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Abstract

A search for CP violation in charmless four-body decays of /12 and =¥ baryons with
a proton and three charged mesons in the final state is performed. To cancel out
production and detection charge-asymmetry effects, the search is carried out by
measuring the difference between the CP asymmetries in a charmless decay and
in a decay with an intermediate charmed baryon with the same particles in the
final state. The data sample used was recorded in 2011 and 2012 with the LHCb
detector and corresponds to an integrated luminosity of 3fb=1. A total of 18 CP
asymmetries are considered, either accounting for the full phase space of the decays
or exploring specific regions of the decay kinematics. No significant CP-violation
effect is observed in any of the measurements.
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1 Introduction

All measurements of CP violation performed so far are consistent with the predictions of
the Standard Model (SM) [1]. Nonvanishing CP-violating asymmetries have been observed
in the decays of both K and B mesons [2]. In contrast, CP violation has not been
observed in baryon decays, although some indications for nonvanishing CP asymmetries
in b-flavoured baryon decays have been reported by the LHCb collaboration [3-6].

The abundant production of A and = baryonsE] in proton-proton collisions at the
Large Hadron Collider (LHC) gives the LHCb experiment the opportunity to study
multibody charmless decays of b-flavoured baryons. In particular, AY and = baryon
decays to charmless four-body final states were observed by the LHCb collaboration
and their branching fractions measured [7]. Their large yields enable measurements of
CP-violating asymmetries to be performed with a precision at the level of a few percent.

This search follows the successful path of the observation of large CP-violating asym-
metries in multibody charmless decays of charged and neutral B mesons by LHCb [8H11].
These decays proceed simultaneously through the charged-current b — u transition and
neutral-current b — s, d transitions, and the resulting interference exhibits a weak-phase
difference. Furthermore, and analogously to the aforementioned charmless multibody
B-meson decays, charmless multibody decays of b-flavoured baryons contain rich resonance
structures, both in the two- or three-body baryonic invariant-mass spectra (i.e. pK
pr—, prt, prtr~ and pK~7") and in the two- or three-body nonbaryonic ones (i.e. the
atr, K*rT, KTK—, 7tn 7% and K*rt7n~). Consequently, CP asymmetries might
be enhanced due to the strong-phase differences induced by the interference patterns
between these transitions in the mass regions around resonances. The charmless b-baryon
decays studied in this paper are hence well suited for a potential first observation of CP
violation in the baryon sector. However, the presence of these strong phases, that are
difficult to predict, would make a potential observation of CP violation difficult to interpret
in terms of the weak phase of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [12,13].

This work focuses on a search for CP violation in X{ — phh'h” charmless decays, where
X} stands either for A9 or =7 and h"") stand either for a pion or a kaon. Six decays are
studied, namely A) — pr—7t7—, A) —» pK atn, A) 5 pK-" K 7, A) - pK KTK~,
Z) - pK ntr~ and £ — pK 7" K~. The CP asymmetry is defined as

LX) — ) =T(X} = )

ACPE el J
DXy — f)+D(X) = f)

(1)

where T'(X) — f) is the partial width of the given decay. The CP asymmetry measurement
relies on counting the number of reconstructed particle and antiparticle decays and
includes therefore experimental charge-asymmetric effects such as the track detection
efficiency or b-baryon production asymmetries. They are cancelled out to first order by
comparing the CP asymmetries of the signal modes to those of charmed decays that
lead to the same or very similar final states and for which no measurable CP violation is
expected in the SM [14]. The decays A) — (A} — pK 7)1, A) = (AT — pr—7t)7n™
and =) — (5 — pK 777~ are thus reconstructed with the same selection as the
corresponding charmless signals. The CP-violating observable considered in this work is

IThe inclusion of charge conjugate processes is implied throughout this paper, unless stated otherwise.



Table 1: Four-body charmless and charmed decays considered in this analysis. The difference
of CP-asymmetries measured for the charmless modes and for the control channels results
in AA“PY measurements. For each observable, the choice of the control channel is aiming at
cancelling at first order production and detection asymmetries. Given the data samples at hand,
it is not possible to meet both criteria for the signal decay 51? — pK~nTK~: the choice of
the Cabibbo-favoured decay =p — (=} — pK 7 )7~ as a control channel requires in turn to
correct the corresponding AAF for the kaon-detection asymmetry.

