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1. Introduction1

The next generation of particle physics experiments provides a unique opportunity to search2

for signs of physics beyond the standard model. A major goal for the Belle II experiment is to use3

the enormous projected total data set to make extremely precise measurements of suppressed flavor4

physics reactions, in which contributions from new particles and interactions via internal loops can5

be exposed, opening a window to new physics beyond the 10 TeV range.6

The unprecedented luminosity of the new SuperKEKB asymmetric-energy electron-positron7

collider at the KEK research facility in Tsukuba, Japan will enable Belle II to collect a projected8

total data set of 50 ab−1, about 50 times more than the first-generation B-factory experiments, over9

the next decade. This will be achieved using the nano-beam scheme, in which the beam size at the10

interaction point is reduced to a target beam height of 50 nm. At present, SuperKEKB holds the11

world-record maximum instantaneous luminosity, 4.7× 1034 cm−2 s−1 [1]. This high instantaneous12

luminosity has allowed Belle II to collect a data set of 428 fb−1, about half that collected at Belle,13

after only a few years.14

The Belle II detector, which is described in detail elsewhere [2], incorporates state-of-the-art15

technology to enable high-precision measurements. The innermost layers of the vertex detector use16

silicon pixels to improve track impact parameter and vertex resolution by a factor of two relative to17

Belle and BaBar. The Belle II detector also includes a large-volume tracking chamber, powerful18

particle identification detectors, a new KL and muon detector, and state-of-the-art readout and data19

acquisition systems. The Belle II software [3] reflects the changes in the detector and includes20

significant improvements to simulation and reconstruction algorithms to cope with the high beam21

backgrounds expected at SuperKEKB. The analysis software also includes significant improvements22

that will enable a strong physics program including precision measurements.23

2. Time-dependent CP violation Results24

The impact of physics beyond the standard model (BSM) can be probed using rare and sup-25

pressed B meson decays, since new physics may contribute at the same level as loop-suppressed26

standard model processes. Gluonic-penguin decay modes involving b → qq̄s transitions are sen-27

sitive to BSM amplitudes that carry additional weak phases. A deviation in the mixing-induced28

CP asymmetry S ≈ sin 2ϕ1 with respect to the standard model reference mode involving b → cc̄s29

transitions, beyond expectations from the standard model of at most 0.02± 0.01, could indicate the30

presence of new physics [4]. The direct CP asymmetry A is expected to be zero in the standard31

model. Belle II has recently measured the direct and mixing-induced CP-violating parameters in32

several B decay channels using a data set of 362 fb−1, corresponding to (387 ± 6) × 106 BB̄ pairs.33

To study CP violating parameters in B0 → ϕK0
S

events, a Boosted Decision Tree (BDT)34

is employed to isolate signal and background events. An extended maximum-likelihood fit is35

applied to the unbinned distributions of beam-constrained mass, Mbc, the BDT output, the helicity36

angle, and the B lifetime to extract the CP violating parameters A = 0.31 ± 0.20 ± 0.05 and37

S = 0.54 ± 0.26+0.06
−0.08, where the first uncertainties are statistical and the second are systematic [5].38

The fit projections onto ∆t are shown in Fig. 1. These results are consistent with the world average39
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Figure 3: Distributions, and fit projections, of ∆t for flavor-tagged (left) B0 → ϕK0
S and (right) B+ → ϕK+ candidates

subtracted of the continuum background. The fit PDFs corresponding to q = −1 and q = +1 tagged distributions are shown as
dashed and solid curves, respectively. The yield asymmetries, defined as (N(q = +1)−N(q = −1))/(N(q = +1)+N(q = −1)),
are displayed in the bottom subpanels.

ficient ρ = −0.01. The observed continuum background
asymmetry is compatible with zero. The ∆t distributions
for tagged signal decays, after subtracting the continuum
background [30], are displayed in Fig. 3, along with the
resulting CP -violating asymmetries.

V. SYSTEMATIC UNCERTAINTIES

Contributions from all considered sources of systematic
uncertainty are listed in Table II. We consider uncertain-
ties associated with the calibration of the flavor tagging
and resolution function, fit model, and determination of
∆t.

