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1 Introduction

In the Standard Model (SM) of particle physics, CP violation is included in the quark
sector through a single weak phase in the CKM matrix [1, 2]. While this satisfies one of
the Sakharov conditions required for baryogenesis [3], the baryon asymmetry observed in
the universe exceeds by several orders of magnitude the level accommodated within the
SM [4, 5]. This motivates the search for physics beyond the SM and makes CP -violation
studies a promising direction in this search. In the kaon and beauty sectors, CP violation
has been long established [6–15]. However, it was only in 2019 that a statistically significant
observation of CP violation was made in charm hadrons, by the LHCb collaboration [16].

There is currently no clear consensus whether the observed level of CP violation in
charm hadrons can be accommodated within the SM, due to the challenges of performing
calculations of asymmetries in charm decays [17–22]. In the SM, charm CP violation is
expected to be small due to a combination of CKM suppression and GIM cancellation.
Depending on the decay mode, it is predicted to reach O(10−3), with the largest effects
in singly Cabibbo-suppressed (SCS) channels, where CP violation appears via interference
between tree and penguin amplitudes with different strong and weak phases [23–25]. Multi-
body charm decays provide a powerful tool to probe CP violation. In these decays, phase-
space-dependent local CP asymmetries can arise from the interference among intermediate
resonances, which leads to a corresponding variation of strong phases. Studies of these local
asymmetries provide additional sensitivity to observation of CP violation, complementing
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studies of phase-space integrated asymmetries and two-body decays [26–30]. Similar
investigations in the beauty sector have revealed very large local asymmetries, approaching
100% in magnitude for some phase-space regions [31, 32].

In charm quark decays, CP violation was discovered by measuring the difference in
time-integrated CP asymmetries of the two-body decays D0 → K+K− and D0 → π+π−,
to construct the quantity ∆ACP [16]. Recently, a dedicated LHCb measurement of the
CP asymmetry in D0 → K+K− decays was performed. In conjunction with ∆ACP, this
indicates that the observed CP violation is driven by an asymmetry in the π+π− decay
mode, at greater than 3σ significance [33]. The three-body SCS decay D0 → π−π+π0 is
dominated by D0 → ρ±π∓ amplitudes, which proceed via the same quark-level transitions
as the decay D0 → π+π−. A previous LHCb search for local CP violation in this decay
measured a p-value of 2.6% for the hypothesis of CP symmetry [34] and the world average
of the phase-space integrated asymmetry is in agreement with CP symmetry [35–38]. The
third most important amplitude of the D0 → π−π+π0 decay, D0 → ρ0π0, shares the weak
structure with the two-body decay D0 → π0π0, whose world-average CP asymmetry is also
in agreement with CP symmetry [39–41].

In this paper, a search for local CP violation in the decay D0 → π−π+π0 is performed
using LHCb data collected during LHC Run 2 from 2015–2018. An unbinned model-
independent method called the energy test [42–45] is used to determine a p-value quantifying
compatibility with the null hypothesis of CP symmetry. The method follows that used in
the predecessor LHCb analysis [34].

2 Analysis overview

The energy test [42–45] is an unbinned statistical test to compare two distributions and
quantify their agreement with being drawn from a common source, making it appropriate
for comparing signal distributions in multidimensional phase space of particle decays. The
test has been used in several previous LHCb searches for CP violation [34, 46, 47]. In
this analysis the energy test is used to compare samples of D0 and D0 mesons decaying
to the π−π+π0 final state. The test is insensitive, by construction, to any global charge
asymmetries present in the sample. It provides a single p-value quantifying consistency
with the CP symmetry hypothesis. This analysis benefits from several improvements in the
technique, which reduce the computational requirements and hence enable the test to be
applied to much larger data samples than was previously feasible [48–50].