Charmless mode Control channel

A) = pratr A) = (AF = prat)m™
A — pK - A — (AF — pK—7m)m™
A — pK~ KT~ A — (AF = prat)m™

A) = pK KTK~ — (A - pK 7)™
E) - pK ntn _b — (EF - pK—a)m™
) —»pK ntK~ = (EF - pKnh)m

then referred to as AAY = AL — AP where AL, (AST) is the asymmetry measured
in the charmless (charmed) decays. The decays of interest are reported in Table
In addition to AA“Y measurements integrated over all of the four-body phase space,
specific regions of the space are studied in order to search for local CP asymmetries.
The same final states have been used by the LHCb experiment to search for CP
violation using triple product asymmetries [5,[15]. The latter technique and the AA“Y
measurements exhibit different sensitivity to CP violation [16], which makes the two

approaches complementary.

2 Detector and data set

The analysis is performed using pp collision data recorded with the LHCb detector,
corresponding to an integrated luminosity of 1.0fb™" at a centre-of-mass energy of 7 TeV
in 2011 and 2.0fb™" at a centre-of-mass energy of 8 TeV in 2012. The LHCb detector [17,18]
is a single-arm forward spectrometer covering the pseudorapidity range 2 < 1 < 5, designed
for the study of particles containing b or ¢ quarks. The detector includes a high-precision
tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction
region, a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4 Tm, and 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/c. The minimum distance of a track to a primary
vertex (PV), the impact parameter (IP), is measured with a resolution of (15+29/pr) um,
where pr is the component of the momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using information from two ring-imaging
Cherenkov detectors. Photons, electrons and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detectors, an electromagnetic and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers.



Simulation is used to investigate backgrounds from other b-hadron decays and also
to study the detection and reconstruction efficiencies of the signals. In the simulation,
pp collisions are generated using PYTHIA [19] with a specific LHCb configuration [20].
Decays of hadronic particles are described by EVTGEN [21] in which final-state radiation
is generated using PHOTOS [22]. The interactions of the generated particles with the
detector, and its response, are implemented using the GEANT4 toolkit [23] as described
in Ref. [24].

3 Trigger and selection requirements

The selection follows most of the strategy described in Ref. [7]. The online event selection is
performed by a trigger [25] that consists of a hardware stage, based on information from the
calorimeter and muon systems, followed by a software stage, in which all charged particles
with pp > 500 (300) MeV/c are reconstructed for 2011 (2012) data. At the hardware-
trigger stage, events are required to include a muon or a dimuon with high transverse
momentum or a hadron, photon or electron with high transverse energy. The software
trigger reconstructs charged particles with transverse momentum pr > 500 (300) MeV/¢ for
2011 (2012) data and requires a two-, three- or four-track secondary vertex with significant
displacement from all primary pp interaction vertices. At least one charged particle must
have transverse momentum pp > 1.7 (1.6) GeV/c for 2011 (2012) data and be inconsistent
with originating from any PV. A multivariate algorithm [26] is used for the identification
of secondary vertices consistent with the decay of a b hadron. In the offline selection,
trigger signals are associated with reconstructed particles. Selection requirements can
therefore be made on the trigger selection itself and on whether the decision was due to
the signal candidate, other particles produced in the pp collision, or a combination of
both.

The events passing the trigger requirements are filtered in two stages. Initial require-
ments are applied to further reduce the size of the data sample before a multivariate
selection is applied. Selection requirements based on topological variables, such as the
flight distance of the b baryon, are used as the main discriminants. In order to preserve the
phase space of the decays of interest, only loose requirements are placed on the transverse
momenta of the decay products, pr > 250 MeV/c.

Neutral b-baryon candidates, hereafter denoted as X}, are formed from a proton
candidate selected with particle identification (PID) requirements and three additional
charged tracks. When more than one PV is reconstructed, the X} candidate is associated
to the PV with the smallest value of x%, where x% is the difference in x? of a given
PV reconstructed with and without the considered candidate. Each of the four tracks of
the final state is required to have x% > 16 and 3 < p < 100 GeV/c. Beyond 100 GeV/c,
there is little pion/kaon/proton discrimination. The X} candidates are then required
to form a vertex with a fit quality x%, < 20 and to be significantly separated from
any PV with xZ, > 50, where x%p, is the square of the flight-distance significance. To
remove backgrounds from higher-multiplicity decays, the difference in x2,, when adding
any other track must be greater than 4. The X} candidates must have a transverse
momentum pr(X}) greater than 1.5 GeV/c and an invariant mass within the range 5340 <
m(phh'h") < 6400 MeV/c?. They are further required to be consistent with originating
from a PV, quantified by both x% < 16 and the cosine of the angle fpr between the



reconstructed momentum of the b hadron and the vector defined by the associated PV
and the decay vertex be greater than 0.999. Finally, PID requirements are applied to
provide discrimination between kaons and pions in order to assign the candidates to one
of the five different final-state hypotheses pr~7ntn~, pK ntn~, pK K n~, pK 7" K~
and pK~KTK~.