The leading contribution to the total systematic un-
certainty on A arises by neglecting a possible time-
integrated CP asymmetry from BB backgrounds. The
main systematic uncertainty on S comes from the fit bias,
due to the modest statistical precision to which the frac-
tion of B0 → K+K−K0

S backgrounds can be determined
with the current sample size.

A. Calibration with B0 → D(∗)−π+ decays

We assess the uncertainty associated with the resolu-
tion function and flavor tagging parameters using sim-
plified simulated samples. We generate ensembles as-
suming for each an alternative value for the above pa-
rameters sampled from the statistical covariance matrix

determined in the B0 → D(∗)−π+ control sample. Each
ensemble is fitted using the nominal values of the calibra-
tion parameters and the dispersion of the observed biases
is used as a systematic uncertainty.
A similar procedure is used to assess a systematic un-

certainty due to the systematic uncertainties on the cal-
ibration parameters.
We estimate the impact of differences in the resolution

function and tagging performance between the signal and
calibration samples. We apply the resolution function
and flavor-tagging calibration obtained from a simulated
B0 → D(∗)−π+ sample and repeat the measurement of A
and S over an ensemble of simulated B0 → ϕK0

S events.
The average deviation of the CP asymmetries from their
generated values is assigned as a systematic uncertainty.

B. Fit model

To validate how accurately the fit determines the un-
derlying physics parameters in the presence of back-
grounds, we generate ensemble data sets that contain all
the fit components. For each ensemble, we sample alter-
native values of A and S within the physical boundaries,
and the fraction of the nonresonant events over the sum
of resonant and nonresonant decays between 0 and 30%,
based on the observed sample composition. Due to the
limited sample size, we assign a conservative systematic
uncertainty for the fit bias by taking the largest devia-
tions of the fitted values of A and S from their generated
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FIG. 1: Distributions of (a) M ′bc, (b) ∆E, and (c) C′BDT with fit projections overlaid for both B0 and B0 candidates satisfying
the criteria 5.27 < M ′bc < 5.29 GeV, −0.15 < ∆E < 0.10 GeV, |∆t| < 10.0 ps, and C′BDT > 0.0 (except for the variable
displayed). The solid curves represent the fit projection, while various fit components are explained in the legends. (d)
Projection of the fit results onto ∆t separately for tagged B0 and B0 candidates after subtracting background with the sPlot
method [35]; the asymmetry, defined as [N(B0

tag) − N(B0
tag)]/[N(B0

tag) + N(B0
tag)], is displayed underneath, along with the

projection of the fit result.

constructing events with various misalignment hypothe-
ses as done in Ref. [38]. Assuming all systematic sources
to be independent, we add their contributions in quadra-
ture to obtain the total systematic uncertainty of ±0.047
for A and ±0.040 for S.

In summary, we measure the CP -violating parameters
A and S in B0 → K0

Sπ
0 decays using a sample of 387 ×

106 BB events recorded by Belle II in e+e− collisions at

the Υ(4S) resonance. Based on a signal yield of 415+26
−25

events, we obtain

A = 0.04+0.15
−0.14 ± 0.05 (4)

and

S = 0.75+0.20
−0.23 ± 0.04, (5)

where the first uncertainties are statistical and the sec-
ond are systematic. This constitutes the first Belle II

Figure 1: Background subtracted projection of fit results onto ∆t for tagged B0 and B̄0 candidates and the
asymmetry, [N(B0

tag) − N(B̄0
tag)/N(B0

tag) + N(B̄0
tag)], for B0 → ϕK0

S
(left) and B0 → K0

S
π0 (right).

values of A = −0.01 ± 0.14 and S = 0.59 ± 0.14 and are on par with the best measurements of this40

kind, despite using a sample that is half that used in the Belle measurement [6].41

A similar analysis was performed to measure CP violating parameters in B0 → K0
S
π0 decays [7].42

The fit projections onto ∆t are shown in Fig. 1. The results, A = 0.04 ± 0.15 ± 0.05 and S =43

