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Abstract

Measurements of charge–parity (CP) violation in quark transitions provide stringent tests of the
current theory and sensitive probes of particles or interactions beyond it. We report the first mea-
surement of mixing-induced CP violation in B0 → π0π0 decays. The measurement uses 190 million
Υ(4S) → B0B0 events collected with the Belle II experiment at the SuperKEKB asymmetric-energy
electron-positron collider. A new approach that exploits the quantum entanglement of the B0B0

pair enables a decay-time-dependent analysis without reconstructing the B0 → π0π0 decay position.
We measure the mixing-induced CP-violating coefficient to be Sπ0π0 = 0.61+0.75

−0.79 (stat)± 0.11 (syst),
attaining a precision that would require a data set twenty times as large with a conventional analy-
sis. We also measure the direct CP-violating coefficient to be Cπ0π0 = 0.05± 0.28 (stat)± 0.07 (syst).
These results substantially improve the constraints from B → ππ decays on the CP-violating phase ϕ2

of the quark-mixing matrix using far less data than had previously been assumed necessary.

Symmetries are central to the fundamental laws of
nature. Charge–parity (CP) symmetry, the invari-
ance of physics laws under the combined action
of charge conjugation and parity inversion, maps
particles into antiparticles in a mirror-reflected
spatial configuration. To date, CP violation has
been observed only in weak interactions that
change quark flavour and, within the Standard
Model of particle physics, is attributed to a sin-
gle irreducible phase of the Cabibbo–Kobayashi–
Maskawa (CKM) quark-mixing matrix [1]. Its
fundamental origin, however, remains unknown.
Most importantly, studies of CP violation provide
sensitive probes of physics beyond the Standard
Model, by revealing or constraining additional
CP -violating phases induced by new particles or
interactions.

An important element of these studies is
the measurement of the CP -violating phase
ϕ2 ≡ arg[−(VtdV

∗
tb)/(VudV

∗
ub)] (also denoted as α),

where Vij is the CKM-matrix element con-
necting the up-type quark i to the down-type
quark j. Experimentally, ϕ2 is determined from
specific B-meson decays to light mesons—such as
B0 → π+π−, B+ → π+π0, and B0 → π0π0—
by combining their decay-time-dependent and
-independent amplitudes through isospin rela-
tions [2, 3]. Charge-conjugate modes are implied
throughout unless explicitly stated otherwise.
Complementary constraints are obtained from
analogous isospin analyses of the B → ρρ and
B → ρπ decays.

The B → ππ system is experimentally sim-
pler because ρ mesons are broad resonances with
more complex kinematic properties and are harder
to distinguish from background. In B → ππ
decays, however, the ϕ2 determination has long
been hindered by multiple discrete ambiguities in
the allowed ϕ2 values due to the absence of a

3
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key input, the coefficient Sπ0π0 encoding mixing-
induced CP violation in the B0 → π0π0 decay. As
a consequence, the B → ρρ system has provided
the leading constraints on ϕ2 to date.

A measurement of Sπ0π0 would substantially
reduce the ambiguities in the B → ππ system.
This would restoreB → ππ as a competitive probe
of ϕ2, enabling independent, comparably precise
determinations across channels affected by dif-
ferent experimental and theoretical uncertainties,
and ultimately accelerating progress on the deter-
mination of ϕ2. However, a measurement of Sπ0π0

with the conventional approaches would require
data samples an order of magnitude larger than
currently available.

We report the first measurement of Sπ0π0 using
a new approach, which substantially improves the
determination of ϕ2 from B → ππ decays. We use
data collected with the Belle II experiment at the
asymmetric-energy electron-positron SuperKEKB
collider [4, 5]. Belle II is a large-solid-angle 1.5T
solenoidal spectrometer comprising silicon vertex
detectors, charged-particle tracking and identifica-
tion systems, and an electromagnetic calorimeter,
surrounded by a muon and K0

L detector [5, 6].
At Belle II, neutral B mesons are pro-

duced near kinematic threshold, in the process
e+e− → Υ(4S) → B0B0, as a quantum-entangled
B0B0 pair, and may undergo B0–B0 mixing
before decaying. For decays to a final state f
that is accessible to both B0 and B0 mesons
(such as π0π0), interference between the direct
decay and the decay following mixing generates a
time-dependent CP -violating asymmetry

ACP (t) =
N(B0(t) → f)−N(B0(t) → f))

N(B0(t) → f) +N(B0(t) → f))
, (1)

where N denotes the yield and t the proper decay
time. Experimentally, the asymmetry is accessed
by reconstructing the signal decay and tagging the
flavour of the companion meson (tag B), which
identifies the signal meson as a B0 or B0 at the
reference time set by the tag-B decay. The asym-
metry is parameterised by coefficients Sf and Cf ,
describing mixing-induced and direct CP viola-
tion, respectively, and is conventionally extracted
from the distributions of the decay-time differ-
ence ∆t between the signal- and tag-side decays.
This quantity is inferred from the separation of
the two decay positions (vertices) reconstructed

from charged-particle trajectories (tracks). The
B0 → π0π0 signal, however, is typically recon-
structed from four photons produced in the dom-
inant π0 → γγ decay, which does not provide
a signal vertex. Such a vertex could be obtained
only in rare topologies, such as π0 → e+e−γ.
This renders ∆t-based measurements feasible only
with samples of about 10 billion Υ(4S) decays or
more [7].

