. Loachamin Ordonez,70 A. Lobo Salvia ,46 A. Loi ,32 T. Long ,56

J. H. Lopes ,3 A. Lopez Huertas ,46 S. López Soliño ,47 Q. Lu ,15 C. Lucarelli ,27 D. Lucchesi ,33,g

M. Lucio Martinez ,79 V. Lukashenko ,38,53 Y. Luo ,6 A. Lupato ,33,v E. Luppi ,26,f K. Lynch ,23 X.-R. Lyu ,7

G. M. Ma ,4,p S. Maccolini ,19 F. Machefert ,14 F. Maciuc ,43 B. Mack ,69 I. Mackay ,64 L. M. Mackey ,69

L. R. Madhan Mohan ,56 M. J. Madurai ,54 A. Maevskiy ,44 D. Magdalinski ,38 D. Maisuzenko ,44 M.W. Majewski,40

J. J. Malczewski ,41 S. Malde ,64 L. Malentacca ,49 A. Malinin ,44 T. Maltsev ,44 G. Manca ,32,m G. Mancinelli ,13

C. Mancuso ,30,14,k R. Manera Escalero ,46 F. M. Manganella ,37 D. Manuzzi ,25 D. Marangotto ,30,k

J. F. Marchand ,10 R. Marchevski ,50 U. Marconi ,25 E. Mariani,16 S. Mariani ,49 C. Marin Benito ,46,49 J. Marks ,22

A. M. Marshall ,55 L. Martel ,64 G. Martelli ,34,q G. Martellotti ,36 L. Martinazzoli ,49 M. Martinelli ,31,c

D. Martinez Gomez ,78 D. Martinez Santos ,81 F. Martinez Vidal ,48 A. Martorell i Granollers ,45 A. Massafferri ,2

R. Matev ,49 A. Mathad ,49 V. Matiunin ,44 C. Matteuzzi ,69 K. R. Mattioli ,15 A. Mauri ,62 E. Maurice ,15

J. Mauricio ,46 P. Mayencourt ,50 J. Mazorra de Cos ,48 M. Mazurek ,42 M. McCann ,62 L. Mcconnell ,23

T. H. McGrath ,63 N. T. McHugh ,60 A. McNab ,63 R. McNulty ,23 B. Meadows ,66 G. Meier ,19 D. Melnychuk ,42

F. M. Meng ,4,p M. Merk ,38,79 A. Merli ,50 L. Meyer Garcia ,67 D. Miao ,5,7 H. Miao ,7 M. Mikhasenko ,76

D. A. Milanes ,75,w A. Minotti ,31,c E. Minucci ,28 T. Miralles ,11 B. Mitreska ,19 D. S. Mitzel ,19 A. Modak ,58

R. A. Mohammed ,64 R. D. Moise ,17 S. Mokhnenko ,44 E. F. Molina Cardenas ,83 T. Mombächer ,49 M. Monk ,57,1

S. Monteil ,11 A. Morcillo Gomez ,47 G. Morello ,28 M. J. Morello ,35,e M. P. Morgenthaler ,22 J. Moron ,40

W. Morren ,38 A. B. Morris ,49 A. G. Morris ,13 R. Mountain ,69 H. Mu ,4,p Z. M. Mu ,6 E. Muhammad ,57

F. Muheim ,59 M. Mulder ,78 K. Müller ,51 F. Muñoz-Rojas ,9 R. Murta ,62 P. Naik ,61 T. Nakada ,50

R. Nandakumar ,58 T. Nanut ,49 I. Nasteva ,3 M. Needham ,59 N. Neri ,30,k S. Neubert ,18 N. Neufeld ,49

P. Neustroev,44 J. Nicolini ,19,14 D. Nicotra ,79 E. M. Niel ,49 N. Nikitin ,44 Q. Niu,73 P. Nogarolli ,3 P. Nogga ,18

C. Normand ,55 J. Novoa Fernandez ,47 G. Nowak ,66 C. Nunez ,83 H. N. Nur ,60 A. Oblakowska-Mucha ,40

V. Obraztsov ,44 T. Oeser ,17 S. Okamura ,26,f A. Okhotnikov,44 O. Okhrimenko ,53 R. Oldeman ,32,m F. Oliva ,59

R. AAIJ et al. PHYS. REV. D 111, 092009 (2025)

092009-28

https://orcid.org/0000-0002-7822-3947
https://orcid.org/0000-0003-3353-9750
https://orcid.org/0000-0001-5570-0133
https://orcid.org/0000-0003-2501-9608
https://orcid.org/0000-0003-1920-6618
https://orcid.org/0000-0001-8461-8382
https://orcid.org/0000-0003-2868-2173
https://orcid.org/0000-0001-6571-4096
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0001-7907-4261
https://orcid.org/0000-0001-8212-846X
https://orcid.org/0000-0002-7770-1839
https://orcid.org/0000-0001-5813-7972
https://orcid.org/0000-0003-0386-4923
https://orcid.org/0000-0001-5360-0091
https://orcid.org/0000-0002-8967-3644
https://orcid.org/0000-0001-5635-6063
https://orcid.org/0000-0001-8829-9681
https://orcid.org/0009-0004-8932-4024
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-4057-4274
https://orcid.org/0000-0002-5115-0581
https://orcid.org/0000-0001-8857-1665
https://orcid.org/0000-0001-7552-400X
https://orcid.org/0000-0002-6825-6497
https://orcid.org/0009-0002-6342-5965
https://orcid.org/0000-0001-5730-8434
https://orcid.org/0000-0002-2234-0001
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0002-4947-2928
https://orcid.org/0009-0005-1427-6520
https://orcid.org/0000-0003-0959-3853
https://orcid.org/0000-0002-2231-1374
https://orcid.org/0000-0002-5556-1775
https://orcid.org/0000-0002-7958-2917