0.75+0.20
−0.23 ± 0.04, are consistent with the world-average values A = 0.00± 0.13 and S = 0.58± 0.1744

and are on par with the best measurements. Combining the results from a time-dependent analysis45

with those from a time-integrated analysis gives A = −0.01 ± 0.12 ± 0.05, with a precision on par46

with the world-average value.47

Finally, Belle II measured the CP violating parameters in B0 → K0
S

K0
S

K0
S
. The topology for48

this analysis is particularly challenging due to the fact that all reconstructed final-state particles are49

displaced from the decay vertex of the B0. A three dimensional fit is applied to the distributions50

for Mbc , the B mass, and the output of a BDT. Despite the complex vertexing, Belle II was able to51

measure A = 0.07+0.15
−0.20 ±0.02 and S = −1.37+0.35

−0.45 ±0.03, in good agreement with the world average52

values of A = 0.15 ± 0.12 and S = −0.83 ± 0.17.53

3. Charm Results54

The excellent detector performance and very small beam spot, along with large samples55

of exclusive charm decays that are collected without lifetime-biased triggers and event selection56

criteria, allows Belle II to make precise, absolute lifetime measurements for charmed hadrons.57

These measurements provide sensitive tests for predictive tools like the heavy quark expansion58

(HQE) [8–14], in which decay widths for hadrons containing a heavy quark are calculated with59

an expansion in terms of the heavy quark mass. Effective models like these are useful to provide60

theoretical descriptions for strong interactions at low energy, which complicate studies of physics61

beyond the standard model.62

The lifetimes of charmed hadrons are determined at Belle II by measuring the distance between63

production and decay vertices and therefore rely on precise calibration of final state particle momenta64

and excellent vertex detector and beam spot alignment. In this sense, precise lifetime measurements65
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an unbinned maximum likelihood fit to two observables:
the decay time t and the per-candidate uncertainty on t
(σt) as calculated from the uncertainties on d⃗ and p⃗. The
likelihood function for the ith candidate is given by

L(τ |ti, σt
i) = fsig Psig(t

i|τ, σt
i)Psig(σt

i) +

(1− fsig)Pbkg(t
i|τ, σt

i)Pbkg(σt
i), (2)

where fsig is the fraction of events that are signal D+
s →

ϕπ+ decays; Psig(t|σt) and Pbkg(t|σt) are probability den-
sity functions (PDFs) for signal and background events,
respectively, for a reconstructed decay time t given an
uncertainty σt; and Psig(σt) and Pbkg(σt) are the respec-
tive PDFs for σt. To reduce highly mismeasured events
that are difficult to simulate, we impose loose require-
ments −2000 fs < t < 4000 fs and σt < 900 fs. These
requirements reject less than 0.1% of signal candidates.
The signal PDF is the convolution of an exponential

function and a resolution function R:

Psig(t
i|τ, σt

i) =
1

τ

∫
e−t′/τ R(ti − t′;µ, s, σt

i) dt′, (3)

where R(ti − t′;µ, s, σt
i) is a single Gaussian function

with mean µ and a per-candidate standard deviation
s× σt

i. The scaling factor s accounts for under- or over-
estimation of the uncertainty σt

i. The PDF Pbkg(t |σt)
is determined by fitting the decay-time distribution of
events in the M(ϕπ+) “upper” sideband 1.990 GeV/c2 <
M(ϕπ+) < 2.020 GeV/c2, which has no contamination
from signal decays with final-state radiation. We model
Pbkg(t|σt) as the sum of three asymmetric Gaussians with
a common mean. We use MC simulation to verify that
the decay-time distribution of background events in this
sideband describes well the decay-time distribution of
background events in the signal region.

The PDFs Psig(σt) and Pbkg(σt) are taken to be finely
binned histograms. The former is determined from the σt

distribution of events in the signal region, after subtract-
ing the σt distribution of events in the M(ϕπ+) sideband.
The latter is determined from background events in the
M(ϕπ+) sideband. The resulting distribution matches
well that of MC-simulated signal decays. The signal frac-
tion fsig is obtained from the earlier fit to the M(ϕπ+)
distribution (Fig. 2) and fixed in this fit. Thus there are
three floated parameters: the lifetime τ , and the mean
parameter µ and scaling factor s of the resolution func-
tion. These are determined by maximizing the total log-
likelihood

∑
i lnL(τ |ti, σt

i), where the sum runs over all
events in the signal region.

