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1 Introduction

In the Standard Model (SM) of particle physics, the combined charge conjugation (C) and
parity (P ) symmetry is not conserved in weak interactions (CP violation), as a consequence
of an irreducible phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1]. Although
all experimental measurements of CP violation in meson and baryon decays are compatible
with the predictions of the CKM mechanism, the amount of CP violation in the SM is
insufficient to account for the observed matter-antimatter imbalance in the Universe [2].
Extensive efforts have been dedicated to searches for CP violation in the sector of baryon
decays [3–20], where only direct CP violation is expected. Additionally, the half-integer spin
of baryons introduces more partial waves in baryon decays, making them more complex
compared to meson decays. Recently, CP violation has been observed for the first time in
baryon decays using the Λ0

b → pK−π+π− decay [21],1 and evidence for CP violation has been
reported in the Λ0

b → ΛK+K− decay [22].
A large CP asymmetry is predicted in the Λ0

b → pK∗(892)− decay, with values of
(19.7± 1.4)%, (31.1± 2.8)%, and (19.3± 0.8)% determined by the generalised factorisation
approach (GFA) [23, 24], the QCD factorisation (QCDF) approach [25], and the light-front
quark model (LFQM) under the GFA [26], respectively. Inspired by the recent measurement

1The inclusion of charge-conjugate processes is implied throughout the article if not specified otherwise.
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of CP asymmetries in the Λ0
b → pπ− and Λ0

b → pK− decays [20], which are consistent with
zero within 1% precision, two additional predictions find a much smaller CP asymmetry in
the Λ0

b → pK∗(892)− decay due to significant cancellation among the partial waves. These
predictions are based on the perturbative QCD (pQCD) method [27] and the final-state
rescattering mechanism [28], and correspond to a CP asymmetry of (−5+10

−16)% and (2± 4)%,
respectively. The branching fraction of the Λ0

b → pK∗(892)− decay is predicted to be ap-
proximately 10−6 by the GFA, the QCDF approach, and the LFQM approach, while the
prediction incorporating the final-state rescattering mechanism suggests a significantly larger
value of approximately 10−5.

The Λ0
b → pK0

Sπ
− decay was first observed by the LHCb experiment using proton-proton

(pp) collision data corresponding to an integrated luminosity of 1 fb−1, with a CP asymmetry
of (22± 13± 3)% [3], where the first and second uncertainties are statistical and systematic,
respectively. Since the Λ0

b → pK0
Sπ

− decay proceeds through the quasi-two-body decay
Λ0

b → pK∗(892)−(→ K0
Sπ

−), measurements of its CP asymmetry and branching fraction
provide a stringent test of the aforementioned theoretical models, and offer new insights
into the CP violation mechanism in baryon decays.

In this work, the branching fractions and the CP -violating observables of the charmless
Λ0

b(Ξ0
b )→ pK0

Sh
− decays, where h denotes either a pion or a kaon, are measured using pp

collision data collected by the LHCb experiment during 2011–2012 (Run 1) and 2015–2018
(Run 2), at centre-of-mass energies of 7, 8 and 13 TeV, corresponding to an integrated lumi-
nosity of 9 fb−1. The characteristics of the Λ0

b → pK0
SK

−, Ξ0
b → pK0

Sπ
−, and Ξ0

b → pK0
SK

−

decays are similar to those of the Λ0
b → pK0

Sπ
− decay, where both tree and penguin ampli-

tudes corresponding to the b → uuq quark transition (with q = d, s) contribute at leading
order. The interference between the tree and penguin amplitudes may result in CP vio-
lation. The CP asymmetries in different Dalitz-plot [29, 30] regions of the Λ0

b → pK0
Sπ

−

decay are also measured. To reduce the systematic uncertainties in these measurements, the
Λ0

b → Λ+
c (→ pK0

S)π− decay is used as a control channel. The Λ0
b → Λ+

c (→ pK0
S)K− decay is

employed as a control sample to calibrate the contribution from misidentified background
in the Λ0

b → Λ+
c (→ pK0

S)π− sample.
The paper is organised as follows. A brief description of the LHCb detector, trigger

and simulation is presented in section 2. The event selection is presented in section 3. The
measurements of branching fractions and CP -violating observables are presented in sections 4
and 5, respectively. Conclusions are given in section 6.

2 LHCb detector, trigger and simulation

The LHCb detector [31, 32] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
used for this work 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 4Tm, 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 varying from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum
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distance of a track to a primary pp collision vertex (PV), the impact parameter (IP), is
measured with a resolution of (15+ 29/pT)µm, where pT 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.

