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A search for CP violation in the Λ0
b → pπ−πþπ− decay is performed using LHCb data corresponding to

an integrated luminosity of 6.6 fb−1 collected in pp collisions at center-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. The reported
deviations are given in regions of phase space.
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The violation of CP symmetry, where C and P are
the charge-conjugation and parity operators, is a well-
established phenomenon in the decays of K and B mesons
[1–3]. Recently, it has also been observed in the decays of
D mesons by the LHCb collaboration [4]. However, CP
violation has yet to be established in baryonic decays,
although first evidence was recently found [5]. Such
decays offer a novel environment to probe the mechanism
for quark-flavor mixing and for CP violation, which is
regulated by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix in the Standard Model (SM) [6,7].
In this paper searches for CP and P violation with Λ0

b →
pπ−πþπ− decays are reported. Throughout, the inclusion of
charge-conjugate processes is implied, unless otherwise
indicated. This decay is mediated mainly by tree and loop
processes of similar magnitudes, proportional to the prod-
uct of the CKM matrix elements Vub V�

ud and Vtb V�
td,

respectively. This allows for significant interference effects
with a relative weak phase α of the unitary triangle between
the amplitudes. If matter and antimatter exhibit different
effects, CP violation manifests as either global asymme-
tries in decay rates, or as local asymmetries within the
phase space. The Λ0

b → pπ−πþπ− decay is particularly
well suited for CP -violation searches [8] due to a rich
resonant structure in the decay. The dominant contributions
proceed through the N�þ → Δþþð1234Þπ− (referred as

Δþþ hereinafter), Δþþ → pπþ, a−1 ð1260Þ → ρ0ð770Þπ−
and ρ0ð770Þ → πþπ− decays, where the proton excited
states are indicated as N�þ. The searches for CP violation
are performed by separating the P-odd and P-even contri-
butions [9], as discussed below. In these studies, a large
control sample of Cabibbo-favored Λ0

b→Λþ
c ð→pK−πþÞπ−

decays is used, where no CP violation is expected, to assess
potential experimental biases and systematic effects.
The LHCb collaboration has previously studied the

Λ0
b → pπ−πþπ− decay and found evidence for CP

violation with a significance of 3.3 standard deviations
including systematic uncertainties [5]. This paper super-
sedes the previous results using pp collision data corre-
sponding to an integrated luminosity of 6.6 fb−1 collected
from 2011 to 2017 at center-of-mass energies of 7, 8
and 13 TeV that represents a four times larger sample in
signal yield.
The LHCb detector [10,11] 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 elements that are particularly relevant to this
analysis are: a silicon-strip vertex detector surrounding
the pp interaction region that allows b hadrons to be
identified from their characteristically long flight distance;
a tracking system that provides a measurement of the
momentum, p, of charged particles; and two ring-imaging
Cherenkov detectors that are able to discriminate between
different species of charged hadrons. Simulation is required
to model the effects of the detector acceptance and the
selection requirements. The pp collisions are generated
using PYTHIA [12] with a specific LHCb configuration [13],
and neither CP—nor P-violating effects are present in the
signal channel. Decays of unstable particles are described
by EVTGEN [14], in which final-state radiation is generated
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using PHOTOS [15]. The interaction of the generated
particles with the detector, and its response, are imple-
mented using the GEANT4 toolkit [16] as described
in Ref. [17].
The analysis searches for CP and P violation by

measuring triple product asymmetries (TPA) and by
exploiting the unbinned energy test method [18–24]. In
the TPA analysis, both local and integrated asymmetries are
considered. The analysis also benefits from additional
studies of amplitude models [9,25] to maximize the
sensitivity. The energy test method is designed to look
for localized differences in the phase space between two
samples. The Λ0

b polarization has been measured to be
compatible with zero in a previous LHCb analysis [26] and
is neglected in these measurements.
The scalar triple products are defined as CT̂ ≡ p⃗p ·

