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1. Introduction

The charm sector offers potential to search for physics beyond the Standard Model (SM).
Charm is the only up-type quark to exhibit mixing, however this mixing is heavily suppressed.
Charge-parity violation (CPV) in charm is also suppressed. Belle [1] and BaBar [2] reported the
first evidence of charm mixing in 2007 but CPV observation took an additional decade until LHCb
achieved this milestone in 2019 [3]. The Belle II experiment provides excellent opportunities to
perform charm measurements as large samples of B and D decays (6.5× 1010 pairs of b and c) will
be collected with the planned integrated luminosity of 50 ab−1. The LHCb at the CERN will collect
even more, but Belle II has other advantages such as the lower backgrounds from e+e− collisions,
excellent reconstruction of neutral particles (π0, γ and η) and, acceptance and trigger criteria that
introduce much less bias on lifetime and kinematic properties. The missing energy and missing
mass based analysis [9] are also straightforward as the initial state energy and momentum are known
in Belle II. The core of Belle II charm physics program will be focused on charm decays with π0 in
their final states.

2. SuperKEKB and Belle II Detector

SuperKEKB, located at KEK, Tsukuba, Japan, collides e+ and e− with asymmetric energies
at centre-of-mass energy of 10.58 GeV, the mass of Υ(4S) resonance. This second generation B-
factory is expected to deliver about ∼30 times higher instantaneous luminosity (6.5×1035 cm−2s−1)
as compared to its previous generation KEKB, mostly due to reduction in the the beam size (nano-
beam scheme) by a factor 20 and an increase in currents by factor 2. In June 2021, SuperKEKB
achieved the world record instantaneous luminosity of 3.1 × 1034 cm−2s−1.
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Figure 1: Schematic of the Belle II detector.
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The Belle II detector, shown in Figure 1, is the next-generation successor to the Belle detector,
equipped with major upgrades to deal with higher background levels and pile-up expected with the
high luminosity environment of SuperKEKB. The interaction point of Belle II is surrounded by a
beam pipe with a diameter of 2 cm. Around the beam pipe are a vertex silicon-pixel detector for
precise decay vertex reconstruction and four layers of double-sided silicon vertex detector (SVD)
for tracking and vertex reconstruction. The SVD is also used in particle identification (PID) based
on specific ionization energy loss (dE/dx). The central drift chamber has 56 measurement-layers
immersed in a 50:50 mixture of helium and ethane. It is the main tracking detector and provides PID
via dE/dx. The time-of-propagation (TOP) counter, based on a Cherenkov device in the central
barrel region, is the main PID detector and provides excellent K-π separation. The TOP PID is
complemented by the ARICH, a aerogel-based proximity focusing ring-imaging Cherenkov system
in the forward end-cap region. The electromagnetic calorimeter, based on Belle’s CsI(Tl) crystal
calorimeter, but with new front-end electronics and waveform fitting algorithm, is used for electron
and photon reconstruction. Finally, an improved KL and µ detector, composed of layers of iron
sandwiched with resistive plate chamber or plastic scintillator, is used for identification of µ and
KL . In addition to the detector upgrades, the trigger, data acquisition system and computing are
also upgraded to deal with the higher event rate in Belle II.

3. Charm measurements at Belle II

A large part of the Belle II charm physics program aims at high-precision measurements
of time-integrated CPV, charm mixing and mixing-induced CPV. The major improvement comes
from the new vertex detector; it provides D0 decay time resolution twice as better than Belle and
BaBar [7]. This resolution improvement will benefit time-dependent analyses of charm mixing and
indirect CPV. The other upgrades are also expected to improve the overall performance, yielding
improved tracking efficiency, good PID even with higher beam background, and improved Ks

efficiency. As of June 4, 2021, the Belle II experiment collected 176 fb−1 of data and current charm
measurements with a subset of these data are focused on performance studies.