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 a muon with high pT or a hadron, photon or electron with high transverse energy in the
calorimeters. For hadrons, the transverse energy threshold is 3.5 GeV. 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 satisfy pT > 1.6GeV/c
and be inconsistent with originating from a PV. A multivariate algorithm [33, 34] is used for
the identification of secondary vertices consistent with the decay of a b hadron.

Simulation is required to model the effects of the detector acceptance, trigger, and
the imposed selection requirements. In the simulation, pp collisions are generated using
Pythia [35, 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, 41] as described in ref. [42].

3 Event selection

The candidates for Λ0
b(Ξ0

b )→ pK0
Sh

− decays are reconstructed by combining a K0
S candidate

with two oppositely charged tracks identified as a proton and a pion or a kaon. The K0
S

candidates are selected through the K0
S → π+π− decay and are reconstructed in two categories.

The first category consists of K0
S candidates reconstructed from two pion tracks with hits in

both the vertex detector and the tracking detectors, referred to as the “long” K0
S candidates.

The second category includes candidates reconstructed from two pion tracks with hits only
in the tracking detectors, referred to as the “downstream” K0

S candidates. The final-state
tracks (protons, pions, and kaons) are required to have a good track-fit quality and a high
transverse momentum. The K0

S candidate must have a reconstructed decay vertex with a
good vertex-fit quality, and a reconstructed mass within ±20 (30)MeV/c2 of the known K0

S
mass [43], for long (downstream) K0

S meson candidates. The Λ0
b(Ξ0

b ) reconstructed vertices
are required to satisfy stringent vertex-fit quality criteria, while the reconstructed masses
must be within 5420 < m(pK0

Sh
−) < 6200MeV/c2. The K0

S decay vertex is selected to be
downstream of the Λ0

b(Ξ0
b ) vertex by more than 15mm along the beam.

Background from the Λ→ pπ− decay, where the proton is misidentified as a pion,
contributes to the K0

S mass spectrum. These candidates are rejected by applying a mass
veto within ±10MeV/c2 of the known Λ mass [43] under the corresponding mass hypothesis.
Background contributions from B0(B0

s )→ K0
SK

+h− decays, where a kaon is misidentified as a
proton, contaminate the Λ0

b(Ξ0
b ) mass spectrum. These background sources are suppressed by

– 3 –
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applying a tight particle identification (PID) requirement on the proton for Λ0
b(Ξ0

b ) candidates
whose reconstructed mass, calculated under the kaon mass hypothesis, lies within the B(B0

s )
mass window 5245 < m(K0

SK
+h−) < 5402MeV/c2. Decays of the Λ0

b or Ξ0
b baryons through

possible charm intermediate states, such as Ξ+
c → pK0

S, D− → K0
Sπ

−, D− → K0
SK

− and
D−

s → K0
SK

−, are removed by applying mass vetoes within ±30MeV/c2 of the known hadron
masses [43]. For the higher-yield Λ+

c → pK0
S decay, a wider veto region of ±50MeV/c2 is used.

Boosted decision tree (BDT) classifiers [44, 45] are employed to further distinguish signal
from background. Separate BDT classifiers are trained for the pK0

Sπ
− and pK0

SK
− final

states, for Run 1 and Run 2 periods, and for the two K0
S reconstruction categories. Simulated

samples of Λ0
b → pK0

Sh
− decays are used as signal training samples, while background proxies

are obtained from data in the upper mass sideband region 5900 < m(pK0
Sh

−) < 6200MeV/c2.
The BDT classifiers utilise the kinematic and topological variables of the Λ0

b and K0
S hadrons

and the PID variables of the proton and pion (or kaon) as inputs. The Λ0
b kinematics,

track multiplicity, and PID distributions in simulated samples are corrected to match those
observed in data. Two additional variables are included, both defined using tracks within
a cone of radius R = 1.5 centred on the Λ0

b momentum direction, excluding those used to
reconstruct the Λ0

b candidate, with R =
√
(∆η)2 + (∆ϕ)2, where ∆η and ∆ϕ denote the

differences in pseudorapidity and azimuthal angle (in radians) between a given track and the
Λ0

b candidate. The first variable is the track multiplicity within the cone, and the second is
the transverse momentum asymmetry between the Λ0

b candidate and these tracks, defined
as (pT(Λ0

b)−
∑
pT(track))/(pT(Λ0

b) +
∑
pT(track)). These two variables exploit additional

information from tracks not associated with the Λ0
b candidate, enhancing the discrimination

between signal and background. For the Λ0
b → pK0

Sπ
− decay, the selection criterion on the

BDT response is optimised to suppress the combinatorial background using a figure of
merit (FoM), S/

