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We present a measurement of the branching fraction and time-dependent charge-parity (CP) decay-rate
asymmetries in B0 → J=ψπ0 decays. The data sample was collected with the Belle II detector at the
SuperKEKB asymmetric eþe− collider in 2019–2022 and contains ð387� 6Þ × 106 BB̄ meson pairs from
ϒð4SÞ decays. We reconstruct 392� 24 signal decays and fit the CP parameters from the distribution of
the proper-decay-time difference of the two B mesons. We measure the branching fraction to be
ðB0 → J=ψπ0Þ ¼ ð2.00� 0.12� 0.09Þ × 10−5 and the direct and mixing-induced CP asymmetries to be
CCP ¼ 0.13� 0.12� 0.03 and SCP ¼ −0.88� 0.17� 0.03, respectively, where the first uncertainties are
statistical and the second are systematic. We observe mixing-induced CP violation with a significance of
5.0 standard deviations for the first time in this mode.

DOI: 10.1103/PhysRevD.111.012011

I. INTRODUCTION

Precision measurements of CP asymmetries are powerful
experimental tools to indirectly probe physics beyond the
Standard Model (SM). In the SM, CP violation is governed
by a single complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix [1,2]. The unitarity
of the CKM matrix can be represented as a triangle in the
complex plane. Precise measurements of the angle ϕ1 ¼
argð−VcdVcb

�=VtdVtb
�Þ [3], where Vij are the CKM

matrix elements, have been performed in B0 → J=ψK0

decays [4–6]. These decays proceed via tree-level b →
cc̄s transitions. However, decay amplitudes involving the
emission and reabsorption of a W boson, also known as
“penguin” diagrams, occur at higher order in SM perturba-
tion theory and can induce a shift in the measurement of ϕ1,
thereby limiting the sensitivity of CKM fits [7]. In the
absence of penguin amplitudes, the direct and mixing-
induced CP asymmetries are predicted to be CJ=ψK0 ¼ 0

and−ηSJ=ψK0 ¼ sin 2ϕ1, where η is theCP eigenvalue of the
decay final state. The world-average values, CJ=ψK0 ¼
0.009� 0.010 and −ηSJ=ψK0 ¼ 0.708� 0.012 [8], are in
agreement with independent constraints on the CKM
matrix [9,10].
The decay B0 → J=ψπ0 proceeds via color-suppressed

b → cc̄d tree-level transitions and its CP asymmetries can
be used to constrain the contributions from penguin
topologies in B0 → J=ψK0. In the presence of penguin
amplitudes, the observable phase measured by the mixing-
induced CP asymmetry is ϕeff

d ¼ ϕd þ Δϕd, where Δϕd is
a shift of the order of 0.5° from the SM value of ϕd ¼ 2ϕ1

[11,12]. In addition, the value of the branching fraction is
used to probe the size of nonfactorizable SUð3Þ-breaking

effects, which are the main contributions to the theoretical
uncertainties in the extraction of Δϕd [13]. The world-
average value of the branching fraction is based on the
measurements from the BABAR [14], Belle [15], and CLEO
[16] experiments, resulting in BðB0 → J=ψπ0Þ ¼ ð1.66�
0.10Þ × 10−5 [17]. More recently, LHCb measured the ratio
of branching fractions of B0 → J=ψπ0 and Bþ → J=ψK�þ
decays [18], resulting in a comparable precision on
BðB0 → J=ψπ0Þ using the current knowledge of BðBþ →
J=ψK�þÞ. BABAR [14] and Belle [15] also measured
the direct and mixing induced CP asymmetries. The
world average values are CB0→J=ψπ0 ¼ 0.04� 0.12 and
SB0→J=ψπ0 ¼ −0.86� 0.14 [8].
The current values of ϕd and Δϕd, based on the analysis

in Ref. [12], are ð44.4þ1.6
−1.5Þ° and ð−0.73þ0.60

−0.91Þ°, respectively,
and do not yet include the most recent measurements
from LHCb [6,18]. With an improvement by a factor of two
on the experimental precision on B0 → J=ψK0 only, the
precision on ϕd would be limited to 1° by the uncertainty on
Δϕd. On the other hand, a similar improvement on the
precision of both B0 → J=ψK0 and B0 → J=ψπ0 would
improve the precision on ϕd to 0.78° and confirm the
presence of nonzero penguin contributions [12]. Therefore,
the current experimental knowledge on B0 → J=ψπ0

should be improved.
Here we present a measurement of the branching fraction

and CP asymmetries in B0 → J=ψπ0 decays using a
sample of energy-asymmetric eþe− collisions at the
ϒð4SÞ resonance provided by the SuperKEKB accele-
rator [19] and collected with the Belle II detector [20].
The sample corresponds to ð365� 2Þ fb−1 of integrated
luminosity and contains ð387� 6Þ × 106 BB̄ events [21].
An additional ð42.6� 0.2Þ fb−1 off-resonance sample
recorded at 60 MeV below the ϒð4SÞ is used to model
background from continuum eþe− → qq̄ events, where qq̄
indicates pairs of u, d, s, or c quarks.
The CP asymmetries are determined from the distribu-

tion of the proper-decay-time difference of B0B̄0 pairs. We
denote pairs of B0 mesons as BCP and Btag, where BCP
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decays into aCP-eigenstate at time tCP, andBtag decays into a
flavor-specific final state at time ttag. For quantum-correlated
neutral B-meson pairs fromϒð4SÞ decays, the flavor of BCP
is opposite to that ofBtag at the instantwhen the firstB decays.
The probability to observe a Btag meson with flavor q
(q ¼ þ1 for B0 and q ¼ −1 for B̄0) and a proper-time
differenceΔt≡ tCP − ttag between theBCP andBtag decays is