https://orcid.org/0000-0001-7641-7505
https://orcid.org/0000-0002-3804-8734
https://orcid.org/0000-0001-8162-4277
https://orcid.org/0000-0001-9616-6651
https://orcid.org/0009-0000-1763-6759
https://orcid.org/0009-0005-8756-0960
https://orcid.org/0000-0003-2714-2706
https://orcid.org/0000-0002-1465-0077
https://orcid.org/0000-0001-8177-0856
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0001-6445-4907
https://orcid.org/0009-0008-7974-3785
https://orcid.org/0000-0002-1529-8087
https://orcid.org/0000-0003-3605-832X
https://orcid.org/0000-0001-7828-3694
https://orcid.org/0000-0001-6265-8412
https://orcid.org/0000-0001-9384-6926
https://orcid.org/0000-0002-3712-7318
https://orcid.org/0009-0002-1307-1759
https://orcid.org/0000-0002-9199-8616
https://orcid.org/0000-0002-3139-3332
https://orcid.org/0000-0001-6454-278X
https://orcid.org/0000-0002-8227-4544
https://orcid.org/0000-0002-2855-0544
https://orcid.org/0000-0002-5924-2683
https://orcid.org/0000-0002-1407-1729
https://orcid.org/0000-0003-3018-5707
https://orcid.org/0000-0001-7894-8799
https://orcid.org/0000-0002-8894-6292
https://orcid.org/0000-0002-4174-6509
https://orcid.org/0000-0001-6349-0033
https://orcid.org/0000-0001-8771-3115
https://orcid.org/0000-0001-5534-1732
https://orcid.org/0000-0002-2522-6722
https://orcid.org/0000-0002-1940-6276
https://orcid.org/0000-0003-1409-1428
https://orcid.org/0000-0001-8403-0706
https://orcid.org/0000-0003-4971-7160
https://orcid.org/0000-0002-8096-3792
https://orcid.org/0000-0003-0182-8638
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0002-5438-9176
https://orcid.org/0000-0002-0025-4663
https://orcid.org/0000-0003-3719-119X
https://orcid.org/0000-0001-6427-4746
https://orcid.org/0000-0003-1728-8525
https://orcid.org/0000-0001-8120-3296
https://orcid.org/0000-0002-8964-5109
https://orcid.org/0000-0002-0656-8647
https://orcid.org/0000-0002-8579-844X
https://orcid.org/0000-0002-9850-4965
https://orcid.org/0000-0003-3272-6001
https://orcid.org/0000-0003-1699-8816
https://orcid.org/0000-0001-5706-7255
https://orcid.org/0000-0002-5821-1674
https://orcid.org/0009-0005-4053-1222
https://orcid.org/0009-0009-5577-1308
https://orcid.org/0000-0002-6066-7232
https://orcid.org/0000-0002-1285-3911
https://orcid.org/0000-0002-8912-4653
https://orcid.org/0000-0003-3598-0427
https://orcid.org/0009-0006-5064-966X
https://orcid.org/0000-0002-6528-8178
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0009-0006-1867-9674
https://orcid.org/0000-0001-8686-2303
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-8482-5576
https://orcid.org/0009-0009-3480-5724
https://orcid.org/0000-0002-1290-6737
https://orcid.org/0000-0001-7910-4109
https://orcid.org/0000-0002-9652-1964
https://orcid.org/0000-0003-3838-281X
https://orcid.org/0000-0002-5291-9583
https://orcid.org/0000-0002-0260-6570
https://orcid.org/0000-0002-6520-8203
https://orcid.org/0000-0002-0253-8619
https://orcid.org/0009-0005-4421-9025
https://orcid.org/0000-0001-9695-8165
https://orcid.org/0000-0001-7909-1272
https://orcid.org/0000-0003-0828-0943
https://orcid.org/0000-0003-0741-5922
https://orcid.org/0000-0002-1821-1848
https://orcid.org/0009-0002-3680-1224
https://orcid.org/0000-0003-2589-5130
https://orcid.org/0009-0005-2645-8364
https://orcid.org/0000-0001-9092-3527
https://orcid.org/0000-0001-8614-7203
https://orcid.org/0000-0002-7473-2031
https://orcid.org/0000-0002-8767-7289
https://orcid.org/0000-0002-1495-0053
https://orcid.org/0000-0001-6805-0395
https://orcid.org/0000-0002-4036-2060
https://orcid.org/0000-0001-8631-4200
https://orcid.org/0000-0002-6133-486X
https://orcid.org/0000-0002-1236-4667
https://orcid.org/0000-0002-7947-465X
https://orcid.org/0000-0002-9546-358X
https://orcid.org/0009-0003-6637-841X
https://orcid.org/0000-0001-8774-8270
