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1. Introduction

Flavour physics plays a crucial role in the search for physics beyond the Standard Model. The
decay of � meson not only offers many measurements of the fundamental parameters of the SM
but also of rare decays and CP violation. Large datasets are needed for precise determination of
SM parameters and to be more sensitive to possible small deviations from the SM predictions. The
first generation of � factories, BaBar and Belle [1], operated for 10 years achieving substantial
results. Both experiments gave significant contributions to � physics and were able to find the
first evidence of the CP violation outside the kaon system and the experimental confirmation of the
CKM mechanism. A second generation �-factory, characterized by low-background environment
and large data samples of �, �, and g, will give exclusive advantages to its experiment w.r.t.
LHC. Belle II will be able to explore flavor physics with � meson, charmed mesons, g leptons
and quarkonium physics. Belle II has also a unique capability to search for low mass dark matter
and low mass mediators. Belle II has many advantages over LHCb such as its lower backgrounds
from 4+4− collisions, its excellent ability to reconstruct the the neutral particles (c0, W, [). The
Belle II trigger has very less bias on lifetime and kinematic properties. The missing energy and
missing mass analysis are also straightforward as the initial state energy and momentum are known
in Belle II.

2. SuperKEKB and Belle II detector

SuperKEKB is an asymmetric electron-positron collider aiming at delivering the highest in-
stantaneous luminosity ever reached (6.5 ×1035cm−2s−1) and to collect 50 ab−1 of data by the early
2030s. It collides electrons with an energy of 7 GeV and positrons with an energy of 4 GeV, leading
to a center of mass energy in the region of the Υ resonances. Most of the data is collected at the
the Υ(4() resonance that is just above the threshold for ��̄. There are two essential elements that
allow the increase of luminosity: the reduced beam size by a factor 20 and an increase in the beam
currents by a factor 1.5. However with the increase in luminosity, beam backgrounds also increases.

The Belle II detector [2] operates in a harsher environment as compared to Belle. To cope
with the high beam background and to improve the Belle II detector performance than that of Belle
performance, all the Belle II components have been substantially upgraded or new detectors are
installed. There are some substantial changes with respect to the Belle detector that will have a
relevant impact on the Belle II performance. The new tracking system, consisting of a Pixel Vertex
Detector (PXD), a Silicon strip Vertex Detector (SVD) and a Central Drift Chamber (CDC) will
contribute in vertex reconstruction improvements. A better charge track reconstruction and 3�/3G
measurement will be allowed by a larger central drift chamber. A time-of-propagation counter and
the aerogel ring-imaging Cherenkov detector are used for particle identification with a fake rate
lower than in Belle. 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. For the detection of  ! and muon,  ! and muon detector have also been upgraded.
The design choices of the Belle II detector translate into improvements on the impact parameter
resolution, increase in  B efficiency, a better  /c separation and c0 reconstruction. The schematic
of the Belle II detector is shown in Fig. 1. Data taking at Belle II started in March 2019 and by
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the summer run 2021, 213.49 fb−1 integrated luminosity has been reached with ∼ 90% data taking
efficiency.
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Figure 1: Schematic of the Belle II detector [2].

3. �0 and �+ lifetime measurements

Precise measurement of charm meson lifetime is challenging due to the contributions of
strong interaction to the decay amplitudes. Apart from that it is an important ingredient to many
theoretical calculations as well as experimental measurements. The lifetime measurement with
early Belle II data will demonstrate the excellent vertexing capability of the Belle II detector
which is essential for future analyses of decay-time-dependent measurements. Belle II reported
the most precise measurements of the �0 and �+ lifetimes using �∗+ → �0(→  −c+)c+ and
�∗+ → �+(→  −c+c+)c0 decays [4]. The �0 and �+ candidates are reconstructed using charged
tracks identified as kaons and pions. Low momentum c0 is reconstructed from two photons as,
c0 → WW. The �∗+ momentum in 4+4− centre-of-mass frame is required to be greater than 2.5(2.6)
GeV/2 to suppress �0(�+) mesons coming from � mesons. The mass of �0 and �+ candidate is
required to be 1.75 < <( −c+) < 2.0 GeV/22. The difference between the �∗+ and � candidate
masses, Δ" , must satisfy 144.94 < Δ" < 145.90 MeV/22 and 138 < Δ"<143 MeV/22 for �0

and �+ candidates, respectively. By applying these selections, �0 candidates have signal purity
of 99.8% in the signal region, defined as 1.851 < <( −c+) < 1.878 GeV/22. The signal region in
<( −c+c+) is defined as 1.855 < <( −c+c+) < 1.883 GeV/22 with a background contamination
of 9%. Mass distributions of �0 →  −c+ and �+ →  −c+c+ candidates are shown in Fig. 2.

