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Abstract

An amplitude analysis of AT — pK~ 7t decays together with a measurement of the
A} polarization vector in semileptonic beauty hadron decays is presented. A sample
of 400 000 candidates is selected from proton-proton collisions recorded by the LHCb
detector at a center-of-mass energy of 13 TeV. An amplitude model is developed
and the resonance fractions as well as two- and three-body decay parameters are
reported. The mass and width of the A(2000) state are also determined. A significant
A} polarization is found. A large sensitivity of the AT — pK 7" decay to the
polarization is seen, making the amplitude model suitable for A polarization
measurements in other systems.
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1 Introduction

The A} — pK 7" decay has a complex resonant structure, with multiple overlapping
states in the K ~7", pK~ and pr* systems. A full amplitude analysis is therefore necessary
to determine the composition of the decay amplitude, allowing the determination of the
AT polarization, as described in Ref. |1]. The developed AT — pK~ 7" amplitude model
therefore has multiple applications ranging from new physics searches to low-energy QCD
studies.

The helicity amplitudes characterize each contribution to the AT — pK~n" decay,
including intermediate state polarization. In general, the knowledge of the resonant
structure is useful in searches for CP symmetry violation, which are still unobserved in
baryon decays, and can be related to specific contributions or localized in phase-space.
Parity violation is characterized by the decay asymmetry a parameters associated to the
two-body resonant contributions, which are determined from the helicity couplings. In
this respect, the prediction of the parity-conserving nature of 1/2% — 3/2% 0~ decays [2]
can be tested. Parity violation is also studied for the entire three-body A — pK -7t
process, considering a quantity called average event information [3], which represents the
sensitivity of the decay to the baryon polarization.

The Af — pK~m" decay amplitude can be exploited in studies of A} — AT~y
decays, in which the possibility to analyze the spin of the AY baryon increases the
sensitivity to possible contributions beyond the Standard Model [4-18]. Such analyses are
motivated by the anomalies seen in b — clv processes |19-24] but are also interesting for
Cabibbo-Kobayashi-Maskawa matrix angle measurements and CP-violation searches.

The AF — pK 7t amplitude model can be employed to measure the polarization of the
AT baryon. This AT decay mode is particularly suited thanks to its good reconstruction
efficiency, through the vertexing of three charged, displaced tracks. For comparison,
the two-body decay A} — An™, usable for polarization measurements since its decay
asymmetry parameter is known [25], has a lower branching fraction by a factor of about
five [25] and a reduced detector reconstruction efficiency because of the large A baryon
flight distance.

The measurement of the A polarization has been advocated for many production
processes: /Y semileptonic decays, for which several theoretical predictions are available [6),
9,(10,/15}/18,126,27]; weak interaction vector boson decays [28,29] and strong interactions 28|
30,31]. Polarization measurements of A} 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 [28,29,32]. In the case of strong force production,
the baryon polarization is difficult to predict in the nonperturbative regime of QCD,
its measurement discriminates among different low-energy QCD approaches. The A
polarization also constitutes an additional probe for new physics effects. Its measurement
can complement the aforementioned b — clv angular analyses providing an additional
observable to test. Moreover it enables the measurement of charm baryon electric and
magnetic dipole moments via spin precession [33-36].

In this paper, an amplitude analysis of AT — pK 7" decays recorded by the LHCb
detector is presented. Charge conjugate states are implied. The analysis is based on a
data sample of semileptonic decays of beauty hadrons produced in proton-proton (pp)
collisions at a center-of-mass energy of 13 TeV, recorded in 2016, corresponding to an



integrated luminosity of 1.7fb~". A high purity sample of 400000 candidates is selected
for the amplitude fit. This AT — pK 7" amplitude analysis improves the measurement
performed by the E791 experiment at Fermilab [37] by increasing the size data sample by
a factor ~ 400 and addressing the recently realized issue of the matching of proton spin
states among different decay chains [3§].

This paper is organized as follows. The description of the LHCb detector and the
simulation sample employed is given in Sec. . The selection of A7 — pK 7t candidates
and the invariant mass fit used to determine signal and background yields are described
in Sec. 3] The amplitude analysis framework and the development of the AT — pK 7"
default amplitude model are described in Sec. [, The evaluation of statistical and
systematic uncertainties is covered by Sec. [§] along with the consistency checks performed.
The results of the amplitude fit are reported in Sec. [0} and a brief summary of the amplitude
analysis is provided in Sec. . Appendix |A| presents the building of the AT — pK~ 7"
amplitude model in the helicity formalism following the method for the matching of the
proton spin of Ref. [38], along with the definition of the A} polarization systems employed
and the description of the AT — pK 7" phase-space.

2 Detector and simulation

The LHCb detector [39,40] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 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 ¢ = 1 are used throughout. The minimum distance of a
track to a primary pp collision vertex (PV), the impact parameter, is measured with a
resolution of (154 29/pr) um, where pr 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 detectors, an elec-
tromagnetic and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers. The online event selection
is performed by a trigger, 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 pr. 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 transverse momentum pt > 1.6 GeV and be inconsistent
with originating from a PV. A multivariate algorithm [41,42] 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/i — u*p~ and BT — JW K™ de-
cays collected concurrently with the data sample used for this analysis [43,44]. The relative



accuracy of this procedure is estimated to be 3 x 10~ using samples of other b hadrons,
T and K 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 [45]
with a specific LHCb configuration [46]. Decays of unstable particles are described
by EVTGEN [47], in which final-state radiation is generated using PHOTOS [48]. The
interaction of the generated particles with the detector, and its response, are implemented
using the GEANT4 toolkit [49] as described in Ref. |[50]. The underlying pp interaction is
reused multiple times, with an independently generated signal decay for each [51].

Simulated A) — A p~ 1, decays are produced with the AT — pK 7" decay uniformly
generated over the phase-space. This sample consists of about 450 000 events passing the
selection criteria.

The particle identification (PID) response in the simulated samples is calibrated by
sampling from distributions of D** — D%+ D% — K—nt and A) — A7, AT — pK 7"
decays, considering their kinematics and the detector occupancy. An unbinned method
is employed, where the probability density functions are modeled using kernel density
estimation [52]. The A momentum and transverse momentum distributions in the
simulated samples are corrected in order to reproduce the data distribution using the
gradient boost weighting technique of the hep_ml package [53].

3 Selection and invariant mass fit

The data sample used in this analysis corresponds to an integrated luminosity of 1.7 fb™'.
The A} candidates are reconstructed from combinations of three charged hadron tracks
forming a vertex separated from the PV. Semileptonic beauty hadron decay candidates are
then reconstructed inclusively requiring that the A candidate and a muon track originate
from a common vertex. Small y? values are required for all track and vertex fits. Each
track is required to have a good particle identification response, transverse momentum
pr > 250MeV for hadrons and pr > 1GeV 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 displaced from the interaction point by requiring a large track y?% with respect
to any PV, where x% is defined as the difference in the vertex fit x* of a given PV
reconstructed with and without the particle under consideration. The associated PV is
the one featuring the smallest x%.

Further selection criteria are used to reduce the combinatorial background contam-
ination to roughly 1%. Strict requirements are imposed on proton and kaon particle
identification probabilities, obtained from neural network classifiers, which combine in-
formation from the different subdetectors. Probabilities larger than 0.95 and 0.7 are
selected for proton and kaon hypotheses, respectively. The AT pu~ vertex is required to
be significantly displaced from the PV, displacement measured in terms of a x? test. A
maximum distance along the beam axis between Afpu~ and pK~ 7" vertexes of 6 mm
is also imposed. The only physical sources of background identified before applying
the aforementioned selection criteria, D* — K- 77t and DI — KTK 7" decays, are
effectively rejected by the tight proton identification requirement. No specific vetoes are
therefore applied.

The distribution of the invariant mass m(pK~n") of selected p K ~n* candidates from
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Figure 1: Invariant mass distribution of selected pK ~ 7" candidates from the total dataset. The
results from the fit described in the text are also shown.

the total dataset is shown in Fig. [I] An extended unbinned maximum-likelihood fit is
performed to the m(pK~7") distribution in the mass range within 80 MeV of the known
AT mass [25]. The AF — pK 7" signal component is modeled with a double-sided
Crystal Ball function [54], having asymmetric power-law tails on both sides of the peak
to describe detector resolution and final-state radiation effects. An exponential function
describes the combinatorial background contribution.