https://orcid.org/0000-0003-4688-0050
https://orcid.org/0009-0000-2192-995X
https://orcid.org/0009-0002-8059-5325
https://orcid.org/0000-0003-4937-2270
https://orcid.org/0000-0002-8366-1167
https://orcid.org/0009-0005-6974-140X
https://orcid.org/0009-0005-3844-0778
https://orcid.org/0000-0003-1633-0496
https://orcid.org/0000-0002-5443-4870
https://orcid.org/0000-0003-1587-4555
https://orcid.org/0000-0001-5241-8642
https://orcid.org/0000-0002-5816-9488
https://orcid.org/0000-0002-2360-2392
https://orcid.org/0000-0002-9467-8001
https://orcid.org/0000-0002-3454-7261
https://orcid.org/0000-0002-0322-5550
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0002-7195-8537
https://orcid.org/0000-0002-3151-3453
https://orcid.org/0000-0003-4074-4787
https://orcid.org/0000-0002-7551-6971
https://orcid.org/0009-0003-3006-2149
https://orcid.org/0000-0002-6917-6210
https://orcid.org/0000-0001-9619-6666
https://orcid.org/0000-0003-3192-6175
https://orcid.org/0000-0001-7600-7039
https://orcid.org/0000-0003-3001-6268
https://orcid.org/0000-0002-2589-240X
https://orcid.org/0000-0002-3966-2998
https://orcid.org/0000-0001-8367-8703
https://orcid.org/0000-0001-6640-7274
https://orcid.org/0000-0001-5012-6013
https://orcid.org/0000-0002-3554-5479
https://orcid.org/0000-0002-2366-9554
https://orcid.org/0000-0002-2243-8412
https://orcid.org/0000-0003-4625-6880
https://orcid.org/0000-0003-2740-9765
https://orcid.org/0000-0002-1603-3646
https://orcid.org/0009-0004-1932-8580
https://orcid.org/0000-0001-5455-3768
https://orcid.org/0000-0002-5723-0961
https://orcid.org/0000-0002-5241-2555
https://orcid.org/0000-0003-2043-4669
https://orcid.org/0000-0003-4602-6946
https://orcid.org/0000-0002-5277-9103
https://orcid.org/0009-0002-5841-9624
https://orcid.org/0000-0001-7587-3365
https://orcid.org/0000-0001-6052-8243
https://orcid.org/0000-0002-5541-6500
https://orcid.org/0009-0000-3693-1972
https://orcid.org/0000-0003-4451-214X
https://orcid.org/0000-0002-4234-435X
https://orcid.org/0009-0002-2387-8150
https://orcid.org/0000-0001-5961-6588
https://orcid.org/0000-0003-4529-3356
https://orcid.org/0000-0002-6919-227X
https://orcid.org/0009-0005-0734-2753
https://orcid.org/0000-0003-3257-9240
https://orcid.org/0000-0001-9617-6067
https://orcid.org/0000-0002-2375-9509
https://orcid.org/0000-0003-4176-1503
https://orcid.org/0000-0001-7292-848X
https://orcid.org/0000-0003-1168-9547
https://orcid.org/0000-0002-6323-5582
https://orcid.org/0000-0001-9892-5113
https://orcid.org/0000-0002-6598-1941
https://orcid.org/0000-0002-8196-1828
https://orcid.org/0000-0003-4937-7637
https://orcid.org/0000-0001-6823-2607
https://orcid.org/0000-0002-0630-5185
https://orcid.org/0009-0001-8755-2937
https://orcid.org/0000-0003-0312-3914
https://orcid.org/0000-0002-1072-5633
https://orcid.org/0000-0002-7053-4951
https://orcid.org/0000-0001-5689-9578
https://orcid.org/0000-0001-8838-5205
https://orcid.org/0000-0002-9571-7535
https://orcid.org/0000-0002-4644-5916
https://orcid.org/0000-0001-6651-9436
https://orcid.org/0000-0001-8323-6454
https://orcid.org/0000-0003-0171-7890
https://orcid.org/0000-0002-8285-3589
https://orcid.org/0000-0002-9390-8821
https://orcid.org/0000-0002-6503-0759
https://orcid.org/0000-0003-1652-8005
https://orcid.org/0000-0001-6267-7314
https://orcid.org/0000-0001-5704-3499
https://orcid.org/0000-0003-2744-3656
https://orcid.org/0000-0002-8179-0707
https://orcid.org/0000-0001-6717-2980
https://orcid.org/0000-0002-3731-9977
https://orcid.org/0000-0002-2120-5633
https://orcid.org/0000-0003-1960-4413
https://orcid.org/0000-0003-1144-3678
https://orcid.org/0000-0002-2490-435X
https://orcid.org/0000-0003-4981-6847
https://orcid.org/0009-0003-1124-0974
https://orcid.org/0000-0002-9915-6587
https://orcid.org/0000-0001-9099-4878
https://orcid.org/0000-0002-4111-0797
https://orcid.org/0000-0003-3410-0918