ðp⃗π−fast
× p⃗πþÞ and C̄T̂ ≡ p⃗p̄ · ðp⃗πþfast

× p⃗π−Þ, for Λ0
b and Λ̄0

b

respectively. Hereinafter π−fast (π−slow) refers to the faster
(slower) of two negative pions in the Λ0

b rest frame.
Following these definitions, four statistically independent
subsamples are considered, labeled with I for CT̂ > 0, II for
CT̂ < 0, III for −C̄T̂ > 0 and IV for −C̄T̂ < 0. Samples I
and III are related by a CP transformation, as are samples II
and IV. Samples I and II are related by a P transformation,
as are samples III and IV. Both CP—and P-violating effects
appear as differences between the triple product observ-
ables related by CP and P transformations. The T̂ operator
reverses momentum and spin three-vectors [27,28]. The
quantities CT̂ and C̄T̂ are odd under this operator. This
enables studies of the P-oddCP violation, which occurs via
interference of the T̂ -even and T̂ -odd amplitudes with
different CP -odd (“weak”) phases [9,25,27,28].
The TPA are defined as

AT̂ ¼ NðCT̂ > 0Þ − NðCT̂ < 0Þ
NðCT̂ > 0Þ þ NðCT̂ < 0Þ ;

ĀT̂ ¼ N̄ð−C̄T̂ > 0Þ − N̄ð−C̄T̂ < 0Þ
N̄ð−C̄T̂ > 0Þ þ N̄ð−C̄T̂ < 0Þ ; ð1Þ

where N and N̄ are the yields of Λ0
b and Λ̄0

b decays,
respectively. The CP—and P-violating asymmetries are
then defined as

aT̂-oddCP ¼ 1

2
ðAT̂ − ĀT̂Þ; aT̂-oddP ¼ 1

2
ðAT̂ þ ĀT̂Þ: ð2Þ

Two types of asymmetries are determined from data. The
first are localized in the phase space in order to enhance
sensitivity to local effects and the second are integrated
over the whole phase space. By construction, such asym-
metries are largely insensitive to particle-antiparticle pro-
duction and detector-induced asymmetries [29].
The previous LHCb result [5] showed evidence for a

dependence of the CP asymmetry as a function of jΦj, the

absolute value of the angle between the planes defined by
the pπ−fast and πþπ−slow systems in the Λ0

b rest frame. In the
present analysis a binning scheme, labeled A, is considered,
based on the results of an approximate amplitude analysis
performed on Λ0

b → pπ−πþπ− decays. The binning scheme
consists in dividing the data sample into 16 subsamples to
explore the distribution of the polar and azimuthal angles of
the proton (Δþþ) in the Δþþ (N�þ) rest frame. A detailed
description can be found in the Appendix. A second
binning scheme, labeled B, is used to probe the asymme-
tries as a function of jΦj, dividing the data sample into ten
subsamples uniformly distributed in the range ½0; π�. The
invariant-mass regions mðpπþπ−slowÞ > 2.8 GeV=c2 (sam-
ples A1, B1), dominated by the a1 resonance, and
mðpπþπ−slowÞ < 2.8 GeV=c2 (samples A2, B2), dominated
by the N�þ decay, are studied separately. The compatibility
of the measured asymmetries with CP and P conservation
is checked by means of a χ2 test taking into account
statistical and systematic effects.
The energy test is a model-independent unbinned test

sensitive to local differences between two samples, as
might arise from CP violation. It can provide superior
discriminating power between different samples than tradi-
tional χ2 tests [21,22]. The test is performed through the
calculation of a test statistic

T≡ 1

2nðn− 1Þ
Xn

i≠j
ψ ij þ

1

2n̄ðn̄− 1Þ
X̄n

i≠j
ψ ij −

1

nn̄

Xn

i¼1

X̄n

j¼1

ψ ij;

ð3Þ

where there are n (n̄) candidates in the first (second) sample.
The first (second) term sums over pairs of candidates drawn
from the first (second) sample and the final term sums over
pairs with one candidate drawn from each sample. Each pair

of candidates ij is assigned a weight ψ ij ¼ e−d
2
ij=2δ

2

, where
dij is their Euclidean distance in phase space, while the
tunable parameter δ determines the distance scale probed
using the energy test. The phase space is defined using the
squared masses m2ðpπþÞ, m2ðπþπ−slowÞ, m2ðpπþπ−slowÞ,
m2ðπþπ−slowπ−fastÞ and m2ðpπ−slowÞ. The value of T is large
when there are significant localized differences between
samples and has an expectation of zero when there are no
differences. The distribution of T under the hypothesis of no
sample differences, and the assignment of p-values, are
determined using a permutation method [21,23].
Similarly to the TPA method, the comparison of sub-

