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We measure the time-integrated CP asymmetry, Acp, in D° — =
ete™ — cc events collected by Belle II during 2019-2022.

070 decays reconstructed in

The data corresponds to an inte-

grated luminosity of 428fb~'. The D° decays are required to originate from the flavor-conserving

D** — D% decay to determine the charm flavor at production time.

Control samples of

D — K 7" decays, with or without an associated pion from a D** decay, are used to cor-
rect for detection asymmetries. The result, Acp(D® — 7%7%) = (0.30 & 0.72 & 0.20)%, where the
first uncertainty is statistical and the second systematic, is consistent with CP symmetry.

PACS numbers:

I. INTRODUCTION

Searches for charge-parity (CP) violation in charm de-
cays offer the opportunity to probe for physics beyond
the standard model. Since, to a good approximation,
the third generation of quarks can be ignored when de-
scribing charm transitions, CP-violation effects are ex-
pected to be tiny, with standard-model asymmetries typ-
ically ranging from 1073 to 10=* [IH5]. New dynam-
ics may alter the expected decay or, for neutral mesons,
flavor-mixing rates and introduce larger C'P-violation ef-
fects. After decades of experimental efforts, CP vio-
lation in charm transitions has been observed only as
the difference between the time-integrated CP asymme-
tries of D — K*K~ and D° — 7t~ decays [6], with
strong evidence that CP violation occurs mainly in the
direct decay D° — wTn~ [7]. (Throughout this paper,
charge-conjugate modes are implied unless stated other-
wise.) These results can be interpreted either as a sign
of new dynamics or as an enhancement of the sublead-
ing amplitude mediated by non-perturbative QCD [8HI§].
Moreover, they indicate a larger than expected breaking
of the U-spin symmetry, which requires the CP asym-
metries of the direct D° — KtK~ and D° — mfr—
decays to have equal magnitudes and opposite signs:
AZE(DO — K+K-)| = —|Adp(D° — nr )| [19]

Precise measurements of CP asymmetries in the
isospin-related Dt — 777% and D° — 797 modes can
help to clarify the picture [20, 2I]. In the standard model,
direct CP violation in Cabibbo-suppressed charm decays
is generated by the interference of a leading tree-level
amplitude and a suppressed Al = 1/2 QCD-penguin
amplitude, which changes isospin by half a unit. The
w79 final state has isospin I = 2 and cannot be reached
from the I = 1/2 initial state via a AT = 1/2 transition.
Hence, in the standard model, AZL(D* — 770 = 0.
On the contrary, the 7°7% and 777~ final states can have
I =0 or I =2 and hence can have nonzero direct CP
asymmetries in the standard model. As an example, re-

cent experimental results imply that AJL(D? — 7079)
may be as large as 1% [22]. The following sum-rule helps
determine the source of CP violation: [20] 23]

R Accivil‘;(DO — ) AdCiIB(DO — 7070)

Tpo (Boo _ 2B+o Tpo (Bi-  2B4o
1+ B+7 (TDO 3TD+ 1+ Boo TDO 3TD+

AccivijE.(DjL — 7t70) )
1— 3Ipt (@ + ‘B‘F;) ,

§ B+0 Tpo Tpo

where 7po and Tp+ are the lifetimes of D° and DV
mesons, and, By _, Byg and B4 are the D meson branch-
ing fractions to 7t7~, 7%7% and 7+ 7° decays. If R is
measured to be nonzero, then CP violation arises from
the AT = 1/2 amplitude. If R is zero, and at least one of
the direct CP asymmetries is nonzero, then CP violation
arises from a beyond-standard-model Al = 3/2 ampli-
tude. The value is measured to be R = (0.9+3.1) x 1073,
where the uncertainty is dominated by the asymmetry of
the 7070 final state [23]. The most precise measurement
of the time-integrated CP asymmetry in D° — 7970
available to date comes from the Belle collaboration,
(—=0.03 £0.64 £ 0.10)% [24], where the first uncertainty
is statistical and the second systematic. (Indirect CP
violation induced by D°-D° mixing is precisely mea-
sured in other channels [25] and subtracted from the
time-integrated asymmetry when computing R[4 26].)
Belle II is the only existing experiment capable of im-
proving this measurement and the determination of the
sum rule.