In this work, we use a much smaller sample
of 190 million Υ(4S) → B0B0 decays collected
between 2019 and 2022, corresponding to an inte-
grated luminosity of 365 fb−1. The measurement
is enabled by a novel method [8, 9], which is
applied experimentally for the first time in this
work. Rather than using ∆t, we study the time
evolution of the system as a function of ttag, the
time interval between the production of the tag
B meson and its decay. A schematic comparison
between the conventional ∆t-based and ttag-based
approaches is shown in Fig. 1.

Because the two B mesons are quantum-
entangled, the probability density P (ttag, q) for
a tag B meson to decay at proper time ttag
with flavour q retains information about decay-
time-dependent CP violation in the signal decay.
The parameters Sπ0π0 and Cπ0π0 can therefore
be determined without reconstructing the signal
vertex, according to

P (ttag, q) ≈

e−ttag/τ
[
1− q D

(
Sπ0π0 sin[∆m(ttag − t̂ )]

+ Cπ0π0 cos[∆m(ttag − t̂ )]
)]
,

(2)

where τ is the average B0 lifetime; ∆m is
the B0–B0 flavour-mixing frequency; q = +1 (−1)
is the B0 (B0) flavour of the tag meson;
t̂ = arctan(∆mτ)/∆m ≈ 1.294 ps is the
decay time at which the mixing-induced term
in the decay-rate asymmetry first vanishes; and
D = 1/

√
1 + (τ ∆m)2 ≈ 0.792 is a damping of the

asymmetry amplitude due to integrating over all
possible signal decay times [8, 9].

The method relies on an accurate determi-
nation of ttag, obtained from the displacement
between the production point of the tag B meson
and its decay vertex [9]. The decay vertex is
obtained from reconstructed tracks, whereas the
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Fig. 1 Schematic illustration, not drawn to scale, of the
conventional ∆t measurement and the ttag method. The
B mesons are produced in the luminous region (elongated
grey ellipse) from a Υ(4S) decay and move from left to
right along the boost direction. Top: in the conventional
method, the decay vertices (orange ellipses) of both the
signal B0 meson (B0

sig) and the tag-B meson (B0
tag) are

reconstructed from the observed tracks to measure the
decay-time difference ∆t (red double arrow). Bottom: when
B0

sig decays into π0(→ γγ)π0(→ γγ), its decay vertex can-
not be reconstructed. The common production point of the
B0B0 pair (dark grey ellipse) in the luminous region and
the decay vertex of the tag B (orange ellipse) are recon-
structed to measure the tag-B decay time ttag (blue double
arrow).

production point is inferred from the luminous
region of the colliding beams and the kinematic
constraints of the event. A ttag measurement
is therefore feasible only if a sufficiently com-
pact interaction region and excellent vertexing
are available. Unlike first-generation B factories,
SuperKEKB has a micron-scale transverse lumi-
nous region, while the Belle II pixel detector has
a vertex resolution of a few tens of microns [10].
Together, these enable a per-event estimate of ttag
with a resolution of about 1.5 ps [9], sufficient for
time-dependent studies without signal vertexing.
The nonzero beam crossing angle, through the
transverse boost it induces, further improves the
time resolution.

The analysis builds on the B0 → π0π0

branching-fraction measurement obtained from
the same data, which also determined Cπ0π0

through a time-integrated asymmetry [11]. We
extend that analysis by incorporating ttag and
its per-event uncertainty σttag , obtained follow-
ing Ref. [9], and extract Sπ0π0 and Cπ0π0 with a
maximum-likelihood fit. Because the sensitivity to
Sπ0π0 depends directly on the modelling of the ttag
resolution, we determine the resolution parame-
ters by measuring the B0–B0 oscillation frequency
in B0 → D−π+ decays reconstructed in data.
We then validate the ttag approach by reproduc-
ing the known CP -violating coefficients SJ/ψK0

S

and CJ/ψK0
S
in the well-established B0 → J/ψK0

S

decay.
The signal decay B0 → π0π0 is reconstructed

using only calorimeter information. Photon candi-
dates are formed from energy deposits (clusters)
not associated with tracks and required to sat-
isfy basic energy and timing criteria. Data-driven
corrections are applied to the photon energy.
Pairs of photons with invariant mass consistent
with π0 → γγ decays are π0 candidates, and
their momentum measurement is refined using
a mass-constrained kinematic fit. A multivariate
photon-quality selection based on cluster-energy,
shape, and isolation observables suppresses back-
ground from beam-induced and misreconstructed
photons [11]. All tracks originating from the inter-
action region are assigned to the tag B meson to
reconstruct its decay vertex.

The background is dominated by high-energy
π0 mesons from e+e− → qq̄ production (contin-
uum), where q indicates a u, d, s, or c quark.
After reconstruction, this background exceeds the
expected signal by roughly three orders of magni-
tude. The signal-to-background ratio is improved
using event-shape observables that exploit the
topological differences between continuum events,
which are jet-like, and the BB events, which are
more isotropic. We train a boosted-decision-tree
classifier on 27 such observables to discriminate
signal from continuum. Continuum is modelled
using data collected at energies 60 MeV below
the Υ(4S) mass peak, where BB production is
kinematically forbidden; the sample size is about
one-tenth of the on-resonance dataset. Signal
is modelled using simulation. We optimise the
requirement on the classifier output by minimis-
ing the average expected statistical variance on
Sπ0π0 as determined from repeating the mea-
surement on ensembles of simulated bootstrap
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replicas [12]. The resulting selection rejects 98% of
the continuum while retaining 80% of the signal.