There are three main categories of background that contribute significantly in the
selected invariant-mass regions: the so-called signal cross-feed background, resulting from a
misidentification of one or more final-state particles in a charmless baryon decay, which can
therefore be reconstructed as another charmless decay with a different mass hypothesis; the
charmless decays of neutral B mesons to final states containing four charged mesons, where
a pion or a kaon is misidentified as a proton; and the combinatorial background, which
results from a random association of unrelated tracks. The pion and kaon PID requirements,
that define mutually exclusive samples, are optimised to reduce the cross-feed background,
and hence to maximise the significance of the signal. The charmless B-meson decays are
identified by reconstructing the invariant-mass distributions of candidates using the pion
or kaon mass instead of the proton mass hypothesis, in the high-mass sidebands defined
as Maideband < M(phh'h") < 6400 MeV/c?, where Mmgiqepand = H680 MeV/c? for pr—mm™
and pK~ K7~ final states, and mgqebana = 5840 MeV/c? for pK ~ntn~, pK 7" K~ and
pK~KTK~ final states. This background contribution is reduced by the optimisation of
the proton PID requirement.

To reject combinatorial background, multivariate discriminants based on a boosted
decision tree (BDT) [27] with the AdaBoost algorithm [28] have been designed. Candidates
from simulated A) — pr~7 7~ decays and the high-mass sideband are used as the signal
and background training samples, respectively. This high-mass sideband region is chosen
such that the sample is free of cross-feed background. The samples are divided into two
data-taking periods and further subdivided into two equally sized subsamples. Each
subsample is then used to train an independent discriminant. The BDT trained on one
subsample is used to select candidates from the other subsample, in order to avoid a
possible bias in the selection.

The BDTs have the following quantities as inputs: pr, 17, X%, Xp, cosOpmr, and x2 .
of the X candidate; the smallest change in the b-baryon x%_ when adding any other
track from the event; the sum of the x% of the four tracks of the final state; and the pr
asymmetry

asym __ pT<Xl?) B p%gne (2)

T pe(XE) Fppre
where p"° is the transverse component of the vector sum of all particle momenta inside
a cone around the b-baryon candidate direction, of radius R = v/0n? + d¢? = 1.5, where
on and d¢ are the difference in pseudorapidity and azimuthal angle (expressed in radians)
around the beam direction, between the momentum vector of the track under consideration
and that of the b-hadron candidate. The distribution of p3™™ for the signal candidates is
enhanced towards high values. The BDT output is determined to be uncorrelated with
the position in phase space of the decays of interest. The selection requirement placed
on the output of the BDTs is optimised for the six decays of interest by minimising the
uncertainties on the CP-asymmetry differences.

A number of background contributions consisting of fully reconstructed b-baryon
decays into the two-body ATh, =Fh, three-body Dph or (c¢)ph combinations, where
(cc) represents a charmonium resonance, may produce the same final state as the signal.
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Hence, they have similar invariant-mass distribution of the b-baryon candidate as the signal
along with a similar selection efficiency. The presence of a misidentified hadron in the
D, AT and = decay also produces peaking background under the signal. Therefore, the
following decay channels are explicitly reconstructed under the relevant particle hypotheses
and vetoed by means of a requirement on the resulting invariant mass, in all spectra:
A = pK 7t AT - pntn—, AY - pKYK—, =F - pK nt, DT - K nnt, Df —
K-Ktnt, D' - K—n", D - nfn=, D° - KTK~, Jip — ntn~ and Jhp — KTK~.
The decays of other possible broad charmonium resonances to 7#t7~ and KK~ are
retained as potential interfering amplitudes with the charmless amplitudes under study.

