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An amplitude analysis of the Ξþ
c → pK−πþ decay together with a measurement of the Ξþ

c polarization
vector in semileptonic beauty-hadron decays is presented. The analysis is performed using proton-proton
collision data collected by the LHCb experiment, corresponding to an integrated luminosity of 9 fb−1. An
amplitude model is developed and the resonance fractions as well as two- and three-body decay parameters
are reported. A sizeable Ξþ

c polarization is found. A large sensitivity of the Ξþ
c → pK−πþ decay to

the polarization is seen, making the amplitude model suitable for Ξþ
c polarization measurements in

other systems.
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I. INTRODUCTION

The Cabibbo-suppressed Ξþ
c → pK−πþ decay is of

special interest for the study of Ξþ
c baryon properties

due to its clean experimental signature, given by a
displaced vertex composed by three quasistable charged
hadrons, and a branching fraction of ð0.62� 0.30Þ% [1].
Cabibbo-favored decays have larger branching fraction
values, but they produce long-living hyperons character-
ized by lower reconstruction efficiencies. This makes the
Ξþ
c → pK−πþ decay suitable for the study of Ξþ

c baryon
properties at the LHCb experiment, and even more at fixed-
target experiments, where neutral hyperons have increased
their flight distances due to the large Lorentz boost of the
Ξþ
c baryons produced there.
An amplitude analysis of the Ξþ

c → pK−πþ decay
permits the simultaneous determination of the decay
amplitudes characterizing intermediate resonant contribu-
tions and the measurement of the Ξþ

c polarization vector
[2]. Such an analysis has diverse applications, ranging from
new physics searches to low-energy QCD studies, as
described in the following.
The helicity formalism is used to model each contribu-

tion to the Ξþ
c → pK−πþ decay, including intermediate-

state polarization. The knowledge of the resonant structure
is useful in searches for CP-symmetry violation in baryon
decays [3–10], as such asymmetries can be related to
specific contributions or localized in phase space. Parity

violation is characterized by the decay-asymmetry α param-
eters associated to the two-body resonant contributions,
which are determined from the helicity couplings. Parity
violation is also studied for the entire three-body Ξþ

c →
pK−πþ process, considering a quantity called average event
information [11], which represents the sensitivity of the
decay to the baryon polarization. The Ξþ

c → pK−πþ decay
amplitude model can be exploited in searches for physics
contributions beyond the Standard Model in Ξ0

b → Ξþ
c l−ν̄l

decays [12–14]. The spin analysis of the Ξþ
c baryon in

angular analyses of Ξ0
b semileptonic decays increases both

the number and sensitivity of measurable observables,
notably that of the Ξþ

c longitudinal polarization.
The Ξþ

c → pK−πþ amplitude model can be employed to
measure the polarization of the Ξþ

c baryon in multiple
production processes. Polarization measurements of charm
baryons are a fundamental probe of their spin structure
and formation process via hadronization of heavy charm
quarks. According to the heavy-quark effective theory, most
of the c-quark polarization is expected to be retained by the
charm baryon [15–17]. In the case of strong-force produc-
tion, the baryon polarization is difficult to predict in the
nonperturbative regime of QCD, thus its measurement
discriminates amongdifferent low-energyQCDapproaches.
Moreover, polarization measurements enable access to
charm-baryon electric and magnetic dipole moments via
spin precession [18–24]. The measurement of the Ξþ

c
polarization, in comparison to that of theΛþ

c baryon, probes
charm-baryon physics in the presence of strangeness.
Neither amplitude analyses of the Ξþ

c → pK−πþ decay,
nor Ξþ

c polarization measurements, have been performed
previously. In this paper, an amplitude analysis of Ξþ

c →
pK−πþ decays recorded by the LHCb detector, including
the measurement of the Ξþ

c polarization vector, is pre-
sented. Throughout the paper, charge-conjugate states are
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implied. The analysis is based on a data sample of semi-
leptonic decays of beauty hadrons produced in proton-
proton (pp) collisions at center-of-mass energies of 7, 8,
and 13 TeV, corresponding to an integrated luminosity of
9 fb−1. The amplitude analysis closely follows the methods
employed for the study of the Λþ

c → pK−πþ decay at
LHCb [25].
This paper is organized as follows. The description of the

LHCb detector and the simulation sample employed is
given in Sec. II. The selection of Ξþ

c → pK−πþ candidates
and the invariant-mass fit used to determine signal and
background yields are described in Sec. III. Amplitude and
polarization fit frameworks and the development of the
Ξþ
c → pK−πþ baseline amplitude model are described

in Sec. IV. The evaluation of statistical and systematic
uncertainties is covered by Sec. V, along with the con-
sistency checks performed. The results of the amplitude
and polarization fits are reported in Sec. VI, and a brief
summary of the analysis is provided in Sec. VII.

II. DETECTOR AND SIMULATION

The LHCb detector [26,27] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that
varies from 0.5% at low momentum to 1.0% at 200 GeV.
Natural units with c ¼ 1 are used throughout. The mini-
mum distance of a track to a primary pp collision vertex
(PV), the impact parameter, is measured with a resolution
of ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV. Different types
of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors. 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 online event selection is performed by a trigger,

which consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction. At
the hardware trigger stage, events are required to have at
least one muon with high pT. The software trigger requires
a two-, three- or four-track secondary vertex with a
significant displacement from any primary pp interaction
vertex. At least one charged particle must have a trans-
verse momentum pT > 1.6 GeV and be inconsistent with

originating from a PV. A multivariate algorithm [28,29] is
used for the identification of secondary vertices consistent
with the decay of a b hadron.
The momentum scale is calibrated using samples of

J=ψ → μþμ− and Bþ → J=ψKþ decays collected concur-
rently with the data sample used for this analysis [30,31].
The relative accuracy of this procedure is estimated to be
3 × 10−4 using samples of other b hadrons, ϒ and K0

S
mesons.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [32]
with a specific LHCb configuration [33]. Decays of
unstable particles are described by EvtGen [34], in which
final-state radiation is generated using PHOTOS [35]. The
interaction of the generated particles with the detector, and
its response, are implemented using the Geant4 toolkit [36]
as described in Ref. [37]. The underlying pp interaction is
reused multiple times, with an independently generated
signal decay for each [38].
A sample of exclusive semileptonic Ξ0

b → Ξþ
c μ

−ν̄μ
decays is produced with the Ξþ

c → pK−πþ decay uni-
formly generated over the phase space. These simulated
decays permit a suitable description of detector efficiency
effects, despite the fact that other beauty-hadron decays
could, in principle, contribute to the decay under study. The
particle identification (PID) response in the simulated
samples is calibrated by sampling from data distributions
of D�þ → D0πþ, D0 → K−πþ and Λ0

b → Λþ
c π

−, Λþ
c →

pK−πþ decays, considering their kinematics and the
detector occupancy. An unbinned method is employed,
where the probability density functions are modeled using
kernel density estimation [39]. Simulated distributions are
validated on data, correcting observed differences using the
gradient-boost weighting technique of the HEP_ML pack-
age [40].