Loose requirements, which retain high signal
efficiency, are applied to observables that exploit
the kinematic features of near-threshold produc-
tion. These are the beam-energy-constrained mass
Mbc, which is the signal B invariant mass with
the B energy replaced by one-half the centre-
of-mass energy, and the difference ∆E between
the reconstructed B-candidate energy and one-
half the centre-of-mass energy, both calculated in
the Υ(4S) rest frame.

In addition to signal and continuum, the sam-
ple contains background from misreconstructed
B decays (BB background), whose yield is com-
parable to the expected signal. This background
is dominated by B+ → ρ+(→ π+π0)π0 decays,
with smaller contributions from B0 decays such as
B0 → K0

S(→ π0π0)π0. Because these backgrounds
are not fully reconstructed, they populate lower
∆E values than the signal. Misreconstructed sig-
nal candidates, in which a π0 from the tag B decay
is incorrectly associated with the signal, amount to
less than 2% of the expected signal yield. The frac-
tion of events with multiple signal candidates is
below 1%; for these events, we select one candidate
at random.

For each event, the flavour of the tag B meson
is inferred with a multivariate flavour-tagging
algorithm, which provides both a flavour decision
q and a probability w for that decision to be
wrong, as calibrated in control data [13].

We extract Sπ0π0 and Cπ0π0 with an extended
maximum-likelihood fit that models the sample
as a mixture of signal (including misreconstructed
candidates), continuum, and BB background.
The fit uses the unbinned distributions of seven
observables (∆E, Mbc, Ct, q, wt, ttag, σttag),
where Ct and wt are, respectively, the
continuum-suppression classifier output and the
wrong-flavour probability, both transformed to
facilitate modelling [14]. The observables Mbc

and Ct separate signal from continuum, while
∆E provides additional discrimination against
BB background.

For each sample component, the probability
density function (PDF) is factorised into a time-
independent part describing the (∆E, Mbc, Ct)
distributions and a time-dependent part describ-
ing the (q, wt, ttag, σttag) distributions. The time-
independent model follows the time-integrated

analysis [11], with small adjustments to account
for the difference in the continuum-suppression
selection.

The signal PDF for ttag is constructed by
including flavour-tagging imperfections in Eq. 2
and convolving the result with the ttag-resolution
function. Only Sπ0π0 and Cπ0π0 are freely deter-
mined by the fit, while external physics inputs
and flavour-tagging calibration parameters are
Gaussian-constrained to either their known val-
ues or values measured in calibration samples [13].
The BB background is described with the same
time-dependent model based on empirical nui-
sance parameters; the continuum time dependence
is described directly from data with a flexible
empirical model.

We validate the fit model with multiple clo-
sure tests. Fits to a realistic simulated sample four
times larger than the data yield unbiased results,
and ensembles of simulated experiments confirm
unbiased estimators with correct uncertainty cov-
erage. The continuum parameterisation is further
validated by fitting events in signal-depleted ∆E
and Mbc sidebands in data.

The ttag-resolution function is developed in
simulation from the distribution of the differ-
ence between reconstructed and true ttag. It is
parameterised by a Gaussian core with asym-
metric tails, with width and tail parameters free
to vary smoothly as functions of the per-event
uncertainty measurement σttag . The resolution
function is then calibrated in data using 36 000
B0 → D−π+ decays. Measurements of the B0 life-
time and B0–B0 mixing frequency in this sample
provide reliable benchmarks of the time-evolution
model. After a kinematic selection, we statistically
subtract residual backgrounds using the so-called
sWeight technique [15], based on the results of
a fit to the ∆E distribution. We adjust the
resolution parameters by fitting the background-
subtracted ttag distribution of the B0 → D−π+

decays (Fig. 2 (left)). We measure the B0 life-
time τ = 1.524 ± 0.026 ps and the B0–B0 mixing
frequency ∆md = 0.512 ± 0.011 ps−1, consistent
with the known values [16]. After the validation,
the resolution-function parameters are determined
by a fit with lifetime and mixing-frequency fixed
to the known values to further improve model
accuracy. The resulting resolution function is used
in the B0 → π0π0 PDF, and a systematic
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Fig. 2 (Left) Distribution of the tag-B decay time ttag for background-subtracted B0 → D−π+ decays, accompanied by a
(red) opposite-flavour and (blue) same-flavour tag B meson, with flavour-mixing fit projections overlaid. (Right) Distribution
of the tag-B decay time ttag for background-subtracted B0 → J/ψK0

S decays, accompanied by a (blue) B0 or (red) B0 tag
meson with projections of decay-time dependent CP-violation fit overlaid. Both distributions are restricted to decays with
highest flavour-tagging quality (about 24% of the signal yield) to aid visualization. Bottom panels show the corresponding
yield asymmetries as functions of tag-B decay time; asymmetries are normalized differences between yields of (left) direct
decays and decays following an oscillation and (right) signal decays accompanied by a B0 and B0 tag meson.

uncertainty is assigned to cover possible mod-
elling differences between the control and signal
topologies.

To validate the ttag-based approach, we mea-
sure time-dependent CP violation without using
the signal vertex in the decay B0 → J/ψK0

S,
which provides a low-background, high-precision
benchmark. We apply the same selection and
sequential fit strategy used in the conventional
∆t-based analysis of Ref. [13]: a fit to the ∆E
distribution determines the sample composition
and provides sWeights for background subtrac-
tion, followed by a fit to the (q, w, ttag, σttag)
distributions (Fig. 2 (right)) to extract the
mixing-induced and direct CP -violating parame-
ters SJ/ψK0

S
and CJ/ψK0

S
. From about 6 900 B0 →

J/ψK0
S decays, and using the calibrated ttag res-

olution, we measure SJ/ψK0
S
= 0.835± 0.104 and

CJ/ψK0
S
= −0.056± 0.033, consistent with both

the known values and those obtained with the con-
ventional ∆t-based analysis on the same data [13].

