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Abstract

A search for CP violation in the Λ0
b→ pπ−π+π− decay is performed using LHCb

data corresponding to an integrated luminosity of 6.6 fb−1 collected in pp collisions
at centre-of-mass energies of 7, 8 and 13 TeV. The analysis uses both triple product
asymmetries and the unbinned energy test method. The highest significances of CP
asymmetry are 2.9 standard deviations from triple product asymmetries and 3.0
standard deviations for the energy test method. Once the global p-value is considered,
all results are consistent with no CP violation. Parity violation is observed at a
significance of 5.5 standard deviations for the triple product asymmetry method
and 5.3 standard deviations for the energy test method.
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The violation of CP symmetry, where C and P are the charge-conjugation and1

parity operators, is a well-established phenomenon in the decays of K and B mesons [1–3].2

Recently, it has also been observed in the decays of D mesons by the LHCb collaboration [4].3

However, CP violation has yet to be established in baryonic decays, although first evidence4

was recently found [5]. Such decays offer a novel environment to probe the mechanism for5

quark-flavour mixing and for CP violation, which is regulated by the Cabibbo-Kobayashi-6

Maskawa (CKM) matrix in the Standard Model (SM) [6,7].7

In this Letter searches for CP and P violation with Λ0
b → pπ−π+π− decays are8

reported. Throughout, the inclusion of charge-conjugate processes is implied, unless9

otherwise indicated. This decay is mediated mainly by tree and loop processes of similar10

magnitudes, proportional to the product of the CKM matrix elements VubV
∗
ud and VtbV

∗
td,11

respectively. This allows for significant interference effects with a relative weak phase12

α of the Unitary Triangle between the amplitudes. If matter and antimatter exhibit13

different effects, CP violation manifests as either global asymmetries in decay rates, or14

as local asymmetries within the phase space. The Λ0
b→ pπ−π+π− decay is particularly15

well suited for CP -violation searches [8] due to a rich resonant structure in the decay.16

The dominant contributions proceed through the N∗+→ ∆++(1234)π− (referred as ∆++
17

hereinafter), ∆++→ pπ+, a−1 (1260)→ ρ0(770)π− and ρ0(770)→ π+π− decays, where the18

proton excited states are indicated as N∗+. The searches for CP violation are performed19

by separating the P -odd and P -even contributions [9], as discussed below. In these studies,20

a large control sample of Cabibbo-favored Λ0
b→ Λ+

c (→ pK−π+)π− decays is used, where21

no CP violation is expected, to assess potential experimental biases and systematic effects.22

The LHCb collaboration has previously studied the Λ0
b→ pπ−π+π− decay and found23

evidence for CP violation with a significance of 3.3 standard deviations including systematic24

uncertainties [5]. This Letter supersedes the previous results using pp collision data25

corresponding to an integrated luminosity of 6.6 fb−1 collected from 2011 to 2017 at26

centre-of-mass energies of 7, 8 and 13 TeV that represents a four times larger sample in27

signal yield.28

The LHCb detector [10, 11] is a single-arm forward spectrometer covering the pseudo-29

rapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The30

detector elements that are particularly relevant to this analysis are: a silicon-strip vertex31

detector surrounding the pp interaction region that allows b hadrons to be identified from32

their characteristically long flight distance; a tracking system that provides a measurement33

of the momentum, p, of charged particles; and two ring-imaging Cherenkov detectors34

that are able to discriminate between different species of charged hadrons. Simulation is35

required to model the effects of the detector acceptance and the selection requirements.36

The pp collisions are generated using Pythia [12] with a specific LHCb configuration [13],37

and neither CP - nor P -violating effects are present in the signal channel. Decays of unsta-38

ble particles are described by EvtGen [14], in which final-state radiation is generated39

using Photos [15]. The interaction of the generated particles with the detector, and its40

response, are implemented using the Geant4 toolkit [16] as described in Ref. [17].41

The analysis searches for CP and P violation by measuring triple product asymmetries42

