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Observation of charge–parity symmetry 
breaking in baryon decays

LHCb Collaboration*

The Standard Model of particle physics—the theory of particles and interactions  
at the smallest scale—predicts that matter and antimatter interact di!erently due to 
violation of the combined symmetry of charge conjugation (C) and parity (P). Charge 
conjugation transforms particles into their antimatter particles, whereas the parity 
transformation inverts spatial coordinates. This prediction applies to both mesons, 
which consist of a quark and an antiquark, and baryons, which are composed of  
three quarks. However, despite having been discovered in various meson decays,  
CP violation has yet to be observed in baryons, the type of matter that makes up the 
observable Universe. Here we report a study of the decay of the beauty baryon Λ b

0  to 
the pK−π+π− #nal state, which proceeds through b % u or b % s quark-level transitions, 
and its CP-conjugated process, using data collected by the Large Hadron Collider 
beauty experiment1 at the European Organization for Nuclear Research (CERN). The 
results reveal signi#cant asymmetries between the decay rates of the Λ b

0  baryon and 
its CP-conjugated antibaryon, providing, to our knowledge, the #rst observation of  
CP violation in baryon decays and demonstrating the di!erent behaviours of baryons 
and antibaryons. In the Standard Model, CP violation arises from the Cabibbo–
Kobayashi–Maskawa mechanism2, and new forces or particles beyond the Standard 
Model could provide further contributions. This discovery opens a new path in the 
search for physics beyond the Standard Model.

In 1928, Dirac proposed a theory of electron motion that predicted 
the existence of the positron, the antimatter counterpart to the elec-
tron3. Since then, all antimatter partners of known elementary parti-
cles and those of composite particles made of quarks (referred to as 
hadrons) have been discovered in accelerator-based experiments or 
cosmic rays4,5. Astronomical observations indicate that other stars and 
planets in the Universe are composed of the same type of matter that 
constitutes the Solar System, namely protons and neutrons forming 
nuclei that are orbited by electrons, whereas the amount of antimatter 
particles is negligible6.

According to cosmological models, matter and antimatter were 
created in equal amounts at the Big Bang6. Then matter and antimatter 
mostly annihilated in pairs as the Universe cooled down, with a tiny 
fraction of matter remaining. The dominance of matter requires the 
violation of both charge conjugation (C) symmetry and charge conju-
gation and parity symmetry (CP symmetry) in conjunction with other 
conditions, as proposed by Sakharov in 1967 (ref. 7). Experimentally, 
it was established in 1957–1958 that the weak force breaks both parity 
(P) and C symmetries8,9. The violation of the combined CP symme-
try was first observed in strange-meson decays in 1964 (ref. 10). This  
phenomenon was later also observed in beauty-meson decays in 2001 
(refs. 11,12) and in charm-meson decays in 2019 (ref. 13). Here, strange, 
charm and beauty refer to the flavours of the constituent quarks.

Quark dynamics are described by the Standard Model of particle 
physics. CP violation arises from the Cabibbo–Kobayashi–Maskawa 
(CKM) mechanism2. The CKM mechanism uses a complex 3 × 3 matrix 

to describe how quarks of different generations mix under the weak 
interaction, which is mediated by the exchange of W± bosons. The 
structure of this mixing is ultimately linked to the Higgs mechanism, 
which gives rise to the masses of fundamental particles, including the 
quarks. The matrix contains a non-zero phase parameter, which pro-
vides the only known source of CP symmetry breaking. In general, 
the CKM mechanism is very successful in describing experimental 
data for CP asymmetries and decay rates14. However, the amount of  
matter–antimatter asymmetry explained by the CKM mechanism is 
vastly smaller than what astronomical observations indicate, present-
ing an important challenge to the Standard Model and hinting at the 
presence of further sources of CP violation15. Continuing explorations 
of CP violation may open new avenues for the discovery of physics 
beyond the Standard Model.

The lack of observed CP violation in baryons, the predominant form 
of matter in the visible Universe, remains a puzzle. Similar levels of CP 
violation in meson and baryon decays are expected due to identical 
quark-level transitions. Yet, CP violation has so far been detected only 
in mesons. This discrepancy is especially pronounced in beauty-baryon 
decays, where large CP asymmetries are anticipated, as seen for beauty 
mesons. For instance, the beauty-meson decay B K π%s

0 − +  shows a 
(23.6 ± 1.7)% CP asymmetry16,17, whereas the corresponding baryon 
decays Λ ph%b

0 − , where h denotes a K or π meson, exhibit no such  
asymmetry with 0.7% precision18. Similarly, three-body beauty- 
meson decays, such as B+ % π+π−π+, display CP asymmetries of up to 
75% (ref. 19), whereas no significant CP violation has been observed  
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in beauty-baryon decays20,21. The Λ ΛK K%b
0 + − decay exhibits a hint of 

CP asymmetries below 20% with a significance of 3.1 standard devia-
tions, requiring further confirmation22. No CP violation has been 
observed in strange and charm baryon decays nor in unflavoured 
baryon decays.