We then turn to our signal B0 → π0π0 sam-
ple. Fit projections in a signal-enhanced region are
shown in Fig. 3. The distribution of ttag separated
for Btag candidates tagged as B0 or B0, and the
resulting time-dependent asymmetry, are reported
in Fig. 4. The fit yields 22 320± 150 (stat) contin-
uum events, 203±27 (stat)BB background events,

and 171±24 (stat) signal B0 → π0π0 decays, with
time-dependent CP -violating parameters

Sπ0π0 = 0.61+0.75
−0.79 (stat)± 0.11 (syst) , (3)

Cπ0π0 = 0.05± 0.28 (stat)± 0.07 (syst) . (4)

The linear correlation between the parameters
is 6.6%. Uncertainties are dominated by sam-
ple size. Systematic uncertainties are assessed by
varying the fit model and its calibration inputs;
by ensemble tests of estimator properties; and
by accounting for uncertainties in the flavour-
tagging calibration, the ttag resolution model,
and possible CP -asymmetry effects in the BB
background. The contributions from the individ-
ual sources are reported in Methods Tab. 1; the
largest is from the ttag resolution model. The
Cπ0π0 result agrees with the time-integrated asym-
metry reported in Ref. [11], is more precise and
supersedes it. The Sπ0π0 result is the first ever
determination of mixing-induced CP-violation in
B0 → π0π0 decays.

We translate the measured values of Sπ0π0

and Cπ0π0 into constraints on the CP -violating
phase ϕ2. We use the standard isospin analysis
of B → ππ amplitudes [2, 3], adding our Sπ0π0

and Cπ0π0 measurements to the other available
B → ππ inputs (see Methods Tab. 2). Figure 5
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The bottom panel shows the corresponding yield asymme-
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accompanied by a B0 and B0 tag meson.

shows the 68.3% confidence-level (CL) region in
the (ϕ2, Sπ0π0) plane and the value of (1 − CL)
as a function of ϕ2. Our results, and in particu-
lar the inclusion of Sπ0π0 in the isospin analysis,

reduce the number of discrete solutions from
eight to six, removing the 68.3% CL region for
Sπ0π0 < −0.25. The updated value of Cπ0π0 also
slightly shifts the peaks in the (1 − CL) curve as
a function of ϕ2. Overall, our measurement short-
ens the allowed 68.3% CL ϕ2 interval by 40%.
The solution preferred by the Standard-Model
constraints is (82.0+4.4

−3.5)
◦, in agreement with the

determination from the ρρ system and similar in
precision [18].

In summary, we report the first measure-
ment of mixing-induced CP violation in the decay
B0→π0π0. The result is enabled by a novel
method that, exploiting the quantum entangle-
ment of the B0B0 pair, infers the time evolution
of the system from the tag-B decay time ttag
without signal B vertex reconstruction. The anal-
ysis relies on a data-driven calibration of the ttag
resolution using B0 → D−π+ decays and is vali-
dated with B0 → J/ψK0

S decays, demonstrating
that the ttag-based approach reliably reproduces
established time-dependent CP -violation results.
Using 190 million Υ(4S) → B0B0 decays col-
lected with Belle II, we measure Sπ0π0 with a
precision that would require a data set twenty
times larger with a conventional time-dependent
analysis. We also measure Cπ0π0 , superseding
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the previous Belle II result [11]. Incorporating
these results into the B → ππ isospin analysis
reduces the discrete ambiguities and strengthens
the constraint on the CP -violating phase ϕ2 from
B → ππ decays. In a broader perspective, this
result shows that the ttag-based approach makes
B → ππ decays competitive in the determina-
tion of ϕ2 much earlier than previously antici-
pated, thereby enabling more incisive comparisons
among complementary channels, and accelerating
progress on ϕ2. With larger Belle II data sets, the
ttag-based method provides a path to more pre-
cise tests of the CKM framework in decay channels
without reconstructible decay vertices.
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Methods

Experimental setup

The data were collected with the Belle II detec-
tor at the SuperKEKB collider in Tsukuba,
Japan [4, 5]. SuperKEKB is an electron–positron
collider whose main rings store a 7.0GeV electron
beam and a 4.0GeV positron beam, supported
by a linear injector and a positron damping ring.
It employs the nanobeam collision scheme: low-
emittance beams are strongly focused by final-
focus superconducting quadrupole magnets and
collide with a horizontal crossing angle of 83mrad.
This reduces the longitudinal overlap of the col-
liding bunches, mitigates the hourglass effect—the
luminosity loss caused by collisions occurring out-
side the narrowest part of the focused beams—and
produces a luminous region with characteristic
dimensions of about 13µm, 0.2µm, and 350µm in
x, y, and z, respectively. The coordinate system
is defined with the z axis aligned to the sym-
metry axis of the Belle II solenoid, which points
approximately along the direction of the electron-
beam; the x axis in the horizontal plane pointing
outside the ring; and the y axis pointing verti-
cally upward. The compact luminous region and
crossing geometry are crucial for the present mea-
surement because they constrain the production
point of the entangled B0B0 pair, enabling the
determination of ttag.

Belle II is a large-solid-angle magnetic spec-
trometer surrounding the interaction region. The
determination of ttag relies mostly on a two-layer
pixel detector [10], which provides precise ver-
tex measurements close to the beam pipe. Of the
outer layer, only one sixth is installed for the data
used in this work. The tag-B vertex resolution is
about 30µm in all directions. The reconstruction
of B0 → π0π0 decays relies on the electromagnetic
calorimeter [6], which is made of 8736 CsI(Tl)
crystals and provides efficient photon reconstruc-
tion, with a mass resolution of about 8MeV for
neutral pions from B0 → π0π0 decays.

