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ABSTRACT: We present measurements of B — K*(892)y decays using 365fb~! of data
collected from 2019 to 2022 by the Belle II experiment at the SuperKEKB asymmetric-
energy ete™ collider. The data sample contains (387 £ 6) x 106 Y(4S) events. We measure
branching fractions (B) and CP asymmetries (Acp) for both BY — K*9y and Bt — K*ty
decays. The difference in CP asymmetries (AAcp) and the isospin asymmetry (Ag;)
between these neutral and charged channels are also measured. We obtain the following
branching fractions and CP asymmetries: B(B? — K*9y) = (4.14 4+ 0.10 £ 0.11) x 1075,
B(BT — K*tv) = (4.04 £0.13%012) x 1075, Acp(B® — K*%9) = (—3.3 £ 2.3 +0.4)%, and
Acp(BT — K*tv) = (=0.7 £ 2.9 4+ 0.5)%. The measured difference in CP asymmetries is
AAcp = (+2.64+3.840.6)%, and the measured isospin asymmetry is Aoy = (+4.8+2.0+1.8)%.
The first uncertainties listed are statistical and the second are systematic. These results are
consistent with world-average values and theory predictions.
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1 Introduction

The radiative decays B — K*(892)y are suppressed in the Standard Model (SM), where
the dominant contribution comes from a one-loop b — sv diagram [1, 2]. Extensions to
the SM predict new particles that can contribute to the internal loop, potentially altering
branching fractions (B) and other observables from their SM expectations. Thus, these
radiative decays are a promising probe for physics beyond the SM (BSM) [3, 4]. Observables
for B — K*(892)~ include the CP-violating asymmetry

I'(B— K*y) —T'(B — K*v)

Acp = ——— 1.1
P TI(B =K +0(B — K*9) (11)
and the isospin asymmetry
['(BY — K*%) - TI'(BT — K**
Aoy = ( 7) — I 7) (12)

['(BY = K*0) £+ T'(B* — K*tv)’

where I" denotes the partial width and K* denotes the K*(892) meson. In eq. (1.2) and
throughout this paper, charge-conjugate modes are implicitly included unless otherwise noted.

The SM prediction for B(B — K*7) has large uncertainties of about 30%, mostly because
of form factors [5, 6]. In contrast, observables such as Acp and Ay have reduced uncer-
tainties due to cancellation of form factor contributions and some experimental systematic
uncertainties in the ratios of egs. (1.1) and (1.2) [7, 8]. In the SM, Agy is estimated to
have a small positive value ranging from around 3% [8] to 8% [9]. However, BSM scenarios
such as the aligned two-Higgs-doublet model can shift Ag; to negative values as large as
-7% [10]. The SM prediction for Acp is less than 1% [10, 11], while BSM physics can



increase it. The last measurement by the Belle experiment [12] using 772 x 10° BB events
reported Agy = (6.2 +2.0)% with a significance of 3.1 standard deviations. The BABAR
experiment [13] also measured a positive Agy value and set a 90% confidence interval of
1.7% < Ao+ < 11.6%. For Acp, Belle, BABAR, and LHCb [14] have obtained values
consistent with zero. We report herein results for B, Acp, and Agy measured in B — K*vy
decays using eTe™ collision data recorded by the Belle II experiment.

Subsequent sections of this paper are arranged as follows: section 2 provides a brief
introduction to the Belle II experiment and the dataset. Section 3 describes the selection
of final-state particles and B-meson reconstruction. Section 4 summarises the background
suppression strategy. Section 5 describes the fit model and the procedure to calculate various
observables. Section 6 presents the results of the measurements and the fit projections.
Section 7 describes the evaluation of systematic uncertainties. Finally, section 8 provides
a summary of the results.