The lifetime is extracted with a likelihood fit to the unbinned distributions of the lifetime
and its uncertainty (C, fC ). The background contribution is neglected in �0 decay-time fits and
a systematic uncertainty is assigned whereas the background is modeled using sidebands in �+

decay-time fits. The decay-time distributions with fit projections are shown in Fig. 3. The results,
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detector, respectively, are essential for charged-particle
identification. The electromagnetic calorimeter fills the
remaining volume inside a 1.5 T superconducting solenoid
and serves to reconstruct photons and electrons. A dedi-
cated system to identify K0

L mesons and muons is installed
in the outermost part of the detector. The z axis of the
laboratory frame is defined as the central axis of
the solenoid, with its positive direction determined by
the direction of the electron beam.
The simulation uses KKMC [16] to generate quark-

antiquark pairs from eþe− collisions, PYTHIA8 [17] for
hadronization, EVTGEN [18] for the decay of the generated
hadrons, and GEANT4 [19] for the detector response.
The reconstruction [20–22] and selection of the signal

candidates avoid any requirement that could bias the decay
time or introduce a variation of the efficiency as a function
of decay time, as checked in simulation. Events are first
selected by vetoing events consistent with Bhabha scatter-
ing and by requiring at least three tracks with loose upper
bounds on their impact parameters and with transverse
momenta greater than 200 MeV=c. These three tracks are
not necessarily associated with the decay modes being
reconstructed.
Candidate D0 → K−πþ decays are formed using pairs of

oppositely charged tracks. Each track must have a hit in the
first layer of the PXD, at least one hit in the SVD, at least 20
hits in the CDC, and be identified as a kaon, if negative, or
else a pion. Low-momentum pion candidates are tracks
consistent with originating from the interaction region that
are required to have hits both in the SVD and CDC. They
are combined with D0 candidates to form D"þ → D0πþ

decays. A global decay-chain vertex fit [23] constrains the
tracks according to the decay topology and constrains the
D"þ candidate to originate from the measured position of
the eþe− interaction region (IR). Only candidates with fit
χ2 probabilities larger than 0.01 are retained for further
analysis. The IR has typical dimensions of 250 μm along
the z axis and of 10 and 0.3 μm in the two directions of the
transverse plane. Its position and size vary over data taking
and are regularly measured using eþe− → μþμ− events.
The mass of the D0 candidate mðK−πþÞ must be in the
range ½1.75; 2.00& GeV=c2. The difference between the
D"þ and D0 candidate masses Δm must satisfy 144.94 <
Δm < 145.90 MeV=c2 ('3 times the Δm resolution
around the signal peak). Since the D0 is assumed to
originate from the IR, charmed mesons originating from
displaced decays of bottom mesons would bias the lifetime
measurement. They are suppressed to a negligible rate
by requiring that the momentum of the D"þ in the eþe−

center-of-mass system exceeds 2.5 GeV=c. After requiring
1.851 < mðK−πþÞ < 1.878 GeV=c2 (signal region),
multiple D"þ candidates occur in a few per mille of
the selected events. In such events, one randomly selected
candidate is retained for subsequent analysis.