√
S +B, where the S (B) denotes the estimated signal (background) yield

in the Λ0
b signal region 5560 < m(pK0

Sh
−) < 5680MeV/c2. The quantities S and B are

obtained from a fit to data with a loose BDT requirement, and scaled by the BDT selection
efficiencies, determined from simulation for signal and from sideband data for background.
For the Λ0

b → pK0
SK

− decay, which is subject to sizeable contamination from the pK0
Sπ

−

mode due to misidentification of the pion as a kaon, a simultaneous optimisation of the BDT
response and the kaon PID requirement is performed. This optimisation suppresses both
the combinatorial background and the misidentification contributions. It employs the Punzi
FoM [46], ϵ/(a/2 +

√
B), where ϵ denotes the signal efficiency in the Λ0

b signal region, a = 5
specifies the target significance of the signal component, and B is the sum of combinatorial
and misidentified background yields in the signal region.

The Λ0
b → Λ+

c (→ pK0
S)h− channels are selected using the same criteria as the Λ0

b → pK0
Sh

−

channels, except that the veto to the Λ+
c → pK0

S decay is inverted, retaining only candidates
within ±30MeV/c2 of the known Λ+

c mass [43].

The fraction of events with multiple Λ0
b(Ξ0

b ) candidates is below 1%. In these events,
one candidate is arbitrarily chosen.
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4 Measurement of branching fractions

The ratios of branching fractions between the Λ0
b(Ξ0

b )→ pK0
Sh

− signal channels and the
Λ0

b → Λ+
c (→ pK0

S)π− control channel are defined and measured according to

R(Λ0
b → pK0

Sh
−) ≡ B(Λ0

b → pK0
Sh

−)
B(Λ0

b → Λ+
c π

−)B(Λ+
c → pK0

S)

= N(Λ0
b → pK0

Sh
−)/ϵ(Λ0

b → pK0
Sh

−)
N(Λ0

b → Λ+
c (→ pK0

S)π−)/ϵ(Λ0
b → Λ+

c (→ pK0
S)π−)

, (4.1)

R(Ξ0
b → pK0

Sh
−) ≡ B(Ξ0

b → pK0
Sh

−)
B(Λ0

b → Λ+
c π

−)B(Λ+
c → pK0

S)

= N(Ξ0
b → pK0

Sh
−)/ϵ(Ξ0

b → pK0
Sh

−)
N(Λ0

b → Λ+
c (→ pK0

S)π−)/ϵ(Λ0
b → Λ+

c (→ pK0
S)π−)

×
fΛ0

b

fΞ0
b

, (4.2)

where B denotes the branching fractions, N denotes the yields obtained from the fit to data,
ϵ denotes the corresponding total efficiencies determined using simulation, and fΛ0

b
(Ξ0

b
) are

the b-quark fragmentation fractions [47].

4.1 Mass fit

The pK0
Sh

− mass distributions for the combined data of the Run 1 and Run 2 periods and
the long and downstream K0

S categories (four data samples) after applying all selections
are presented in figure 1. A mass constraint to the known K0

S mass is applied to the K0
S

candidates to improve the resolution of the reconstructed pK0
Sh

− mass. An extended unbinned
maximum-likelihood fit is performed simultaneously to the invariant mass spectra of the
four final states, pK0

Sπ
−, pK0

SK
−, Λ+

c (→ pK0
S)π−, and Λ+

c (→ pK0
S)K− across the four data

samples, resulting in a total of 16 samples, to extract the yields of Λ0
b(Ξ0

b ) signal components.
The Λ0

b(Ξ0
b ) signal components are modelled using a modified Gaussian function with tails

on both sides of the peak (double-sided Crystal Ball [48], DSCB). The peak position of the
DSCB function, representing the mass of the Λ0

b or Ξ0
b baryon, is shared across all channels

within the same data sample, with the mass difference between the Λ0
b and Ξ0

b baryons fixed
to its known value [43]. The measured Λ0

b(Ξ0
b ) masses are found to be consistent across the

four data samples. The width parameter of the DSCB function is parametrised as the square
root of the quadratic sum of the value obtained from simulation and an additional common
width term shared across all channels and data samples to account for the broader mass
resolution observed in data. The tail parameters of the DSCB function are fixed to the values
obtained from fits to simulated samples. The misidentified backgrounds from the pK0

Sπ
−

and pK0
SK

− final states, due to the misidentification of a pion as a kaon or vice versa, are
also modelled by DSCB functions, with their yields constrained based on the yields of the
corresponding signal components and the efficiencies determined from simulation. For the
Λ0

b → Λ+
c (→ pK0

S)π− control channel, the Λ0
b → Λ+

c (→ pK0
S)K− channel is used to constrain

the yield of the misidentified background. The combinatorial background is modelled using
an exponential function, with a slope parameter different for each channel and data sample,
except for the Λ0

b → pK0
SK

− sample, for which the slope is shared across the four data samples
due to the small sample size. The partially reconstructed background from Λ0

b decays, with
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Figure 1. Mass distributions for the (top left) Λ0
b(Ξ0

b )→ pK0
Sπ

−, (top right) Λ0
b(Ξ0

b )→ pK0
SK

−, and
(bottom) Λ0

b → Λ+
c (→ pK0

S)π− decays, with the fit results also shown.