A sample of flavour-tagged D0→ π−π+π0 decays is obtained by selecting D∗+ candi-
dates that decay via D∗+→ D0(→ π−π+π0)π+.1 The charge of the low-momentum (soft)
pion from the D∗+ decay is used to identify the flavour of the accompanying D0 candidate.
The analysis methods are developed and validated using three independent approaches:
realistic pseudoexperiment simulations with and without CP asymmetries injected; studies
of a topologically similar control mode in collision data, where CP violation is expected
to be negligible; and studies with the signal mode following randomisation of the charm
meson flavour and injection of fake asymmetries to mimic nuisance effects from production

1Unless stated otherwise, the charge conjugate mode is implicit throughout.
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and detection asymmetries. After all methods are validated the energy test is performed in
the signal channel to search for CP asymmetries.

For a three-body meson decay with spinless initial and final states, the phase space is
fully defined by two kinematic quantities. In this analysis, the Dalitz-plot formalism is used
to describe the signal decay using squared invariant masses of two-body combinations of final
state particles. To enable a direct comparison of the Dalitz plane distributions for D0 and D0

decays, a set of flavour-symmetric coordinates is defined: s12 ≡ m2(π±π∓), s13 ≡ m2(π±π0),
and s23 ≡ m2(π∓π0), where in all cases the upper (lower) charge superscript refers to the
D0 (D0) case.

To assess the impact of experimental effects such as production and detection asymme-
tries, the Cabibbo-favoured (CF) decay D0 → K−π+π0 is used as a control channel, which
is topologically and kinematically similar to the signal decay. The CF channel benefits
from a yield approximately eight times greater than the signal. This enables the control
mode to be split into several independent samples with signal-like yields to test for biases
from detector-induced asymmetries. Wherever possible, the event selection for the control
mode is chosen to match the corresponding signal selection. The main difference between
the signal and control modes is the presence of a charged kaon in the control mode. Due
to material effects in the detector, K−π+ detection asymmetries are known to be much
larger than for π+π− [51], so the signal mode is anticipated to suffer from smaller nuisance
asymmetries than the control mode.

3 LHCb experiment

The LHCb detector [52, 53] 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 includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region [54], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [55] placed downstream of the magnet. The tracking
system provides a measurement of the momentum, p, of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum
distance of a track to a primary pp collision vertex (PV), the impact parameter (IP), is
measured with a resolution of (15+29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors [56]. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire proportional chambers [57]. The online
event selection is performed by a trigger [58], which consists of a hardware stage based on
information from the calorimeter and muon systems, followed by a software stage which
applies a full event reconstruction.

The neutral pion candidate in the D0 → π−π+π0 final state is reconstructed from
its diphoton decay based on energy deposits in the electromagnetic calorimeter. The
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reconstructed neutral pions can be separated into two categories, depending on the opening
angle between the photons produced in the π0 → γγ decay. A π0 candidate is labelled
resolved if the decay photons are reconstructed as two distinct electromagnetic calorimeter
clusters and as merged if the two photons are reconstructed as a single cluster [53]. The two
categories differ mainly in the kinematics of the neutral pion (merged π0 candidates tend to
have higher momentum than resolved) and therefore the reconstructed Dalitz distributions
for the two types are also quite different. To maximise the sensitivity to potential CP
violation effects over the entire phase space, the two categories are combined before applying
the energy test. However, the event selection is optimised separately for the two categories
to reflect their different characteristics.

4 The energy test method

In this analysis, the energy test method is used to compare the Dalitz distributions of D0

and D0 meson decays to provide a sensitive search for CP violation within the phase space
of these decays. The test quantifies localised sample differences by calculating a single test
statistic defined as

T ≡ 1
2n(n− 1)

n∑
i,j ̸=i

ψij + 1
2n(n− 1)

n∑
i,j ̸=i

ψij −
1
nn

n,n∑
i,j

ψij .

The function ψij depends on the distance between pairs of candidates in the phase space,
dij , such that ψij = ψ(dij). The first double summation is over all possible pairs of (n) D0

candidates, the second is over all pairs of (n) D0 candidates, while the third is over all
D0-D0 pairs. The normalisation of each term removes any effects from global asymmetries,
such that by construction only local asymmetries are probed in the energy test. Under the
null hypothesis that the two samples are drawn from the same underlying distribution, the
T -value is drawn from a distribution around zero. In the presence of differences between
the two samples, as might be caused by CP violation [42–45], the T distribution shifts to
larger values.