The signal m(pK~7) region chosen for the amplitude analysis is within 15 MeV of
the known A} mass [25], containing about 95% of the signal candidates. The fraction of
background in the signal region is f, = 1.69%.

A subset of 400000 AT — pK 7" candidates is employed, corresponding to roughly
30% of the analyzed data set, since increasing the dataset does not reduce the leading
source of systematic uncertainty (see Sec. [5)). The subset is chosen selecting an equal
number of candidates per each category of AT baryon charge and LHCb magnet polarity.

4 Amplitude fit

The amplitude model for the AT — pK 7" decay is written in the helicity formalism [55],
following the method and conventions of Ref. [38]. In particular, the method for the
matching of the proton spin among different decay chains is employed. The A} polarization
is measured in the A} rest frame in two different helicity systems defined by a boost along
the A7 momentum from the laboratory frame (lab), and from the approximate beauty

hadron rest frame (B). The five variables describing the AT — pK~ 7t decay are chosen
to be

Q= (mZK*7m§(*7r+=COSQP7¢p7X)J (1>
2

where m_ . and m3.__ are the squared invariant masses and 6,, ¢, and x are the angles
describing the decay orientation with respect to the AT polarization system. The angles
6, and ¢, are the polar and azimuthal angles of the proton momentum, while x is the
angle between the plane formed by the proton momentum and the A} quantization axis
and the plane formed by the kaon and pion momenta, where momenta are expressed in



the A} rest frame. The detailed definition of the amplitude model, Al helicity systems
and phase-space variables is given in Appendix [A]

The free parameters of the amplitude model, denoted w, are determined by an unbinned
maximum-likelihood fit to the five phase-space observables €2, defined in Eq. , with
w including helicity couplings, lineshape parameters and polarization components. The
negative logarithmic likelihood (NLL) minimized in the fit is

—log £(w Z 10g Prog (Qilw), (2)

=1

where N is the number of events, with the probability density function (PDF)

p(i|w)e(€Y)

Pl @) = P

(1= fo) + Poicg(€2) f, (3)
which includes the AT — pK 7" decay rate p(Q2w), the detector efficiency €(£2) and the
background contribution ppig(£2). The background fraction f; is fixed to that determined

from the m(pK~7") invariant mass fit, while /(w) is the normalization of the signal part
of the total PDF,

I(w) = / P(Qfw)e(Q)d, (4)

computed numerically using simulated events reconstructed through the detector. The
phase-space variables € are computed after constraining the mass of the p K~ 7" candidate
to the known A mass [25].

The Equation can be rewritten as

fo prie(2)1(w)
—log L(w Zlog [ (Q|lw) + = gE(Qi)

+ N log I(w) + constant. (5)

Efficiency and background parametrizations are expressed in terms of factorized Legendre
polynomial expansions, derived from simulation and data sidebands, respectively. They
are described in Appendix [C]

The amplitude fitting code is based on a version of the TENSORFLOWANALYSIS
package [56] adapted to three-body amplitudes in five-dimensional phase-space fits [35];
this package depends on the machine-learning framework TENSORFLOW [57] interfaced
with MINUIT minimization [58] via the ROOT package |59]. The fit is performed using
multiple gradient-descent minimization with different, randomized, initial values of the
parameters, choosing the result with minimum NLL. This ensures that the global NLL
minimum is reached.

The fit quality is measured by a x? 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 subtracted by the number of
free parameters in the amplitude fit, including normalization.

The normalization of the model, Eq. , is determined by setting one of the helicity
coupling values, defined in Eq. of Appendix , to unity, with the value of the other

bt



couplings expressed relative to this reference. The H{(/;SSQQ)

as reference. The default model is obtained from the amplitude fit in which the A}
polarization is expressed in the helicity system reached from the laboratory frame.

The fit fraction, F'F’, for each resonance R is obtained by computing the integral of the
amplitude model over the phase-space where only the R contribution is left. Fit fractions
are normalized to the complete amplitude model integral, see Appendix [A] for a detailed
definition. For each two-body contribution, the associated decay asymmetry parameter a
is measured. It characterizes the two-body decay angular distribution,

helicity coupling is chosen

r 1
d o 5(1—1—0[]300593), (6)

dcosfp

in which cosfp = P - pP(R) is the cosine of the angle between the polarization vector P,
its modulus denoted by P, and the direction of the intermediate resonance in the Al rest
frame p(R). The a parameters can be expressed as a combination of helicity coupling
squared moduli: for a A} weak decay to a pair of states with spin J and 0 (for A, A, K*
spin zero intermediate states) it is

o ’H1/2,0|2 - |7‘[—1/2,0\2
|H1/2,0|2 + |/H71/2,0|2‘

(7)

In light of the application of the AT — pK ~7" amplitude model as a A} polarization
analyser, it is important to give a quantitative estimation of the sensitivity to the baryon
polarization given by the decay. The sensitivity is related to the amount of parity violation
in the decay; for instance, a parity conserving decay has no sensitivity to the decaying
baryon polarization. The sensitivity is studied in comparison to that given by two-body
decays, for which the sensitivity is given by the decay asymmetry parameter.

The sensitivity to polarization of the decay can be measured by the average event
information, S?, evaluated at zero polarization, which, for a given number of events N, is
inversely proportional to the variance o2 of the polarization measurement,

S <?_Z(Q)> _ /Q;(Q)cm, (8)

(see Refs. [3,35,36]) with f(£2), g(£2) obtained expressing the decay rate PDF Eq. of
Appendix [A] as

peor(QP:) = f(Q2) + P.g(Q), (9)

where the choice of the polarization direction is arbitrary, thanks to rotational invariance.
Indeed, S? does not depend on the polarization direction. In practice, direction-dependent
sensitivities could be induced by experimental effects, since detector efficiencies are usually
not isotropic. The average event information for a two-body decay is related to the decay

asymmetry parameter « as, applying Eqgs. @ to ,

_ o
S = 7 (10)

so that the modulus of o can be seen as a measure of the polarization sensitivity. The
sensitivity to the polarization of the A7 — pK 7t three-body decay is obtained from
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Figure 2: Dalitz plot for the total sample of AT — pK~ 7" candidates.

Eq. using its amplitude model. Like two-body decay asymmetry parameters, S? is
a measure of parity violation, which ranges between zero (parity-conservation) and 1/3
(maximum parity-violation). For an easier comparison to two-body decays, the sensitivity
to polarization is expressed as v/3S, which ranges between zero and unity.

For A7 quasi two-body decays to a pair of baryon and pseudoscalar, the V/3S quantity
is equal to the absolute value of the o decay parameter computed via Eq. . For the
K*(892) contribution, characterized by a different spin structure, the V/3S quantity is
considered.

The Dalitz plot of the total reconstructed A7 — pK 7+ sample is presented in Fig. [2]
The plot contains candidates from the signal region prior to efficiency correction. It
displays a rich structure with resonant contributions from all three possible pairs of
final state particles: A — pK~ resonances are visible as vertical bands, K* — K~ 7t as
horizontal bands and A*" — pr™ as diagonal bands. The different intensity patterns can
be explained by the spin of the resonance, by interference patterns or nonuniform detector
efficiency. Regarding the A pattern, there are two narrow structures corresponding to
A(1520) and A(1670) resonances, plus broader bands indicating possible A(1405) and
A(1600) contributions. The only other vertical band is in the miK_ region 3.8 — 4.0 GeV,
where no clear resonances are reported according to Ref. . Regarding K™ resonances,
the clear band is due to the K*(892) meson. Higher-mass resonances, having pole masses
outside the allowed phase-space, may contribute thanks to the lower-mass tail of their
broad distribution, possibly explaining the presence of an enhanced number of events at
high mf(_ﬁ. Even if a spin-zero nonresonant component cannot be excluded visually,
the center of the Dalitz plot is almost empty of events. Finally, besides the apparent
diagonal band due to the A(1232)** resonance, there is a slightly enhanced diagonal
band at higher mzﬁ mass, a possible sign of additional A™* resonances. The Dalitz plot
shows interference effects among resonances belonging to different decay chains, which



Table 1: Resonant composition of the default AT — pK 7t amplitude model, with spin-parity
JP, and the Breit-Wigner mass and width parameters, which, in the amplitude fit, are left free
within the reported range or fixed to the given value if no interval is quoted.