2 The Belle IT detector and dataset

The Belle IT detector [15] operates at the SuperKEKB accelerator [16], which collides 4 GeV
positrons with 7GeV electrons at center-of-mass (c.m.) energies at or near the Y(45)
resonance. Belle II is arranged in a cylindrical geometry and features a two-layer silicon-pixel
detector [17] surrounded by a four-layer double-sided silicon-strip detector (SVD) [18] and a
56-layer central drift chamber (CDC), all used to reconstruct trajectories of charged particles
(tracks). For the data analysed here, only one sixth of the second pixel layer was installed.
The symmetry axis of these subdetectors, defined as the z axis, is almost coincident with
the electron beam direction. The z axis is horizontal, with the positive direction pointing
outward from the centre of the SuperKEKB storage ring, and the y axis is vertical, with
the positive direction upward. The polar and azimuthal angles are defined with respect
to the positive z and x axes, respectively. Surrounding the CDC, which also provides
specific ionization measurements, are a time-of-propagation counter (TOP) [19] in the barrel
region and an aerogel-based ring-imaging Cherenkov counter (ARICH) in the forward region.
These subdetectors are used for charged-particle identification (PID). Surrounding the TOP
and ARICH is an electromagnetic calorimeter (ECL) composed of CsI(T1) crystals that
provides energy and timing measurements for electrons and photons. Outside of the ECL,
a superconducting solenoid generates a 1.5 T magnetic field oriented parallel to the z axis.
The flux return of the solenoid is instrumented with resistive-plate chambers and plastic
scintillators to detect muons and K9 mesons.

The data used in this analysis were collected by Belle II from 2019 to 2022 at a c.m. energy
corresponding to the Y(4S5) resonance and 60 MeV below the resonance. The integrated
luminosities for these on- and off-resonance datasets are (365.34+1.7) fb~! and (42.740.2) fb~ 1,
respectively [20]. The off-resonance dataset is used to study continuum background, i.e.,
ete”™ — qq (¢ = u,d, s,c) events. The analysis is performed in a “blind” manner, in which
all selection criteria and the fitting procedure are finalized before examining candidates
in the signal region. We use Monte Carlo (MC) simulated events to optimize selection
criteria, calculate reconstruction efficiencies, and study backgrounds. Simulated samples of
Y (4S) — BB events in which one of the B mesons decays to the K*v final state are used



to study properties of the signal. Similarly, simulated Y(4S) — BB events in which both
B mesons decay in an inclusive manner are used to study backgrounds from B decays. All
Y(4S) — BB decays are generated with EVTGEN [21]. Continuum events are generated
with KKMC [22] interfaced to PyTHIA [23]. The Belle IT detector response is simulated
with GEANT4 [24]. Both simulated and real data samples are processed within the Belle II
software framework [25, 26].

3 Event selection and reconstruction

We reconstruct B — K*v decays proceeding via K*0 — K+t7r—, K*0 — K270 K** — K+79
and K*t — K g7r+. The reconstruction of pion and kaon tracks follows the algorithm described
in ref. [27]. To ensure a reliable momentum measurement, we require at least 20 track hits
in the CDC. Tracks originating from near the ete™ interaction point (IP) are required to
satisfy d, < 0.5 cm and |d,| < 2.0 cm, where d,. (d) is the transverse (longitudinal) impact
parameter of the track with respect to the IP. To identify pion and kaon candidates, a PID
likelihood is calculated based upon Cherenkov light measurements in the TOP and ARICH,
and specific ionization measurements in the CDC and SVD. A track is identified as a pion if
the ratio L(m)/[L(K) + L(m)] > 0.6, where L(K) and £(7) are the likelihoods that a track is
a kaon or pion, respectively. A track is identified as a kaon if L(K)/[L(K) + L(7)] > 0.6.
These criteria yield a K (71) identification efficiency of approximately 79% (77%), with a
probability of misidentifying a 77 (K1) as a Kt (7) of around 10%.

Candidates for high-energy photons coming directly from the B decay are reconstructed
from energy deposits (clusters) in the barrel and forward regions of the ECL, with energies
satisfying 1.4 GeV < EJ < 3.4 GeV. The asterisk (%) denotes quantities calculated in the e*e™
c.m. frame. These clusters must have no matched tracks in the CDC. To ensure their 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 x 3 array of crystals and a 5 x 5 array excluding
the corners, respectively, centred on the crystal with the highest energy. The difference
between the ECL cluster time and the event time must be less than 200 ns to suppress
out-of-time photons arising from beam backgrounds. To distinguish high-energy photon
candidates from K9 clusters, we use a stochastic gradient-boosted decision tree (BDT) [28].
The BDT is trained with 11 Zernike moments [29] derived from the ECL shower shape. These
criteria result in a photon selection efficiency of 88% and a background rejection of 85%.

