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T. Kuhr,61 Y. Kulii,61 R. Kumar,79 K. Kumara,119 T. Kunigo,26 S. Kurokawa,95

A. Kuzmin,8,73 Y.-J. Kwon,135 S. Lacaprara,32 Y.-T. Lai,26 T. Lam,131 J. S. Lange,59

T. S. Lau,26 R. Leboucher,110 H. Lee,81 M. J. Lee,89 P. Leo,116 P. M. Lewis,113

C. Li,66 L. K. Li,29 Q. M. Li,46 S. X. Li,137 W. Z. Li,5 Y. Li,18 Y. B. Li,133 Y. P. Liao,46

J. Libby,43 J. Lin,70 S. Lin,98,32 Z. Liptak,28 V. Lisovskyi,1 C. Liu,52 G. Liu,110

M. H. Liu,52 Q. Y. Liu,113 Z. Q. Liu,82 D. Liventsev,132,26 S. Longo,116 A. Lozar,114,88

T. Lueck,61 J. L. Ma,46 Y. Ma,80 M. Maggiora,102,36 S. P. Maharana,41 R. Maiti,6

G. Mancinelli,1 R. Manfredi,7 E. Manoni,33 M. Mantovano,16 D. Marcantonio,118

M. Marfoli,1 C. Marinas,49 A. Martens,104 T. Martinov,103,37 L. Massaccesi,102,36

M. Masuda,75 T. Matsuda,120 D. Matvienko,8,73 S. K. Maurya,11 M. Maushart,105

J. A. McKenna,110 Z. Mediankin Gruberová,11 R. Mehta,90 F. Meier,17

D. Meleshko,59 M. Merola,97,31 C. Miller,129 M. Mirra,31 K. Miyabayashi,68,26

H. Miyake,26,20 R. Mizuk,104 G. B. Mohanty,90 S. Moneta,33

A. L. Moreira de Carvalho,16 H.-G. Moser,78 N. Mudgal,38 Th. Muller,53

H. Murakami,64,65 R. Mussa,36 M. Nakao,26,20 Y. Nakazawa,26 Z. Natkaniec,71

A. Natochii,7 M. Neu,53 S. Nishida,26,20,72 R. Nomaru,26 S. Ogawa,93 R. Okubo,103,37

H. Ono,72 Y. Onuki,127 G. Pakhlova,69 S. Pardi,31 J. Park,127 K. Park,55 S.-H. Park,26

A. Passeri,35 S. Patra,111 T. K. Pedlar,60 M. Piccolo,30 L. E. Piilonen,131

P. L. M. Podesta-Lerma,96 T. Podobnik,114,88 L. Polat,1 A. Prakash,61 V. Prasad,52

C. Praz,26 S. Prell,50 E. Prencipe,59 M. T. Prim,109 S. Privalov,8,73 I. Prudiiev,114,88

H. Purwar,113 P. Rados,64 S. Raiz,16 K. Ravindran,90 J. U. Rehman,71 M. Reif,130

S. Reiter,59 L. Reuter,53 D. Ricalde Herrmann,126 I. Ripp-Baudot,105 G. Rizzo,100,34

S. H. Robertson,107,47 J. M. Roney,129,47 A. Rostomyan,16 N. Rout,16 G. Russo,97,31

S. Saha,105 L. Salutari,101,35 D. A. Sanders,119 S. Sandilya,41 L. Santelj,114,88

C. Santos,105 V. Savinov,122 B. Scavino,130 C. Schmitt,61,78 J. Schmitz,109

G. Schnell,108 K. Schoenning,130 C. Schwanda,6 Y. Seino,72 K. Senyo,134 J. Serrano,1

C. Sfienti,21 W. Shan,29 C. P. Shen,18,137 X. D. Shi,46 T. Shillington,62

T. Shimasaki,127 J.-G. Shiu,70 D. Shtol,8,73 B. Shwartz,8,73 A. Sibidanov,113

F. Simon,53 J. B. Singh,77,121 J. Skorupa,78,91 A. Soffer,92 A. Sokolov,45 E. Solovieva,8
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Abstract: We perform a measurement of time-dependent CP violation parameters in

B0 → K0
Sπ

0γ decays using a dataset of approximately 772×106 and 521×106 Υ (4S) decays

collected by the Belle and Belle II experiments, respectively. The measured parameters

for the combined dataset in the K∗0(892) dominated region (MK0
Sπ

0 ∈ [0.8, 1.0]GeV/c2)

are S = 0.09 ± 0.16 ± 0.02 and C = −0.09 ± 0.08 ± 0.04. For the non-K∗0(892) region

(MK0
Sπ

0 ∈ (1.0, 1.8]GeV/c2), the corresponding values are S = −0.32 ± 0.33 ± 0.09 and

C = −0.07 ± 0.17 ± 0.08. The first quoted uncertainties are statistical, while the second

ones are systematic. These results are consistent with Standard Model predictions and

more precise than previous measurements.
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1 Introduction

The study of time-dependent CP violation in the radiative decay B → K0
Sπ

0γ provides a

unique probe for physics beyond the Standard Model (SM). The decay occurs predomi-

nantly through b → sγ loop transitions, which makes it susceptible to contributions from

heavy, virtual particles [1, 2]. As a result, this decay channel can explore physics at energy

scales significantly larger than those directly accessible in current collider experiments.

