PHYSICAL REVIEW D 111, 092004 (2025)

Measurement of CP asymmetries in Ag — ph~ decays
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A search for CP violation in A) — pK~ and A — pz~ decays is presented using the full Run 1 and
Run 2 data samples of pp collisions collected with the LHCb detector, corresponding to an integrated
luminosity of 9 fb~! at center-of-mass energies of 7, 8, and 13 TeV. For the Run 2 data sample, the CP-
violating asymmetries are measured to be AZS = (=1.4 4 0.7 + 0.4)% and A%}, = (0.4 + 0.9 4 0.4)%,
where the first uncertainty is statistical and the second is systematic. Following significant improve-
ments in the evaluation of systematic uncertainties compared to the previous LHCb measurement, the
Run 1 dataset is reanalyzed to update the corresponding results. When combining the Run 2 and
updated Run 1 measurements, the final results are found to be A’Z«[;? =(-1.1£0.7£04)% and
AZ’; = (0.2 4+ 0.8 + 0.4)%, constituting the most precise measurements of these asymmetries to date.
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I. INTRODUCTION

The Standard Model (SM) of particle physics predicts
the noninvariance of weak interactions under the combined
application of charge conjugation (C) and parity (P)
transformations via the Cabibbo-Kobayashi-Maskawa
mechanism [1,2]. In the baryon sector, many searches
for CP violation (CPV) have been performed [3—19], with
the only evidence coming from a recent analysis of the
decay AY) — AK" K~ [20]. In this scenario, AY - pK~ and
Ag — pr~ decays1 are promising candidates to search for
CPV, as they are mediated by the same quark-level tran-
sitions that contribute to charmless two-body B® — K+ 7~
and BY — 7tK~ decays, where CPV is well established
[13,21-26].

In the SM, predictions for the CP asymmetries in decays
of the Ag baryon to two-body charmless final states pK~ or
pr~ are characterized by relatively large uncertainties.
These arise from difficulties in computing the hadronic
parameters due to residual quantum chromodynamic
(QCD) interactions between the quarks, with values of a
few percent reported both in the generalized factorization
approach [27,28] and in the MIT bag model [29]. Recently,
it has been suggested that the destructive interference
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between different partial waves in these two decays could
explain the smallness of the measured CP asymmetries
[30]. Measurements of these quantities were performed by
the CDF and LHCb Collaborations [12—14]. The world
averages, dominated by the Run 1 LHCb measurement,
show asymmetries compatible with zero within uncertain-
ties of 2.2% and 2.9% for A) — pK~ and A) — pz~
decays, respectively [31].

This paper presents a search for CP violation in
A) — pK~ and A) - pr~ decays, using proton-proton
(pp) collision data collected with the LHCb detector at
center-of-mass energies of 7, 8, and 13 TeV and corre-
sponding to 9 fb~! of integrated luminosity. The dataset has
been collected in two data-taking campaigns, called Run 1
(2011-2012) and Run 2 (2015-2018). The CP asymmetry
is defined as

LA} = £) = T(A) = )
D(A) = f)+T(A) = f)

f
Acp

(1)

where I is the partial width of the given decay, with
fe{pK .pr~} and f€{pK*, pr"}.

The remainder of the paper is organized as follows. After
a brief description of the detector, trigger and simulation in
Sec. II, the formalism needed to relate the physical CP
asymmetries to the experimental measurements is pre-
sented in Sec. IIl. The event selection and fits to the
invariant-mass distributions are described in Secs. IVand V,
respectively. The determination of instrumental asymme-
tries is discussed in Sec. VI, while the estimation of
systematic uncertainties are presented in Sec. VIL
Finally, the results are given and conclusions drawn in
Sec. VIIL
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II. DETECTOR, TRIGGER, AND SIMULATION

The LHCb detector [32,33] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 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 (VELO) sur-
rounding 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 mea-
sured with a resolution of (15 +29/pt) pm, where pr is
the component of the momentum transverse to the beam, in
GeV/c. The magnetic field deflects particles in opposite
directions based on their charge, which can lead to
detection asymmetries. To reduce such effects, the magnet
polarity is reversed periodically throughout the data taking.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov (RICH)
detectors [34]. Photons, electrons, and hadrons are iden-
tified by a calorimeter system consisting of a preshower and
a scintillating-pad detector (SPD), an electromagnetic and a
hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.