Resonance  JP  Mass (MeV) Width (MeV)

A(1405)  1/2= 14051 50.5
A(1520)  3/2~ 1515 — 1523 10 — 20
A(1600)  1/2+ 1630 250
A(1670)  1/2- 1670 30
A(1690)  3/2- 1690 70
A(2000)  1/2 1900 — 2100 20 — 400
A(1232)F+  3/2+ 1232 117
A(1600)F+  3/2+ 1640 300
A(1700)T+  3/2- 1690 380
K (700) 0+ 824 478
K*(892) 1- 895.5 473
K:(1430) o+ 1375 190

are needed for the simultaneous measurement of helicity amplitudes and A} polarization
vector [1]. It can be noted that the K*(892) band gets shifted when crossing the A(1670)
contribution, while the A(1520) band shows a destructive interference pattern with high
mass K™ contributions at the upper corner of the Dalitz plot.

The default amplitude model is built starting from the contributions visible in Fig.
and adding resonant states according to those listed in Ref. [25]. Contributions which
significantly improve the fit quality are added to the default model; those giving similar
qualities are considered as alternative models for systematic uncertainty evaluation.
The same criterion is employed for choosing among different descriptions of the same
contribution.

The resonances included in the default model are listed in Table [[l Most resonance
parameters are fixed to the mean values reported in Ref. [25]. The parameters of the broad
A(1600), A(1600)"*, A(1700)*" and KJ(1430) contributions are set to the edges of the
intervals quoted by Ref. [25] giving better fit quality. These are the upper values of the
A(1600) and A(1600)™+ masses, the lower values of the A(1700)™" and K;(1430) masses,
the upper values of the A(1600), A(1600)**, A(1700)"* widths and the lower value of the
K}(1430) width. The mass and width of the narrow A(1520) state are left free to absorb
resolution effects. A large contribution from a resonant state in the m(pK~) ~ 2GeV
region is observed and it is well described as a single J¥ = 1/27 state, indicated as
A(2000), with Breit—-Wigner parameters determined from the fit. Different spin-parity
assignments are rejected by the fit.

The invariant mass dependence (lineshape) of resonant contributions is parametrized
by default with relativistic Breit—Wigner functions, whose implementation is described
in Appendix [D] Some of the resonances employed in the amplitude model cannot be
parametrized by relativistic Breit—Wigner lineshapes. The spin-zero contribution in the
K* decay channel is modeled as Kj(700) and Kj(1430) resonant states, each described
by a simplified version of the parametrization proposed in Ref. [60]. It consists of a



Breit-Wigner lineshape, Eq. , in which the mass-dependent width is given by

2 _ 2
T(m) = A e—m?, (11)

m% — SA
which features a singularity (Adler zero) at s4 = m% — 0.5m2 and an exponential form
factor on the K7 width driven by the parameter . The v parameter is left free separately
for each contribution. Comparing this lineshape to the parametrization presented in
Ref. [60], the additional overall exponential form factor exp [—ag?*(m)], with ¢(m) the
momentum of the decay products in the AT — K*p decay, and the opening of K7, Kn'
decay channels, are neglected in the default fit.

The A(1405) resonance, having its pole mass below the pK ~ threshold, is parametrized
by a Flatté lineshape [61] describing the opening of the pK decay channel in addition to
the X decay. It is composed of a Breit—Wigner lineshape, Eq. , with a total width
being the sum of the widths associated to the two decay channels,

[(m) = Tpx(m) + T (m), (12)

which are calculated considering the decay to X7 (see Appendix @ Assuming that both
channels are dynamically equally likely and differ only by the phase-space factors, the
Breit—-Wigner width Ty is set to the total width of the A(1405) resonance in both terms.

5 Uncertainties and consistency checks

Statistical and systematic uncertainties are computed for amplitude model parameters,
polarization components, fit fractions, decay asymmetry parameters and sensitivity to the
polarization. Statistical uncertainties are obtained fitting the default model to 1000 pseu-
doexperiments sampled with Monte Carlo methods from the same model with parameters
fixed to the central values obtained in the real data fit. For each pseudoexperiment the
simulation sample used to compute the model normalization is also generated to reproduce
finite size effects. Pseudoexperiments and simulation samples are generated with the same
size as for the amplitude fit. Statistical uncertainties for each parameter are determined
as the standard deviation of the distribution of the results from the pseudoexperiments.
Statistical uncertainties are reported along with the final results in Sec. [0} they are found
to be larger than the Hessian uncertainties computed in the fit but significantly smaller
than the main source of systematic uncertainty:.

Different sources of systematic uncertainties are considered. These are grouped into
contributions coming from the model choice, the background determination, the kinematics
of the decay, the PID, and the fit bias. Since the model choice is the largest contribution
for most of the measured quantities, it is quoted separately from the other 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 default fit. They include: leaving as free fit parameters the Breit—-Wigner
parameters of resonances having fixed mass and width in the default model; addition of
the A(1800), A(1810) and A(1620)™ states; use of a relativistic Breit—Wigner function for
describing the K§(700) and K§(1430) lineshapes; varying the AT radius in the lineshape



(see Appendix @; and using spin-orbit instead of helicity couplings. Each modification to
the default amplitude model described in Table [1] is considered separately. The maximum
absolute variation among the alternative models, with respect to the default model
parameters, is assigned as systematic uncertainty.

The uncertainty associated to the background description includes the uncertainty
on the background fraction f, estimated using an alternative model for the m(pK ~7™)
mass shape, and that on the Legendre polynomial parametrization, estimated using
an alternative parametrization determined from the upper mass sideband only. The
uncertainty on fj, is at the 1073 level. The uncertainties related to the corrections applied
to the simulation are estimated varying the calibration samples employed and the functional
form of the corrections, separately for the baryon kinematics and particle identification.
A possible bias in the determination of fit parameters is considered by assigning the mean
deviation of 1000 pseudoexperiments from the default result as systematic uncertainty.
Systematic uncertainties for contributions from fit parameters, polarization components,
fit fractions, and decay asymmetries are reported in Tables [2}{6]

The stability of the default amplitude model is checked by repeating the fit splitting the
data set for different data-taking magnet polarities, A} charge, AT transverse momentum,
AT lifetime, and polarization systems. All the amplitude models obtained are compatible
within uncertainties with the default one. Detector resolution effects on invariant masses
are found to be one order of magnitude smaller than the width of the two narrowest
structures, A(1520) and A(1670), and are not considered.
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Table 2: Systematic uncertainty contributions on fit parameters describing the A contributions.
Total* includes all contributions except for the choice of the amplitude model.

Parameter Model Choice Total* Background Kinematics PID Fit Bias
Re Hf o) 3.3 0.1 0.0 0.0 0.0 00
T, 21400“ 3.2 0.1 0.1 0.0 0.1 0.0
Re Hff“;’g 12 0.2 0.1 0.1 0.0 01
Im%fgl/@?? 3.7 0.3 0.2 0.1 02 00
ReH o 0.12 0.01 0.00 0.00  0.00  0.00
T, o 0.12 0.02 0.01 0.00 001  0.00
ReH () 0.69 0.03 0.01 0.02 002 0.0
I %A(ff’j? 1.3 0.0 0.0 0.0 0.0 0.0
mA1520) [NeV] 0.65 0.03 0.03 0.01 001 001
[41520) [ MeV] 1.3 0.1 0.1 0.1 0.1 0.0
Re %1 by 5.0 0.1 0.1 0.0 0.0 0.0
T 216000’ 3.7 0.1 0.1 0.0 0.1 0.0
Re H,;g?g 8.7 0.1 0.0 0.0 0.0 0.1
Im%f?g?g’ 2.0 0.2 0.0 0.1 02 0.0
ReH S, 0" 0.35 0.01 0.00 0.00 001  0.00
Im#H 5 o" 0.22 0.02 0.01 0.00 002 0.0
ReH () 0.46 0.02 0.01 0.01 002 0.0
AT 1.2 0.0 0.0 0.0 0.0 0.0
Re HIA ) 0.23 0.02 0.01 0.01 0.0l 0.00
ImH; 216090’ 0.44 0.02 0.02 0.00 0.0l 0.00
Re H,;g%g 2.4 0.0 0.0 0.0 0.0 0.0
Imegl/@?(?’ 0.60 0.06 0.04 0.03 003  0.00
ReH] (50" 11 0 0 0 0 0
Im# 50" 7.7 0.2 0.2 0.0 0.1 0.0
ReH O 3.4 0.2 0.1 0.0 0.1 00
ImH 12/(’208) 3.7 0.1 0.1 0.0 0.0 00
mA(2000) [ MeV] 21 1 1 0 0 0
[A(2000) [ MeV] 16 3 3 1 0 0
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Table 3: Systematic uncertainty contributions on fit parameters describing the K* and A*T
contributions. Total* includes all contributions except for the choice of the amplitude model.

