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ABSTRACT: We perform a measurement of time-dependent CP violation parameters in
BY — K97% decays using a dataset of approximately 772 x 106 and 521 x 10% 7°(4S) decays
collected by the Belle and Belle II experiments, respectively. The measured parameters
for the combined dataset in the K*Y(892) dominated region (MKgTI'O € [0.8,1.0] GeV/c?)
are S = 0.09 £ 0.16 + 0.02 and C' = —0.09 & 0.08 & 0.04. For the non-K*°(892) region
(Moro € (1.0,1.8] GeV/c?), 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 — K27%y provides a
unique probe for physics beyond the Standard Model (SM). The decay occurs predomi-
nantly through b — sv 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 B%-B° mixing, where a nonzero phase appearing in the quark-
mixing matrix causes differing decay rates for B® and B over time. For coherent BB pair
production at the 7°(4S), in which one of the B mesons (Bsig) decays to a final state fopy,
where fop is a CP eigenstate, and the other B meson (Btag) decays to a flavour-specific
final state, the CP asymmetry is given as

Acp(At) = D(Brag=po(At) = fopy) — T(Bpag_po(At) = fopy)
CcP o F(Btag:BO(At) — fepy) + F(Btag:EO (A) = fopr)’

(1.1)

where F(Btag: B/ 7o) is the decay rate of Bz to fopy when Biag has been identified as a
BY%/B° meson, and At is the proper time difference between the decays of Bgig and Biyg.
This asymmetry can be parameterised as

Acp(At) = Ssin(AmgAt) — C cos(AmgAt), (1.2)

where Amyg is the mass difference between the two B? mass eigenstates, and S and C' are
the mixing-induced and direct CP-violating parameters, respectively.



In the SM, the photon emitted in b — s7 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/m; due to helicity suppression,
with deviations expected at the level of a few percent [3]. Here, ms (myp) is the mass of the
strange (bottom) quark. The S value is calculated to be (—2.3 £1.6)% for the resonant
BY — K*0(892)y channel, which can, however, be enhanced to ©@(10%) in nonresonant
B — KJ7% 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 — K{7%y 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 B® — K*°(892)y 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 11
datasets, along with an improved K¢ 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 B® — K*°(892)y and
B — K{7% channels excluding the resonant K*°(892) contribution. The first quoted
uncertainties are statistical, while the second ones are systematic.

Channel Experiment Ny (4) S C

Belle [11] 535 x 105 —0.32703% £0.05 0.20 £0.24 £ 0.05
K*0(892)y  BaBar [12] 467 x 105 —0.034+0.294+0.03 —0.14 +0.16 & 0.03
Belle IT [13] 388 x 10¢  0.00 03¢ +0.03 0.10 £ 0.13 4+ 0.04
K97, Belle [11] 535 x 105  0.50+£0.614+0.29  0.20+£0.37 +£0.13
excluding ~ BaBar [12] 467 x 105 —0.78 +0.59+0.09 —0.36 + 0.33 4 0.04
K*9(892)y  Belle IT [13] 388 x 105  0.041595+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



angle 6 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 8.0 GeV and 3.5 GeV, 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(T1) 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 (dF/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 K mesons and muons.

The Belle IT 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 7.0 GeV and 4.0 GeV, 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(T1) 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, K? mesons, and neutrons.

The data samples used in our study were collected at the Y(4S) resonance, which
decays predominantly into BB pairs. The Belle dataset corresponds to an integrated lumi-
nosity of 711 fb~1, containing approximately 772 x 10 7(45) decays. Similarly, the Belle IT
dataset used corresponds to an integrated luminosity of 493 fb~!, containing approximately
521 x 10° 7' (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 ete™ — T(45) —
BB are generated using the EVIGEN [20] package, designed for B meson decays. The
ete”™ — qq (q € [u,d, s,c]) continuum events are generated using the KKMC [21] package.
Both packages are interfaced with PYTHIAG [22] (PYTHIAS [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 eTe™ collisions, i.e., combining B°B°, B*B~,
and qq events, as well as specific samples of BB events, where one of the B mesons decays



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 BY — K{7%y candidates is performed with a bottom-up approach,
where K candidates are first reconstructed from tracks in the PXD (Belle II), SVD, and
CDC, while 7% and ~ candidates are reconstructed from clusters in the ECL. The remaining
tracks and clusters are assigned to the By, candidates.