In this work, we report, to our knowledge, the first observation  
of CP violation in baryon decays, specifically in the decay of the Λb

0 
baryon to a proton, a kaon and a pair of oppositely charged pions, rep-
resented as Λ pK π π%b

0 − + −. This decay proceeds through b % u or b % s 
quark-level transitions, and the measured final-state particles include 
contributions from various possible intermediate hadronic resonances. 
In the following, CP-conjugated particles or decays are included if not 
otherwise specified. The constituents of the Λb

0 baryon are like those 
of the proton (made of uud quarks), with one of the u quarks replaced 
by a b quark. The amount of CP violation in Λb

0 decays is quantified by 
the asymmetry, ACP, defined as the relative difference between the 
rates Γ of the Λb

0 decay and the CP-conjugated Λb
0 decay,

A
Γ Λ pK π π Γ Λ p K π π

Γ Λ pK π π Γ Λ p K π π
≡

( % ) − ( % )

( % ) + ( % )
. (1)b b

b b
CP

0 − + − 0 + − +

0 − + − 0 + − +

Our experimental procedures are detailed in Methods.
According to the Standard Model, this asymmetry arises from the 

interference between the ‘tree’ and ‘loop’ quark-level amplitudes23 of 
the Λb

0 baryon decay, which is mediated by the weak interaction, as 
illustrated by the Feynman diagrams in Fig.(1. These two complex ampli-
tudes24 are associated with phases (referred to as weak phases) derived 
from the products of CKM matrix elements V V *ub us and V V *tb ts. The dif-
ference in the weak phases between the two amplitudes plays a crucial 
role in CP violation. Additionally, strong interactions between quarks 
can introduce a possible strong-phase difference between the two 
amplitudes. The weak phases change sign from Λb

0 to Λb
0 decays, 

whereas the strong phases are the same. For a sizeable CP violation to 
occur, the two amplitudes must have similar magnitudes and substan-
tial differences in both weak and strong phases. However, although 
the weak phases are defined by the CKM mechanism, the strong phases 
and magnitudes of the amplitudes depend on the process and are chal-
lenging to calculate due to low-energy strong-interaction effects25. 
Studies of multibody B-meson decays indicate that interactions among 

final-state particles in the decay can significantly enhance the strong 
phase26–28. The Λ pK π π%b

0 − + − decay can proceed through a rich spec-
trum of hadrons, such as excited nucleons decaying to the pπ+π− final 
state, which may create the necessary conditions for the manifestation 
of significant CP asymmetries29. Moreover, the size of the CP asym-
metry may vary across the phase space30, which is defined in terms of 
two-body and three-body masses of the final states, thus allowing 
enlarged effects to be observed by selecting regions with appropriate 
contributions from hadronic resonances.

The CP asymmetry in the Λb
0 decay, as defined in equation((1), was 

inferred through the yield asymmetry between the numbers (N) of 
observed Λ pK π π%b

0 − + − and Λ p K π π%b
0 + − + decays, defined as

A
N Λ pK π π N Λ p K π π

N Λ pK π π N Λ p K π π
≡

( % ) − ( % )

( % ) + ( % )
. (2)N

b b

b b

0 − + − 0 + − +

0 − + − 0 + − +

As depicted in Fig.(1, the Λb
0 and Λb

0 baryons in this study were pro-
duced from 2011 to 2018 in high-energy proton–proton (pp) collisions 
provided by the Large Hadron Collider (LHC) at CERN. The total inte-
grated luminosity of the data was about 9 fb−1. Beauty baryons from pp 
collisions then decay into final-state particles, which are detected by 
the LHCb detector. The LHCb experiment was designed to study CP 
violation in particles containing b or c quarks. Detailed descriptions 
of the LHCb detector and its performance can be found in refs. 1,31.

Events were selected to reduce the background, primarily arising 
from random combinations of final-state particles. More details on 
event selection can be found in Methods. Because of its relatively long 
lifetime, the Λb

0 baryon travels a measurable distance before decaying, 
resulting in a decay vertex displaced from the pp collision point. The 
final-state particles of the signal decay have a relatively high transverse 
momentum (the component of the momentum transverse to the beam 
direction, reflecting the large Λb

0 mass). These characteristics were 
exploited to suppress the background due to random combinations 
of p, K−, π+ and π− particles through a machine-learning technique imple-
mented with a boosted-decision-tree classifier32,33. A background 
involving misidentified particles, such as the Λ pπ π π%b

0 − + −  decay, 
where a π− candidate is reconstructed as a K−, was mitigated using par-
ticle identification (PID) information.
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Fig. 1 | Illustration of ΛΛ bb
00  production in a pp collision and decay into  

the pK−π+π− final state. The two inset diagrams on the left illustrate the 
fundamental tree-type and loop-type quark-level processes that mediate the 
Λ pK π π%b

0 − + − decay. The quarks in these processes eventually form p, K−, π+ 

and π− particles, combined with further uu  and dd  quark pairs created from 
the vacuum. The final states may also arise through intermediate hadronic 
resonances. The resulting hadrons were directly detected by the LHCb 
detector.
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The mass distributions of Λb
0 and Λb