Parameter Model Choice Total* Background Kinematics PID Fit Bias
ReH, 0 2.1 0.2 0.2 0.1 0.0 0.0
Im %f; 0 1.3 0.1 0.0 0.0 0.0 00
Re HK;JZ%” 0.93 0.09 0.07 0.00 005 0.01
T 5 700 3.2 0.1 0.1 0.0 0.0 00
vKo <7°0{ [GeV?] 0.35 0.04 0.03 0.02 0.00  0.00
ReHy) 0 (fixed)

Im %f; 0 0 (fixed)

Re fo 2f§9f) 0.85 0.05 0.04 0.01 0.02 0.0l
Im Hf; 2 0.96 0.02 0.02 0.00 0.00  0.01
Re HK1}§912) 2.4 0.1 0.0 0.0 0.0 0.0
TmH " % 2.7 0.1 0.1 0.0 0.0 00
Re HK1(§902 1.5 0.1 0.0 0.0 0.1 0.0
Im ’HKI/SQO” 4.5 0.1 0.1 0.0 0.0 0.0
ReH, o 2.4 0.3 0.2 0.1 0.1 00
Im Hfjg (50 9.7 0.1 0.1 0.0 0.0 0.1
ReH 00 5.4 0.4 0.3 0.1 02 00
Im HK°/1430 14 0 0 0 0 0
K5 (1430) T GeV 2] 0.33 0.01 0.00 0.00 0.00  0.00
ReH o0 5.3 0.2 0.2 0.0 0.0 0.0
Iy 1.4 0.1 0.1 0.0 0.1 00
ReH 25" 12 0 0 0 0 0
Im %AS?OQW 3.7 0.3 0.3 0.1 02 00
ReH 0" 9.8 0.2 0.2 0.1 0.1 01
Im Hf/jﬁoo)” 1.4 0.2 0.0 0.1 0.2 0.0
ReH 200 7.2 0.2 0.2 0.1 0.1 0.0
Im Hﬂﬁgﬂ?)” 2.1 0.1 0.0 0.0 0.1 00
ReH o0 7.2 0.3 0.3 0.1 0.0 01
Im Hf%“o)” 5.2 0.2 0.1 0.1 0.1 00
ReH 11;0(? 13 0 0 0 0 0
Im HAS;OS)“ 6.0 0.3 0.2 0.1 01 00
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Table 4: Systematic uncertainty contributions on polarization components in percentage. Total*
includes all contributions except for the choice of the amplitude model.

Parameter Model Choice Total* Background Kinematics PID Fit Bias

P, (lab) 0.98 0.21 0.10 0.17 0.05  0.05
P, (lab) 0.16 0.07 0.03 0.04 0.05  0.00
P, (lab) 0.3 1.1 0.0 1.0 0.2 0.0
P, (B) 0.36 0.15 0.02 0.15 0.0l 0.05
P, (B) 0.087 0.081 0.019 0.057  0.054  0.001
P, (B) 1.1 0.1 0.1 0.1 0.1 0.0

Table 5: Systematic uncertainty contributions on fit fractions. Total* includes all contributions
except for the choice of the amplitude model.

Resonance FF' Model Choice Total* Background Kinematics PID  Fit Bias

A(1405) 0.030 0.002 0.002 0.001 0.000 0.000
A(1520) 0.0023 0.0003 0.0000 0.0002 0.0001  0.0002
A(1600) 0.019 0.001 0.001 0.000 0.000 0.000
A(1670) 0.0032 0.0001 0.0001 0.0000 0.0001  0.0000
A(1690) 0.0034 0.0001 0.0001 0.0001 0.0001  0.0000
A(2000) 0.0093 0.0023 0.0020 0.0010 0.0004  0.0001
A(1232)*FF 0.0076 0.0016 0.0014 0.0003 0.0006  0.0002
A(1600)** 0.015 0.001 0.000 0.000 0.000 0.000
A(1700) " 0.0094 0.0007 0.0005 0.0004 0.0001  0.0001
K (700) 0.0092 0.0018 0.0018 0.0005 0.0002  0.0001
K*(892) 0.0064 0.0004 0.0000 0.0003 0.0002  0.0002
K}(1430) 0.027 0.001 0.001 0.001 0.000 0.000
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Table 6: Systematic uncertainties on v/3S and decay asymmetry parameters. Total* includes all
contributions except for the choice of the amplitude model.

« Model Choice Total* Background Kinematics PID Fit Bias
Model /38 0.010 0.007 0.002 0.002 0.001  0.007
K*(892) /35 0.023 0.003 0.001 0.000 0.002  0.002
A(1405) 0.28 0.01 0.01 0.00 0.00 0.00
A(1520) 0.084 0.005 0.000 0.001 0.003  0.004
A(1600) 0.50 0.03 0.02 0.01 0.00 0.01
A(1670) 0.073 0.006 0.001 0.002 0.004  0.003
A(1690) 0.027 0.006 0.004 0.002 0.002  0.004
A(2000) 0.19 0.01 0.01 0.00 0.00 0.00
A(1232)*F 0.036 0.004 0.003 0.000 0.002  0.000
A(1600)*F 0.17 0.01 0.01 0.00 0.01 0.00
A(1700)*F 0.075 0.011 0.007 0.005 0.003  0.006
K§(700) 0.24 0.23 0.02 0.01 0.00 0.23
K;(1430) 0.14 0.01 0.01 0.00 0.01 0.00
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Figure 3: Distributions for selected candidates together with amplitude fit projections in the lab
system for (top row) invariant mass squared projections; (bottom row) decay orientation angle
projections.

6 Results

The comparison between A7 — pK~ 7" data and default amplitude fit projections is
displayed in Figs. [3|and 4| for AT polarization in the laboratory or approximate B systems,
respectively. The amplitude model distributions are obtained from the AT — pK -7t
simulation sample which reproduces detector efficiency effects. The fit qualities are good
given the large number of events.

The polarization components in the laboratory and approximate B systems are reported
in Table [7] This analysis demonstrates the possibility of a precision measurement of the
full A} polarization vector, with absolute uncertainties of order 1% on each component. A
large polarization is measured in both A} helicity frames considered. In the one reached
from the laboratory it has a modulus P =~ 65%, with a dominating positive transverse
component P, ~ 60% and a smaller negative longitudinal component P, ~ —25%. In
the system reached from the approximate beauty hadron rest frame it has a modulus
P =~ 70%, with a dominating negative longitudinal component P, ~ —66% and a smaller
positive transverse component P, ~ 22%. The latter polarization components follow
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Figure 4: Distributions for selected candidates together with amplitude fit projections in the B
system for (top row) invariant mass squared projections; (bottom row) decay orientation angle
projections.

the theoretical predictions @,@,,,,. A precise comparison of the measured
A} polarization values with theoretical predictions is beyond the scope of the present

analysis. This would require an exclusive selection of A) — A u~v decays from other
contributions, like those from excited charm resonances A) — AT (— Afat7 )u v,
and an understanding of the effect of partial semileptonic decay reconstruction on the
polarization components obtained from the true beauty hadron rest frame.

The relation between the two measured polarization vectors can be explained in terms
of the different orientation in space of the two polarization systems considered, with the
rotation from mostly longitudinal to mostly transverse polarization reproduced by a study
performed on simulated events. The leading uncertainty for transverse polarization in both
systems and longitudinal polarization in the B frame is that associated to the amplitude
model choice, while the main uncertainty on longitudinal polarization in laboratory
frame is due to baryon kinematic corrections. The normal polarization P,, sensitive to
time-reversal violation effects and final-state interactions as explained in Appendix [A]
is compatible with zero at the 1% level, for both polarization systems considered. The
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dominant uncertainty on P, is statistical. The reduced impact of systematic contributions
on P, is explained by the fact that this component is compatible with zero: indeed
the presence of a polarization component is model-independent (can be seen directly
from decay orientation angle distribution), while the determination of the polarization
magnitude depends on the resonance interference pattern described by the amplitude
model [1].