3.1 D0 and D+ lifetime measurements

Belle II reports the most precise measurements of the D0 and D+ lifetimes using D∗+ → D0(→

K−π+)π+ and D∗+ → D+(→ K−π+π+)π0 decays [4]. The D0 and D+ reconstruction and selection
of signal candidates are first optimzed with simulations and then analyses are performed on a data
set with integrated luminosity of 72 fb−1. In both analyses, a vertex fit [5] is performed on the global
decay-chain, which constrains the tracks according to the decay topology and the D∗+ candidate
to originate from the interaction region. A π0-mass constraint is additionally applied in the D+

decay-chain fit. The charmed mesons originating from decays of bottom mesons are suppressed
by requiring the D∗+ momentum threshold of 2.5(2.6) GeV/c in the D0(D+) analysis. Finally, in
events with multiple D∗+ candidates, a randomly selected candidate is retained. Background in the
D0 signal region is at the per-mille level and about 9% in the D+ signal region, they arise from mis-
reconstructed charmed decays and combinatorics from random tracks. The lifetime is then extracted
with a likelihood fit to the unbinned distributions of the lifetime and its uncertainty. The background
contribution is neglected in D0 decay-time fits and a systematic uncertainty is assigned whereas
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the background is modeled using sidebands in D+ decay-time fits. The decay-time distributions
with fit projections are shown in Figure 2. The results, τ(D0) = 410.5 ± 1.1(stat) ± 0.8(syst) fs and
τ(D+) = 1030.4 ± 4.7(stat) ± 3.1(syst) fs, are the world’s most accurate measurements and agree
with previous measurements. The systematic uncertainties arise from the sources listed in Table 1.
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Figure 2: Decay-time distributions of D0 →

K−π+(top) and D+ → K−π+π+(bottom) candidates.

Source τ(D0) [fs] τ(D+) [fs]
Resolution model 0.16 0.39
Backgrounds 0.24 2.52
Detector alignment 0.72 1.70
Momentum scale 0.19 0.48
Total 0.80 3.10

Table 1: Systematic uncertainties [4].

3.2 D0-D0 mixing and indirect CPV measurements

The excellent D0 decay-time resolution reported by Belle II [4] will benefit precision measure-
ments of mixing parameters (x = ∆M/Γ, y = ∆Γ/2Γ)1 and CPV parameters (|q/p|, arg(q/p) = φ).
A sensitivity estimation based on simulated D0 → K−π+ [9] decay shows a significant improvement
in precision compared to Belle and BaBar.

FIG. 1: �M peak for the decay D⇤+ ! D0 (⇡+⇡�⇡0) ⇡+
s in 72 fb�1 of early Belle II data. The yield

fit and its signal (double Gaussian) and background (threshold function) components are overlaid.

�2/d.o.f. = 1.27, and the raw yield estimate is Nsig,fit/ fb�1 = 326.5 ± 4.2. Estimating the e↵ect

from the peaking background using MC, the final yield is estimated to be Nsig/ fb�1 = 305 ± 15.
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Fig. 1: Unbinned maximum likelihood 2D fit which is performed with (a)M(KS⇡
0) and

(b)�M(M(KS⇡
0⇡+) - M(KS⇡

0)). To fit the signal component, sum of two gaussian and bifur-

cated gaussian functions is used for M(KS⇡
0), whereas sum of gaussian and bifurcated gaussian

functions is used for �M distribution.

Exponential and threshold functions are used to fit a combinatorial background component in

M(KS⇡
0) and �M, respectively.

Peaking(in M(KS⇡
0)) background which is due to the combination of real D0 candidates and fake

soft pion(⇡s) candidates is fitted by using sum of two gaussian and bifurcated gaussian functions

in M(KS⇡
0) whereas this background contribution is fitted with threshold function in �M.

The signal, combinatorial background and random ⇡s background are shown with red dashed,

green dotted and purple dashed lines, respectively.

Observed yield for D⇤+ ! D0⇡+
s , D0 ! KS⇡

0 with Belle II data corresponding to an integrated

luminosity 34.6 fb�1 is 16800 ± 150, where uncertainty is only statistical. Details about this study

are reported in the internal document BELLE2-NOTE-PH-2020-037.
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Figure 1: Distribution of the di↵erence between the D⇤+ and D0 masses (�m) of D⇤+ !
D0(! K0

SK
0
S )⇡+ candidates reconstructed in the data collected by Belle II during 2019

and the first half of 2020, and corresponding to an integrated luminosity of 37.8 fb�1, with
fit projection overlaid. The �m distribution is only for candidates populating the signal
region 1.845 < m(K0

SK
0
S ) < 1.885 GeV/c2. The signal yield per integrated luminosity is

consistent with that observed by Belle; the �m peak resolution and the signal purity are
better than those observed by Belle [1].
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and corresponding to 9.6 fb�1 of integrated luminosity. A fit to the 2D distribution of3

M(D0) and Q = M(D⇤+) � M(D0) � m⇡+ , displayed in Figure 1, gives a yield per fb�1
4

of 1230 ± 15 (stat.). The purity (98.3%) in the signal region is higher than at Belle5