We reconstruct Kg candidates from pairs of oppositely charged tracks assumed to be
pions. We do not apply d,., d,, or PID selection criteria to these tracks, rather we fit them to
a common vertex and require that the goodness-of-fit be satisfactory. The invariant mass of
the K candidate must be within 10 MeV/c? of the known K2 mass [30]. Additional criteria
are applied to these candidates, including momentum-dependent requirements on the Kg
flight distance in the transverse plane, the angle between the reconstructed Kg momentum
and the vector pointing from the IP to the Kg vertex, and the distance along the z axis from
the IP to the Kg vertex. The Kg selection efficiency is approximately 94%.

We reconstruct 7° candidates from pairs of photons. Each photon is required to have an
energy greater than 80, 30, or 60 MeV, depending on whether it is detected in the forward,

0

barrel, or backward region, respectively, of the ECL. We require 7~ candidates to have



a diphoton invariant mass (m.,) in the range 120 MeV/c?* < m.., < 145MeV/c?. Further
requirements are imposed on variables related to the photon candidates, i.e., ECL shower
shape, polar and azimuthal angles, and the opening angle between the photons. A mass-
constrained fit is performed for the 7° candidates to improve their momentum resolution.
The overall ¥ selection efficiency is approximately 75%.

A K* candidate is formed from a K*n~, K37% K*7% or K%rT combination. We
retain K* candidates having an invariant mass within 75 MeV/c? of the known K** or K**
mass [30]. This range corresponds to approximately 1.5 times the K* decay width.

We combine a K* with a high-energy photon candidate to form a B candidate. A vertex
fit [31] is applied to the entire B decay chain, with the B production vertex constrained
to the IP. The x? probability of this vertex fit is required to be greater than 0.1%. To
identify signal decays, we define two kinematic variables: M. = \/ (B oum) 2/t — (55)2 /2

and AE = E5 — E} .., where Ef  and E}; are the beam and B energies, respectively, and
pPg is the B momentum, all calculated in the c.m. frame. To improve the My, resolution and
reduce the correlation between My, and AFE, the B momentum used here is

Py = Bien + 1ot X (B — Eicr), (3.1
o

i.e., the magnitude of the photon momentum in My, is taken to be the difference (Ef ., —Ej.,.)-
The improvement in the My, resolution is around 16% (6%) for channels without (with)
a ¥ in the final state. We retain events satisfying 5.23 GeV/c? < My, < 5.29 GeV/c? and
|AE| < 0.30 GeV for further analysis. To calculate signal yields, we define a narrower signal
region Mp. > 5.27 GeV/c? and —0.15GeV < AE < 0.07 GeV; these ranges correspond to
430 in resolution. The asymmetric region for AFE accounts for energy leakage from the
ECL crystals. All selection criteria are optimized with a figure-of-merit (FOM) calculated
as Ns/v/Ng + Ng, where Ng and Np are the number of simulated signal and background

events within the signal region.

4 Background suppression

Large backgrounds arise from photons produced in decays of high-momentum 7° and 7
mesons. To reduce these backgrounds, we implement 7° and 1 vetoes as follows. We pair
the primary photon candidate from the signal B decay with other photons in the event
and reject the signal candidate if the photon pair is consistent with arising from a 7° or n
decay as determined by a BDT classifier. Separate classifiers are used for 7% and 7 mesons.
The photon with which the signal photon is paired must have a minimum energy: for a
70 (n) candidate, the energy must be greater than 20 MeV (30 MeV). In the forward region
where beam backgrounds are higher, the energy must be greater than 25 MeV (35MeV). The
classifiers use as inputs the diphoton invariant mass and various quantities for the low-energy
photon: its energy, polar angle, ECL shower shape, distance between the ECL cluster and
tracks extrapolated from the CDC, the ratio £9/FE21, and the Zernike-based BDT output.
The 7%-veto BDT also uses the cosine of the angle in the putative 7° rest frame between the
signal photon and the boost direction of the lab frame. We require that the BDT outputs



exceed certain thresholds, which are determined by maximizing an FOM. These requirements
reject approximately 64% of background photons while preserving 89% of signal decays.