PðΔt; qÞ ¼ e−jΔtj=τB0

4τB0

f1þ q½SCP sinðΔmdΔtÞ

− CCP cosðΔmdΔtÞ�g; ð1Þ

where τB0 is the B0 lifetime and Δmd is the mass difference
between the B0 mass eigenstates [17].
We fully reconstructBCP in the J=ψπ0 final state using the

intermediate decays J=ψ → lþl− (with l� being an elec-
tron or a muon) and π0 → γγ, while we only determine the
decay vertex of theBtag decay. The flavor of theBtag meson is
inferred from the properties of all charged particles in the
event not belonging to BCP [22]. We first extract the signal
yields from the distributions of the signal BCP candidates in
observables that discriminate against backgrounds, and then
fit the CP asymmetries from the Δt distribution of candi-
dates populating the signal-enriched region.We validate our
analysis and correct for differences between data and
simulation using Bþ → J=ψK�þ and B0 → J=ψK0

S decays,
which are ten-fold more abundant than the expected signal
and have a similar final state. To reduce experimental bias,
the signal region in data is examined only after the entire
analysis procedure is finalized. Charge-conjugated modes
are included throughout the text.
The paper is organized as follows. In Sec. II we describe

the experimental setup and in Sec. III we describe the
reconstruction of signal candidates and the selection used to
suppress the backgrounds. The signal extraction and CP
asymmetry fits, from which the physics observables are
measured, are detailed in Secs. IV and V, respectively. The
sources of systematic uncertainties are discussed in Sec. VI.
Finally, the results are summarized in Sec. VII.

II. EXPERIMENT

The Belle II detector operates at the SuperKEKB
accelerator at KEK, which collides 7 GeV electrons with
4 GeV positrons. The detector is designed to reconstruct the
decays of heavy-flavor hadrons and τ leptons. It consists of
several subsystems with a cylindrical geometry arranged
around the interaction point (IP). The innermost part of
the detector is equipped with a two-layer silicon-pixel
detector (PXD), surrounded by a four-layer double-sided
silicon-strip detector (SVD) [23]. Together, they provide
information about charged-particle trajectories (tracks) and
decay-vertex positions. Of the outer PXD layer, only one-
sixth is installed for the data used in this work. The

momenta and electric charges of charged particles are
determined with a 56-layer central drift-chamber (CDC).
Charged-hadron identification (PID) is provided by a
time-of-propagation counter and an aerogel ring-imaging
Cherenkov counter, located in the central and forward
regions outside the CDC, respectively. The CDC provides
additional PID information through the measurement of
specific ionization. Energy and timing of photons and
electrons are measured by an electromagnetic calorimeter
made of CsI(Tl) crystals, surrounding the PID detectors.
The polar angle coverage of the calorimeter is 12.4° <
θ < 31.4°, 32.2° < θ < 128.7°, and 130.7° < θ < 155.1°
in the forward, barrel and backward regions, respectively.
The tracking and PID subsystems, and the calorimeter, are
surrounded by a superconducting solenoid, providing an
axial magnetic field of 1.5 T. The central axis of the
solenoid defines the z axis of the laboratory frame, pointing
approximately in the direction of the electron beam.
Outside of the magnet lies the muon and K0

L identification
system, which consists of iron plates interspersed with
resistive-plate chambers and plastic scintillators.
We use Monte Carlo simulated events to model signal

and background distributions, study the detector response,
and test the analysis procedure. Quark-antiquark pairs from
eþe− collisions, and hadron decays, are simulated using
KKMC [24] with PYTHIA8 [25], and EvtGen [26] software
packages, respectively. The detector response is simulated
using the Geant4 [27] software package. The effects of beam-
induced backgrounds are included in the simulation
[28,29]. We use a simulated sample of generic eþe−
collisions, corresponding to a luminosity of approximately
four times that of the experimental dataset. We also use
large samples of simulated BB̄ pairs, where one of the B
mesons is forced to decay into the final state of interest,
while the other Bmeson in the event is decayed inclusively.
One sample is used to study the signal, where the B meson
decays as B0 → J=ψπ0. The other samples are used to
study the dominant sources of backgrounds, where the B
meson decays inclusively into charmonium B → J=ψX
modes. Collision data and simulated samples are processed
using the Belle II analysis software [30,31].