samples I and IV to subsamples II and III allows for
a P-odd and CP -odd test; the comparison of subsamples
I and II to subsamples III and IV for a P-even and CP-odd
test. The P violation is also tested by comparing the
combination of subsamples I and III with the combination
of subsamples II and IV. This provides three test configu-
rations described in detail in Ref. [22] and illustrated in
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figures therein. The length scale at which CP violation
might appear is not known. Therefore three different
scales are probed in each configuration, chosen following
Refs. [21,22] as δ ¼ 1.6 GeV2=c4, 2.7 GeV2=c4 and
13 GeV2=c4. The sensitivity of the chosen scales was
confirmed using simulated events. For each of the three
test configurations all three scales are probed, such that
nine tests are made overall: six tests for effects arising from
CP violation (three probing P-even CP violation and three
P-odd CP violation) and three tests for effects arising from
P violation.
The candidate Λ0

b → pπ−πþπ− decays are formed by
combining tracks with transverse (total) momentum greater
than 250 MeV=c (1.5 GeV=c) identified as protons and
pions that originate from a common vertex displaced
from the primary vertex. A cut on the invariant-mass
mðpK−πþÞ ∈ ½2.26; 2.30� GeV=c2 is applied to select
Λ0
b → Λþ

c ð→pK−πþÞπ− decay candidates used as a control
sample. A boosted decision tree classifier [30] (BDT),
independently optimized for different center-of-mass ener-
gies, is constructed from a set of kinematic variables that
discriminate between signal and background. The result of
an unbinned extended maximum-likelihood fit to the
invariant-mass distribution, mðpπ−πþπ−Þ, is shown in
Fig. 1 for the dataset integrated over the phase space.
The invariant-mass distribution of the signal is modelled by
a Gaussian function core with power-law tails [31], with
the mean and width of the Gaussian function determined
from the fit to data. All other parameters of the signal
fit model are taken from simulation except for the yields.
The combinatorial background is parametrized with an

exponential function where the parameters are left free to
vary in the fits. Partially reconstructed Λ0

b decays, as for
example Λ0

b → pπ−πþπ−π0, are described by an ARGUS
function [32] convolved with a Gaussian function to
account for resolution effects. The shapes of backgrounds
from other b -hadron decays due to incorrectly identified
particles, e.g., kaons identified as pions or protons iden-
tified as kaons, are modeled using simulated events. These
consist mainly of Λ0

b → pK−πþπ− and B0 → Kþπ−πþπ−

decays. Their yields are obtained from fits to data where the
invariant-mass distributions are reconstructed under the
appropriate mass hypotheses and then fixed in the baseline
fits. The signal yields for theΛ0

b → pπ−πþπ− decay and the
Λ0
b → Λþ

c ð→pK−πþÞπ− control sample are 27600� 200

and 434500� 800, respectively. Fits in bins of phase space
are also performed to determine asymmetries AT̂ and ĀT̂ in
each region, assigning signal candidates to four categories
according to Λ0

b or Λ̄0
b flavor and sign of CT̂ or C̄T̂. The

asymmetries AT̂ and ĀT̂ are found to be uncorrelated.
Corresponding asymmetries for each of the background
components are also determined in the fit; they are found
to be consistent with zero, and do not lead to significant
systematic uncertainties in the signal asymmetries.
Artificial asymmetries are generated for signal events
using a parametrized simulated sample, and used to
perform checks of the sensitivity of the methods applied.
When P-odd CP violation is injected via the N� resonances
in such studies, both the triple product asymmetry
method and the energy test are able to provide a clear
rejection of the no-CP violation hypothesis. When P-even
CP violation is injected in the simulated samples via
the a1 resonance, the energy test is also able to observe
this effect.
For the energy test, Λ0

b candidates are selected in a
window corresponding to 2.5 standard deviations of the
Gaussian function around the known Λ0

b mass [33], which
optimizes the sensitivity to CP violation. The background
component with this selection is small and does not affect
the analysis.
The reconstruction efficiency for signal candidates with

CT̂ > 0 is consistent with that for candidates with CT̂ < 0.
This indicates that the detector and the reconstruction
algorithms do not bias the measurements. This is confirmed
using the control sample and a large sample of simulated
events. The same check is performed for the C̄T̂ observable.
As a general cross-check, theCP asymmetry is measured in
the control sample and found to be compatible with
zero, aT̂-oddCP ðΛþ

c π
−Þ ¼ ðþ0.04� 0.16Þ%.