The time-dependent CP asymmetry arises due to interference between decay ampli-

tudes with and without B0–B0 mixing, where a nonzero phase appearing in the quark-

mixing matrix causes differing decay rates for B0 and B0 over time. For coherent BB pair

production at the Υ (4S), in which one of the B mesons (Bsig) decays to a final state fCPγ,

where fCP is a CP eigenstate, and the other B meson (Btag) decays to a flavour-specific

final state, the CP asymmetry is given as

ACP (∆t) =
Γ(Btag=B0(∆t) → fCPγ)− Γ(Btag=B0(∆t) → fCPγ)

Γ(Btag=B0(∆t) → fCPγ) + Γ(Btag=B0(∆t) → fCPγ)
, (1.1)

where Γ(Btag=B0/B0) is the decay rate of Bsig to fCPγ when Btag has been identified as a

B0/B0 meson, and ∆t is the proper time difference between the decays of Bsig and Btag.

This asymmetry can be parameterised as

ACP (∆t) = S sin(∆md∆t)− C cos(∆md∆t), (1.2)

where ∆md is the mass difference between the two B0 mass eigenstates, and S and C are

the mixing-induced and direct CP -violating parameters, respectively.
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In the SM, the photon emitted in b→ sγ processes is predominantly left-handed due to

the chiral structure of the weak interaction. The presence of a polarised photon in the final

state suppresses the interference, leading to small CP -violating effects. In particular, the

SM predicts that S should be suppressed by a factor of ms/mb due to helicity suppression,

with deviations expected at the level of a few percent [3]. Here, ms (mb) is the mass of the

strange (bottom) quark. The S value is calculated to be (−2.3 ± 1.6)% for the resonant

B0 → K∗0(892)γ channel, which can, however, be enhanced to O(10%) in nonresonant

B → K0
Sπ

0γ decays through long-distance effects, such as charm loop contributions [4, 5].

The C value is expected to be smaller than 1% [6]; however, this estimate may not be

robust due to potentially large uncertainties in predicting strong phases [3].

Any significant contribution from the right-handed photon can increase the S value

beyond the previously mentioned predictions, indicating evidence for new physics, such as

supersymmetry, extended Higgs sectors, or models with vector-like fermions [7–9]. There-

fore, a precise measurement of the time-dependent CP asymmetry in B → K0
Sπ

0γ provides

a stringent test of the SM and a powerful probe for new sources of CP violation from

physics beyond the SM. Moreover, the different mechanisms at play in the theoretical

predictions [3–5] for the B0 → K∗0(892)γ and nonresonant decays motivate separate in-

vestigation of these channels.

The previous measurements from Belle, BaBar, and Belle II are summarised in Table 1.

While these results are consistent with SM predictions, they exhibit significant uncertain-

ties. The objective of our study is to enhance the measurement precision by utilizing a

larger dataset and advanced algorithms. In particular, we have implemented an improved,

Graph Neural Network (GNN)-based flavour Tagger [10] across both the Belle and Belle II

datasets, along with an improved K0
S selection algorithm specifically for the Belle dataset.

We have also incorporated information from events with poor time resolution in a time-

integrated fit, which contributes to reducing the uncertainty on C.

Table 1: Summary of earlier measurements of S and C for the B0 → K∗0(892)γ and

B0 → K0
Sπ

0γ channels excluding the resonant K∗0(892) contribution. The first quoted

uncertainties are statistical, while the second ones are systematic.

Channel Experiment NΥ(4S) S C

K∗0(892)γ

Belle [11] 535× 106 −0.32+0.36
− 0.33 ± 0.05 0.20± 0.24± 0.05

BaBar [12] 467× 106 −0.03± 0.29± 0.03 −0.14± 0.16± 0.03

Belle II [13] 388× 106 0.00+0.27
− 0.26 ± 0.03 0.10± 0.13± 0.04

K0
Sπ

0γ,

excluding

K∗0(892)γ

Belle [11] 535× 106 0.50± 0.61± 0.29 0.20± 0.37± 0.13

BaBar [12] 467× 106 −0.78± 0.59± 0.09 −0.36± 0.33± 0.04

Belle II [13] 388× 106 0.04+0.45
− 0.44 ± 0.23 −0.06± 0.25± 0.09

2 Detectors and data samples

The Belle and Belle II detectors both have a cylindrical geometry whose symmetry (z) axis

is nearly aligned with the electron beam direction at the interaction point (IP). The polar

– 2 –



angle θ is defined relative to the z axis.

The Belle detector [14] was located at the KEKB accelerator [15], which collided elec-

trons and positrons with beam energies of 8.0GeV and 3.5GeV, respectively. It recorded

data from 1999 to 2010. Belle was a large-solid-angle magnetic spectrometer composed of a

silicon vertex detector (SVD), a central drift chamber (CDC), an array of aerogel threshold

Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight (TOF) scintillation

counters, and an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals, all lo-

cated inside a superconducting solenoid coil that provided a magnetic field of 1.5T. The

SVD and CDC were used to reconstruct charged particle tracks and vertices, while the

ACC and TOF, along with specific ionization (dE/dx) measurements from the CDC, were

used for charged particle identification (PID) purposes, and photons were reconstructed

from calorimetric clusters in the ECL. An iron flux-return yoke, placed outside the coil,

was instrumented with resistive-plate chambers to detect K0
L mesons and muons.