For this analysis, ψij is chosen to be a Gaussian function ψij = e−d2
ij/2δ2

, and the
distance between candidate pairs is defined symmetrically in terms of the three squared
invariant masses of two-pion combinations, d2

ij = [(∆s12)2
ij + (∆s13)2

ij + (∆s23)2
ij ], where

(∆s)ij gives the difference in the coordinate s for candidates i and j. The tunable parameter
δ constrains the effective radius in phase space within which local asymmetries can be
probed. Its value is optimised to maximise sensitivity to CP violation as discussed in
section 6.

The calculated T -value can be converted into a p-value by comparing it to the distribu-
tion expected under the null hypothesis. This distribution is determined by running the
test repeatedly where candidates of both flavours are randomly assigned to the two samples.
The fraction of these permutation tests with T -values greater than the value under test
then sets the p-value of the overall test. The distribution of T under the null hypothesis
scales directly with the sample size [48–50], so can be determined using significantly smaller
samples than used for the nominal result.
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5 Event selection

This analysis uses proton-proton collision data corresponding to an integrated luminosity of
approximately 6 fb−1, collected during the LHC Run 2 period (2015–2018) at a centre-of-
mass energy

√
s = 13 TeV.

At the hardware trigger stage, signal D0→ π−π+π0 events are selected either through
significant energy deposits in the hadronic calorimeter (associated with one or both of the
charged pions from the D0 decay), or through deposits in the electromagnetic calorimeter
consistent with a photon shower (associated with the neutral pion decay). Other events
passing the hardware trigger are also selected if the trigger decision is independent of the
signal candidate.

At the first stage of the software trigger a partial event reconstruction is performed.
Candidates are selected if they satisfy either of two multivariate displaced track algorithms.
The first accepts a single track if it fulfils a two-dimensional requirement for minimum
values in (pT, χ2

IP) space, where χ2
IP is the difference in the χ2 of the PV fit with and

without the track under consideration. This algorithm preferentially accepts tracks with
large values of pT, χ2

IP, or both. The second is a two-track algorithm utilising several
variables within a boosted decision tree, sensitive to track pairs produced at a significant
distance from the PV.

At the second software trigger stage, a full event reconstruction is performed taking
into account the best available knowledge of detector alignment and calibration. Candidates
must pass either dedicated channel-specific triggers, or an inclusive topological trigger. The
latter exploits the characteristic signature D∗+ → D0π+ with D0 → h+h

′−X, where h
represents any charged long-lived hadron and X indicates unreconstructed decay products.

Following the trigger stage, the offline selection starts with the reconstruction of D0

candidates. The two charged pions from the D0 decay must be significantly displaced from
the PV and fulfil particle identification requirements to remove backgrounds from kaons and
incorrectly reconstructed tracks (ghosts). The two pions must form a good-quality vertex
and have an invariant mass below 1850 MeV/c2. The neutral pion must be identified using
dedicated LHCb algorithms via resolved or merged photon signatures, and the diphoton
system must have an invariant mass consistent with the known π0 mass. A D0 candidate is
then reconstructed from the combination of the neutral pion and two charged pions. The
three-particle system must have an invariant mass consistent with the known mass of the
D0 meson. The direction of the D0 momentum vector is required to be consistent with that
of the displacement vector joining the production and decay vertices.

To reconstruct the D∗+ candidate, an additional charged pion is combined with the
D0 meson. This soft pion is subject to particle identification requirements to remove
backgrounds from ghost tracks and misidentified particles, and must be consistent with
originating at the PV. The D0π+ system is required to have a good vertex quality and a
reconstructed mass difference ∆m ≡ m(D∗+) −m(D0) less than 180 MeV/c2.