0 candidates, m(pK−π+π−) and 
m p K π π( )+ − + , are displayed in Fig.( 2. There are prominent peaks  
corresponding to the Λb

0 and Λb
0 signal decays, along with remaining 

background components including the Ξ pK π π%b
0 − + − decay, random 

combinations of final-state particles, partially reconstructed Λb
0  

decays and those involving misidentified particles. We performed 
extended unbinned maximum-likelihood fits to the mass spectra to 
extract the signal yields. In these fits, all identified contributions  
were modelled using empirical functions or distributions based  
on simulations, with the distribution for each component assu med 
to be identical for baryon and antibaryon decays. The yields  
were determined to be N Λ pK π π( % ) = (4.184 ± 0.025) × 10b

0 − + − 4  and 
N Λ p K π π( % ) = (3.885 ± 0.023) × 10b

0 + − + 4, giving a yield asymmetry of 
A = (3.71 ± 0.39)%N .

The measured yield asymmetry NA  differs from the CP asymmetry 
CPA  due to several biasing effects. First, due to the non-zero net baryon 

quantum number in pp collisions, the production cross section of the 
Λb

0 baryon is slightly higher than that of the )b
0 baryon34, resulting in a 

production asymmetry. Second, because particles and antiparticles 
behave differently when they interact with the detector material, which 
is made of matter rather than antimatter, a small detection asymmetry 
arises. These effects, collectively referred to as nuisance asymmetries, 
were measured to be around 1%, depending on the momenta of the 
beauty baryon or the final-state particles, and had to be subtracted 
from AN.

The decay Λ Λ π%b c
0 + − with Λ pK π%c

+ − + was used as the control chan-
nel when subtracting the nuisance asymmetries. It proceeds through 
a single dominant quark-level process. Therefore, CP violation was not 
expected. Consequently, the yield asymmetry in the control channel 
was primarily due to the nuisance asymmetries, measured as 
A = (1.25 ± 0.23)%N . Mass distributions for the control channel are  
shown in Extended Data Fig.(1. The difference between nuisance asym-
metries in the signal channel and the control channel was measured 
to be 0.01%, demonstrating the effective cancellation between the two 
decays. Details of the measurement of nuisance asymmetries are given 
in Methods.

The CP asymmetry of the signal decay was obtained from its yield 
asymmetry by subtracting the control-channel yield asymmetry and 
the difference in nuisance asymmetries, leading to the measurement:

= (2.45 ± 0.46 ± 0.10)%.CPA

The first uncertainty arises from the sample sizes of both the sig-
nal and control channels, whereas the second is due to nuisance  

asymmetries and the choice of mass-fitting models for Λb
0 and Λb

0. This 
CP asymmetry differs from zero by 5.2 standard deviations, marking 
the observation of CP violation. The robustness of the measurement 
was confirmed across different data collection periods, LHCb magnetic-
field configurations, which affect the trajectory of charged particles, 
various event-selection scenarios, different momentum intervals for 
beauty baryons, among other factors. The results are consistent across 
the different subsamples and align with previous measurements that 
used a fraction of the data and different event selections35.

The Λ pK π π%b
0 − + −  decay occurred primarily through hadronic 

resonances that decayed into two or three final-state particles. Identi-
fied hadronic resonances include excited baryons in the pK−, pπ+, pπ− 
or pπ+π− mass spectra, denoted as R(pK−), R(pπ+), R(pπ−) and R(pπ+π−), 
respectively. Additionally, excited strange mesons, R(K−π+π−) and 
R(K−π+), and light unflavoured mesons, R(π+π−), were also observed. 
The production mechanisms for these resonances are complicated, 
and the associated strong phases and relative strengths of the tree and 
loop amplitudes are expected to vary among resonances. This variabil-
ity led to differences in the CP asymmetry across the final-state phase 
space of the beauty-baryon decay. The global CP asymmetry reported 
above represents a measurement averaged over the entire phase space. 
To investigate the resonance contributions to the global CP violation, 
our analysis was performed across regions of the Λb

0 decay phase space, 
chosen based on their resonance compositions. Among the different 
possible resonance topologies, four made notable contributions  
to the Λb

0 decay and were selected for further measurements. Data 
corresponding to these decays were chosen according to relevant 
two-body or three-body masses. The local CP asymmetries between 
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Fig. 2 | Mass distributions together with the fitted projections. a,b, Mass 
distributions for the signal channel: Λ pK π π%b

0 − + − (a) and Λ p K π π%b
0 + − + (b).  

The different components used in the fit are described in detail in Methods 

and listed in the legend. The area under a curve represents the yield of the 
corresponding component. Comb. bkg., combinatorial background.

Table 1 | Measurements of CP asymmetries in four phase- 
space regions

Decay topology Mass region (GeV/c2)  CCPP

Λ R pK R π π( ) ( )b
0 % − + − <−m 2.2pK (5.3 ± 1.3 ± 0.2)%

<+ −m 1.1π π

% − − +Λ R pπ R K π( ) ( )b
0 <−m 1.7pπ (2.7 ± 0.8 ± 0.1)%

< <+ −m0.8 1.0π K

or m1.1 1.6π K< <+ −

Λ R pπ π K( )b
0 % + − − m 2.7pπ π <+ − (5.4 ± 0.9 ± 0.1)%

Λ R K π π p( )b
0 % − + − m 2.0K π π <− + − (2.0 ± 1.2 ± 0.3)%

The regions were selected using two-body or three-body masses.
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Λb
0 and Λb

0 decays in these regions were obtained like the global ACP 
measurement.