The result of the fit is τ = 498.70± 1.71 fs, where the
uncertainty is statistical only. The projection of the fit
for t is shown in Fig. 3 along with the resulting pulls; the
χ2 divided by the number of degrees of freedom (100 −
4 = 96) is 1.02. The values µ = 0.56 ± 0.86 fs and
s = 1.22 ± 0.01 obtained for the resolution function are
similar to those obtained from MC-simulated samples.
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FIG. 3. Distribution of t for D+
s →ϕπ+ candidates, with the

fit result overlaid. Black dots correspond to the data; the red
dashed curve shows the background component; and the blue
solid curve shows the overall fit result. The corresponding
pull distribution is shown in the lower panel.

The main systematic uncertainties are listed in Table I
and evaluated as follows. Uncertainty arising from pos-
sible mismodeling of the detector response and possible
correlations between t and σt not accounted for by the
resolution function is assessed by fitting a large ensemble
of MC signal events. The mean fitted value is calculated,
and the signed difference between the mean value and
the input value is assigned as a systematic uncertainty.
There is uncertainty arising from modeling the back-

ground decay-time distribution. We model this distri-
bution using background events in the upper M(ϕπ+)
sideband 1.990 GeV/c2 < M(ϕπ+) < 2.020 GeV/c2. To
evaluate uncertainty in this model, we choose a lower
sideband 1.922 GeV/c2 < M(ϕπ+) < 1.946 GeV/c2,
a combination of the two sidebands, and also the MC-
simulated background spectrum in the signal region. The
largest difference observed between the resulting fitted
lifetime and our nominal result is assigned as a system-
atic uncertainty.
We model both signal and background σt distributions

using histogram PDFs, and there is systematic uncer-
tainty arising from our choice for the number of bins (i.e.,
statistical fluctuations of the sideband data used to ob-
tain the histogram PDF). We evaluate this by changing
the number of bins from the nominal value (80) to other
values in the range 60–400. For each choice of binning,
we refit for τ . The largest difference observed between
the resulting values and our nominal value is taken as a
systematic uncertainty.
As measuring the decay time depends on a precise de-

termination of the displacement vector d⃗ and momentum
p⃗ (Eq. 1), there is uncertainty arising from possible mis-
alignments of the PXD, SVD, and CDC detectors. We
study the effect of such possible misalignment using MC
events reconstructed with various misalignments. Each

Figure 2: Decay time distribution for D+s → ϕπ+ candidates, with fit results overlaid in blue. The
background component is given by the red dashed curve.

also provide a tool to understand the Belle II detector resolution. Belle II recently published a world-66

leading lifetime measurement for the Λ+c , as well as a measurement of the Ω0
c lifetime that is longer67

than that of the Λ+c , confirming a recent LHCb measurement that challenged earlier determinations68

and HQE expectations. Belle II has also published world-leading measurements for the D0, D+ and69

D+s lifetimes. The D+s lifetime, (498.7 ± 1.7+1.1
−0.8) fs, is consistent with and about twice as precise as70

the current world-average, (504± 4) fs, and is consistent with theory predictions that place it on par71

with the D0 lifetime.72

Belle II will make precise studies of CP violation in the charm sector, which provides the only73

environment in which to study up-type quark mixing. To aid these studies, a novel charm flavor74

tagger (CFT) is used to identify the production flavor of neutral charmed mesons. The CFT exploits75

the correlation between the flavor of a reconstructed neutral D meson and the electric charges of76

the rest of the event, similar to the process used to tag B meson flavors. The charm system is more77

complicated due to charmed hadrons not being produced at threshold, allowing for the presence of78

fragmentation particles to be produced in conjunction with a charmed hadron pair. Nevertheless,79

the CFT has an effective tagging efficiency of (47.91± 0.07± 0.51)%, where the first uncertainty is80

statistical and the second systematic. This efficiency is independent of the decay mode. The CFT81

approximately doubles the effective size of samples used for many CPV and mixing measurements82

in the charm sector, as shown in Fig. 3. The basic principles used to develop the CFT can also be83

applied at other experiments.84
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We reconstruct photon candidates from localized energy
deposits (clusters) in the electromagnetic calorimeter that
are consistent with an electromagnetic shower based on
pulse-shape discrimination [45]. The cluster should have a
polar angle within the acceptance of the drift chamber to
ensure that it is not matched to tracks. It must include
energy from at least two crystals and an energy deposit
greater than 0.08 GeV if located in the forward region
(12.4 < θ < 31.4°), greater than 0.03 GeV if in the barrel
region (32.2 < θ < 128.7°), and greater than 0.06 GeV if in
the backward region (130.7 < θ < 155.7°). Two photon
candidates are then combined to form a neutral pion
candidate if the absolute difference in the azimuthal angles
of the respective clusters is smaller than 86°, the corre-
sponding opening angle is smaller than 80°, the invariant