III. EVENT SELECTION

Events containing a BB̄ pair are selected online by a
trigger system based on the track multiplicity and total
energy deposited in the calorimeter. We reconstruct B0 →
J=ψπ0 decays using J=ψ → lþl− and π0 → γγ decays, in
which the two light lepton tracks are reconstructed using
information from the PXD, SVD, and CDC [32]. All tracks
are required to have polar angles within the CDC accep-
tance (17° < θ < 150°). Tracks used to form J=ψ candi-
dates are required to have a distance of closest approach to
the IP of less than 2.0 cm along the z axis and less than
0.5 cm in the transverse plane to reduce contamination
from tracks not generated in the collision. Muons are
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identified using the discriminator Pμ ¼ Lμ=ðLe þ Lμþ
Lπ þ LK þ Lp þ LdÞ, where the likelihood Li for each
charged particle hypothesis combines particle identification
information from all subdetectors except for the PXD and
SVD. Electron identification is provided by a boosted-
decision-tree (BDT) classifier that combines several calo-
rimeter variables and particle identification likelihoods [33].
We classify tracks as muons or electrons based on a loose
PID requirement which is more than 95% efficient on signal
while rejecting more than 90% of misidentified tracks. The
momenta of electrons are corrected for energy loss due to
bremsstrahlung by adding the four-momenta of photonswith
energy in the lab-frame within [75, 1000] MeVand detected
within 50 mrad of the initial direction of the track. The J=ψ
candidates are formed by combining the four-momenta of
oppositely charged lepton pairs having an invariant mass
mðlþl−Þ∈ ½2.9; 3.2� GeV=c2, where the average J=ψ mass
resolution is approximately 13 MeV=c2 for the muon mode
and 16 MeV=c2 for the electron mode. Photons used to
reconstruct π0 candidates are identified from calorimeter
energy deposits greater than 22.5 MeV in the forward region
and 20 MeV in the backward and barrel regions. Photon
energy corrections are derived from control samples recon-
structed in collision data and applied to correct for the
imperfect calorimeter energy calibration. The π0 candidates
are formed by combining pairs of photons with an invariant
mass mðγγÞ∈ ½0.05; 0.2� GeV=c2, where the average π0

mass resolution is approximately 8 MeV=c2.
The beam-energy constrained mass Mbc and energy

difference ΔE are computed for each B0 → J=ψπ0

candidate as Mbc ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE�

beam=c
2Þ2 − ðjp�

Bj=cÞ2
p

and ΔE≡
E�
B − E�

beam, where E�
beam is the beam energy, and E�

B and
p�
B are the reconstructed energy and momentum of the BCP

candidate, respectively, all calculated in the center-of-mass
(c.m.) frame. Signal BCP candidates peak at the known B0

mass [17] inMbc and zero in ΔE. The averageMbc and ΔE
resolution for properly reconstructed B0 → J=ψπ0 decays
is approximately 5 MeV=c2 and 50 MeV, respectively.
Misreconstructed candidates from BB̄ events decaying
into final states different than the signal peak in Mbc and
follow an exponentially falling distribution in ΔE.
Continuum events are uniformly distributed in Mbc and
ΔE. Only candidates satisfying Mbc > 5.2 GeV=c2 and
jΔEj < 0.5 GeV are retained for further analysis.
The B0 → J=ψπ0 decay vertex is determined using the

TreeFitter algorithm [34,35]. The BCP candidate is
constrained to point back to the IP and the J=ψ and π0

masses are constrained to their known values [17]. We
retain only BCP candidates with a successful vertex fit and
jΔEj < 0.3 GeV. The Btag decay vertex is reconstructed
using the remaining tracks in the event. Each track is
required to have at least one measurement point in both the
SVD and CDC subdetectors and correspond to a total
momentum greater than 50 MeV=c. The Btag decay-vertex
position is fitted using the Rave algorithm [36], which

allows for downweighting the contributions from tracks
that are displaced from the Btag decay vertex, and thereby
suppresses biases from secondary charm decays. The
decay-vertex position is determined by constraining the
Btag direction, as determined from its decay vertex and
the IP, to be collinear with its momentum vector [37]. We
only retain candidates with a successful tag-side vertex fit.
The proper-time difference between BCP and Btag is esti-
mated from the signed distance, Δl, of the BCP and Btag

decay-vertex positions along the ϒð4SÞ boost direction,

Δt̃ ¼ Δl
βγγ�c

; ð2Þ

where βγ ¼ 0.284 is the ϒð4SÞ Lorentz boost and γ� ¼
1.002 is the Lorentz factor of theBmesons in the c.m. frame.
Wepartially correct for the bias inΔt̃ arising from the angular
distribution of the B meson pairs in the c.m. frame [38],

Δt ¼ Δt̃ − ðβ�=βÞ cos θc:m:τB0

1þ sðβ�=βÞ cos θc:m:
; ð3Þ

where β� ≈ 0.06 is the boost factor of the B0 in the c.m.
frame, θc:m: is the polar angle ofBCP in the c.m. frame, and s
is the sign ofΔl. The residual bias inΔt and its impact on the
CP asymmetries is taken into account in the systematic
uncertainties. We retain candidates with jΔtj < 10 ps and
estimated uncertainty σΔt ∈ ½0.05; 3� ps.
We reduce the contribution from continuum events by

