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The Belle and Belle II experiments have collected a 1.6 ab−1 sample of 𝑒+𝑒− collision data at
center-of-mass energies near the Υ(4𝑆) resonance. These samples contain a large number of
𝑒+𝑒− → 𝑐𝑐 events with production of charmed mesons. We present measurements of 𝐷0–𝐷0

mixing parameters from flavour-tagged 𝐷0 → 𝐾0
S 𝜋
+𝜋− decays, as well as the most recent 𝐶𝑃

violation searches in 𝐷0 → 𝐾0
S𝐾

0
S decays, and in 𝐷 meson decays to two or three pions. All these

analyses use the 428 fb−1 dataset collected by Belle II from 2019 to 2022; the 980 fb−1 dataset
collected by Belle from 1999 to 2010 is also used when it significantly improves the precision of
the measurement.
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1. Introduction

To explain the observed matter-antimatter asymmetry of the universe, larger 𝐶𝑃 violation must
exist than what is predicted by the standard model (SM) based on the current observations in particle
physics. In the charm sector, mixing and 𝐶𝑃 violation have been explored to a much lesser extent
than in the beauty and strange sectors. Therefore, undiscovered sources of 𝐶𝑃 violation that are
detectable through 𝐷 meson decays may exist.

Mixing in the 𝐷0–𝐷0 system was only observed in 2007 [1, 2] due to its small size compared
to the 𝐵 and 𝐾 systems. Still, the uncertainty on the world averages of the mixing parameters is
O(10%), compared to O(0.1%) for the 𝐵 and 𝐾 systems [3, 4].

Likewise, 𝐶𝑃 violation in the charm sector is much smaller than in the beauty sector, and the
small branching fractions of the “golden” channels make it more experimentally challenging than
in the strange sector (kaons have a very limited numbers of decay modes). 𝐶𝑃 violation in charm
was only observed by the LHCb collaboration in 2019 in the 𝐶𝑃 asymmetry difference between
𝐷0 → 𝜋+𝜋− and 𝐷0 → 𝐾+𝐾− [5], and later constrained to the 𝐷0 → 𝜋+𝜋− decay [6]. Whether
these observations are compatible with the SM predictions is unclear due to theoretical uncertainties
resulting from non-perturbative QCD effects, and both theoretical and experimental efforts are in
progress to constrain the origin of this asymmetry [7].

It is therefore paramount to expand our reach in the charm sector to unexplored channels, as
well as improve the existing measurements. Complementarity among experiments must be stressed:
Belle II, for instance, is particularly suited to study channels with neutral particles in the final state.

The Belle detector [8, 9] was located at the interaction region of the KEKB asymmetric-energy
𝑒+𝑒− collider [10] in Tsukuba, Japan. Between 1999 and 2010, the experiment collected 980 fb−1

of collisions at the Υ(4𝑆) resonance or around its peak. The Belle II detector [11, 12] is a major
upgrade of the Belle detector, and is located at the interaction region of the SuperKEKB collider
[13], which is a major upgrade of the KEKB collider. The aim of Belle II and SuperKEKB is to
surpass their predecessors by a factor 30 in instantaneous luminosity and a factor 50 in integrated
luminosity, as well as increase the physics reach per fb−1. Since the start of the data taking in 2019,
Belle II has collected 575 fb−1; however, in the analyses presented here, only the first 428 fb−1

collected until 2022 have been used.
Since the 𝑒+𝑒− → 𝑐𝑐 cross section is slightly larger than that for 𝑒+𝑒− → Υ(4𝑆), both

datasets contain a large number of events with charmed hadrons. Also, the Belle and Belle II
collaborations have joined, allowing exploitation of the Belle dataset to improve the precision of
those measurements that are most statistically limited.

2. Recent results

Mixing parameters from 𝐷0 → 𝐾0
S 𝜋
+𝜋− [14] We measure the mixing parameters 𝑥 = Δ𝑀/Γ

and 𝑦 = ΔΓ/(2Γ), where Δ𝑀 and ΔΓ are the mass and decay width differences between the
mass eigenstates of the neutral 𝐷 meson, and Γ is the average decay width. To avoid model
dependencies, we subdivide the Dalitz plot of the 𝐷0 decay in eight bin pairs symmetric with
respect to the 𝑀 (𝐾0

S 𝜋
+) = 𝑀 (𝐾0

S 𝜋
−) diagonal, so that the difference in 𝐶𝑃-conserving phase Δ𝛿

between symmetric points is approximately constant within each bin (see Figure 1), and we measure
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the time-dependent𝐶𝑃 asymmetry in each bin [15]. We use BESIII measurements [16] to determine
Δ𝛿 as a function of the position in the Dalitz plot.