In this paper, we report a measurement of the time-
integrated CP asymmetry in D — 797° decays,

(DY — 7079 —T'(D° — 7070)
(DY — 7979) + (DY — 7070)
(2)
where I is the decay-time integrated rate, which includes
effects due to D°-D° mixing. The measurement uses

Acp(D° — 797°) =
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eTe™ — cc data collected by Belle II between 2019 and
2022, which correspond to an integrated luminosity of
428 fb~!. To determine the production flavor of the neu-
tral D meson, we reconstruct D° — 7970 decays orig-
inating from D*T — D%zt decays. We refer to D°
mesons originating from identified D** decays as tagged
decays, and to the low-momentum flavor-tagging pion as
the “soft” pion or 7g. To measure the CP asymmetry, we
determine the observed asymmetry between the number
of detected decays of opposite flavor,

Aﬂ—oﬂ—o —
N[D*tT (D’ =777t —-N[D*~ = (D° =770 7]
N[D*+—(D0—m07r0)r+]+ N[D*~— (D0 —m07r0)r—]

3)

This raw asymmetry is a sum of contributions from CP
violation, Acp; from the forward-backward asymmetric

. . _ _ *+
production of D** mesons in ee~™ — ¢ events, ALY ;
and from charge asymmetries in the detection efficiency
of positive and negative soft pions, ATs:

0

AT = Agp(D° — 70n0) + AR 4 AT (4)

We use high-yield control samples of tagged and untagged
Cabibbo-favored D° — K7+ decays, where CP viola-
tion can be neglected, to correct for the instrumental
asymmetries. The raw asymmetries of these decays are

ART = AR 4 AT 4 AFT (5)
and
AKTr,untag _ Ago +A£{7r, (6)

where AK™ is the detection asymmetry of the K~ 7T pair.
In ete™ — c¢ events, charmed mesons are produced with
a forward-backward asymmetry due to v-Z° interference
and higher-order effects [27H29]. Since the acceptance of
the Belle II detector is not the same in the forward and
backward directions, a charge asymmetry in the produc-
tion of charmed mesons remains. Being an odd func-
tion of the cosine of the charmed-meson polar angle in
the eTe™ center-of-mass system, cos ¢y, this production
asymmetry is suppressed by averaging the raw asymme-
tries from forward and backward decays:

AS (o8 Oems < 0) + A (cos Oems > 0)

AT =
2 )

(7)

for f = 7m%7% Kn; Kn, untag. Assuming that the de-
tection asymmetries for different decays can be made
identical by weighting the events, the CP asymmetry in
DY — 7979 is then

ACP(DO—>7TO7TO) :A/Troﬂ’o _A/Kﬂ+A/Kﬂ,untag’ (8)

where the difference between the first two terms cancels
the soft-pion detection asymmetry, and the difference be-

tween the second and third terms cancels the K—7t de-
tection asymmetry. To avoid potential bias, the mea-
sured value of A™ ™ remained unexamined until the en-
tire analysis procedure was finalized and all uncertainties
were determined.

The paper is organized as follows. Section [[I] provides
an overview of the Belle II detector and of the simulation
samples used in the measurement. The reconstruction
and selection of both the signal DY — 7%7° and control
D — K—7t decays are presented in Section Sec-
tion [[V] discusses the weighting of the control modes to
match the kinematic distributions of the signal mode and
ensure an accurate cancellation of the detector asymme-
tries. Determination of the raw asymmetries is covered
in Section [V] followed by a discussion of the systematic
uncertainties affecting the measurement in Section [V
Final results are presented in Section [VII] followed by
concluding remarks.