requiring the zeroth to the second Fox-Wolfram moment
[39] to be less than 0.5, which is more than 99% efficient on
signal while rejecting almost half of the continuum back-
ground. We further reduce the continuum events by using a
BDT classifier [40] combining several variables that
discriminate between signal and background The variables
included in the BDT are the following, in decreasing order
of discriminating power: the cosine of the angle between
the momentum of the positively charged lepton and the
direction opposite to the momentum of the B0 in the J=ψ
frame; the “cone” variables developed by the CLEO
collaboration [41]; the second to fourth harmonic moments
calculated with respect to the thrust axis; the ratio of the
zeroth to the second and the zeroth to the fourth Fox-
Wolfram moments; the modified Fox-Wolfram moments
introduced in Ref. [42]; the sphericity and aplanarity of the
event [43]; the cosine of the angle between the thrust axis of
the BCP and the thrust axis of the rest of the event; and the
event thrust [44,45]. We impose a minimum threshold on
the BDT output to maximize signal efficiency while
rejecting as much background as possible. This is achieved
by choosing the threshold corresponding to the edge of the
plateau of the signal efficiency vs. continuum background
rejection curve. This requirement retains more than 97% of
the signal while rejecting more than 88% of the remaining
continuum background in simulation.
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We further enrich the sample in signal by requiring at
least one of the two leptons from the J=ψ candidate to
fulfill a tight PID requirement. We choose the requirement
corresponding to the edge of the plateau of the signal
efficiency vs misidentified lepton rejection curve. This
selection is more than 99% efficient on signal while
rejecting more than half of the misidentified tracks. We
suppress the contributions from beam backgrounds and
misreconstructed energy deposits using a BDT classifier
combining several calorimeter cluster variables [46]. In
order to improve the resolution and reduce the correla-
tion with ΔE, we redefine the beam-constrained mass
as M0

bc, by replacing the measured π0 momentum with

p�0
π0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE�

beam − E�
J=ψÞ2=c2 −m2

π0
c2

q
×

p�
π0

jp�
π0
j, where E

�
J=ψ is

the energy of the J=ψ candidate in the c.m. frame, We
only keep candidates with M0

bc > 5.27 GeV=c2, ΔE ∈
½−0.18; 0.3� GeV, mðlþl−Þ∈ ½2.95; 3.2� GeV=c2 and
mðγγÞ∈ ½0.1; 0.16� GeV=c2.
Events with more than one candidate account for

approximately 3% of the data. No candidates with different
lepton mass hypotheses belonging to the same event
are found in the data. We keep the candidate with the
reconstructed mðγγÞ mass closest to the known π0 mass
[17]. This requirement selects the correct signal candidate
more than 75% of the time for events with multiple
candidates in simulation.
The same event selection is applied on the control

channels, except for the reconstruction of the K0
S candidate

in B0 → J=ψK0
S and the requirements on the charged kaon

track and invariant mass of the K�þ → Kþπ0 candidate in
Bþ → J=ψK�þ. In order to reproduce the topology of
B0 → J=ψπ0, we remove the additional tracks in the final
state from the vertex fit of the control modes.
In the selection of the off-resonance sample, we

remove the continuum suppression BDT and the follow-
ing signal enhancement requirements, in order to increase
the sample size. We verify in simulation that off-reso-
nance and on-resonance continuum data passing the
partial and full signal selections have similar distributions
in the fit observables.

IV. SIGNAL EXTRACTION FIT

The sample passing the event selection is populated by
B0 → J=ψπ0 candidates coming from signal events and
backgrounds. We classify as signal those candidates recon-
structed from underlying B0 → J=ψπ0 decays for which
the J=ψ is properly reconstructed. This includes a small
contribution from candidates with a misreconstructed π0,
which accounts for approximately 3% of the total signal
yield. Their distribution is centered around zero in ΔE and
around the value of the J=ψ mass in mðlþl−Þ. Among the
sources of backgrounds, we classify as B → J=ψX those
for which the J=ψ is properly reconstructed but originate

from a different decay than the signal. They follow an
exponentially falling distribution in ΔE and have the same
distribution in mðlþl−Þ as the signal. In addition, we
separate BB̄ events with a misreconstructed J=ψ and
continuum backgrounds, both of which have a smooth
distribution in ΔE and mðlþl−Þ.
We extract the signal yields from an extended likelihood

fit to the unbinned ΔE and mðlþl−Þ distributions. The
likelihood function is

L ¼ e−ðnsigþnbkgÞ

N!

YN
i¼1

�
nsigPi

J=ψπ0
þ nbkg

�
gqq̄Pi

qq̄

þ nBB̄
nbkg

Pi
BB̄ þ nbkgð1 − gqq̄Þ − nBB̄

nbkg
Pi
J=ψX

��
ð4Þ

where i is the index of the candidate, N is the total number
of candidates in the dataset, nsig and nbkg are the signal and
background yields, respectively, gqq̄ is the fraction of
continuum background, nBB̄ is the BB̄ background yield
and Pi ¼ PðΔEiÞPðmðlþl−ÞiÞ is the probability distribu-
tion function (PDF) of the ith candidate.
The PDFs of the signal in the ΔE and mðlþl−Þ

distributions are described by Crystal Ball functions
[47,48]. The parameters of the ΔE PDF are determined
from simulation. We account for differences between data
and simulation by adjusting the mean and width according
to differences observed for the Bþ → J=ψK�þ control
sample. These adjustments consist of shifting the mean
by −4.1� 0.8 MeV and scaling the width by a factor of
1.08� 0.04, where the uncertainties are statistical only.
The parameters of the mðlþl−Þ PDF are determined
separately for the J=ψ → eþe− and J=ψ → μþμ− modes
from a fit to the B0 → J=ψK0

