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We report measurements of time-dependent CP asymmetries in B — K97% decays based on a data
sample of (388 & 6) x 10% BB events collected at the Y (4.5) resonance with the Belle II detector. The Belle
II experiment operates at the SuperKEKB asymmetric-energy e e~ collider. We measure decay-time
distributions to determine CP -violating parameters S and C. We determine these parameters for two ranges
of K9x° invariant mass: m(K3z°) € (0.8,1.0) GeV/c?, which is dominated by B® — K*O(— K%2%)y
decays, and a complementary region m(K$z%)€ (0.6,0.8) U (1.0,1.8) GeV/c?. Our results have
improved precision as compared to previous measurements and are consistent with theory predictions.

DOI: 10.1103/PhysRevLett.134.011802

Flavor-changing neutral current decays of elementary
particles are of great interest since they predominantly
occur through quantum loop-level processes, making them
highly sensitive to phenomena beyond the standard model
(SM). Because of the heavy b quark mass and enhanced
loop contribution of the ¢ quark, processes involving the
b — s quark transition are especially sensitive to physics
beyond the SM (BSM). Decays via the b — sy radiative
transition are similarly important and have thus been
studied both theoretically and experimentally [1-3]. In
particular, the polarization of the final-state photon adds
unique sensitivity to BSM physics [4-11]. In the SM,
because W bosons interact only with left-handed fermions,
the s quark from b — sy (a B decay) is left-handed and
thus the outgoing photon must have negative helicity to
conserve angular momentum along the decay axis.
Similarly, the outgoing photon from a B® decay must have
positive helicity. The “wrong” photon polarization is
possible only if the s quark flips its chirality, which
suppresses this process by a factor of m,/m,,.

In coherent B-pair production via
Y (4S) — B°B°, the time-dependent decay rate of one B
meson, denoted Bg,, decaying into Kg(—> 't ) a0
(= r7)y. and the accompanying B meson, denoted B,
decaying with flavor ¢ (¢ = 1 for B, and —1 for Bj),), is
given by [12-15]

ete” —
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e—‘AI‘/TB()
P(At, q) = ——— {1 + ¢g[Ssin(Am,Ar)
4130
— Ccos(AmyAt)]}, (1)
where At = 1, — 1, is the difference between the proper

decay times of By, and By, S and C are parameters
characterizing mixing-induced and direct CP violation
[16], respectively, 7z is the B° lifetime, and Amy, is the
mass difference between the two neutral B-meson mass
eigenstates. In the SM, the S value is expected to be very
small, as the different photon polarizations distinguish
between otherwise identical final states originating from
B° or BY and thus preclude interference [4,5]. However, if
right-handed currents from BSM physics contribute, a B°
(B could more easily emit negative (positive) helicity
photons, leading to sizable interference and S~ (O(0.1)
[6-11]. For resonant B — K*(892)°(— K%2%)y [17], two
SM calculations give S = (=3.541.7) x 1072 [18] and
(=2.34£1.6) x 1072 [19]. Nonresonant B° — K%z%y
decays could include a long-distance contribution from
b — (cc)s rescattering and should be measured separately
[20,21]. The C value in these decays has not been reliably
estimated [16].

Previously, the Belle and BABAR experiments measured
the S values in B® — K9n% decays with a precision of
about 30% [22,23]. The LHCb experiment also measured
the photon polarization in b — sy transitions [24-26]. In
addition, these experiments measured the direct CP asym-
metry with 2% precision [27-29]. These results are con-
sistent with SM predictions, although BSM contributions
cannot be excluded. In this Letter, we report new mea-
surements of time-dependent CP asymmetries in B —
K*(892)% and nonresonant B® — K%z% decays using

011802-2
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365 fb~! of data [30], corresponding to (388 4 6) x
10 BB events, recorded by the Belle II experiment from
2019 to 2022 [31].