https://orcid.org/0000-0002-5055-7224
https://orcid.org/0000-0002-7298-3101
https://orcid.org/0000-0003-0529-6982
https://orcid.org/0000-0002-2867-722X
https://orcid.org/0000-0002-9863-4954
https://orcid.org/0000-0001-8562-0038
https://orcid.org/0000-0002-6150-3168
https://orcid.org/0000-0002-8663-9037
https://orcid.org/0000-0002-8996-795X
https://orcid.org/0000-0003-4792-9178
https://orcid.org/0009-0001-2684-9139
https://orcid.org/0000-0002-6438-4483
https://orcid.org/0000-0001-6841-6035
https://orcid.org/0009-0005-6982-9006
https://orcid.org/0000-0002-3264-3401
https://orcid.org/0000-0001-8713-6119
https://orcid.org/0000-0002-9428-4715
https://orcid.org/0000-0003-4665-5451
https://orcid.org/0000-0002-4047-4521
https://orcid.org/0000-0003-2222-7727
https://orcid.org/0000-0003-1664-8963
https://orcid.org/0000-0002-7366-4364
https://orcid.org/0000-0002-9331-1363
https://orcid.org/0000-0002-8210-1256
https://orcid.org/0000-0003-0525-2736
https://orcid.org/0000-0002-3687-9630
https://orcid.org/0000-0002-3038-7301
https://orcid.org/0009-0004-7045-2181
https://orcid.org/0000-0001-8993-3234
https://orcid.org/0000-0002-5477-3995
https://orcid.org/0000-0001-5023-2086
https://orcid.org/0000-0001-7144-0175
https://orcid.org/0000-0002-1947-8034
https://orcid.org/0000-0002-4266-1726
https://orcid.org/0000-0003-1667-7115
https://orcid.org/0009-0004-1533-6014
https://orcid.org/0000-0003-0818-4695
https://orcid.org/0000-0002-0374-5310
https://orcid.org/0000-0002-2622-8551
https://orcid.org/0000-0003-4232-5615
https://orcid.org/0000-0002-1936-5400
https://orcid.org/0000-0002-6969-2063
https://orcid.org/0000-0001-7450-1121
https://orcid.org/0000-0002-0091-5177
https://orcid.org/0000-0002-3972-6824
https://orcid.org/0000-0002-4018-1454
https://orcid.org/0000-0002-1697-4999
https://orcid.org/0000-0003-3650-2689
https://orcid.org/0000-0003-1198-1441
https://orcid.org/0000-0002-3718-4144
https://orcid.org/0000-0002-5662-8804
https://orcid.org/0000-0002-1849-1472
https://orcid.org/0009-0002-0674-5305
https://orcid.org/0000-0002-5612-979X
https://orcid.org/0000-0003-0484-0157
https://orcid.org/0000-0001-5015-3353
https://orcid.org/0000-0001-9165-7080
https://orcid.org/0000-0002-6180-3697
https://orcid.org/0000-0003-4190-1078
https://orcid.org/0000-0002-7699-5724
https://orcid.org/0000-0002-1857-1675
https://orcid.org/0009-0004-1863-9344
https://orcid.org/0000-0002-0832-9199
https://orcid.org/0000-0001-6644-9888
https://orcid.org/0000-0003-1908-4219
https://orcid.org/0000-0001-9720-7507
https://orcid.org/0000-0001-9291-2231
https://orcid.org/0000-0001-7413-5862
https://orcid.org/0000-0002-1131-8909
https://orcid.org/0000-0001-6867-8166
https://orcid.org/0000-0002-5105-1305
https://orcid.org/0000-0002-4978-602X
https://orcid.org/0000-0002-6915-8370
https://orcid.org/0000-0001-6977-2971
https://orcid.org/0009-0000-6210-6861
https://orcid.org/0000-0002-6813-6794
https://orcid.org/0000-0002-5728-9867
https://orcid.org/0000-0001-7115-7214
https://orcid.org/0000-0002-8297-6714
https://orcid.org/0000-0002-6106-3756
https://orcid.org/0000-0002-0706-1944
https://orcid.org/0000-0003-2298-0102
https://orcid.org/0000-0001-9034-3637
https://orcid.org/0000-0001-7513-3033
https://orcid.org/0000-0002-6587-4695
https://orcid.org/0000-0003-0215-1091
https://orcid.org/0009-0001-4635-1055
https://orcid.org/0009-0006-2269-4666
https://orcid.org/0000-0001-5055-7710
https://orcid.org/0000-0002-1819-1381
https://orcid.org/0000-0003-4864-7164
https://orcid.org/0000-0002-2521-9346
https://orcid.org/0000-0002-7822-523X
https://orcid.org/0000-0003-1328-0534
https://orcid.org/0000-0002-0994-3641
https://orcid.org/0000-0001-7792-4082
https://orcid.org/0000-0003-1229-3093
https://orcid.org/0000-0002-0657-6962
https://orcid.org/0000-0001-6902-0710
https://orcid.org/0000-0001-7025-3407


