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Abstract
We determine the branching fractions B and CP asymmetries Acp of the decays Bt — 77
and Bt — K170 The results are based on a data set containing 198 million bottom-antibottom
meson pairs corresponding to an integrated luminosity of 190 fb~! recorded by the Belle II detector
in energy-asymmetric electron-positron collisions at the 7°(45) resonance. We measure

B(B* — 779 = (6.12 4 0.53 £ 0.53) x 1076,
B(BT — K™r%) = (14.30 4 0.69 £ 0.79) x 1079,
Acp(Bt — 7719 = —0.085 £ 0.085 + 0.019,
Acp(BT — K*+7%) = 0.014 £ 0.047 + 0.010,

where the first uncertainties are statistical and the second are systematic. These results improve a
previous Belle IT measurement and agree with the world averages.



1. INTRODUCTION

Studies of hadronic charmless B decays give access to the angle /¢y = arg(—“//tz“ﬁ’ ),
uaub

where V;; are the elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing ma-

trix. This is the least known angle of the unitarity triangle. Charmless decays also probe

contributions from dynamics beyond the standard model (SM) in processes mediated by

loop decay-amplitudes.

The angle o can be measured in neutral B meson decays governed by b — wud tran-
sitions, such as B® — 7%, using interference between the amplitude for a direct decay
and for a decay following B® — B flavor oscillation [I]. However, the determination of « is
straightforward only if one decay amplitude contributes. As both tree and penguin decay-
amplitudes contribute to hadronic two-body charmless B decays, the measured value of « is
shifted by a weak and strong phase. This phase can be removed by an analysis of multiple
isospin-related B — 7w decays. The angle o can be determined if the two isospin-related
decays B® — 7n%7% and BT — 70 are measured in addition to B® — w7~ [2].

In addition, isospin symmetry can be employed to build sum-rules, i.e., linear combina-
tions of branching fractions and direct C'P asymmetries, to test SM predictions. For the
set of B — K7 decays, B® — K+tn~, Bt — K%+, Bt — K*7° and B° — K°x°, there
is a reliable and sensitive test based on comparing the observed value of the sum-rule and
the SM expectation [3]. For B® — K°°, the sum-rule predicts a direct CP asymmetry of
—0.138 £ 0.025 [4], using world averages for the other sum-rule inputs [5]. The average of
the direct measurements is —0.01 & 0.10 [5]. Probing the sum-rule with higher precision
will provide a stringent null test of the SM [6]. While the sensitivity of the test is domi-
nated by the B® — K% precision, improvements in all inputs will contribute in the longer
term. Belle II is the only experiment capable of measuring jointly, and within a consistent
experimental environment, all isospin-related decays.

Herein, we report measurements of the branching fractions and CP asymmetries of
Bt — 7% and BT — K70 decays, which provide information on « and on the isospin
sum-rule, respectively. We use a data set corresponding to 190 fb™" integrated at the 7°(4.5)
resonance, and 18 fb™! integrated 60 MeV below the resonance, with the Belle II detector in
energy-asymmetric electron-positron (e™e™) collisions provided by the SuperKEKB acceler-
ator.

Reconstructed decay candidates are selected with a multivariate algorithm trained to
suppress the dominant background from ete™ — ¢g (continuum-background), where ¢ is
a u, d, ¢, or s quark. A three-dimensional fit is used to determine signal yields. Simu-
lated events are used to study the sample composition, determine signal efficiencies, and
for fit modeling. Fit models are corrected for possible data-simulation discrepancies using
B - D'(— K*77)7° and B* — D°(— K7~ 7% 7" control channels. This measurement
improves upon a previous Belle II measurement [7] due to a three-fold larger data set and im-
proved analysis techniques. The latter include the addition of another signal-to-background
discriminating variable in the fit to determine the signal yields, and improved methods to
correct the simulation using control data.