The Belle II detector [16] represents a significant upgrade from Belle, and is currently

operational at the SuperKEKB accelerator [17], which collides electrons and positrons

with beam energies of 7.0GeV and 4.0GeV, respectively. Belle II features a two-layer

pixel detector (PXD) that is surrounded by a four-layer SVD [18] and a 56-layer CDC.

These subdetectors help reconstruct the tracks of charged particles; the SVD and CDC

additionally provide dE/dx information for PID purposes. Enclosing the CDC are a time-

of-propagation counter (TOP) [19] located in the central region and an aerogel-based ring-

imaging Cherenkov counter (ARICH) situated in the forward region. Together, these sub-

detectors constitute the primary PID system. Surrounding both the TOP and ARICH is

the ECL, made from the same CsI(Tl) crystals as Belle but with faster electronics, which

measures energy and time for photons and electrons. Outside the ECL is a superconduct-

ing solenoid magnet that provides a magnetic field of 1.5T, parallel to the z axis. The

flux return of the magnet is equipped with resistive-plate chambers and plastic scintillator

modules for the detection of muons, K0
L mesons, and neutrons.

The data samples used in our study were collected at the Υ(4S) resonance, which

decays predominantly into BB pairs. The Belle dataset corresponds to an integrated lumi-

nosity of 711 fb−1, containing approximately 772×106 Υ (4S) decays. Similarly, the Belle II

dataset used corresponds to an integrated luminosity of 493 fb−1, containing approximately

521× 106 Υ (4S) decays. About 81% of the latter sample was collected with both the PXD

and SVD operational, while the remaining 19% was collected with the PXD off.

The analysis strategy and fitting procedure are developed using simulated Monte Carlo

(MC) samples. Data control samples and sidebands are then used to validate the procedures

before examining the signal region in the data, which is accessed only after the analysis

procedures have been finalized. MC simulation samples for the process e+e− → Υ(4S) →
BB are generated using the EvtGen [20] package, designed for B meson decays. The

e+e− → qq (q ∈ [u, d, s, c]) continuum events are generated using the KKMC [21] package.

Both packages are interfaced with Pythia6 [22] (Pythia8 [23]) for Belle (Belle II). The

detector response is modeled with the Geant3 [24] framework for Belle and Geant4 [25]

for Belle II. We use MC samples from generic e+e− collisions, i.e., combining B0B0, B+B−,

and qq events, as well as specific samples of BB events, where one of the B mesons decays
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into a specified mode of interest, for example, the signal. The Belle II analysis software

framework [26, 27] is used to process both the simulated and real data samples.

3 Reconstruction and event selection

The reconstruction of B0 → K0
Sπ

0γ candidates is performed with a bottom-up approach,

where K0
S candidates are first reconstructed from tracks in the PXD (Belle II), SVD, and

CDC, while π0 and γ candidates are reconstructed from clusters in the ECL. The remaining

tracks and clusters are assigned to the Btag candidates.

We reconstruct K0
S using two oppositely charged tracks, assumed to be pions and

constrained to come from a common vertex, and that their invariant mass lies within

±30 MeV/c2 of the known K0
S mass [28]. To suppress misreconstructed K0

S candidates,

two multivariate (MVA) classifiers are used. The first one selects K0
S–like candidates by

primarily using the kinematic properties of the K0
S candidate and its decay pions, together

with its flight length. The second MVA is designed to reduce the contamination from

Λ0 → p+π− decays by using the proton PID likelihood of each candidate decay pion, and

the reconstructed Λ0 mass, obtained by assigning the proton mass hypothesis to one of

the pion candidates. In Belle, these classifiers [29] are based on a NeuroBayes Neural

Network [30] package while in Belle II, LightGBM [31] is employed.

We reconstruct π0 candidates from two photon candidates with invariant mass satisfy-

ing mγγ ∈ [90, 160] MeV/c2, with further constraints on their shower shape in the ECL and

the opening angle between them. For Belle II, we also require the ECL cluster time for each

photon candidate to be within ±200 ns of the beam-crossing time. A mass-constrained fit is

applied to improve the momentum resolution of π0 candidates. To reject misreconstructed

π0 candidates, separate MVA classifiers based on XGBoost [32] are employed for Belle and

Belle II utilizing features related to the kinematics of the π0 candidates and the shower

shapes of their decay products. The key discriminating features are the χ2 probability of

the mass-constrained fit and the opening angle between the π0 decay products.

Prompt photon candidates are selected from high-energy ECL clusters with energies

satisfying E∗ > 1.4GeV. The asterisk (∗) denotes quantities calculated in the e+e− center-

of-mass frame. To ensure the cluster shape is consistent with an electromagnetic shower, we

require that the ratio E9/E21 exceeds 0.9, where E9 and E21 are the energies deposited in

a 3× 3 array of crystals and a 5× 5 array excluding the four corners, respectively, centred

on the crystal with the highest energy. Furthermore, for Belle II, we require the ECL

cluster time for each photon candidate to be within ±200 ns of the beam-crossing time. To

suppress backgrounds from π0 → γγ and η → γγ decays, separate MVA classifiers based on

XGBoost are employed for Belle and Belle II [33]. These classifiers combine the kinematic

information of the prompt photon candidate with other clusters from the rest of the event

to identify potential π0 or η candidates. If such candidates are found, then the prompt

photon candidate is rejected. The most discriminating features are the reconstructed π0/η

mass and the χ2 probability of the corresponding mass-constrained fit.