The same set of trigger, PID and BDT requirements is applied to the control modes
A — (AF = pK 7)1, A) = (AF = prat)r~ and =) — (25 — pK 7)1 to can-
cel out most of the systematic effects related to the selection criteria. Candidates
whose pK 7" or pr~ 7" invariant mass is in the range [2213,2313] MeV/c?* for A and
[2437,2497] MeV/c? for ZF, are retained as control channels candidates. Events outside
these intervals belong to the corresponding signal spectrum, again ensuring statistically
independent samples for the simultaneous fit.

The fraction of events containing more than one candidate is below the percent level.
The candidate to be retained in each event is chosen randomly and reproducibly.

4 Simultaneous fit

A simultaneous unbinned extended maximum-likelihood fit is performed to the invariant-
mass distributions of the b-hadron candidates under each of the mass hypotheses for the
signal and control channel final-state tracks. The data samples are split according to
the charge of the proton and to the year of data taking. Furthermore, data are split
according to the hardware trigger conditions, in order to correct raw measurements for
charge-asymmetric trigger efficiencies. The components of the model include, in addition
to signal decays, partially reconstructed five-body X} decays, signal and background
cross-feeds, four- and five-body decays of B mesons and combinatorial background. The
independent data samples obtained for each final state are fitted simultaneously. For each
sample, the likelihood is expressed as

InL = Zln (Z Nij,i> ~ Z N; (3)

where NN is the number of events related to the component j and P;; is the probability
distribution function for component j evaluated at the mass of the candidate i.

4.1 Fit model

The signal decays are modelled as the sum of two Crystal Ball (CB) functions [29] that
share peak positions and widths but have independent power-law tails on opposite sides
of the peak. The A) mass parameter is free in the fit and shared among the AY decays.
The difference between the fitted =P and A) masses is also a shared parameter and is
constrained to the value reported in Ref. [2] by using a Gaussian function.

The width parameter for A} — pK 77~ decays measured in the 2012 data-taking
sample is found to be 16.47 & 0.22 MeV/c? and is chosen as reference. The ratio of the
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experimental widths of the signal decay functions is constrained using Gaussian prior
probability distributions multiplying the likelihood function, with parameters obtained
from a fit to simulated events. The other parameters of the CB components are obtained
from a simultaneous fit to simulated samples, and are fixed to those values in the fits to
the data.

The cross-feed backgrounds are modelled by the sum of two CB functions, whose
parameters are determined from simulated samples weighted to match the performances
of the particle identification algorithm as measured in the data. All cases resulting from
the misidentification of either one or two of the final-state particles are considered. The
yield of each misidentified decay is constrained to the yield of the corresponding correctly
identified decay and the known misidentification probabilities. These constraints are
implemented using Gaussian prior probability distributions multiplying the likelihood
function. Their mean values are obtained from the ratio of selection efficiencies and their
widths include uncertainties originating from the finite size of the simulated events samples
as well as the systematic uncertainties related to the determination of the PID efficiencies.

The backgrounds resulting from four- or five-body decays of B mesons are identified in
each spectrum by a dedicated fit to the candidates in the high-mass sideband, reconstructed
under the hypothesis of the kaon mass for the proton candidates. The relative yield of
each decay is then constrained in the simultaneous fit from its observed abundance in the
high-mass sidebands. The invariant-mass distributions are modelled by the sum of two
CB functions, whose parameters are determined from simulation.

Partially reconstructed backgrounds where a neutral pion is not reconstructed, such
as A), Z) — phh/h"7", are modelled by means of generalised ARGUS functions [30]
convolved with a Gaussian resolution function. The Gaussian width is taken as the signal
AY — pK~mtr~ width parameter. The parameters of the ARGUS function are shared
among all invariant-mass spectra and are determined directly from the fit, except for the
threshold, which is given by m(X;) —m(7°). Partially reconstructed decays with a missing
photon such as A — pr~n' and A) — pK 1/ decays, with ' — 77, are modelled
separately using the same functional form but where the parameters are fixed from
simulation. The A) — pK 77 7% decay modes where a charged pion is misidentified
as a kaon can significantly contribute to the pK~ K7~ and pK 7" K~ spectra. They
are modelled with an empirical function determined from the partially reconstructed
background candidates in the control channel.

Finally, the combinatorial background is modelled by a linear function whose slope is
shared among the invariant-mass spectra.