(TPA) and by exploiting the unbinned energy test method [18–24]. In the TPA analysis,43

both local and integrated asymmetries are considered. The analysis also benefits from44

additional studies of amplitude models [9, 25] to maximise the sensitivity. The energy45

test method is designed to look for localized differences in the phase space between two46

samples.47
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The scalar triple products are defined as CT̂ ≡ ~pp ·
(
~pπ−

fast
× ~pπ+

)
and48

C T̂ ≡ ~pp ·
(
~pπ+

fast
× ~pπ−

)
, for Λ0

b and Λ0
b respectively. Hereinafter π−fast (π−slow) refers to49

the faster (slower) of two negative pions in the Λ0
b rest frame. Following these definitions,50

four statistically independent subsamples are considered, labeled with I for CT̂ > 0, II51

for CT̂ < 0, III for −C T̂ > 0 and IV for −C T̂ < 0. Samples I and III are related by52

a CP transformation, as are samples II and IV. Samples I and II are related by a P53

transformation, as are samples III and IV. Both CP - and P -violating effects appear as54

differences between the triple product observables related by CP and P transformations.55

The T̂ operator reverses momentum and spin three-vectors [26, 27]. The quantities CT̂56

and C T̂ are odd under this operator. This enables studies of the P -odd CP violation,57

which occurs via interference of the T̂ -even and T̂ -odd amplitudes with different CP -odd58

(‘weak’) phases [9, 25–27].59

The TPA are defined as60

AT̂ =
N(CT̂ > 0)−N(CT̂ < 0)

N(CT̂ > 0) +N(CT̂ < 0)
, AT̂ =

N(−C T̂ > 0)−N(−C T̂ < 0)

N(−C T̂ > 0) +N(−C T̂ < 0)
, (1)

where N and N are the yields of Λ0
b and Λ0

b decays, respectively. The CP - and P -violating61

asymmetries are then defined as62

aT̂ -oddCP =
1

2

(
AT̂ − AT̂

)
, aT̂ -oddP =

1

2

(
AT̂ + AT̂

)
. (2)

Two types of asymmetries are determined from data. The first are localized in the63

phase space in order to enhance sensitivity to local effects and the second are integrated64

over the whole phase space. By construction, such asymmetries are largely insensitive to65

particle-antiparticle production and detector-induced asymmetries [28].66

The previous LHCb result [5] showed evidence for a dependence of the CP asymmetry67

as a function of |Φ|, the absolute value of the angle between the planes defined by68

the pπ−fast and π+π−slow systems in the Λ0
b rest frame. In the present analysis a binning69

scheme, labeled A, is considered, based on the results of an approximate amplitude70

analysis performed on Λ0
b→ pπ−π+π− decays. The binning scheme consists in dividing71

the data sample into 16 subsamples to explore the distribution of the polar and azimuthal72

angles of the proton (∆++) in the ∆++ (N∗+) rest frame. A second binning scheme,73

labeled B, is used to probe the asymmetries as a function of |Φ|, dividing the data74

sample into ten subsamples uniformly distributed in the range [0, π]. The invariant-mass75

regions m(pπ+π−slow) > 2.8 GeV/c2 (samples A1, B1), dominated by the a1 resonance, and76

m(pπ+π−slow) < 2.8 GeV/c2 (samples A2, B2), dominated by the N∗+ decay, are studied77

separately. The compatibility of the measured asymmetries with CP and P conservation78

is checked by means of a χ2 test taking into account statistical and systematic effects.79

The energy test is a model-independent unbinned test sensitive to local differences80

between two samples, as might arise from CP violation. It can provide superior discrim-81

inating power between different samples than traditional χ2 tests [21, 22]. The test is82

performed through the calculation of a test statistic83

T ≡ 1

2n(n− 1)

n∑
i 6=j

ψij +
1

2n(n− 1)

n∑
i 6=j

ψij −
1

nn

n∑
i=1

n∑
j=1

ψij, (3)
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where there are n (n) candidates in the first (second) sample. The first (second) term84

sums over pairs of candidates drawn from the first (second) sample and the final term85

sums over pairs with one candidate drawn from each sample. Each pair of candidates86

ij is assigned a weight ψij = e−d
2
ij/2δ

2

, where dij is their Euclidean distance in phase87

space, while the tunable parameter δ determines the distance scale probed using the88

energy test. The phase space is defined using the squared masses m2(pπ+), m2(π+π−slow),89

m2(pπ+π−slow), m2(π+π−slowπ
−
fast) and m2(pπ−slow). The value of T is large when there are90

significant localized differences between samples and has an expectation of zero when there91

are no differences. The distribution of T under the hypothesis of no sample differences,92

and the assignment of p-values, are determined using a permutation method [21,23].93

Similarly to the TPA method, the comparison of subsamples I and IV to subsamples94

II and III allows for a P -odd and CP -odd test; the comparison of subsamples I and95