The Bsig candidates are reconstructed by combining the selected K0
S , π

0, and prompt

photon candidates. A vertex fit is performed to the entire decay chain with the Bsig
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candidates constrained to originate from the IP [34]. An additional Bsig vertex fit is

performed with the π0 mass constraint, which is solely aimed at improving the π0 four-

momentum resolution by using the Bsig vertex as the π0 production point.

Two kinematic variables are used to identify Bsig candidates: the beam-constrained

mass Mbc = (1/c2)
√
s/4− (|p⃗∗B|c)2 and the energy difference ∆E = E∗

B −
√
s/2, where√

s/2 is the beam energy, and E∗
B and p⃗∗B are the energy and momentum of the recon-

structed Bsig candidate, respectively. Owing to the presence of a high-energy photon in

the final state, the ∆E distribution is asymmetric, with a long tail on the negative side

arising primarily due to shower leakage in the ECL. This effect also causes a correlation

between Mbc and ∆E [35], which can be mitigated by redefining Mbc as follows:

Eres =
√
s/2− E∗

K0
S
,

E′
π0 =

Eres

E∗
π0 + E∗

γ

× E∗
π0 , E

′
γ =

Eres

E∗
π0 + E∗

γ

× E∗
γ ,

p⃗ ′π0 =
√
(E′

π0/c)2 − (Mπ0c)2 ×
p⃗∗π0

|p⃗∗
π0 |
, p⃗ ′γ = (E′

γ/c)×
p⃗∗γ
|p⃗∗γ |

,

Mbc = (1/c2)
√
s/4− (|p⃗K0

S
+ p⃗ ′

π0 + p⃗ ′γ |c)2. (3.1)

By rescaling the π0 and photon energies using the precisely measured kinematics of the

K0
S and the e+e− collision system, we minimize the dependence of Mbc on the measured

energies of the π0 and photon candidates, which are prone to biases from shower leakage.

This rescaling significantly reduces the correlation between Mbc and ∆E in the back-

ground events without affecting the signal, and improves the signal Mbc resolution by

3–7% depending on the dataset. Candidates are required to satisfy Mbc > 5.23 GeV/c2

and −0.3 GeV < ∆E < 0.2 GeV. The invariant mass of the K0
Sπ

0 system, MK0
Sπ

0 , is

required to lie within the range [0.8, 1.8]GeV/c2. The dataset is divided into two regions:

MK0
Sπ

0 ∈ [0.8, 1.0]GeV/c2, denoted as MR1, and MK0
Sπ

0 ∈ (1.0, 1.8]GeV/c2, denoted as

MR2. The K∗0(892) resonance is the primary contributor in MR1, while MR2 is domi-

nated by contributions from the nonresonant K0
Sπ

0γ channel and higher kaonic resonances

such as K∗0(1410), K∗0(1430), K∗0(1680).

We reconstruct the Btag vertex using well-reconstructed tracks not associated with

the Bsig candidate. A further constraint is applied to ensure that the vertex lies in a

tube originating from the IP, along the Btag flight direction calculated using the Bsig

momentum [36]. We retain events where both Bsig and Btag vertices are successfully

reconstructed. A GNN-based flavour tagging (FT) algorithm [10] is employed to determine

the flavour of Btag at the time of its decay. This algorithm outputs a flavour tag q (where

q = +1 for B0 and −1 for B0) and a quality factor r that indicates the confidence level of

the flavour assignment.

The data include contributions from backgrounds associated with continuum events

and BB decays other than signal. To suppress the continuum background, we train MVA

classifiers based on XGBoost, using event shape variables that leverage the topological

differences between qq events, which exhibit a boosted jet-like topology, and BB events,

characterised by a nearly isotropic distribution. Separate classifiers are trained for Belle and
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Belle II, as well as for MR1 and MR2, to account for differences in detector performance and

background composition. The most discriminating feature in these classifiers is the angle

between the thrust axes of the Bsig candidate and the rest of the event. The selection crite-

ria for all MVA classifiers are determined by maximizing a figure-of-merit NS/
√
NS +NB,

where NS and NB are the numbers of signal and background events, respectively, expected

in the signal region that is defined by Mbc > 5.27GeV/c2 and −0.2GeV < ∆E < 0.1GeV.

The asymmetric range for ∆E is considered to account for the shower leakage in the ECL.

The output of the continuum MVA classifier, after applying the selection criteria, is

used as a variable in the final fit. This MVA output exhibits a strong peak near 1.0 for

the signal, making it challenging to model. We therefore transform it using the following

relation to obtain a variable that can be more readily modeled with analytical functions:

C ′ = ln

(
Cout − Cmin

out

Cmax
out − Cout

)
, (3.2)

where Cout is the original MVA output, and Cmin
out and Cmax

out are the minimum and maximum

values of the output, respectively.

After applying all selection criteria, 10–12% of events have multiple signal candidates,

depending on the dataset. Since these ambiguities are primarily due to misreconstructed π0

candidates, the candidate with the highest π0 MVA output is retained in such instances; for

the remaining events with multiple candidates, a candidate is arbitrarily chosen. We find

that this approach selects the correctly reconstructed signal decay in events with multiple

candidates approximately 75% of the time based on simulation studies.

The overall reconstruction and selection efficiency for signal events is estimated with

simulated datasets. For Belle, the efficiency is approximately 19% in MR1 and 13% in

MR2. For Belle II, the corresponding values are higher, around 22% in MR1 and 14% in

MR2; the increase is due to improved detector performance and reconstruction algorithms.