The measured parameters of the default amplitude model, for AT polarization measured
in the lab system, are reported in Tables fit fractions for each resonant contribution
in Table , V/3S and two-body decay asymmetry parameters in Table . As studied
in Ref. [1], the AT — pK 7" amplitude analysis is sensitive to all the parameters
describing the AT — pK~n" amplitude model, thanks to the significant A} polarization
and interference effects among different decay chains. The leading uncertainty comes from
the amplitude model choice for all parameters.

A significant contribution from a resonant state in the m(pK~) ~ 2 GeV region, where
clear resonances have not previously been reported by Ref. [25], has been established. This
contribution is well described as a single J¥ = 1/2~ state, with Breit-Wigner parameters
m = 1988 £ 2 £ 21 MeV and I' = 179 £ 4 £ 16 MeV, where the first uncertainty is
statistical the second combines all the systematic sources. The closest resonance reported
by Ref. [25] is the A(2000): the measured values are fairly compatible with those quoted
by Ref. [62], m = 2020+ 16 MeV and I' = 255 £ 63 MeV, and Ref. [63], m = 2030 4 30 MeV
and I' = 125 + 25 MeV. This structure can be therefore interpreted as a A(2000) state
contribution.

The largest contributions to the amplitude model, measured from fit fractions, come
from the A(1232)"F, K*(892) and K(1430) resonances. Among the /A resonances the
largest contributions are from the A(1405) and A(2000) states. The A(1520) parameters
are compatible with those reported by Ref. [25].

A large sensitivity of the AT — pK~ 7" decay to the polarization is measured,
V35 = 0.662 £ 0.005 + 0.015, which is also an observation of parity-violation in the
decay. The large sensitivity, combined with the large value of the branching fraction,
makes the AT — pK 7" decay the best probe for A polarization and spin precession
measurements, providing the smallest uncertainties. Many two-body decay asymmetry
parameters are significantly different from zero, indicating parity-violation. In particular,
the o parameter associated to the 3/2% A(1232)** contribution is nonzero, in contrast
with the prediction of Ref. [2].

7 Summary

A full amplitude analysis of AT — pK 7" decays with measurement of the A} polarization
vector in semileptonic beauty hadron decays is presented. A sample of 400 000 candidates
is selected from proton-proton collisions recorded by the LHCb detector at a center-of-
mass energy of 13 TeV, featuring a very small residual background contribution. The
amplitude model is written in the helicity formalism with a general method to deal
with the matching of final particle spin states in different decay chains and includes a
generic AT polarization vector. A maximum-likelihood fit is performed to determine
the amplitude model parameters. All the parameters of the amplitude model and the
baryon polarization have been measured; fit fractions and decay asymmetry parameters
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Table 7: Measured polarization components. The first uncertainty is statistical, the second is
the amplitude model choice systematic contribution and the third is the combination of the
other systematic uncertainties.

Component Value (%)

P, (lab) 60.32 & 0.68 = 0.98 £ 0.21
P, (lab)  —0.41+0.61 =+ 0.16 = 0.07
P, (lab) —24.7+0.6+03+1.1
P, (B) 21.65 + 0.68 +0.36 4 0.15
P, (B) 1.08 £ 0.61 = 0.09 = 0.08
P. (B) —66.5+0.6 £ 1.1£0.1

for each two-body resonant contributions are also reported together with the effective
three-body decay asymmetry parameter of the A7 — pK~ 7" decay. The most important
resonances contributing to the AT — pK~ 7" decay are from A(1232)"*, K*(892) and
spin-zero K* states. A significant enhancement in the m?2,._ spectrum, in a region where
no clear A resonances have been reported in Ref. |25], is well described by a spin 1/2~
state, identified as a A(2000) resonance. Its mass and width parameters are determined
to be 1988 + 2 4+ 21 MeV and 179 + 4 4+ 16 MeV, respectively. A large Al polarization is
found, of order 65 — 70%, 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, showing the
AT — pK 7t decay to be the best probe for Al polarization. The amplitude model
obtained provides a complete description of the AT — pK~ 7" decay, with applications
ranging from new physics searches to low-energy QCD. Such applications include an
increased sensitivity to angular analyses of semileptonic baryon decays, and the most
precise measurements of the A polarization and electromagnetic dipole moments via spin
precession.
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Table 8: Default amplitude model measured fit parameters describing the A contributions.

Parameter Central Value Stat. Unc. Model Unc. Syst. Unc.
Ret S,y —4.6 0.5 3.3 0.1
T 3.2 0.5 3.2 0.1
Ret {0 10 1 12 0
mH 2.8 1.1 3.7 0.3
ReH] Sy 0.29 0.05 0.12 0.01
I, 0.04 0.05 0.12 0.02
ReH ) —0.16 0.14 0.69 0.03
TmH {2 1.5 0.1 1.3 0.0
mA(1520) [ MeV] 1518.47 0.36 0.65 0.03
[40520) [MeV] 15.2 0.8 1.3 0.1
Ret 0" 4.8 0.5 5.0 0.1
T 3.1 0.5 3.7 0.1
Ret ") ~7.0 0.5 8.7 0.1
mH ) 0.8 0.6 2.0 0.2
ReH o —0.34 0.05 0.35 0.01
T, —0.14 0.05 0.22 0.02
Ret ") —0.57 0.10 0.46 0.02
tmH T 1.0 0.1 1.2 0.0
Ret 0" —0.39 0.10 0.23 0.02
T —0.11 0.09 0.44 0.02
Ret {0 —2.7 0.2 2.4 0.0
mH) —0.35 0.23 0.60 0.06
ReM fpp -8 1 11 0
Im# 50" ~7.6 0.8 7.7 0.2
ReH ) —4.3 0.5 3.4 0.2
mH " C) ~3.8 0.4 3.7 0.1
mA(2000) [ MeV] 1988 2 21 1
['A2000) [MeV] 179 4 16 3
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Table 9: Default amplitude model measured fit parameters describing the K* and A™" contri-
butions.

Parameter Central Value Stat. Unc. Model Unc. Syst. Unc.
ReH, 0 —2.7 0.2 2.1 0.2
I, 2300) 0.0 0.3 1.3 0.1
Re HKQ(;%O 0.07 0.23 0.93 0.09
Im# "¢ o 2.5 0.2 3.2 0.1
vKo WOO{[GeV 7] 0.94 0.07 0.35 0.04
ReMy)o 1 (fixed)

Im Hf; et 0 (fixed)

Re ”Hf;ggf) 1.19 0.13 0.85 0.05
Im ”Hf“;sgf) ~1.03 0.12 0.96 0.02
Re HK1}§912 —3.1 0.4 2.4 0.1
ImH " % -3.3 0.3 2.7 0.1
Re %K1(§%2 —0.7 0.3 1.5 0.1
Im ’HKI*/S"OQ) —4.2 0.3 4.5 0.1
ReH, o 0.2 0.8 2.4 0.3
Im#H, 2343“ 8.7 0.7 9.7 0.1
Re ’HK1 (;4030) —6.7 1.0 5.4 0.4
Im HKO/%“’O) 10 1 14 0
K5 (1430) [ GeV 2] 0.02 0.02 0.33 0.01
ReH o0 —6.8 0.5 5.3 0.2
[ Ty e 3.1 0.6 1.4 0.1
ReH 0" ~13 1 12 0
Im HAS??” 45 1.1 3.7 0.3
ReH 0" 11.4 0.9 9.8 0.2
Im Hf/glgom** —3.1 1.0 1.4 0.2
ReH 200 6.7 0.7 7.2 0.2
Im HAS(;’O(?)” ~1.0 0.7 2.1 0.1
ReH o0 10.4 0.9 7.2 0.3
Im Hf/ggW* 1.4 0.9 5.2 0.2
ReH 2T 13 1 13 0
Tm HA%O(?)H 2.1 1.1 6.0 0.3
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Table 10: Fit fractions of the resonant contributions included in the default amplitude model.
The first uncertainty is statistical, the second is amplitude model choice systematic contribution,
the third is the combination of the other systematic uncertainties.

Resonance Fit Fraction (%) Stat. Unc. Model Unc. Syst. Unc.