Figure 1: Dalitz plot binning used for the mixing measurement [14, 15].

We tag the flavor of the 𝐷0 candidates by reconstructing the flavor-conserving 𝐷∗+ → 𝐷0𝜋+

(𝐷∗− → 𝐷0𝜋−) decay: this limits the efficiency (only 25% of the 𝐷0 mesons are produced in
the 𝐷∗+ decay), but has negligible mis-tag rate. We consider two background components: pure
combinatorial, and correctly-reconstructed 𝐷0 with random tag pion. We measure their size and
shapes by fitting the distribution of the 𝐷0 invariant mass and the energy released by the 𝐷∗+ decay.

We then fit the distribution of the decay time and its uncertainty simultaneously in each Dalitz
plot bin, using the previous results to subtract background, and thus measure the time-dependent
asymmetry. We perform the measurement on the Belle and Belle II datasets, then combine the
results. Assuming 𝐶𝑃 conservation, we measure the mixing parameters to be

𝑥 = (4.0 ± 1.7(stat) ± 0.4(syst)) × 10−3, 𝑦 = (2.9 ± 1.4(stat) ± 0.3(syst)) × 10−3. (1)

This is the first model-independent measurement at a 𝐵-factory experiment. It improves the
precision of the previous model-dependent determination by Belle [17] by 20% for 𝑥 and 14% for
𝑦. While not world-leading, it provides additional information to improve the world average [4].

A𝐶𝑃 in 𝐷0 → 𝐾0
S𝐾

0
S [18, 19] We measure this time-integrated 𝐶𝑃 asymmetry with two different

flavor tagging techniques. In the first analysis, we reconstruct the 𝐷∗+ → 𝐷0𝜋+ decay. In the
second, we use the charm flavor tagger (CFT) [20], a novel tool developed at Belle II and based on
a boosted decision tree (BDT) exploiting information about the particles not used to reconstruct the
signal 𝐷0: such particles are related to the other charmed hadron produced in the collision. This
method is able to tag almost all reconstructed 𝐷0 mesons, but with a non-negligible mis-tag rate.

The main backgrounds for this measurement are 𝐷0 → 𝐾0
S 𝜋
+𝜋− decays. To suppress them,

we exploit the long 𝐾0
S lifetime. We define

𝑆min = log min(𝐿1/𝜎1, 𝐿2/𝜎2), (2)

where 𝐿𝑖 are the measured flight distances of the two 𝐾0
S and 𝜎𝑖 are their uncertainties.
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Figure 2: Fit variables distributions of the 𝐷∗+-tagged 𝐷0 → 𝐾0
S𝐾

0
S A𝐶𝑃 measurement (Belle II data).

In the 𝐷∗+-tagged analysis, we fit the distributions of the 𝐷∗+ mass and 𝑆min to extract the
asymmetry. As shown in Figure 2, the former helps to discriminate the non-peaking background,
while the latter discriminates 𝐷0 → 𝐾0

S 𝜋
+𝜋− decays (which, unlike signal, peak at low values).

We then use a control sample of 𝐷0 → 𝐾+𝐾− decays to estimate and subtract experimental
contributions to the asymmetry. These are the production forward-backward asymmetry due to 𝛾–
𝑍0 interference in 𝑒+𝑒− → 𝑐𝑐 [21] and the intrinsic asymmetries of the detection and reconstruction
efficiency. There are no asymmetries from the production of 𝐷 mesons from 𝐵meson decays, since
such 𝐷 mesons are rejected with a kinematic selection: this applies to all measurements here.

In the CFT-based measurement, we instead use 𝑆min and an additional BDT to suppress
backgrounds. Then, we fit the 𝐷0 mass and the CFT output (Figure 3) to extract the asymmetry.
In this case, we assign a systematic uncertainty for the production asymmetry, and correct for
detection-induced asymmetries by calibrating the CFT output on a 𝐷0 → 𝐾−𝜋+ sample.