2. THE BELLE II DETECTOR AND SIMULATION

The Belle II detector consists of several subsystems arranged in a cylindrical structure
around the beam pipe [8]. In the Belle II coordinate system, the z-axis is defined to be
horizontal and to be pointing outside of the accelerator main-rings tunnel, the y-axis is ver-
tically upward and the z-axis is defined in the direction of the electron beam. The azimuthal
angle ¢ and the polar angle # are defined with respect to the z-axis. Radial displacement
r is defined in the z-y plane (r = y/2% 4+ y?). The nominal interaction point is the origin
of the coordinate system. The tracking system consists of a two-layer silicon-pixel detec-
tor, surrounded by a four-layer double-sided silicon-strip detector and a 56-layer central
drift chamber. For this data sample, the second pixel layer is only partially instrumented
and covers one sixth of the azimuthal angle. The combined silicon-tracking system pro-
vides an average vertex resolution along the beam direction of approximately 25 pm for
fully reconstructed B mesons. A time-of-propagation counter and an aerogel ring-imaging
Cherenkov counter cover the barrel and forward endcap regions of the detector, respectively,
and provide charged-particle identification. An electromagnetic calorimeter (ECL) fills the
remaining volume inside a 1.5 T superconducting magnet that produces an uniform axial
field. The ECL consists of a central barrel section and two annular endcaps. The calorime-
ter covers the polar angle regions 12.4° < # < 31.4° (forward endcap), 32.2° < 6 < 128.7°
(barrel), and 130.7° < 6 < 155.1° (backward endcap). It measures the energy of photons
and electrons and provides input for particle identification. A dedicated system to identify
K? mesons and muons is installed in the outermost part of the detector.

The data are processed using the Belle I analysis software framework [9]. Simulated
events are generated using KKMC for quark-antiquark pairs from e*e™ collisions [10], PYTHIAS
for hadronization [I1], EVTGEN for the decay of the generated hadrons [12], and GEANT4 for the
detector response [I3]. The simulation includes simulated beam-induced backgrounds [14].

3. SELECTION AND RECONSTRUCTION

We reconstruct BY — 77 7% and B* — K*7° signal decays as well as B® — D°(— K*+r~)x°
and B* — D°(— K*n~ 7% 7" control channels. Neutral pion candidates are reconstructed
from pairs of photon-candidates. Photon-candidates are detected in the ECL as sets of ad-
jacent channels with a signal (cluster) not associated to the extrapolation of a trajectory of
a charged particle (track). Clusters are required to satisfy an energy requirement depending
on their polar angle (cluster energy greater than 0.12 GeV in the forward endcap, 0.03 GeV
in the barrel and 0.08 GeV in the backward endcap). Furthermore, the three-dimensional
angular separation between the clusters is required to be less than 0.9 rad and the azimuthal
separation is required to be less than 1 rad. The magnitude of the cosine of the angle be-
tween the photon-candidate direction in the 7° candidate rest frame and the 7° candidate
direction in the laboratory frame is required to be less than 0.98 to suppress combinatorial
background from collinear soft photons. Finally, the mass of the 7° candidates must be in
the range 0.121 < m(yy) < 0.142 GeV/c?.

Charged pion and kaon candidates are reconstructed from track candidates. All tracks
are required to have an absolute distance of closest approach to the interaction point less
than 2 cm in the z direction and less than 0.5 cm radially. In addition, tracks must be
within the drift chamber acceptance and have 20 or more associated measurement-points
(hits). Reconstructed events are divided into disjoint pion- and kaon-enriched samples via
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a binary pion-kaon particle-identification requirement. In the kaon-enriched sample, 80%
of K*n° candidates are correctly identified, while 20% of them are misidentified. For 7+7°
candidates, 88% are correctly identified in the pion-enriched sample and the remainder are
misidentified. For the control modes, the mass of the neutral D candidates must be in the
1.84 — 1.88 GeV/c? range. Requirements on the beam-constrained mass M, and energy dif-
ference AF are applied. The beam constrained mass is defined as My. = v/(Efo.)? — (P5)2,
where Ef..  is the beam energy and pj; is the momentum of the reconstructed B [I5]. The