The online event selection is performed by a trigger,
which consists of a hardware stage followed by a two-level
software stage, which applies a full event reconstruction. At
the hardware trigger stage, events are required to contain a
hadron with transverse energy deposited in the calorimeters
greater than approximately 3.7 GeV in Run 1 and 4.0 GeV
in Run 2. The first stage of the software trigger requires
the presence of at least one charged particle with
pr > 1.6 GeV/c and consistent with originating from a
displaced secondary vertex. In the second software stage, a
specific algorithm is used which inclusively reconstructs
decays of beauty hadrons to charged two-body final states.
During Run 2, in between the two software stages, an
alignment and calibration of the detector were performed in
near real time [35], ensuring the availability of high-quality
tracking and particle-identification (PID) information at the
trigger level.

Simulation is used to optimize the offline event selection
and to develop the invariant-mass models to be applied to
data. In the simulation, pp collisions are generated using
PYTHIA [36] with a specific LHCb configuration [37].
Decays of unstable particles are described by EvtGen
[38], in which final-state radiation is generated using
PHOTOS [39]. The interaction of the generated particles
with the detector, and its response, are implemented using
the Geant4 toolkit [40], as described in Ref. [41].

III. ANALYSIS STRATEGY

Two different strategies have been employed to extract
the CP asymmetries from the Run 1 and Run 2 samples,
due to the absence of a measurement of the AY baryon
production asymmetry for the latter. For the Run 1 samples,
the CP asymmetries of A — pK~ and A — pz~ decays
are computed as the sums of various experimental quan-
tities

— — _ — — A0
Agp = Al —Ap— AL - Afp - AR — 4R, (2)

where A% is the measured raw asymmetry between the
yields of the decays A) — ph~ and AY) — ph*, with
he{K,r}; A} and A]h)_ are the asymmetries between the
detection efficiencies of a given hadron and its charge
conjugate; A’P’I}g is the asymmetry between the PID effi-
ciencies for the final states ph~ and ph*; A" is the
asymmetry between the trigger efficiencies for the particles
in the final states ph~ and ph™; and AQZ is the asymmetry
between the production cross sections of Ag and /_\2
baryons. This linear approximation has good accuracy

due to the smallness of the terms involved.
The raw asymmetry is defined as

N(AY = )= V(R = )
N(A) = )+ NA) = f)

A{aw =

(3)

where N denotes the observed signal yield for the given
decay, obtained in this analysis by means of extended
binned maximum-likelihood fits to the invariant-mass
distributions of the eight possible final states, namely
pK~, pK*, pr~, pn*, Ktn~, Kzt, K"K~, and 777",
where the last four are used to constrain the yields of
misidentified backgrounds in the signal channels.
The detection asymmetries are defined as

ht h~
o Erec — Erec _ h~
AD =t Pl _AD ’ (4)
Erec T Erec

where ¢/, with he{p,K,x}, is the total efficiency to
reconstruct the given charged particle, excluding PID and
trigger requirements. Such asymmetries are mostly due to
the different interaction cross sections of particles and
antiparticles with the detector material, and by construction
are asymmetric under charge reversal. The pion detection
asymmetry has been measured from the ratio of fully
to partially reconstructed D** — (D° — K= ztnta " )a"
decays [42]. The kaon detection asymmetry is obtained
by first measuring the detection asymmetry of the K+z~
pair via the subtraction of the raw asymmetries between the
Dt - K%z" and D* — K=z z* decay modes, and then
removing the single-pion detection asymmetry. The effects
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of CP violation and detection asymmetries for the neutral
kaons are corrected according to the strategy used in
Ref. [43]. The proton detection asymmetry is measured
following the procedure described in Ref. [44], using as
input the flight distance of protons traversing the detector in
units of the nuclear interaction length. The method is
validated with the combined use of a detailed LHCb
detector simulation, external measurements of cross sec-
tions of proton and antiproton scattering on deuterium
targets, and information from a large calibration sample of
A — pr~ decays. The measurement is performed with Run
2 data and used for both Run 1 and Run 2 samples. The
validity of this approach is based on the assumption that the
material budget of the detector did not change significantly
between the two data-taking periods, as the only change to
the detector was the removal of the aerogel radiator from
one of the two RICH detectors.