S control sample in data. The
distribution of the B → J=ψX backgrounds is described by
the sum of two exponential functions in ΔE and by a
Crystal Ball function in mðlþl−Þ. The parameters of the
ΔE PDF are determined from simulation while the param-
eters of the mðlþl−Þ PDF are shared with the signal. The
ΔE and mðlþl−Þ distributions of the BB̄ backgrounds are
described by exponential PDFs with parameters determined
from simulation. The ΔE and mðlþl−Þ distributions of the
continuum background are described by exponential PDFs
with parameters determined from the off-resonance data.
In the fit to the data, we determine nsig, nbkg, and gqq̄,

separately for the J=ψ → eþe− and J=ψ → μþμ− modes,
while we fix nBB̄ to the values expected in simulation. The
data are displayed in Fig. 1 with fit projections overlaid.
The signal yields extracted from the fit and signal selection
efficiencies are reported in Table I. We also report the signal
purity, defined as S=ðSþ BÞ, where S and B are the number
of signal and background candidates in the signal region.
The latter, which is used to extract the CP asymmetries,
is defined as jΔEj < 0.1 GeV and 3.0 < mðeþe−Þ <
3.14 GeV=c2 or 3.025 < mðμþμ−Þ < 3.14 GeV=c2.
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From the signal yields, we determine the branching
fraction

B ¼ ðneþe−sig =εe
þe−
sig þ nμ

þμ−
sig =εμ

þμ−
sig Þð1þ fþ−=f00Þ

BðJ=ψ → lþl−ÞBðπ0 → γγÞ2NðBB̄Þ ð5Þ

where εsig are the efficiencies obtained from simulated
signal samples and corrected for differences between data
and simulation using control samples, BðJ=ψ → lþl−Þ is
the sum of BðJ=ψ → eþe−Þ ¼ ð5.971� 0.032Þ% and
BðJ=ψ → μþμ−Þ ¼ ð5.961� 0.033Þ%, Bðπ0 → γγÞ is
ð98.823� 0.034Þ% [17], NðBB̄Þ ¼ ð387� 6Þ × 106 is
the number of BB̄ pairs in the dataset, and fþ−=f00 ¼
1.052� 0.031 is the Bþ=B0 production ratio [49]. We
obtain BðB0 → J=ψπ0Þ ¼ ð2.00� 0.12Þ × 10−5, where

the uncertainty is statistical only. We validate our analysis
on the Bþ → J=ψK�þ control sample, for which we
obtain BðBþ → J=ψK�þÞ ¼ ð1.48� 0.04Þ × 10−3, where
the uncertainties are statistical only, in agreement with the
world average [17].

V. CP ASYMMETRY FIT

We determine the CP asymmetries from a likelihood fit
to the unbinned Δt distribution of flavor-tagged candidates
in the signal region. Candidates outside of the signal region
are removed from the fit as they mostly consist of B →
J=ψX background events which dilute the observable CP
asymmetries of the signal. The likelihood function is

L ∝
YN
i¼1

fð1 − fqq̄Þ½ð1 − fBB̄Þðð1 − fJ=ψXÞPi
J=ψπ0

þ fJ=ψXPi
J=ψXÞ þ fBB̄P

i
BB̄� þ fqq̄Pi

qq̄g ð6Þ

where fqq̄, fBB̄, and fJ=ψX are the background fractions in
the signal region, determined from the signal extraction fit,
and Pi ¼ PðΔtiÞ is the PDF of the ith candidate.
The Δt distribution of the signal in Eq. (1) is modified to

model the effect of imperfect flavor assignment from the
tagging algorithm

PðΔt; qÞ ¼ e−jΔtj=τB0

4τB0

f1 − qΔwþ qatagϵ ð1 − 2wÞ

þ ½qð1 − 2wÞ þ atagϵ ð1 − qΔwÞ�
× ½SCP sinðΔmdΔtÞ − CCP cosðΔmdΔtÞ�g; ð7Þ

where w is the wrong-tag probability, Δw is the wrong-tag
probability difference between events tagged as B0 and B̄0,
and atagϵ is the tagging efficiency asymmetry between B0

and B̄0. We divide our sample into intervals of the tag-
quality variable r ¼ 1–2w provided by the tagging algo-
rithm, to gain statistical sensitivity from events with
different wrong-tag fractions. We use the boundaries
(0.0, 0.1, 0.25, 0.45, 0.6, 0.725, 0.875, 1.0) and corre-
sponding calibration parameters obtained with a sample
of B0 → D�−πþ decays in Ref. [22]. The effective flavor
tagging efficiency, defined as

P
i εið1 − 2wiÞ2, where εi

is the fraction of events associated with a tag decision and
wi is the wrong-tag probability in the i-th r-bin, is
ð37.40� 0.43� 0.36Þ%, where the uncertainties are stat-
istical and systematic, respectively [22]. Since fqq̄ varies
with r, we use the distribution in off-resonance data to scale
the average fraction in each bin, while fBB̄ and fB→J=ψX are
constants in r, as verified in simulation.
The effect of finite detector Δt resolution is taken into

account by modifying Eq. (7) as

F ðΔt; qjσΔtÞ ¼
Z

PðΔt0; qÞRðΔt − Δt0jσΔtÞdΔt0; ð8Þ

FIG. 1. Distributions of (top) ΔE and (bottom) mðlþl−Þ for
B0 → J=ψπ0 candidates (data points) with fits overlaid (curves
and stacked areas).