Belle II [31] operates at the SuperKEKB collider [32],
which collides 7.0 GeV electrons with 4.0 GeV positrons.
The detector components most relevant for this measure-
ment are a two-layer silicon-pixel detector (PXD), a four-
layer double-sided silicon-strip detector (SVD) [33], and a
56-layer central drift chamber (CDC). These detectors
reconstruct tracks of charged particles and measure dis-
placed vertices. Only one-sixth of the second PXD layer
was installed for the data analyzed here. The symmetry axis
of these cylindrical detectors, defined as the z axis, is
almost collinear with the electron beam direction. The
detector coverage is divided into three regions depending
on the polar angle 6: the barrel for 32.2° < ¢ < 128.7°, and
the forward and backward end caps for 12.4° < 0 < 31.4°
and 130.7° < 0 < 155.1°, respectively. Surrounding the
CDC is a time-of-propagation counter [34] in the barrel
and an aerogel-based ring-imaging Cherenkov counter in
the forward end cap. These detectors provide charged-
particle identification (PID). Surrounding the PID detectors
is an electromagnetic calorimeter (ECL) based on CsI(TI)
crystals that provides energy and timing measurements for
photons and electrons. The subdetectors described above
are enclosed within a superconducting solenoid that pro-
vides a 1.5 T magnetic field oriented in the z direction.

We use Monte Carlo simulation to optimize event
selection criteria, calculate reconstruction efficiencies,
and study sources of background. We generate simulated
signal samples of B° — K*(892)%, B® — K3°(1430)y,
B® — K*9(1680)y, and nonresonant B — K9z% [35]. To
model backgrounds, we generate samples of e*e™ — BB,
B™B~,qq (g = u,d, s, c), and 7" 7~. We use EvtGen [36] for
hadronic decays, KKkMC [37] followed by fragmentation by
Pythia [38] for ¢g, and Tauola [39] for 7 decays. The detector
response is simulated with Gean4 [40]. We analyze data
and simulated events using the Belle II software [41].
We optimize [42] selection criteria for mass windows,
momentum, and boosted decision trees (BDTs), maximiz-
ing N;/\/N,+ N,, where N; and N, are signal and
background yields in simulation.

To reconstruct the prompt photon, we select a cluster of
ECL hits with no associated track. We require that the
photon’s energy in the center-of-mass (c.m.) frame is the
highest in the event and exceeds 1.6 GeV. The dominant
background is from photons arising from z° and # decays;
these are rejected with a BDT-based algorithm [43]. We
apply a selection on the BDT output that, according to
simulation, rejects 83% (45%) of photons from z° () decays
while retaining 92% (99%) of prompt signal photons.

We reconstruct Kg — "z~ candidates using two oppo-
sitely charged tracks. The K% candidates are selected with
an invariant mass in the range |m(ztz”)-— mo | <
34 MeV/c?, where myo is the known K9 mass [44].

This range corresponds to £2.6¢ in resolution. To further
reduce background, we employ another BDT to form two
classifiers: K(S) likeness and A likeness, which are based on
kinematic and PID information. We apply selection criteria
on these classifiers that retain 97% of signal Kg decays,
according to simulation, while rejecting 67% of candidates
due to A’s and 98% of other background candidates.

We reconstruct 7° — yy candidates using pairs of ECL
clusters with no associated tracks. We require a cluster
energy greater than 22.5 (20.0) MeV in the forward end cap
(barrel and backward end cap). Photon pairs having an
invariant mass m(yy) € (104,164) MeV/c?, correspond-
ing to 26 in resolution, are selected as #° candidates. We
also require that the z° momentum exceeds 430 MeV/c.
This requirement retains 92% of signal z°’s, according to
simulation, while rejecting 74% of background 7z°’s.

We reconstruct Bg;, candidates by combining y, K g, and
7° candidates. We select B, candidates using the beam-
energy-constrained mass My, = \/E;2,/c* — py?/c?, and
energy difference AE = Ej — E}.,.., where E}_  is the
beam energy and £} and pj are the reconstructed energy
and momentum of the Bg, candidate. All quantities are
evaluated in the c.m. frame. We retain Bg, candidates
satisfying 5.20 < My, < 5.29 GeV/c? and —0.5 < AE <
0.5 GeV. Almost half (45%) of events have multiple B,
candidates, with 96% of these due to multiple z° candi-
dates. To identify the correct Bg;, candidate, we use a BDT-
based classifier based on the properties of the z° candidate
[45]. We retain the B, candidate with the highest 7" BDT
classifier value. If multiple candidates share the same 7°,
we choose the candidate with the highest value of K9
likeness. These criteria select the correct Bg;, candidate in
85% of simulated events with multiple candidates. The
invariant mass of the K97° system, m(K%z), is required to
be in the range 0.6-1.8 GeV/c?. We define mass region 1
(MR1) as m(K%z") € (0.8,1.0) GeV/c?, which is domi-
nated by the K*(892)° meson, and mass region 2 (MR2)
as m(K92°) € (0.6,0.8) U (1.0, 1.8) GeV/c?.