When reconstructing the decay a kinematic refit of the full D∗+ decay chain is performed
to improve the resolution with externally imposed constraints [59]. The D∗+ candidate
is constrained to originate from the PV, and the π0 candidate is mass-constrained to
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the known experimental value. When calculating the Dalitz variables used as inputs to
the energy test, there is an additional requirement constraining the reconstructed mass
m(π−π+π0) to the known D0 mass, which ensures that candidates lie in the physically
allowed kinematic region.

Potential contamination from clone tracks, corresponding to single charged particles
reconstructed as multiple near-colinear tracks, is efficiently suppressed by requiring that all
pairs of tracks have an angular separation exceeding 0.0005 rad.

After the offline selection procedure, the dominant background remaining in the sample
corresponds to random combinations of tracks and neutral pions. This background is signif-
icantly higher for the resolved π0 channel, due to the low-pT diphoton signature. To further
suppress this background a multivariate classifier is developed and applied to the resolved
channel alone. The figure-of-merit to be maximised is the quantity S/

√
(S +B), where S (B)

is the signal (background) yield within the signal region defined by |∆m−145.4| < 1.8 MeV/c2.
The multivariate selection gives an appreciable gain in signal significance for the resolved
channel, while no corresponding improvement is found when applying a similar approach
for the merged channel.

A boosted decision tree (BDT) classifier is trained and tested using data, based on
the TMVA framework [60]. The signal (background) sample is formed of D0 → π−π+π0

candidates each with a signal (background) weight determined using the sPlot technique [61]
with ∆m as the discriminating variable. To avoid biases from the BDT training, the data
are divided into two disjoint halves such that the classifier trained on one half is applied to
the second half and vice versa.

After applying all selection criteria, a small fraction of events contain more than one
signal candidate. These may affect the present analysis, as they can lead to candidates with
identical or near-identical phase-space coordinates. As a precaution to mitigate potential
biases in the energy test, a single candidate is randomly chosen to be retained in such cases.
This affects approximately 3% (6%) of events in the merged (resolved) samples.

The ∆m distributions after applying all selection criteria are shown in figure 1. These
distributions are fitted to obtain signal and background yields for use in sensitivity studies,
as described later. For these fits the signal peaks are modelled by the sum of three Gaussian
functions, where for the resolved sample one of them has different width parameters for the
left and right halves of the peak. The background is described by an empirical threshold
shape Fbkg(x) = (x−x0)αe−β(x−x0), with α and β freely varying in the fit and with x0 fixed
to the known mass of the charged pion. All free parameters for both signal and background
models are independent for the merged and resolved samples.

When applying the energy test, only candidates within the region |∆m−145.4|<
1.8 MeV/c2 are used. This yields a sample of 1.71M (0.76M) signal decays with a purity of
81% (91%) for the resolved (merged) sample. This exceeds by more than a factor of four
the signal yield of the corresponding LHCb Run 1 analysis [34].

The control channel D0 → K−π+π0 is selected using the same criteria except for the
particle identification requirements on the kaon and pion, which result in mutually exclusive
samples for the signal and control modes. The kinematic distributions of the final state
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Figure 1. Distributions of ∆m for (left) the resolved and (right) merged π0 samples after the
application of all selection criteria except the ∆m requirement. Also shown are projections of the fit
model used to evaluate signal yields and purity.

particles are similar for the selected signal and control mode data. The yield of the control
mode is 5.32M (13.78M) for the merged (resolved) π0 samples, with a purity of 97% (94%).

To suppress the potential impact of nuisance asymmetries, the number of candidates
collected in each of the two LHCb dipole magnet polarities is equalised by randomly
rejecting candidates from the larger sample. This mitigates against potential instrumental
asymmetries due to geometrical effects, whereby particles of a particular charge are more
likely to be swept out of the acceptance. The equalisation improves the cancellation
of such effects at the cost of around 5% reduction in signal yield. The equalisation is
enforced independently for each of the four data-taking years (2015–2018) to reflect different
conditions, for both signal and control modes.

