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1. Introduction

Belle II is an experiment where 7 GeV e− beam collide with 4 GeV e+ beam, at the Su-
perKEKB collider, in KEK, Japan. As a predecessor of Belle II, the Belle experiment has collected
e+e− collision data with an integrated luminosity Lint = 1039 fb−1 and contributed significantly
to understanding flavor physics in B, charm and τ systems, and especially observing CP violation
in B mesons [1].

Even with a great success of Belle (and BaBar, too), however, our understanding of matter-
antimatter asymmetry in Universe is still far from complete. Moreover, there are several questions
remaining unanswered in the flavor sector of particle physics. For instance, recently B-factory
experiments such as Belle, BaBar, and LHCb have reported several puzzling results including the
so-called R(D(∗)) and RK(∗) anomalies. In order to tackle these questions, Belle II experiment has
been built and started taking collision data since 2018.

One of the important questions for Belle II is the CP violation in the charm sector. In the Stan-
dard Model (SM), charm CP violation is expected to be very small, O(10−2− 10−3). Therefore,
observation of charm CP violation beyond this range can be a clear signal of new physics (NP)
beyond the SM. In this talk, we present the efforts by Belle II in the studies of charm CP violation,
trying to reduce the systematic uncertainties and to increase an effective sample size. The main
features of Belle II along with its initial performances will be discussed in Section 2. Then in Sec-
tion 3, studies of time-integrated charm CP violations are discussed, while Section 4 describes the
efforts for time-dependent charm CP violation measurements.

2. Improvements of Belle II over Belle

2.1 Detector performance

The design goal of peak instantaneous luminosity for Belle II is L = 8×1035 cm−2s−1, with
the target Lint = 50 ab−1, which are approximately 40 and 50 times that of Belle, respectively.
To cope with the high luminosity environment and high event rate, many parts of the Belle II
detector are upgraded. For example, vertex measurements have been significantly improved with
the innermost two-layers of pixel detector surrounded by four layers of silicon strip detectors.
Charged hadron identification is also much improved with the newly installed imaging-Time-of-
Propagation detector. The improved performance of Belle II has been confirmed with the data from
the initial operations (Phase 2 in 2018, and Phase 3 in 2019). Figure 1 shows the measurement of
D0 lifetime using the D∗+ → D0π+ decays. The measured value τD0 = 370± 40 fs is consistent
with the world-average value, 410 fs [2].

2.2 Flavor tagging

In case a D meson decay final state is a CP eigenstate, e.g. D0→ K+K−, it is necessary to tag
the flavor of the parent D meson in order to study the CP asymmetry. Moreover, flavor tagging can
result in cleaning up the signal D meson candidates, by removing combinatorial background. At
Belle II, we adopt two methods for D0 meson tagging: (i) conventional D∗ tagging (the so called
“golden method”), and (ii) Rest-of-event (ROE) tagging.
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Figure 1: [Left] Invariant mass distribution of the D0 candidates tagged by D∗+ decay; [Right] Decay time
distribution of the D0 candidates.

The conventional D∗ tagging uses the decay chain D∗+ → D0π+
s and we use the variables

M(D0), the invariant mass of the reconstructed D0 candidate, and ∆M, the mass difference of the
reconstructed D∗+ and the D0. ∆M resolution determined from Belle II Monte Carlo (MC) sample
is ∼ 180 keV/c2 which is better than that of Belle by a factor of two.

Of the D0 mesons produced in the process e+e−→ cc̄, only 1/4 arise from D∗+ decays, while
40% are produced directly in fragmentation, and the remaining portion is from D∗0 decays [3]. In
other words, the non-D∗+ source contributes 3 times more D0 mesons than those from D∗+ decays.
The ROE tagging is devised to increase the number of tagged D0 candidates for CP asymmetry
study. Figure 2 shows the schematic diagram displayig the principle of the ROE tagging. Once
a D0 candidate is reconstructed, the rest of the event (hence the name ‘ROE’) is inspected. Only
events with a single K± in the ROE are selected. Flavor of the signal D0 is determined by the
charge of the kaon: a K+ in the ROE tags the signal side as a D0, while a K− tags a D0. With a
typical criteria being applied, the ROE tag results in the efficiency ε = 80% and the wrong tagging
rate w = 13.3%, thus resulting in the effective tagging efficiency QROE = 20.1% [3]. While this
seems low compared to nearly 80% effective tagging efficiency of the D∗+ tagging (QD∗), the lower
efficiency is compensated by the higher production rate.

The impact of ROE tagging on the measurement of CP asymmetry (ACP) is estimated by
Belle II MC samples. Let α be the ratio of the statistical uncertainty σROE

ACP
of ACP with the ROE

tag, with respect to that of the D∗ tag, σD∗
ACP

:

α ≡
σROE

ACP

σD∗
ACP

=

√
1
3

QD∗

QROE

ρD∗

ρROE
,

where the factor 1/3 is the production ratio, and ρD∗ and ρROE are the purity of the ROE- and D∗-
tagged samples, respectively. We take ρD∗/ρROE≈ 1.4, as determined for the BaBar experiment [4].
Given α , the significance σ c

ACP
, for the case when both ROE and D∗ tagging are combined, can be

calculated as σ c
ACP

= (α/
√

1+α2)σD∗
ACP

. Figure 3 shows the trend of σ c
ACP

/σD∗
ACP

as a function of
ρD∗/ρROE [3]. We see that roughly a 15% improvement in the σ c

ACP
is expected.
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Figure 2: The conceptual diagram of the ROE tagging method. The events with a single K± in the ROE are
selected, and the flavor of the neutral D meson is determined by the charge of the kaon.