II. BELLE IT DETECTOR AND SIMULATION

The Belle II detector [30, BI] operates at the Su-
perKEKB asymmetric-energy ete™ collider [32]. Tt has
a cylindrical geometry and consists of a silicon vertex de-
tector comprising two inner layers of pixel detectors and
four outer layers of double-sided strip detectors, a 56-
layer central drift chamber, a time-of-propagation detec-
tor, an aerogel ring-imaging Cherenkov detector, and an
electromagnetic calorimeter made of CsI(Tl) crystals, all
located inside a 1.5 T superconducting solenoid. A flux
return outside the solenoid is instrumented with resistive-
plate chambers and plastic scintillator modules to detect
muons and K? mesons. For the data used in this paper
only part of the second layer of the pixel detector, cov-
ering 15% of the azimuthal angle, was installed. The z
axis of the laboratory frame is defined as the central axis
of the solenoid, with its positive direction determined by
the direction of the electron beam.

We use simulated event samples to identify sources of
background, optimize selection criteria, match the kine-
matic distributions of signal and control decays, deter-
mine fit models, and validate the analysis procedure. We
generate ete™ — Y (45) events and simulate particle de-
cays with the EVTGEN generator [33]; we generate con-
tinuum ete~ — ¢g (where ¢ is a u, d, ¢, or s quark)
with KKMC [34] and PyTHIA8 [35]; we simulate final-
state radiation with PHOTOS [36], [37]; we simulate detec-
tor response using GEANT4 [38]. Beam backgrounds are
taken into account by overlaying random-trigger data.
The data and simulation samples are processed using the
Belle II analysis software framework [39, [40].



IIT. EVENT SELECTION
A. D° = 7Y signal sample

We reconstruct photon candidates from localized en-
ergy deposits, clusters, in the electromagnetic calorimeter
that are consistent with an electromagnetic shower based
on pulse-shape discrimination [4I]. The clusters should
have a polar angle in the laboratory frame, €, within the
acceptance of the drift chamber (17 < 6 < 150°) to en-
sure that they are not matched to tracks. They must
contain energy from at least two crystals and an energy
deposit greater than 25MeV if located in the forward
(124 < 6 < 31.4°) or barrel (32.2 < 6 < 128.7°) re-
gions, and greater than 40 MeV if in the backward region
(130.7 < 6 < 155.7°). Two photon candidates are then
combined to form a neutral pion candidate if their mass
is in [105, 150] MeV/c? (the typical diphoton mass resolu-
tion is 7MeV/c?). Pairs of 7V candidates are combined
to form D° — 7%7% candidates and the dipion mass,
m(n%70), is required to be in [1.6,2.1] GeV/c?.

Soft pion candidates are charged particles that are in
the acceptance of the drift chamber and originate from
the eTe™ interaction region, meaning that they have lon-
gitudinal and transverse distances of closest approach to
the ete™ interaction point smaller than 3cm and 1cm,
respectively. A DY candidate and a soft pion candidate
are then combined to form D*t — D%zt candidates.
The difference between the reconstructed D** and D°
masses, Am, must not exceed 160 MeV/c?. The D**
candidates are subject to a fit that uses both kinematic
and spatial information and constrains the D** vertex to
the measured position of the beam interaction point [42)].
Only candidates with successful fits and having x? proba-
bilities larger than 0.001 are retained for subsequent anal-
ysis. The momentum of the D° candidate in the ete™
center-of-mass system is required to exceed 2.5 GeV/c to
suppress events where the D° candidate originates from
the decay of a B meson, since D° mesons from this source
may have a different production asymmetry.