FIG. 3. Distributions of the predicted qr for simulated D0 and
D̄0 true mesons in the testing sample.

FIG. 4. Normalized distributions of the predicted qr for simulated D0 and D̄0 true mesons, and separately for subsets of the testing
sample in which (top left) one of the input ROE particle is a kaon tag, (top center) one ROE particle is a lepton tag, (top right) one ROE
particle is a proton tag, (middle left) one ROE particle is a kaon tag and there is no same-side (ss) soft-pion tag, (middle center) one ROE
particle is a lepton tag and there are no kaon or same-side soft-pion tags, (middle right) one ROE particle is a proton tag and there are no
kaon or same-side soft-pion tags, (bottom left) one ROE particle is a same-side soft-pion tag, (bottom center) one ROE particle is an
opposite-side (os) soft-pion tag, and (bottom right) one ROE particle is a pion tag. The average dilutions for the flavor-averaged and
flavor-separated samples are reported.
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trained on simulated data. Its response is calibrated and
evaluated using several self-tagged decays of charmed
hadrons reconstructed in 362 fb−1 of Belle II data. The
effective tagging efficiency is measured in data to be
ð47.91� 0.07ðstatÞ � 0.51ðsystÞÞ%, independent of the
signal neutral-D decay mode. This new tagger will roughly
double the effective sample size forCP-violation and charm-
mixing measurements that so far have relied exclusively on
neutral D mesons originating from D�� decays. Moreover,
the tagger can be effectively used to suppress backgrounds
for measurements in which tagging is not required, making
it a more general tool for analyses of charmed hadrons at
Belle II. While developed explicitly for Belle II, the basic
principles of this new tagger are adequate for other experi-
ments, including those at hadron colliders where charmed
hadrons are predominantly produced from cc̄ pairs.
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FIG. 9. Mass distributions for (left) D0 → K−πþ decays and (right) D0 → K−πþπ0 decays reconstructed in data with different
requirements on the predicted (uncalibrated) dilution in comparison withD�þ-tagged decays. For the selections shown theD0 → K−πþ

signal purities are 0.94 (D�þ-tagged), 0.84 (CFT, r > 0.9), 0.73 (CFT, r > 0.5), and 0.67 (untagged). For D0 → K−πþπ0 decays the
signal purities are 0.80 (D�þ-tagged), 0.53 (CFT, r > 0.9), 0.38 (CFT, r > 0.5), and 0.34 (untagged).

FIG. 10. Distribution of the difference between D�þ and D0

masses for wrong-sign D�þ → D0ð→ Kþπ−π0Þπþ decays recon-
structed in data and selected with and without the requirement
qπsq > 0.
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Figure 3: Distributions of (left) the predicted tagging decision, multiplied by a dilution factor, by the charm
flavor tagger for simulated D0 and D̄0 mesons and (right) the mass of D0 → K−π+ decays reconstructed
in data with different requirements on the predicted (uncalibrated) dilution in comparison with D∗+-tagged
decays.

4. Summary85

The major upgrades of the SuperKEKB accelerator and improvements to the Belle II detector,86

along with refined analysis techniques, support a physics program that has outstanding potential87

for discovering physics beyond the standard model over the next decade. Belle II physics analysis88

efforts will include a broad program for fundamental weak interaction measurements. Several89

searches with discovery potential are uniquely accessible to Belle II and new tools and techniques90

are being developed and used to enhance the physics capabilities of the experiment. With a dataset91

about half the size of the previous B-factories, Belle II is already producing competitive results. As92

the current dataset represents a very small fraction of the target integrated luminosity, many more93

impactful measurements are still to come.94
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