4 Likelihood fit and results

The distribution of the proper decay time difference ∆t between Bsig and Btag encodes the

CP asymmetries [Eq. (1.2)]. This variable is calculated using the formula ∆t = ∆ℓ/βγc,

where ∆ℓ is the distance between the two reconstructed vertices along the boost direction,

and βγ, the Lorentz boost of the Υ(4S), equals 0.425 (0.284) for Belle (Belle II).

Based on the quality of ∆t reconstruction, events are categorised into two groups: well-

and poorly-reconstructed ∆t events. For an event to be classified as well-reconstructed,

both the K0
S decay products must register at least one hit in the SVD layers for Belle, and

in either the PXD or SVD layers for Belle II, and the uncertainty in ∆t must be less than

3.0 ps for both Belle and Belle II. Such events account for approximately 50% (75%) of the

total events selected in the Belle (Belle II) dataset. The larger fraction in Belle II arises

from the larger volume of the vertex detector (PXD and SVD) and the smaller Lorentz

boost in comparison to Belle, which enhance the likelihood of the K0
S decaying within the

vertex detector.
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The well-reconstructed ∆t events are used for time-dependent (TD) fits to extract

both S and C parameters, while the poorly-reconstructed ∆t events are used for time-

integrated (TI) fits to extract only the C parameter. To extract S and C, we perform a

simultaneous extended unbinned maximum-likelihood fit to the TD and TI datasets in the

two Btag flavours. The TD fit involves Mbc, ∆E, C ′, and ∆t, taking per-event dependence

on the ∆t uncertainty (σ∆t) and flavour-tagging quality factor r into account. The TI

fit uses Mbc, ∆E, and C ′, considering per-event dependence on r. We use the same fit

strategy for the Belle and Belle II datasets in both MR1 and MR2. The fit model includes

three components: signal (both correctly and partially reconstructed events with a well-

reconstructed K0
S ), BB, and qq backgrounds. The probability density functions (PDFs)

for all components are modelled with simulated events and validated with control channels.

Based on MC simulation studies, we find Mbc, ∆E, and C ′ variables have negligible

correlation with ∆t, allowing us to factorise the full fit PDFs into the two parts: the signal

extraction PDF and the CP asymmetry PDF. Being a function of Mbc, ∆E, and C ′, the

first PDF aims to discriminate between various components and obtain the per-event signal

probability. On the other hand, the second PDF models the ∆t distribution with per-event

dependence on σ∆t and r to determine S and C. The full PDFs for TD and TI datasets

are given by:

PTD
full (Mbc,∆E,C

′,∆t | σ∆t, q, r) =
3∑
i=1

N q
i (q, r)f

TD
i P SE

i (Mbc,∆E,C
′)PCPV

i (∆t | σ∆t, q, r)

(4.1)

and

PTI
full(Mbc,∆E,C

′ | q, r) =
3∑
i=1

N q
i (q, r)(1− fTD

i )P SE
i (Mbc,∆E,C

′). (4.2)

Here, i ∈ [1, 3] represents the signal, BB, and qq components, respectively; N q
i (q, r) are the

yields of components for the two Btag flavours, expressed in terms of the direct CP -violation

parameter C for signal and BB background as described later; fTD
i are the fractions of

events in the TD dataset, obtained from simulation and calibrated with sidebands and

control channels. Lastly, P SE
i are the signal extraction PDFs, and PCPV

i are the CP

asymmetry PDFs for the three components.

4.1 Signal extraction PDF

We model the shape in Mbc for correctly reconstructed signal using a Crystal Ball func-

tion [37] with a Gaussian core and a polynomial tail on one side [38], and its ∆E shape

using a Johnson’s function [39]. The correlation between Mbc and ∆E can range from 5%

to 20% depending on the dataset and is modelled in the fit by parameterising the width

and tail parameters of the Mbc PDF as functions of ∆E. The C ′ distribution for signal

is modelled with a Johnson’s function. The signal extraction PDF for signal is then the

Mbc–∆E PDF multiplied by the C ′ PDF. For the partially reconstructed signal with a well-

reconstructed K0
S , known as self cross-feed (SCF), we use a Crystal Ball function for Mbc,
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and an asymmetric Gaussian function for ∆E and C ′. The signal extraction PDF for the

SCF component is the product of the individual Mbc, ∆E, and C ′ PDFs. The final signal

extraction PDF for the signal component (P SE
1 ) is the sum of the correctly reconstructed

and SCF signal PDFs, weighted by their fractions expected from MC simulation.

The BB background exhibits a peaking structure in Mbc near the known B meson

mass [28]; however, such a structure is absent in ∆E. To address the residual correlation

between Mbc and ∆E for this background, we model its joint Mbc–∆E PDF using a two-

dimensional Kernel Density Estimator (KDE) [40]. The C ′ distribution is represented by

an asymmetric Gaussian function. The signal extraction PDF for the BB background

(P SE
2 ) is then the Mbc–∆E KDE PDF multiplied with the C ′ PDF.

We model the qq background Mbc shape using an ARGUS function [41], and its ∆E

shape using a first-order polynomial. The C ′ distribution for the qq background is modelled

with a Johnson’s function. Due to the negligible correlation among the three fit variables,

we define the signal extraction PDF for the qq background (P SE
3 ) as the product of the

individual PDFs for Mbc, ∆E, and C ′.