The main sources of systematic uncertainties in the TPA
analysis are selection criteria, reconstruction and detector
acceptance. They are evaluated using the control sample. In
the TPA analysis, a systematic uncertainty of 0.16% is
assigned for the integrated measurements, while uncertain-
ties in the range (0.6–2.5)% are assigned for local

5.4 5.5 5.6 5.7 5.8 5.9

]2c) [GeV/−π+π−πp(m

0

500

1000

1500

2000

2500

3000

3500

 )2 c
E

ve
nt

s 
/ (

 0
.0

05
 G

eV
/

−π+π−π p→ 0
bΛ

−π+π− pK→ 0
bΛ

−π+π−π+ K→ 0B

Comb. bkg

Part. reco

Full Fit

LHCb

FIG. 1. Invariant-mass distribution for Λ0
b → pπ−πþπ− candi-

dates 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.
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measurements. The systematic uncertainty arising from the
experimental resolution of the triple products CT̂ and C̄T̂ ,
which could introduce a migration of candidates between
bins, is estimated from simulation. The difference between
the reconstructed and generated asymmetries, 0.01%, is taken
as a systematic uncertainty in the TPA analysis. To assess the
systematic uncertainty associated with the fit model, an
alternative is used to compare the results measured on
pseudoexperiments with respect to the baseline model. A
valueof0.06%(0.08%) foraT̂-oddCP =aT̂-oddP (AT̂=ĀT̂) is assigned
as systematic uncertainty. No significant differences are
observed comparing results from different running condi-
tions, trigger requirements and selection criteria.
Several studies are made to confirm the reliability of the

energy test method. The method is insensitive to global
asymmetries, and so is not affected by differences between
Λ0
b and Λ̄0

b production rates. However, local asymmetries
due to detector effects may yield significant results that
would lead to an incorrect conclusion. The potential
presence of such effects is studied using the control sample.
No evidence is found for any local asymmetry.
Contributions from background decays are considered,

in case they contain localized asymmetries not related
to CP violation. A high-mass selection is applied
(5.75 < mðpπ−πþπ−Þ < 6.10 GeV=c2) to identify candi-
dates predominantly produced by random combinations of
particles. No significant effect is found in the six configu-
rations of the energy test probing the CP -conserving
hypothesis. Moreover, a small independent sample of
the dominant peaking background (Λ0

b → pK−πþπ−) is
selected using the same requirements as in Ref. [5], with the
number of candidates corresponding to the size of the
relevant background in the Λ0

b → pπ−πþπ− sample. Again,
no p-values corresponding to a significance above 3
standard deviations are observed when the six configura-
tions of the energy test probing CP violation are applied
to this sample. The background contribution from the
B0 → Kþπ−πþπ− decay is negligible within the mass
window selected for the energy test.
Finally, the proton detection asymmetry in simulation is

replicated in the Λ0
b → pπ−πþπ− data sample by setting the

Λ0
b flavor in the data sample at random to create the same

asymmetry. The P-even and P-odd configurations of the
energy test are then run for all three distance scales to test
for effects that might lead to an incorrect rejection of the
CP -conserving hypothesis. This is repeated multiple times
for each test with different flavor assignments for the Λ0

b
candidates. In all six tests the distribution of p-values is
consistent with being uniform, so no evidence for any bias
from the proton detection asymmetry is found.
The measured TPA from the fit to the full data set are

aT̂-oddCP ¼ ð−0.7� 0.7� 0.2Þ% and aT̂-oddP ¼ ð−4.0� 0.7�
0.2Þ%. Consistency with the CP -conserving hypothesis is
observed, while a significant nonzero value for the aT̂-oddP

asymmetry is found. The effect, estimated with the profile
likelihood-ratio test, has a significance of 5.5 standard
deviations and indicates parity violation in the Λ0