III. EVENT SELECTION
AND INVARIANT-MASS FIT

Data used in this analysis are split into a Run 1 dataset
comprising pp collisions recorded at center-of-mass ener-
gies of 7 TeV and 8 TeV, and a Run 2 dataset recorded at
13 TeV center-of-mass energy. They correspond to inte-
grated luminosities of approximately 3 fb−1 and 6 fb−1,
respectively. The two datasets are treated in the same way
but analyzed separately to consider possible differences due
to the different data-taking conditions.
The Ξþ

c candidates are reconstructed from combinations
of three charged hadron tracks forming a vertex separated
from any PV. Semileptonic beauty-hadron decay candidates
are then reconstructed inclusively requiring that the Ξþ

c
candidate and a muon track originate from a common
vertex. Small χ2 values are required for all track and vertex
fits. Each track is required to have a loose PID response;
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transverse momentum pT > 250 MeV for hadrons and
pT > 1 GeV for muons; and momentum p > 2 GeV for
mesons, p > 8 GeV for protons and p > 6 GeV for
muons. Final-state particles are ensured to be well dis-
placed from the interaction point by requiring a large track
χ2IP with respect to any PV, where χ2IP is defined as the
difference in the vertex fit χ2 of a given PV reconstructed
with and without the particle under consideration. The PV
with the smallest χ2IP is associated to the Ξþ

c candidate.
A set of selection criteria are imposed to reduce the

combinatorial background, arising from random combina-
tions of tracks. They require each track to be within the
LHCb detector pseudorapidity acceptance, 2 < η < 5, and
maximum decay times of 3 ps and 10 ps for Ξþ

c and beauty-
hadron candidates, respectively. Requirements are imposed
also on proton and kaon PID probabilities, obtained from
neural network classifiers, which combine information
from the different subdetectors [41].
A boosted decision tree (BDT) classifier [42] is used to

further reduce the combinatorial background contamina-
tion. The classifier is trained on data passing the afore-
mentioned selection criteria, with signal and background
proxies obtained via an sPlot technique [43], separately for
Run 1 and Run 2 datasets. It employs quantities related to
decay topology, track fit quality, PID and the proton
transverse momentum. A selection cut on the BDT clas-
sifier output is chosen optimizing the figure of merit
N2=ðN þ BÞ3=2, with N and B the signal and background
yields. These are obtained in the mðpK−πþÞ signal region
within �15 MeV of the known Ξþ

c mass [1], covering
approximately three times the mass-peak resolution.
The three-body charm-meson decays Dþ → K−πþπþ,

Dþ
s → K−Kþπþ and Dþ → K−Kþπþ constitute the main

physical background contributions. They are identified by
considering events with invariant mass reconstructed under
the πþK−πþ hypothesis within�15 MeV of the knownDþ
mass or invariant mass reconstructed under the KþK−πþ

hypothesis within �15 MeV of the known Dþ or Dþ
s

masses. These events are then discarded only if the proton
PID probability is lower than a given threshold. This
requirement allows amore uniform efficiency over theΞþ

c →
pK−πþ decay phase-space distributions while maintaining
an adequate background rejection. Other physical back-
ground contributions are negligible after the selection proc-
ess. A background contribution originating from events in
which the same positive track is reconstructed as a proton and
a pion at the same time is removed by rejecting candidates in
which the proton and pion momenta point in the same
direction, i.e., with relative angle difference below 10−3.
The distribution of the invariant mass mðpK−πþÞ of

selected candidates from the Run 1 and Run 2 datasets is
shown in Fig. 1. Extended unbinned maximum-likelihood
fits are performed in the mass range within �80 MeV of
the known Ξþ

c mass, to determine Ξþ
c → pK−πþ and

background yields after selection. The Ξþ
c → pK−πþ

signal shape except for the overall mean and width is
fixed from simulation, while a polynomial function
describes the combinatorial background contribution.
The signal mðpK−πþÞ region chosen for the amplitude

analysis is within �15 MeV of the known Ξþ
c mass,

containing 99.7% of the signal candidates. Yields for the
Run 1 and Run 2 data samples of 35,265 and 151,887
Ξþ
c → pK−πþ candidates are found, with background

fractions in the signal region (fb) at 15.6% and 14.4%,
respectively.

IV. AMPLITUDE AND POLARIZATION FITS

The amplitude model for the Ξþ
c → pK−πþ decay is

written in the helicity formalism [44], following the method
and conventions of Ref. [45]. The Ξþ

c polarization is
measured in the Ξþ

c rest frame in two different helicity
systems defined by a boost along the Ξþ

c momentum from
the approximate beauty-hadron rest frame (B̃) and from the
laboratory frame (lab). The five variables describing the
Ξþ
c → pK−πþ decay phase space are chosen to be
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FIG. 1. Distributions of the pK−πþ invariant mass of (left) Run 1 and (right) Run 2 selected candidates. The results from the fit
described in the text are also shown.
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Ω≡ ðm2ðpK−Þ; m2ðK−πþÞ; cos θp;ϕp; χÞ; ð1Þ

where m2ðpK−Þ and m2ðK−πþÞ are the squared invariant
masses and θp; ϕp, and χ are the angles describing the
decay orientation with respect to the Ξþ

c polarization
system. The angles θp and ϕp are the polar and azimuthal
angles of the proton momentum, while χ is the angle
between the plane formed by the proton momentum and the
Ξþ
c quantization axis, and the plane formed by the kaon and

pion momenta, where momenta are expressed in the Ξþ
c rest

frame. The phase-space variables are computed after
constraining the mass of the pK−πþ candidate to the
known Ξþ

c mass. The detailed definition of the amplitude
model, Ξþ

c helicity systems and phase-space variables is
given in Ref. [25].
The free parameters of the amplitude model are deter-

mined by an unbinned maximum-likelihood fit to the five
phase-space observables. The detector efficiency effects on
the Ξþ

c → pK−πþ phase space are included using cali-
brated simulation events passing event selection, while the
background contribution is introduced using factorized
Legendre-polynomial expansions, derived from data mass
sidebands. Their distributions represent reliably the back-
ground contribution in the signal region since phase-space
variables are mostly uncorrelated with the invariant mass
mðpK−πþÞ. The maximum-likelihood fit is performed
simultaneously on the separate Run 1 and Run 2 datasets,
using specific simulation samples and background para-
metrizations for each dataset.
The amplitude fitting code is based on a version of the

TensorFlowAnalysis package [46] adapted to three-body ampli-
tudes in five-dimensional phase-space fits [21]. This pack-
age depends on the machine-learning framework TensorFlow