We use a histogram-based gradient-boosting decision
tree [43] (HBDT) to discriminate signal from background
made of fake 7% candidates and neutral pions originat-
ing from unrelated processes. The HBDT uses 14 in-
put variables: the momentum of the D° candidate in
the eTe™ center-of-mass system, the momenta of the
two 79 candidates, the transverse momentum of the soft
pion, the opening angle between the two photons of each
70 decay, and for every photon in the reconstruction
chain, the output of two multivariate classifiers that use
shower-related variables to suppress energy clusters due
to beam-related background or hadronic showers. The
HBDT is trained and tested on independent samples of
simulated decays to mitigate overtraining. To suppress
background, the HBDT output is required to be larger
than a threshold value that maximizes the figure-of-merit
Nsig/+/Nsig + Nikg, where Ny, and Npk, are signal and
background yields in the region defined by m(7%7%) €
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[1.78,1.92] GeV/c? and Am € [0.144,0.147] GeV/c?, as
estimated using simulation. The HBDT requirement re-
jects 95% of the background while retaining 85% of the
signal. After this selection, 9% of events have multiple
D** candidates. In such cases, we retain the candidate
with the highest HBDT output value. According to sim-
ulation, this criterion selects the correct candidate in 84%
of cases.

B. DY — K~ 7T control samples

The reconstruction of the control mode starts by select-
ing events that are inconsistent with Bhabha scattering
and have at least three tracks with transverse momen-
tum larger than 0.2 GeV/c that originate from the etTe™
interaction region.

Charged kaon and pion candidates are required to
be in the acceptance of the drift chamber, to originate
from the eTe™ interaction region, and to be identified
as kaons and pions, respectively. Particle identifica-
tion is performed using information from all subdetector
systems, except for the pixel detector [44]. The kaon
and pion-identification efficiencies are above 83% and
93%, respectively, with corresponding pion-as-kaon and
kaon-as-pion misidentification rates below 5% and 10%.
A negatively charged kaon candidate and a positively
charged pion candidate are combined to form D° —
K~7t candidates with an invariant mass, m(K~71),
in [1.814,1.914] GeV/c?. A vertex-kinematic fit [42] re-
quiring the D° candidate momentum to point back to
the eTe™ interaction region is performed, and only can-
didates with fit 2 probabilities in excess of 0.001 are
retained. To suppress events where the D° candidate
originates from the decay of a B meson, the momentum
of the D° candidate in the eTe™ center-of-mass system is
required to exceed 2.5 GeV/c. All candidates are retained
in the < 1% of events where more than one D° candidate
is reconstructed. These D° candidates form the untagged
control sample.

The tagged control sample is obtained by combin-
ing D° and soft-pion candidates to form D*T —
DOrF candidate decays with Am values in the range
[142.0,148.8] MeV/c?. The soft pions are selected with
the same requirements as for the signal mode. We sup-
press D*t — DOz} decays with a mis- or partially recon-
structed D° candidate to a negligible level by tightening
the m(K~7") range to [1.854,1.874] GeV/c?. The D**
candidates are subject to a vertex-kinematic fit which
constrains the D*T decay vertex to the measured po-
sition of the ete™ interaction region. Only candidates
having fit x? probabilities larger than 0.001 are retained.
We retain all candidates in the less than 1% of the events
where multiple D** candidates are reconstructed.



IV. KINEMATIC WEIGHTING

Because detection asymmetries depend on kinematic
properties, the cancellation provided by Equation is
realized accurately only if the kinematic distributions
across the three samples are the same. The small dif-
ferences that are present are reduced using a two-step
weighting procedure. In the first step, we ensure that the
soft-pion detection asymmetry is accurately subtracted
by matching the two-dimensional cos §(7s), p(ms) distri-
bution of the tagged control sample to that of the sig-
nal decays. In the second step, to precisely subtract
the K~7t detection asymmetry, we match the four-
dimensional distribution of cos §(K), p(K), cos (), p(r)
of the untagged sample to match that of the previously
weighted tagged sample. The weighting steps are per-
formed directly in two and four dimensions, so any cor-
relations between kinematic variables are taken into ac-
count. The weights are determined on a per-candidate
basis using background-subtracted signal and control de-
cays in data with a tool that relies on boosted decision
trees [45]. The background is subtracted using the sPlot
method [46] and the same fit model as used for the deter-
mination of the asymmetries (Section [V)). The effect of
the weighting procedure is shown in Figure[I] Small dif-
ferences remain only at the borders of the distributions,
and thus affect only a small subset of the three samples.
Systematic uncertainties are assigned in Section [VI] due
to the imperfections in the weighting procedure.