The PID asymmetries are measured from large calibra-
tion samples of D** — (D° — K=z")z*t decays for pions
and kaons, and A - pz~ and A} — pK-zt decays for
protons [45]. They are defined as

ph™ pht
ph~ _ €PID ~ €PID (5)
PID = 00 ot

Ph
€pip + €pp

where 5{311) is the PID efficiency for a final state f given a
set of PID requirements.

Asymmetries arising from different efficiencies on
oppositely charged particles for the hardware and software
trigger, A?h_, may bias the results. They are defined
similarly to Eq. (5), and are estimated with data-driven
techniques, whose details are given in Sec. VI.

The AY production asymmetry is defined as

A o(A)) - o(A))
p

AP = oA T oA

(6)

where ¢ denotes the inclusive production cross section in
the LHCb acceptance. The Run 1 production asymmetry
has been measured using semileptonic Ag - Afpo,X
decays in Ref. [44].

For the Run 2 sample, there is no available measurement

0
of AQ”; therefore, a different strategy to obtain the CP
asymmetries has been devised. Employing a control sample
of A) - (Af — pK~n")n~ decays, the following formu-
las are used:
— _ AO
APE" = AA, — AAD — AAK™ — AApp — AAR?
— Ay — A5 — A5 AN (7)

_ 0
AT = AAny, — AAD — AAT — AApp — AAYY — AA;
—AE - AR + AN (8)

where AA indicates the difference between the asymmetries
determined for the signal and control modes, and Af , Af, ,
and AK™ are the detection asymmetries of particles from the
control sample that are not accounted for in AA%". The CP

asymmetry in the control sample, A/C\;t”i, is expected to be
zero in the SM, within the experimental uncertainties of this
analysis. The control sample is weighted to equalize the
two-dimensional distribution in the (pr,7) plane of the AY
baryon with that from A) — ph~ decays, such that the

AA/:': term is zero by construction in Eqgs. (7) and (8).

Apart from this change in strategy, there is also a
different method used to determine the pion detection
asymmetry for Run 2. It is measured as the ratio of pion
yields from K§ — ztz~ decays reconstructed with all the
tracking detectors to those reconstructed using only the
track segment in the VELO [46].

IV. EVENT SELECTION

An optimization of the offline event selection is
performed for the Run 2 sample, using the same strategy
developed for the previous Run 1 analysis. To start,
b-hadron candidates are reconstructed in the second
stage of the software trigger, combining pairs of
oppositely charged tracks with pp > 1 GeV/c, that
are inconsistent with originating from any PV and are
required to form a common vertex. The candidates must
have an invariant mass, computed by assigning the pion
hypothesis to both final-state tracks, in the range
between 4.6 and 6.4 GeV/c? for Run 1 and between
4.7 and 6.2 GeV/c? for Run 2. Finally, each h-hadron
candidate is required to be consistent with originating
from a PV. In addition to the event selection strategy,
fiducial requirements in the (p,#) plane are applied to
both tracks in the final state, to ensure Kkinematic
coverage of the samples used to calibrate the PID
performances. The final-state particles passing the fidu-
cial requirements have their momentum (in GeV/¢) and
pseudorapidity lying inside the polygon of vertices
(p, n) €{(0,2),(25,2),(120,3.75),(123,4.2), (0,4.2) }.