[47] interfaced with Minuit minimization [48] via the ROOT

package [49]. The fit is performed using multiple gradient-
descent minimization with different, randomized, initial
values of the parameters to ensure that the best fit point in
parameter space is reached.
The fit quality is measured by a χ2 test performed over a

five-dimensional binning of the phase space; an adaptive
binning technique is employed to guarantee a similar
number of candidates in each bin. Probability values are
obtained assuming a number of degrees of freedom equal to
the number of bins employed minus the number of free
parameters in the amplitude fit, including normalization.
The normalization of the model is determined by setting

the complex coupling HK̄�ð892Þ0
1=2;0 to (1,0), with the values of

the other couplings expressed relative to this reference. The
baseline model is obtained from the amplitude fit in which
the Ξþ

c polarization is expressed in the helicity system
reached from the B̃ rest frame. All the helicity couplings of
the intermediate resonances are measured in the present
analysis. Fit fractions and decay-asymmetry parameters are
also determined for each two-body contribution. In light of

the application of the Ξþ
c → pK−πþ amplitude model as a

Ξþ
c polarization analyzer, the sensitivity of the decay to the

baryon polarization is measured by the normalized average
event information,

ffiffiffi

3
p

S, defined in Ref. [25]. This quantity
depends on the parity-violating part of the decay rate, and is
inversely proportional to the variance of the polarization
measurement. The

ffiffiffi

3
p

S quantity is also measured for the
nonzero-spin K� states in place of their decay-asymmetry
parameters.
A Dalitz plot of the total reconstructed Ξþ

c → pK−πþ
sample is presented in Fig. 2. The plot contains candidates
from the signal region prior to efficiency correction, drawn
in them2ðpK−Þ andm2ðK−πþÞ squared invariant masses. It
displays a rich structurewith resonant contributions from all
three possible pairs of final state particles; Λ resonances are
visible as vertical bands, K̄� as horizontal bands andΔþþ as
diagonal bands. The different intensity patterns can be
explained by the spin of the resonance within each band,
by interference patternswhere bands overlap, or nonuniform
detector efficiency near the boundaries of phase space.
The baseline amplitude model is built starting from the

contributions visible in Fig. 2 and adding resonant states
according to those listed in Ref. [1]. Contributions which
significantly improve the fit quality are added to the
baseline model; those giving similar qualities are consid-
ered as alternative models for the evaluation of systematic
uncertainties. The same criterion is employed for choosing
among different descriptions of the same contribution. The
resonances included in the baseline model are listed in
Table I, where their invariant-mass dependence (lineshape)
follows that of Ref. [25]. Resonances are parametrized by
default with relativistic Breit-Wigner functions multiplied
by orbital angular-momentum-suppression terms. The
Λð1405Þ and Λð1670Þ resonances are parametrized by a
Flatté lineshape [50]. Spin-zero K−πþ contributions, i.e.,
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FIG. 2. Dalitz plot for the total sample of selected Ξþ
c →

pK−πþ candidates. The sample consists of 187,152 candidates
with a purity of 85.4%.
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K̄�
0ð700Þ0 and K̄�

0ð1430Þ0 states, are effectively described
by a simplified version of the parametrization proposed in
Ref. [51]. It consists of a Breit-Wigner lineshape in which
the mass-dependent width is given by

ΓðmÞ ¼ m2 − sA
m2

0 − sA
Γ0e−γm

2

; ð2Þ

which features a singularity (Adler zero) at sA ¼ m2
K −

0.5m2
π and an exponential form factor on the Kπ width

driven by the parameter γ. The γ parameter is determined
separately for each contribution in the amplitude fit, with
mass m0 and width Γ0 Breit-Wigner parameters taken from
Ref. [1]. The effect of this choice is taken into account in
the computation of the model systematic uncertainty,
described later, by releasing mass and width parameters
in the fit, by varying the PDG values for the masses and
widths by one standard deviation, and by considering
relativistic Breit-Wigner functions as an alternative line-
shape. All resonance parameters are fixed to the mean
values reported in Ref. [1] except for the Λð1520Þ and
Λð2000Þ states, which are fixed to the central values
determined by the Λþ

c → pK−πþ amplitude analysis
[25], and for the Λð1670Þ resonance, which are fixed to
the values determined by the Belle Collaboration [52].
While no clear contribution of Σ0 states is found, their
possible presence is considered among alternative models.
The phase-space distributions are fully described by

resonant contributions, with no need for additional non-
resonant terms.
The Ξþ

c polarization in the B̃ system is determined
directly by the amplitude fit, while that in the lab system is
measured via a separate fit in which the amplitude-model
parameters are fixed to those determined in the other
polarization system. This strategy, different with respect
to that employed for the Λþ

c → pK−πþ analysis [25], is
motivated by the higher level of background contributions
affecting the Ξþ

c → pK−πþ decay channel. In particular,
charm-meson decays produce peaking structures in the lab
system cos θp distribution. The effect on lab system
polarization due to the removal of this background source,
which distorts the cos θp distribution, is corrected for by
exploiting both the simulation sample and the amplitude
model determined in the B̃ frame.

V. UNCERTAINTIES
AND CONSISTENCY CHECKS

Statistical and systematic uncertainties are computed for
amplitude-model parameters, polarization components, fit
fractions, decay-asymmetry parameters and S2 quantities.
Statistical uncertainties are obtained by fitting the baseline
model to 1000 pseudoexperiments sampled from fit results.
For each pseudoexperiment, the simulation sample used to
compute the model normalization is also regenerated to
account for its finite size. Two separate studies are
performed for the amplitude fit, with polarization measured
in the B̃ system, and for the lab system polarization-only fit.
Statistical uncertainties for each parameter are determined
as the standard deviation of the distribution of results from
the pseudoexperiments, reported along with the final results
in Sec. VI.
Different sources of systematic uncertainties are consid-

ered. These are grouped into contributions coming from the
model choice, the background determination, kinematics of
the decay, PID, and the fit bias. For the lab polarization fit,
an additional contribution for the correction related to the
removal of charm-meson decays is considered. The model
contribution is quoted separately from the other experi-
mental systematic contributions, which are combined in the
final results.
The systematic uncertainty associated to the amplitude

model choice is estimated by determining the measured
parameters employing alternative models with fit quality
similar to the baseline fit, which is the best representation
of the resonant structure of the Ξþ

c → pK−πþ decay.
Alternative models cover different types of baseline fit
modifications. They include allowing the Breit-Wigner
parameters of resonances with sizeable uncertainties to
vary freely. Particular attention is given to the spin-zero
K−πþ resonances, whose parameters are either floated or
shifted by one standard deviation according to the PDG
uncertainty intervals. Alternative scenarios also explore the

TABLE I. Resonant composition of the baseline Ξþ
c → pK−πþ

amplitude model, with spin-parity JP, and the Breit-Wigner mass
and width parameters.