TABLE I. Signal efficiencies, yields, and purity in the signal
region. The signal efficiencies are corrected for differences
between data and simulation, and their uncertainties include
both statistical and systematic uncertainties, while the uncertain-
ties on the signal yields are statistical only.

Decay mode εsig [%] nsig Purity [%]

J=ψ → μþμ− 48� 2 204� 17 80
J=ψ → eþe− 41� 2 188� 17 83
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where R is the resolution function, conditional on the
per-event Δt uncertainty σΔt. The resolution function is
described by the sum of two components

RðδtjσΔtÞ ¼ ð1 − ftðσΔtÞÞGðδtjmGσΔt; sGσΔtÞ
þ ftðσΔtÞRtðδtjmtσΔt; stσΔt; k=σΔt; f>; f<Þ

ð9Þ
where δt is the difference between the observed and the true
Δt. The first component is a Gaussian function with mean
mG and width sG scaled by σΔt, which models the core of
the distribution. The second component Rt is the sum of a
Gaussian function and the convolution of a Gaussian with
two oppositely sided exponential functions,

Rtðxjμ; σ; k; f>; f<Þ ¼ ð1 − f< − f>ÞGðxjμ; σÞ
þ f<Gðxjμ; σÞ ⊗ k exp<ðkxÞ
þ f>Gðxjμ; σÞ ⊗ k exp>ð−kxÞ;

ð10Þ
where exp>ðkxÞ ¼ expðkxÞ if x > 0 or zero otherwise, and
similarly for exp<ðkxÞ. The exponential tails arise from
intermediate displaced charm-hadron vertices from the Btag

decay. The fraction ftðσΔtÞ is zero at low values of σΔt and
rises steeply to reach a plateau of 0.2 at σΔt ¼ 0.25 ps. We

neglect an outlier component in the resolution, accounting
for Oð10−3Þ fraction of events with poorly reconstructed
vertices, which shows no impact on the results. We use the
same resolution function parameters calibrated with a
sample of B0 → D�−πþ decays as in Ref. [22].
The B → J=ψX backgrounds are modeled separately for

decays of B0 and Bþ mesons in the Δt fit, with effective
lifetimes determined from simulation and PDF with the
same functional form as the signal. The CP asymmetries
of the B0 → J=ψX backgrounds are determined from
simulated B0 → J=ψK0

S and B0 → J=ψK0
L decays misre-

constructed as signal. The fraction of Bþ → J=ψX back-
grounds relative to the total amount of B → J=ψX
backgrounds is fixed from simulation. TheCP asymmetries
of the Bþ → J=ψX backgrounds are set to zero. The Δt
distribution of the BB̄ backgrounds is described using an
exponential PDF convolved with a Gaussian resolution
model determined from simulated data. The distribution of
the continuum background is modeled with a double-
Gaussian PDF determined from off-resonance data.
We validate the fit by measuring the lifetime on

Bþ → J=ψK�þ and B0 → J=ψK0
S data. We obtain τBþ ¼

ð1.559� 0.051Þ ps and τB0 ¼ ð1.513� 0.024Þ ps, respec-
tively, where the uncertainties are statistical only. We
also perform the CP asymmetry fit on the B0 → J=ψK0

S
sample, for which we obtain CCP ¼ −0.045� 0.028
and SCP ¼ 0.688� 0.037, where the uncertainties are
statistical only. All the values of the lifetimes and CP
asymmetries are consistent with the world averages [17].
The B0 → J=ψπ0 data are displayed in Fig. 2 with

fit projections overlaid. We determine the direct and
mixing-induced CP asymmetries CCP ¼ 0.13� 0.12 and

FIG. 2. Distributions of Δt for (top) B0 and (bottom) B̄0-tagged
B0 → J=ψπ0 candidates (data points) with fits overlaid (curves
and stacked areas).

FIG. 3. Distributions and fit projections of Δt for background-
subtracted flavor-tagged B0 → J=ψπ0 candidates. The fit
PDFs corresponding to candidates tagged as q ¼ −1 and
q ¼ þ1 are shown as dashed and solid curves, respectively.
The decay rate asymmetry, defined as ½Nðq¼þ1Þ−Nðq¼−1Þ�=
½Nðq¼þ1ÞþNðq¼−1Þ�, is displayed in the bottom subpanel.
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SCP ¼ −0.88� 0.17, where the uncertainties are statistical
only. The correlation between CCP and SCP is 8%. The Δt
distributions for tagged signal decays, after subtracting the
backgrounds [50], are displayed in Fig. 3, along with the
decay rate asymmetry.