M. Olocco ,19 C. J. G. Onderwater ,79 R. H. O’Neil ,49 D. Osthues,19 J. M. Otalora Goicochea ,3 P. Owen ,51

A. Oyanguren ,48 O. Ozcelik ,59 F. Paciolla ,35,x A. Padee ,42 K. O. Padeken ,18 B. Pagare ,57 P. R. Pais ,22

T. Pajero ,49 A. Palano ,24† M. Palutan ,28 X. Pan ,4,p G. Panshin ,44 L. Paolucci ,57 A. Papanestis ,58,49

M. Pappagallo ,24,o L. L. Pappalardo ,26,f C. Pappenheimer ,66 C. Parkes ,63 D. Parmar ,76 B. Passalacqua ,26,f

G. Passaleva ,27 D. Passaro ,35,49,e A. Pastore ,24 M. Patel ,62 J. Patoc ,64 C. Patrignani ,25,i A. Paul ,69

C. J. Pawley ,79 A. Pellegrino ,38 J. Peng ,5,7 M. Pepe Altarelli ,28 S. Perazzini ,25 D. Pereima ,44

H. Pereira Da Costa ,68 A. Pereiro Castro ,47 P. Perret ,11 A. Perrevoort ,78 A. Perro ,49,13 M. J. Peters,66 K. Petridis ,55

A. Petrolini ,29,j J. P. Pfaller ,66 H. Pham ,69 L. Pica ,35,e M. Piccini ,34 L. Piccolo ,32 B. Pietrzyk ,10 G. Pietrzyk ,14