We measure the decay vertex positions of B, and By, in
kinematic fits. The B, vertex is determined by a fit to the
entire decay chain [53]. This fit includes the constraint that
the B, trajectory be consistent with originating from the
e e interaction point (IP). The IP is measured regularly by
averaging over e"e” — u"u~ events. For the By, vertex
[54], the tracks used must have a distance of closest
approach to the IP within 0.5 cm in the r—¢ plane and
within 2.0 cm along the z axis. We also require that each
track have at least one hit in each of the PXD, SVD,
and CDC subdetectors, and a momentum greater
than 50 MeV/c.

We calculate the decay time At as (£, — Cig)/Pre,
where g, (£,g) 18 the B, (By,,) decay vertex position
projected along the Y'(4S) boost direction, and fy is the
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Lorentz boost factor of the Y (4S) in the lab frame. This
calculation applies to events satisfying the following “TD”
(time-dependent) criteria. For the B, vertex, both pions
from the K must have at least one SVD hit; the x> of the
vertex fit must be less than 30 (100) for tracks (overall); and
the uncertainty on £, Op,,» MUSt be less than 500 pm. For

the By, vertex, the reduced y? of the vertex fit must be less
than 100, and O, MUst be less than 500 pum. Events that do

not satisfy these criteria are classified as “TI” (time-
integrated); they are included in the fit (described below)
to improve the precision on C.

The flavor g of By, is determined using a combination of
BDT algorithms [55]. The combination outputs the product
qr, where r is a quality factor that ranges from zero for no
flavor information to 1.0 for unambiguous flavor assign-
ment. As the tagging efficiency and signal purity depend on
r, we divide the data into seven r bins, each containing a
similar number of events. For each r bin, the wrong-tag
fraction w and the difference Aw between B° and B tags
are determined using flavor-specific B decays [56]. The
effective tagging efficiency, e.p = Ziefpe(1 — 2w;)?, is
(31.69 £ 0.35)%, where &/, is the probability for a B® —

K(S)zroy decay to be flavor-tagged with r in the ith bin.

We train two BDT classifiers to discriminate signal from
qq background, separately for MR1 and MR2 candidates.
The classifiers use event topology variables [45], and the
classifier thresholds are optimized separately for each r bin.
According to simulation, these thresholds retain 77%
(74%) of signal decays while rejecting 95% (89%) of qg
background for MR1 (MR2).

As a control mode, we reconstruct the decay
Bt — K%y, which does not exhibit mixing-induced
CP violation. This decay, when the primary =" track is
ignored, has the same vertex resolution as the signal B® —
K97°y decay, as the contribution of the z° candidate to the
signal vertex resolution is negligible.

The signal and background yields are determined from
an unbinned maximum-likelihood fit to the M —AFE
distribution. We fit events in the ranges 5.23 < M. <
5.29 GeV/c? and —0.4 < AE < 0.3 GeV. We combine the
TD and TI samples, as they (both for data and for simulated
signal and background events) show negligible differences
in these variables. We model the M,.—AE probability
density functions (PDFs) for signal and BB background
using simulation. Kernel density estimation [57] is used to
account for M .—AE correlations. The ¢g background is
modeled with the product of an ARGUS function [58] for
M,,. and a second-order polynomial for AE. The signal and
BB yields, and the gg shape parameters, are floated in the
fit, while the total yield is fixed. To calculate signal yields,
we define a signal-enhanced region 5.27 < M, <
5.29 GeV/c* and —-02 < AE <0.1 GeV. For B’ —
K*(892)% events, the efficiency in this region is

100
150 Bellenl Belle Il
[Ldt =365 fo1 + 80 [ [Ldt=365fb!
¢ Data
100 | Fit
~ Signal
TR gnat
L qq + BB
2 50| e a4 3
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~ — ) -
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FIG. 1. Distributions of My, (left) and AE (right) for MR1 (top)

and MR2 (bottom), with fit results overlaid. The M. (AE)
distribution corresponds to the AE (My,.) signal-enhanced region.

(22.8 £0.1)% for MR1. The fitted M}, and AE distribu-
tions and projections of the fit result are shown in Fig. 1.
The resulting signal and BB yields are listed in Table I.
The At PDF consists of signal and background compo-
nents weighted by their fractions as determined from the
M, .—AE fit. For the TD category, the PDF is described as

PTD(At7Q>:/

+ (1= fie)f55Pre(AY.q)Rpp (A1 — AY')|dAY
+(1_fsig)(1_fBB)PqZ](At)’ (2)

" [fsigpsig<At/’ Q)Rsig(Al— At’)

_la7|

1
Pag (Al q) = y—— il {1 —qAw + g(1 —2w)
B

x [Ssin(AmyAr') — C cos(AmyAt')] }, (3)

TABLE 1. Signal and control sample yields in the signal-
enhanced region. Also listed is the signal-to-background ratio
(N,/Ny), where N, includes all backgrounds.