The final signal extraction PDF is the sum of signal, BB, and qq background signal

extraction PDFs, weighted by their respective yields, which are floated in the fit:

P SE
tot =

3∑
i=1

NiP
SE
i (Mbc,∆E,C

′). (4.3)

The parameters describing the means of the Mbc and ∆E functions for the signal PDF are

floated in the fit. Similarly, the Mbc and ∆E PDF shape parameters, along with the mean

and width of the C ′ PDF for the qq component are floated in the fit.

To validate the signal extraction fit strategy in the data and to determine potential

data–MC correction factors for the fixed parameters, we use the B0 → K∗0[K+π−]γ control

channel, following the same fit strategy as the signal channel. This channel is chosen

because of its relatively large sample size and clean signature. It mimics the signal channel

due to the presence of a high-energy photon in the final state. The means of the signal and

BB C ′ PDFs, and the widths of the signalMbc, ∆E, and C ′ PDFs are floated in both data

and simulation fits of the control channel to take into account possible data–MC differences.

We extract as correction factors differences in the means and ratios in the widths, which

are of the order of 1–3% for the signal and around 10% for the BB background. These

correction factors are then applied to the full fit in the signal channel.

The projections of signal extraction PDFs (Mbc, ∆E, and C ′) obtained from the full

fit to data in the signal channel are shown in Figures 1 and 2 for Belle and Belle II,

respectively.

4.2 CP asymmetry PDF

The CP asymmetry PDF for signal comes into play in the fit performed to the ∆t distri-

bution to measure S and C. The physics-motivated model for CP violation is modified to

incorporate the effect of incorrect flavour assignment by the FT algorithm, and is convolved

– 8 –



with a resolution function to account for finite detector resolution and various physical ef-

fects, such as secondary decays of charmed particles [10]:

Psig(∆t, q | σ∆t, r) =
exp(−|∆t|/τB)

4τB
{1− q∆w + qµ(1− 2w)

+ [q(1− 2w) + µ(1− q∆w)] [S sin(∆md∆t)− C cos(∆md∆t)]} ⊗R(∆t | σ∆t). (4.4)

Here, τB is the lifetime of B0 and w, ∆w, and µ are the three FT parameters that represent

the fraction of wrong tags, the asymmetry of wrong tags, and the asymmetry of the tagging

efficiency, respectively. They are determined in seven bins of r from a control channel of

self-tagged B0 → J/ψK∗ and B0 → D(∗)−π+ decays for Belle and Belle II, respectively [10].

The effective tagging efficiencies are (33.6± 1.2)% and (37.4± 0.4)% for Belle and Belle II,

respectively. We use linear interpolation to model the FT parameters as a function of r

and use a per-event dependence on r in the fit.
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Figure 1: Mbc (left), ∆E (center), and C ′ (right) fit projections for MR1 (top) and MR2

(bottom) in Belle. Lower panels show the pulls, i.e., the differences between the data and

fit results divided by the statistical uncertainty on the data.

The resolution function R(∆tres ≡ ∆t − ∆ttrue | σ∆t) is modelled as the sum of a

core and a tail Gaussian (G) partially convolved with an exponential function, considering

per-event dependence on σ∆t, and is given by:

Rres(∆tres|σ∆t) = (1− ftail)Rcore
res + ftail

(
(1− fexp)Rtail−G

res + fexpRtail−GE
res

)
, (4.5)

Rcore
res = G (∆tres, µcoreσ∆t, σcoreσ∆t) , (4.6)

Rtail−G
res = G (∆tres, µtailσ∆t, σtailσ∆t) , (4.7)

Rtail−GE
res = Rtail−G

res ⊗
(
fR exp

(
−∆tres
kσ∆t

)
+ (1− fR) exp

(
∆tres
kσ∆t

))
. (4.8)
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Figure 2: Mbc (left), ∆E (center), and C ′ (right) fit projections for MR1 (top) and MR2

(bottom) in Belle II. Lower panels show the pulls, i.e., the differences between the data

and fit results divided by the statistical uncertainty on the data.

The parameters of the resolution functions in data and simulation are determined

from flavour-integrated fits to a control channel of B0 → J/ψK0
S decays with the J/ψ not

included in the vertexing. This channel is a good proxy for the signal channel, with the

only source of vertex information coming from the K0
S decay products.

The relative signal yields in the two flavours of Btag contain information about the

direct CP violation parameter C. In particular, the normalisation of the signal PDF for

each event in the two flavours can be expressed in terms of C as follows:

N q
sig(q = ±1, r) =

Nsig

2

(
1− q∆w + qµ(1− 2w)

− C
q(1− 2w) + µ(1− q∆w)

1 + ∆m2
dτ

2
B

)
. (4.9)

We model the BB background ∆t shape using the same functional form as the signal,

but with effective lifetime (τBB) and CP violation parameters (SBB and CBB). We also

use the same resolution function as that used for the signal, except for the width of the

core Gaussian, which is determined from a fit to simulated BB background events. The

parameter τBB is allowed to float in the full fit. On the other hand, SBB and CBB are

fixed to their simulation values, determined as the weighted averages of the CP violation

parameters across the various background components. Furthermore, the yields of BB

background in the two Btag flavours are parametrised in a similar way to the signal compo-

nent, but using CBB instead of C. We model the ∆t shape of the qq component using the

signal resolution function, with the mean and width of the core Gaussian allowed to float

in the final fit. The qq yield for each of the two Btag flavours is half of the total continuum

yield, as no CP violation is expected in this component.
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The CP asymmetry fit strategy is validated using the control channel of B0 → J/ψK0
S

decays with the J/ψ removed from the vertexing, with the same fit strategy as the signal

channel. The fit quality is good with the CP violation parameters measured as SJ/ψK0
S
=

0.65±0.06 (0.64±0.04) and CJ/ψK0
S
= 0.06±0.03 (−0.04±0.04) for Belle (Belle II), which

are consistent with world averages [28].