an additional π0 meson that is not reconstructed, is modelled by an ARGUS function [49]
convolved with a Gaussian resolution function. The parameter of the ARGUS function
describing the mass cutoff is fixed to the known mass difference between the Λ0

b and π0

hadrons [43]. The other shape parameters are free and shared across the four data samples of
the same channel, except for the Λ0

b → pK0
SK

− sample, for which the shape of the ARGUS
function is fixed to that of the Λ0

b → pK0
Sπ

− sample due to the small sample size. In the fit
to the Λ0

b → pK0
SK

− sample, the yield of the partially reconstructed background is found
to be negative, but statistically consistent with zero.

The fit results for the Λ0
b(Ξ0

b ) signal yields, reported with statistical uncertainties only,
are summarised in table 1. For the previously unobserved Λ0

b → pK0
SK

−, Ξ0
b → pK0

Sπ
−, and

Ξ0
b → pK0

SK
− decays, the corresponding significances, evaluated using Wilks’ theorem [50] and

taking into account systematic uncertainties as detailed later, are also reported. Systematic
uncertainties are incorporated by evaluating the significance under alternative fit assumptions,
with the smallest value quoted as the significance including systematic effects. Both the
Λ0

b → pK0
SK

− and the Ξ0
b → pK0

SK
− decays are observed for the first time, with significances

reaching 8 standard deviations (σ), indicating the discovery of these two decays, while no
significant contribution of the Ξ0

b → pK0
Sπ

− decay is observed. Consequently, the branching
fractions of the Λ0

b → pK0
Sπ

−, Λ0
b → pK0

SK
−, and Ξ0

b → pK0
SK

− decays are measured in this
work, while an upper limit is set for the Ξ0

b → pK0
Sπ

− decay.
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Decay Yield Significance
Λ0

b → pK0
Sπ

− 4 740± 90 —
Λ0

b → pK0
SK

− 127± 17 8.1σ
Ξ0

b → pK0
Sπ

− 70± 40 1.0σ
Ξ0

b → pK0
SK

− 88± 13 8.0σ
Λ0

b → Λ+
c (→ pK0

S)π− 34 680± 200 —

Table 1. Yields of the Λ0
b(Ξ0

b ) signal components presented with statistical uncertainties only. The
corresponding significances, which include systematic uncertainties, are also provided. The significances
of the previously observed Λ0

b → pK0
Sπ

− and Λ0
b → Λ+

c (→ pK0
S)π− decays are not evaluated.

4.2 Efficiencies

The total efficiency, including detector acceptance, reconstruction, trigger, and offline selection
efficiencies, is estimated from simulation for each channel and data sample individually. To
account for known discrepancies between simulation and data, several corrections are applied
to the simulated samples. The tracking efficiency in simulation is corrected using large
calibration samples from the J/ψ→ µ+µ− decay [51]. Additionally, calibration samples from
the Λ→ pπ−, Λ+

c → pK−π+, and D∗+→ D0π+ decays are used to correct the mismodelling
of PID information [52, 53] and trigger response [54] in simulation. The Λ0

b kinematics and
track multiplicity in simulated Λ0

b decay samples are corrected by a weighting procedure [55].
The data and simulation samples of the Λ0

b → Λ+
c (→ pK0

S)π− control channel are used as
input to obtain the correction weights, which are subsequently applied to all simulated Λ0

b

decay samples. As no control channel is available for Ξ0
b decays, the effect is incorporated as

a systematic uncertainty for these decays. Finally, the kinematical phase-space distribution
in simulation is corrected to match that in data. Since the Λ0

b baryon is unpolarised at
LHCb [56, 57], the phase space of the Λ0

b → Λ+
c (→ pK0

S)π− channel can be described using
the Λ+

c helicity angle [58]. The simulated sample for the Λ0
b → Λ+

c (→ pK0
S)π− decay is

weighted to match the measured angular distribution [58]. For the Λ0
b(Ξ0

b )→ pK0
Sh

− signal
channels, the three-body phase space is described by the Dalitz-plot variables, m2(ph−) and
m2(K0

Sh
−), which are computed by constraining the reconstructed masses of the Λ0

b(Ξ0
b ) and

K0
S candidates to their known values [43]. The background-subtracted Dalitz-plot distribution

in data is obtained using the sPlot technique [59]. The simulated Λ0
b(Ξ0

b )→ pK0
Sh

− samples
are weighted to match the dynamics of the decay. The total efficiencies of the signal and
control channels, estimated from the simulation samples after applying the same selection
criteria as in data and incorporating all aforementioned corrections, are used to calculate
the ratios of branching fractions.