(95.5%) because of the improved Q resolution. In addition, a fit to the D0 decay-time6

distribution, shown in Figure 2, returns a lifetime of 408 ± 5 (stat.) fs, in agreement with7

the world-average value (410.1 ± 1.5 fs). The average decay-time resolution is estimated8

to be approximately 145 fs, a factor of about two better than Belle. The Dalitz-plot9

distributions of the data are also displayed in Figure 3, where m2
+ indicates M2(K0

S⇡
+)10

for D0 decays and M2(K0
S⇡

�) for D0 decays, while m2
� indicates M2(K0

S⇡
�) for D0 decays11

and M2(K0
S⇡

+) for D0 decays. Besides, m2
⇡⇡ is an abbreviation for M2(⇡+⇡�), while ✓⇡⇡12

is the helicity angle, indicating the angle between ⇡�(⇡+) and K0
S momenta in ⇡+⇡�-rest13

frame in D0 (D0) decays.14
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Figure 1: Distributions of (left) M(D0) and (right) Q = M(D⇤+) � M(D0) � m⇡+ for
D0 ! K0

S⇡
+⇡� data candidates populating the Q and M(D0) signal regions, respectively,

with fit projection overlaid.
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Figure 1: Measured ratios (with statistical-only uncertainties) of wrong-sign (WS) to
right-sign (RS) decay yields using data collected by Belle II during 2019 and the first half
of 2020, and corresponding to an integrated luminosity of 37.8 fb�1, in comparison with
the corresponding world-average ratios of branching fractions from the PDG. For each
decay mode, the wrong-sign (WS) and right-sign (RS) e�ciencies are assumed to be the
same.

1

Figure 3: The wrong-sign (WS) to right-sign (RS) ratio for WS D0 decays (left) and D0 mass M (middle)
and Q resolution (right) distributions for D0→Ksπ

+π− decay.

Ongoing Belle II measurements of wrong-sign D0 decays and the Dalitz analysis of D0→

Ksπ
+π− are at preliminary stage due to limited sample size. In the wrong-sign D0 decays analysis,

1∆M and ∆Γ are mass and decay width difference of the CP-even and CP-odd eigenstate
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several ratios of wrong-sign (WS) to right-sign (RS) decay yields (with statistical uncertainties only)
are measured using an integrated luminosity of 37.8 fb−1. The results are illustrated in Figure 3
(left) and are compatible with the world-average ratios. The Dalitz analysis of D0→Ksπ

+π− shows
good reconstruction performance and a twice better Q ( = M(D∗+) − M(D0) − mπ+) resolution as
compared to the Belle measurement. The results are obtained with an integrated luminosity of 9.6
fb−1 and illustrated in Figure 3 (middle and right).

3.3 Time integrated CPV measurements

The excellent reconstruction efficiency and small detector-induced asymmetries makes Belle
II an ideal experiment for searching for time-integrated CPV in charm decays ACP = [Γ(D

0) −

Γ(D̄0)]/[Γ(D0) + Γ(D̄0)]. Table 2 shows the ACP measurements for various decays by the Belle
experiment and their projections in Belle II with the target luminosity of 50 ab−1. In projections,
uncertainties are estimated using the equation σBelle II =

√
(σ2

stat + σ
2
syst) · (LBelle/50ab−1) + σ2

irred.

Mode L (fb−1) ACP (%) Belle II 50 ab−1

D0→K+K− 976 −0.32 ± 0.21 ± 0.09 ±0.03
D0→π+π− 976 +0.55 ± 0.36 ± 0.09 ±0.05
D0→π0π0 966 −0.03 ± 0.64 ± 0.10 ±0.09
D0→K0

S
π0 966 −0.21 ± 0.16 ± 0.07 ±0.02

D0→K0
S

K0
S

921 −0.02 ± 1.53 ± 0.02 ± 0.17 ±0.23
D0→K0

S
η 791 +0.54 ± 0.51 ± 0.16 ±0.07

D0→K0
S
η′ 791 +0.98 ± 0.67 ± 0.14 ±0.09

D0→π+π−π0 532 +0.43 ± 1.30 ±0.13
D0→K+π−π0 281 −0.60 ± 5.30 ±0.40
D0→K+π−π+π− 281 −1.80 ± 4.40 ±0.33
D+→φπ+ 955 +0.51 ± 0.28 ± 0.05 ±0.04
D+→π+π0 921 +2.31 ± 1.24 ± 0.23 ±0.17
D+→ηπ+ 791 +1.74 ± 1.13 ± 0.19 ±0.14
D+→η′π+ 791 −0.12 ± 1.12 ± 0.17 ±0.14
D+→K0