Particle-identification criteria are used to divide the data
sample into mutually exclusive subsamples corresponding
to the final-state hypotheses pK~, pK™, pn~, px*, K*n~,
K 7", K™K~ and " z~. The event selection also includes
requirements on the output of a boosted decision tree
(BDT) classifier [47], used to reject candidates formed with
random combinations of oppositely charged tracks (com-
binatorial background). The BDT combines the informa-
tion from the following variables: the smallest and largest
transverse momentum of the b-hadron decay products; the
smallest and largest of their impact parameters; the smallest
and largest of the logarithms of their y7, values, where y3, is
defined as the difference in the vertex fit ¥ of the track’s
associated PV reconstructed with and without the track
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under consideration’; and the x* of the common-vertex fit
of the two tracks and the distance of the closest approach
between them. The BDT also exploits the following
properties of the b-hadron candidate: transverse momen-
tum, y%, flight distance (FD), and the y? of the FD, all with
respect to the PV associated with the candidate. The y> of
the FD is a measure of how well the decay vertex of the
candidate is separated from the PV. The BDT is trained
using Run 2 simulated signal decays and combinatorial
background candidates from Run 2 data in the high-mass
sideband, defined as m,,- > 5.6 GeV/c?.

Separate optimizations of the selection criteria applied to
the BDT output and the PID variables are performed for
A) - pK~ and A) — pz~ decays. These two selections
will be denoted hereafter as §,x- and S ,,-, respectively.
For each selection, the same BDT requirement is used to
select the other final-state samples, while different PID
requirements are used to separate the K™ z~, zt K™, 'z,
and KK~ final states, as well as cross-feed pz~ (pK~) and
prt (pK™) final states for S,x- (S,,-). The optimization
procedure has been designed during the Run 1 analysis [14]
to obtain the best sensitivity on the raw asymmetry from
Eq. (3), and is based on pseudoexperiments. The optimi-
zation is performed only for the Run 2 sample, while the
same BDT and PID selection from the previous analysis is
kept for the Run 1 sample [14], given that the additional
fiducial requirements in the (p,#) plane only change the
already excellent signal-to-background ratio of the selected
candidates by about 10%.

In less than 1% of the events, more than one candidate is
present. In such cases, all candidates but one are rejected
according to a reproducible pseudorandom sequence.

Finally, the dataset is split into 12 disjoint subsets based
on the year of acquisition (2011, 2012, and 2015-2018)
and the polarity of the dipole magnet (Up, Down). This
provides two useful checks: first, that the measured CP
asymmetries are independent of the data-taking conditions,
and second, that any possible residual left-right asymmetry
has a negligible impact on the determination of A-p. The
CP asymmetries are measured separately in each subsam-
ple and then averaged to obtain the final result of the
measurement following the method of Ref. [48].

V. INVARIANT-MASS FIT

For each final-state hypothesis, namely pK~, pK™, px~,
prt, K™n~, K~z*, KTK~, and 7"z, the invariant-mass
distribution of selected candidates is modeled by an
appropriate probability density function. These models
are used to perform a simultaneous fit to the eight
invariant-mass spectra and determine the yields and raw
asymmetries of all two-body b-hadron signal decays

*The associated PV is defined as that giving the smallest y3,
value for the b-hadron candidate.

contributing to the spectra. Three categories are considered
for the background: combinatorial, due to random combi-
nations of oppositely charged particles; partially recon-
structed, due to multibody b-hadron decays with one or
more particles not reconstructed; and cross-feed, arising
from other two-body b-hadron decays where one or both
final-state particles are misidentified.

The model used to describe each signal is the sum of a
Gaussian function and a Johnson Sy function [49] with
common mean and width. For the high-yield channels, i.e.,
B - K*7~, BY - K*K~, and B’ - z*7~, an additional
Gaussian function with the same mean and an independent
width is added to improve the quality of the fit. The shape
parameters of each model are obtained from fits to
simulated samples and fixed in the fit to data, with the
exception of the mean and width(s).

The combinatorial background is modeled using expo-
nential functions, with the exception of the pK~ and pK™
spectra, for which the exponential is multiplied by a
function of the form [1 + tanh(m)], where m is the invariant
mass of the hadron pair, to modulate the rise of the
exponential at low invariant masses. This is introduced
to model the threshold effect due to the requirements
applied in the software trigger on the dipion mass.