Signal selection

We select signal candidates with an online event
filter followed by offline reconstruction. The online
selection requires events to satisfy criteria based

on total energy and charged-particle multiplic-
ity to preferentially retain collisions that produce
hadrons, and is fully efficient for the signal.

In the offline analysis, we identify photon can-
didates as energy deposits in the calorimeter (clus-
ters) larger than 30 MeV and that involve more
than one crystal, to reject noise, which is uncorre-
lated across calorimeter channels. We require the
cluster-detection time to be within 200 ns of the
collision time, to suppress energy deposits from
secondary hadronic interactions unrelated to the
relevant collision and overlapping beam-induced
photons. Multiplicative photon-energy corrections
ranging from 0.990 to 1.010, with 0.15%–0.50%
uncertainties, are derived from control samples in
data and used to correct the absolute calorimeter-
energy scale.

The high momentum of signal π0’s offers a nat-
ural suppression of misreconstructed and beam-
induced photons. To reduce contributions from
these sources further, we use a boosted decision
tree [19] trained to discriminate simulated signal
photons from beam-induced and misreconstructed
photons using nine discriminating observables: the
energy detected in the crystal with the largest
signal, three observables that describe the energy
sharing among crystals, the photon’s momentum
transverse to the beam direction, the distance
between the cluster and the trajectory of the near-
est charged particle, the number of crystals in the
cluster, the polar angle coordinate of the clus-
ter, and one observable that describes the fraction
of cluster energy detected in the central crystal.
To reproduce realistic experimental conditions,
beam-induced photons from data are overlaid on
simulated events. We choose the threshold on the
boosted-decision-tree output that maximizes the
yield of signal photons over the square root of
the sum of misreconstructed and beam-induced
photon yields, as expected from simulation. The
selection removes 83% of misreconstructed and
beam-induced photons and retains 96% of signal
photons.

We form π0 candidates by pairing the selected
photon candidates. To suppress combinatorial
background from low-energy photons, we require
that the π0 momentum be greater than 1.5GeV/c,
and the angle between the momenta of the pho-
ton candidates be less than 0.4 radians. In the π0

candidate rest frame, the magnitude of the cosine
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Fig. 6 (Left) Distribution of the diphoton mass Mγγ in simulation after all photon and π0 selections except the diphoton-
mass requirement. The dashed vertical lines indicate the signal-region boundaries. The properly reconstructed π0 component
is shown in red, stacked on the misreconstructed component shown in blue. (Right) Distribution of the output C of the
continuum-suppression classifier for simulated (blue) continuum and (red) signal B0 → π0π0 events.

of the angle between the photon-candidate direc-
tion and the boost direction from the laboratory
frame must not exceed 0.98 to suppress misrecon-
structed π0 mesons, which tend to peak near 1.00.
The diphoton mass is required to lie between
0.115 and 0.150GeV/c2, corresponding to approx-
imately −2.5 and +2.0 units of resolution around
the known π0 mass—see Fig. 6 (left). The asym-
metric range compensates for calorimeter energy
leakage. We apply a kinematic fit that improves
momentum resolution by constraining the dipho-
ton mass to the known π0 mass. The photon and
π0 reconstruction performance is validated using
D∗+ → D0(→ K−π+π0)π+ decays reconstructed
in data.

Finally, we train a boosted-decision-tree clas-
sifier C to discriminate signal from continuum
by analysing 27 observables, comprising modified
Fox-Wolfram moments [20–22], sphericity-related
quantities [23], thrust-related quantities [24], and
energy detected in sets of concentric cones with
various opening angles centred around the thrust
axis of the event [25]. The output of this classifier
is shown in Fig. 6 (right), comparing signal and
background from simulation; the threshold that
optimises sensitivity to Sπ0π0 is 0.7. Compared
to the time-integrated analysis [11], this differ-
ent continuum-suppression selection increases the
signal efficiency by 30%, and it improves the
expected statistical precision on Sπ0π0 by 15%,
even though it triples the continuum yield. We fur-
ther restrict the sample by requiring candidate

signal mesons to have Mbc > 5.2 GeV/c2 and
−0.3 < ∆E < 0.5 GeV.

The ttag decay time is defined as

ttag = mB
L⃗ · p⃗tag
|ptag|2

, (5)

in which mB is the known B0 mass, L⃗ is the
flight-distance vector that connects the produc-
tion and decay space-points of the tag B meson,
and p⃗tag is its momentum vector. The latter is
inferred as p⃗tag = p⃗Υ(4S) − p⃗π0π0 , where p⃗Υ(4S)

is the momentum of the Υ(4S) meson in the
e+e− → Υ(4S) → B0B0 process, which is known
precisely from the accelerator parameters, and
p⃗π0π0 is the signal momentum vector. We recon-
struct ttag for each event by implementing the fit
of Eqs. (11–12) of Ref. [9], which also returns the
uncertainty σttag . A requirement σttag > 0.35 ps
is also imposed; it rejects 8% of continuum, while
being fully efficient for signal. We also require
σttag < 4 ps and |ttag| < 15 ps as fiducial require-
ments to avoid candidates with a misreconstructed
decay time.

