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Abstract

A measurement of time-dependent CP violation in D0→ π+π−π0 decays using a pp
collision data sample collected by the LHCb experiment in 2012 and from 2015 to
2018, corresponding to an integrated luminosity of 7.7 fb−1, is presented. The initial
flavour of each D0 candidate is determined from the charge of the pion produced
in the D∗(2010)+→ D0π+ decay. The decay D0 → K−π+π0 is used as a control
channel to validate the measurement procedure. The gradient of the time-dependent
CP asymmetry, ∆Y , in D0→ π+π−π0 decays is measured to be

∆Y = (−1.3± 6.3± 2.4)× 10−4,

where the first uncertainty is statistical and the second is systematic, which is
compatible with CP conservation.
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Charge-parity (CP ) symmetry violation in the Standard Model (SM) of particle physics
is insufficient to explain the observed baryon asymmetry in the visible universe [1–3].
This suggests the existence of CP -violating mechanisms beyond the SM, and thus studies
of CP violation are a promising sector to probe for new physics. While CP violation is
experimentally well-established in the mesonic systems containing b or s quarks [4–9],
direct CP violation in the decay of charmed hadrons has only recently been observed in the
difference between D0→ K+K− and D0→ π+π− decays [10], and is yet to be conclusively
observed in a single decay mode [11]. This Letter presents the first measurement of
time-dependent CP violation in the singly Cabibbo-suppressed decay D0→ π+π−π0.1

In the D0 meson system, the flavour eigenstates differ from the mass eigenstates. A
neutral meson initially in a state of definite flavour can thus evolve in time into its antipar-
ticle, and vice versa. The mass eigenstates are typically written in terms of the flavour
eigenstates as |D1(2)⟩ = p|D0⟩ ∓ q|D0⟩, where p and q are complex numbers. The phase
convention CP |D0⟩ = −|D0⟩ is adopted with CP |D1⟩ = |D1⟩ in the limit of CP conserva-
tion [12]. The dimensionless parameters x ≡ (m1 −m2)/Γ and y ≡ (Γ1 − Γ2)/2Γ,2 where
m1(2) and Γ1(2) are the mass and width of the |D1(2)⟩ mass eigenstate and Γ = (Γ1 + Γ2)/2
is the mean width, define the mixing properties. Defining Af (Āf ) as the amplitude of the
decay D0→ f (D0→ f), direct CP violation occurs if |Af/Āf | ̸= 1 for a self-conjugate
final state f . Time-dependent CP violation occurs in mixing if |q/p| ≠ 1, and in the
interference of mixing and decay when ϕf ̸= 0, where ϕf = arg(−qĀf/pAf). Since the
mixing parameters x and y are both < 1% in the charm system and CP -violation effects
are small [12, 13], the time-dependent asymmetry for a D0 meson decaying to a CP
eigenstate, fCP , can be expanded to first order in the D0 decay time, t, as

ACP (fCP , t) ≡
ΓD0→fCP (t) − ΓD0→fCP

(t)

ΓD0→fCP (t) + ΓD0→fCP
(t)

≈ adirfCP
+ ∆YfCP

t

τD0

.

(1)

The constant term adirfCP
arises from direct CP violation, τD0 = 410.3 ± 1.0 fs [14, 15] is

the D0 meson lifetime, and ΓD0→fCP (t) (ΓD0→fCP
(t)) is the time-dependent decay rate

of a D0 (D0) meson to the final state fCP . Neglecting direct CP violation, the size of
the gradient ∆YfCP becomes independent of the final state and can be approximately
expressed in terms of the underlying mixing and CP violation parameters as [16]

∆YfCP ≈ ηfCP
2

[(∣∣∣∣qp
∣∣∣∣ +

∣∣∣∣pq
∣∣∣∣) x sinϕ−

(∣∣∣∣qp
∣∣∣∣− ∣∣∣∣pq

∣∣∣∣) y cosϕ

]
, (2)

where ηfCP is the CP eigenvalue of the final state and ϕ = arg(q/p). Thus, the gradient
can be defined in terms of the universal CP -violating parameter ∆Y ≡ ηfCP ∆YfCP .