A summary of the local phase-space decay topologies, selections 
and CP asymmetries is provided in Table(1. The CP asymmetry was most 
significant for the Λ R pπ π K% ( )b

0 + − −  decay, with = (5.4 ± 0.9 ± 0.1)%CPA , 
differing from zero by 6.0 standard deviations. The mass distributions 
for the pπ+π− system and the corresponding Λb

0 and Λb
0 baryons are 

shown in Fig.( 3 for Λ R pπ π K% ( )b
0 + − −  decays. Mass distributions  

for other two-body or three-body systems, along with their corre-
sponding Λb

0 and Λb
0 baryons, are shown in Extended Data Figs.(2  

and 3. The second most significant CP asymmetry was observed  
for the Λ R pK R π π% ( ) ( )b

0 − + −  decay, with A = (5.3 ± 1.3 ± 0.2)%CP . The CP 
asymmetries for the other two decay topologies were not significant.

The CP asymmetry depends on decay topologies, so that the relative 
magnitudes or strong phases of the tree and loop amplitudes vary 
across the phase space. In general, the complicated hadronic effects 
pose important challenges for predicting CP asymmetries within the 
Standard Model. Various approaches have been proposed, such as 
using a model-independent investigation of angular distributions36 or 
using scattering data to extract the hadronic amplitude29. An estimate 
of the CP asymmetry in Λ R pπ π K% ( )b

0 + − − decays made by applying this 
method using π–nucleon scattering data37 aligns with the measurement 
in this work29.

Each decay topology receives several resonant or non-resonant con-
tributions that often overlap and interfere with each other. The intrinsic 
CP asymmetry can vary in magnitude and can even change sign between 
different contributions. As a result, the CP asymmetries reported here 
represent values averaged over the phase space. An investigation of the 
amplitude structure of this decay is left for future studies.

In summary, this Article presents, to our knowledge, the first obser-
vation of CP violation in baryon decays based on extensive samples  
of Λ pK π π%b

0 − + −  and Λ p K π π%b
0 + − + decays collected with the LHCb 

detector. The measured CP asymmetry, = (2.45 ± 0.46 ± 0.10)%CPA , 
with a significance of 5.2 standard deviations, reveals a difference  
in behaviour between baryonic matter and antimatter. We inves-
tigated various phase-space regions to better understand the source 
of the observed CP violation. In particular, the CP asymmetry was  
most pronounced in the region dominated by the resonant decays 
Λ R pπ π K% ( )b

0 + − − , where it was measured to be = (5.4 ± 0.9 ± 0.1)%CPA , 
which differs from zero by 6.0 standard deviations. This discovery 
strongly indicates that specific intermediate resonances play a key role 
in generating CP violation in Λb

0 decays. Furthermore, the generally 
small CP asymmetries in beauty-baryon decays imply that the dynam-
ics in baryon decays are more complicated than in meson decays.  

For instance, the CP asymmetries for various angular-momentum 
amplitudes of the same resonance may cancel38. This discovery of 
baryon decay asymmetry paves the way for further theoretical and 
experimental investigations into the nature of CP violation in baryon 
decays, potentially offering new constraints on scenarios beyond the 
Standard Model.
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Methods
Derivation of the CP asymmetry
The CP asymmetry arises from interference between the tree and loop 
processes. The total amplitude of the Λb

0 decay is the sum of the tree 
and loop amplitudes:

∣ ∣ ∣ ∣A Λ A A( ) = e e + e e , (3)b
φ δ φ δ0

T
+i i

L
+i iT T L L

where φT (δT) and φL (δL) are the weak (strong) phases of the tree  
and loop processes, respectively, with AT∣ ∣ and ∣ ∣AL  being their magni-
tudes. Similarly, the total amplitude for the Λb

0 decay is given by
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Substituting into equation((1), where the decay rate Γ is proportional 
to the squared amplitude, the CP asymmetry is obtained as
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A sizeable CPA  requires AT and AL to have comparable magnitudes,  
along with notable differences in both the weak (*φ) and strong (*δ) 
phases.