Resonance JP Mass [MeV] Width [MeV] Reference

Λð1405Þ 1=2− 1405.1 50.5 [1]
Λð1520Þ 3=2− 1518.467 15.195 [25]
Λð1600Þ 1=2þ 1600 200 [1]
Λð1670Þ 1=2− 1674.4 27.2 [52]
Λð1690Þ 3=2− 1690 70 [1]
Λð1710Þ 1=2þ 1713 180 [1]
Λð1800Þ 1=2− 1800 200 [1]
Λð1810Þ 1=2þ 1790 110 [1]
Λð1820Þ 5=2þ 1820 80 [1]
Λð1830Þ 5=2− 1825 90 [1]
Λð1890Þ 3=2þ 1890 120 [1]
Λð2000Þ 1=2− 1988.19 179.26 [25]

K̄�
0ð700Þ0 0þ 845 468 [1]

K̄�ð892Þ0 1− 895.5 47.3 [1]
K̄�

0ð1430Þ0 0þ 1425 270 [1]
K̄�

2ð1430Þ0 2þ 1432.4 109 [1]

Δð1232Þþþ 3=2þ 1232 117 [1]
Δð1600Þþþ 3=2þ 1570 250 [1]
Δð1620Þþþ 1=2− 1610 130 [1]
Δð1700Þþþ 3=2− 1665 250 [1]
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removal of the Λð1800Þ and Λð1890Þ states, which exhibit
limited statistical significance in the fit. Their exclusion has
no observable impact on the remaining resonant structure,
although a significant change in the likelihood is observed
when both are removed simultaneously. The addition of
contributions from the Λð2100Þ, Λð2110Þ, Σð1670Þ0 and
Σð1775Þ0 states in the pK− decay channel is also inves-
tigated. Further variations include using relativistic Breit-
Wigner functions as alternative lineshapes for spin-zero
K−πþ resonances, and altering the orbital angular-
momentum-suppression factor in the Breit-Wigner formu-
lation. Each modification to the baseline amplitude model

is applied independently. The maximum absolute deviation
of the fitted parameters across all alternative models,
relative to the baseline result, is assigned as the corre-
sponding systematic uncertainty.
The uncertainty associated to the background description

includes the uncertainty on the background fraction fb,
estimated using an alternative model for the mðpK−πþÞ
mass shape, and that on the Legendre-polynomial para-
metrization, estimated varying both the background sample
employed for its determination and the factorization of
phase-space variables. The uncertainties related to decay
kinematics and PID corrections applied to the simulation

TABLE II. Systematic uncertainty contributions on polarization components in percentage. Total* includes all contributions except
for the choice of amplitude model. Veto refers to the contribution connected to the removal of charm-meson decays.

Parameter Model Total* Background Kinematics PID Veto Fit bias

Px (B̃) 0.011 0.009 0.007 0.004 0.001 <0.001
Py (B̃) 0.0023 0.0035 0.0019 0.0023 0.0018 0.0001

Pz (B̃) 0.028 0.015 0.015 <0.001 <0.001 0.002
P (B̃) 0.030 0.016 0.016 0.002 <0.001 0.002

Px (lab) 0.026 0.010 0.009 <0.001 0.003 0.002 <0.001
Py (lab) 0.0019 0.0023 0.0002 0.0006 0.0015 0.0017 0.0001
Pz (lab) 0.014 0.020 0.007 0.007 0.014 0.010 <0.001
P (lab) 0.030 0.012 0.010 0.003 0.003 0.006 <0.001
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FIG. 3. Distributions for selected candidates in Run 1 together with amplitude fit projections in the B̃ system for (top row) invariant-
mass-squared projections; and (bottom row) decay-orientation angle projections.
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FIG. 4. Distributions for selected candidates in Run 2 together with amplitude fit projections in the B̃ system for (top row) invariant-
mass-squared projections; and (bottom row) decay-orientation angle projections.
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FIG. 5. Distributions for selected candidates in Run 1 together with polarization fit projections in the lab system for (top row)
invariant-mass-squared projections; and (bottom row) decay-orientation angle projections.
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are estimated separately varying the calibration samples
employed and the functional form of the corrections. For
the correction related to the removal of charm-meson
decays in the lab polarization fit, a different amplitude
model is employed. A possible bias in the determination of
fit parameters is considered by assigning the mean
deviation of 1000 pseudoexperiments from the baseline
results as a systematic uncertainty. Systematic uncertainties
separated for each contribution are reported in Table II for
polarization components, and in the Appendix for fit
parameters, fit fractions and decay asymmetries. It is worth
noting that the model uncertainty on polarization compo-
nents is small compared to that associated to amplitude
model parameters.
The stability of the baseline amplitude model is checked

by repeating the fit splitting the data set for different Ξþ
c

charges, different data-taking periods and measuring the
Ξþ
c polarization in the lab polarization system. All ampli-

tude models obtained are compatible with the baseline
within uncertainties.

VI. RESULTS

The comparison between Ξþ
c → pK−πþ data and the

baseline amplitude fit projections is displayed in Figs. 3
and 4, for Run 1 and Run 2 datasets, respectively. The

comparison between Ξþ
c → pK−πþ data and lab-system

polarization fit projections is shown in Figs. 5 and 6. The
amplitude-model distributions are obtained from the Ξþ

c →
pK−πþ simulation sample which reproduces detector
efficiency effects.
The polarization components in the B̃ and lab systems

are reported in Table III. The full Ξþ
c polarization vector is

measured for the first time, with absolute uncertainties of
order 1% on each component. A large polarization is
measured in both Ξþ

c helicity frames considered. In the
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FIG. 6. Distributions for selected candidates in Run 2 together with polarization fit projections in the lab system for (top row)
invariant-mass-squared projections; and (bottom row) decay-orientation angle projections.

TABLE III. Measured Ξþ
c polarization components and mag-

nitude in B̃ and lab frames.

Component
Central value

(%)
Stat.
unc.

Model
unc.

Syst.
unc.

Px (B̃) 21.8 0.7 1.1 0.8
Py (B̃) −0.73 0.69 0.23 0.35

Pz (B̃) −61.9 0.8 2.8 1.5
P (B̃) 65.6 0.8 3.0 1.6

Px (lab) 56.9 0.7 2.6 1.0
Py (lab) −0.41 0.68 0.19 0.23
Pz (lab) −26.2 0.7 1.4 2.0
P (lab) 62.6 0.7 3.0 1.2
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B̃ system it has a magnitude P ≈ 66%, with a dominating
negative longitudinal component Pz ≈ −62% and a smaller
positive transverse component Px ≈ 22%. In the lab system
it has a magnitude P ≈ 63%, with a dominating positive
transverse component Px ≈ 57% and a smaller negative
longitudinal component Pz ≈ −26%. The normal polariza-
tion Py, sensitive to time-reversal violation effects and
final-state interactions [25], is compatible with zero at the
1% level, for both polarization systems considered. The
leading uncertainty for longitudinal and transverse polari-
zation in both systems is systematic, while for normal
polarization is statistical.
The Ξþ

c polarization shares the features observed for the
Λþ
c baryon [25] except for some slight differences in the

measured values. The Ξþ
c polarization direction is more

transverse and less longitudinal than that of theΛþ
c one in the

B̃ frame, more longitudinal and less transverse in the lab
frame, with a reduced magnitude in both polarization
systems. Differences between Ξþ

c and Λþ
c polarization

components have limited significance, being comparable
in sizewith the uncertainties on the polarization components.
The measured parameters of the baseline amplitude

model are reported in Tables IV–VII, fit fractions for each
resonant contribution in Table VIII,

ffiffiffi

3
p

S and two-body
decay-asymmetry parameters in Table IX. The amplitude
analysis is sensitive to all the parameters describing the
Ξþ
c → pK−πþ amplitude model, due to the sizeable Ξþ

c
polarization and interference effects among different decay
chains [2]. The leading uncertainties come from amplitude
model choice and background contributions.

TABLE IV. Baseline amplitude-model measured fit parameters
of the Λ contributions with lower mass.