The parameter ∆Y has been measured in the two-body decay modes D0 → π+π−

and D0→ K−K+ by the BaBar [17], CDF [18], Belle [19] and LHCb [20–23] collabora-
tions. Assuming universality of ∆Y across all decay modes, the current world average is
∆Y = (0.9 ± 1.1) × 10−4 [12]. The LHCb collaboration has also measured the parameter
∆y = −∆Y [16] in D0→ K0

Sπ
+π− decays [24,25].

1Charge-conjugate decays are implied here and throughout this Letter.
2Natural units with ℏ = c = 1 are used throughout.
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Phase-space integrated analyses of multi-body D0 decays have diluted sensitivity to
∆Y due to a mixture of CP -even and CP -odd contributions from intermediate states [26].
The effective gradient of the time-dependent asymmetry is given by [27]

∆Y eff
f = (2F f

+ − 1)∆Y, (3)

where F f
+ is the CP -even fraction of the decay D0→ f . For the decay D0→ π+π−π0, the

CP -even fraction has been measured using CLEO-c data to be F πππ
+ = 0.973 ± 0.017 [26],

providing almost undiluted sensitivity.
The Cabibbo-favoured decay D0→ K−π+π0 is used to validate the analysis procedure.

Since the decay D0→ K−π+π0 is doubly Cabibbo-suppressed, the final state K−π+π0 is
almost flavour specific. Therefore, CP -violation effects in mixing and in the interference
of mixing and decay are suppressed with respect to the signal channel. The corresponding
CP -violating parameter in this mode, ∆YKππ, has been estimated from the most recent
world averages of the relevant parameters [12–14] to be |∆YKππ| < 2.5 × 10−5 at 90%
confidence level.

Samples of D0→ π+π−π0 decays are reconstructed from proton-proton (pp) collisions
collected by the LHCb experiment in 2012 and from 2015 to 2018, corresponding to
an integrated luminosity of 7.7 fb−1 at centre-of-mass energies of

√
s = 8 and 13 TeV,

respectively. Throughout this Letter, the data sample collected in 2012 (2015–18) will
be referred to as the Run 1 (2) sample. The flavour of the D0 meson at production is
inferred from the charge of the pion produced in the preceding D∗(2010)+→ D0π+ decay.
The D∗(2010)+ meson and the pion originating from its decay will be referred to as the
D∗+ meson and tag pion throughout this Letter, respectively.

The LHCb detector [28, 29] is a single-arm forward spectrometer covering the pseu-
dorapidity 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 a precise measurement
of the flight distance of D0 mesons; a tracking system that provides a measurement of
the momentum of the charged particles; a set of ring-imaging Cherenkov detectors that
provide charged particle identification; and a calorimeter system which identifies photons
and provides a measurement of their energy. The flight distance of the D0 meson is defined
as the distance between its measured decay vertex and the primary pp interaction vertex
(PV). Neutral pions are reconstructed in their diphoton decay. If the energy clusters
produced by the two photons in the calorimeter overlap, the candidate is labelled as
merged; otherwise, the candidate is labelled as resolved.

Online event selection is performed by a trigger consisting of a hardware stage, using
information from the calorimeter and muon systems, followed by two software stages.
In this analysis, no explicit requirements are imposed at the hardware level, since all
hardware selections are found to contribute to the sample [30]. At the first software stage
in the Run 1 running period, at least one of the charged pions from the D0 meson decay
must satisfy criteria on its momentum, χ2

IP and track quality. The quantity χ2
IP is defined

as the difference in the vertex-fit χ2 of a PV reconstructed with and without the given
track or particle under consideration. For the Run 2 sample either one of the pions from
the D0 decay must satisfy a similar set of criteria, or both of the tracks must satisfy a
set of looser criteria and their combined vertex must satisfy additional vertex-quality
requirements. At the second software stage, a full or partial reconstruction of the D∗+

decay is performed. In the full reconstruction, pairs of oppositely-charged pion candidates
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Figure 1: Distributions of ∆m in the signal channel after all selection requirements for the (left)
merged and (right) resolved π0 categories. The fit used to evaluate the signal yields is also
shown.