The remaining background is dominated by eTe™ — ¢g continuum events, which are
characterized by a back-to-back jet topology. In contrast, because BB events are produced
almost at rest in the ete™ c.m. frame, they have a nearly isotropic distribution of final-state
particles. To suppress continuum background, we employ another BDT classifier referred to
as CSBDT. This classifier uses the following inputs: modified Fox-Wolfram moments [32],
variables characterizing the momentum flow about the signal candidate’s thrust axis, the y?
of the fit for the B decay vertex, the distance along the z axis between the B signal vertex
and the tag-side B vertex, and the output of the B flavour tagger [33]. More details on these
variables are given in refs. [34, 35]. A criterion is applied to the CSBDT output that maximizes
an FOM, separately for each K* decay channel. This selection rejects 70-80% of continuum
background while preserving 84-95% of signal decays, depending on the K* channel.

After applying all selection criteria, 0.4-5.6% of events have multiple signal candidates,
depending on the K* decay channel. For such events, we retain the candidate with the
highest CSBDT output value. According to MC simulation, this choice selects the correctly
reconstructed signal decay in events with multiple candidates 62-75% of the time.

Decays of B mesons into multibody final states accompanied by a high-energy photon are
a potential background. These decays typically exhibit a peaking structure in My, as they
originate from a B meson. However, they tend to have a AFE distribution shifted towards
a negative value, away from the expected signal peak. Simulation studies show that these
backgrounds arise from a number of sources, e.g., B — K*7° and B — K*n decays in which
a photon from the subsequent 7¥ or 1 decay evades the veto; and decays to higher kaonic
resonances, such as B — K;(1270)y, B — K;(1400)v, and B — K5(1430)y. We combine
contributions from all non-signal B decays, including multibody final states with high-energy
photons, into a single BB background component.

5 Fit strategy

We determine the signal yield from a two-dimensional extended maximum-likelihood fit to
the unbinned My and AFE distributions. The fit incorporates three components: signal,
continuum, and BB background. The probability density function (PDF) for each component
is determined by fitting simulated events. The likelihood function is written as

-2 N
o € J i i =
L(d) = — [1> nj x Pj(Mi., AE"; @), (5.1)
o=l g

where n; and P; are the number of events and PDF for component j, and N is the total
number of events. The argument M (AE") denotes the M. (AFE) value for candidate i,
and & are the shape parameters for the PDF. The likelihood function is maximized with
respect to n; and several PDF shape parameters, as described below.

Given the low correlation between M, and AE (less than 5%), we use the product of
their one-dimensional PDFs in the fit. For signal events, the My, distribution is described
by a Crystal Ball (CB) function [36]. The CB mean and width parameters are floated in



the fit, while parameters describing the power-law tail are fixed to values obtained from
simulation. The AFE distribution is modelled with a double-sided CB function. The mean
parameter of this function is also floated in the fit. We modify the two width parameters
using a common multiplicative factor, i.e., o, — fag X or and ogr — fag X or, where o,
and op are fixed to values obtained from simulation. The fa g parameter is floated in the
fit. All other shape parameters are fixed to values obtained from simulation. By floating the
mean and introducing a common multiplicative factor for the widths, we account for potential
data-simulation differences in the AFE distribution of signal events. Up to 9% of the signal
component comes from misreconstructed B — K*v decays, referred to as “self-crossfeed”.
The self-crossfeed component is modelled with a two-dimensional nonparametric PDF [37].
The total signal PDF is the sum of the PDFs for correctly reconstructed B — K*v decays
and self-crossfeed events, with the latter fraction fixed to the value from simulation.