R. N. Pilato ,61 D. Pinci ,36 F. Pisani ,49 M. Pizzichemi ,31,49,c V. Placinta ,43 M. Plo Casasus ,47 T. Poeschl ,49

F. Polci ,16 M. Poli Lener ,28 A. Poluektov ,13 N. Polukhina ,44 I. Polyakov ,44 E. Polycarpo ,3 S. Ponce ,49

D. Popov ,7 S. Poslavskii ,44 K. Prasanth ,59 C. Prouve ,81 D. Provenzano ,32,m V. Pugatch ,53 G. Punzi ,35,s

S. Qasim ,51 Q. Q. Qian ,6 W. Qian ,7 N. Qin ,4,p S. Qu ,4,p R. Quagliani ,49 R. I. Rabadan Trejo ,57

J. H. Rademacker ,55 M. Rama ,35 M. Ramírez García ,83 V. Ramos De Oliveira ,70 M. Ramos Pernas ,57

M. S. Rangel ,3 F. Ratnikov ,44 G. Raven ,39 M. Rebollo DeMiguel ,48 F. Redi ,30,v J. Reich ,55 F. Reiss ,63 Z. Ren ,7

P. K. Resmi ,64 R. Ribatti ,50 G. R. Ricart ,15,12 D. Riccardi ,35,e S. Ricciardi ,58 K. Richardson ,65

M. Richardson-Slipper ,59 K. Rinnert ,61 P. Robbe ,14,49 G. Robertson ,60 E. Rodrigues ,61 A. Rodriguez Alvarez ,46

E. Rodriguez Fernandez ,47 J. A. Rodriguez Lopez ,75 E. Rodriguez Rodriguez ,47 J. Roensch,19 A. Rogachev ,44

A. Rogovskiy ,58 D. L. Rolf ,49 P. Roloff ,49 V. Romanovskiy ,66 A. Romero Vidal ,47 G. Romolini ,26

F. Ronchetti ,50 T. Rong ,6 M. Rotondo ,28 S. R. Roy ,22 M. S. Rudolph ,69 M. Ruiz Diaz ,22 R. A. Ruiz Fernandez ,47

J. Ruiz Vidal ,82,y A. Ryzhikov ,44 J. Ryzka ,40 J. J. Saavedra-Arias ,9 J. J. Saborido Silva ,47 R. Sadek ,15

N. Sagidova ,44 D. Sahoo ,77 N. Sahoo ,54 B. Saitta ,32,m M. Salomoni ,31,49,c I. Sanderswood ,48 R. Santacesaria ,36

C. Santamarina Rios ,47 M. Santimaria ,28,49 L. Santoro ,2 E. Santovetti ,37 A. Saputi ,26,49 D. Saranin ,44

A. Sarnatskiy ,78 G. Sarpis ,59 M. Sarpis ,63 C. Satriano ,36,z A. Satta ,37 M. Saur ,6 D. Savrina ,44 H. Sazak ,17

F. Sborzacchi ,49,28 L. G. Scantlebury Smead ,64 A. Scarabotto ,19 S. Schael ,17 S. Scherl ,61 M. Schiller ,60

H. Schindler ,49 M. Schmelling ,21 B. Schmidt ,49 S. Schmitt ,17 H. Schmitz,18 O. Schneider ,50 A. Schopper ,49

N. Schulte ,19 S. Schulte ,50 M. H. Schune ,14 R. Schwemmer ,49 G. Schwering ,17 B. Sciascia ,28 A. Sciuccati ,49

I. Segal ,76 S. Sellam ,47 A. Semennikov ,44 T. Senger ,51 M. Senghi Soares ,39 A. Sergi ,29,j N. Serra ,51

L. Sestini ,33 A. Seuthe ,19 Y. Shang ,6 D. M. Shangase ,83 M. Shapkin ,44 R. S. Sharma ,69 I. Shchemerov ,44

L. Shchutska ,50 T. Shears ,61 L. Shekhtman ,44 Z. Shen ,6 S. Sheng ,5,7 V. Shevchenko ,44 B. Shi ,7 Q. Shi ,7