V. DETERMINATION OF THE RAW
ASYMMETRIES

The raw asymmetries are determined using unbinned
maximum-likelihood fits to D° and D candidates in data
using observables that discriminate signal and control de-
cays from background. The fits are performed indepen-
dently for positive and negative cosf.ys. Using ensem-
bles of pseudoexperiments generated from the assumed
probability density functions (PDFs), the fits are shown
to return unbiased determinations of the asymmetries
and uncertainties with proper statistical coverage.

A. D° - 79 signal sample

In the signal sample, we use the two-dimensional
m(n%7%) vs. Am distribution to discriminate among four
components: signal D*t — D%(— 7%%)7rt decays;
background due to D** — D%(— K277+ decays with
K? — 797° in which one 7% meson from the K¢ de-
cay is not reconstructed; random-pion background from
correctly reconstructed D° — 7979 decays associated
with unrelated 7y candidates; and combinatorial back-
ground due to unrelated combinations of final-state par-
ticles. Signal decays peak at the expected value of the D°

mass in m(7°7°%) and of the D**-D° mass difference in

Am. Candidates D*t — D%(— K77t decays have
low m(7%7%) because of the missing 7", but still peak
in Am although with broader resolution than the sig-
nal. The random-pion background peaks like the signal
in m(7%7Y) and does not peak in Am. The combinatorial
background does not peak in either m(7°7%) or Am.

The two-dimensional PDFs of signal, random-pion,
and combinatorial background decays factorize into the
product of two one-dimensional PDFs. The m(7°7°) dis-
tribution of signal decays is modeled using the sum of a
Johnson’s Sy distribution [47],

o lyrosinn (=54

J(x|p, 0,6,7) :
L+ (55%)

and a Gaussian function. The Am distribution is param-
eterized using a sum of a Johnson’s Sy and two Gaussian
functions. The random-pion background shares the same
m(n%7%) PDF as the signal and has a Am distribution
modeled by (Am —m+)% + a(Am —my+)? + (Am —
m,r+)%, with m,+ being the known value of the charged-
pion mass [48]. The combinatorial background shares the
same Am distribution used for random-pion decays and
has m(7°7%) modeled by a second-order polynomial.

In the D° — K{7° component, the width of the
Am distribution correlates with m(7%7°), which we
parametrize analytically as a second-order polynomial.
The parameters of the polynomial are determined from
simulation. The two-dimensional PDF is the product of
the Am PDF, conditional on the value of m(7°7%), and
of the m(7%7%) PDF. The first term is parametrized as
the sum of a Johnson’s Sy function and a Gaussian func-
tion where the o parameter of the former accounts for the
aforementioned correlation. The second term is given by
the sum of a Gaussian and an exponential function.

Omitting the fit parameters from the list of arguments
to simplify the notation, the total PDF is

P(m,Am|...) = Z i1+ gAY P (m,Am|...), (10)

where ¢ = 1(—1) for D° (D°) candidates, and f* and A’
are the fraction and raw asymmetry of the component
¢ (and one fraction is expressed in terms of the others
for proper normalization of the PDF). When fitting to
the data, 18 parameters are floated: the component frac-
tions and asymmetries, the p and -y parameters of the
Johnson’s Sy function of the signal m(7°7%) and Am
PDFs, the mean of the Gaussian function of the signal
m(7%7%) PDF, the u and o of the Johnson’s Sy func-
tion of the D° — K27 Am PDF, the shape parameters
of the combinatorial-background PDFs in m(7%7%) and
Am. The remaining 21 shape parameters are fixed to the
values obtained when fitting to simulated data.