Signal BB background
Sample yield yield N,/N,
B° - K97% in MR1 385 +24 20+8 2.36
B® - K3z in MR2 171 £23 69 & 19 0.34
BY - KdnTy 843 +34 55+10 2.68
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_lar|

1
Pp(At'.q) = —e (1 - gAw), (4)
4TBB

where f, is the event-by-event signal probability, fpp is
the BB background probability relative to that of all
background components, Pg,(Ar,q) and Ppz(Ar,q)
are the signal and BB background PDFs taking into account
the effect of w and Aw, P, (At) is the gg PDF, and Rg;, and
Rpp are the proper-time resolution functions for signal and
BB background [45]. We fix 7z and Amy to their known
values [44] and the effective lifetime of the BB background,
Tpp» to the value determined from simulation. The fractions
fsg and fpp are taken from the previous fit. The only
floated parameters are S and C.

The resolution functions, Ry, and Ry, are described by
convolving three components: detector resolution for B,
and B, decay vertices, bias due to the secondary decay
vertex of intermediate charm states in By,, decays, and a
correction to the boost factors due to the small momenta of
the B mesons in the c.m. frame. The last component
depends on cos 03, where 5 is the angle in the c.m. frame
between the B® momentum and the Y (4S) boost direction
[59]. We model the detector resolution for Bg;, (By,,) vertex
on an event-by-event basis, including the dependence on
Ot (o,fmg) and the y? from the vertex fit. The resolution

function parameters are determined from simulated sam-
ples generated with five parameters of a helixlike trajectory
[60] calibrated from data. The data used consist of cosmic
ray events in which a cosmic ray track traversing the
PXD or SVD is reconstructed as two outgoing tracks from
the IP.

For BB background, the Bg, vertex resolution is the
same as that of the signal component due to the high purity
of Kg candidates, while the By, vertex suffers from
contamination by tracks coming from the background

mg decay. We adjust 7z in Ppp and parameters of the
BB resolution function to account for the smeared vertex
position and the typically shorter decay-time difference.
We model P,;(At) using three Gaussian functions, whose
shape parameters are determined from a fit to an M .—AFE
sideband in data defined as 5.23 < My, < 5.255 GeV/c?,
-0.5 < AE <03 GeV, and (M, —523GeV/c?) <
(AE +0.45 GeV)/14c>.

The PDF Py, depends on cos 03, 64 o Ol the vertex-fit
x%’s, and r (through Aw) [45]. If 31gna1 and background
events are distributed differently in these variables, then
including them in the PDF can introduce bias [61]. Among
these variables, only r and cos 8} differ noticeably between
signal and backgrounds, and to alleviate bias we include
additional PDFs for them in the likelihood function [61].
The r and cos @ distributions for signal and BB back-
ground are determined from simulation, while those for ¢g
background are taken from the M .—AE sideband in data.

For the TI category, the PDF is expressed as

Pula) = fup(3) |1 - atw = g1 - 20)
0= Ll o (1)

= L)1 = 138)(3): 5)

C
1+ Amjrs,

where only the C parameter is extracted in the fit.

We simultaneously fit the TD and TI samples in the
signal-enhanced region, floating the common C parameter.
The results are S =0.0003/ and C =0.10£0.13 for

MRI1 events, and S =0.04703; and C = -0.06 £0.25
for MR2 events. The statistical correlation between S
and C is —0.005 in MR1 and +0.011 in MR2. Figure 2
shows the Ar distribution along with the fit result. No
significant time-dependent asymmetries are observed.

We perform various cross-checks to confirm the validity
of our fit procedure. We fit for the B° lifetime in the MR1
and MR2 samples and obtain 1.55=+0.14 ps and
1.58 +0.24 ps, respectively, which are consistent with
the world average [44]. We also perform studies of the
control mode B' — ngrﬂ/. The lifetime fit obtains
1.68 4+ 0.09 ps, which is consistent with the BT lifetime.
The difference between B vertices with and without the

't track is consistent with the Bg, vertex resolution
function. We fit for CP violation and obtain S = 0.05 &
0.09 and C = 0.03 £ 0.05, which are consistent with S = 0
and the world average C = 0.014 = 0.018 [44].