The partially reconstructed background is parametrized
using ARGUS functions [50] convolved with Gaussian
functions with zero mean and with the same width as
used for the signal model in that channel. For the three
signal decays which employ a second Gaussian, the width
of the component with the highest fit fraction is used for
the convolution. For the pK~ and psn~ final states,
dedicated templates are built by producing large samples
of A) — pK=7° and A) - pz~2° decays using fast
simulation [51]. Decays of Ag to final states with heavier
particles or additional missing particles are not taken into
consideration, as their reconstructed invariant mass lies
outside the fit region. The impact of the BDT requirement is
modeled by studying its efficiency with fully simulated
Ag — pK~ decays as a function of the cosine of the angle
between the flight direction of the reconstructed 5 hadron
and the direction of its reconstructed momentum. This
variable is a good proxy for the fraction of momentum
removed by the undetected particle in the multibody
decays. The obtained efficiency is then used to correct
the samples produced with the fast simulation, where the
direction of the b-hadron momentum is obtained considering
only the two charged final-state particles. The produced
templates are then used directly in the fit model to describe
the shape of partially reconstructed backgrounds.

Finally, the cross-feed backgrounds are modeled by
applying a kernel density estimation method [52] to
simulated two-body b-hadron decays. The simulated sam-
ples are first weighted using PID efficiency tables as a
function of particle kinematics. The cross-feed background
yields are then set to the corresponding two-body b-hadron
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decay yields, determined by the simultaneous fit, multiplied
by appropriate PID-efficiency ratios. The efficiencies for a
given PID requirement are determined from calibration
samples in bins of particle momentum, pseudorapidity, and
hit multiplicity in the SPD, as the performances of the
RICH detectors depend on such variables. They are then
averaged over the corresponding distributions of back-
ground-subtracted signal candidates.

After the application of the BDT and PID requirements,
an extended binned maximum-likelihood fit is performed
simultaneously to the eight final-state samples for each of
the two selections, S,x- and §,,-. The m k- and m,,, -
invariant-mass distributions are shown in Fig. 1 after
combining all 12 subsamples, with the results of the fits
also shown. About 6 x 103 and 4 x 10° signal events are
found in the Run 1 sample for A - pK~ and A) — pz~,
respectively, while for Run 2 they are respectively about
23 x 10° and 14 x 10°.

The fits are validated by generating a large number of
pseudoexperiments according to the total probability den-
sity function of the model and performing an extended
binned maximum-likelihood fit to each sample. The result-
ing pull distributions for AZ%, and AZ%, are each found to
be consistent with a standard normal distribution.

The raw asymmetries in the control sample of
A(b) — AJz~ decays used in Egs. (7) and (8) are measured
with unbinned maximum-likelihood fits to the invariant
mass of the weighted sample split into the same 12 subsets
as the signal channel. The signal is modeled with a Crystal
Ball function [53], the combinatorial category with an
exponential function, and the cross-feed background events
from Ag — AFK~ with a Gaussian distribution with the
same width as the signal function and the mean shifted by
the impact of the wrong mass hypothesis. About 168 x 103
signal events are found for this control sample in Run 1 and
Run 2.
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VI. INSTRUMENTAL ASYMMETRIES

Determination of the instrumental asymmetries intro-
duced in Egs. (2), (7), and (8) is crucial to obtain the CP
asymmetries, as described in Sec. III. The pion detection
asymmetry is obtained by exploiting the measurements in
Refs. [42,46] for Run 1 and Run 2, respectively, as a
function of pion momentum and pseudorapidity. The
kaon detection asymmetry is determined as a function of
the kaon momentum and pseudorapidity, following the
approach developed in Ref. [43]. Finally, maps of the
proton detection asymmetry, as a function of proton
momentum, are taken from Ref. [44]. The maps were
determined using Run 2 data and applied to both Run 1 and
Run 2 samples. This approach is validated by the compat-
ibility of the kaon and pion detection asymmetries between
Run 1 and Run 2, at the level of 0.6 standard deviations (o)
or better. For the three types of final-state particles, a
weighted average of the kinematically dependent asymme-
tries is evaluated over the background-subtracted [54]
kinematic distributions of pions, kaons, and protons from
A) - pK=, A) - pr~, and AY) - Afn~ decays to obtain
the integrated detection asymmetries.