A(1405) 7.7 0.2 3.0 0.2
A(1520) 1.86 0.09 0.23 0.03
A(1600) 5.2 0.2 1.9 0.1
A(1670) 1.18 0.06 0.32 0.01
A(1690) 1.19 0.09 0.34 0.01
A(2000) 9.58 0.27 0.93 0.23
A(1232)+F 28.60 0.29 0.76 0.16
A(1600) T 45 0.3 1.5 0.1
A(1700)+F 3.90 0.20 0.94 0.07
K (700) 3.02 0.16 0.92 0.18
K*(892) 22.14 0.23 0.64 0.04
K(1430) 14.7 0.6 2.7 0.1

Table 11: Sensitivity to polarization v/3S of the default amplitude model and decay asymmetry
« parameters of single resonant contributions. The first uncertainty is statistical, the second is
the amplitude model choice systematic contribution, the third is the combination of the other
systematic uncertainties.

Resonance « Stat. Unc. Model Unc. Syst. Unc.
Model /35 0.662 0.005 0.010 0.007
K*(892) v/3S  0.873 0.010 0.023 0.003
A(1405) —0.58 0.05 0.28 0.01
A(1520) —0.925 0.025 0.084 0.005
A(1600) —0.20 0.06 0.50 0.03
A(1670) —0.817 0.042 0.073 0.006
A(1690) —0.958 0.020 0.027 0.006
A(2000) 0.57 0.03 0.19 0.01
A(1232)FF —0.548 0.014 0.036 0.004
A(1600)"F 0.50 0.05 0.17 0.01
A(1700)*"F —0.216 0.036 0.075 0.011
K} (700) 0.06 0.66 0.24 0.23
K(1430) —0.34 0.03 0.14 0.01
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A Amplitude model

The helicity formalism allows the association of a decay amplitude to a two-body decay,
dependent on the spin projection of the decaying particle and the helicities of the final-
state particles. The amplitude is obtained establishing a relation between two sets of
two-particle states: plane-wave helicity states, describing propagating particles with well
defined momentum; and spherical-wave helicity states, describing states of definite total
angular momentum. In Ref. [38] the plane-wave two-particle state is defined by the
product of a pair of helicity and opposite-helicity states,

}pa 91,¢1,)\1,5\2> = [p1,51, M) ® |p2,32,5\2>, (13)

instead of the product of helicity states for both final particles as in Ref. [55]. Helicity
(opposite-helicity) states are those in which the spin is quantized along (opposite to) the
momentum direction. Helicity values are indicated with A (\); while p, 6, and ¢, are the
spherical coordinates of the momentum p; of particle 1 in the two-particle center-of-mass

frame,

p=Ipil,
0, = arccos (2 - p1),
¢1 = arctan (y - p1, & - p1) , (14)

where the coordinate axes are those representing the total angular momentum components.
The function arctan(y, z) € [—m, 7] computes the signed angle between the z axis and the
vector having components (x,y). The relation expressing plane-wave states in terms of
spherical-wave states is

- 12J +1
|P, 01, ¢1, A1, )\2> = Z TD}\Z,MJF;V(%,&, 0)
JM

X 1P, JaMa)\lvj\2>7 (15)

where DJM7 A +;\2(¢1, 61,0) is the Wigner D-matrix representing the Euler rotation from
the total momentum spin system to the particle 1 helicity system. A basic introduction
to Euler rotations and their representation on spin states is given in Appendix [B]

With the present definition of plane-wave states, both final-state particle spin states
are defined by the same rotation R(¢1,60;,0) (details are given in Ref. [38]), without the
need to invert the particle 2 helicity states as in Ref. [55]. This choice of the two-particle
state eases the handling of phase differences and the matching of proton spin states,
addressed later in the construction of the AT — pK ~7" amplitude model.

The amplitude associated to a two-body decay A — 12, with T the relevant transition

operator, is obtained by introducing the A particle spin states |s4,ma),

AmA7)\1,5\2(017 le) = <pa 917 ¢17 >‘17 5‘2 ‘ T ‘ SA, mA>
= Ha 5 D0y 5, (01,61, 0)R(miy), (16)

ma,A1+A2
in which the Wigner D-matrix contains the dependence of the decay amplitude on the
helicity angles. The decay dynamics is described by complex numbers called helicity
couplings,
H)\l,j\g = <SA7 may, )\17 5\2

T‘SA,mA>, (17)
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and a (lineshape) function R(m2,), modeling the dependence on the decaying A particle
invariant mass, in case it has a nonnegligible width. Helicity couplings cannot depend
on s4, my by rotational invariance. The helicity values allowed by angular momentum
conservation are

‘)\1‘ SSI; |>\2| SSQ, |)\1+)\2| SSA. (18)

If the decay respects parity symmetry, the helicity couplings for opposite helicities are
constrained by the relation

Hyy s = Namnp(—1)3752754H 5 (19)

where 7 are the parity eigenvalues of the particle states.

A.1 Al baryon polarization and decay kinematics

Charm baryons in semileptonic beauty decays are polarized due to the parity-violating
nature of the weak interaction. The AT polarization is measured using helicity coordinate
systems defined from A and muon momenta in two reference frames: the laboratory
frame (lab), precisely determined, and an approximate beauty hadron rest frame (B).
The latter is obtained assuming the proper velocity along the beam axis, 7., of the
reconstructed AT p~ pair is equal to that of the beauty baryon.

The A7 momentum defines the longitudinal P, polarization component, the muon
momentum component orthogonal to the A momentum defines the orthogonal P,
component, with the normal P, component defined through a right-handed system, as
shown in Fig. [5]

P.=P -2, =P p(A}),
R p(Af) xp(p™)
P,=P-%, =P £ X p(AN) ],
2 =P lpag) xcpo) <P
. p(A7) x p(p™)
P=P-g,+=P- 20
Y A Ip(Af) x p(p)] (20)

Considering the effect of the time-reversal operation 7', longitudinal and transverse
components are T-even quantities, while normal polarization is T-odd, implying the latter
to be produced only by time-reversal violating effects or final-state interactions between
particles produced in the semileptonic decay [64]. Final-state interactions between the
At and p~ particles can occur due to electromagnetic interactions only, expected to be
O(1%). The T-odd property of normal polarization does not depend on the reference
system used for its definition, as studied with A) — A p~ 1, simulated decays. It has been
checked that a null P, in the helicity system reached from the true Aj) rest frame is zero
also when rotated to the helicity systems reached from the laboratory or the approximate
B systems; the polarization rotation is confined to the zx plane.

The five degrees of freedom of a baryon three-body decay can be described by the
following quantities: two two-body invariant mass squared (“Dalitz” variables) modeling
the decay dynamics and three decay orientation angles describing the decay plane ori-
entation with respect to the baryon polarization system; the latter are important when
the baryon polarization is considered. For the AT — pK 7" decay, miK, and m3,_
are selected as Dalitz variables. The decay orientation angles are defined to be the Euler
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1‘7/1? = 2/1? X a“:Aj(/’

2Aj = p(A7)

Figure 5: Definition of the A} polarization system. The § A+ axis is orthogonal to the page,
towards the reader. ‘

angles describing the rotation from the polarization system in Eq. to a decay plane
(DP) reference system constructed as follows: the proton momentum defines the z axis,
while the component of the kaon momentum orthogonal to the proton momentum defines
the x axis (see Fig. [5| with AT «» p, u= +> K~ substitutions),

Zpp = P(p),
. p(p) xp(K™) _
Ipp = —7 X p(P),
ip(p) x p(K~)|
Yop = Zpp X Tpp, (21)

where momenta are expressed in the A} rest frame.

With this definition the Euler angles o and ( are the azimuthal and polar angles of
the proton in the AT polarization system, ¢, and 6, respectively, and the v angle is the
signed angle named y formed by the proton and the A} quantlzatlon axis Z,+ and the
plane formed by the kaon and the pion. Following Eq. (46| and the definition in Fig. |§|
one has,

¢, = arctan(p(p) - ’Q ﬁ() 2+ ),
0, = arccos (p(p) -

X = arctan . Xp(K) 5. p(p) x p(K7) o
t { xp(K7)[" " [Ip(p) x p(K7)) p(p)]} (22)

The five phase-space variables are therefore chosen to be

Q= (miK_,m%_ﬁ,cos by, Dp, X), (23)

with the phase-space density being uniform over them. Their allowed range is
cosf, € [-1,1] and ¢,,x € [-7 7r] while the mass distributions are constrained to
a rounded trlangle shape in the (m? Mo - ,m3__,) plane (Dalitz plot, see Fig. 2).