← 𝐷0 𝐷0 →

Figure 3: Fit variables distributions of the CFT-based 𝐷0 → 𝐾0
S𝐾

0
S A𝐶𝑃 measurement (Belle II data).
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We ensure that the two measurements are not correlated by removing the events used in the
𝐷∗+-tagged one from the dataset used for the CFT-based one. We repeat the measurement on the
Belle and Belle II datasets, and measure

A𝐶𝑃 (𝐷0 → 𝐾0
S𝐾

0
S ) = (−1.4 ± 1.3(stat) ± 0.1(syst))% (𝐷∗+-tagged) (3a)

A𝐶𝑃 (𝐷0 → 𝐾0
S𝐾

0
S ) = (1.3 ± 2.0(stat) ± 0.2(syst))% (CFT-based) (3b)

A𝐶𝑃 (𝐷0 → 𝐾0
S𝐾

0
S ) = (−0.6 ± 1.1(stat) ± 0.1(syst))% (combined) (3c)

The CFT-based measurement achieves less precision than the 𝐷∗+-tagged one, despite having more
than twice the sample size, because of the much larger backgrounds and the higher mis-tag rate.

A𝐶𝑃 in 𝐷+ → 𝜋+𝜋0 [22] This channel is particularly interesting because the final state has
isospin 𝐼 = 2, therefore it must be reached through Δ𝐼 = 3/2 transitions. In the SM, substantial 𝐶𝑃
violation in charm decays is only produced by the interference between tree-level amplitudes and
QCD-loop amplitudes. Since the latter only change 𝐼 by 1/2, 𝐶𝑃 violation is suppressed to well
below our current sensitivity: a non-zero measurement would indicate new physics.

Since the 𝐷 meson is charged, we do not need tagging for this analysis. However, 𝐷 mesons
produced from a 𝐷∗+ → 𝐷+𝜋0 decay have smaller backgrounds with different distributions, so we
split the samples in 𝐷∗+-tagged and non-tagged portions and fit them separately, then combine the
results. We fit the 𝐷+ mass distribution to extract the asymmetry (Figure 4).

Figure 4: Distributions of the fit variable in the two subsamples of the 𝐷+ → 𝜋+𝜋0 A𝐶𝑃 measurement.

We perform the analysis on Belle II data only. We measure A𝐶𝑃 (𝐷+ → 𝜋+𝜋0) = (−1.8 ±
0.9(stat) ± 0.1(syst))%, which is the most precise measurement to date, and a 30% improvement
on the precision of the previous Belle result [23], despite being performed on less than half the
integrated luminosity. This shows the improvement of the Belle II detector over its predecessors.

A𝐶𝑃 in 𝐷0 → 𝜋0𝜋0 [24] This mode is related to 𝐷+ → 𝜋+𝜋0 and 𝐷0 → 𝜋+𝜋− by the isospin
sum rule [25]

𝑅 =
𝑎dir(𝐷0 → 𝜋+𝜋−)

1 + 𝜏
𝐷0
B+−

(
B00
𝜏
𝐷0
− 2

3
B+0
𝜏𝐷+

) + 𝑎dir(𝐷0 → 𝜋0𝜋0)

1 + 𝜏
𝐷0
B00

(
B+−
𝜏
𝐷0
− 2

3
B+0
𝜏𝐷+

) + 𝑎dir(𝐷+ → 𝜋+𝜋0)

1 − 3
2
𝜏𝐷+
B+0

(
B00
𝜏
𝐷0
+ B+−

𝜏
𝐷0

) , (4)
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where 𝑎dir is the direct 𝐶𝑃 asymmetry, 𝜏𝐷𝑥 is the 𝐷𝑥 meson lifetime, and B𝑥𝑦 is the 𝐷 → 𝜋𝑥𝜋𝑦

branching fraction. This rule helps to constrain the origin of the 𝐶𝑃 violation observed in 𝐷0 →
𝜋+𝜋−: if 𝑅 ≠ 0, 𝐶𝑃 violation arises in Δ𝐼 = 1/2 transitions as predicted by the SM, while 𝑅 = 0
would imply that 𝐶𝑃 violation arises in Δ𝐼 = 3/2 transitions, which is not possible in the SM.

We use the 𝐷∗+ tagging method for this analysis. We use a BDT to suppress the large
combinatorial background due to low-energy photons. We fit the distribution of the 𝐷0 mass and
Δ𝑀 (the mass difference between 𝐷∗+ and 𝐷0) to extract the asymmetry: this allows discrimination
of the signal against the combinatorial background and the peaking 𝐷0 → 𝐾0

S 𝜋
0 background

(Figure 5).

Figure 5: Distributions of the fit variables of the 𝐷0 → 𝜋0𝜋0 A𝐶𝑃 measurement.