II to subsamples III and IV for a P -even and CP -odd test. The P violation is also96

tested by comparing the combination of subsamples I and III with the combination of97

subsamples II and IV. This provides three test configurations. The length scale at which98

CP violation might appear is not known. Therefore three different scales are probed in99

each configuration, chosen following Refs. [21,22] as δ = 1.6 GeV2/c4, 2.7 GeV2/c4 and100

13 GeV2/c4. For each of the three test configurations all three scales are probed, such101

that nine tests are made overall: six tests for effects arising from CP violation (three102

probing P -even CP violation and three P -odd CP violation) and three tests for effects103

arising from P violation.104

The candidate Λ0
b→ pπ−π+π− decays are formed by combining tracks with transverse105

(total) momentum greater than 250 MeV/c (1.5 GeV/c) identified as protons and pions106

that originate from a common vertex displaced from the primary vertex. A cut on the107

invariant-mass m(pK−π+) ∈ [2.26, 2.30] GeV/c2 is applied to select Λ0
b→ Λ+

c (→ pK−π+)π−108

decay candidates used as control sample. A boosted decision tree classifier [29] (BDT)109

is constructed from a set of kinematic variables that discriminate between signal and110

background. The result of an unbinned extended maximum-likelihood fit to the invariant-111

mass distribution, m(pπ−π+π−), is shown in Fig. 1 for the dataset integrated over the112

phase space. The invariant-mass distribution of the signal is modelled by a Gaussian113

function core with power-law tails [30], with the mean and width of the Gaussian function114

determined from the fit to data. All other parameters of the signal fit model are taken115

from simulation except for the yields. The combinatorial background is parameterised116

with an exponential function where the parameters are left free to vary in the fits.117

Partially reconstructed Λ0
b decays, as for example Λ0

b→ pπ−π+π−π0, are described by118

an ARGUS function [31] convolved with a Gaussian function to account for resolution119

effects. The shapes of backgrounds from other b-hadron decays due to incorrectly identified120

particles, e.g. kaons identified as pions or protons identified as kaons, are modelled using121

simulated events. These consist mainly of Λ0
b→ pK−π+π− and B0→ K+π−π+π− decays.122

Their yields are obtained from fits to data where the invariant-mass distributions are123

reconstructed under the appropriate mass hypotheses and then fixed in the baseline fits.124

The signal yields for the Λ0
b→ pπ−π+π− decay and the Λ0

b→ Λ+
c (→ pK−π+)π− control125

sample are 27 600± 200 and 434 500± 800, respectively. Fits in bins of phase space are126

also performed to determine asymmetries AT̂ and AT̂ in each region, assigning signal127

candidates to four categories according to Λ0
b or Λ0

b flavour and sign of CT̂ or C T̂ . The128

asymmetries AT̂ and AT̂ are found to be uncorrelated. Corresponding asymmetries for129

each of the background components are also determined in the fit; they are found to be130
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Figure 1: Invariant-mass distribution for Λ0
b → pπ−π+π− candidates with the result of the

fit overlaid. The solid and dotted lines describe the projections of the fit results for various
components as listed in the legend.

consistent with zero, and do not lead to significant systematic uncertainties in the signal131

asymmetries.132

For the energy test, Λ0
b candidates are selected in a window corresponding to 2.5133

standard deviations of the Gaussian function around the known Λ0
b mass [32], which134

optimises the sensitivity to CP violation. The background component with this selection135

is small and does not affect the analysis.136

The reconstruction efficiency for signal candidates with CT̂ > 0 is consistent with137

that for candidates with CT̂ < 0. This indicates that the detector and the reconstruction138

algorithms do not bias the measurements. This is confirmed using the control sample and139

a large sample of simulated events. The same check is performed for the C T̂ observable.140

As a general cross-check, the CP asymmetry is measured in the control sample and found141

to be compatible with zero, aT̂ -oddCP (Λ+
c π
−) = (+0.04± 0.16)%.142

The main sources of systematic uncertainties in the TPA analysis are selection criteria,143

reconstruction and detector acceptance. They are evaluated using the control sample.144