A.2 Amplitude model for the AT — pK~n" decay

The amplitude model for the AT — pK 7" decay is written by decomposing the three-
body decay into two sequential two-body decays by introducing intermediate resonant

25



K7 plane p(p) x (244 x P(p))

p 2y X p(p)

T+ zp plane
Figure 6: Definition of the Euler angles describing the rotation from the Al polarization system
to the decay plane reference system: (left) proton polar and azimuthal angles and (right) y
angle.

states. Three decay channels are possible: K* — K~ 77, A — pK~ and AT — prt.
Helicity amplitudes are obtained for each channel and summed coherently using the
method for matching proton spin states among different decay chains of Ref. [38]. The
matching step allows the transformation of proton helicity states, different for each decay
channel, to a common definition of proton spin states.

To simplify the amplitude model expression, the invariant mass and decay orientation
angle degrees of freedom can be separated applying the Dalitz plot decomposition [65],

AmAj my () = Z D:r}//é,u/q (9p, Op, X>OVAj7mp (mJQDK— Mt ), (24)

VAj

in which the Wigner D-matrix describes the rotation of Al spin states from the A
polarization system in Eq. (20), [1/2,m,+), to the decay plane system in Eq. (1),
11/2,v,+). The term O, £ (miK,,mf(,ﬁ) describes the AT decay amplitudes in terms

of A} spin states |1/2,v,+) and proton states defined in the canonical spin system reached
from the AT decay plane system, |1/2,m,). These proton states are later employed for the
matching of proton spin states among different decay chains. The decomposition allows
the definition of helicity and canonical spin states using polar rotations only, around the
y axis of the decay plane system. Therefore, the angular part of the decay amplitude
simplifies, depending solely on polar helicity angles via reduced Wigner d-matrices.
Considering the AT — pK*(— K~7") decay chain, the weak AT — pK* decay
amplitude is given by Eq. applied starting from the decay plane coordinate system,

AF —pK* o HA?—)pK* B
VAZ"’mp’)‘K* Mp,Afc* VAivmpJF)‘K*’

(25)

where spin states are expressed in the DP system, and the amplitude is written in terms of
the proton helicity m,, and the K* opposite helicity Ag+. The proton helicity states reached
from the DP system coincide with the canonical states since in the DP system the proton
momentum is already aligned to the quantization axis. Since no rotation of spin states is
involved, the D-matrix becomes a constraint on the helicity values m, + A~ = v e

For spin-zero K* resonances the angular momentum conservation relations in Eq.
allow two complex couplings corresponding to m, = £1/2. For higher-spin resonances,
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four couplings are allowed, corresponding to {m,, = 1/2; A+ = 0, —1} and {m, = —1/2;
Ax+ = 0,1}. Couplings are independent of each other because of parity violation in weak
decays. The strong K* — K~ 7" decay amplitude is
* at * at pxJgx p
AN = ey R T AL (O )R (M- ), (26)
where R(m?2__,) is the lineshape of the K* resonance and 0 is the kaon momentum
signed polar angle in the K* opposite-helicity coordinate system,

fx = arctan (ph (K7),pX (K7)) . (27)

Signed polar angles are used as helicity angles in order to have rotations only around the
y axis of the decay plane system. Otherwise, the use of positive polar angles would require
additional azimuthal rotations around the z axis (to flip the y axis direction) complicating
unnecessarily the expression of the helicity amplitudes. In the amplitude fit the coupling
HK =K can not be determined independently of ’H:;?fp couplings, therefore it is

set equal to 1 and absorbed into the latter.
Considering the A7 — A(— pK~)n" decay chain, the AT — Ar™ decay amplitude is

AT = Axt AF = Axt d/?
Ay A =T, 00), (28)
in which A, is the A helicity reached from the A} system and 6, is the signed polar angle
of the A momentum in the DP system,

0, = arctan ( Q:(A),pfzr(/l» . (29)

The angular momentum conservation relations in Eq. allow two helicity couplings,
Ax = £1/2; to fit for each resonance whatever J, is.
The A — pK~ decay amplitude is

AL = Haag" ()R (), (30)

where )\;1 is the proton helicity, 9;1 the proton signed polar angle, both defined in the
helicity coordinate system reached from the A resonance frame, while R(miK_) is the
lineshape of the A resonance. The two helicity couplings corresponding to )‘1/71 = +1/2 are
related by Eq. thanks to parity conservation in strong interactions,
A—pK— Ja— A—pK—

HEKG = = Pa(=1)" TP (31)
with P, the parity of the A resonance, and the proton and kaon parities P, = 1, Px =
—1 have been inserted. In the amplitude fit these couplings can not be determined

independently of HA At couplings, so they are absorbed into the latter setting them as

"Hﬁl_;gfg =1 and HAI;’;IS = —Py(—1)7271/2 with zero imaginary parts.

The matching of proton spin states from the A helicity system to the canonical system is
performed applying the method of Ref. [38]. The transformation sequence applied to reach
the proton helicity system is undone step-by-step in order to ensure a consistent phase

definition of fermion spin states. Three rotations must be applied: two of angles 6’;1 and
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04, plus the Wigner rotation accounting for the different boost sequence applied to reach
the two systems. The Wigner rotation can be written in angle-axis decomposition 66|,
obtained in terms of gamma factors 75, and boost vectors u3, associated to Lorentz

transformations connecting S to S’ reference frames. The Wigner rotation has angle

2
(1 ol A 7,?)
w
a)f = arccos 7 7 - — 11, (32)
(T4+7% )X+ )AL +9)

and axis,
AL A
W ugt Xuy, 23
a, o = Yop, (33)
‘UAC

which coincides with the y axis of the decay plane coordinate system. All these rotations
are around the same y axis, so they can be combined into just one rotation Ry(%‘—kﬁ A+a),
1/2
/ 200+ 0a+all).

The amphtude associated to the At — AT (— prt) K~ decay chain is similar to the
A one, having the same spin structure. The AT — ATT K~ decay amplitude is

represented by d

ToATtK— A AR 41/2
VAQ,_,;\A - H}\A 0 dV +7>\A (GA)7 (34>

with Ay the A helicity and 6, the signed polar angle of the A momentum in the DP
system. Two helicity couplings corresponding to Ax = £1/2 are allowed for each resonance.
The AT — prt decay amplitude is

Af;r7+—>p7r+ . Hf;r;—nhﬁrd)\ )\A (QA)R( pﬂ—+) <35)

with )\A the proton helicity and QA the signed polar angle, both defined in the A helicity

system. The strong decay couplings are absorbed into 7-[A JATTRT setting them to
Hily g™ = Land H2) 07" = —Pa(~1)27172

The matching of proton spin states from the A helicity system to the canonical system
is performed similarly to the A decay chain. The Wigner rotation angle is

AF A A\?
Q= arccos 11, (36)
(1+75%)(1+747) (1 +72)

around the axis

AF A
u’ X u
w A P oA
@A =75 = —Yop, (37)
)u X uﬁ

which is opposite to the y axis of the decay plane coordinate system. Therefore, the
proton spin rotation can be written as Ry(eg‘ + 0 — af), with reversed Wigner angle
sign.