LHCb detector
The LHC at the CERN near Geneva is the world’s largest particle accel-
erator. Constructed within a 27-km underground circular tunnel, the 
LHC accelerates two counterrotating proton beams to speeds near 
that of light, colliding them at designated interaction points to pro-
duce high-energy particles. The LHCb detector1,31 is located at one of 
these interaction points to capture and analyse particles produced in 
the pp collisions. Optimized to record decays of hadrons containing 
b quarks, the LHCb detector is a forward spectrometer enabling a 
broad physics programme, including high-precision measurements 
of CP violation and searches for rare decay processes. Its tracking 
system reconstructs the trajectories of charged particles and meas-
ures their momenta with a relative uncertainty that varies from 0.5% 
at low momentum to 1.0% at 200 GeV/c. The tracking system also 
measures the particle impact parameter relative to the pp interaction 
point with a resolution of (15 + 29/pT) µm, where pT is the transverse 
momentum of the particle in GeV/c. These capabilities enable precise 
vertex reconstruction and kinematic analyses, which are essential 
for distinguishing signal events from the background. Alongside 
the tracking system, the LHCb detector includes two ring-imaging 
Cherenkov detectors, a calorimeter system and a muon-detection 
system to provide PID information for final-state particles. Collec-
tively, these components enable the LHCb experiment to rigorously 
test the Standard Model and search for new physics through precise 
measurements.

Data and simulation samples
Measurements were performed using collision data collected by the 
LHCb experiment in pp collisions at centre-of-mass energies of 7 TeV 
(2011) and 8 TeV (2012), referred to hereafter as the run 1 period, and 
13 TeV (2015–2018), referred to as the run 2 period. Simulated Λb

0 decays 
were used in selecting events and studying mass distributions. In the 
simulation, pp collisions were generated using Pythia39,40, with a specific 
LHCb configuration41. Decays of unstable particles were described  
by EvtGen42, in which the final-state radiation was generated using 
Photos43. The interaction of the generated particles with the detector 
and its response were implemented using the Geant4 toolkit44,45, as 
described in ref. 46.

Event selection
The online event selection for b-hadron decays was performed by a 
trigger system designed to retain beauty and charm hadrons of interest 
while rejecting the light-hadron background47. The system consisted 
of two parts: (1) a hardware-based first-level trigger, which selected 
hadrons, photons and electrons with high-energy deposits in the calo-
rimeter as well as muons with high pT and (2) a software-based high-level 
trigger, which reconstructed and selected decays of interest. The soft-
ware trigger required a two-, three- or four-track secondary vertex 
with a significant displacement from any pp collision point, known 
as the primary vertex. At least one charged particle must have had a 
large pT and be inconsistent with originating from a primary vertex. 
A multivariate algorithm48,49 was used to identify secondary vertices 
consistent with the decay of a b hadron.

In the analysis, the Λb
0 baryon was reconstructed by combining four 

tracks identified as a proton, a kaon and two pions. Further selection 
criteria were applied to suppress the background while retaining most 
of the signal decays. The same selection requirements were applied to 
the Λ pK π π%b

0 − + − and Λ p K π π%b
0 + − + decays. To reduce the background 

from tracks originating at a primary vertex, a large impact parameter 
with respect to any primary vertex was required for each final-state 
track. The four tracks had to form a common vertex with a significant 
displacement from any primary vertex. Furthermore, the Λb

0 momen-
tum, calculated from the final-state particles, was required to point 
back to the associated primary vertex.

A few categories of background were further suppressed to obtain 
a high-purity Λb

0 sample. Fake Λb
0 candidates, formed by random com-

binations of tracks identified as p, K−, π+ or π−, were suppressed using 
a boosted-decision-tree multivariate classifier48. The classifier had 
been trained with a simulated sample for the signal and collision data 
from the high-mass sideband for the background, and it used informa-
tion related to the large Λb

0 mass and long lifetime as well as the decay 
topology. The large Λb

0 mass resulted in a relatively high pT for 
final-state particles compared to those originating directly from pp 
collisions. The long Λb

0 lifetime caused a displacement of the decay 
vertex from the primary vertex, leading to final-state particles with 
relatively large impact parameters. A second type of background 
arose from decays proceeding through intermediate charmed reso-
nances. The final states of these charmed decays were like signal 
decays in that they formed well-reconstructed displaced vertices, 
and it was difficult to completely remove them through PID, kinematic 
or topological selections. Nevertheless, charmed resonances mani-
fested as distinct peaks in the mass spectra of their decay products. 
For example, the Λ pD π%b

0 0 − decay with D0 % K−π+ had the same final 
state as the signal decay, but with the K−π+ mass peaking around the 
known D0 mass30. By analysing these spectra, charmed resonances 
such as D0, D+, Λc

+ and J/ψ were identified. Candidates near the charm 
mass peaks were excluded, which effectively suppressed the charmed 
background. Background arising from the misidentification of 
final-state particle species, such as a kaon misidentified as a proton 
or pion, was mitigated using a set of neural-network-based PID vari-
ables50. In addition, some misidentified particles originated from 
intermediate charmed resonances. By reconstructing the mass spec-
tra with the appropriate particle masses, prominent resonance peaks 
were identified and excluded, effectively reducing this background 
contribution.