The PID asymmetries are computed according to Eq. (5),
where the PID efficiencies for a final state f are obtained by
integrating two-dimensional maps of efficiency for a set of
PID requirements over the distribution of particle momen-
tum and pseudorapidity taken from simulation. The
decrease in performance with increasing event occupancy
is also accounted for. The overall A) production asymmetry
for Run 1 is calculated by averaging the production
asymmetries measured as a function of A(b) rapidity [44]
over the background-subtracted rapidity distributions of
A) - pK~ and A) — pz~ candidates.

Asymmetries related to different trigger efficiencies for
the charge-conjugated final states, Ar, may arise. Signal
candidates are classified depending on whether they are
directly responsible for the affirmative decision of the
trigger (denoted as Trigger On Signal, or TOS candidates)
or not (Trigger Independent of Signal, or TIS candidates).
In the former case, an asymmetry can arise due to dif-
ferent probabilities of positively or negatively charged
hadrons firing the trigger; in the latter, the same can
happen to the decay products of the other b hadron
produced in the pp collision. For candidates classified
as TOS at both the hardware and software stages of the
LHCb trigger, the corresponding efficiency is determined
using samples of AY — (A} — pK~z")u~vX for protons
and B® —» (D° — K*z~)uTvX decays for pions and kaons,
where only the muon is required to give a positive trigger
decision. For the hardware trigger, asymmetries are deter-
mined as a function of the transverse-energy deposit in the
calorimeter system. For the software trigger, the pt and
log (%) of the decay products are considered, as these are
the variables used by the corresponding algorithms to select

or reject candidates. Systematic uncertainties for this
procedure are evaluated by applying the same method
on simulated samples and comparing the results with the
asymmetries obtained using truth information. For TIS
candidates, which instead are only selected by the hardware
trigger stage, the charge asymmetry is determined by
studying a sample of BT — J/wK™ decays [55] and
computing the TIS efficiency as a function of B transverse
momentum. The TIS asymmetry is then obtained by
averaging the pr-dependent values over the background-
subtracted kinematic distributions of AY - pK~ and A —
pr~ decays.

VII. SYSTEMATIC UNCERTAINTIES
AND COMBINATION

Several sources of systematic uncertainties associated
with the fit model are investigated. Alternative models are
considered: the baseline model used for signal is replaced
by a double-sided Crystal Ball function [53]; the templates
for the cross-feed decays are modified by excluding the
correction for the PID efficiencies; the function used to
model the combinatorial background is substituted with a
second-order polynomial; and the templates describing
the partially reconstructed backgrounds in the pK~,
pK™, pr~, and pr™ spectra, defined in Sec. V, are replaced
by ARGUS functions [50]. When testing alternative mod-
els, 1000 pseudoexperiments are generated according
to the baseline fit results. Fits are performed to each of
the generated samples using the baseline model and then
the alternative models. The mean and the root mean square
of the distribution of the difference between the raw
asymmetries determined by the two sets of fits are added
in quadrature, with the resulting value taken as a systematic
uncertainty.

A different approach is adopted to assess systematic
uncertainties related to the knowledge of the cross-feed
background contamination. Samples are generated using
the baseline fit results. The baseline model is then fitted
1000 times to the generated samples, varying the PID
efficiencies according to their uncertainties, which are
mainly driven by the choice of the binning scheme used
to divide the phase space. On changing the binning scheme
and recomputing the efficiencies, the largest deviation from
the baseline is taken as a systematic uncertainty. Finally, the
statistical uncertainty on the raw asymmetry extracted from
the Ag — AJ 7~ control sample is propagated to the Acp
measurement, and quoted as a systematic uncertainty.

Correlations between the results in the various subsam-
ples may arise from the use of calibration samples that are
common among them—e.g., the use of the proton detection
asymmetry measurement from Run 1 over all the Run 2
samples, or the computation of several instrumental asym-
metries on the signal and control samples following
Egs. (7) and (8) with the same method. These correlations
are evaluated by generating 1000 versions of the tables used
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TABLE L

Absolute systematic and statistical uncertainties, in percent, on the CP asymmetry measurements, split

by decay channel and data-taking period. The empty cells represent systematic uncertainties that do not contribute to

the measurement in the corresponding sample.