Flavour tagging

We infer the tag-B flavour using a graph-neural-
network algorithm [13], which provides a flavour
decision q = +1 (−1) for a B0 (B0) tag and an
event-by-event estimate of a wrong-tag probability
w. The tagging efficiency ϵ, defined as the fraction
of events assigned a flavour decision, is close to
unity.
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The wrong-tag probability predicted by the
tagger is calibrated using low-background con-
trol samples of flavour-specific B0 → D(∗)−π+

decays [13], and its average is found to be
about 23%. A linear correction is applied sepa-
rately for B0

tag and B0
tag candidates to account

for small differences between the predicted and
observed mistag probabilities in data. The cor-
responding calibration functions are shown in
Fig. 7. Possible differences in tagging efficiency
between B0

tag and B
0
tag mesons are described by an

asymmetry parameter atag, which is found to be
consistent with zero in the same control channels.
We verify with simulated events that the calibra-
tion derived from the control modes is also valid
for the signal decay.

The signal time-dependent PDF of Eq. (2)
is expanded to include flavour-tagging imperfec-
tions, as

P(ttag, q) =
e−ttag/τ

2τ

(
1 + q

[
atag(1− 2w)−∆w

]
− q

[
1− 2w + qatag − atag∆w

]
×D

[
Sπ0π0 sin[∆m(ttag − t̂)]

+ Cπ0π0 cos[∆m(ttag − t̂)]
])
.

(6)

Here w = (ωB + ωB)/2 is the average of the
mistag fractions for true flavours ωB and ωB , and
∆w = ωB − ωB is their difference. We express w
and ∆w in terms of the per-event mistag estimate
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Fig. 8 Distribution of the difference between the mea-
sured and true values of ttag, obtained in simulation for
(blue) B0 → D−π+ and (red) B0 → π0π0 decays. The dis-
tribution for B0 → J/ψK0

S overlaps that for B0 → D−π+

and is not shown.

w provided by the algorithm using the linear func-
tions obtained in the flavour-tagger calibration.

Tag-B decay-time resolution

The ttag resolution function describes the differ-
ence between the measured and true values of ttag.
It is parameterised in simulation as

R(ttag) = f1G1(ttag | µ1, σ1)

+ (1− f1)
[
expLR(ttag | τL, τR)

⊗G2(ttag | µ2, σ2)
]
,

(7)

where G1 (i = 1, 2) are Gaussian functions,
with means µi, standard deviations σi; expLR is
an asymmetric two-sided exponential distribution
with slopes τL and τR; and f1 is the fractional
area of the core Gaussian function. The width
and slope parameters, as well as the core fraction,
are allowed to vary smoothly with σttag . Figure 8
shows the resolution function in simulation inte-
grated over all values of σttag .

We adjust the resolution function to data using
B0 → D−(→ K+π−π−)π+ decays, through a
measurement of the B0 lifetime and the B0–B0

oscillation frequency. The control decays are
reconstructed following Ref. [13], with a more
restrictive selection on Mbc and ∆E, a require-
ment that the measured D-meson flight distance
be non-negative, and a multivariate selection to
suppress continuum. As in the B0 → π0π0 selec-
tion, we require σttag > 0.35 ps and |ttag| < 15 ps.
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The ∆E distribution of B0 → D−π+ candidates
is shown in Fig. 9. From a fit to this distribution,
used to compute sWeights, we obtain about 36 000
B0 → D−π+ decays, with small residual contri-
butions from continuum events and B0 → D−K+

decays.
The parameters of the resolution model

are determined with a maximum-likelihood
flavour-oscillation fit to the sWeighted unbinned
(q, ttag, σttag) distributions (Fig. 2 (left)) in bins of
flavour-tagging quality w, using the correspond-
ing tagging calibration parameters [13]. The signal
PDF is obtained by replacing the usual ∆t depen-
dence [13] with the dependence on ttag in the
standard flavour-specific B0–B0 mixing expres-
sion,

Pmix(ttag, q) ∝
e−ttag/τ

(
1− q hD cos[∆m(ttag − t̂)]

)
,

(8)

and convolving it with the resolution function
of Eq. (7). Here h = ±1 is the charge of
the pion from the B0 → D−π+ decay; we
neglect the O(10−4) wrong-sign contribution [26–
28]. We obtain ∆m = 0.512± 0.011(stat) ps−1

and τ = 1.509± 0.026(stat) ps, consistent with
the known values. The agreement validates the
decay-time resolution model used in the signal
fit. To further improve model accuracy, the final
resolution-function parameters are determined by
a fit with lifetime and mixing frequency fixed to
the known values.

Fit modelling

We determine Sπ0π0 and Cπ0π0 with an extended
maximum-likelihood fit to the unbinned distri-
butions of ∆E, Mbc, Ct, q, wt, ttag and σttag .
The sample is modelled as a mixture of signal,
BB background, and continuum events, and the
likelihood is

L ∝ e−(Nsig+NBB+Nqq)

×
M∏
i=1

[
Nsig Pisig +NBB Pi

BB
+Nqq̄ Picont

]
,

(9)

where Nj is the yield of the component j deter-
mined by the fit, Pij denotes the PDF for event i
under component j, and M is the total number of
events.

For each component, the PDF is factorised into
a time-independent part and a time-dependent
part. The time-independent part describes the
observables (∆E, Mbc, Ct). The corresponding
PDFs for signal and BB background are deter-
mined from simulation, and expanded with addi-
tional, constrained degrees of freedom to accom-
modate residual data–simulation differences. The
time-independent part for the continuum is
described with empirical parametrisations deter-
mined from data. Statistical dependences among
observables are included through conditional
PDFs.