The signal region contains approximately 171 × 103

candidates with a signal purity of about 99.8%, as deter-
mined from a binned least-squares fit to the mðK−πþÞ
distribution (Fig. 1). In the fit, the D0 → K−πþ signal is
modeled with the sum of two Gaussian distributions and a
Crystal Ball function [24]; misidentified decays of D0 →
πþπ− andD0 → KþK−, each modeled with a Johnson’s SU
distribution [25] with parameters determined from simu-
lation, do not enter the signal region; the remaining
background, modeled with an exponential distribution, is
dominated by candidates formed by random combinations
of particles.
The selection of the D"þ → Dþð→ K−πþπþÞπ0 candi-

dates follows similar criteria to those for the D0 mode, but
with more stringent requirements to suppress a larger
background contamination. Tracks identified as kaons or
pions are required to have a hit in the first layer of the PXD,
at least one hit in the SVD, and at least 30 hits in the CDC.
They are combined to form Dþ → K−πþπþ candidates. To
suppress backgrounds from misreconstructed charmed-
hadron decays, such as four-body hadronic or semileptonic
decays, the lower-momentum pion must have momentum
exceeding 350 MeV=c and the higher-momentum pion
must not be identified as a lepton. Candidate π0 → γγ
decays are reconstructed using photon candidates from
calorimetric energy clusters that are not associated with a
track. Each photon energy must be larger than 80, 30, or
60 MeV if detected in the forward, central, or backward
region, respectively, of the calorimeter. Neutral-pion can-
didates with masses in the range ½120; 145& MeV=c2 and
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FIG. 1. Mass distributions of (top) D0 → K−πþ and (bottom)
Dþ → K−πþπþ candidates with fit projections overlaid. The
vertical dashed and (for the bottom plot) dotted lines indicate the
signal regions and the sideband, respectively.
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Figure 2: Mass distributions of (top) �0 →  −c+ and (bottom) �+ →  −c+c+ candidates with fit
projections overlaid. The vertical dashed and (for the bottom plot) dotted lines indicate the signal regions
and the sideband, respectively [4].

g(�0) = 410.5 ± 1.1(stat.) ± 0.8(syst.)fs and g(�+) = 1030.4 ± 4.7(stat.) ± 3.1(syst)fs, are the
world’s most accurate measurements and agree with previous measurements.

momenta larger than 150 MeV=c are combined with Dþ

candidates to form D"þ → Dþπ0 decays. The D"þ decay
chain is fit using IR and π0mass constraints.Only candidates
with fit χ2 probabilities larger than 0.01 are retained. The
mass of theDþ candidate,mðK−πþπþÞ, must be in the range
½1.75; 2.00& GeV=c2 and the difference between the D"þ

and Dþ masses in the range ½138; 143& MeV=c2 ('3 times
the Δm resolution around the signal peak). The momentum
of the D"þ in the eþe− center-of-mass system must exceed
2.6 GeV=c to suppress D"þ candidates from bottom mes-
ons. This requirement is tighter than that used for D0

candidates because of the less-precise π0 -momentum
resolution.
The signal region in mðK−πþπþÞ is defined as

½1.855; 1.883& GeV=c2 (Fig. 1). It contains approximately
59 × 103 candidates after randomly selecting one D"þ

candidate for the percent-level fraction of events where
more than one is found. A binned least-squares fit to the
mðK−πþπþÞ distribution identifies about 9% of candidates
in the signal region as background. Simulation shows that
such background is composed of misreconstructed
charmed decays and random track combinations. In the
fit, the Dþ → K−πþπþ signal is modeled with the sum of
two Gaussian distributions and a Crystal Ball function; the
background is modeled with an exponential distribution.
The lifetimes are determined with unbinned maximum-

likelihood fits to the ðt; σtÞ distributions of the candidates
populating the signal regions. Each signal probability-
density function (PDF) is the convolution of an exponential
distribution in t with a resolution function that depends on
σt, multiplied by the PDF of σt. In the Dþ case, simulation
shows that a Gaussian distribution is sufficient to model the
resolution function. The mean of the resolution function is
allowed to float in the fit to account for a possible bias in
the determination of the decay time; the width is the per-
candidate σt scaled by a free parameter s to account for a
possible misestimation of the decay-time uncertainty. The
fit returns s ≈ 1.12 (1.29) for theD0 (Dþ) sample. In theD0

case, an additional Gaussian distribution is needed to
describe the 3% of candidates with poorer resolution.
This second component shares its mean with the principal
component but has its own free scaling parameter (s0 ≈ 2.5)
for the broader width.
In theD0 case, the signal region contains a 0.2% fraction