Run 1 Run 2
Ag — pK~ Ag — pr” Ag — pK~ Ag — pr~
Fit model 0.1 0.2 0.1 0.2
Particle identification 0.3 0.3 0.2 0.2
TIS trigger 0.1 0.1 <0.1 <0.1
TOS hardware trigger 0.2 0.2 0.1 0.1
TOS software trigger 0.3 0.3 0.2 0.2
Proton detection 0.1 0.1 <0.1 <0.1
Kaon detection 0.3 e 0.1 <0.1
Pion detection e 0.10 <0.1 <0.1
AY production 0.1 0.1
A) - Afz~ sample size 0.3 0.3
Total systematic 0.6 0.5 0.4 0.4
Statistical 1.5 1.9 0.7 0.9

to compute all the corrections, sampled from Gaussian
distributions with means equal to the central values and
widths equal to the nominal uncertainties. Then, the 1000
sets of corrections are used to recompute A% and AZ .
From the distributions of the 1000 values, the correlations
between the various subsamples are inferred. The correla-
tions are found to be smaller than 8%, but are taken into
account nonetheless when averaging the results.

To quantify the size of each systematic uncertainty on the
final measurement, the bootstrapping procedure is repeated
many times, each one varying only the baseline tables
corresponding to a single correction, to decouple them from
the others to which they might be correlated. This allows a
breakdown of the contribution of each systematic uncer-
tainty to the final results, which is reported in Table I.
Some systematic uncertainties are applicable to either
Run 1 or Run 2 asymmetries. For instance, the use of
the Ag — Az~ control sample for Run 2 requires the
evaluation of detection asymmetries for protons, kaons, and
pions, as opposed to the Run 1 sample in which only two of
these particles are needed for each signal channel. As this
pertains to the A) production asymmetry, its contribution
for Run 2 is removed by the kinematic weighting of the
Ag — Az~ sample, as explained in Eqgs. (7) and (8).
Conversely, this control sample is not needed for Run 1, as
the relevant A) production asymmetry is measured by
other means.

VIII. RESULTS AND CONCLUSIONS

The measurements of the CP-violating asymmetries in
the 12 individual data-taking year and magnet-polarity
subsamples are found to be consistent, with a y?/ndf of
11.6/11 for APY and 6.7/11 for A%, showing no
dependence on the data-taking conditions. Using Eq. (2)

in each subsample, and after computing their average value
according to Ref. [48], the Run 1 CP asymmetries are
measured to be

APKT = (=03 +£1.5+0.6)%,
AP = (=0.6 £ 1.9 £0.5)%,

where the first uncertainties are statistical and the second are
systematic, with the correlation between the two measure-
ments being 2.7%. The results are compatible with the
previous result from LHCb using the same dataset [14].
While the updated measurements have larger statistical
uncertainties due to the PID fiducial requirements, the
systematic and total uncertainties are significantly reduced,
in particular due to the new determination of the AY
production asymmetry [44]. As an additional cross-check,
the method formalized in Eqgs. (7) and (8) is also used to
measure the Run 1 CP asymmetries, obtaining compatible
results. The Run 2 CP asymmetries, measured following
Egs. (7) and (8), are similarly averaged over the Run 2
samples to obtain

ALK = (144 0.7 +0.4)%,
AP = (0.4+£0.9 £ 0.4)%,

with a correlation of 9.8%. These values are compatible with
the Run 1 results, with which they are combined to obtain the
final results

ALK = (1.1 4 0.7 +0.4)%,
AP = (02+£0.8+£0.4)%,
with a total correlation of 9.6%. By performing a scan, the

likelihood of both CP asymmetries has been found to be
Gaussian. No evidence of CP violation is found. These are
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the most precise measurements of these observables to date,
improving over the current world averages by a factor of 3.
These results supersede those previously obtained by LHCb
[14], and they will help in constraining theoretical models for
QCD effects contributing to these two-body baryonic decays.
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