80 80
Belle I Belle Il

" [Ldt=365 fb~1 [Ldt =365 fb~?
S 60| . 60
O_ + Btag
— - _. RO
~ 40 g Bag + 40
4 q .
qc) +BB
o20F 99 20

0 = elQOSRA 0
>
- 1F 1
AT ﬁ :
€ +
2{‘ Y + 0+ 1

-10 -5 0 5 10 -10

At [ps] At [ps]

FIG. 2. At distributions for MR1 (left) and MR2 (right) with
the fit result superimposed. The asymmetry [N (Bj,)—
Ny (BYo)]/ [Ny (Big) + Ny(B,)] is calculated in each At bin
using (Plot [62] and plotted in the bottom panels along with
the fit result.
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We consider various sources of systematic uncertainty.
We repeat the analysis with shifted scaling factors for the
track momentum and cluster energy and take the deviation
from the nominal results as the uncertainty. In a similar
manner, we treat four sources of uncertainties for the vertex
measurements: possible detector misalignments, imperfect
understanding of the IP profile measurement [56], correc-
tions to uncertainties on the track helix parameters, and the
TD criteria. We assess the effect of uncertainties in w and
Aw by varying them by their uncertainties and refitting the
data. We also simulate the effect of a difference in e{ag
between BY,, and B}, decays. The uncertainties due to
fixed parameters for My, AE, and cos 65 PDFs and r-bin
fractions in signal modeling, including f, and fpp, are
also evaluated by refitting. We simulate potential mismod-
eling of M .—AFE distributions and potential bias from the
modeling of Otyys Oty and the vertex fit y*’s [61]. The
uncertainties due to limited statistics of the dataset used for
kernel density estimation are evaluated with the bootstrap
method [63].

We consider uncertainties from the modeling and
parameters of the Ar resolution function by varying these
parameters by their uncertainties and refitting. The
differences between these results and our nominal result
are taken as uncertainties. We evaluate the uncertainties
arising from 7z and Am, in a similar manner [44].

We study the impact of an asymmetry in BB back-
grounds. We generate samples with asymmetric back-
grounds and refit using our nominal (symmetric) BB
background PDF. The change in the fit results is assigned
as an uncertainty. The asymmetries simulated correspond to
the world average values of S, C for b — sqg decays, and
to maximum values of S, C (£1) for b — sy decays.

We evaluate the bias from tag-side interference [64]
assuming § = C = 0. The dominant uncertainties come
from the scaling factors for cluster energy, the vertex
quality selection criteria, the BB background asymmetry,
and the tag-side interference. The total systematic

TABLE II. Summary of systematic uncertainties.

K*O 7 K(; 7.[0 7
Source S C N C

£0.017 +0.015 +0.083 +0.047

+0.021 +0.009 +£0.023 +0.036

+0.012 +0.008 +0.013
+0.005 —-0.009 —0.009 —-0.009

+0.003 +0.003 +0.032 £0.013
+0.014 +0.009 +0.031 +0.013
< 0.001 <0.001 £0.003 < 0.001

E and p scales
Vertex measurement
Flavor tagging

Signal modeling

At resolution function
Tp0 and Amy

BB background asymmetry 0007 +0.011 £0030  +0.049
Tag-side interference +0.003 +0.028 +0.003 +0.028
Total +0.032  +0.037  +0.102 () 085

—-0.038 —0.101

uncertainties, listed in Table II, are calculated as the sum
in quadrature of all individual systematic uncertainties.

In summary, we measure the time-dependent CP asym-
metry in B® — K92% decays using (388 £ 6) x 10° BB
events collected by the Belle II detector. These decays
are sensitive to right-handed currents arising from BSM
physics. We perform these measurements for two m (K gﬂ'o)
mass regions corresponding to K*0 — Kgﬂo and nonreso-
nant decays. We obtain CP-violating parameters

S =0.00103 £0.03, C=0.10+£0.13+004 (6)

for the K*° resonant region and

S =0.04709 £0.10,  C=-0.06=+025+0.09 (7)
for the nonresonant region, where the uncertainties are
statistical and systematic, respectively. The measured §
values agree with SM predictions [18,19] within 1 standard
deviation. Our results have improved precision with respect
to previous measurements [22,23]. The improvements
mostly result from a refined K9 identification algorithm
and a large-acceptance silicon vertex detector [33]. The
improved precision should further constrain the BSM
parameter space [4—11].
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