VI. SYSTEMATIC UNCERTAINTIES

Contributions from all considered sources of systematic
uncertainty are listed in Tables II and III for the branching
fraction and CP asymmetries, respectively. The leading
contribution to the total systematic uncertainty on the
branching fraction arises from the π0 efficiency calibration,
while the main systematic uncertainties on the CP asym-
metries originate from the calibration of the flavor tagging
and resolution function with the B0 → D�−πþ control
sample and tag-side interference.

A. Branching fraction

In the computation of the branching fraction, we correct
the signal efficiencies obtained in simulation using control
samples from collision data. The statistical and systematic
uncertainties associated with the correction factors are
propagated to the measurement of the branching fraction
systematic uncertainty.
The π0 reconstruction efficiency is measured in data and

simulation using the ratio of the yields of D�þ → D0ð→
K−πþπ0Þπþ and D�þ → D0ð→ K−πþÞπþ decays, scaled
by the inverse values of their branching fractions. The yield
ratio in experimental and simulated data is used to obtain
correction factors as functions of the π0 polar angle and
momentum. The average correction factor over the kin-
ematic distribution of the π0 in B0 → J=ψπ0 decays is
1.05� 0.04, where the uncertainty is dominated by the
knowledge of the D0 branching fractions [17].
The difference in electron and muon identification per-

formance between simulation and experimental data is

calibrated using J=ψ → lþl−, eþe− → lþl−ðγÞ, and
eþe− → eþe−lþl− samples. The average correction
factor over the kinematic distribution of the signal is
1.002� 0.006 for the J=ψ → eþe− mode and 0.938�
0.005 for the J=ψ → μþμ− mode, where the uncertainties
are the sum in quadrature of the statistical and systematic
uncertainties.
The performance of the continuum-suppression BDT is

validated using theB0 → J=ψK0
S control sample. The ratio of

the signal efficiency after applying the BDT requirement in
data and simulation is found tobe1.001� 0.004 and1.007�
0.003 for the J=ψ → eþe− and J=ψ → μþμ− modes, respec-
tively, where the uncertainties are statistical only.
Tracking efficiencies are measured using eþe− → τþτ−

events, where one τ decays as τ− → e−ν̄eντ and the other as
τ− → π−πþπ−ντ. Efficiencies for data and simulation are
found to be compatible within an uncertainty of 0.27%,
which is propagated for each track to the uncertainty on the
branching fraction.
We propagate the uncertainty on the branching fractions

of the J=ψ and π0 decay modes used to reconstruct the
signal [17]. The uncertainty on the number of B0 mesons in
the sample arises from the measurement of the number of
BB̄ pairs and from the knowledge of the Bþ=B0 production
ratio [49]. Both uncertainties are propagated to the branch-
ing fraction and included in the systematic uncertainty.
We consider the uncertainties associated with the deter-

mination of the signal yields from the fit in the following
way. We repeat the fit by fixing the parameters determined
in the control samples to alternative values chosen accord-
ing to their statistical covariance matrix. We take the
standard deviation of the distribution of the signal yields
thus obtained and propagate it to the branching fraction. To
account for differences in the composition of the back-
grounds between data and simulation, we use simplified
simulated datasets where each component is generated
according to their PDFs. The main B → J=ψX background
components are generated with independent ΔE distribu-
tions and their yields varied between �20% and �50%

TABLE II. Relative systematic uncertainties on the branching
fraction compared with the statistical uncertainties.

Source Relative uncertainty on BF [%]

π0 efficiency 3.7
Lepton ID 0.4
BDT 0.3
Tracking efficiencies 0.5
External inputs 0.4
NðBB̄Þ 1.4
fþ−=f00 1.5
Fixed parameters 0.9
Backgrounds composition 0.4
Multiple candidates 0.5

Total systematic uncertainty 4.5

Statistical uncertainty 6.0

TABLE III. Systematic uncertainties on the CP asymmetries
compared with the statistical uncertainties.

Source CCP −ηfSCP
Calibration with B0 → D�−πþ 0.017 0.023
Signal extraction fit 0.003 0.017
Backgrounds composition 0.005 0.009
Backgrounds Δt shapes <0.001 0.001
Fit bias 0.010 0.010
Multiple candidates <0.001 0.002
Tracking detector misalignment 0.002 0.002
Tag-side interference 0.027 0.001
τB0 and Δmd <0.001 <0.001

Total systematic uncertainty 0.034 0.032

Statistical uncertainty 0.123 0.171
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from the expected value. We fit these datasets using the
nominal fit model and obtain an average bias on the signal
yields for each alternative background configuration. We
verify that these variations in the background yields cover
possible disagreements between data and simulation by
comparing their distributions with sidebands enriched in
different type of backgrounds. We define a sideband with
M0

bc < 5.27 GeV=c2 andmðγγÞ∈ ½0.1;0.16� GeV=c2, where
the backgrounds with properly reconstructed π0 candidates
are dominant, and a sideband withM0

bc > 5.27 GeV=c2 and
mðγγÞ∈ ½0.02; 0.1� ∪ ½0.16; 0.2� GeV=c2, where the back-
grounds with mis-reconstructed π0 candidates are dominant.
We also account for variations in the BB̄ background yield
and fraction of signal with a misreconstructed π0 using the
same approach. We take the standard deviation of the
distribution of the biases as a systematic uncertainty and
propagate it to the branching fraction.
Finally, we repeat our measurement on ensembles of

simulated data using alternative candidate selection
requirements for events with multiple candidates. For each
selection, we obtain an average bias on the signal yields.
We take the standard deviation of the distribution of the
average biases as a systematic uncertainty and propagate it
to the branching fraction.