4.3 Systematic uncertainties

Various sources of systematic uncertainty are taken into account for the measurement of the
branching-fraction ratios. The dominant contribution arises from the efficiency estimation,
including effects from the limited size of simulation samples and corrections applied to
align the PID response and phase-space distribution in simulation with those observed in

– 7 –
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Efficiency Ξ0
b kinematics Model MisID bkg. Ξ0

b bkg. Total
R(Λ0

b → pK0
Sπ

−) 1.4 — 0.3 0.1 — 1.5
R(Λ0

b → pK0
SK

−) 6.4 — 3.6 1.3 5.7 9.3

R(Ξ0
b → pK0

Sπ
−)×

f
Ξ0

b
f

Λ0
b

35.8 15.8 1.7 5.6 — 39.5

R(Ξ0
b → pK0

SK
−)×

f
Ξ0

b
f

Λ0
b

9.1 5.9 4.8 1.0 4.6 12.7

Table 2. Relative systematic uncertainties in the ratios of branching fractions with respect to the
Λ0

b → Λ+
c (→ pK0

S)π− control channel, in percent. The total systematic uncertainties are obtained by
summing the individual uncertainties in quadrature.

data. They are evaluated using pseudoexperiments and alternative calibration configurations,
respectively. The largest systematic uncertainty in efficiency estimation stems from the
correction of the Dalitz-plot distribution in the simulation of the Λ0

b(Ξ0
b )→ pK0

Sh
− signal

channels, as the distribution extracted from the background-subtracted data is subject to
statistical fluctuations due to the limited signal yields. Furthermore, for Ξ0

b decays, the
impact of differences in Ξ0

b kinematics between simulation and data is considered. The data
and simulation samples are divided into regions of low and high Ξ0

b baryon pT. The branching-
fraction ratios are measured separately in each region and found to be in agreement within
the statistical uncertainty. The difference between the combined result of these measurements
and the baseline result is assigned as a systematic uncertainty.

Three additional sources of systematic uncertainty arise from the fit to the pK0
Sh

−

mass spectra. The first is due to the choice of fit models, assessed by employing alternative
descriptions. The DSCB function is replaced with a Hypatia function [60], and the exponential
function with a second-order Chebyshev polynomial. The model describing the partially
reconstructed background is replaced with a shape extracted using kernel estimation [61] from
simulated Λ0

b → pK∗0(→ K0
Sπ

0)h− and Λ0
b → Σ+

c (→ Λ+
c (→ pK0

S)π0)π− samples, where the
π0 meson is not reconstructed, for the signal and control channels, respectively. The second
source arises from the constraint on the yield of the misidentified background, estimated by
varying the efficiency ratio of misidentification and signal components within its uncertainty.
The third source is due to the potential partially reconstructed background from Ξ0

b decays
in the pK0

SK
− mass spectra, which is not included in the baseline fit. The branching-fraction

ratios of the Λ0
b(Ξ0

b )→ pK0
SK

− decays are measured by including this background, modelled
using a shape extracted from a simulated Ξ0

b → pK∗0(→ K0
Sπ

0)K− sample with a missing
π0 meson, and with its yield fixed to that of the Ξ0

b → pK0
SK

− signal component. The
difference with respect to the baseline result is assigned as a systematic uncertainty. The
fit procedure is validated using pseudoexperiments, and no bias is observed. However, the
statistical uncertainties in the branching-fraction ratios of the Λ0

b(Ξ0
b )→ pK0

Sπ
− decays are

found to be underestimated by 2.5 (3.8)% and are corrected accordingly. A summary of the
systematic uncertainties is provided in table 2.
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Result
R(Λ0

b → pK0
Sπ

−) 0.1363± 0.0027± 0.0020
R(Λ0

b → pK0
SK

−) 0.0079± 0.0010± 0.0007

R(Ξ0
b → pK0

Sπ
−)×

f
Ξ0

b
f

Λ0
b

< 0.0028 (0.0031) at 90 (95)% CL

R(Ξ0
b → pK0

SK
−)×

f
Ξ0

b
f

Λ0
b

0.0041± 0.0006± 0.0005

Table 3. Ratios of branching fractions with respect to the Λ0
b → Λ+

c (→ pK0
S)π− control channel. The

first uncertainty is statistical, and the second is systematic.