The background-subtracted Dalitz distributions for the resolved and merged π0 cate-
gories are shown in figure 2. Three ρ±,0 resonances are clearly visible as two-lobe structures
in the Dalitz plane. These dominate the phase space, as expected from previous studies [62].
Candidates with large values of s12, corresponding to the lower left corner of the Dalitz
plane, have little remaining centre-of-mass energy for the neutral pion. As such, this region
of phase space is dominated by resolved (low momentum) π0 candidates.

6 Sensitivity studies and optimisation

The energy test has a single tunable parameter, δ, which sets the phase-space scale of the
test and is chosen to optimise the sensitivity of the method. The optimal value depends
on the size of the dataset and the distribution of candidates in the phase space. Different
values chosen for δ may be optimal for different CP violation scenarios. Pseudoexperiments
are used to study such effects and select the δ value for this analysis.

In the pseudoexperiments, phase-space distributions of signal decays are generated
using the Laura++ package [63], with an amplitude model taken from a previous analysis
of this channel [62]. This model consists of several components from different intermediate
resonances and a non-resonant term, each multiplied by a complex coefficient. The dominant
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Figure 2. Dalitz plots for the background-subtracted signal samples for (left) the resolved and
(right) merged π0 categories, with the two m2(π±π0) variables chosen for the projection. The three
ρ±,0 resonances dominate the phase space.

contributions are from charged and neutral ρ(770) resonances, with fit fractions of 67.8%
(ρ+π−), 34.6% (ρ−π+), and 26.2% (ρ0π0) for the D0 decay. The D0 and D0 complex
coefficients, either in their magnitudes or phases, are adjusted for both the dominant
(ρ(770)+π−) and sub-dominant (ρ(770)−π+) intermediate states to emulate CP -violation.

For each pseudoexperiment the number of signal candidates is set to match the cor-
responding signal yield in data, for the combination of merged and resolved samples.
Nonuniform efficiency effects and background contamination are implemented based on
studies with the data to make the pseudoexperiments more realistic. The efficiency variation
across the Dalitz plane is estimated by comparing background-subtracted data with the
generator-level simulation. It is found to vary smoothly over the Dalitz plane, with around
10% variation across the two m2(π±π0) variables, and decreasing by around 50% from low
to high m2(π+π−). For different studies, backgrounds are generated either with or without
a global charge asymmetry.

Pseudoexperiments are generated with CP asymmetries of varying size to study the
sensitivity of the analysis as a function of the choice of δ value. Phase (magnitude) differences
between D0 and D0 decay amplitudes are generated in the range 0.1◦–1.0◦ (0.1%–1.0%).
These pseudoexperiments are evaluated using the energy test method at 17 different values
of δ ranging from 0.03–1.5 (GeV/c2)2. In each case a p-value is determined and these
are plotted as a function of δ. The optimal choice of δ for a given pseudoexperiment is
that which gives the smallest p-value. To reduce the impact of statistical fluctuations, five
pseudoexperiments are generated for each CP violation scenario and the average p-value is
calculated for each point in the scan. An example of this procedure is presented in figure 3,
which shows the δ scans for different phase differences injected into the sub-dominant
D0→ ρ(770)−π+ amplitude. The minimum p-value is found close to δ = 0.2 (GeV/c2)2 for
all cases, hence this is chosen as the distance parameter for the energy test throughout
this analysis.
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Figure 3. Average p-value as a function of the energy test distance parameter δ, for different values
of the D0-D0 phase difference for the D0 → ρ(770)−π+ amplitude. Straight guide lines are also
drawn connecting successive points for each scenario.