In the TPA analysis, a systematic uncertainty of 0.16% is assigned for the integrated145

measurements, while uncertainties in the range (0.6–2.5)% are assigned for local mea-146

surements. The systematic uncertainty arising from the experimental resolution of the147

triple products CT̂ and C T̂ , which could introduce a migration of candidates between bins,148

is estimated from simulation. The difference between the reconstructed and generated149

asymmetries, 0.01%, is taken as a systematic uncertainty in the TPA analysis. To assess150

the systematic uncertainty associated with the fit model, an alternative is used to compare151

the results measured on pseudoexperiments with respect to the baseline model. A value152

of 0.06% (0.08%) for aT̂ -oddCP /aT̂ -oddP (AT̂/AT̂ ) is assigned as systematic uncertainty. No153

significant differences are observed comparing results from different running conditions,154

trigger requirements and selection criteria.155

Several studies are made to confirm the reliability of the energy test method. The156

method is insensitive to global asymmetries, and so is not affected by differences between157
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Λ0
b and Λ0

b production rates. However, local asymmetries due to detector effects may yield158

significant results that would lead to an incorrect conclusion. The potential presence159

of such effects is studied using the control sample. No evidence is found for any local160

asymmetry.161

Contributions from background decays are considered, in case they contain lo-162

calized asymmetries not related to CP violation. A high-mass selection is applied163

(5.75 < m(pπ−π+π−) < 6.10 GeV/c2) to identify candidates predominantly produced by164

random combinations of particles. No significant effect is found in the six configurations165

of the energy test probing the CP -conserving hypothesis. Moreover, a small independent166

sample of the dominant peaking background (Λ0
b→ pK−π+π−) is selected using the same167

requirements as in Ref. [5], with the number of candidates corresponding to the size of the168

relevant background in the Λ0
b→ pπ−π+π− sample. Again, no p-values corresponding to a169

significance above 3 standard deviations are observed when the six configurations of the170

energy test probing CP violation are applied to this sample. The background contribution171

from the B0→ K+π−π+π− decay is negligible within the mass window selected for the172

energy test.173

Finally, the proton detection asymmetry in simulation is replicated in the174

Λ0
b→ pπ−π+π− data sample by setting the Λ0

b flavour in the data sample at random175

to create the same asymmetry. The P -even and P -odd configurations of the energy test176

are then run for all three distance scales to test for effects that might lead to an incorrect177

rejection of the CP -conserving hypothesis. This is repeated multiple times for each test178

with different flavour assignments for the Λ0
b candidates. In all six tests the distribution179

of p-values is consistent with being uniform, so no evidence for any bias from the proton180

detection asymmetry is found.181

The measured TPA from the fit to the full data set are aT̂ -oddCP = (−0.7±0.7±0.2)% and182

aT̂ -oddP = (−4.0± 0.7± 0.2)%. Consistency with the CP -conserving hypothesis is observed,183

while a significant non-zero value for the aT̂ -oddP asymmetry is found. The effect, estimated184

with the profile likelihood-ratio test, has a significance of 5.5 standard deviations and185

indicates parity violation in the Λ0
b→ pπ−π+π− decay.186

The values of the TPA for the binning schemes A1, A2, B1 and B2 are shown in Fig. 2.187

In the binning schemes A2 and B2 the contribution from N∗+ resonances dominates and188

therefore larger CP asymmetries are possible relative to the A1 and B1 binning schemes.189

However, in the A2 and B2 phase-space regions, p-values with respect to the CP -conserving190

hypothesis corresponding to statistical significances of 0.5 and 2.9 standard deviations are191

measured, respectively. The evidence of CP violation previously observed [5] is therefore192

not established.193

The same binning scheme B with the present data provides a deviation at 2.8 standard194

deviations from the CP conservation hypothesis. The compatibility with the previous195

published measurement [5] is determined to be at 2.6 standard deviations, a value which196

decreases to 2.1 when the same BDT selection is applied. Pseudoexperiments are generated197

by randomly assigning the flavour and CT̂ sign to each candidate. The asymmetries are198

extracted and the difference between the Run 1 and full datasets is determined as a χ2
199

value. The fraction of pseudoexperiments with a χ2 value greater than the observed χ2 in200

data represents the p-value.201

The observed p-value for the P -symmetry hypothesis corresponds to a statistical202

significance of 5.1 standard deviations for the binning scheme B. The p-values measured203

in the case of binning schemes B1 and B2 indicate that the P violation has a large204
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Figure 2: Measured asymmetries for the binning scheme (left) A1 and A2 and (right) B1 and B2.
The error bars represent the sum in quadrature of the statistical and systematic uncertainties.
The χ2 per ndof is calculated with respect to the null hypothesis and includes statistical and
systematic uncertainties.