4.2 The ensemble of measurements

The following three categories of measurements have been considered a priori (before any
evaluation of the data) to search for global and local effects of CP violation.

e (P asymmetries are measured, considering the whole selected phase space of the
decay candidates.

e (P asymmetries are also measured in the phase-space region of low invariant mass
on the baryonic pair (i.e. pr®™ or pK~) and low invariant mass on the pairing
of the two other tracks. The ensemble of measurements that are performed with
this phase-space selection is hereafter referred to as LBM (Low 2 x 2-Body Mass)

6



measurements. The invariant mass of the baryonic pair is required to be lower
than 2 GeV/c? while the invariant-mass requirements on the two remaining tracks
depends on whether it is a 77~ pair, a K*7F or a KK pair. These values are
chosen to include several known resonances, in particular f,(1500) resonance for
7w, the broad scalar K (1430)° resonance for K7~ and the f}(1525) resonance
for K™K ~. Only the modes with the largest signal yields are considered, namely
A — prrtr, A) — pKntr and A) — pK~ K+t K~ decays. The two-body low-
mass distributions are displayed in Fig. 1l Several resonant structures are observed,
and correspond to baryon resonances like A(1520), A(1232)*" and N(1520) or
meson resonances like K*(892)%, p(770)% or ¢(1020). This phase-space selection
focuses therefore on low-invariant-mass resonances (both mesonic and baryonic) as
well as low-invariant-mass nonresonant components of the amplitudes. The latter
have been shown to generate large CP-violating asymmetries in analogous B-meson
decays [§].

CP asymmetries are measured for regions of the phase space that contain
specific quasi-two-body decays, AY — pa;(1260)~, AY — N(1520)°p(770)°,
AY — pK,(1410)~, AY — A(1520)p(770)°, AY — N(1520)°K*(892)°,
AY — A(1520)¢(1020)  or  three-body  decays, AY — A(1232) a7,
AY — A(1232) T K77, and A) = (pK 7 )uisnmes®(1020), where in the latter
only the high pK~ mass region is selected. Invariant-mass requirements for
these measurements are reported in Table 2l  Only the narrower baryons or
the well-known baryon and meson resonances have been considered, with the
noticeable exception of the a;(1260) meson. Although the a;(1260) meson is
a broad resonance, the analogous B-meson decay B® — a;(1260)*7F has been
studied at the B-factories [31,32] and could serve as a benchmark comparison in
the interpretation of the results obtained for the AY — pa;(1260)~ decay.

Corrections for experimental detection asymme-
tries and related systematic uncertainties

Tracking reconstruction, trigger selection and particle identification requirements can
generate charge-dependent selection efficiencies of the decays of interest. Most of these
charge-dependent effects are however cancelled out in the AAY observables, up to the
kinematical differences between signal and control channels. The remaining impact is
addressed by evaluating corrections to the AAY observables. These correction factors are
determined from calibration samples as discussed in this Section. Systematic uncertainties
are estimated for each correction factor and propagated to the AA“Y measurements. A
summary of the systematic uncertainties is reported in Table [3| for all modes.

e Tracking detection efficiency: differences between the interactions of oppositely
charged pions, kaons or protons in the material of the spectrometer induce detection
charge asymmetries. The difference in 7% and K* tracking efficiency has been
quantified with calibration samples, as a function of the transverse momentum of
the tracks [33]34]. The simulated signal and control channels kinematics is used
to weight the simulation track efficiency in order to match the hadron detection
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Figure 1: Distributions of invariant masses of pairs of final-state particles for the candidates
selected in the mass window of +3¢ around the measured A) mass. Figures (a), (b) and (c) show
the two-body invariant-mass distributions of baryonic pr~, pr™ pairs from A) — pK w7~
decays and pK ~ pairs from /12 — pK~ K™K~ decays, respectively. Structures around known the
masses of the N(1520), A(1232)*" and A(1520) baryons are observed. Figures (d), (e) and (f)
show the invariant-mass distributions of K~77, K=K+ and 777~ pairs from A — pK 77~
/12 — pK~"KTK™~ and /12 — pr—m T~ decays, respectively. Structures corresponding to the
K*(892)%) ¢(1020) and p(770)° resonances are visible. The red lines correspond to the invariant-
mass requirements applied to the selection of the main quasi-two- or three-body decays analysed.



Table 2: Invariant-mass requirements applied for the different phase-space selections for each
final state considered.

Decay mode Invariant-mass requirements (in MeV/c?)