To assess the overall sensitivity for a particular CP asymmetry scenario, an ensemble
of 500 pseudoexperiments is generated with a phase difference of 0.9◦ in the dominant
D0 → ρ(770)+π− amplitude. The significance of the result, expressed as a one-sided
Gaussian z-score, follows a Gaussian distribution with a mean of 4.3σ and a width of
0.7σ. If nature exhibited a CP asymmetry of this type, this analysis would obtain a 3σ
evidence in 95% of cases. Similar sensitivity studies indicate that the energy test applied
to the current sample is insensitive to CP phase asymmetries below 0.5◦and to magnitude
asymmetries below 0.5%, for the two specific amplitudes investigated. Should a significant
CP asymmetry be observed, a more complete amplitude analysis would be needed to fully
understand the results.

7 Validation and cross-checks using data

Several checks are performed with data to assess the potential impact of nuisance asym-
metries on this analysis and confirm that the reported p-value is unbiased. This section
describes studies using the control mode, background-dominated samples, and pseudoex-
periments produced with the signal data sample with flavour information removed and
different nuisance asymmetries injected. These studies demonstrate that any local nuisance
asymmetries which might affect the signal decay mode are sufficiently small that they can
be neglected without impacting the results. There are global asymmetries of order 1%, but
these do not vary significantly over the Dalitz plane.

For the control mode D0 → K−π+π0, the combined sample with both π0 meson
types contains approximately 19 million candidates after all selection requirements are
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imposed. The fraction of merged π0 candidates is 27%, consistent with the 26% fraction
for the signal mode. The energy test is evaluated on eight independent, randomly chosen
subsamples of the control mode data, each having a yield approximately matching that in
the signal channel. The eight resulting p-values are consistent with having been drawn from
a uniform distribution between zero and one, indicating that any nuisance asymmetries
from production or detector effects are small enough to be neglected in the signal channel.

Here and elsewhere, the agreement of the set of p-values, pi, with being drawn from
a uniform distribution is tested by calculating the statistic P = −2

∑N
i=1 log pi. The P -

statistic follows a χ2 distribution with 2N degrees of freedom if the individual p-values are
sampled from a uniform distribution. Hence, a value of P/2N significantly greater than
unity would be indicative of a nonuniform distribution.

For the eight-sample test over the control mode, no evidence is found of any deviation
from a uniform p-value distribution, with P/2N = 16.4/16. A further test is performed with
a division into four subsamples, each with twice the signal yield. Again, no indication of
non-uniformity is observed (P/2N = 10.3/8). This confirms that this method is insensitive
to existing nuisance asymmetries even with double the sample size currently available.

Charge asymmetries in background candidates may be present and can in principle
bias the energy test if they vary across the phase space. To supplement the control mode
checks in the signal ∆m region, the energy test is also performed in background-dominated
∆m sidebands for both signal and control modes. This region is defined as the union of
the ranges (∆m < 142 MeV/c2) and (150 < ∆m < 155 MeV/c2). Evaluating the energy test
using the 810k candidates in this region of the signal channel gives a p-value of 0.57. In the
control mode a set of three sideband samples are defined, each with a similar yield to the
signal mode sideband sample, with none giving a p-value below 0.2 from the energy test.
Hence, there is no indication that background asymmetries are biasing this analysis, with
the current sample sizes.

To supplement the above studies, a suite of checks are performed using the signal
sample. Flavour-randomised pseudoexperiments are produced by randomly labelling each
signal candidate as D0 or D0. These CP -symmetric pseudoexperiments are then injected
with nuisance asymmetries of various types, by suitably rejecting candidates according to
their assigned flavour. By running the energy test over large ensembles of such samples, the
potential bias from these nuisance asymmetries on the measured p-value can be quantified
with higher confidence than the control mode studies, which are limited to at most eight
independent subsamples.