S
π+ 977 −0.36 ± 0.09 ± 0.07 ±0.03

D+→K0
S

K+ 977 −0.25 ± 0.28 ± 0.14 ±0.05
D+s→K0

S
π+ 673 +5.45 ± 2.50 ± 0.33 ±0.29

D+s→K0
S

K+ 673 +0.12 ± 0.36 ± 0.22 ±0.05

Table 2: Time-integrated (direct)CP asymmetries measured by Belle, and the precision expected for Belle II
with 50 ab−1 of data (reproduced from [9]).

The statistical uncertainties (σstat) are scaled with the luminosity ratio. The systematic un-
certainties (σsyts) that scale with sample-size, such as background shapes are also scaled with the
luminosity ratio whereas the irreducible ones, such as those from decay time resolution due to
detector misalignment are unchanged. Figure 4 shows ∆M distributions, the mass difference be-
tween D∗+ and D0, from ongoing charm measurements at Belle II. The results, even with current
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statistics not only show very good reconstruction performance but also their resolution, background
and signal yield are comparable or better than in Belle measurements [8].

FIG. 1: �M peak for the decay D⇤+ ! D0 (⇡+⇡�⇡0) ⇡+
s in 72 fb�1 of early Belle II data. The yield

fit and its signal (double Gaussian) and background (threshold function) components are overlaid.

�2/d.o.f. = 1.27, and the raw yield estimate is Nsig,fit/ fb�1 = 326.5 ± 4.2. Estimating the e↵ect

from the peaking background using MC, the final yield is estimated to be Nsig/ fb�1 = 305 ± 15.
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Fig. 1: Unbinned maximum likelihood 2D fit which is performed with (a)M(KS⇡
0) and

(b)�M(M(KS⇡
0⇡+) - M(KS⇡

0)). To fit the signal component, sum of two gaussian and bifur-

cated gaussian functions is used for M(KS⇡
0), whereas sum of gaussian and bifurcated gaussian

functions is used for �M distribution.

Exponential and threshold functions are used to fit a combinatorial background component in

M(KS⇡
0) and �M, respectively.

Peaking(in M(KS⇡
0)) background which is due to the combination of real D0 candidates and fake

soft pion(⇡s) candidates is fitted by using sum of two gaussian and bifurcated gaussian functions

in M(KS⇡
0) whereas this background contribution is fitted with threshold function in �M.

The signal, combinatorial background and random ⇡s background are shown with red dashed,

green dotted and purple dashed lines, respectively.

Observed yield for D⇤+ ! D0⇡+
s , D0 ! KS⇡

0 with Belle II data corresponding to an integrated

luminosity 34.6 fb�1 is 16800 ± 150, where uncertainty is only statistical. Details about this study

are reported in the internal document BELLE2-NOTE-PH-2020-037.
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S ) < 1.885 GeV/c2. The signal yield per integrated luminosity is

consistent with that observed by Belle; the �m peak resolution and the signal purity are
better than those observed by Belle [1].
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Figure 1: Measured ratios (with statistical-only uncertainties) of wrong-sign (WS) to
right-sign (RS) decay yields using data collected by Belle II during 2019 and the first half
of 2020, and corresponding to an integrated luminosity of 37.8 fb�1, in comparison with
the corresponding world-average ratios of branching fractions from the PDG. For each
decay mode, the wrong-sign (WS) and right-sign (RS) e�ciencies are assumed to be the
same.

1

Figure 4: ∆M distributions for D∗+ → D0(→ K0
s π

0)π+ (left), D∗+ → D0(→ π+π−π0)π+ (middle) and
D∗+→D0(→K0

s K0
s )π
+ (right) decays.

4. Summary

Thanks to the extraordinary efforts of colleagues stationed at Tsukuba, Japan, which ensured
smooth operation ofBelle II and SuperKEKBduring theCovid-19 pandemic, theBelle II experiment
recorded more than 176 fb−1 of integrated luminosity as of June 4, 2020. The goal is to collect
50 ab−1 by 2030. The recent Belle II results on the lifetime measurement of D0 and D+ are the
world’s best. The other ongoing charm measurements, even with modest sample size, show good
reconstruction performance and are also comparable with previous Belle measurements. This is
just the beginning of a broad charm program at Belle II, which yields many opportunities with the
larger data set.
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