Y. Shimizu ,14 E. Shmanin ,25 R. Shorkin ,44 J. D. Shupperd ,69 R. Silva Coutinho ,69 G. Simi ,33,g S. Simone ,24,o

N. Skidmore ,57 T. Skwarnicki ,69 M.W. Slater ,54 J. C. Smallwood ,64 E. Smith ,65 K. Smith ,68 M. Smith ,62

A. Snoch ,38 L. Soares Lavra ,59 M. D. Sokoloff ,66 F. J. P. Soler ,60 A. Solomin ,44,55 A. Solovev ,44 I. Solovyev ,44

N. S. Sommerfeld ,18 R. Song ,1 Y. Song ,50 Y. Song ,4,p Y. S. Song ,6 F. L. Souza De Almeida ,69

B. Souza De Paula ,3 E. Spadaro Norella ,29,j E. Spedicato ,25 J. G. Speer ,19 E. Spiridenkov,44 P. Spradlin ,60

V. Sriskaran ,49 F. Stagni ,49 M. Stahl ,76 S. Stahl ,49 S. Stanislaus ,64 M. Stefaniak ,84 E. N. Stein ,49

O. Steinkamp ,51 O. Stenyakin,44 H. Stevens ,19 D. Strekalina ,44 Y. Su ,7 F. Suljik ,64 J. Sun ,32 L. Sun ,74

D. Sundfeld ,2 W. Sutcliffe ,51 P. N. Swallow ,54 K. Swientek ,40 F. Swystun ,56 A. Szabelski ,42 T. Szumlak ,40

Y. Tan ,4,p Y. Tang ,74 M. D. Tat ,22 A. Terentev ,44 F. Terzuoli ,35,49,x F. Teubert ,49 E. Thomas ,49

D. J. D. Thompson ,54 H. Tilquin ,62 V. Tisserand ,11 S. T’Jampens ,10 M. Tobin ,5,49 L. Tomassetti ,26,f

G. Tonani ,30,k X. Tong ,6 T. Tork ,30 D. Torres Machado ,2 L. Toscano ,19 D. Y. Tou ,4,p C. Trippl ,45 G. Tuci ,22

N. Tuning ,38 L. H. Uecker ,22 A. Ukleja ,40 D. J. Unverzagt ,22 B. Urbach ,59 A. Usachov ,39 A. Ustyuzhanin ,44

U. Uwer ,22 V. Vagnoni ,25 V. Valcarce Cadenas ,47 G. Valenti ,25 N. Valls Canudas ,49 J. van Eldik ,49

H. Van Hecke ,68 E. van Herwijnen ,62 C. B. Van Hulse ,47,aa R. Van Laak ,50 M. van Veghel ,38 G. Vasquez ,51

R. Vazquez Gomez ,46 P. Vazquez Regueiro ,47 C. Vázquez Sierra ,47 S. Vecchi ,26 J. J. Velthuis ,55 M. Veltri ,27,bb

A. Venkateswaran ,50 M. Verdoglia ,32 M. Vesterinen ,57 D. Vico Benet ,64 P. Vidrier Villalba ,46 M. Vieites Diaz ,47

X. Vilasis-Cardona ,45 E. Vilella Figueras ,61 A. Villa ,25 P. Vincent ,16 F. C. Volle ,54 D. vom Bruch ,13

N. Voropaev ,44 K. Vos ,79 C. Vrahas ,59 J. Wagner ,19 J. Walsh ,35 E. J. Walton ,1,57 G. Wan ,6 C. Wang ,22

G. Wang ,8 H. Wang ,73 J. Wang ,6 J. Wang ,5 J. Wang ,4,p J. Wang ,74 M. Wang ,30 N.W. Wang ,7 R. Wang ,55

X. Wang,8 X. Wang ,72 X.W. Wang ,62 Y. Wang ,6 Y.W. Wang,73 Z. Wang ,14 Z. Wang ,4,p Z. Wang ,30

STUDY OF LIGHT-MESON RESONANCES DECAYING TO … PHYS. REV. D 111, 092009 (2025)