A) = prrta

LBM m(pr~) < 2000 and m(7T77) < 1640
AY — pay(1260)~ 419 < m(rTr—nT) < 1500
AY — N(1520)°p(770)° 1078 < m(pr~) < 1800 and m(n+7~) < 1100
A — A(1232) T 7 1078 < m(pr™) < 1432
A — pK mtn

LBM m(pK~) < 2000 and m(7r+ ~) < 1640
AY — N(1520)°K*(892)° 1078 < m(pr~) < 1800 and 750 < m(7tK~) < 1100
AY — A(1520)p(770)° 1460 < m(pK~) < 1580 and m(rF7~) < 1100
AY — A(1232) T K7~ 1078 < m(pr™) < 1432
A) — pK,(1410)~ 1200 < m(K~7F7~) < 1600
A — pK~KTK~

LBM m(pK~) < 2000 and m(KTK~) < 1675
AY — A(1520)¢(1020) 1460 < m(pK~) < 1600 and 1005 < m(KTK™) < 1040
AY = (DK™ ) pighmass(1020) m(pK~) > 1600 and 1005 < m(K+*K~) < 1040

efficiencies as measured in those calibration samples. The AA“C values (as mea-
sured by the difference of signal yields) are then corrected for these efficiencies
and the uncertainty on the detection efficiency determination itself is propagated
as a systematic uncertainty to the final AAY measurements, taking into account
the correlation between signal and control channel induced by the use of the same
calibration samples. The systematic uncertainty arises from the size of the simulated
samples used in the weighting, the statistical and systematic uncertainties on the
charge asymmetry of the data calibration samples and the knowledge of the kine-
matical distributions generated in the simulated samples. The latter is determined
by taking two different kinematic configurations of the final state (saturated by
quasi two-body modes on one hand and phase-space decay on the other hand) and
using the difference as the systematic estimate. The difference between the p and p
particles is not measured to date. Simulation is used to obtain the reconstruction
efficiencies as a function of the momentum of the proton or antiproton track. An
additional systematic uncertainty related to the knowledge of the material budget
in the simulation is added, as reported in Ref. [35]. The proton detection correction
follows the same procedure as 7+ and K* detection asymmetry correction.

e The same methodology is used to correct for the difference of triggering efficiency
between oppositely charged hadrons of the signal candidate, at the hardware stage
of the trigger system. The trigger asymmetry effects are quantified as a function
of the transverse momentum of the tracks of interest, by studying the trigger-
ing efficiency of K~ and 7" from the decay D° — K—n* [25] and protons from



Table 3: Systematic uncertainties for each decay mode. The uncertainties related to the kaon
and proton detection asymmetry, the difference of triggering efficiency, the PID asymmetries
and the production asymmetry are respectively reported as o, op, 010, opID and o4,.

Decay mode Absolute uncertainties (%)  Total (%)
OK Op 0o  OPID OAp
A — pratr — 020 0.06 042 0.28 0.54
A — pK mtr 0.17 0.20 0.06 041 0.24 0.55
A — pK Kt — 0.21 0.06 0.40 0.55 0.72
A) = pK~KTK~ 0.15 0.20 0.07 041 0.33 0.59
E) = pK rmhn- 0.17 0.20 0.05 042 0.24 0.55
) —»pK ntK~ 0.15 0.20 0.05 0.41 0.55 0.73
AY — pr—atr~ (LBM) — 0.16 0.06 0.36 0.28 0.49

A0 — pK—rtr= (LBM) 0.7 0.7 0.05 034 024| 048
A0 = pK~K*K~- (LBM) 0.6 0.17 0.05 037 033| 055

A9 = pay(1260)~ — 020 009 048 028| 0.60
A9 — N(1520)°p(770)° — 012 005 023 028| 0.39
A0 = A(1232) - — 0.8 005 047 028| 0.59
A0 = pK,(1410)~ 0.16 0.14 0.1 058 024 | 0.74
A0 — A(1520)p(770)° 012 0.12 004 036 024 | 049
AY = N(1520)°K*(892)°  0.16 0.14 0.04 032 024 | 045
A0 = A(1232)+ K7~ 022 0.19 0.05 048 024 | 061
A9 — A(1520)¢(1020) 011 0.0 0.05 030 033] 0.34

A0 = (DK Vuinmass®(1020) - 015 0.14  0.06 058 0.33 |  0.64

A) = (AF — pK—7)m~ decays.