of background candidates. Sensitivity to the background
contamination and its effects on the decay-time distribution
is very limited. For the sake of simplicity, the background is
neglected in the fit and a systematic uncertainty is later
assigned. In the Dþ case, the signal region contains a non-
negligible amount of background, which is accounted
for in the fit. The background is modeled using data
with mðK−πþπþÞ in the sideband ½1.758; 1.814& ∪
½1.936; 1.992& GeV=c2 (Fig. 1), which is assumed to
contain exclusively background candidates and be repre-
sentative of the background in the signal region, as verified

in simulation. The background PDF consists of a zero-
lifetime component and two exponential components, all
convolved with a Gaussian resolution function having a
free mean and a width corresponding to sσt. To better
constrain the background parameters, a simultaneous fit
to the candidates in the signal region and sideband is
performed. The background fraction is Gaussian con-
strained in the fit to ð8.78' 0.05Þ%, as measured in the
mðK−πþπþÞ fit.
The PDF of σt is a histogram template derived directly

from the data. In the fit to the D0 sample, the template is
derived assuming that all candidates in the signal region are
signal decays. In the fit to the Dþ sample, the template is
derived from the candidates in the signal region by
subtracting the scaled distribution of the sideband data.
The PDF of σt for the background is obtained directly from
the sideband data.
The lifetime fits are tested on fully simulated data and on

sets of data generated by randomly sampling the PDF with
parameters fixed to the values found in the fits to the data.
All tests yield unbiased results and expected parameter
uncertainties, independent of the assumed values of the D0

and Dþ lifetimes.
The decay-time distributions of the data, with fit pro-

jections overlaid, are shown in Fig. 2. The measured D0

and Dþ lifetimes 410.5' 1.1ðstatÞ ' 0.8ðsystÞ fs and
1030.4' 4.7ðstatÞ ' 3.1ðsystÞ fs, respectively, are consis-
tent with their world averages [7]. The systematic uncer-
tainties arise from the sources listed in Table I and
described below. The total systematic uncertainty is the
sum in quadrature of the individual components.
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FIG. 2. Decay-time distributions of (top) D0 → K−πþ and
(bottom) Dþ → K−πþπþ candidates in their respective signal
regions with fit projections overlaid.
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Figure 3: Decay-time distributions of (top) �0 →  −c+ and (bottom) �+ →  −c+c+ candidates in their
respective signal regions with fit projections overlaid [4].

4. �0 → c0c0 and �+ → d+d0 decays

Belle II is expected to significantly improve measurements of the CKM phase U/q2 [3, 6].
Decays of c0 candidates are reconstructed by using two isolated clusters in the electromagnetic

4
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calorimeter, with requirements on the helicity angle and kinematic-fit quality to constrain c0 mass.
�+ → d+d0 is pion only final state where the main background is coming from the width of d mass.
The measured branching ratios are shown in following equations,

B(�0 → c0c0) = (0.98+0.48
−0.39 ± 0.27) × 10−6, (1)

B(�+ → d+d0) = (20.6 ± 3.2 ± 4.0) × 10−6, (2)

where the first error is statistical and the second is systematic. These are the first reconstruction
of �0 → c0c0 and �+ → d+d0 decays performed with early Belle II data that corresponds to
62.8 fb−1. The results are compatible world-average values.

5. q3/W measurement with combined Belle + Belle II data

A theoretically clean measurement of the angle q3/W can be obtained using CP-violating
� → � (∗) (∗) decays. In the BPGGSZ formalism, 1 → D2̄B amplitude (�sup) is suppressed
relative to the 1 → 2D̄B amplitude (�fav). The two amplitudes are related by,

�sup(�− → �̄0 −)
�fav(�− → �0 −)

= A�4
8 (X�−q3) , (3)

where A� is the magnitude of the ratio of amplitudes and X� is the strong-phase difference between
the favoured and suppressed amplitudes. The first combined Belle and Belle II measurement is
performed for q3/W [7]. �± → � ± and �± → �c± decays are reconstructed with � decays
into  0

(
c−c+ final states. The main source of background events are coming from the 4+4− → @@̄