The time-dependent part is written as a PDF
for (ttag, q), conditional on (σttag , wt), multiplied
by a PDF for wt and a PDF for σttag conditional on
Mbc . This factorisation accounts for the different
σttag distributions of signal, BB, and continuum
events.

The signal PDF for (ttag, q) is obtained from
Eq. (6) by convolving it with the decay-time reso-
lution function of Eq. (7). In this PDF, only Sπ0π0

and Cπ0π0 are free parameters; external quantities
such as the B0 lifetime, the B0–B0 mixing fre-
quency, and flavour-tagging calibration constants
are Gaussian-constrained to their known values.
The PDF for σttag is determined from simulation.

The BB background uses the same time-
dependent structure as the signal, with effective
parameters describing its lifetime and asymme-
try constrained from simulation and from the
time-integrated analysis [11]. Since the sample is
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dominated by B+ → ρ+π0 decays, we assume
no time-dependent asymmetry and a systematic
uncertainty is assigned to account for a possible
effect from the small neutral-BB component.

Because continuum dominates the selected
sample, its time-dependent description is deter-
mined with maximal flexibility from data.
The shape parameters of its ttag distribution are
freely determined by the fit, the σttag distribu-
tion is modelled as a function of Mbc using data,
and a possible instrumental flavour asymmetry
is absorbed by an effective asymmetry parameter
determined by the fit.

Analysis of B0 → J/ψK0
S decays

The decay B0 → J/ψK0
S provides a high-

yield, low-background control channel, with time-
dependent CP -violating coefficients SJ/ψK0

S
and

CJ/ψK0
S
known with high precision [29], and there-

fore offers a stringent validation of the ttag-based
approach.

We reconstruct B0 → J/ψK0
S decays fol-

lowing Ref. [13]. We form J/ψ candidates from
opposite-sign electron or muon pairs with invari-
ant masses consistent with the known J/ψ mass,
using looser requirements for electrons to account
for bremsstrahlung. Electrons and muons are
selected using particle-identification information
from all subdetectors except the pixel detector.
We reconstruct K0

S candidates from pairs of oppo-
sitely charged pions with invariant mass consistent
with the known K0

S mass and a decay vertex
significantly displaced from the e+e− interaction
point. We fit the trajectories and momenta of
the B0 decay products, constraining the J/ψ to
its known mass [16] and the B0 to originate
from the interaction region. In addition, each
B0 candidate must satisfy Mbc > 5.27 GeV/c2,
−0.1 < ∆E < 0.25 GeV and R2 < 0.4 [20]. Rela-
tive to Ref. [13], the only additional requirements
are |ttag| < 15 ps and 0.35 < σttag < 4.00 ps.

We first fit the unbinned ∆E distribution,
shown in Fig. 10, to determine the sample
composition. The resulting sWeights are then
used in a second fit to the time evolution of
background-subtracted, flavour-tagged signal can-
didates, shown in Fig. 2 (right).

In this fit, we use the decay-time reso-
lution function and flavour-tagging calibration
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Fig. 10 Distribution of ∆E for B0 → J/ψK0
S candidates

reconstructed in data, with fit projection overlaid.

obtained from the B0 → D(∗)−π+ control sam-
ples. We measure SJ/ψK0

S
= 0.835± 0.104(stat)

and CJ/ψK0
S
= −0.056± 0.033(stat), consistent

with SJ/ψK0
S

= 0.724 ± 0.035(stat) and

CJ/ψK0
S
= −0.035± 0.026(stat) from the standard

∆t-based analysis on the same data [13], and
with the known values [29]. The linear correlation
between the SJ/ψK0

S
results from the two methods

is 33% (and 77% for CJ/ψK0
S
). This measurement

provides the first observation of mixing-induced
CP violation with a ttag-based analysis.

Systematic uncertainties

Systematic uncertainties arise from modelling
assumptions in the fit, potential biases in the
extraction of the observables, and uncertainties in
external inputs. Their contributions to Sπ0π0 and
Cπ0π0 are summarised in Tab. 1.

Uncertainties associated with nuisance param-
eters constrained in the likelihood are included in
the statistical uncertainties returned by the fit.
The impact of each individual uncertainty is eval-
uated by repeating the fit with that parameter
fixed to its best-fit value and computing the cor-
responding change in the uncertainties on Sπ0π0

and Cπ0π0 .
The dominant systematic uncertainty arises

from the modelling of the ttag resolution function,
in particular from possible differences between the
B0 → D−π+ control sample and the signal sam-
ple as seen in simulation (see Fig. 8). A small
difference arises because the tag-B momentum is
inferred using momentum conservation and there-
fore depends on the signal B momentum, which
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Table 1 Summary of systematic uncertainties on the Sπ0π0 and Cπ0π0 asymmetries. Total systematic uncertainties,
resulting from their sums in quadrature, are also given.

Source σ(Sπ0π0) σ(Cπ0π0)
ttag resolution model 0.08 <0.01
Fit bias 0.06 0.04
BB background CP violation 0.03 0.03
BB background lifetime <0.01 <0.01
σttag modelling for continuum 0.01 <0.01
σttag modelling for signal and BB decays 0.01 <0.01
Flavour-tagging parameters 0.01 0.01
Flavour-tagging calibration model 0.02 0.01
τ and ∆m uncertainties <0.01 <0.01
Tag-side interference 0.01 0.04
Continuum time-independent PDF modelling <0.01 <0.01
Signal time-independent PDF modelling 0.03 0.01
BB time-independent PDF modelling 0.01 <0.01
Total systematic uncertainty 0.11 0.07

is less precisely measured in the four-photon sig-
nal final state than in control modes with charged
particles. We estimate the impact of this difference
from alternative fits using models derived from the
signal simulation.