e The production asymmetry can depend on the kinematical properties of the re-
constructed XP candidates, though the actual dependence has not been observed
yet [36]. Differences between signal and control channel X} candidates kinematics
would reflect in an incomplete cancellation of the production asymmetry in the
AAY observable. This effect has been estimated by considering the A) production
asymmetry measured in Ref. [36] as a function of its pr and pseudorapidity.

e The PID requirements set on the tracks of the final state can induce asymmetries.
Efficiencies for the final-state particles are determined from A} decays selected
in data, and are parameterised by their momentum and electric charge. The
correction factors to apply to the value of AAY are here again determined by
performing a weighting of the simulated signal and control channel events to match
the efficiencies measured in the data. The uncertainties coming from the finite size
of the calibration samples are propagated as a systematic uncertainty for the final
AAP measurements.

The first three corrections on the value of AA" are found to be at the few per mille
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level, commensurate with their uncertainties. The lattermost source is dominating the
systematic uncertainty budget, and can reach the percent level. The correction factors are
however consistent with zero. The design of the fit model and the simultaneous fit strategy
allow the direct measurement of the combinatorial background and the B-meson decay
asymmetries. No significant asymmetries are observed and the results are presented in
Section [7] Systematic uncertainties can be induced by the fit model and the fit complexity
and it is evaluated by means of pseudoexperiments reproducing the nominal fit results. No
significant biases are obtained. The normalised residuals of the signal yields are computed
and the uncertainties on their pull mean value are propagated as a systematic uncertainty
to each relevant AA“Y measurement. The largest uncertainty is determined to be at
the level of few 10~*, hence negligible in comparison to the aforementioned systematic
uncertainty estimate.

6 Fit results

The results of the simultaneous fits to the five experimental spectra split by year of data
taking, magnet polarity and trigger conditions are discussed in this section. The fit results
are reported for each final state in the following subsections, and the summary of the
measured yields is reported in Table

e prr-wtw~ final state: Figures 2] and |3| show the results of the simultaneous fits
to the invariant-mass spectra of the pr~7+7~ spectra for the inclusive, LBM and
quasi two-body measurements. The high-mass region of the pr~7" 7~ spectrum is
only populated by either B-meson decays or combinatorial background. The good
agreement between the data and the fit model, especially in this region, validates the
chosen modelling of these components. The same comment is in order for the fit in
the different phase-space regions. The combinatorial component becomes negligible
in the quasi two-body case.

e pK 7wtw~ final state: Figures [4] and |5 show the results of the simultaneous
fits to the p K~ 77~ mass spectrum for the inclusive, LBM and quasi two-body
measurements. The fit model provides also in this case a satisfactory description
of the data, despite the very different background contributions depending on the
phase-space selection. Raw asymmetries at the level of several percent are observed.

e pK~K*K~ final state: Figure [f| shows the results of the simultaneous fits to the
reconstructed pK~ K™K~ mass spectrum for the inclusive, LBM and quasi two-body
measurements. Negligible raw asymmetries are obtained.

e pK K*n~ and pK nw" K~ final states: The simultaneous fit results for the
two remaining final states are shown in Fig. [7| The result of the fit for the control
channel =P — (ZF — pK~7")7~ is also displayed and shows a good description of
the spectrum. This control channel is used to account for the production asymmetry
of the =P modes.
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Table 4: Signal yields for each decay mode, summed over all trigger configurations and years of

data taking.

Decay mode

Signal yields

X? X7
A — pratr 2335 £ 56 2264 £ 55
A — pK 6807 £ 92 6232 £ 89
A — pK Ktr 555 £ 38 630 = 38
A) - pK KTK~ 2312 £ 54 2248 £ H4
O 180 £ 28 252 + 29
E) = pK mtK~ 265 £ 25 305 £ 26
A — (AF = prrh)m 1607 £ 40 1586 £ 40
A9 s (AF = pK -7t )m 24687 + 150 24052 + 157
50 (EF — pK-nt)m 259 + 18 260 £ 18
A9 5 pr—mtn— (LBM) 408 + 25 455 + 24
A9 s pK-rtr (LBM) 3217 £ 61 2920 + 58
A9 5 pK-K+K~ (LBM) 1240 + 38 1146 + 36
AY 5 par (1260 422 + 23 125 + 23
A9 5 A(1232) 783 + 30 T+ 29
A? = N(1520)°p(770)° 241 + 16 230 £ 16
A9 5 pF,(1410)~ 548 + 26 488 + 25
AY — A(1232) T K71 998 + 37 895 + 34
A9 5 A(1520)p(770)° 167 + 14 160 £ 14
A9 5 N(1520)0 K *(892)° 977 + 33 856 + 31
A9 A(1520)¢(1020) 192 + 15 172+ 14
A9 5 (PR )i mans(1020) 548 + 25 542 + 25
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Figure 2: Invariant pr~ 77~ mass distributions with the results of the fit superimposed: (first