092009-29

https://orcid.org/0000-0002-6968-1217
https://orcid.org/0000-0002-2310-4166
https://orcid.org/0000-0002-9797-8464
https://orcid.org/0000-0002-9584-8500
https://orcid.org/0000-0002-4161-9147
https://orcid.org/0000-0002-8240-7300
https://orcid.org/0000-0003-3227-9248
https://orcid.org/0000-0002-6001-600X
https://orcid.org/0000-0002-5017-7168
https://orcid.org/0000-0001-7251-9125
https://orcid.org/0000-0003-3184-1622
https://orcid.org/0009-0005-9758-742X
https://orcid.org/0000-0001-9630-2000
https://orcid.org/0000-0002-6095-9593
https://orcid.org/0000-0001-7052-1360
https://orcid.org/0000-0002-7439-6621
https://orcid.org/0000-0001-9163-2051
https://orcid.org/0000-0003-0465-2893
https://orcid.org/0000-0002-5405-2901
https://orcid.org/0000-0001-7601-5602
https://orcid.org/0000-0002-0876-3163
https://orcid.org/0000-0003-0738-3668
https://orcid.org/0000-0003-4174-1334
https://orcid.org/0009-0004-8530-7630
https://orcid.org/0000-0003-3643-7469
https://orcid.org/0000-0002-8077-8378
https://orcid.org/0000-0002-8601-2197
https://orcid.org/0000-0002-5024-3495
https://orcid.org/0000-0003-3871-5602
https://orcid.org/0009-0000-1201-4918
https://orcid.org/0000-0002-5882-1747
https://orcid.org/0009-0006-7202-0811
https://orcid.org/0000-0001-9112-3724
https://orcid.org/0000-0002-7884-345X
https://orcid.org/0009-0005-4236-4667
https://orcid.org/0000-0002-1642-4030
https://orcid.org/0000-0002-1862-7122
https://orcid.org/0000-0002-7008-8082
https://orcid.org/0000-0002-3863-352X
https://orcid.org/0000-0001-9721-3325
https://orcid.org/0000-0002-5732-4343
https://orcid.org/0000-0001-6343-447X
https://orcid.org/0000-0002-1996-0496
https://orcid.org/0000-0001-7871-5119
https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1896-2892
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-4325-7530
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0003-3754-7221
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0009-0005-9992-9761
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0009-0006-1758-936X
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-7548-6530
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0009-0004-7916-2682
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0001-8605-3020
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0009-0006-7822-2860
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0002-5820-1054
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0002-9795-3582
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0000-0001-6086-4116
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6558-6730
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-9753-329X
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0009-0001-4404-561X
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0009-0006-3241-8964
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0002-3221-7664
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0009-0006-3864-8365
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0009-0009-3494-2825
https://orcid.org/0009-0005-5503-8334
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881
https://orcid.org/0000-0001-9905-8031
https://orcid.org/0000-0002-2100-0726
https://orcid.org/0000-0002-4258-4062
https://orcid.org/0000-0001-6104-1496
https://orcid.org/0000-0002-9783-5957
https://orcid.org/0000-0002-7235-6976
https://orcid.org/0000-0001-6759-2504
https://orcid.org/0000-0003-0133-1664
https://orcid.org/0000-0002-5909-1379
https://orcid.org/0000-0001-6041-115X
https://orcid.org/0009-0008-3130-0600
https://orcid.org/0000-0002-3281-8136
https://orcid.org/0000-0001-7542-3073
https://orcid.org/0000-0001-6711-4465
https://orcid.org/0000-0002-6391-2205
https://orcid.org/0000-0003-4062-710X
https://orcid.org/0000-0002-6915-6607
https://orcid.org/0000-0002-2629-4735
https://orcid.org/0000-0002-2399-7646
https://orcid.org/0000-0001-9565-8312
https://orcid.org/0009-0003-2254-7162
https://orcid.org/0000-0003-0597-4878
https://orcid.org/0000-0003-4410-6889
https://orcid.org/0000-0002-5041-7651


J. A. Ward ,57,1 M. Waterlaat ,49 N. K. Watson ,54 D. Websdale ,62 Y. Wei ,6 J. Wendel ,81 B. D. C. Westhenry ,55

C. White ,56 M. Whitehead ,60 E. Whiter ,54 A. R. Wiederhold ,63 D. Wiedner ,19 G. Wilkinson ,64

M. K. Wilkinson ,66 M. Williams ,65 M. J. Williams ,49 M. R. J. Williams ,59 R. Williams ,56 Z. Williams ,55

F. F. Wilson ,58 M. Winn ,12 W. Wislicki ,42 M. Witek ,41 L. Witola ,22 G. Wormser ,14 S. A. Wotton ,56 H. Wu ,69

J. Wu ,8 X. Wu ,74 Y. Wu ,6 Z. Wu ,7 K. Wyllie ,49 S. Xian ,72 Z. Xiang ,5 Y. Xie ,8 T. X. Xing,30 A. Xu ,35

L. Xu ,4,p L. Xu ,4,p M. Xu ,57 Z. Xu ,49 Z. Xu ,7 Z. Xu ,5 K. Yang ,62 S. Yang ,7 X. Yang ,6 Y. Yang ,29,j

Z. Yang ,6 V. Yeroshenko ,14 H. Yeung ,63 H. Yin ,8 X. Yin ,7 C. Y. Yu ,6 J. Yu ,71 X. Yuan ,5 Y Yuan ,5,7

E. Zaffaroni ,50 M. Zavertyaev ,21 M. Zdybal ,41 F. Zenesini ,25 C. Zeng ,5,7 M. Zeng ,4,p C. Zhang ,6 D. Zhang ,8

J. Zhang ,7 L. Zhang ,4,p S. Zhang ,71 S. Zhang ,64 Y. Zhang ,6 Y. Z. Zhang ,4,p Z. Zhang ,4,p Y. Zhao ,22

A. Zhelezov ,22 S. Z. Zheng ,6 X. Z. Zheng ,4,p Y. Zheng ,7 T. Zhou ,6 X. Zhou ,8 Y. Zhou ,7 V. Zhovkovska ,57

L. Z. Zhu ,7 X. Zhu ,4,p X. Zhu ,8 V. Zhukov ,17 J. Zhuo ,48 Q. Zou ,5,7 D. Zuliani ,33,g and G. Zunica 50

(LHCb Collaboration)

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Department of Engineering Physics, Tsinghua University, Beijing, China

5Institute of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,

China
7University of Chinese Academy of Sciences, Beijing, China

8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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