Parameter
Central
value

Statistical
uncertainty

Model
uncertainty

Systematic
uncertainty

Re HΛð1405Þ
1=2;0

−0.74 0.22 0.69 0.17

Im HΛð1405Þ
1=2;0

0.74 0.13 0.60 0.44

Re HΛð1405Þ
−1=2;0

2.5 0.1 1.0 0.4

Im HΛð1405Þ
−1=2;0

1.1 0.2 1.5 0.6

Re HΛð1520Þ
1=2;0

−0.139 0.022 0.059 0.052

Im HΛð1520Þ
1=2;0

−0.182 0.025 0.025 0.030

Re HΛð1520Þ
−1=2;0

−0.12 0.04 0.13 0.15

Im HΛð1520Þ
−1=2;0

0.620 0.021 0.065 0.020

Re HΛð1600Þ
1=2;0

1.20 0.12 0.52 0.25

Im HΛð1600Þ
1=2;0

0.03 0.12 0.62 0.30

Re HΛð1600Þ
−1=2;0

0.51 0.13 0.73 0.64

Im HΛð1600Þ
−1=2;0

1.16 0.12 0.90 0.17

Re HΛð1670Þ
1=2;0

−0.121 0.021 0.044 0.041

Im HΛð1670Þ
1=2;0

−0.020 0.022 0.063 0.017

Re HΛð1670Þ
−1=2;0

−0.261 0.017 0.029 0.016

Im HΛð1670Þ
−1=2;0

−0.076 0.025 0.085 0.013

Re HΛð1690Þ
1=2;0

0.15 0.06 0.21 0.14

Im HΛð1690Þ
1=2;0

−0.493 0.054 0.078 0.089

Re HΛð1690Þ
−1=2;0

−0.85 0.05 0.24 0.04

Im HΛð1690Þ
−1=2;0

0.52 0.06 0.19 0.11

Re HΛð1710Þ
1=2;0

0.4 0.1 1.0 0.1

Im HΛð1710Þ
1=2;0

−0.26 0.15 0.30 0.10

Re HΛð1710Þ
−1=2;0

1.59 0.13 0.53 0.12

Im HΛð1710Þ
−1=2;0

0.36 0.17 0.75 0.48

TABLE V. Baseline amplitude-model measured fit parameters
of the Λ contributions with higher mass.

Parameter Central value Stat. unc. Model unc. Syst. unc.

Re HΛð1800Þ
1=2;0

0.19 0.13 0.62 0.12

Im HΛð1800Þ
1=2;0

−0.73 0.12 0.46 0.20

Re HΛð1800Þ
−1=2;0

−0.81 0.12 0.62 0.14

Im HΛð1800Þ
−1=2;0

−0.96 0.13 0.65 0.23

Re HΛð1810Þ
1=2;0

0.05 0.10 0.36 0.07

Im HΛð1810Þ
1=2;0

0.97 0.09 0.40 0.06

Re HΛð1810Þ
−1=2;0

−0.08 0.08 0.21 0.08

Im HΛð1810Þ
−1=2;0

0.11 0.08 0.15 0.09

Re HΛð1820Þ
1=2;0

0.21 0.08 0.32 0.04

Im HΛð1820Þ
1=2;0

1.05 0.07 0.18 0.08

Re HΛð1820Þ
−1=2;0

−0.50 0.06 0.17 0.14

Im HΛð1820Þ
−1=2;0

0.04 0.06 0.21 0.18

Re HΛð1830Þ
1=2;0

0.50 0.07 0.56 0.08

Im HΛð1830Þ
1=2;0

−0.04 0.07 0.60 0.09

Re HΛð1830Þ
−1=2;0

−0.21 0.07 0.27 0.10

Im HΛð1830Þ
−1=2;0

−0.30 0.07 0.26 0.10

Re HΛð1890Þ
1=2;0

0.32 0.07 0.36 0.06

Im HΛð1890Þ
1=2;0

−0.19 0.07 0.19 0.07

Re HΛð1890Þ
−1=2;0

0.07 0.07 0.14 0.05

Im HΛð1890Þ
−1=2;0

−0.45 0.06 0.53 0.07

Re HΛð2000Þ
1=2;0

−1.45 0.14 0.36 0.17

Im HΛð2000Þ
1=2;0

−2.64 0.14 0.79 0.28

Re HΛð2000Þ
−1=2;0

−0.71 0.12 0.29 0.07

Im HΛð2000Þ
−1=2;0

−1.52 0.10 0.50 0.08
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The largest contributions to the amplitude model, mea-
sured from fit fractions, come from the K̄�ð892Þ0,
Δð1232Þþþ and K̄�

0ð1430Þ0 resonances. Among the Λ
resonances, the largest contribution is from the Λð2000Þ
state, which is well-described by the spin-1=2− Breit-
Wigner lineshape determined in the Λþ

c → pK−πþ analysis
[25]. Differences in resonance content and fit fractions of
the Ξþ

c → pK−πþ baseline model with respect to Λþ
c →

pK−πþ [25] show how the underlying dynamics of the two
decays is different. The higher contribution of excited Λ
and K� states in the Ξþ

c → pK−πþ case can be qualitatively

TABLE VI. Baseline amplitude-model measured fit parameters
of the K� contributions.

Parameter
Central
value

Stat.
unc.

Model
unc.

Syst.
unc.

Re H
K̄�

0
ð700Þ0

1=2;0
−3.95 0.23 0.86 0.37

Im H
K̄�

0
ð700Þ0

1=2;0
3.0 0.3 1.5 0.6

Re H
K̄�

0
ð700Þ0

−1=2;0
−2.5 0.2 1.2 0.5

Im H
K̄�

0
ð700Þ0

−1=2;0
−0.35 0.19 0.99 0.22

γK̄
�
0
ð700Þ0 ½GeV−2� −0.77 0.08 0.59 0.23

Re HK̄�ð892Þ0
1=2;0

1 (fixed)

Im HK̄�ð892Þ0
1=2;0

0 (fixed)

Re HK̄�ð892Þ0
1=2;−1

1.90 0.05 0.22 0.07

Im HK̄�ð892Þ0
1=2;−1

0.52 0.08 0.22 0.13

Re HK̄�ð892Þ0
−1=2;1

−1.037 0.044 0.038 0.043

Im HK̄�ð892Þ0
−1=2;1

0.19 0.06 0.24 0.05

Re HK̄�ð892Þ0
−1=2;0

−0.24 0.08 0.23 0.03

Im HK̄�ð892Þ0
−1=2;0

−1.20 0.05 0.17 0.02

Re H
K̄�

0
ð1430Þ0

1=2;0
1.3 0.1 1.2 0.5

Im H
K̄�

0
ð1430Þ0

1=2;0
1.0 0.1 1.4 0.3

Re H
K̄�

0
ð1430Þ0

−1=2;0
−1.6 0.2 3.1 0.3

Im H
K̄�

0
ð1430Þ0

−1=2;0
4.2 0.2 1.2 0.8

γK̄
�
0
ð1430Þ0 ½GeV−2� 0.05 0.02 0.27 0.07

Re H
K̄�

2
ð1430Þ0

1=2;0
−1.3 0.1 1.1 0.3

Im H
K̄�

2
ð1430Þ0

1=2;0
0.31 0.11 0.59 0.29

Re H
K̄�

2
ð1430Þ0

1=2;−1
−0.54 0.17 0.17 0.23

Im H
K̄�

2
ð1430Þ0

1=2;−1
2.49 0.13 0.88 0.18

Re H
K̄�

2
ð1430Þ0

−1=2;1
1.47 0.12 0.41 0.12

Im H
K̄�

2
ð1430Þ0

−1=2;1
0.85 0.15 0.65 0.16

Re H
K̄�

2
ð1430Þ0

−1=2;0
0.95 0.11 0.29 0.13

Im H
K̄�

2
ð1430Þ0

−1=2;0
−0.48 0.11 0.44 0.11

TABLE VII. Baseline amplitude-model measured fit parame-
ters of the Δþþ contributions.