row) full phase space, (second row) LBM and (third row) AY — (AF — pr~n™)7~ control
channel. The two columns correspond to the charge-conjugate final states: (left) baryon, (right)
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employed in the fit model are indicated in the legends. The /18 — five-body legend includes two
components: the partially reconstructed /12 — pr~ 7' and /12 — pr—n T 70 decays where a v
is not reconstructed. The latter has a lower-mass endpoint.
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7 Measurements of CP asymmetries and concluding
remarks

Five charmless final states of A) and =) four-body hadronic decays are examined in this
paper. Specific regions of their phase space have been selected to search for local CP asym-
metries in addition to the integrated CP-asymmetry. A total of eighteen measurements of
CP asymmetries are reported in this paper.

A simple counting experiment allows the measurement of a CP asymmetry up to the
corrections due to instrumental and b-baryon production asymmetries. These corrections
are mitigated by establishing the differences (denoted AAT) between the raw A values
of the signals and those of the decay modes with intermediate charmed baryons comprising
the same final-state particles. The asymmetries AAT are further corrected for residual
experimental charge asymmetries due to kinematic differences between signal and control
modes. The integrated AA“Y asymmetry differences are measured to be

+1.1+£2.540.6) %,
+3.24+1.14+0.6) %,

AAP (N — prmt )
)
—6.9+4.9+08)%,
)
)
) Yo

)
AAP (N — pK—ntr™)
AAP (N — pK~K*tr7)
)
7)
)

+0.2+1.84+0.6)%,
17 £ 11+ D%,
—6.8+8.0+0.8

AAP (N = pK- K+ K-
AAP(Z) —» pK—mhr
ACP(HO — pK ntK~

o~~~ o~ o~ o~

The measurements for the two-body low invariant-mass regions are

AAP (N — pratr™) = (+3.7+£ 4.1 £0.5) %,
AAP (N — pK—ntrn™) = (+3.5+ 1.5 +£0.5) %,
AAP(A) - pK~KTK™) = (+2.7+ 2.3+ 0.6) %.

Finally, the measurements for the quasi two-body decays are

(—1.5+4.240.6)%,
(4+2.0 £ 4.9+ 0.4) %,
(+0.1 £ 3.2+ 0.6) %,
(+4.7+3.5+0.8) %,
(+0.6 £ 6.0 £ 0.5) %,
( )
( )
( )
(- ) %

AAP(AY — pay (1260)7)
AAP(AY — N(1520)°p(770)°)
AAP (N — A(1232) 1 77)

AAP(N) — pK,(1410)7)
AAP (N9 — A(1520)p(770)°)
)

)

)

)

+5.5+2540.5) %,

+4.4+2.6+0.6) %,

+4.3+5.6+0.4) %,
0.7£33£0.7

AAP(AY — N(1520)°K*(892)°
AAP(A) — A(1232)" K7

AAP(AY — A(1520)¢(1020)

AAP (A = (P ) ianomass®(1020)

In all cases the first uncertainties are statistical and the second systematic. No significant
CP violation is observed. The AA“Y measurements for the independent samples of the
two magnet polarities, the two categories of trigger requirements and the two distinct
data-taking samples are found to be consistent. In addition, the measured asymmetries
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for the combinatorial background in all spectra are consistent with zero. The background
contributions coming from B-meson decays (that could potentially exhibit nonzero CP
violation) are also consistent with null asymmetries.

In a previous analysis, the LHCb collaboration reported evidence for CP violation
in a specific region of the phase space of the decay AY — pr~ 7™, by measuring triple-
product asymmetries [5]. By contrast, in the present analysis, no indication of a significant
CP-violating asymmetry is obtained with the same data sample, providing complementary
insights about the origin of this potential CP-symmetry breaking effect. The quest for the
first observation of CP violation in baryon decays continues. LHCb Run 2 data provides
about five times larger yields allowing for a more sensitive search of smaller CP-violating
effects.
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