The otherwise excluded Λ Λ pK π π% (% )b c
0 + − + − decay, which had the 

same final state as the signal channel, was the control channel. The CP 
asymmetry in the Λ Λ π%b c

0 + −  decay was expected to be negligible in 
the Standard Model, as it is dominated by the tree-level b cud%  transi-
tion, making it suitable for calibrating and cancelling nuisance asym-
metries. All Λ Λ pK π π% (% )b c

0 + − + −  candidates were selected using the 
same criteria as imposed for the signal candidates, with the pK−π+ mass 
confined to a region centred around the known Λc

+ mass30.
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Asymmetry measurement
The asymmetry was measured separately for run 1 and run 2 samples, 
from signal yield extraction to the evaluation of nuisance asymmetries 
and systematic uncertainties. The ratio of yields between run 1 and  
run 2 data was measured to be consistent with the estimate based on 
relative luminosity, cross section and efficiency. The signal yields from 
the two samples were then combined. The results of the nuisance asym-
metries and systematic uncertainties were statistically averaged.  
This averaging used weights inversely proportional to the squared 
statistical uncertainties, which were determined from the respective 
mass fits. The yield asymmetries of the signal decay were measured  
to be A = (5.12 ± 0.96)%N  for run 1 and A = (3.42 ± 0.43)%N  for run 2,  
whereas those for the control mode were A = (1.08 ± 0.55)%N  for run 1 
and A = (1.32 ± 0.25)%N  for run 2.

The signal yields for the Λ pK π π%b
0 − + −  and Λ p K π π%b

0 + − +  decays 
were determined from a simultaneous extended unbinned maximum-
likelihood fit to their mass spectra. The signal shape was modelled as 
a combination of a Gaussian and two crystal ball functions51, all with 
the same peak position. The parameters of the signal function were 
determined from simulated events and were fixed in the fit to collision 
data, except for the Gaussian width, the average width of the crystal 
ball functions and the peak position, which accounted for imperfec-
tions in the simulation. The results for these floated parameters were 
comparable for run 1 and run 2 data. Various background sources were 
modelled separately in the fit. The background from partially recon-
structed events, specifically the Λ pK π π π%b

0 − + − 0 decay where the π0 
meson was not reconstructed, was described by an ARGUS function52. 
The background from the Λ pK η π π γ% +(% )b

0 − + −  decay where the pho-
ton was not reconstructed, was modelled with a distribution obtained 
using fast-simulated decays53.

The decays Λ pπ π π%b
0 − + − , Λ pK K π%b

0 − + −  and Ξ pK π K%b
0 − + −  could 

be incorrectly reconstructed as a Λ pK π π%b
0 − + − decay, with one final- 

state particle misidentified. Their mass distributions were modelled 
using a simulation. The Ξ pK π π%b

0 − + − decay was described by the same 
model used for the Λb

0 signal, but with the peak position shifted by the 
difference of the known Ξb

0 and Λb
0 baryon masses and with the width 

scaled by their mass ratio54. The combinatorial background, due to 
random combinations of final-state p, K−, π+ and π− hadrons, was mod-
elled as a linear function.

For the control channel, the Λb
0 mass distribution was modelled using 

the same function as for the signal channel, with parameters deter-
mined independently from simulated Λ Λ pK π π% (% )b c

0 + − + − decays. The 
background consisted of a combinatorial component modelled by a 
linear function, a partially reconstructed background from the 
Λ Λ π π%b c

0 + − 0 decay modelled as an ARGUS function and a misidentified 
background from the Λ Λ K%b c

0 + − decay, which was modelled based on 
a sample of simulated decays.

In the simultaneous fit, the same probability density function for 
each component was used for both baryon and antibaryon decays, 
with the yields floated freely and independently for the two decays. 
The yield asymmetries obtained from the mass fits were affected by 
nuisance effects arising from asymmetries in the b-baryon production 
cross section as well as from the detection, reconstruction and selec-
tion of final-state particles. Most of these effects cancelled in the dif-
ference between the yield asymmetries of the signal and the control 
channels. Nevertheless, the difference in the Λb

0 or final-state kinemat-
ics between the signal and control channels led to an incomplete can-
cellation of nuisance asymmetries. To address this, the nuisance 
asymmetry difference was subtracted from the yield asymmetry  
difference after all such experimental asymmetries had been accoun-
ted for.

The origins and corrections for experimental asymmetries are out-
lined below. The initial pp collision is a two-baryon system, which pro-
duces slightly more Λb

0 baryons than Λb
0 baryons, resulting in an 

asymmetry that depends on their rapidity y and their pT (ref. 34). The 
background-subtracted distributions of y and pT for both the signal 
and control channels were first obtained using the sPlot technique55. 
Subsequently, the control-channel distributions were weighted to 
match those of the signal channel. As a result, the difference in produc-
tion asymmetry between the signal channel and the kinematics-
weighted control channel vanished.

Positively and negatively charged particles exhibit different behav-
iour when interacting with matter, resulting in different detection 
efficiencies, whose magnitude depends on the momentum of the par-
ticle. The final-state particles in this analysis included protons, kaons 
and pions. The proton-detection asymmetry as a function of momen-
tum was measured in ref. 56. The kaon-detection asymmetry was stud-
ied using kaons from the D+ % K−π+π− decay57, and the pion-detection 
asymmetry was investigated through D*+ % π+D0 (% K−π+π−π+) and 
D K π π%0

S
0 + − decays58,59. Subsequently, the detection asymmetry for 

each final-state particle as a function of kinematics was averaged over 
the kinematic distribution in both the signal and control channels. 
Finally, the overall detection asymmetry was obtained by summing 
the detection asymmetry contributions from each final-state particle. 
The difference in detection asymmetries between the signal and  
control channels is presented in Extended Data Table(1, with the uncer-
tainties estimated using pseudo-experiments. The same approach was 
applied to estimate the uncertainties from the PID asymmetry and 
trigger asymmetry discussed below.