To cancel the production asymmetry, which is an odd function of the cosine of the collision-
frame polar angle of the 𝐷 meson cos 𝜃CM, we split the sample in two bins (forward and backward),
measure the raw asymmetry (asymmetry of the observed yields) in each bin, and compute the
arithmetic average to cancel the odd contribution. Detection asymmetries are almost entirely due to
the tag pion: we measure this asymmetry by reconstructing a 𝐷∗+-tagged and an untagged samples
of 𝐷0 → 𝐾−𝜋+ decays. We have

Atagged
raw = A𝐶𝑃 (𝐷0 → 𝐾−𝜋+) + Aprod + A𝜀 (𝐷0 → 𝐾−𝜋+) + A𝜀 (𝜋tag), (5a)

Auntagged
raw = A𝐶𝑃 (𝐷0 → 𝐾−𝜋+) + Aprod + A𝜀 (𝐷0 → 𝐾−𝜋+), (5b)

where Araw is the raw asymmetry, Aprod is the production asymmetry, and A𝜀 is the detection
asymmetry. We obtain the tag pion detection asymmetry A𝜀 (𝜋tag), which does not depend on the
𝐷0 decay channel, as Atagged

raw − Auntagged
raw , and use it to correct the signal channel measurement.

We perform this analysis on Belle II data only, and obtain

A𝐶𝑃 (𝐷0 → 𝜋0𝜋0) = (0.30 ± 0.72(stat) ± 0.20(syst))%, (6)

which is 15% less precise than the Belle measurement [26], but using less than half the integrated
luminosity. Additionally, it improves the precision of the world average of the sum rule 𝑅 by 20%:

𝑅 = (1.5 ± 2.5) × 10−3. (7)

A𝐶𝑃 in 𝐷0 → 𝜋+𝜋−𝜋0 [27] Since this decay mode is dominated by𝐶𝑃-even 𝜌±𝜋∓ and 𝜌0𝜋0 final
states, we perform a Dalitz-plot integrated measurement of the 𝐶𝑃 asymmetry. This measurement

6
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also benefits from the relatively-large branching fraction of the channel, around 1.5%, i.e. ten times
more than the dipion modes.

We use a similar strategy as for the 𝐷0 → 𝜋0𝜋0 measurement. We use 𝐷∗+ tagging. We fit
the distribution of 𝐷0 mass and Δ𝑀 (Figure 6) to discriminate the signal from the combinatorial
and peaking 𝐷0 → 𝐾−𝜋+𝜋0 backgrounds. Large backgrounds are present because we relaxed the
selection criteria (compared to previous 𝐵-factory measurements) to increase the sample size.

Figure 6: Distributions of the fit variables of the 𝐷0 → 𝜋+𝜋−𝜋0 A𝐶𝑃 measurement.

We split the sample in eight cos 𝜃CM bins to better model the components. The bins are
symmetric with respect to cos 𝜃CM = 0 to allow cancellation of the production asymmetry by
computing the arithmetic average of the asymmetries of each bin pair. We correct the detection
asymmetries, which we assume to be entirely due to the tag pion, using the 𝐷0 → 𝐾−𝜋+ control
channel as done for 𝐷0 → 𝜋0𝜋0.

We perform this measurement with Belle II data only and obtain

A𝐶𝑃 (𝐷0 → 𝜋+𝜋−𝜋0) = (0.29 ± 0.27(stat) ± 0.13(syst))%, (8)

which is compatible with 𝐶𝑃 symmetry and previous measurements. This measurement is 34%
more precise than the world’s best, performed by the BABAR collaboration with about 10% less
integrated luminosity [28]. This result was shown at this conference for the first time.

3. Conclusion

In these proceedings we show the latest 𝐶𝑃 violation and mixing measurements with 𝐷 meson
decays at Belle and Belle II. They include two world’s best determinations, a significant contribution
to the world average of the 𝐷 → 𝜋𝜋 isospin sum rule, and the first model-independent 𝐷0–𝐷0

mixing measurement at a 𝐵 factory.
Belle II has strong potential for charm measurements, especially when neutrals are present in

the final state. Most of the measurements are statistically-limited, therefore their precision will
naturally improve as the data taking progresses. Many systematic uncertainties will also improve
with increased sample size; and many were estimated conservatively due to their small size compared
to the statistical uncertainty, and can likely be improved once they become limiting. Additionally, a
Dalitz-dependent𝐶𝑃 asymmetry measurement in 𝐷0 → 𝜋+𝜋−𝜋0 is being considered for the future,
and many measurements with charmed baryons are currently in preparation.
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