Figure 3: The trend of σ c
ACP

/σD∗
ACP

as a function of ρD∗/ρROE. The vertical dotted line corresponds to
ρD∗/ρROE = 1.4 [4]. Criteria A-C are explained in Ref. [3].

3. Time-integrated charm CP violation

The time-integrated CP asymmetry ACP of a charm meson (D0 or D+) decaying to a final state
f is defined as

ACP ≡
B(D→ f )−B(D→ f )
B(D→ f )+B(D→ f )

.

If the final state f is flavor-specific, the decay is ‘self-tagged’, and no tagging is necessary. Other-
wise, the aforementioned tagging algorithms (ROE or D∗ tagging) should be used. To determine
ACP, however, one should first measure the raw asymmetry Araw:

Araw ≡
N(D→ f )−N(D→ f )
N(D→ f )+N(D→ f )

.

The raw asymmetry is then corrected for D production asymmetry (AD) and the efficiency asymme-
try (Aε ): Araw = AD +Aε +ACP. The asymmetry AD, arising from the forward-backward asymme-
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try of D production (AD
FB) can be determined by AD

FB = [Acorr
raw (cosθ ∗)−Acorr

raw (−cosθ ∗)]/2, while
ACP is independent of cosθ ∗, hence ACP = [Acorr

raw (cosθ ∗)+Acorr
raw (−cosθ ∗)]/2. Acorr

raw is the raw
asymmetry after being corrected for Aε . The latter is determined with enough precision by using
Cabibbo-favored decays, assuming no CP violation therein.

In this section and the next, we show the prospects in ACP measurements of D mesons with the
target 50 ab−1 of Belle II. The existing Belle results will be extrapolated for reducible systematic
uncertainties (σred) as well as the statistical error (σstat). The irreducible systematic errors, such as
those due to asymmetric K0 vs. K0 interactions in detector materials and intrinsic CP violations in
the K0 mesons, etc., are combined separately.

σBelle II =

√(
σ2

stat +σ2
red

)2 L int
Belle

50 ab−1 +σ2
irred , (3.1)

where L int
Belle is the integrated luminosity recorded by Belle. In this extrapolation, in the remaining

part of this talk, we do not include the effects of detector improvement or ROE tagging.

3.1 ACP(D0→V γ)

In the SM, D0→V γ decays are dominated by long-distance effects, hence providing an excel-
lent test for strong interaction theory [5]. The SM expectations for ACP(D0→V γ) are of the order
of 10−3, but new physics beyond the SM may enhance it to O(10−2) [6]. Moreover, there is a re-
cent suggestion that measuring the photon polarization in the time-dependent analysis of radiative
charm meson decays can test the SM [8]. Recently Belle has measured the D0→ V γ decays [7],
making the first observation of D0→ ρ0γ with B(D0→ ρ0γ) = (1.77±0.30±0.77)×10−5, and
confirming D0→ φγ and K∗0γ . The measured ACP values are consistent with zero, with statistical
errors dominating the uncertainties, for example, ACP(D0→ K∗0γ) =−0.003±0.020±0.000.

The dominant background for D0→V γ is D→V π0 where a photon from π0 decay is missed.
This causes a slight downward shift of D mass peak (see Fig. 4, left), thereby making M(D) res-
olution a crucial element of analysis. In the study based on Belle II MC, the π0 veto algorithm
performs better than that of Belle (see Fig. 4, middle). Also from Belle II MC studies, the res-
olutions for both M(D) and cosθH, the helicity angle of V decay particle, are similar to those of
Belle (see Fig. 4, right). So we can extrapolate the existing Belle results to the target luminosity of
Belle II.

Table 1 shows the expected uncertainty of ACP in D0→V γ decays, comparing the recent Belle
results [7] with the Belle II expectations, at 5, 15, and 50 ab−1 [3], respectively. The Belle II uncer-
tainties are estimated by scaling the Belle results by Eq. 3.1. Roughly O(1%) precision is expected
for ACP(D0→V γ) at Belle II, with the statistical error still dominating the total uncertainty.

3.2 ACP(D→ PP′)

The CP asymmetries predicted in the SM for D→ PP′ (P is a pseudoscalar meson such as π ,
η , K, etc.) modes are also in the O(10−3) range. Unlike D0→ V γ , however, these decays are not
an automatic probe for NP due to uncertainties in hadronic matrix elements. If several different
modes are considered together, one can use symmetries, such as flavor SU(3), to predict and test
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Figure 4: [Left] Comparison of M(D0) distribution of signal (right-most distribution) and of π0-type back-
grounds, for D0→ K∗0γ; [Middle] Efficiency vs. background rejection of π0 veto for Belle II (red) and Belle
(blue); [Right] Comparison of M(D0) of Belle II (red) and Belle (blue) MC samples, for D0→ φγ .