b →
pπ−πþπ− decay.
The values of the TPA for the binning schemes A1, A2,

B1 and B2 are shown in Fig. 2. In the binning schemes A2

and B2 the contribution from multiple N�þ resonances
dominates and therefore larger CP asymmetries are pos-
sible relative to the A1 and B1 binning schemes where the
single a1 resonance contributes. However, in the A2 and B2

phase-space regions, p-values with respect to the CP -
conserving hypothesis corresponding to statistical signifi-
cances of 0.5 and 2.9 standard deviations are measured,
respectively. The evidence of CP violation previously
observed [5] is therefore not established.
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FIG. 2. Measured asymmetries for the binning scheme (top) A1

and A2 and (bottom) B1 and B2. The error bars represent the sum
in quadrature of the statistical and systematic uncertainties. The
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The binning scheme B, which does not separate the a1
and the N�þ contributions, provides a deviation at 2.8 and
5.1 standard deviations from the CP and P conserving
hypothesis, respectively. The compatibility of these results
with the previous published measurements [5], based on the
same binning scheme, is determined to be at 2.6 standard
deviations, a value which decreases to 2.1 when the same
BDT selection is applied. Pseudoexperiments are generated
by randomly assigning the flavor and CT̂ sign to each
candidate. The asymmetries are extracted and the differ-
ence between the Run 1 and full datasets is determined as a
χ2 value. The fraction of pseudoexperiments with a χ2 value
greater than the observed χ2 in data represents the p-value.
The p-values measured in the case of binning schemes

A1 and B1 indicate that the P violation has a large
contribution from the Λ0

b → pa1ð1260Þ− decay, for which
the statistical significance is 5.5 standard deviations.
The p-values obtained for different configurations of the

energy test are summarized in Table I. All CP -violation
searches using the energy test result in p-values with a
significance of 3 standard deviations or smaller. Given the
reported p-value for the P-even configuration of the energy
test at a distance scale of 2.7 GeV2=c4 is marginally
consistent with the CP -conserving hypothesis, the differ-
ent distance scales considered are combined to obtain a
global p-value for the P-even configuration. A new test
statistic is defined asQ ¼ p1p2p3, where pi corresponds to
a p-value for a distance scale i. The value of Q observed in
data is then compared to the corresponding values from
permutations, considering correlations between the differ-
ent distance scales. The combined p-value for the P-even
energy test configuration is 4.6 × 10−3. In addition, the test
for parity violation is also performed using the same three
distance scales with the energy test. The results are reported
in Table I. The p-values found with this study correspond to
the observation of local parity violation for the two smaller
distance scales probed with the highest significance
observed to be 5.3 standard deviations.
In conclusion, this paper reports the searches for CP

violation in Λ0
b → pπ−πþπ− decays both globally and

in regions of phase space, using two different methods.

The results are marginally compatible with the no CP-
violation hypothesis. Violation of P symmetry is observed
using both methods, locally with a significance of over 5
standard deviations, and, when the triple product asymme-
tries are evaluated having integrated over the entire sample,
with a significance of 5.5 standard deviations.
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APPENDIX: DEFINITION OF THE
BINNING SCHEME A

The definition of the binning scheme A is reported in
Table II.

TABLE I. The p-values from the energy test for different distance 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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b → ðN�þ → ðΔþþ → pπþÞπ−Þπ− where φ is the azimuthal angle of the proton in the Δþþ rest frame
and θΔþþ (θp) is the polar angle of the Δþþ (p) in the N�þ (Δþþ) rest frame.

Bin number Polar angles Azimuthal angles

1
θp ∈ ½0; π=4� and θΔþþ ∈ ½0; π=4� jφj ∈ ½0; π=2�

θp ∈ ½π=2; 3π=4� and θΔþþ ∈ ½π=2; 3π=4�

2
θp ∈ ½0; π=4� and θΔþþ ∈ ½π=4; π=2� jφj ∈ ½0; π=2�

θp ∈ ½π=2; 3π=4� and θΔþþ ∈ ½3π=4; π�

3
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13I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
14Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

15Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
16Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany

17School of Physics, University College Dublin, Dublin, Ireland
18INFN Sezione di Bari, Bari, Italy

19INFN Sezione di Bologna, Bologna, Italy
20INFN Sezione di Ferrara, Ferrara, Italy
21INFN Sezione di Firenze, Firenze, Italy