The PID requirements applied to the final-state particles can intro-
duce asymmetries between positively and negatively charged particles. 
PID efficiencies and asymmetries for final-state particles of Λb

0 and Λb
0 

decays were evaluated in bins of momentum p and pseudorapidity η 
using calibration samples of collision data60,61. Then the PID asymme-
try for each final-state particle was averaged over the distribution in 
the p–η plane for the signal and control channels. The difference in PID 
asymmetries between the signal and control channels is presented in 
Extended Data Table(1.

The determination of the hardware-trigger efficiency asymmetry 
between oppositely charged hadrons used the same methodology as 
for the PID asymmetry. The trigger efficiencies were studied separately 
for two categories of events: trigger on signal, where the trigger deci-
sion was based on the final state of the Λb

0 decay, and trigger indepen-
dent of signal, where the trigger decision depended on other particles 
rather than those from the signal decay. The trigger-on-signal effi-
ciency and its asymmetry for a final-state particle, as a function of its  
energy deposited in the calorimeter, were determined using the 
Λ Λ pK π π% (% )b c

0 + − + −  sample for protons and a D0 % K−π+ sample for 
kaons and pions. Conversely, the trigger-independent-of-signal effi-
ciency and its asymmetry, as a function of the Λb

0 transverse momen-
tum, were estimated using a control sample of Λb

0 decays62. The total 
trigger efficiency asymmetry was calculated as a weighted average of 
the asymmetries of the two categories of events. The difference 
between the signal and control channels is presented in Extended  
Data Table(1.

The total nuisance asymmetry difference is the sum of the detec-
tion asymmetry, PID asymmetry and trigger asymmetry differences 
between the signal and control channels. The corresponding uncer-
tainties were calculated as the quadrature sum of the individual con-
tributions. The results are also shown in Extended Data Table(1. The 
combined nuisance asymmetry difference for runs 1 and 2 was deter-
mined to be (0.01 ± 0.07)%.

Systematic uncertainties
In addition to the systematic uncertainties arising from the nuisance 
asymmetries, further uncertainty is associated with the Λb

0 mass fit. 
This uncertainty was estimated by using alternative fitting models, 
with the largest variation in the yield asymmetry among these models 
assigned as the systematic uncertainty. For the alternative signal 



models, the fixed parameters of the signal shapes were modified up 
or down by one standard deviation, the Λb

0 signal model was replaced 
with the sum of a Gaussian and a Hypatia function63, and the difference 
between the Ξb

0 and Λb
0 masses, which was fixed during a fit, was varied 

by one standard deviation30. The combinatorial background distribu-
tion was changed from a linear function to an exponential function. 
The mass distribution of the Λ pπ π π%b

0 − + − decay, reconstructed as the  
Λ pK π π%b

0 − + − decay, was modelled in the baseline fit using a simula-
ted sample generated with the mixture of a uniform distribution in  
phase space and intermediate resonances. As an alternative, the mass 
distribution was modelled using simulated decays with only a uniform  
distribution in the phase space. Finally, the partially reconstructed 
background from the Λ pK η π π γ% +(% )b

0 − + −  decay was modelled using 
a simulated sample with other kinematic requirements applied. To 
evaluate the impact of the imperfect modelling of the partially recon-
structed background from the Λ pK π π π%b

0 − + − 0 decay, the Λb
0 mass- 

fitting range was changed from 5.40 < m(pK−π+π−) < 6.10 GeV/c2 to  
5.45 < m(pK−π+π−) < 6.10 GeV/c2, where this background was reduced 
by around a factor of two. The results are presented in Extended  
Data Table(2.

The total systematic uncertainty was taken as the quadratic sum of 
the systematic uncertainties arising from nuisance asymmetries and 
the mass fit, as presented in Extended Data Table(2. The combined 
systematic uncertainty for runs 1 and 2 was 0.10%.

Localized CP violation in the phase space
Local CP asymmetries were studied in four regions of phase space, 
selected based on the Λ pK π π%b

0 − + −  decay topology. In total, seven 
resonance topologies are possible, with several hadronic resonances 
potentially contributing to each topology. Three of these topolo-
gies, namely Λ R pπ K π% ( )b

0 + − −, Λ R pK π π% ( )b
0 − − + and Λ R pK π π% ( )b

0 − + −, 
were strongly suppressed due to either the absence of relevant hadronic 
resonances or the flavour symmetry of the Standard Model64, and these 
were not selected for localized CP measurements. Two-body and 
three-body mass distributions and the selected regions are shown in 
Extended Data Figs.(2 and 3, respectively. The four phase-space regions 
correspond to:
1. Two-body decays where the pK− and π+π− two-body systems result 

from separate intermediate resonance decays, R(pK−) and R(π+π−). 
The pK− mass was required to be less than 2.2 GeV/c2. This area was 
dominated by excited Λ resonances. The π+π− mass was required to 
be less than 1.1 GeV/c2. This area contained light unflavoured f0(500), 
ρ(770) and f0(980) resonances and a non-resonant π+π− component.