For continuum background, the My and AE distributions are modelled with an ARGUS
function [38] and a first-order polynomial, respectively. We use the product of these one-
dimensional PDFs in the fit. The BB background is modelled with a two-dimensional
nonparametric PDF [37]. Except for the B® — K*[K27%)y channel, the flavour of the B
meson is identified based on the charge of the hadrons from the K* decays. For example,
a KT indicates a B® — K*O[K*7~]y decay. For these decay modes, separate data samples
are prepared for B and B candidates. The branching fraction and Acp for these decays are
calculated from the result of a simultaneous fit to the B and B samples as

_ Ng/es + Ng/eg
2% Nyws) X fi—(foo)
_ Ng/es — Ng/eg

N N5/65+N§/6§’

B

(5.2)

Acp

(5.3)

where Ng (Ng) is the fitted signal yield for a given B — K*vy (B — K*v) decay channel, eg
(€g) is the corresponding selection efficiency, Ny(4g) is the number of T(4S5) events, and f1_ =
0.5113700%2 (foo = 0.48617009%3) is the branching fraction for Y(4S) — B*B~(B°BY) [39].
The shape parameters for signal are common for the B and B samples, whereas the shape
parameters for continuum and BB backgrounds are floated separately for the two samples.
The Acp calculated from eq. (5.3) includes a small contribution due to interactions of charged
hadrons with detector material. This instrumental asymmetry, discussed in section 7, is
subtracted from the obtained Acp value.

For the BY — K*0[K2%7r0)y channel, the branching fraction is calculated as:

. NB0—>K*O[Kg.7r0]7/6
2 % Ny(ag) X foo ’

(5.4)

where € is the selection efficiency for B — K*?[KY7Y]y. We combine the branching fractions
and CP asymmetries for all charged and all neutral channels by calculating their weighted
average, taking into account correlations among the systematic uncertainties [40].



Channel e (%) Ng Ng Ngg Ny
BY - K*[K*t77]y 14.26+0.21 1068 £36 1153438 38184118 188476
BY — K*O[K%7%y  1.66 £ 0.09 254 + 20 548 £46 86 440
Bt — K*t[K+x® 5624026 453 +27 435426 1991 £ 107 221492
Bt — K*[Kdnt 4224010 332+21 349421 1348475 105+ 53

I
I

Table 1. Selection efficiencies and fitted yields of signal, ¢g, and BB background events for each
decay channel. Except for B — K *O[Kgﬂo]’y channel, the efficiencies listed for other channels are
the average selection efficiencies (s + eg)/2. The uncertainties listed for efficiencies and yields are
systematic and statistical, respectively. The former are discussed in section 7.

The isospin asymmetry Ao, and the difference in CP asymmetries A Acp between the
neutral and charged B — K*v channels, are calculated from the relations

(r1/70) x BB = K*Vy) — B(B* — K**~)
(74/70) X B(B® = K*y) + B(B+ — K*+)’
AAcp = Acp(BY — K**y) — Acp(B® — K*09), (5.6)

A0+ -

where 7, and 7 are the known lifetimes [30] of Bt and B, respectively.

6 Results

The selection efficiencies and the yield of B — K*v signal, continuum (N,) and BB
backgrounds (IV,;) obtained from the fits are listed in table 1. The results for B, Acp, Aoy,
and AAcp calculated with egs. (5.2)-(5.6) are listed in table 2. The systematic uncertainties
quoted are discussed in the next section. The My, and AFE distributions for the final
event samples are shown in figures 1-2, along with projections of the fit result. All results
for Acp and AAcp are consistent with zero, while A, differs from zero by 2.0 standard
deviations. As a check, we use the sPlot method [41] to obtain the background-subtracted
helicity distribution of the K7 system in the data, and we find it to be consistent with the
distribution obtained from simulated B — K™+ decays.

7 Systematic uncertainties

The various sources of systematic uncertainty are listed in tables 3 and 4 and discussed below.
The uncertainties that are identical for B and B decays, such as the number of BB events,
photon selection, or 7°/n veto, do not contribute to the Acp measurement.