Result [×10−6]
B(Λ0

b → pK0
Sπ

−) 10.62± 0.21± 0.16± 0.98
B(Λ0

b → pK0
SK

−) 0.61± 0.08± 0.06± 0.06
B(Ξ0

b → pK0
Sπ

−) < 2.8 (3.2) at 90 (95)% CL
B(Ξ0

b → pK0
SK

−) 3.9 ± 0.6 ± 0.5 ± 0.4 ± 1.4

Table 4. Branching fractions of the Λ0
b(Ξ0

b )→ pK0
Sh

− decays. The first uncertainty is statistical,
the second is systematic, and the third arises from the uncertainty in the branching fraction of
the Λ0

b → Λ+
c (→ pK0

S)π− control channel [43]. For Ξ0
b decays, a fourth uncertainty accounts for the

b-quark fragmentation fractions [47].

4.4 Results

The measured ratios of branching fractions are listed in table 3. Since the significance of the
Ξ0

b → pK0
Sπ

− decay is only 1σ, upper limits are set at 90% and 95% confidence levels (CL),
by integrating the profile likelihood with a uniform Bayesian prior in the region of positive
branching-fraction ratio. From the measurements of B(Λ0

b → Λ+
c π

−) and B(Λ+
c → pK0

S) [43],
and the measurement of fΞ0

b
/fΛ0

b
[47], the absolute branching fractions of the Λ0

b(Ξ0
b )→ pK0

Sh
−

decays are extracted and summarised in table 4. The measured branching fraction of the
Λ0

b → pK0
Sπ

− decay agrees with, and supersedes, the previous measurement [3], with the
statistical precision improved by a factor of nine.

5 Measurement of CP -violating observables

For the Λ0
b → pK0

Sπ
−, Λ0

b → pK0
SK

−, and Ξ0
b → pK0

SK
− signal channels, all of which have

significances exceeding five standard deviations, CP -violating observables are also measured.
The CP asymmetry is defined as

ACP (Λ0
b(Ξ0

b )→ pK0
Sh

−) ≡ Γ(Λ0
b(Ξ0

b )→ pK0
Sh

−)− Γ(Λ0
b(Ξ0

b)→ pK0
Sh

+)
Γ(Λ0

b(Ξ0
b )→ pK0

Sh
−) + Γ(Λ0

b(Ξ0
b)→ pK0

Sh
+)
, (5.1)

where Γ represents the partial decay rate of the Λ0
b(Ξ0

b )→ pK0
Sh

− decays or their charge-
conjugate processes. The CP asymmetry is determined by correcting the raw asymmetry
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for several nuisance asymmetries,

ACP = Araw −AP −AD −Atrigger −APID, (5.2)

where Araw = (N −N)/(N +N) represents the raw asymmetry in the yields between the
baryon and antibaryon modes, AP accounts for the production asymmetry between Λ0

b(Ξ0
b )

and Λ0
b(Ξ0

b) hadrons, AD arises from differences in detection efficiency for final-state particles,
excluding the effects of trigger and PID requirements, which are given by Atrigger and APID,
respectively. Since the CP asymmetry of the Λ0

b → Λ+
c (→ pK0

S)π− decay is expected to be
negligible in the SM, and its characteristics are similar to those of the Λ0

b(Ξ0
b )→ pK0

Sh
− signal

channels, the difference in raw asymmetries between the signal and Λ0
b → Λ+

c (→ pK0
S)π−

control channels is measured to cancel most nuisance asymmetries. The ACP of the signal
channel is therefore extracted by subtracting the residual nuisance asymmetries,

ACP = ∆Araw −∆AP −∆AD −∆Atrigger −∆APID, (5.3)

where ∆AX denotes the difference in AX between the signal and control channels.

5.1 Mass fit

The pK0
Sh

− mass distributions for the combined data of the four data samples, separated into
baryon and antibaryon samples after applying all selection criteria, are shown in figure 2. An
extended unbinned maximum-likelihood fit is performed simultaneously to all pK0

Sh
− mass

spectra of the combined data, including the final states pK0
Sπ

−, pK0
SK

−, Λ+
c (→ pK0

S)π−,
Λ+

c (→ pK0
S)K−, and their charge-conjugate final states, resulting in a total of eight samples.

The fit procedure follows that described in section 4, employing the same model for the
corresponding components. The yields of each component are allowed to vary independently in
the fit to the baryon and antibaryon samples. The difference in raw asymmetries between the
signal and control channels is determined from this fit. The systematic uncertainties affecting
the yields are evaluated using the same methods as described in section 4. The fit procedure
is validated using pseudoexperiments, revealing a small bias in the ∆Araw(Λ0

b → pK0
Sπ

−)
measurement, which is taken as a systematic uncertainty. Additionally, the statistical
uncertainties in the ∆Araw(Λ0

b → pK0
Sπ

−) and ∆Araw(Ξ0
b → pK0

SK
−) measurements are found

to be underestimated by 2.5% and 2.2%, respectively, and corresponding corrections are
applied. Systematic uncertainties in the fits are summarised in table 5.