Parameter Central value Stat. unc. Model unc. Syst. unc.

Re HΔð1232Þþþ

1=2;0
−1.50 0.08 0.14 0.06

Im HΔð1232Þþþ

1=2;0
−0.07 0.10 0.25 0.14

Re HΔð1232Þþþ

−1=2;0
−3.32 0.16 0.32 0.05

Im HΔð1232Þþþ
−1=2;0

2.58 0.79 0.29 0.27

Re HΔð1600Þþþ

1=2;0
0.3 0.2 1.2 0.6

Im HΔð1600Þþþ

1=2;0
−2.99 0.15 0.71 0.33

Re HΔð1600Þþþ

−1=2;0
0.0 0.2 1.1 0.3

Im HΔð1600Þþþ

−1=2;0
−2.08 0.13 0.30 0.35

Re HΔð1620Þþþ
1=2;0

0.00 0.08 0.33 0.10

Im HΔð1620Þþþ
1=2;0

1.20 0.05 0.40 0.05

Re HΔð1620Þþþ
−1=2;0

−0.67 0.06 0.28 0.21

Im HΔð1620Þþþ

−1=2;0
−0.62 0.07 0.22 0.08

Re HΔð1700Þþþ
1=2;0

1.1 0.2 1.1 0.1

Im HΔð1700Þþþ
1=2;0

−1.87 0.13 0.72 0.25

Re HΔð1700Þþþ
−1=2;0

1.49 0.13 0.50 0.60

Im HΔð1700Þþþ
−1=2;0

−1.09 0.13 0.50 0.13

TABLE VIII. Fit fractions in % of the resonant contributions
included in the baseline amplitude model.

Resonance Central value Stat. unc. Model unc. Syst. unc.

Λð1405Þ 3.3 0.2 1.5 0.2
Λð1520Þ 2.64 0.08 0.11 0.04
Λð1600Þ 2.0 0.3 1.4 1.0
Λð1670Þ 3.03 0.09 0.17 0.11
Λð1690Þ 1.55 0.12 0.40 0.42
Λð1710Þ 2.3 0.3 1.8 0.4
Λð1800Þ 1.48 0.13 0.58 0.15
Λð1810Þ 1.33 0.28 0.96 0.17
Λð1820Þ 0.82 0.09 0.14 0.08
Λð1830Þ 0.20 0.05 0.10 0.03
Λð1890Þ 0.19 0.05 0.17 0.04
Λð2000Þ 7.4 0.3 1.1 0.8

K̄�
0ð700Þ0 7.4 0.4 4.8 0.7

K̄�ð892Þ0 28.61 0.28 0.82 0.80
K̄�

0ð1430Þ0 15.6 0.7 7.1 1.9
K̄�

2ð1430Þ0 3.3 0.2 2.7 0.7

Δð1232Þþþ 17.2 0.4 1.3 0.5
Δð1600Þþþ 4.31 0.27 0.96 0.91
Δð1620Þþþ 3.29 0.21 0.98 0.27
Δð1700Þþþ 2.01 0.17 0.44 0.15
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explained by the presence of a valence s quark in the Ξþ
c

baryon, which can be directly passed to the strange
resonances. In the Λþ

c → pK−πþ case, the strangeness
of intermediate resonances has to be produced in the Λþ

c
weak decay.
A large sensitivity of the Ξþ

c → pK−πþ decay to the
polarization is measured,

ffiffiffi

3
p

S ¼ 0.691� 0.005� 0.030,
which is also an observation of parity violation. This value is
comparablewith the sensitivity toΛþ

c polarizationmeasured
for the Λþ

c → pK−πþ decay [25],
ffiffiffi

3
p

S ≈ 0.662. The large
sensitivity makes the decay suitable for Ξþ

c polarization
measurements in other systems. Many two-body decay-
asymmetry parameters are significantly different from
zero, indicating parity violation in these resonant decay
contributions.

VII. SUMMARY

An amplitude analysis of Ξþ
c → pK−πþ decays with a

measurement of the Ξþ
c polarization vector in semileptonic

beauty-hadron decays is presented. Candidates are selected
from pp collisions recorded with the LHCb detector at
center-of-mass energies of 7, 8, and 13 TeV, corresponding
to an integrated luminosity of 9 fb−1. All the parameters of
the amplitude model and the baryon polarization have been
measured; fit fractions and decay-asymmetry parameters
for each two-body resonant contribution are also reported

together with the effective three-body decay-asymmetry
parameter of the Ξþ

c → pK−πþ decay. The most important
resonances contributing to the Ξþ

c → pK−πþ decay are the
K̄�ð892Þ0, Δð1232Þþþ, and K̄�

0ð1430Þ0 states. Among the
Λ resonances the largest contribution is from the Λð2000Þ
state. A large Ξþ

c polarization of order 63–66% is found,
measured with absolute uncertainties of order 1%. The
normal polarization, sensitive to time-reversal violation
effects and final-state interactions, is compatible with zero.
A large sensitivity to the polarization is measured, making
the amplitude model suitable for Ξþ

c polarization mea-
surements in other systems. The amplitude model obtained
provides a complete description of the Ξþ

c → pK−πþ
decay, with applications ranging from new physics
searches to low-energy QCD. Such applications include
an increased sensitivity to angular analyses of semilep-
tonic baryon decays, and measurements of the Ξþ

c polari-
zation and electromagnetic dipole moments via spin
precession.
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TABLE IX. Sensitivity to polarization
ffiffiffi

3
p

S and decay-
asymmetry α parameters of single resonant contributions.

Resonance α Stat. unc. Model unc. Syst. unc.