B. CP asymmetries

We consider the uncertainties associated with the flavor
tagging and resolution function calibration. We repeat the
CP asymmetry fit by fixing the calibration parameters
determined in the B0 → D�−πþ sample to alternative values
chosen according to their statistical covariance matrix [22].
We also repeat the fit by varying the same set of parameters
within their systematic uncertainties without correlations.
In both cases, we take as a systematic uncertainty the
standard deviation of the CP asymmetries distribution thus
obtained, and sum them in quadrature.
We propagate the statistical uncertainties on the signal

and background fractions to the CP asymmetries. We
repeat the CP asymmetry fit by fixing the yields and
continuum background fractions determined in the signal
extraction fit to alternative values chosen according to their
statistical covariance matrix. The standard deviation of the
distribution of the CP asymmetries thus obtained is
assigned as a systematic uncertainty.
In order to estimate the systematic uncertainty associated

with the background model, we use the ensembles gen-
erated with alternative background compositions used for
the study of the systematic uncertainties on the branching
fraction. These simplified simulated datasets are also
generated with different Δt distributions for the main B →
J=ψX background components. In particular, the B0 →
J=ψK0

S and B
0 → J=ψK0

L backgrounds are generated using
the known value of their CP asymmetries [17]. We generate
separately an additional prompt component in Δt originat-
ing from tracks of the signal-side that are included in the fit

of the tag-side vertex. We fit these datasets using the
nominal fit model and obtain an average bias on the CP
asymmetries for each alternative background configuration.
We take the standard deviation of the distribution of these
biases as a systematic uncertainty.
We also consider the variations of the parameters of the

Δt PDF of the continuum background using the covariance
matrix determined in the fit to the off-resonance data. We
take as systematic uncertainty the standard deviation of the
distribution of the CP asymmetries thus obtained.
We estimate a fit bias, due to the combined effects of the

approximate determination of Δt in Eq. (3) and differences
between the signal and calibration sample, using simulated
signal events generated with CCP in ½−0.4; 0.4� and SCP in
½−1.0; 0.0� in steps of 0.2. In the nominal fit to the data, we
correct the CP asymmetries for their bias (0.010� 0.001
on CCP and −0.011� 0.001 on SCP, where the uncertain-
ties come from the size of the simulated sample) and assign
the absolute value of the bias (0.01) as a systematic
uncertainty.
The same procedure used to estimate the impact of the

candidate selection on the measurement of the branching
fraction is repeated for the CP asymmetries.
We study the impact of the tracking detector misalign-

ment on the CP asymmetries using simulated samples
reconstructed with various misalignment configurations
and assign as a systematic uncertainty the sum in quad-
rature of the differences with respect to the nominal
alignment configuration.
We estimate the shift from the true values of the CP

asymmetries due to the tag-side interference, i.e., neglect-
ing the effect of CKM-suppressed b → uc̄d decays in the
Btag in the model for Δt, using the estimators for CCP and
SCP that reproduce this bias as given in Ref. [51]. Since the
sign of the bias depends on the strong phase difference
between the favored and suppressed decays, which is
poorly known, we take the maximum absolute value as
a systematic uncertainty.
The values of the B0 lifetime and oscillation frequency

are fixed in the PDF. To estimate the corresponding
systematic uncertainties, we vary them around their known
values according to their uncertainties [17]. We find that
this has negligible impact on the CP asymmetries.

VII. SUMMARY

We report a measurement of the branching fraction and
CP asymmetries in B0 → J=ψπ0 decays using data from
the Belle II experiment. We find 392� 24 signal decays in
a sample containing ð387� 6Þ × 106 BB̄ events, corre-
sponding to a value of the branching fraction of

ðB0 → J=ψπ0Þ ¼ ð2.00� 0.12� 0.09Þ × 10−5; ð11Þ

where the first uncertainty is statistical, and the second
is systematic. The result is consistent with the world
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average [17] and has comparable precision to previous
determinations.
We obtain the following values of the CP asymmetries

CCP ¼ 0.13� 0.12� 0.03;

SCP ¼ −0.88� 0.17� 0.03; ð12Þ
where the first uncertainty is statistical, and the second is
systematic. The results are the most precise to date and are
consistent with previous determinations from Belle and
BABAR [14,15]. The central value of SCP is 5.0 standard
deviations from zero. The significance is calculated using
the sum in quadrature of the statistical and systematic
uncertainties. This is the first observation of mixing-
induced CP violation in B0 → J=ψπ0 decays from a single
measurement. The improved determinations of the branch-
ing fraction and CP asymmetries in this mode provide
further constraints on the penguin parameters and on the
extraction of the CKM angle ϕ1 [12].
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