contribution from the Λ0
b→ pa1(1260)− decay, for which the statistical significance is 5.5205

standard deviations.206

The p-values obtained for different configurations of the energy test are summarised207

in Table 1. All CP -violation searches using the energy test result in p-values with a208

significance of 3 standard deviations or smaller. Given the reported p-value for the P -even209

configuration of the energy test at a distance scale of 2.7 GeV2/c4 is marginally consistent210

with the CP -conserving hypothesis, the different distance scales considered are combined211

to obtain a global p-value for the P -even configuration. A new test statistic is defined212

as Q = p1 p2 p3, where pi corresponds to a p-value for a distance scale i. The value of213

Q observed in data is then compared to the corresponding values from permutations,214

considering correlations between the different distance scales. The combined p-value for215

the P -even energy test configuration is 4.6×10−3. In addition, the test for parity violation216

is also performed using the same three distance scales with the energy test. The results217

are reported in Table 1. The p-values found with this study correspond to the observation218

of local parity violation for the two smaller distance scales probed.219

In conclusion, this Letter reports the searches for CP violation in Λ0
b → pπ−π+π−220

decays both globally and in regions of phase space, using two different methods. The221

results are marginally compatible with the no CP -violation hypothesis. Violation of P222

symmetry is observed using both methods, locally with a significance of over 5 standard223

deviations, and, when the triple product asymmetries are evaluated having integrated224

Table 1: The p-values from the energy test for different distances scales and test configurations.

Distance scale δ 1.6 GeV2/c4 2.7 GeV2/c4 13 GeV2/c4

p-value (CP conservation, P even) 3.1× 10−2 2.7× 10−3 1.3× 10−2

p-value (CP conservation, P odd) 1.5× 10−1 6.9× 10−2 6.5× 10−2

p-value (P conservation) 1.3× 10−7 4.0× 10−7 1.6× 10−1
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over the entire sample, with a significance of 5.5 standard deviations.225
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R. Lefèvre9, A. Leflat39, F. Lemaitre47, O. Leroy10, T. Lesiak33, B. Leverington16, H. Li70,386

P.-R. Li5,ab, X. Li66, Y. Li6, Z. Li67, X. Liang67, R. Lindner47, F. Lionetto49, V. Lisovskyi11,387

G. Liu70, X. Liu3, D. Loh55, A. Loi26, J. Lomba Castro45, I. Longstaff58, J.H. Lopes2,388

G. Loustau49, G.H. Lovell54, D. Lucchesi27,o, M. Lucio Martinez31, Y. Luo3, A. Lupato27,389

E. Luppi20,g, O. Lupton55, A. Lusiani28,t, X. Lyu5, S. Maccolini19,e, F. Machefert11,390

F. Maciuc36, V. Macko48, P. Mackowiak14, S. Maddrell-Mander53, L.R. Madhan Mohan53,391

O. Maev37,47, A. Maevskiy77, K. Maguire61, D. Maisuzenko37, M.W. Majewski34, S. Malde62,392

B. Malecki47, A. Malinin75, T. Maltsev42,x, H. Malygina16, G. Manca26,f , G. Mancinelli10,393

R. Manera Escalero44, D. Manuzzi19,e, D. Marangotto25,q, J. Maratas9,w, J.F. Marchand8,394

U. Marconi19, S. Mariani21, C. Marin Benito11, M. Marinangeli48, P. Marino48, J. Marks16,395

P.J. Marshall59, G. Martellotti30, L. Martinazzoli47, M. Martinelli47,24,i, D. Martinez Santos45,396

F. Martinez Vidal46, A. Massafferri1, M. Materok13, R. Matev47, A. Mathad49, Z. Mathe47,397

V. Matiunin38, C. Matteuzzi24, K.R. Mattioli79, A. Mauri49, E. Maurice11,b, M. McCann60,47,398

L. Mcconnell17, A. McNab61, R. McNulty17, J.V. Mead59, B. Meadows64, C. Meaux10,399

N. Meinert73, D. Melnychuk35, S. Meloni24,i, M. Merk31, A. Merli25, D.A. Milanes72,400

E. Millard55, M.-N. Minard8, O. Mineev38, L. Minzoni20,g, S.E. Mitchell57, B. Mitreska61,401
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pUniversità di Pisa, Pisa, Italy565
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uUniversità di Modena e Reggio Emilia, Modena, Italy570
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