(@ = D, 3, B, 2) continuum process. These backgrounds are suppressed by utilizing the event
topology, which is different from that of ��̄ events, with a binary classifier based on boosted
decision trees. The signal yield in each � phase-space bin is determined from a two-dimensional
extended maximum-likelihood fit to Δ� and transformed FBDT output (� ′) simultaneously in
�→ �c and �→ � . The fit distributions are shown in Fig. 4 and 5 and the results are given in
Eq. 4.

q3 = (78.4 ± 11.4 ± 0.5 ± 1.0)◦,
A� � = 0.129 ± 0.024 ± 0.001 ± 0.002,
X� � = (124.8 ± 12.9 ± 0.5 ± 1.7)◦. (4)

The statistical uncertainty has improved by 30% with just 20% increase in data along with im-
provement of experimental systematics which reduced from 4◦ to 0.5◦. The systematics associated
with the inputs also reduced from 4◦ to 1◦ due to recent updates from by BESIII [8, 9].

6. �+ →  +ℓ+ℓ− and �+ →  +aā decays

The rare decays �+ →  +ℓ+ℓ− involve a 1 → B quark level transition and are mediated by a
flavor changing neutral current. As a consequence they are forbidden at tree level and propagate
through electro-weak penguin or box diagrams. These decays are highly suppressed, and are
sensitive to New Physics. The signal yield is determined from a two-dimensional fit to "bc and Δ�

5
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Sample Pion-enhanced Kaon-enhanced
D decay Component Belle Belle II Belle Belle II

D ! K0
S⇡

+⇡� B+ ! D⇡+ 21325 ± 162 4193 ± 70 1764 ± 64 308 ± 23

B+ ! DK+ 140 ± 29 62 ± 11 1467 ± 53 280 ± 21

BB̄ background 5040 ± 155 1223 ± 68 1309 ± 85 387 ± 42

qq̄ background 9022 ± 172 1657 ± 69 6295 ± 122 1021 ± 47

D ! K0
SK+K� B+ ! D⇡+ 2740 ± 56 519 ± 21 211 ± 18 50 ± 10

B+ ! DK+ 17 ± 4 2.1 ± 0.2 194 ± 17 34 ± 7

BB̄ background 333 ± 31 77 ± 12 110 ± 18 22 ± 7

qq̄ background 409 ± 37 124 ± 14 309 ± 28 92 ± 11

Table 2. Signal and background yields obtained from the two-dimensional combined fit.
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Figure 2. Distributions of (left) �E and (right) C 0 for (top) B+ ! D(K0
S⇡

�⇡+)⇡+ and (bottom)
B+ ! D(K0

S⇡
�⇡+)K+ candidates restricted to the signal-enhanced region in the Belle data set with

fit projections overlaid. The black points with error bars represent data and the solid blue curve is
the total fit. The large-dotted magenta, long-dashed red, small-dotted blue and short-dashed green
curves represent B+ ! D⇡+, B+ ! DK+, qq̄ and combinatorial BB̄ background components,
respectively. Differences between the fit function and data normalised by the uncertainty in data
(pull) are shown under each panel.

are extracted directly from the fit. As these fractions must satisfy
P

Fi = 1, Fi 2 [0, 1], a fit
instability can be induced due to large correlations between the Fi parameters [7]. Hence,
following Ref. [7], we reparameterise Fi as a series of 2N � 1 recursive fractions Ri that are
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Figure 4: Distributions of (left) Δ� and (right) � ′ for Belle for �+ → � ( 0
(
c−c+) + candidates restricted

to the signal-enhanced region in the Belle data set with fit projections overlaid [7].
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Figure 4. Distributions of (left) �E and (right) C 0 for (top) B+ ! D(K0
S⇡

�⇡+)⇡+ and (bot-
tom) B+ ! D(K0

S⇡
�⇡+)K+ candidates restricted to the signal-enhanced region in the Belle II

data set with fit projections overlaid. The black points with error bars represent data and the
solid blue curve is the total fit. The large-dotted magenta, long-dashed red, small-dotted blue and
short-dashed green curves represent B+ ! D⇡+, B+ ! DK+, qq̄ and combinatorial BB̄ back-
ground components, respectively. Differences between the fit function and data normalised by the
uncertainty in data (pull) are shown under each panel.

for CP violation is seen in the Belle kaon-enhanced sample as in the earlier Belle analysis
[20]. We assess the significance of the observed CP violation by comparing the likelihood
to that from a fit under the no CP-violation hypothesis of xDK

+ = xDK
� and yDK

+ = yDK
� .