B momentum is calculated as pj = piy + /(Efeam — B+ )? — M2 - %, where p. is the
-0

momentum of the charged hadron in the B candidate decay, E}, is its energy, p’, is the

0 O mass [I6]. The energy difference is defined as

7 momentum, and M o is the known =

AFE = Ef — Ef...., where £} the energy of the B candidate. For the signal channels, B
candidates are retained if they satisfy M. > 5.22GeV/c? and —0.3 < AE < 0.3GeV. For
the control channels, the same M), requirement is applied, however, the AFE requirement is
more stringent, —0.15 < AF < 0.3 GeV. Since the fraction of events with multiple candi-
dates is only 1%, we retain all candidates. In Sec.[9] a systematic uncertainty is included
for this choice.

4. CONTINUUM SUPPRESSION

After the baseline selection, a large contribution from continuum-background remains.
We train a discriminator to isolate the signal using a boosted decision tree (BDT). The
variables included in the training are event shape [I7HI9], flavor tagger output [20], and
vertex fit variables typically used at B factories. Variables having a high correlation with
AFE and M, are excluded from training to avoid correlations between the BDT output and
AFE or M., since these three variables are used to determine the signal yield. Separate
discriminators are trained and tested for the two signal channels using simulated events.
A total of 36 variables are used as input to each BDT. We identify the requirement on
the BDT output that maximizes S/+/S 4+ B, where S and B are the simulated signal and
background yields in the signal region (M. > 5.27 GeV/c? and —0.10 < AE < 0.06 GeV)
and relax it slightly for subsequent analysis since the BDT output is included in the fit of
sample composition. This requirement rejects 99% (98%) of background and retains 71%
(68%) of BT — 7™7% (BT — KT 7Y) signal. A systematic uncertainty on the signal efficiency
of the BDT selection is evaluated in Sec. [9to account for data-simulation discrepancies in the
distribution of the input variables. For the fit, we log-transform the continuum suppression
output. The log-transformation is calculated as follows:

C'=In (—C;]EDCT“Q), (1)

where C' is the continuum suppression output and BDT,.q is the selection requirement placed
on the output.

5. FIT MODELING

To determine signal yields, a three-dimensional (AE, My, C’) simultaneous extended
unbinned maximum likelihood fit to the B — K+7% and Bt — 7t 7° samples is performed.



To determine the C'P asymmetry, independent signal yields for the negatively and positively
charged B candidates are fitted simultaneously. The fit assumes no correlation between
the fit observables. Along with signal, three background components are considered in
the fit: continuum-background, background from 1°(4S) — BB processes, and feed-across
background. The latter background consists of BT — K*7% events that are incorrectly
reconstructed as BT — 77 or vice versa.

The shapes of the individual fit components are determined empirically from simula-
tion, which is corrected as a function of particle momentum and polar angle to account for
particle-identification discrepancies with data. The signal and feed-across AE distributions
are modeled with the sum of a Gaussian function and a function consisting of a Gaussian
core with power-law tails at low and high AE values [2I]. The continuum-background AE
distribution is modeled with a first (second) order Chebyshev polynomial for Bt — K*x°
(BT — 777°). The AE distribution for BB background is modeled with a kernel density
estimator. The signal and feed-across My, distributions are modeled using a function consist-
ing of a Gaussian core with a power-law tail at low M. values. For the BT — 7770 feed-
across component an additional Gaussian function is added. The continuum-background
My, distribution is modeled with the sum of eight ARGUS functions [22] with fixed end-
points evenly spaced from 5.287 to 5.29 GeV/c?>. The other shape parameter are shared
among all ARGUS functions.