A systematic uncertainty of 1.5% is assigned due to the number of Y (4S) events, and
an additional systematic contribution of 1.6% (2.1%) is assigned due to foo (f+—). The
systematic uncertainty due to track reconstruction is obtained from studies of eTe™ — 777~
events. We assign a systematic uncertainty of 0.2% per track, which results in an uncertainty
of 0.5% for the K**[K*7~] and K*°[K27"] channels, 0.2% for K**[K ], and 0.7% for
K**[K%nt]. The difference in efficiency between data and simulation due to PID selection
criteria is studied with D** — DY[K~ 7|7t decays. These corrections are calculated in bins



Channel B (1079) Acp (%)

BY - K*K*tr7]y  4144+010+0.11 —-3.3+23+04
BY — K*[K 7%y 4.074+0.33 £ 0.23 -

BY — K*y 4.1440.10 £ 0.11 -3.3+23+04
Bt — K*T[K 7%y 3.99 +0.177539 +1.7+4.040.8
Bt — KKty 4.08 +0.1870 13 —3.5+4.340.6

Bt — K*ty 4.04 +0.137013 —0.742.9+05

Ao (%) AAcp (%)
B — K*y +4.84+20+1.0+1.5 +26+3.840.6

Table 2. Measured branching fractions, Acp, Agy, and AAcp for B — K*+. The first uncertainties
listed are statistical and the second are systematic; the latter are discussed in section 7. The third
uncertainty on Agy is due to the fi_/foo ratio.

of momentum and cosine of the polar angle of the track. We assign a systematic uncertainty
of 0.2% (0.4%) for pion (kaon) selection. The uncertainty in the selection for the high-energy
photon is 0.9%, calculated from a control sample of ete™ — u™ =7 events.

The systematic uncertainty of K g reconstruction is estimated with a D™ — K g7rJr control
sample. The Kg and charged pion are reconstructed with identical selection criteria as the
signal channel. To reconstruct DT candidates, K% and 7" candidates are combined and
required to have an invariant mass satisfying | M KQnt — M pt+| < 20MeV/c?, where mp+ is
the known D mass [30]. The momentum of the K3 candidate is restricted to the range
0.5GeV/c < p < 3.0 GeV/c, to match the signal channel. By comparing the yields of K2 as a
function of the flight distance in data and simulation, we estimate the systematic uncertainty
due to the K9 selection to be 1.4%.

The systematic uncertainty for 7° selection is obtained from studies of D — K~ 7t 70
and D° — K~ 7T decays. A systematic uncertainty of 3.9% is assigned for the 70 selection.
The dominant contributions are uncertainties in the branching fractions of D° control modes.

The difference in efficiency between data and simulation for vertex-quality selection criteria
is studied with B® — D*[— KrT]r~ and B~ — D[— K~ w"]r~ control samples. These
b — ¢ channels have relatively large branching fractions and low background contamination.
The results from B® — DT[K{rT]r~ and B~ — D°[K~nt]n~ are used for decays with
and without, respectively, a Kg in the final state. The selection criteria for these B — D
decays mirror those for the signal B — K*~ channels. We select D' and D candidates
within an invariant-mass window |Mp,; — mp| < 10 MeV/c?, where mp is the known D
mass [30]. The D meson is then paired with a prompt pion to form a B candidate. As
for the signal channel, the range of M, is restricted to 5.23 GeV/c? < My, < 5.29 GeV/c?.
However, since there is no photon in the final state, AF is restricted to a narrower range
—0.10 GeV < AFE < 0.20 GeV; this suppresses partially reconstructed B — D*m decays that
appear at lower AFE values. The high-momentum charged pion coming directly from the B
meson is treated as a high-energy photon, akin to the signal mode, and is excluded from the