Figure [2 shows the m(7%7°) and Am distributions of
the data split in the positive and negative cos 0.5, with
fit projection overlaid. In this fit, the random-pion com-
ponent is neglected because its fraction is found to be
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Figure 1: Distributions of cosf(ms) and p(ws) of background-subtracted signal and tagged control decays (first row) ; cos6(r),
p(), cosO(K), p(K) of background-subtracted tagged and untagged control decays (second and third row); and the ratios
before and after the kinematic weighting.

consistent with zero (removing two floating parameters we obtain

from the fit). The fit model describes the data well

and the signal yields are measured to be 14100 £ 130 00

and 11550 + 110 in the forward and backward bins, A = (L73£0.71)%. (11)
respectively. The corresponding raw asymmetries are

(—2.20 £ 0.95)% and (5.66 + 1.05)%. When averaged The uncertainties are statistical only.
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B. D°— K 7t control samples

The raw asymmetry of the tagged control sample
is determined from a fit to the Am distribution, in
which only two components are considered: the D*T —
D%(— K~7t)rT decays, and a background made of both
random-pion and combinatorial candidates. The Am
PDF of D° — K7t decays is the sum of a Johnson’s
Sy and a Gaussian function, with common location and
width parameters that are determined independently for
DO and D° decays to account for flavor-dependent mass
biases and resolutions. The background component is
modeled as (Am — m,+)Pe " MAM™=m+) " The relative
fractions of the components, their asymmetries and all
shape parameters are floated in the fit (for a total of

14 floating parameters). Figure [3[ shows the results of
the fits to the data. The measured yields of D** —
D%(— K—7t)nT decays in the forward and backward
bins are 796 000 1 200 and 633 700 = 1 200, respectively.
The corresponding asymmetries, (—0.86 + 0.13)% and
(5.83 £0.13)%, are averaged to obtain

ATET = (2,49 +0.09)%, (12)

where the uncertainties are statistical only.

For untagged decays, we fit to the m(K~nT) distribu-
tion, again considering only two components. The un-
tagged D — K~ 7t decays are modeled using the sum
of a Johnson Sy and a Gaussian function, with com-
mon mean and flavor-dependent width parameters. A
straight line is used to model the m(K~7™") distribu-
tion of the background with a flavor-dependent coeffi-
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cient. Also in this case, all parameters are determined
from the fit. The results of the fit are shown in Fig-
ure 4} We measure 4294 700+ 5600 and 3 374 100+ 6 500
untagged D° — K7+ decays in the forward and back-
ward bins, respectively. The corresponding asymmetries,
(—=1.65+0.09)% and (3.75 £ 0.11)%, are averaged to ob-
tain

A/ Emuntag — (1,05 4 0.07)% , (13)

where the uncertainties are statistical only.

The raw-asymmetry values are consistent with ex-
pected differences in reconstruction asymmetries for
charged particles in forward and backward directions.
While the variation of the asymmetry as a function of
mass is fairly well described by the fit model for D° —
K~ rt control samples (Figure bottom panel), the CP-
averaged distributions are not (Figure |4} middle panel).
Systematic uncertainties are assigned in Section [V]] to
cover the impact of the mismodeling on the measured
asymimetries.

Using Equation (8]), we determine the time-integrated
CP asymmetry in DY — 7970 decays to be (0.304:0.72)%,
where the uncertainty is statistical only.

VI. SYSTEMATIC UNCERTAINTIES

The measurement is affected by the following main
sources of systematic uncertainties: PDF modeling in the
signal and control-sample fits, and kinematic weighting
of control and signal samples. Other effects, such as those
due to finite cos O, resolution and nonuniform efficiency
variation as a function of | cos fcms|, are also investigated

and found to be negligible. A summary of the estimated
uncertainties is reported in Table[[| together with the sum
in quadrature of all contributions.

Table I: Summary of uncertainties affecting the measurement
of Acp(D® — 7°7°). The statistical uncertainty includes
contributions from the signal and the control modes.