The sum of eight ARGUS functions is chosen because the beam energy E* was subject
to systematic shifts of O(1MeV) throughout the data taking, impacting the endpoint of
the M, distribution. The contribution of each ARGUS function is fixed to the fraction
of events collected at center-of-mass energies corresponding to the respective endpoints.
The remaining parameters of the AF and My, shapes for the continuum-background are
determined by the fit. The BB M, distribution is modeled with a kernel density estimator.
The C' distribution for each component is modeled using a JohnsonSU distribution [23],
which contains four parameters: a mean, a width, a skewness parameter, and a parameter
setting the size of the tail.

To further account for mismodeling between data and simulation, correction parameters
are extracted in data using the control channels B® — D°(— K*77)7° (for the signal and
feed-across AE and M, shapes) and BT — D°(— K*n~ 797+ (for the signal and feed-
across C' shapes) as well as off-resonance data (for the continuum C” shape). The correction
parameters shift the means and scale the widths of the fit models irrespective of the B
candidate charge. The obtained shift parameters for My, and AE are small, below 1 MeV/c?
and 1 MeV. The width scaling parameters are approximately 1.04 and 1.16, respectively. For
C’ the shift reaches values up to —0.6 in units of the log-transformed continuum suppression
output and the scaling parameter reaches values up to 1.07.

6. DETERMINATION OF PHYSICS PARAMETERS

We fit directly for raw branching fractions and C'P asymmetries, instead of fitting the
BT — K*7% and BT — 7" 7° signal and feed-across yields. The individual yields are com-
puted from the physics parameters using the following equation:

htm0
F; sig, bkg sig, bk ht 0 1 :l: Araw

g
h+n0 NB+B* €pt 0 Braw



where h't is either K+ or 7; Nﬁ;&g’ Pke is the signal or feed-across vield for negatively
or positively charged signal B candidates; Np+p- is the number of produced BTB™~ pairs;

sig, bkg

. . . . +-0 .
€40 ~ 18 the signal or feed-across reconstruction efficiency; Bl ™ is the measured raw

branching fraction; and Af;w’ro is the measured charge-yield asymmetry, defined as Af;wwo =

%, with N(B~) (N(B%)) being the number of negatively (positively) charged B
mesons.

For the continuum and BB background, yields are determined by the fit independently
for each charge.

To summarize, 19 parameters are determined by the fit: the B, values for BT — 770
and BT — K 7% (2 parameters), the asymmetries A,a,, for BT — 777" and BT — K79 (2
parameters), the continuum-background shape parameters for AE and M, (7 parameters),
the continuum-background yields separate for each sample and charge (4 parameters), and

the BB yields separate for each sample and charge (4 parameters).

7. INPUTS AND EFFICIENCIES

The number of B¥B~ pairs is calculated from the number of produced BB pairs (198 mil-
lion) assuming a ratio of 7(4S) — B*B~ and Y(4S) — BB of 0.514 £ 0.006 [24]. The
reconstruction efficiency for the BT — 77 (BT — KT7°) signal is estimated to be 31.8%
(26.9%) using simulation. The reconstruction efficiency for the respective feed-across back-
ground is estimated to be 5.3% (6.3%).

The measured charge-dependent yield asymmetries

Al = AGE + AL
are the sum of the CP asymmetry A’é}”o and the instrumental asymmetry Ag;’f“ due to
differences in interaction and reconstruction probabilities between particles and antiparticles.
We estimate the instrumental asymmetry for charged pions, Aqe(77) = —0.005 + 0.010, by
measuring the charge asymmetry in an abundant sample of DT — K27 decays assuming
negligible contributions from K? asymmetries and subtracting the known Acp(D+ — K27T)
value [24]. To obtain the instrumental asymmetry for charged kaons Agei (K ™), we determine
the charge asymmetry in D® — K~7+ decays, which provides the joint K ~7" instrumental
asymmetry Aqee(K 7). In D° — K~ decays, direct CP violation is expected to be
smaller than 0.1% [24]. We therefore attribute any nonzero asymmetry to instrumental

charge asymmetries. Combining Agei (K~ 7") with Agee(77), we obtain the KT instrumental
asymmetry, Aqet(KT) = —0.011 £ 0.010.