Model
ffiffiffi

3
p

S 0.691 0.005 0.029 0.009

K̄�ð892Þ0 ffiffiffi

3
p

S 0.613 0.016 0.062 0.014

K̄�
2ð1430Þ0

ffiffiffi

3
p

S 0.36 0.05 0.15 0.08

Λð1405Þ −0.75 0.09 0.28 0.08
Λð1520Þ −0.77 0.04 0.11 0.06
Λð1600Þ −0.06 0.11 0.39 0.08
Λð1670Þ −0.66 0.06 0.13 0.11
Λð1690Þ −0.58 0.07 0.07 0.12
Λð1710Þ −0.86 0.09 0.35 0.06
Λð1800Þ −0.47 0.30 0.95 0.71
Λð1810Þ 0.96 0.06 0.42 0.08
Λð1820Þ 0.64 0.07 0.19 0.21
Λð1830Þ 0.30 0.19 0.91 0.41
Λð1890Þ −0.19 0.19 0.51 0.21
Λð2000Þ 0.53 0.04 0.13 0.05

K̄�
0ð700Þ0 0.60 0.04 0.10 0.06

K̄�
0ð1430Þ0 −0.758 0.028 0.081 0.054

Δð1232Þþþ −0.774 0.020 0.066 0.019
Δð1600Þþþ 0.35 0.06 0.27 0.06
Δð1620Þþþ 0.26 0.06 0.31 0.22
Δð1700Þþþ 0.15 0.07 0.17 0.24
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DATA AVAILABILITY

The data that support the findings of this article are openly available [53].

APPENDIX: SUMMARY OF SYSTEMATIC UNCERTAINTY CONTRIBUTIONS

Systematic uncertainties separated for each contribution are reported in Tables X–XIII for fit parameters, Table XIV for
fit fractions, and Table XV for decay asymmetries.

TABLE X. Systematic uncertainty contributions on fit parameters describing the Λ contributions with lower mass.
Total* includes all contributions except for the choice of amplitude model.

Parameter Model Total* Background Kinematics PID Fit bias

Re HΛð1405Þ
1=2;0

0.69 0.17 0.17 <0.01 0.02 <0.01

Im HΛð1405Þ
1=2;0

0.60 0.44 0.41 0.15 0.01 0.01

Re HΛð1405Þ
−1=2;0

1.0 0.4 0.4 <0.1 <0.1 <0.1

Im HΛð1405Þ
−1=2;0

1.5 0.6 0.6 <0.1 <0.1 <0.1

Re HΛð1520Þ
1=2;0

0.059 0.052 0.051 0.003 0.009 0.002

Im HΛð1520Þ
1=2;0

0.025 0.030 0.022 0.021 0.004 0.001

Re HΛð1520Þ
−1=2;0

0.13 0.15 0.15 <0.01 0.01 <0.01

Im HΛð1520Þ
−1=2;0

0.065 0.020 0.019 0.007 0.002 0.001

Re HΛð1600Þ
1=2;0

0.52 0.25 0.24 0.05 0.02 0.01

Im HΛð1600Þ
1=2;0

0.62 0.30 0.29 0.01 0.06 0.01

Re HΛð1600Þ
−1=2;0

0.73 0.64 0.64 0.04 0.03 <0.01

Im HΛð1600Þ
−1=2;0

0.90 0.17 0.17 0.03 0.02 0.01

Re HΛð1670Þ
1=2;0

0.044 0.041 0.039 0.010 0.007 0.002

Im HΛð1670Þ
1=2;0

0.063 0.017 0.017 <0.001 0.003 <0.001

Re HΛð1670Þ
−1=2;0

0.029 0.016 0.012 0.007 0.008 <0.001

Im HΛð1670Þ
−1=2;0

0.085 0.013 0.009 0.008 0.006 0.001

Re HΛð1690Þ
1=2;0

0.21 0.14 0.13 0.03 0.01 <0.01

Im HΛð1690Þ
1=2;0

0.079 0.089 0.084 0.030 0.004 0.001

Re HΛð1690Þ
−1=2;0

0.24 0.04 0.04 <0.01 0.01 <0.01

Im HΛð1690Þ
−1=2;0

0.19 0.11 0.11 0.01 0.01 <0.01

Re HΛð1710Þ
1=2;0

1.0 0.1 0.1 0.1 0.1 <0.1

Im HΛð1710Þ
1=2;0

0.30 0.10 0.09 0.03 0.02 <0.01

Re HΛð1710Þ
−1=2;0

0.53 0.12 0.12 0.03 0.02 0.01

Im HΛð1710Þ
−1=2;0

0.75 0.48 0.48 0.02 0.04 <0.01
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TABLE XI. Systematic uncertainty contributions on fit parameters describing the Λ contributions with higher
mass. Total* includes all contributions except for the choice of amplitude model.

Parameter Model Total* Background Kinematics PID Fit bias

Re HΛð1800Þ
1=2;0

0.62 0.12 0.11 0.04 0.01 <0.01

Im HΛð1800Þ
1=2;0

0.46 0.20 0.19 0.07 0.01 0.01

Re HΛð1800Þ
−1=2;0

0.62 0.14 0.14 0.02 0.01 0.01

Im HΛð1800Þ
−1=2;0

0.65 0.23 0.23 0.01 0.01 <0.01

Re HΛð1810Þ
1=2;0

0.36 0.07 0.06 0.03 0.01 <0.01

Im HΛð1810Þ
1=2;0

0.40 0.06 0.05 <0.01 0.02 <0.01

Re HΛð1810Þ
−1=2;0

0.21 0.08 0.07 0.04 0.01 <0.01

Im HΛð1810Þ
−1=2;0

0.20 0.09 0.08 0.02 0.02 <0.01

Re HΛð1820Þ
1=2;0

0.32 0.04 0.04 0.01 0.01 <0.01

Im HΛð1820Þ
1=2;0

0.18 0.08 0.07 <0.01 0.02 <0.00

Re HΛð1820Þ
−1=2;0

0.17 0.14 0.13 0.02 <0.01 <0.01

Im HΛð1820Þ
−1=2;0

0.21 0.18 0.18 0.01 0.01 <0.01

Re HΛð1830Þ
1=2;0

0.56 0.08 0.07 0.01 0.01 <0.01

Im HΛð1830Þ
1=2;0

0.59 0.09 0.09 <0.01 0.01 <0.01

Re HΛð1830Þ
−1=2;0

0.27 0.10 0.09 0.02 0.04 <0.01

Im HΛð1830Þ
−1=2;0

0.26 0.10 0.09 0.03 0.03 <0.01

Re HΛð1890Þ
1=2;0

0.36 0.06 0.05 0.02 0.01 <0.01

Im HΛð1890Þ
1=2;0

0.19 0.08 0.07 0.02 0.01 0.01

Re HΛð1890Þ
−1=2;0

0.14 0.05 0.05 <0.01 0.02 <0.01

Im HΛð1890Þ
−1=2;0

0.53 0.07 0.07 <0.01 0.01 <0.01

Re HΛð2000Þ
1=2;0

0.36 0.17 0.11 0.12 0.02 <0.01

Im HΛð2000Þ
1=2;0

0.79 0.28 0.27 0.02 0.03 <0.01

Re HΛð2000Þ
−1=2;0

0.29 0.07 0.07 0.02 0.01 0.01

Im HΛð2000Þ
−1=2;0

0.50 0.08 0.07 0.02 0.02 <0.01
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TABLE XII. Systematic uncertainty contributions on fit parameters describing K� contributions. Total* includes
all contributions except for the choice of amplitude model.