2. Two-body decays where the pπ− and π+K− two-body systems  
resulted from separate intermediate resonance decays, R(pπ−) 
and R(K−π+). We required that m(pπ−) < 1.7 GeV/c2, delimiting a  
region dominated by excited nucleon (N) resonances, and also that 
0.8 < m(π+K−) < 1.0 GeV/c2 or 1.1 < m(π+K−) < 1.6 GeV/c2, which con-
tained mostly K*0 resonances.

3. Three-body decay of excited N+ resonances into the pπ+π− final 
state, R(pπ−π+). The requirement on the three-body mass was 
m(pπ+π−) < 2.7 GeV/c2.

4. Three-body decay of excited K− resonances into the K−π+π− final state, 
R(K−π+π−). The mass region m(K−π+π−) < 2.0 GeV/c2 included K1(1270)−, 
K1(1400)− and K*(1410)− resonances.

For each phase-space region, the CP asymmetry was measured with 
the same method as for the global ACP result.

Interpretation
In the Λ R pπ π K% ( )b

0 + − −  decay, the u quark produced from the  
b uus%  process combines with the ud quarks within the Λb

0 baryon to 
form the R resonances, while the remaining us  quarks form the  
K− meson. A similar process occurs in the Λ R K π π p% ( )b

0 − + −  decay,  
where the uud quarks form the proton and the us quarks contribute 

to the formation of the R resonances. The measured CP asymme-
try was different for the two decays, indicating that the tree and  
loop diagrams had different relative magnitudes or that there were 
strong phases. The Λ R pπ R K π% ( ) ( )b

0 − − +  decay involves a b dd s%  
transi tion, where the d quark forms the R(pπ−) baryon together with 
ud quarks from the initial Λb

0 baryon. The remaining d s quarks form 
the R(K−π+) meson. In this case, the tree amplitude does not con-
tribute, and thus, CP symmetry was expected to hold. Conversely, the  
Λ R pK R π π% ( ) ( )b

0 − + −  decay repre sents a hybrid process involving both 
the Λ R pK f π π% ( ) (980)(% )b

0 −
0

+ −  process as well as non-resonant π+π− 
contributions. The former was predominantly driven by the b ss s%  
loop diagram, where an s quark and the ud quarks from the initial Λb

0 
baryon hadronize into the R(pK−) baryon, and the rest forms the f0(980) 
hadron. The latter may arise from both tree and loop diagrams of the 
b uus%  decay, where the uu quarks form the non-resonant π+π− system, 
allowing CP violation to emerge.

Significance and look-elsewhere effect
For the global CPA , the baseline method for evaluating significance 
was the z score, which is the CPA  absolute value divided by its total 
uncertainty. For the local CPA , the preliminary significance was 
obtained by dividing ACP by its total uncertainty. Subsequently, the 
look-elsewhere effect65 was accounted for to correct for the increased 
probability of observing a significant result due to several measure-
ments. The look-elsewhere effect was determined through 
pseudo-experiments, which also considered correlations among ACP 
measurements in different phase-space regions.

Data availability
LHCb data used in this analysis will be released according to the LHCb 
external data access policy, which can be downloaded from https://
opendata.cern.ch/record/410/files/LHCb-Data-Policy.pdf. The raw 
data used for Figs.(1–3 and Extended Data Figs.(1–3 can be downloaded 
from https://cds.cern.ch/record/2927827. No access codes are required.
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Extended Data Fig. 1 | Mass distributions of the control channel together with the fit projections. Displayed are the mass distributions for the control 
channel: (a) π) % )b c

0 + −, (b) π) % )b c
0 − +.
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Extended Data Fig. 2 | Distributions of two-body and three-body masses  
of final-state particles. The mass distributions of (a) pK− and (b) π+π−, 
corresponding to the R pK R π π) % ( ) ( )b

0 − + −  phase-space region; (c) pπ− and  
(d) K−π+, corresponding to the R pπ R K π) % ( ) ( )b

0 − − +  phase-space region;  

(e) pπ+π−, representing the R pπ π K) % ( )b
0 + − − phase-space region; and (f) K−π+π−, 

representing the R K π π p) % ( )b
0 − + −  phase-space region. The )b

0 and )b
0 samples 

are combined for the plots.



Extended Data Fig. 3 | Mass distributions in regions of phase space with the fit projections also shown. Mass distributions of pK π π) %b
0 − + − and p K π π) %b

0 + − + 
for (a, b) R pK R π π) % ( ) ( )b

0 − + − , (c, d) R pπ R π K) % ( ) ( )b
0 − + − , and (e, f) R K π π p) % ( )b

0 − + −  decays.
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Extended Data Table 1 | Nuisance asymmetry differences between signal and control channels for Runs 1 and 2



Extended Data Table 2 | Systematic uncertainties of the 
global CCPP  measurement for Runs 1 and 2
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