Source KOKtr ]y KKy K*F[Ktr'y K*'[K2nt]y

Number of T (4S5) events 1.6 1.6 1.6 1.6
Fi—1 oo 6 16 5} BN
Tracking efficiency 0.5 0.5 0.2 0.7
7T selection 0.2 - — 0.2
K™ selection 0.4 - 0.4 —

v selection 0.9 0.9 0.9 0.9
Kg reconstruction — 14 — 14
70 reconstruction — 3.9 3.9 —

x? requirement 0.2 1.0 0.2 1.0
70 veto 0.7 0.7 0.7 0.7
7 veto 0.2 0.2 0.2 0.2
CSBDT requirement 0.3 0.4 0.4 0.3
Best candidate selection 0.1 1.0 0.5 0.2
Fit bias 0.1 0.3 0.2 0.2
Signal PDF model 0.2 0.4 0.3 0.2
BB PDF model 0.2 0.4 0.4 0.3
Simulation sample size 0.2 0.8 0.4 0.5
Self-crossfeed fraction 0.2 2.2 1.8 0.5
Total 3 57 55 53

Table 3. Systematic uncertainties (%) for the branching fractions.

Source KOKtr ]y K [KTn%y K*T[K{rt]y
Fit bias 0.1 0.1 0.1
Signal PDF model 0.1 0.1 0.1
BB PDF model 0.1 0.4 0.2
Best candidate selection 0.1 0.5 0.2
KT asymmetry - 0.5 -
7T asymmetry — — 0.5
KT7n~ asymmetry 0.3 - -
Total 0.4 0.8 0.6

Table 4. Systematic uncertainties (%) for Acp.
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Figure 1. The AFE (left) and My, (right) distributions for B® — K*%v channels with fit results
superimposed. The top two rows and bottom row are for the K*7nF~ and K?2n% final state,
respectively. The black dots with error bars are the data, the blue curves show the total fit, the filled
red curves show the signal, the dashed green curves show the continuum background, and the dotted
magenta curves show the BB background. Lower panels show the pull, i.e., the differences between
the data and fit results divided by the statistical uncertainty of the data.

vertex fit. We assess the systematic uncertainty due to vertex selection criteria by comparing
their efficiencies for data with those for simulated events. The corresponding uncertainties
are 1.0% for channels containing a Kg and 0.2% for non—Kg channels.

We apply a similar method to evaluate the systematic uncertainties due to the 7°/n veto
and the CSBDT selection. For these studies, we use the high-statistics B~ — DY[K~nt]r~
control sample. The high-momentum charged pion coming directly from the B~ is treated as
a high-energy photon, akin to the signal mode, and is paired with a low-energy photon from
the same event to create a 7°(n). We apply the trained 7°/n veto to this sample and calculate
the efficiency; the difference between the efficiency for data and that for simulated events
is taken as the systematic uncertainty due to the veto. This value is 0.7% for the ¥ veto
and 0.2% for the ) veto. The systematic uncertainty for each of the four CSBDTs trained on
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Figure 2. The AE (left) and My, (right) distributions of charged B — K™*v channels with the fit
results superimposed. The top two rows and bottom row are for the K*7%y and ngi’y final state,
respectively. The black dots with error bars are the data, the blue curves show the total fit, the filled
red curves show the signal, the dashed green curves show the continuum background, and the dotted
magenta curves show the BB background. Lower panels show the pull, i.e., the differences between
the data and fit results divided by the statistical uncertainty of the data.
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different K*v channels is determined by applying the CSBDT to the B~ — D°[K 7 t]r~
control sample and evaluating the difference between data and simulation for the CSBDT
efficiency. We assign a systematic uncertainty of 0.3-0.4% for the application of CSBDT,
depending on the channel.

The systematic uncertainties due to possible fit bias are studied with an ensemble of
datasets bootstrapped from simulated events. The systematic uncertainty is taken as the
difference between the input and mean fitted values. These differences depend on the decay
mode and range from 0.1% to 0.3%. The uncertainty due to the size of simulated samples is
0.2-0.8%, depending on the channel. To calculate the uncertainty due to PDF modelling, the
PDF shape parameters that are fixed in the fit are varied by their uncertainties. As their
correlation is below 5%, these parameters are varied independently. We refit the data many
times, where for each fit the fixed parameters are sampled from Gaussian distributions and
the fit result recorded. The width of the distribution of fit results is taken as the systematic
uncertainty due to PDF shapes. This value is 0.1-0.4%. The uncertainty due to modelling
of the BB component is estimated by generating new PDFs using datasets bootstrapped
from simulated events. This method introduces Poisson fluctuations on the PDF shape. The
data are refitted with these new BB PDFs. The width of the distribution of fit results is
taken as the systematic uncertainty due to BB PDF modelling. The systematic uncertainty
due to the self-crossfeed fraction is assigned by varying it by +50% and refitting the data.
The uncertainty for the best candidate selection procedure is evaluated by refitting the data
many times, where for each fit a signal candidate is selected randomly. The width of the
distribution of fit results is taken as the systematic uncertainty. This value is 0.1-1.0%.