4.3 Full fit

The full fit consists of a simultaneous fit to TD and TI datasets in two flavours of Btag,

with the respective PDFs as described above. The fit strategy is validated using large

ensembles of pseudoexperiments generated from the PDFs (for different input values of S

and C), as well as samples drawn from MC simulations. The pulls are found to be nor-

mally distributed, and no significant bias is observed in the fitted CP -violation parameters.

Further validation is conducted by extracting the B meson lifetime [28] and CP violation

parameters from the data using an ensemble of randomised flavour tags. In either case,

the results are consistent with expectations.

The signal and background yields in the signal region, obtained from fits to the data,

are given in Table 2. Similarly, the results for the CP violation parameters are given in

Table 3. The background-subtracted [42] ∆t fit projections and asymmetries, [Nsig(B
0
tag)−

Nsig(B
0
tag)]/[Nsig(B

0
tag)+Nsig(B

0
tag)], for the signal component in the TD dataset are shown

in Figure 3 for the two datasets and two mass regions. The C information encoded in these

projections corresponds to the TD dataset alone, which is consistent with that obtained

from the TI dataset, within 1.4 standard deviations; their combined result is presented in

Table 3.

Table 2: Signal and background yields in the signal region obtained from the fits to data.

The last column shows the ratio of the signal to background yield.

Mass range Dataset Nsig NBB Nqq Nsig/(NBB +Nqq)

MR1 Belle 558± 29 30± 9 350± 8 1.47

Belle II 452± 24 34± 7 178± 6 2.13

MR2 Belle 212± 26 216± 43 753± 21 0.22

Belle II 213± 22 147± 14 350± 10 0.43

The results for S and C are combined across the Belle and Belle II datasets by cal-

culating their weighted average, while accounting for correlations among the systematic

uncertainties and observables [43]. The correlations between the S and C values for the

Belle+Belle II dataset are approximately +5% in MR1 and −7% in MR2. The estimation

of systematic uncertainties is discussed in Section 4.4.

4.4 Systematic uncertainties

We consider several sources of systematic uncertainties that could affect our measurement

of the CP violation parameters. These are calculated separately for the Belle and Belle II
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Table 3: CP violation parameters obtained from the full fits to data. The first uncertainties

listed are statistical, and the second are systematic; the latter are discussed in Section 4.4.

Mass range Dataset S C

MR1 Belle 0.18± 0.31± 0.04 −0.01± 0.12± 0.04

Belle II 0.04± 0.19± 0.02 −0.16± 0.10± 0.04

Belle + Belle II 0.09± 0.16± 0.02 −0.09± 0.08± 0.04

MR2 Belle −0.37± 0.58± 0.09 −0.01± 0.29± 0.07

Belle II −0.29± 0.41± 0.09 −0.11± 0.22± 0.09

Belle + Belle II −0.32± 0.33± 0.09 −0.07± 0.17± 0.08
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Figure 3: Fit projections for background subtracted ∆t distribution for the signal com-

ponent in the TD dataset for MR1 (top left), MR2 (top right) in Belle, and MR1 (bottom

left), MR2 (bottom right) in Belle II. The candidates are weighted by r.

datasets in MR1 and MR2. The various sources of systematics and their contributions are

summarised in Tables 4 and 5 for S and C, respectively.

Systematic uncertainties due to the FT parameters (w, ∆w, and µ), physics parameters
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(τB and ∆md), BB CP asymmetries (SBB and CBB), and the SCF fraction are estimated

by sampling these parameters from Gaussian distributions and refitting the final dataset

with these sampled values. The widths of the resulting distributions of fitted S and C

values are then taken as the systematic uncertainties. For each FT parameter, the sampling

Gaussian is centered at the mean value and assigned a width equal to the corresponding

uncertainty, which arises from the limited size of calibration data samples. For physics

parameters, the means and widths of the sampling Gaussians are set to their known values

and uncertainties [28]. For BB CP asymmetries, the sampling Gaussian is centered at the

values expected from MC simulation, with widths corresponding to the uncertainties in

these parameters, typically around 10–20%. For the SCF fraction, the sampling Gaussian

is likewise centered at its MC expected value, with a width set to 20% of that value.

The systematic uncertainties due to the fixed parameters of the resolution function and

PDF shapes are estimated by sampling these parameters from the simulation-fit likelihood,

and refitting the final dataset with these sampled values. The widths of the resulting

distributions of fitted C and S values are taken as the systematic uncertainties. The

systematic uncertainties due to non-parametricBB KDE PDFs are estimated by generating

new PDFs using datasets bootstrapped from simulated events. This method introduces

Poisson fluctuations on the PDF shape. The final dataset is refitted using these generated

KDE PDFs and the widths of the resulting distributions of fitted C and S values are taken

as the systematic uncertainties.