δACP on
Belle Belle II (stat. err.)

1 ab−1 5 ab−1 15 ab−1 50 ab−1

D0→ ρ0γ ±0.152±0.006 ±0.07 ±0.04 ±0.02
D0→ φγ ±0.006±0.001 ±0.03 ±0.02 ±0.01

D0→ K∗0γ ±0.020±0.000 ±0.01 ±0.005 ±0.003

Table 1: Comparison of ACP uncertainties of Belle measurements and Belle II expectations for various
integrated luminosity milestones, for radiative D0 decays.

a pattern among those ACP measurements. Therefore, it is essential to measure ACP in as many D
decay modes as possible for a comprehensive understanding of CP asymmetry in the charm system.

Recent measurements of CP asymmetry in D→PP′ includes, for example, ACP(D0→K+K−)=
(0.04± 0.12± 0.10)% by LHCb [9]. The measurements of the all-charged final-state modes are
dominated by LHCb, wherein the statistical and systematic errors are already comparable. For the
modes with neutral final-state particles (π0, η , η ′, K0

S , etc.), which Belle II (and Belle, BaBar,
too) can measure well, the statistical error dominates the total uncertainty as shown by the Belle
measurements below, and we expect steady improvement with accumulation of the Belle II data.

3.2.1 ACP(D0→ K0
S K0

S )

Owing to a large contribution of the exchange diagram process in D0→ K0
S K0

S , the ACP in this
decay mode can be enhanced to O(%). By means of a perturbative calculation estimating penguin
annihilation contribution in the SM, one sets an upper limit: |ACP(D0 → K0

S K0
S )| < 1.1% at 95%

confidence level [10]. Therefore, this measurement has a good potential for an early discovery of
non-zero ACP at Belle II. With a data sample of Lint = 921 fb−1, Belle has measured ACP(D0 →
K0

S K0
S ) = (−0.02± 1.53± 0.17)% [11], where the effect of intrinsic CP violation in the neutral

kaon system is subtracted. The irreducible systematic uncertainty is of the order of 0.02%. With
50ab−1 at Belle II, we expect σACP = 0.23% [3].

3.2.2 ACP(D+→ π+π0)

In the SM with an isospin symmetry, ASM
CP (D

+→ π+π0) = 0. Therefore, a non-zero measure-
ment of this can be a smoking gun for NP. With Lint = 921 fb−1 and using D+ → K0

S π+ mode
as a reference, Belle has measured ACP(D+→ π+π0) = (2.31±1.24±0.23)% [12]. Belle II MC
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study using an early version of the reconstruction software shows that the efficiency as well as the
background rejection turn out to be similar to those of Belle [3]. We may expect further improve-
ments with an updated software including a better calibration. By scaling the Belle result with the
luminosity ratio, the Belle II expectation at 50 ab−1 is σACP ≈ 0.17% for this mode.

4. Time-dependent charm CP violation

With huge charm production cross-section of high-energy pp collisions, the mixing-induced
time-dependent CP violation measurements in the all-charged final-state modes, e.g. D0(→D0

)→
K+π−, will be dominated by LHCb measurements. In this talk, we will focus on a mode where
Belle II has an advantage: D→ K0

S π+π−. Being a 3-body decay, D→ K0
S π+π− can be properly

studied by analyzing the Dalitz plot distribution. In this case, the most important irreducible sys-
tematic error arises from the Dalitz distribution modeling. In the Belle analysis using 921 fb−1 [13],
the statistical errors dominate the systematic uncertainties by a factor of (3 ∼ 5), and the mag-
nitude of reducible and irreducible systematic errors are similar in all the parameters of inter-
est: x, y, |q/p|, and arg(q/p). Extrapolating to 50 ab−1, the Belle II expects that the total un-
certainties will be highly dominated by the irreducible systematic error (the values within the
parenthesis are for irreducible systematic error): σx ≈ 0.11% (0.11%), σy ≈ 0.05% (0.04%),
σ|q/p| ≈ 7.0− 7.4% (6.7− 7.0%), σφ ≈ 4.0− 4.2◦ (3.7− 3.8◦) [3]. Consequently, one antici-
pates to use the model-independent method description, based on the measurements of the strong
phase variation across the Dalitz plane. This is currently provided by CLEO-c [14], and improved
measurements are expected from BES III [15]. Using the approach based on these measurements
will be crucial in order to reduce the systematic uncertainties of the resulting CPV parameters.

5. Conclusion

CP violation in the charm sector is a great place to probe new physics beyond the SM. Belle II
is making all-out efforts to fight the systematic uncertainties as well as effectively increasing the
sample size, e.g. by improving the tagging algorithm. With the target luminosity of 50 ab−1, many
interesting results are expected in the charm CP violation. So, please stay tuned!
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