We reconstruct KO 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/c? of the known K9 mass [28]. To suppress misreconstructed K candidates,
two multivariate (MVA) classifiers are used. The first one selects K{-like candidates by
primarily using the kinematic properties of the K candidate and its decay pions, together
with its flight length. The second MVA is designed to reduce the contamination from
A% — pt7~ decays by using the proton PID likelihood of each candidate decay pion, and
the reconstructed A" 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, Light GBM [31] is employed.

We reconstruct 7¥ candidates from two photon candidates with invariant mass satisfy-
ing m+~ € [90,160] MeV/c?, 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 7° candidates. To reject misreconstructed
70 candidates, separate MVA classifiers based on XGBoost [32] are employed for Belle and
Belle II utilizing features related to the kinematics of the 7° candidates and the shower
shapes of their decay products. The key discriminating features are the y? probability of
the mass-constrained fit and the opening angle between the 7° decay products.

Prompt photon candidates are selected from high-energy ECL clusters with energies
satisfying E* > 1.4 GeV. The asterisk () denotes quantities calculated in the ete™ center-
of-mass frame. To ensure the cluster shape is consistent with an electromagnetic shower, we
require that the ratio Eg/FE2; exceeds 0.9, where Fg and FEo; are the energies deposited in
a 3 x 3 array of crystals and a 5 x 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 7° — v+ and 1 — v 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 7 or n candidates. If such candidates are found, then the prompt
photon candidate is rejected. The most discriminating features are the reconstructed 7°/n
mass and the y? probability of the corresponding mass-constrained fit.

The Bg;z candidates are reconstructed by combining the selected K9, 7¥ and prompt
photon candidates. A vertex fit is performed to the entire decay chain with the Bgi,



candidates constrained to originate from the IP [34]. An additional B, vertex fit is
performed with the 7° mass constraint, which is solely aimed at improving the 7% four-
momentum resolution by using the Bg, vertex as the 79 production point.

Two kinematic variables are used to identify Bg;, candidates: the beam-constrained
mass My. = (1/c2)\/s/4 — (|p%]c)? and the energy difference AE = Ej — \/s/2, where
V/5/2 is the beam energy, and E} and p; are the energy and momentum of the recon-
structed Bgj, candidate, respectively. Owing to the presence of a high-energy photon in
the final state, the AFE 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 My, and AFE [35], which can be mitigated by redefining M, as follows:
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By rescaling the 7 and photon energies using the precisely measured kinematics of the
Kg and the ete™ collision system, we minimize the dependence of M. on the measured
energies of the 7 and photon candidates, which are prone to biases from shower leakage.
This rescaling significantly reduces the correlation between My, and AFE in the back-
ground events without affecting the signal, and improves the signal M}, resolution by
3-7% depending on the dataset. Candidates are required to satisfy My, > 5.23 GeV/c?
and —0.3 GeV < AE < 0.2 GeV. The invariant mass of the K{7¥ system, Micoro, i
required to lie within the range [0.8,1.8] GeV/c?. The dataset is divided into two regions:
Mpyoq0 € [0.8,1.0] GeV/c?, denoted as MR1, and Mpcomo € (1.0,1.8] GeV/c?, denoted as
MR2. The K*°(892) resonance is the primary contributor in MR1, while MR2 is domi-
nated by contributions from the nonresonant K27%y channel and higher kaonic resonances
such as K*9(1410), K*(1430), K*°(1680).

We reconstruct the Bi,s vertex using well-reconstructed tracks not associated with
the By, candidate. A further constraint is applied to ensure that the vertex lies in a
tube originating from the IP, along the By, flight direction calculated using the Bgig
momentum [36]. We retain events where both By, and Bi,e vertices are successfully
reconstructed. A GNN-based flavour tagging (FT) algorithm [10] is employed to determine
the flavour of Byag at the time of its decay. This algorithm outputs a flavour tag ¢ (where
q = +1 for BY and —1 for B°) and a quality factor 7 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 ¢g events, which exhibit a boosted jet-like topology, and BB events,
characterised by a nearly isotropic distribution. Separate classifiers are trained for Belle and