that form a good-quality vertex are combined. A neutral pion candidate is added to form
a D0 candidate. Finally, the D0 candidate is combined with a low-momentum charged
pion candidate to reconstruct a D∗+ candidate. In the partial reconstruction, the π0

candidate is not considered in the trigger. Additional selection criteria are imposed based
on momenta, track and vertex quality, and displacement from the PV. For the Run 1
sample, only partially reconstructed candidates are considered with a cut-based selection.
For the Run 2 sample, fully reconstructed candidates must satisfy a cut-based selection,
while partially reconstructed candidates must fulfil a requirement on the output of a
bonsai-Boosted Decision Tree (BDT) classifier [31].

Offline, additional requirements are imposed on kinematic and particle-identification
observables. The kinematics of each decay chain are fitted [32] with the constraints that
the D∗+ meson must originate from a PV and the π0 candidate has its known mass [14].
Secondary decays — where the D∗+ meson is produced in the decay of a b hadron rather
than in the initial pp collision — are suppressed by imposing tight requirements on the flight
distance of the D∗+ meson and the χ2

IP of the D0 meson. The mass of the pair of charged
pions from the D0 decay is required to be inconsistent with the known K0

S mass [14] to
suppress the background from D0→ K0

Sπ
0 decays. The background from D0→ K−π+π0

decays, where the K− meson is misidentified as a pion, is suppressed by requiring D0

candidates to have a reconstructed mass, m(D0), close to the known value, mPDG(D0) [14].
Candidates in the resolved category must satisfy |m(D0) − mPDG(D0)| < 60 MeV and
candidates in the merged sample must satisfy −60 < m(D0) − mPDG(D0) < 120 MeV.
Other potential sources of misidentified and misreconstructed backgrounds are found to
be negligible. The same requirements are applied to candidates in the control channel,
with the exceptions of the particle-identification requirements and the K0

S meson veto.
The combinatorial background is further suppressed by a set of BDT classifiers trained
on the data samples, separately for the merged and resolved π0 categories and for the
Run 1 and Run 2 samples. Over-training effects are controlled by training the classifiers
on only around 25% (6%) of the data in the Run 1 (2) sample for each π0 reconstruction
category, and monitoring the classifiers’ performances on equivalently sized testing samples.
The same BDT classifiers are applied to the signal and control channels, with different
requirements on the output. The selections on the BDT classifier outputs are optimised
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by maximising the metric N/σN , where N is the number of signal decays and σN is its
uncertainty obtained from a fit to the distribution of the D∗+ and D0 mass difference,
∆m ≡ m(D∗+) −m(D0). Finally, when more than one candidate originates from a single
event in the final sample, only one is randomly selected. Figure 1 shows the distributions of
∆m for all selected candidates in the signal channel, separately for the two π0 reconstruction
categories. A sum of three Gaussian distributions is used to model the signal shape. The
combinatorial background is modelled by the empirical RooDstD0BG function from
the RooFit software package [33,34]. Signal yields of 2.3 (18) and 1.5 (20) million are
obtained in the signal (control) channel for the merged and resolved categories, respectively.

The data are analysed in subsamples split by data-taking year, magnet polarity and π0

reconstruction category. In order to avoid experimenter’s bias, the results of the analysis
were not examined until the full procedure was finalised.