5.2 Nuisance asymmetries

The Λ0
b production asymmetry in pp collisions at centre-of-mass energies of 7 and 8 TeV was

measured by the LHCb collaboration as a function of pT and rapidity (y) [62]. The AP

values for the Λ0
b → pK0

Sh
− signal and Λ0

b → Λ+
c (→ pK0

S)π− control channels are obtained
by calculating the averaged Λ0

b production asymmetry, weighted by the two-dimensional
pT and y distributions in the corresponding background-subtracted data. Since no direct
measurement of the Ξ0

b production asymmetry in pp collisions is available, the measurement
of ∆AP between the Ξ−

b → J/ψΞ− and the Λ0
b → J/ψΛ decays [47] is used to estimate the

systematic uncertainty in the ACP (Ξ0
b → pK0

SK
−) measurement arising from residual pro-

duction asymmetry by assuming isospin symmetry between the Ξ0
b and Ξ−

b baryons. The
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Figure 2. Mass distributions for the (top) Λ0
b(Ξ0

b )→ pK0
Sπ

−, (middle) Λ0
b(Ξ0

b )→ pK0
SK

−, and
(bottom) Λ0

b → Λ+
c (→ pK0

S)π− decays, shown separately for (left) baryon and (right) antibaryon
samples. The fit results are also shown.

detection asymmetries for charged pions and kaons in momentum bins have been measured
using D∗+→ D0(→ K−π+π−π+)π+, D+→ K−π+π+, and D+→ K0

Sπ
+ data [62]. For the

detection asymmetry of protons, simulated samples of the Λ0
b → Λ+

c (→ pK−π+)µ−νµ de-
cay are used [14]. The AD values for pions, kaons and protons in the signal and control
channels are obtained separately by calculating the averaged detection asymmetry weighted
by the momentum distribution in the background-subtracted data. The asymmetry aris-
ing from different trigger responses to oppositely charged particles is measured using the
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ACP (Λ0
b → pK0

Sπ
−) ACP (Λ0

b → pK0
SK

−) ACP (Ξ0
b → pK0

SK
−)

Model < 0.1 0.4 1.0
MisID bkg. < 0.1 0.2 1.2
Ξ0

b bkg. — 7.5 5.6
Fit bias 0.1 — —
AP(Ξ0

b ) — — 6.3
APID 0.6 4.8 7.4

Residual asym. 0.7 1.6 0.6
Total 0.9 9.0 11.3

Table 5. Systematic uncertainties in the ACP measurements for the Λ0
b → pK0

Sπ
−, Λ0

b → pK0
SK

−,
and Ξ0

b → pK0
SK

− decays, in percent. The total systematic uncertainties are obtained by summing
the individual uncertainties in quadrature.

Result [%]
ACP (Λ0

b → pK0
Sπ

−) 3.4± 1.9± 0.9
ACP (Λ0

b → pK0
SK

−) 2± 13± 9
ACP (Ξ0

b → pK0
SK

−) 22± 15± 11

Table 6. CP asymmetries ACP for the Λ0
b → pK0

Sπ
−, Λ0

b → pK0
SK

−, and Ξ0
b → pK0

SK
− decays. The

first uncertainty is statistical, and the second is systematic.

Λ0
b → Λ+

c (→ pK−π+)µ−νµ decay data, which includes pions, kaons and protons in the final
state. The PID asymmetry is considered as a systematic uncertainty, and its effect is esti-
mated using standard LHCb PID calibration tools [52, 53]. The systematic uncertainty in
estimating the residual nuisance asymmetries is evaluated using pseudoexperiments, in which
the measured asymmetries in bins of the relevant variables and the corresponding distribu-
tions in the background-subtracted data are randomly varied within their uncertainties. The
resulting variation of the residual nuisance asymmetries is taken as the systematic uncertainty.
The production and detection asymmetries reported in refs. [14, 62] were measured using
pp collision data of the Run 1 period. These results are also applied to data of the Run 2
period in this work. The corresponding effect is evaluated and found to be negligible for
the ACP measurement at the current precision.