Possible biases on Sπ0π0 and Cπ0π0 in the nom-
inal fit are evaluated with ensembles of simulated
experiments and are found to be small; we assign
as a systematic uncertainty the combination in
quadrature of the bias and its statistical precision.

Possible CP violation in the BB background
is assessed by introducing a time-dependent asym-
metry for the small B0 component and evaluating
the resulting bias on the results; possible direct
CP violation is accounted for with a nuisance
asymmetry parameter estimated in a ∆E side-
band [11] and constrained in the fit. The uncer-
tainty associated with the effective lifetime of the
BB component is negligible. Uncertainties related
to the modelling of σttag are evaluated sepa-

rately for continuum, signal, and BB components
using alternative PDFs derived from sidebands or
control samples.

Flavour-tagging uncertainties are evaluated by
varying the calibration parameters within their
uncertainties and by testing an alternative cali-
bration model with higher-order dependence on
w. We also evaluate the effect of possible tag-
side interference following Ref. [30]. Uncertainties
associated with external physics parameters have
negligible impact. Residual uncertainties related

to continuum modelling and to correlations among
observables are also small.

Isospin analysis

We determine the CP -violating phase ϕ2 from
B → ππ decays following Ref. [2], using the isospin
relations among amplitudes to separate the con-
tributions of tree (singleW emission) and penguin
(W emission and reabsorption) topologies. The
method relies on the approximate isospin symme-
try of the strong interaction, which allows ϕ2 to be
determined with negligible hadronic uncertainty.

In the isospin limit, the amplitudes Aij for
B → πiπj decays, comprising B0 → π+π−,
B0 → π0π0, and B± → π±π0, satisfy the triangle
relations

A+0 −A00 =
1√
2
A+− , (10)

Ā+0 − Ā00 =
1√
2
Ā+− , (11)

where Āij denote the amplitudes for B decays.
The B and B triangles share a common base given
by the B± → π±π0 amplitude.

The measured observables constrain the ampli-
tudes through the branching fractions Bij and, for
the neutral modes, the CP -violating coefficients
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Cij and Sij :

Bij
τB

=
|Aij |2 + |Āij |2

2
, (12)

Cij =
|Aij |2 − |Āij |2

|Aij |2 + |Āij |2
, (13)

Sij =
2 Im(ĀijAij∗)

|Aij |2 + |Āij |2
, (14)

where τB indicates τB0 for ij = +−, 00 and τB+

for ij = +0. We use the measurements listed
in Tab. 2, including the Sπ0π0 and Cπ0π0 results
reported here.

Following Ref. [3], we parameterise the ampli-
tudes as

A+0 = µ ei(∆−ϕ2), Ā+0 = µ ei(∆+ϕ2),

A+− = µa, Ā+− = µ ā e2iϕ̄2 ,

A00 = A+0 − A+−
√
2
, Ā00 = Ā+0 − Ā+−

√
2
,

(15)

where ∆ is a strong phase, and a, ā, µ, and ϕ̄2 are
real parameters. This parametrisation relates the
seven observables of the B → ππ system to six
physics parameters.

For each value of ϕ2, we construct

χ2 = (O⃗ − O⃗p)
TV −1(O⃗ − O⃗p), (16)

where O⃗ is the vector of measured observables, O⃗p
the corresponding prediction, and V the covari-
ance matrix including experimental uncertainties
and correlations. The χ2 is numerically min-
imised with respect to the remaining parameters
(ϕ̄2, a, ā,∆, µ), and the resulting profiled χ2

p(ϕ2) is
used to construct confidence intervals from

∆χ2 = χ2
p(ϕ2)− χ2

0(ϕ̂2), (17)

where ϕ̂2 is the value of ϕ2 at the global minimum.
The allowed ϕ2 interval at the 68.3% CL is

[3.8◦, 11.4◦] ∪ [78.6◦, 86.2◦] ∪ [99.9◦, 108.0◦]∪
[124.1◦, 131.0◦] ∪ [139.0◦, 145.9◦] ∪ [162.0◦, 170.1◦]

(18)

and is shown in Fig. 11.
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Belle II preliminary
B

World average
+ Belle II S 0 0, C 0 0

Global indirect 2

Fig. 11 Values of (1 − CL) as a function of ϕ2 as deter-
mined using B → ππ decays (dashed red line) before and
(solid blue line) after including our measurements of Sπ0π0

and Cπ0π0 . The vertical line shows the indirect value of ϕ2
obtained from the global CKM fit. The horizontal dashed
line represents 68.3% confidence-level exclusion.

We use an analogous procedure to obtain
the two-dimensional confidence regions in the
(Sπ0π0 , ϕ2) plane shown in Fig. 5. We express one
nuisance parameter (a) as a function of Sπ0π0

and the other parameters, and, for each fixed
(Sπ0π0 , ϕ2) pair, we numerically minimise the χ2

with respect to the remaining parameters, obtain-
ing the profiled value χ2

p(Sπ0π0 , ϕ2). The 68.3%
CL regions are defined by the contour ∆χ2 = 2.3,
where ∆χ2 is the difference between the profiled
χ2 and its value at the global minimum.

Isospin-breaking effects, such as electroweak
penguin contributions and π0–η(′) mixing, are
expected to induce corrections at the level of
1◦–2◦ [3] and are neglected in this analysis.
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Table 2 Experimental inputs used in the determination of the allowed ϕ2 intervals. The leftmost column shows the
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uncorrelated, since the correlation is negligible after symmetrisation. The Cπ0π0 value reported for Belle II in square
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