Belle I, 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 Bz candidate and the rest of the event. The selection crite-
ria for all MVA classifiers are determined by maximizing a figure-of-merit Ng/v/Ns + Ng,
where Ng and Np are the numbers of signal and background events, respectively, expected
in the signal region that is defined by M. > 5.27 GeV/c? and —0.2GeV < AE < 0.1 GeV.
The asymmetric range for AF 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:

v (G ) 52
Cgﬁx - C'out 7 '
where Cyyy is the original MVA output, and é?l}n and C#* 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 7°
candidates, the candidate with the highest 7% 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 At between Bgjy and Biag encodes the
CP asymmetries [Eq. (1.2)]. This variable is calculated using the formula At = Afl/Byc,
where A/ is the distance between the two reconstructed vertices along the boost direction,
and [, the Lorentz boost of the T(45), equals 0.425 (0.284) for Belle (Belle II).

Based on the quality of At reconstruction, events are categorised into two groups: well-
and poorly-reconstructed At events. For an event to be classified as well-reconstructed,
both the K9 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 At 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 IT) dataset. The larger fraction in Belle IT 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 K? decaying within the
vertex detector.



The well-reconstructed At events are used for time-dependent (TD) fits to extract
both S and C parameters, while the poorly-reconstructed At 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 My, AE, C’, and At, taking per-event dependence
on the At uncertainty (oa¢) and flavour-tagging quality factor r into account. The TI
fit uses My, AE, 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 K{), BB, and qg 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 M., AFE, and C’ variables have negligible
correlation with At, 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 M., AFE, 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 At distribution with per-event
dependence on oa; and r to determine S and C. The full PDFs for TD and TI datasets
are given by:

3
PR (Mye, AE,C', At | oar, q,r) = Y Ni(q, ) [P PP (Mye, AE, C") PPV (AL | oar, q,7)
=1

(4.1)

and

3
Piii(Mye, AE,C' | q,r) = > Ni(q,r)(1 = fTP)PP*(Mye, AE, C"). (4.2)
i=1

Here, i € [1, 3] represents the signal, BB, and ¢q components, respectively; N (q,r) are the
yields of components for the two Bi,g flavours, expressed in terms of the direct CP-violation
parameter C for signal and BB background as described later; fiT D are the fractions of
events in the TD dataset, obtained from simulation and calibrated with sidebands and
control channels. Lastly, PiSE are the signal extraction PDFs, and PiCPV are the CP
asymmetry PDFs for the three components.

4.1 Signal extraction PDF

We model the shape in M, 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 AE shape
using a Johnson’s function [39]. The correlation between My, and AE 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 M;. PDF as functions of AE. The C’ distribution for signal
is modelled with a Johnson’s function. The signal extraction PDF for signal is then the
My,.~AFE PDF multiplied by the C/ PDF. For the partially reconstructed signal with a well-
reconstructed KSO, known as self cross-feed (SCF), we use a Crystal Ball function for My,



and an asymmetric Gaussian function for AE and C’. The signal extraction PDF for the
SCF component is the product of the individual My, AE, and C' PDFs. The final signal
extraction PDF for the signal component (PlsE) is the sum of the correctly reconstructed
and SCF signal PDF's, weighted by their fractions expected from MC simulation.

The BB background exhibits a peaking structure in My, near the known B meson
mass [28]; however, such a structure is absent in AE. To address the residual correlation
between My, and AF for this background, we model its joint My.—AFE 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
(PSE) is then the My,.~AE KDE PDF multiplied with the C’' PDF.

We model the ¢g background My, shape using an ARGUS function [41], and its AE
shape using a first-order polynomial. The C” distribution for the ¢g 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 ¢g background (Pg,SE) as the product of the
individual PDFs for M., AE, and C".

The final signal extraction PDF is the sum of signal, BB, and ¢g background signal
extraction PDF's, weighted by their respective yields, which are floated in the fit:

3
Py =) NiPPE(Mye, AE, C"). (4.3)
i=1

The parameters describing the means of the M. and AF functions for the signal PDF are
floated in the fit. Similarly, the M. and AE PDF shape parameters, along with the mean
and width of the ¢’ PDF for the ¢g 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 B® — K*°[K 7 ~]y 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 signal My, AE, and ¢’ 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 (M., AE, 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 At 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



with a resolution function to account for finite detector resolution and various physical ef-
fects, such as secondary decays of charmed particles [10]:

exp(—|At|/7B)
47p

+ [q(1 — 2w) + (1 — gAw)] [S sin(AmgAt) — C cos(AmgAt)]} @ R(AL | oat).