8. FIT RESULTS

In Fig (1], charge-integrated signal-enhanced data are shown with fit projections overlaid.
The signal-enhanced region is defined as M. > 5.27GeV/c?, —0.1 < AE < 0.06 GeV,
and C' > 1. In addition, charge-specific AE distributions with fit projections overlaid
are shown in Fig. 2] to illustrate the magnitude of A" ™. The fit finds raw branching
fractions of Bray (770) = (5.58 £ 0.49) x 107% and Biayw (K T7°) = (13.12 £ 0.63) x 107% and
asymmetries of A (7t7%) = —0.090 & 0.085 and A, (K T7%) = 0.003 4 0.047, where all

uncertainties are statistical.



TABLE I. Summary of the correlation between physics parameters.

B(rtrY) B(KT7Y) A(rt7%) A(K+70)

B(rtrY) 1.00  —0.32 0.04 0.01
B(K+70) .00  —0.02  —0.01
A(ntr0) .00  —0.33
A(K+70) 1.00

After correcting for the continuum suppression efficiency (see Sec. @ as well as the in-
strumental asymmetries, we measure branching fractions of B(n*t7°%) = (6.12 £ 0.53) x 1076
and B(K*7%) = (14.30 £ 0.69) x 107% and CP asymmetries of Acp (7T 7%) = —0.085 £ 0.085
and Acp(K*7%) = 0.014 £ 0.047, where all uncertainties are statistical. The correlations
between physics parameters are summarized in Tab. I}
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11



TABLE II. Summary of the fractional uncertainties on the branching fractions.

Source BT — Kt7% (%] BT — ntx0 [%]
Tracking 0.30 0.30
B counting 1.5 1.5
R(B*™B™) 1.2 1.2
70 efficiency 4.4 4.4
CS efficiency 0.9 1.1
Particle identification 0.2 0.5
Multiple candidates 0.01 0.9
Continuum BDT shift and scale (K 7) 0.5 0.08
Continuum BDT shift and scale (7 7) 0.1 1.6
AF shift and scale 2.0 6.3
My, shift and scale 1.1 2.3
Signal BDT shift and scale (K+ 7°) 0.4 0.1
Signal BDT shift and scale (7t 7°) 0.02 0.8
BB Shape 0.4 0.2
Total systematic uncertainty 5.5 8.6
Statistical uncertainty 4.8 8.7

TABLE III. Summary of the absolute uncertainties on the CP asymmetries.

Source Bt - K+t70 BT — 7t n0
Continuum BDT shift and scale (K* 7°)  0.0002 0.0006
Continuum BDT shift and scale (7 7) 0.0010 0.0092
AFE shift and scale 0.0014 0.0038
My, shift and scale 0.0008 0.0023
Signal BDT shift and scale (K+ 7°) 0.0002 < 0.0001
Signal BDT shift and scale (7t 7°) 0.0002 0.0005
BB Shape 0.0000 0.0001
Instrumental asymmetry 0.010 0.010
Fit bias - 0.0118
Total systematic uncertainty 0.0102 0.0185
Statistical uncertainty 0.0470 0.0851

9. SYSTEMATIC UNCERTAINTIES

In Table [[I] and [[TI] the systematic and statistical uncertainties are summarized. The
individual sources of systematic uncertainty are discussed in more detail below.

We assess a systematic uncertainty associated with possible data-simulation discrepancies
in the reconstruction of charged particles. The tracking efficiency in data agrees with the
value observed in simulation within a 0.30% uncertainty, which is assumed as uncertainty on
the branching fraction results. We assign a 1.5% systematic uncertainty on the number of

12



BB pairs, which includes the selection efficiency, integrated luminosity, and potential shifts
from the peak center-of-mass energy during data taking. We assign the uncertainty of the
ratio R(BTB™) of 1(4S) — BTB~ and 7(4S) — BB as a systematic uncertainty [24].