The decay amplitude for each intermediate helicity state is the product of the two
two-body decay amplitudes in which the three-body decay is decomposed, summed over
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the allowed helicity states for each resonant contribution. For the A and A*T decay
chains the amplitude is further multiplied by the Wigner d-matrices representing the spin
matching rotation and summed over proton helicities,

K* Al ~>pK* *Jix (n 2
AV +:mp ZHmp,)\K* A+’mp+)\K*d)\K* (9K>R(mK77T+)7
Ao
1/2 A w
A+,mp sz /p,AA (0, +04+ay)
A M

+ o Ant -
X Hano M Hay 4 008 (O R(my-),

A;mp Z > d}n/QAA 05+ 04— alt)

Apt+ A

X AT H T AL (02)d s (02 R (mi). (38)

The total amplitude for the AT — pK 7" decay is obtained summing the amplitudes
for the different intermediate states,

NK*
2 *
OVAEL \Mp (mpK ,mK 71-+ Z AVA+ myp
AM
A*
+ § :AV/Zvamp
i=1
N
At AZ++
+ é AVAj,mp' (39)
k=1

Fit fractions, F'F', for each resonance R are obtained by computing the integral of the
amplitude model over the phase-space where only the R contribution is left. Fit fractions
are normalized to the complete amplitude model integral,

Jaox, |4

Jas, . la

A.3 Polarized decay rate

‘ 2

A+7mp( )

FF = (40)

5

mAg. ,mp (Q)

A generic polarization state of the A baryon is described by the spin-1/2 density matrix

ar 1 1( 1+ P, Px—iPy>

sU+Po)=5{pip, 1-P. (41)

p 2

where P,, P, and P, are the components of the polarization vector P in the polarization
system (see definition in Sec.|A.1)) and o are the three Pauli matrices. The differential
decay rate for a AT — pK 7" decay with a generic AT polarization is

1/2 1/2 1/2

pPy= > > > (pAi>

— / — —
Mg =—L/2m | == 1/2my=—1/2

Ant oy (A5, (@), (32)

/
m m
AF "
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in which proton spin states are summed over since the proton polarization is not measured.
Substituting the Al density matrix expression, the differential rate takes the form

1
PP =5 D {(1 + P2)[ A, (DI + (1= Po) A1 j2m, ()
mp==x1/2

+ 2Re [(PI — P A (VA /z,mp(Q)] } , (43)

where N is a normalization constant introduced to make p a probability density function.

B Rotation of reference systems and spin states

The rotation of an initial Cartesian reference frame (z,y, z) into a final one (X,Y, Z) can
be described by an Euler rotation parametrized by three angles «, 3, 7. Taking the z-y-z
convention for the rotation axes, the Euler rotation is composed by a first rotation of
angle o around the z axis, a second rotation of angle 5 around the rotated y’ axis and a
third one of angle v around the twice rotated z” axis,

R(Oé, 3, 7) — R ('7)Ry’ (/B)Rz(a) _ e—z"yjzue—iﬁjy/e—iajz' (44)

The latter equality expresses rotations in terms of the generating angular momentum
operators. Here, active rotations are considered, in which the normalized vectors &, 9, 2
defining the initial reference frame are actively rotated to those describing the final
reference frame X , Y, Z ,

X' =R(a, B,7)d". (45)
The three Euler angles can be computed as follows: given the vector N = 2z X Z ,  is the

angle between g and IN, [ is the angle between z and Z axes, and y is the angle between
N and Y axes. In formulae,

o = arctan (1} " Z,& - Z) € [—m,ml,
[ = arccos (2 . Z) € [0, ],
v = arctan (2 Y, —%- X) € [—m, . (46)

The Euler rotation can be also expressed in terms of rotations around the initial reference
frame axes only, by means of the equality

R(a,8,7) = R.(a)Ry(B)R.(7) = ez vz (47)

The action of the rotation operators R(«, 3,7) on angular momentum eigenstates
|.J,m) can be written as

R(e, 8,7)[J,m) = Z D}, (a, B,7) [ J,m) (48)

where the Wigner D-matrices D7, («,3,7) are the matrix elements of the rotation
operator in the given spin reference frame,

D’r{z’,m<a’577) = <‘]’ m'|7€(a,/8,7)|(], m> : (49)
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From the latter equality of Eq. , the Wigner D-matrices can be factorized as

Dgz’,m (057 B? 7) = <J7 m,|€7iajzeii/8jyeimjz ’ J, m)
= e ), L (B)e ™, (50)

where the Wigner d-matrices elements are known combinations of trigonometric functions
of B depending on the parameters J, m and m’.

C Efficiency and background models

Efficiency and background models are obtained using factorized Legendre polynomial
expansions over the decay phase-space. To this end, the five phase-space variables are

transformed into new variables defined in the range [—1,1]. The mass variables mZK_ and

m%_ﬁ are replaced by the so-called square Dalitz plot variables,

min 2 2 2
, Mpg— — My A+ my— +mi, + 2Kk Erv — Mg
m - =2 — —1 cos by, = (51)
pK max min ’ Knm )
MRS — mog 2D - Dt
where mg}l{“_ = my, +mg- and mg}?’i = My+ — Mg+ are the minimum and maximum pK ~

invariant mass allowed values, and cos 6% is the cosine of the angle between the kaon and
the pion in the A rest frame. The transformation of the decay plane orientation variables
is simple, cos 0, = cos 0, ¢, = ¢,/m and X' = x/m.

Exploiting the completeness and orthogonality of Legendre polynomials, a generic
function f over a phase-space variable x is expanded as

fx) = Z@L(ﬂf,i),

N

¢ =Y (2 + 1) L(z,i), (52)

— p(z)

where L(z,[) is the Legendre polynomial of order [, w,, is the weight associated to the
phase-space point, for simulated events only, and p represents the nonuniformity of the
phase-space density over the m;K_ variable.

Both parametrizations are obtained by building five one-dimensional polynomial
expansions multiplied together,

F(Q) = fmic ) f(cos i) f(cos 0) f () f (X), (53)

with correlations among phase-space variables found to be negligible.

The efficiency parametrization €(£2) is derived from simulated A} — pK 7t events
generated uniformly in phase-space, while the background parametrization ppg(€2) is
obtained from data candidates selected in the invariant mass sidebands within 40 and 80
MeV from the known AF mass [25].
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D Breit—Wigner lineshape

To reproduce the typical suppression of transitions involving nonzero orbital angular
momentum, a mass-dependent width is introduced in the Breit—Wigner parametrization,
the latter multiplied by angular barrier terms involving Blatt—Weisskopf form factors [67,
68|,

R (m2) _ Q(m) LAzr p(m) L AF <m7 LAZF)FR(W% LR) (54)
oW o Po mg —m? —imgl'(m)
where the mass-dependent width
2Lp+1
m m
I'(m) =T, {pijo )} EOFI%(m, Lg), (55)

is introduced. The definition of the different quantities entering the above expressions are
the following: m is the invariant mass of the resonance, my and I['y are its Breit-Wigner
mass and width, p(m) is the momentum of one of the decay products in the resonance
two-body decay, pg = p(myg), q¢(m) is the momentum of one of the decay products in the
AT two-body decay AT — Rh, qo = q(mq), both defined in the rest frame of the decaying
particle, L+ and Ly are the orbital angular momenta associated to the At and R decays,
respectively. The Blatt—Weisskopf form factors for the resonance, Fg(m, Lg), and for the
AY, Fys(m, Lyy), are parametrized as

1 L=0
14-22
FR,Ai (m, L) = 1+22((;n) L=1 ) (56)
9+3z§+z§ I —9

9+322(m)+z%(m)

in which the definitions of the terms z(m) and zy depend on whether the form factor
for the resonance R or for the A is being considered. For R these terms are given by
z(m) = p(m)d and zy = pod, where p(m) is the momentum of one of the decay products
in the resonance two-body decay, py = p(mo), and d is a radial parameter taken to be
1.5GeV~!. The angular barrier factors arise from the non-relativistic quantization of a
particle in a radial potential, and d is often interpreted as the radius of the resonance.
For the AF baryon the respective functions are z(m) = ¢(m)d and zy = god, in which
q(m) is the momentum of one of the decay products in the AT two-body decay AT — Rh,
g = q(my), and d = 5.0 GeV ™",

The mass-dependent width and the form factors depend on the orbital angular momenta
of the two-body decays. For the A} weak decay, the orbital angular momentum is
not constrained: the minimum possible value is assumed, since one can expect higher
assignments to be energetically disfavored. For half-integer spin A and A™" resonances
itis L+ = Jp — 1/2, Jg being the resonance spin, it is L,+ = 0 for spin-zero K*
resonances and L,+ = Jg — 1 for higher-spin K* resonances. A fit performed using
LS couplings instead of helicity couplings, including higher orbital angular momentum
states is considered as an alternative model (Sec. . For the strong decay of A and
ATT resonances, the orbital angular momentum Ly is determined by the conservation
of angular momentum, which requires Lr = Jr £ 1/2, and the parity of the resonance,
Pr = —(—1)®, which chooses one of the Lg values. The additional minus sign is given by
the negative parity of the final-state meson. For K* resonances decaying into two mesons,
the orbital angular momentum is Ly = Jg.
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