For each type of nuisance asymmetry to be investigated, the first step is to use external
inputs to construct binned asymmetry maps as a function of the signal particle kinematics.
These asymmetries are then injected into the flavour-randomised samples. The realistic
nuisance asymmetries are determined using a sample of D∗+ → D0(→ K0

Sπ
−π+)π+ decays,

where no significant CP violation is expected. The selection of this channel is aligned where
possible with the D0 → π−π+π0 signal mode, resulting in around 12M signal candidates
with 96% purity within the selected ∆m range. From this sample, the raw asymmetry in D0

versus D0 candidates is determined as a function of the reconstructed kinematic variables
for different particles.
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Nuisance asymmetries are determined as a two-dimensional map of the soft pion
transverse momentum and pseudorapidity. While a significant global asymmetry is observed
of around −0.9%, there is little indication of any trend across the kinematic distributions.
Using this map to generate an ensemble of asymmetry-injected flavour-randomised signal
samples, and running the energy test over each one, a p-value distribution is obtained
and found to be consistent with being uniform between zero and one (P/2N = 98/100).
This study is extended to inject polarity-specific asymmetries and again the p-values are
consistent with being uniformly distributed (P/2N = 205/200).

Injecting asymmetries as a function of the soft pion kinematics, as described above,
is found to account for possible asymmetry dependence on kinematics of other particles
in the decay chain. This is checked by comparing appropriate asymmetry maps from the
D0 → K0

Sπ
−π+ channel with those from pseudoexperiments injected with asymmetries

based on soft pion kinematics alone. As an additional check, asymmetries are injected as a
function of (pT, η) for the two pions from the D0 decay. Again, no evidence is found for
any bias in the p-value evaluation.

In addition to checking p-value distributions of independent pseudoexperiments for
uniformity, the same procedure is used to assess potential biases in the p-value from a single
pseudoexperiment, when it is repeatedly and independently subjected to the asymmetry
injection. For such checks, the significance (z-score) for the flavour-randomised sample is
compared to the distribution of significances obtained after injecting asymmetries. This
process is repeated several times to assess potential biases. The observed shifts in significance
are generally consistent with Gaussian distributions centred at zero, with a few cases where
a small but significant mean shift is observed of up to 0.1σ (in both directions). The overall
conclusion of these studies is that the energy test is robust against any potential nuisance
asymmetries in the signal sample.

As further cross-checks, the energy test is evaluated separately using subsamples of
the control mode defined according to the data-taking year and in three disjoint categories
according to the type of hardware trigger satisfied by the event. Subsamples are also defined
by splitting into ranges of soft pion or D0 transverse momentum or pseudorapidity. No
significant p-values are obtained, except when requiring that the hadronic hardware trigger
is satisfied by one or both of the charged hadrons (K− or π+) from the D0 decay. In that
case p-values below 1% are found for both such subsamples with signal-like yields. If the
category is redefined such that the charged pion must by itself satisfy the hadronic trigger,
no significant p-values are obtained. Hence we conclude that this bias is caused by the
charged kaon, which is known to be associated with larger nuisance asymmetries from
material interaction effects, and which is absent in the signal mode.

8 Results and conclusions

After comprehensive validation as discussed above, the energy test is performed in the
∆m signal region for the D0 → π−π+π0 channel. This yields a p-value of 0.62, giving no
indication of any CP violation in localised regions of the phase space. Figure 4 shows
the corresponding T -value observed in data, superimposed on the expected distribution of
T -values for the CP -symmetry hypothesis.
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Figure 4. Distribution of T -values obtained by running the energy test over the final signal
D0 → π−π+π0 sample (red dashed line) superimposed on the corresponding distribution for the
CP -symmetry hypothesis, obtained from flavour-randomised permutations of the same data sample.

Similar cross-checks are performed as described for the control mode, including run-
ning the energy test separately for each data-taking year and hardware trigger category.
All results are found to be self-consistent with no indication of systematic effects from
nuisance asymmetries.

In summary, no evidence is found for CP violation in localised regions of the phase
space for the decay D0 → π−π+π0. The analysis uses the complete data sample available
in LHCb Run 2, collected during 2015–2018, containing approximately four times the signal
yield of the previous energy test analysis of this channel based on data taken in Run 1
during 2012 [34]. Compared to the previous analysis, the present work benefits from a
computationally more efficient energy test implementation, from a re-optimised candidate
selection, and from a more comprehensive suite of data-driven cross-checks to confirm that
potential nuisance asymmetries can be neglected for the current sample size.
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