Systematic uncertainties related to the B meson vertex reconstruction stem from possi-

ble misalignment of vertex detectors, uncertainties in the IP profile, and corrections applied

to charged track trajectories. These uncertainties are estimated using the same method-

ology as outlined in Refs. [10, 44]. The total vertexing systematic uncertainty is obtained

by summing the individual contributions in quadrature.

Systematic uncertainties are also calculated to account for the tag-side interference ef-

fect [45]. Additionally, the fit biases on CP violation parameters obtained using randomised

flavour tags are assigned as systematic uncertainties.

The uncertainties due to BB CP asymmetries, physics parameters, and tag-side inter-

ference are assumed to be 100% correlated between Belle and Belle II datasets.

5 Summary

We report the measurement of time-dependent CP violation parameters in B0 → K0
Sπ

0γ

decays using 770 × 106 and 521 × 106 BB events from Belle and Belle II, respectively.

The combined values of the CP violation parameters in the K∗0(892) region (MK0
Sπ

0 ∈
[0.8, 1.0]GeV/c2) are

S = 0.09± 0.16± 0.02,

and

C = −0.09± 0.08± 0.04.
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Table 4: Summary of systematic uncertainties on S.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

Flavour tagging ±0.010 ±0.019 ±0.002 ±0.004

Physics parameters ±0.001 ±0.001 ±0.001 ±0.003

BB CP asymmetries ±0.013 ±0.076 ±0.010 ±0.081

SCF fraction ±0.002 ±0.006 ±0.003 ±0.005

Resolution function ±0.018 ±0.030 ±0.007 ±0.016

PDF shape ±0.008 ±0.024 ±0.004 ±0.030

Vertex measurement ±0.023 ±0.024 ±0.005 ±0.015

Tag-side interference ±0.003 ±0.004 ±0.006 ±0.001

Fit bias ±0.005 ±0.011 ±0.001 ±0.004

Total ±0.035 ±0.091 ±0.016 ±0.090

Table 5: Summary of systematic uncertainties on C.

Source Belle MR1 Belle MR2 Belle II MR1 Belle II MR2

Flavour tagging ±0.021 ±0.039 ±0.007 ±0.011

Physics parameters ±0.001 ±0.001 ±0.001 ±0.001

BB CP asymmetries ±0.007 ±0.046 ±0.014 ±0.084

SCF fraction ±0.001 ±0.001 ±0.002 ±0.002

Resolution function ±0.002 ±0.006 ±0.003 ±0.005

PDF shape ±0.003 ±0.013 ±0.007 ±0.011

Vertex measurement ±0.006 ±0.009 ±0.002 ±0.003

Tag-side interference ±0.036 ±0.036 ±0.034 ±0.036

Fit bias ±0.001 ±0.005 ±0.003 ±0.002

Total ±0.043 ±0.072 ±0.038 ±0.093

Similarly, the combined values of the CP violation parameters in the non-K∗0(892) region

(MK0
Sπ

0 ∈ (1.0, 1.8]GeV/c2) are

S = −0.32± 0.33± 0.09,

and

C = −0.07± 0.17± 0.08.

These results represent the most precise measurements to date for B0 → K0
Sπ

0γ, improving

upon the combination of the previous Belle [11] and Belle II [13] results by approximately

24% for S and 31% for C in the K∗0(892) region, and supersede the earlier measure-

ments [11, 13] for the same channel. These findings are consistent with the predictions of

the Standard Model.

– 14 –



Acknowledgements

This work, based on data collected using the Belle II detector, which was built and com-

missioned prior to March 2019, and data collected using the Belle detector, which was

operated until June 2010, was supported by Higher Education and Science Committee of

the Republic of Armenia Grant No. 23LCG-1C011; Australian Research Council and Re-

search Grants No. DP200101792, No. DP210101900, No. DP210102831, No. DE220100462,

No. LE210100098, and No. LE230100085; Austrian Federal Ministry of Education, Science

and Research, Austrian Science Fund (FWF) Grants DOI: 10.55776/P34529, DOI: 10.55776/J4731,

DOI: 10.55776/J4625, DOI: 10.55776/M3153, and DOI: 10.55776/PAT1836324, and Hori-

zon 2020 ERC Starting Grant No. 947006 “InterLeptons”; Natural Sciences and Engineer-

ing Research Council of Canada, Digital Research Alliance of Canada, and Canada Founda-

tion for Innovation; National Key R&D Program of China under Contract No. 2024YFA1610503,

and No. 2024YFA1610504 National Natural Science Foundation of China and Research

Grants No. 11575017, No. 11761141009, No. 11705209, No. 11975076, No. 12135005, No. 12150004,

No. 12161141008, No. 12405099, No. 12475093, and No. 12175041, and Shandong Provincial

Natural Science Foundation Project ZR2022JQ02; the Czech Science Foundation Grant No.

22-18469S, Regional funds of EU/MEYS: OPJAK FORTE CZ.02.01.01/00/22 008/0004632

and Charles University Grant Agency project No. 246122; European Research Council,

Seventh Framework PIEF-GA-2013-622527, Horizon 2020 ERC-Advanced Grants No. 267104

and No. 884719, Horizon 2020 ERC-Consolidator Grant No. 819127, Horizon 2020 Marie

Sklodowska-Curie Grant Agreement No. 700525 “NIOBE” and No. 101026516, and Hori-

zon Europe Marie Sklodowska-Curie Staff Exchange project JENNIFER3 Grant Agreement

No. 101183137 (European grants); L’Institut National de Physique Nucléaire et de Physique
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