Each data sample is divided into 21 — approximately evenly populated — D0 decay-
time bins in the range [0.6, 8.0] τD0 . The decay time of each D0 candidate is calculated
as the product of the known D0 mass and its measured flight distance, divided by its
measured momentum. The asymmetry in each bin is determined from a binned maximum-
likelihood fit to the ∆m distributions of selected D0 and D0 candidates. Determining the
yields by fitting the ∆m distribution — rather than the m(D0) distribution — removes
background from real D0 candidates combined with an erroneously tagged pion. The fits
are performed simultaneously to D0 and D0 candidates, with shared shape parameters
but separate yields for the signal and background components. The measured asymmetry
is defined as

Ameas(⟨t/τD0⟩i) ≡
N i

D0 −N i
D0

N i
D0 + N i

D0

, (4)

where N i
D0 and N i

D0 are the signal yields of D0 and D0 decays in a given decay-time bin,
i, respectively. The mean decay time in each bin, ⟨t/τD0⟩i, is calculated as a weighted
average of the decay time of all candidates in that bin. The weights are defined as the
product of a background-subtraction weight and a kinematic correction weight which will
be defined in the following paragraph. The gradient of the time-dependent asymmetry is
determined from a linear least-squares fit to the measured asymmetries.

The raw asymmetries — defined as the unweighted asymmetries between D0 and
D0 yields — present in each data sample do not correspond to the CP asymmetry in
Equation 1. Rather, they include the production asymmetry of D∗+ mesons and some
unknown nuisance asymmetries induced by the reconstruction and selection procedure. In
particular, the LHCb magnet deflects oppositely-charged tag pions in opposite directions,
which induces some kinematic-dependent asymmetries, since the detector is not perfectly
symmetrical. Periodically reversing the magnetic field polarity throughout the data-taking
only approximately cancels the effect. Such kinematic asymmetries can introduce a time-
dependent asymmetry in the presence of correlations between kinematic variables and the
decay time of each D0 candidate induced by the selection criteria. A per-event weighting
procedure is applied to correct for the most severe kinematic-dependent asymmetries.
Events are weighted, in several stages, to equalise the binned distributions of the curvature
and projection angles of the tag-pion track [23], the pseudorapidity of the tag pion and
D0 candidates, and the transverse momentum of the D0 candidate. Figure 2 shows the
measured gradient of the time-dependent asymmetry in each data subsample before and
after the kinematic weighting. No significant shift is observed in the signal channel.
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Figure 2: Measured gradient of the time-dependent asymmetry before and after kinematic
weighting in each of the subsamples for (left) the signal channel and (right) the control channel.
The abbreviation Avg. denotes the weighted average across all datasets obtained from a least
squares fit, MU (MD) denotes the MagUp (MagDown) magnet polarity and M (R) denotes the
merged (resolved) π0 category. The black and green dotted lines represent the average measured
gradients before and after the kinematic weighting, respectively, and the red dotted line indicates
a value of zero. Only statistical uncertainties are shown.

The measured value of ∆YKππ is compatible with zero at the level of 2.5σ before the
kinematic weighting and 1.0σ after the kinematic weighting, where σ is the statistical
uncertainty. Finally, a set of pseudoexperiments is performed to evaluate and correct
for the dilution of the measured ∆Y caused by the kinematic weighting, since a true
time-dependent asymmetry would induce some kinematic-dependent asymmetries through
the aforementioned correlations.

The systematic uncertainties associated with the measured time-dependent asymmetries
are given in Table 1 for both the signal and control modes. The dominant systematic
uncertainties arise from possible kinematic-dependent detection asymmetries affecting the
charged products of the D0 meson decay. Potential biases from such sources are assessed
by measuring the raw asymmetry as a function of phase-space position and decay time
using the decays D+

(s)→ π+π+π−, D+
(s)→ ϕ(→ K−K+)π+, and D+→ K−π+π+ as [11,24]

Aππ
det = AD+

(s)
→π+π+π− − AD+

(s)
→ϕ(→K−K+)π+ ,

AKπ
det = AD+→K−π+π+ − AD+→ϕ(→K−K+)π+ ,

(5)

where Aππ
det (AKπ

det ) represents the detection asymmetry between a π+π− (K−π+) pair and
its charge-conjugate at a given phase-space position and decay time. In each of these
calibration decays, candidates are weighted so that the kinematic distributions agree be-
tween each pair of D+