Source Uncertainty (%)
Modeling in the D° — 797V fit 0.15
Modeling in the tagged D — K~ 7" fit 0.05
Modeling in the untagged D° — K=t fit 0.09
Kinematic weighting 0.09
Total systematic 0.20
Statistical 0.72

We estimate the systematic uncertainties due to PDF
modeling in the D° — 7%7% tagged D° — K, and
untagged D° — K7t fits using simulation. From sim-
ulation we bootstrap (i.e., sampling with replacement)
subsamples of the same size as the data, perform the
fit, and compute the bias on the raw asymmetry as the
average deviation from the true asymmetry of the full
simulation sample. Fits to the simulated decays have
similar qualities as observed in data. To cover possible
data-simulation differences in detection and/or produc-
tion asymmetries, the study is performed with input raw
asymmetries for signal and control decays that span the
range [—2,7]%. This range includes asymmetries that
are either half or double the nominal asymmetry gener-
ated by the simulation. The root-mean-squared values
of the biases from the ensemble of bootstrap samples are
assigned as systematic uncertainties due to the imper-
fect modeling. The default fit models assume that most
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shape parameters are flavor-independent. To verify this
assumption, we refit the data replacing individual shape
parameters with flavor-dependent ones. In all cases, the
parameter asymmetries are consistent with zero and sta-
tistically insignificant shifts are observed in the measured
Acp values. The default D° — 7%7° model includes 37
parameters, where 16 are left floating and the remain-
ing 21 are fixed to the values obtained from simulation.
The robustness of this setup is checked by varying the
fixed parameters within their uncertainties. The impact
on A" is found to be negligible compared to other
uncertainties.

We estimate the systematic uncertainty due to the
kinematic weighting by considering two sources of uncer-
tainty: the accuracy of the background-subtraction pro-
cedure to obtain the kinematic distributions of the signal
and control decays, and the choice of the variables used
in the weighting procedure. For background subtraction,
we rely on the sPlot method. Simulation shows that this
approach could introduce an absolute shift in the esti-
mated CP asymmetry of 0.05%. To test how the choice of
kinematic variables impacts the result, we develop an al-
ternative weighting procedure by replacing the momenta
of the soft pion, kaon, and pion with their transverse
momenta. The shift in Acp observed when using the al-
ternative weights is 0.07%. The sum in quadrature of
the two shifts is assigned as systematic uncertainty due
to the weighting procedure.

VII. FINAL RESULTS AND CONCLUSIONS

Using D**-tagged D° — 779 decays reconstructed in
the data sample collected by Belle IT between 2019 and
2022, which corresponds to 428 fb! of integrated lumi-
nosity, we measure the time-integrated CP asymmetry in
DY — 7979 decays to be

Acp(D° = 797°) = (0.30 £0.72 £ 0.20)%,  (14)
where the first uncertainty is statistical and the second
systematic. The result is consistent with CP symmetry
and with the best existing measurement, from Belle [24].
It is 15% less precise than the Belle measurement, but it
is based on a data sample less than one-half the size. The
improved precision per luminosity is achieved through an
improved event selection, which exploits Belle II’s supe-
rior capabilities in the reconstruction of neutral pions.

We compute the isospin sum-rule of Equation
using our result, LHCb’s measurement of AZ3L(D? —
ntm~) [7], the world-average value of AXL(DT —
atn%) [23], Belle’s measurement of Agp(D° —
797%) [24], LHCb’s measurement of the indirect CP-
violation parameter AY [25], the world-average values
of the D — 7w branching fractions [48], and the world-
average values of the D° and D™ lifetimes [48]. The
direct CP asymmetry in D — 7979 is obtained by sub-
tracting AY from the time-integrated asymmetry assum-
ing universality [4], and that the average decay time of
the selected D° — 7079 decays is equal to the DO life-
time [26]. All inputs are assumed to be uncorrelated.
We obtain R = (1.5 £ 2.5) x 1073, which shows that our
measurement of Acp(D° — 7%7%) improves the precision
of the sum rule by approximately 20% compared to the



current determination [23]. The sum rule is still limited
by the precision on Acp(D? — 7%70), so future mea-
surements based on the larger samples being collected at

Belle II will be critical to further constrain its value.
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