Several systematic uncertainties are related to the selection and reconstruction efficien-
cies. The 7 reconstruction efficiency is assessed using the decays D° — KT7~ 7% and
D — K*7~. We compare the yields from fits to the D invariant mass distribution and
obtain 0.950 £ 0.042 for the ratio of the 7° reconstruction efficiency in simulation and in
data. This ratio is compatible with unity. The uncertainty on this ratio is used as a sys-
tematic uncertainty. The efficiency of the continuum-suppression requirement is studied
using the control channel B* — D°(— K*r~7%)a*. The ratio of the efficiency found in
data divided by the efficiency found in the simulation is 0.9124 £+ 0.0099 (0.9178 + 0.0082)
for the BT — 777 (BT — K*7%) BDT. The ratios are incompatible with unity. We
scale the branching fractions by these ratios and assign the uncertainty on the ratios as
systematic uncertainties. The particle-identification corrections are varied 100 times within
their uncertainty and used to derive alternative reconstruction efficiencies. The fit to data
is repeated with the alternative reconstruction efficiencies. The standard deviation of the
distribution of the physics parameter is assigned as a systematic uncertainty. In 1% of
events in which multiple candidates are reconstructed, we retain all candidates. To assess a
systematic uncertainty associated with a possible data-simulation mismatch in the efficiency
of this criterion, we repeat the fit to the data by randomly selecting a single candidate in
each event. The difference from the nominal fit result is taken as a systematic uncertainty.

Systematic uncertainties associated with the correction factors (i.e., the shift and scaling
parameters) are assessed by repeating the fit on the experimental data 100 times with
alternative correction parameters. For each of the 100 fits, the correction factors are drawn
within their uncertainties from a Gaussian distribution, taking correlations into account.
Each fit yields a value of the physics parameters (e.g., Acp) slightly different from that
resulting from the nominal fit. The standard deviation of the Agsp distribution is assigned
as the systematic uncertainty for the correction factors. This procedure is repeated for all
correction factors, namely those of the continuum BDT shapes, the AE shapes, the M,
shapes, and the signal BDT shapes. To assess a systematic uncertainty for the BB shape,
we develop an alternative fit model for the BB background. We generate 100 simplified
simulated data sets around this alternative fit model and fit the data sets with the alternative
and nominal fit model. The mean of the differences between the fit results is assigned as
systematic uncertainty.

We consider the uncertainty on the instrumental asymmetries Age; as a systematic un-
certainty. The instrumental asymmetries depend on the kinematic properties of the relevant
charged particles and on the number of associated hits. The value of A4 is obtained from
control modes in which tracks are selected to have kinematic and hit-multiplicity distribu-
tions as close as possible to those of the signal. The uncertainty on Age; is dominated by
possible residual differences.

To validate the fit of sample composition, we perform simplified simulated experiments
in which the true values of either B or Agp are varied in 20% increments from 60% to 140%.
This validation shows a small bias for the CP asymmetry of B¥ — 777 We assign this
bias as systematic uncertainty.
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10. SUMMARY

We report a measurement of the branching fractions and CP asymmetries of BT — 7+ 7?
and BT — K70 decays. The results are based on data corresponding to an integrated
luminosity of 190 fb~! recorded by the Belle IT detector at the 7(45) resonance. We measure

B(B* — ntn%) = (6.12 £ 0.53 + 0.53) x 1079,
B(Bt — K+r%) = (14.30 £ 0.69 & 0.79) x 1075,
Acp(BT — 777%) = —0.085 £ 0.085 % 0.019,
Acp(BY — K*7%) = 0.014 4 0.047 £ 0.010,

where the first uncertainties are statistical and the second are systematic. The results
improve and supersede a previous Belle II measurement [7] and agree with current world
averages [24].
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