Parameter Model Total* Background Kinematics PID Fit bias

Re H
K̄�

0
ð700Þ0

1=2;0
0.86 0.37 0.36 0.08 0.07 0.02

Im H
K̄�

0
ð700Þ0

1=2;0
1.5 0.6 0.5 0.2 0.1 <0.1

Re H
K̄�

0
ð700Þ0

−1=2;0
1.2 0.5 0.5 <0.1 0.1 0.1

Im H
K̄�

0
ð700Þ0

−1=2;0
0.99 0.22 0.21 0.02 0.04 0.01

γK̄
�
0
ð700Þ0 ½GeV−2� 0.59 0.23 0.23 0.01 0.03 <0.01

Re HK̄�ð892Þ0
1=2;0

0 (fixed)

Im HK̄�ð892Þ0
1=2;0

0 (fixed)

Re HK̄�ð892Þ0
1=2;−1

0.22 0.08 0.06 0.03 0.02 0.01

Im HK̄�ð892Þ0
1=2;−1

0.22 0.13 0.12 0.03 0.01 0.01

Re HK̄�ð892Þ0
−1=2;1

0.038 0.043 0.043 0.001 0.003 0.003

Im HK̄�ð892Þ0
−1=2;1

0.24 0.05 0.04 0.03 0.01 <0.01

Re HK̄�ð892Þ0
−1=2;0

0.23 0.03 0.02 0.02 0.01 <0.01

Im HK̄�ð892Þ0
−1=2;0

0.17 0.02 0.02 0.01 0.01 0.01

Re H
K̄�

0
ð1430Þ0

1=2;0
1.2 0.5 0.5 0.1 0.1 <0.1

Im H
K̄�

0
ð1430Þ0

1=2;0
1.4 0.3 0.3 <0.1 <0.1 <0.1

Re H
K̄�

0
ð1430Þ0

−1=2;0
3.1 0.3 0.3 0.1 <0.1 <0.1

Im H
K̄�

0
ð1430Þ0

−1=2;0
1.2 0.8 0.8 0.1 0.1 0.1

γK̄
�
0
ð1430Þ0 ½GeV−2� 0.27 0.07 0.07 <0.01 <0.01 <0.01

Re H
K̄�

2
ð1430Þ0

1=2;0
1.1 0.3 0.3 <0.1 <0.1 <0.1

Im H
K̄�

2
ð1430Þ0

1=2;0
0.59 0.29 0.29 0.04 0.01 0.01

Re H
K̄�

2
ð1430Þ0

1=2;−1
0.17 0.23 0.20 0.11 0.03 <0.01

Im H
K̄�

2
ð1430Þ0

1=2;−1
0.88 0.18 0.16 0.07 0.01 0.01

Re H
K̄�

2
ð1430Þ0

−1=2;1
0.41 0.12 0.08 0.07 0.05 <0.01

Im H
K̄�

2
ð1430Þ0

−1=2;1
0.65 0.16 0.15 0.03 0.03 <0.01

Re H
K̄�

2
ð1430Þ0

−1=2;0
0.29 0.13 0.12 0.06 0.03 <0.01

Im H
K̄�

2
ð1430Þ0

−1=2;0
0.44 0.11 0.10 0.03 0.03 <0.01
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TABLE XIII. Systematic uncertainty contributions on fit parameters describing Δþþ contributions. Total*
includes all contributions except for the choice of amplitude model.

Parameter Model Total* Background Kinematics PID Fit bias

Re HΔð1232Þþþ

1=2;0
0.14 0.06 0.05 <0.01 0.02 <0.01

Im HΔð1232Þþþ

1=2;0
0.25 0.14 0.13 0.05 0.02 <0.01

Re HΔð1232Þþþ

−1=2;0
0.32 0.05 0.05 0.01 0.02 0.01

Im HΔð1232Þþþ
−1=2;0

0.79 0.27 0.26 0.07 0.06 0.01

Re HΔð1600Þþþ

1=2;0
1.2 0.6 0.6 <0.1 <0.1 <0.1

Im HΔð1600Þþþ

1=2;0
0.71 0.33 0.33 0.03 0.05 <0.01

Re HΔð1600Þþþ

−1=2;0
1.1 0.3 0.2 <0.1 <0.1 <0.1

Im HΔð1600Þþþ

−1=2;0
0.30 0.35 0.34 0.05 0.03 <0.01

Re HΔð1620Þþþ
1=2;0

0.33 0.10 0.10 <0.01 0.02 <0.01

Im HΔð1620Þþþ
1=2;0

0.40 0.05 0.05 0.01 0.01 <0.01

Re HΔð1620Þþþ
−1=2;0

0.28 0.21 0.21 0.04 0.01 <0.01

Im HΔð1620Þþþ

−1=2;0
0.22 0.08 0.08 0.01 <0.01 <0.01

Re HΔð1700Þþþ
1=2;0

1.1 0.1 0.1 <0.1 0.1 <0.1

Im HΔð1700Þþþ
1=2;0

0.72 0.25 0.23 0.03 0.09 <0.01

Re HΔð1700Þþþ
−1=2;0

0.50 0.60 0.59 0.04 0.08 0.01

Im HΔð1700Þþþ
−1=2;0

0.50 0.13 0.10 0.06 0.04 <0.01

TABLE XIV. Systematic uncertainty contributions on fit fractions. Total* includes all contributions except for the
choice of the amplitude model.

Resonance Model Total* Background Kinematics PID Fit bias

Λð1405Þ 0.015 0.002 0.002 <0.001 <0.001 <0.001
Λð1520Þ 0.0011 0.0004 0.0004 0.0001 <0.0001 0.0001
Λð1600Þ 0.014 0.010 0.010 0.001 0.001 <0.001
Λð1670Þ 0.0017 0.0011 0.0011 <0.0001 0.0001 0.0002
Λð1690Þ 0.0040 0.0042 0.0042 <0.0001 <0.0001 <0.0001
Λð1710Þ 0.018 0.004 0.004 <0.001 0.001 0.001
Λð1800Þ 0.0058 0.0015 0.0014 0.0003 0.0001 0.0004
Λð1810Þ 0.0096 0.0017 0.0012 0.0004 0.0011 0.0002
Λð1820Þ 0.0014 0.0008 0.0008 0.0001 0.0002 <0.0001
Λð1830Þ 0.0010 0.0003 0.0003 0.0001 0.0001 0.0001
Λð1890Þ 0.0017 0.0004 0.0004 0.0001 0.0001 0.0001
Λð2000Þ 0.011 0.008 0.008 0.001 0.001 <0.001

K̄�
0ð700Þ0 0.048 0.007 0.006 <0.001 0.002 <0.001

K̄�ð892Þ0 0.0082 0.0080 0.0076 0.0024 0.0005 0.0005
K̄�

0ð1430Þ0 0.071 0.019 0.018 0.003 0.004 <0.001
K̄�

2ð1430Þ0 0.027 0.007 0.006 0.002 0.001 <0.001

Δð1232Þþþ 0.013 0.005 0.004 0.002 0.001 <0.001
Δð1600Þþþ 0.0096 0.0091 0.0091 0.0001 0.0006 0.0002
Δð1620Þþþ 0.0098 0.0027 0.0027 0.0003 0.0003 <0.0001
Δð1700Þþþ 0.0044 0.0015 0.0012 0.0003 0.0008 0.0003
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