The interaction of charged hadrons with detector material can lead to asymmetries in the
track reconstruction efficiency. The uncertainty due to possible mismodelling of interactions
in the MC simulation is obtained from studies of D® — K~7" and DT — K27 control
samples. We measure the yields of these decays for a charge-specific final state (N) and its
CP conjugate (N) to calculate the asymmetry A = (N — N)/(N + N). The asymmetry A
can have three contributions: the A¢cp of the control channel, a forward-backward asymmetry
in the production of D and D mesons due to v*~Z° interference in ete™ — ¢¢ processes and
higher-order QED effects [42-44], and the instrumental asymmetry. The forward-backward
asymmetry is an antisymmetric function of the cosine of the D meson polar angle in the c.m.
frame (cos 07},). We remove this effect by averaging A in opposite-sign bins of cos 67,. To obtain
the instrumental asymmetry, we take Acp for the Cabibbo-favored mode D° — K~ 7% to be
zero. For DT — K9nt, we subtract the world average value of Acp [30] from the measured
asymmetry. The resulting values are consistent with the MC predictions within statistical
uncertainties. The effect of kinematic differences between the control samples and B — K*v
decays is estimated by taking the difference in their Acp values obtained in MC simulation.
To be conservative, we take the systematic uncertainty to be the sum in quadrature of the
statistical uncertainties on the instrumental asymmetry and the Acp difference.

The systematic uncertainty for the isospin asymmetry also includes a contribution from
uncertainties in the B lifetimes, which is around 0.2% [30]. The total systematic uncertainty
is obtained by summing the individual uncertainties in quadrature. The correlations between
systematic uncertainties for different branching fractions are listed in table 5; the corresponding
correlations for Acp are negligible.
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B Ktr—y BY—= K% BT - Ktn% Bt = Kirty
BY - Ktn—y 1.0000 0.4563 (0.4194) 0.0179 (0.1630) 0.0359 (0.2703)
BY — K9r%y 1.0000 0.5094 (0.6092) 0.1629 (0.2885)
Bt — Ktn0y 1.0000 0.4467 (0.3678)

Table 5. Correlations between systematic uncertainties for different branching fractions. These
numbers are obtained using the lower (higher) uncertainty on the fi and foo values.

8 Summary

We report measurements of the branching fractions and CP asymmetries for B — K™~

decays. The results are
B(B® — K*%y) = (4.14 4 0.10 4 0.11) x 1075,
B(B* = K*t7) = (4.04 +0.137512) x 107?,
B(B — K*y) = (4.10 4+ 0.08 £ 0.09) x 1072,
Acp(B® = K*0) = (—3.3 £2.34+0.4)%,
Acp(BY = K*Tv) = (—0.7£2.9+ 0.5)%,
Acp(B — K*y) = (=244 1.9+ 0.3)%.

In all cases, the first uncertainties are statistical and the second are systematic. The combined
results for B(B — K*v) and Acp(B — K*7) assume isospin symmetry and are obtained
by taking the weighted average of the B and BT results, accounting for correlations as
appropriate. We also measure the difference in CP asymmetries between BY and BT and
the isospin asymmetry to be

AAcp = (+2.6 £3.8+0.6)%,
Agt = (+4.8 £2.0+ 1.0+ 1.5)%.

The last uncertainty listed for the isospin asymmetry is due to the ratio fi_/fog. These
results have comparable precision as previous measurements [12-14] and are consistent with
SM expectations [4]. Our result for Ag; confirms the positive value previously reported
by Belle and BABAR.
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