Considering only the statistical uncertainties we find the significance is 5.8 standard devi-
ations.

7 Systematic uncertainties

Several possible sources of systematic uncertainties are considered, which are listed in Ta-
ble 3. This section explains each source and the methodology adopted to compute the
systematic uncertainties. The only correlated sources of systematic uncertainty between
Belle and Belle II are the input ci and si values, as well as the fit bias. All other sys-
tematic uncertainties are assessed independently for Belle and Belle II, and are summed in
quadrature.

– 15 –

Figure 5: Distributions of (left)Δ� and (right)� ′ for Belle II for �+ → � ( 0
(
c−c+) + candidates restricted

to the signal-enhanced region in the Belle II data set with fit projections overlaid [7].

which is equal to 8.6+4.3−3.9 ± 0.4 events with 62.8 fb−1 data [10]. The ratio of branching fraction of
the muon to electron channel is a sensitive probe for New Physics. More data is needed to perform
a full ' (∗) = B(�→ 

(∗) `+`−)
B (�→ (∗)ℓ+ℓ−) � 1 measurement.

In the SM, the �+ →  +aā decay belongs to the family of the 1 → Baā flavor-changing
neutral-current transitions. In the specific case of the �+ →  +aā decay a branching fraction of
(4.6 ± 0.5) × 10−6 is predicted in the SM [11]. A measurement is performed for a search for the
�+ →  +aā using novel inclusive tagging approach with 63 fb−1. In this technique, the signal  
candidate in each event is chosen as the reconstructed charged-particle trajectory (track) carrying
the largest transverse momentum. The remaining tracks are fit to a common vertex and, together
with the remaining energy deposits, make up the rest of the event (ROE). The specific features
of the signal events are captured by several discriminating variables that are employed for signal
identification. These discriminating variables are used to train two binary classifiers implementing
the FastBDT algorithm. These BDTs are validated by comparing response in data and simulation.
No statistically significant signal is observed and an upper limit of 4.1 × 10−5 on the �+ →  +aā

branching ratio is set at the 90% confidence level [12].
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7. Semileptonic � decays

7.1 Inclusive �→ -2ℓaℓ

Semileptonic � → -2ℓaℓ decays offer a theoretically clean avenue to determine |+21 |. The
mass moments of the hadronic system in inclusive semileptonic � → -2ℓa decays can be used to
measure non-perturbative QCD parameters and the CKM matrix element |+21 |. The measurement
is performed using both tagged and untagged approaches. In the untagged approach, one well
identified lepton is used to measure the signal by performing the fit to lepton momentum. The
branching fraction is measured to be B(� → -2ℓaℓ) = (9.75 ± 0.03(stat) ± 0.47(syst.))% with
62.8 fb−1 data [13].

7.2 Exclusive �→ � (∗)ℓaℓ

� → � (∗)ℓaℓ has been explored using both tagged and untagged approaches. In the tagged
measurement, the background is almost zero. The signal is measured by performing a fit to �∗

and �0 invariant masses. The branching fraction is measured to be B(�̄0 → �∗+ℓ−āℓ) = (4.51 ±
0.41(stat) ±0.27(syst.) ±0.45cs)% with 34.6 fb−1 data [14]. In the untagged measurement, signal is
calculated using cos \�,. where \�,. is the angle between � and the direction of �∗ℓ/�0ℓ system.
The branching fraction is measured to be B(�− → �0ℓ−āℓ) = (2.29 ± 0.05(stat) ± 0.08(syst.))%
with 62.8 fb−1 data [15].

8. Conclusion

The Belle II experiment covers a very broad range of physics using an excellent detector and
large statistics. Belle II has been running continuously and has collected more than 200 fb−1 data
despite the Covid-19 pandemic. The upcoming large and clean data samples of � and � mesons will
allow Belle II to search for New Physics and the improved measurements of various SM parameters.
The results reported in this note are based on the early Belle II data, which show that the experiment
performs as expected.
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