(s) decays. This ensures a precise cancellation of kinematic-dependent

detection and production asymmetries affecting the D+
(s) meson and the additional charged

pion. Candidates are further weighted to align the kinematic distributions with those
observed in the relevant D0 decay mode, to accurately reproduce any kinematic-dependent
π+π− or K−π+ detection asymmetries [24]. Potential direct CP asymmetries in the cali-
bration modes do not induce kinematic or decay-time dependent effects and are therefore
irrelevant in this procedure. The measured asymmetry maps are then used as inputs for a
set of pseudoexperiments to determine the potential biases on ∆Y eff

πππ and ∆YKππ.
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Table 1: Systematic uncertainties affecting ∆Y eff
πππ (∆YKππ) in the signal (control) channel.

Source ∆Y eff
πππ (10−4) ∆YKππ (10−4)

Detection asymmetries 1.6 3.4

t/τD0 binning 1.0 0.14

Secondary contamination 0.84 0.84

∆m fit model 0.75 0.08

Kinematic weighting 0.22 0.22

Total 2.3 3.5

A systematic uncertainty on the effect of the decay-time binning is conservatively
assessed by performing the analysis with different choices of the decay-time binning scheme.
The fraction of contamination from secondary decays and their asymmetries are measured
in each decay-time bin by fitting the distribution of lnχ2

IP for selected candidates using
templates from simulation and the ∆m sideband data as input. The measured fractions
and asymmetries are then used in a pseudoexperiment study to determine the resulting
systematic uncertainty. An average secondary fraction at the percent level is observed,
depending on the data-taking period and π0 candidate reconstruction category. The
uncertainty arising from the ∆m fit model is assessed in a set of pseudoexperiments using
an alternative fit model to describe the signal and background ∆m distributions. The
number of bins used in the kinematic weighting is varied between a factor of one half
and two, and the resulting standard deviation of measured asymmetry gradients is taken
as a systematic uncertainty. A set of pseudoexperiments is carried out to determine
the dilution of the measured asymmetry due to the finite decay-time resolution. The
differences between the measured gradients with and without correcting for this effect
are found to be negligible. Finally, the uncertainty on the measured ∆Y eff

πππ related to
the externally measured D0 lifetime [14, 15] is found to be negligible. No statistically
significant effects are observed when stability checks are performed by applying a hardware-
trigger requirement or adopting different strategies for the kinematic weighting and yield
determination. Systematic uncertainties associated with the knowledge of the externally
measured CP -even fraction and the effect of a nonuniform phase-space acceptance on its
central value are found to be negligible.

By performing a least-squares fit to the measured asymmetry gradients in all subsets
of the data, the final result ∆Y eff

πππ = (−1.2 ± 6.0 ± 2.3) × 10−4 is obtained. The first
uncertainty is statistical and the second is systematic, here and in the following. No
evidence for time-dependent CP violation in this channel is found. This corresponds,
using the externally measured CP -even fraction [26], to

∆Y = (−1.3 ± 6.3 ± 2.4) × 10−4.

This result is in excellent agreement with the current world average [12]. In the control
channel, the measurement ∆YKππ = (−1.7 ± 1.8 ± 3.5) × 10−4 is obtained, which validates
the kinematic-weighting procedure designed to account for nuisance asymmetries. Figure 3
shows the measured asymmetry for all selected D0 → π+π−π0 and D0 → K−π+π0

candidates as a function of decay time, along with a linear fit.
In summary, a measurement of time-dependent CP violation in the decay D0→ π+π−π0
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Figure 3: Measured asymmetry of (left) D0→ π+π−π0 and (right) D0→ K−π+π0 decays as a
function of decay time, after kinematic weighting. The χ2 per degree of freedom of the linear
fits shown alongside the data are 17/19 and 22/19, respectively.

has been presented. No evidence for CP violation is found. The precision of this
measurement is limited by the statistical uncertainty and the result is in excellent agreement
with the current world average of the parameter ∆Y . This represents the first measurement
of time-dependent CP violation in the singly Cabibbo-suppressed decay D0→ π+π−π0.
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