5.3 Results of integrated ACP

The ACP values of the Λ0
b(Ξ0

b )→ pK0
Sh

− signal channels are obtained by combining the
measurements of ∆Araw and residual nuisance asymmetries, as described in eq. (5.3), and are
presented in table 6. The statistical precision of the CP asymmetry in the Λ0

b → pK0
Sπ

− decay
has improved by a factor of seven in comparison with the previous LHCb measurement [3].
No global CP violation is found in any of the three signal channels.
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Figure 3. Dalitz plot of the Λ0
b → pK0

Sπ
− decay, with background subtracted using the sPlot

technique. The binning scheme for the ACP measurements in phase-space regions is also shown.

m(pπ−) m(K0
Sπ

−) Yield ACP [%]
Bin 1 - < 1.1GeV/c2 821± 34 −0.6± 4.0± 1.9
Bin 2 - [1.1, 1.7]GeV/c2 870± 40 12.4± 4.2± 1.8
Bin 3 ≤ 2.4GeV/c2 > 1.7GeV/c2 2200± 50 0.5± 2.4± 1.1
Bin 4 > 2.4GeV/c2 > 1.7GeV/c2 840± 50 3.3± 5.5± 2.0

Table 7. Measured ACP results in different phase-space regions of the Λ0
b → pK0

Sπ
− decay. The first

uncertainty is statistical, and the second is systematic. The definitions for the four bins are also given.
The corresponding Λ0

b signal yields in each bin are also reported, with their statistical uncertainties.

5.4 Results of ACP (Λ0
b → pK0

Sπ−) in Dalitz-plot regions

Given the substantial signal yield of (4.74± 0.09)× 103 in the Λ0
b → pK0

Sπ
− decay, the CP

asymmetry is also measured in different regions of the Dalitz plot. Figure 3 shows the Dalitz
plot of the background-subtracted Λ0

b → pK0
Sπ

− sample, divided into four bins according to
the observed resonances: bin 1 corresponds to the K∗(892)− region, bin 2 to the region of the
K∗(1410)−, K∗

0 (1430)−, and K∗
2 (1430)− resonances, bin 3 to the N∗ region, and bin 4 to the

nonresonant region. The same strategy used for the integrated ACP measurement is applied
to determine the ACP values in these bins. For each bin, an extended unbinned maximum-
likelihood fit is performed simultaneously to all pK0

Sh
− mass spectra of the combined data,

as in the integrated measurement. The only difference is that the total Λ0
b → pK0

Sπ
− and

Λ0
b → pK0

Sπ
+ samples are replaced by their respective subsamples within the given bin, while

all other samples and the fit procedure remain unchanged. The pK0
Sh

− mass distributions
for the Λ0

b → pK0
Sπ

− decay, divided into the four bins and further separated into baryon and
antibaryon samples after applying all selection criteria, are shown in figure 4. The measured
ACP values, as well as the binning scheme, are summarised in table 7. All the ACP values in
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Figure 4. Mass distributions for the Λ0
b → pK0

Sπ
− decay in Dalitz-plot bins 1 to 4 (from top to

bottom), shown separately for (left) baryon and (right) antibaryon samples, with fit results.
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the four Dalitz-plot bins for the Λ0
b → pK0

Sπ
− decay are consistent with zero, with the largest

deviation observed in bin 2, corresponding to a significance of 2.7σ including systematic
uncertainties. The ACP value in the K∗(892)− dominated region is (−0.6±4.0±1.9)%, where
the first and second uncertainties are statistical and systematic, significantly smaller than
the predicted value of 20% [23–26]. A possible explanation for this result is the cancellation
of CP asymmetries among the partial waves in the Λ0

b → pK∗(892)− decay [27, 28].

6 Conclusion

Using pp collision data collected by the LHCb experiment corresponding to an integrated
luminosity of 9 fb−1, the branching fractions for the Λ0

b → pK0
Sπ

−, Λ0
b → pK0

SK
−, and

Ξ0
b → pK0

SK
− decays are measured. The Λ0

b → pK0
SK

− and Ξ0
b → pK0

SK
− decays are ob-

served for the first time, with significances reaching 8σ. For the Ξ0
b → pK0

Sπ
− decay, since the

significance is less than 3σ, upper limits are set. Integrated CP asymmetries are measured for
all decays except for the Ξ0

b → pK0
Sπ

− decay given the limited significance. Additionally, CP
violation is studied in different Dalitz-plot regions of the Λ0

b → pK0
Sπ

− decay. No CP violation
is found in any of the signal decays with the current precision. The vanishing CP asymmetry
observed for the Λ0

b → pK0
Sπ

− decay in the K∗(892)− mass region, significantly smaller than
the approximately 20% effect predicted by the GFA [23, 24], the QCDF approach [25], and
the LFQM approach [26], is in agreement with the hypothesis of a cancellation mechanism
among the contributing partial waves, as proposed in refs. [27, 28]. Further studies are needed
to understand the mechanism of CP violation in baryon decays.
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