Psg(At,q | oat,7) = {1 — ¢Aw + qu(l — 2w)

(4.4)

Here, 75 is the lifetime of B? and w, Aw, and y 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 B — J/ip K* and B® — D)~z decays for Belle and Belle 11, 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 F'T parameters as a function of r
and use a per-event dependence on r in the fit.
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Figure 1: M. (left), AE (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(Atyes = At — Atirue | 0a¢) is modelled as the sum of a
core and a tail Gaussian (G) partially convolved with an exponential function, considering
per-event dependence on oa¢, and is given by:

Rres(Atres|0At) = (1 - ftail) Rgg;e + ftail ((1 - fexp) Rﬁgél_(} + feprltrgél_GE> ) (4'5)
Rig;e =G (Atr657 HcoreO At JcoreO'At) ) (4.6)
RS = G (Atres, fail OAL Ttail OAL) (4.7)
. . —At At
Ryl =GP = R @ ( frexp = |+ (1—frlexp(—) ). (4.8)
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The parameters of the resolution functions in data and simulation are determined
from flavour-integrated fits to a control channel of BY — J/ K2 decays with the J/) 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 K? decay products.

The relative signal yields in the two flavours of Bi,s 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:

Ny
quig(q =+1,r) = ;g (1 — qAw + qu(1 — 2w)

q(1 —2w) + p(1 — gAw)
-C 5 )
1+ AmiTy

(4.9)

We model the BB background At shape using the same functional form as the signal,
but with effective lifetime (755) and CP violation parameters (Sz5 and Cpzp). 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 7575 is allowed to float in the full fit. On the other hand, Sz5 and Cpgz 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 Biae flavours are parametrised in a similar way to the signal compo-
nent, but using Uz 5 instead of C. We model the At shape of the ¢g component using the
signal resolution function, with the mean and width of the core Gaussian allowed to float
in the final fit. The ¢g yield for each of the two B, 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 B — J/i) K9
decays with the J/i) 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 S JWKS =
0.65+0.06 (0.64+0.04) and C’J/ng = 0.064+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 By,g,
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 ('), 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] At fit projections and asymmetries, [Nsig(Bgag) -
Niig(Blag)]/ [Nsig(Biag) + Nsig (Blag)], 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 Ngig Ngg Ngg Nsig/(Ngg + Ngg)
MR1 Belle 558 +29 30+£9 350 £ 8 1.47

Belle IT 452+24 34+7 178 £ 6 2.13
MR2 Belle 212+26 2164+43 753+ 21 0.22

Belle IT 213+22 1474+14 350+ 10 0.43

The results for S and C' are combined across the Belle and Belle IT 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 11
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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 £0.124+0.04
Belle 11 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 1T —0.29 +0.41 £ 0.09 —0.11 +£0.22 £ 0.09

Belle + Belle 11

—-0.32+0.33£0.09

—0.07£0.17£0.08
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Figure 3: Fit projections for background subtracted At 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 F'T parameters (w, Aw, and ), physics parameters
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(g and Amg), BB CP asymmetries (Sgg and Cp5), 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 F'T 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-parametric BB 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 B® — K{7%
decays using 770 x 10 and 521 x 10° BB events from Belle and Belle II, respectively.
The combined values of the CP violation parameters in the K*°(892) region (M KYn0 €
[0.8,1.0] GeV/c?) 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 IT MR1 Belle II MR2
Flavour tagging +0.010 40.019 40.002 +0.004
Physics parameters 40.001 40.001 +0.001 +0.003
BB CP asymmetries +0.013 40.076 +0.010 +0.081
SCF fraction +0.002 +0.006 +0.003 +0.005
Resolution function +0.018 40.030 +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 4+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 40.001 +0.001 40.001
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 40.001 +0.005 +0.003 +0.002
Total +0.043 +0.072 4+0.038 4+0.093

Similarly, the combined values of the CP violation parameters in the non-K*°(892) region
(Mozo € (1.0, 1.8] GeV/c?) 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 B — K27y, 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*°(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.
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