22INFN Laboratori Nazionali di Frascati, Frascati, Italy
23INFN Sezione di Genova, Genova, Italy

24INFN Sezione di Milano-Bicocca, Milano, Italy
25INFN Sezione di Milano, Milano, Italy

26INFN Sezione di Cagliari, Monserrato, Italy
27INFN Sezione di Padova, Padova, Italy

28INFN Sezione di Pisa, Pisa, Italy
29INFN Sezione di Roma Tor Vergata, Roma, Italy
30INFN Sezione di Roma La Sapienza, Roma, Italy

31Nikhef National Institute for Subatomic Physics, Amsterdam, Netherlands
32Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, Netherlands
33Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Kraków, Poland
34AGH—University of Science and Technology, Faculty of Physics and Applied Computer Science,

Kraków, Poland
35National Center for Nuclear Research (NCBJ), Warsaw, Poland

36Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania
37Petersburg Nuclear Physics Institute NRC Kurchatov Institute (PNPI NRC KI), Gatchina, Russia

38Institute of Theoretical and Experimental Physics NRC Kurchatov Institute (ITEP NRC KI),
Moscow, Russia, Moscow, Russia

39Institute of Nuclear Physics, Moscow State University (SINP MSU), Moscow, Russia
40Institute for Nuclear Research of the Russian Academy of Sciences (INR RAS), Moscow, Russia

41Yandex School of Data Analysis, Moscow, Russia
42Budker Institute of Nuclear Physics (SB RAS), Novosibirsk, Russia

43Institute for High Energy Physics NRC Kurchatov Institute (IHEP NRC KI),
Protvino, Russia, Protvino, Russia

44ICCUB, Universitat de Barcelona, Barcelona, Spain
45Instituto Galego de Física de Altas Enerxías (IGFAE), Universidade de Santiago de Compostela,

Santiago de Compostela, Spain
46Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia—CSIC, Valencia, Spain

47European Organization for Nuclear Research (CERN), Geneva, Switzerland
48Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

49Physik-Institut, Universität Zürich, Zürich, Switzerland
50NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine

51Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine
52University of Birmingham, Birmingham, United Kingdom

53H.H. Wills Physics Laboratory, University of Bristol, Bristol, United Kingdom
54Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom

55Department of Physics, University of Warwick, Coventry, United Kingdom
56STFC Rutherford Appleton Laboratory, Didcot, United Kingdom

57School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
58School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom

59Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
60Imperial College London, London, United Kingdom

61Department of Physics and Astronomy, University of Manchester, Manchester, United Kingdom

R. AAIJ et al. PHYS. REV. D 102, 051101 (2020)

051101-10



62Department of Physics, University of Oxford, Oxford, United Kingdom
63Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

64University of Cincinnati, Cincinnati, Ohio, USA
65University of Maryland, College Park, Maryland, USA

66Los Alamos National Laboratory (LANL), Los Alamos, USA
67Syracuse University, Syracuse, New York, USA

68Laboratory of Mathematical and Subatomic Physics, Constantine, Algeria
(associated with Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil)
69Pontifícia Universidade Católica do Rio de Janeiro (PUC-Rio), Rio de Janeiro, Brazil
(associated with Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil)

70Guangdong Provencial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China
Normal University, Guangzhou, China (associated with Center for High Energy Physics,

Tsinghua University, Beijing, China)
71School of Physics and Technology, Wuhan University, Wuhan, China

(associated with Center for High Energy Physics, Tsinghua University, Beijing, China)
72Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia
(associated with LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité,
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rAlso at Università di Siena, Siena, Italy.
sAlso at Lanzhou University, Lanzhou, China.
tAlso at Università di Padova, Padova, Italy.
uAlso at Scuola Normale Superiore, Pisa, Italy.
vAlso at MSU—Iligan Institute of Technology (MSU-IIT), Iligan, Philippines.
wAlso at Hanoi University of Science, Hanoi, Vietnam.
xAlso at P.N. Lebedev Physical Institute, Russian Academy of Science (LPI RAS), Moscow, Russia.

SEARCH FOR CP VIOLATION AND OBSERVATION OF P … PHYS. REV. D 102, 051101 (2020)

051101-11
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