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We measure the ratio of branching fractions for the Y(4S) decays to B*B~ and B°B° using B —
J/w(¢€)K+ and B® — J/y(£¢)K° samples, where J/y/(££) stands for J /y — £+£~ (£ = e or p), with
711 fb~! of data collected at the Y'(4S) resonance with the Belle detector. We find the decay rate ratio of
Y (4S) - B*B~ over Y(4S) — B°B° to be 1.065 + 0.012 & 0.019 £ 0.047, which is the most precise
measurement to date. The first and second uncertainties are statistical and systematic, respectively, and the
third uncertainty is due to the assumption of isospin symmetry in B — J/w(£¢)K.

DOI: 10.1103/PhysRevD.107.L.031102

The production ratio R*/® of B*/B® at the Y(4S)
resonance is given by the ratio of decay rates of Y(4S) —
B*B~ to Y(4S) - B°B°,

T[Y(4S) — B*B7]
T[Y(4S) - BB]

RO = /% = (m

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/107(3)/L031102(6)

L031102-1

A precise knowledge of this observable is essential for the
measurement of decay branching fractions of charged and
neutral B mesons produced in Y(4S) decays. It is also

important for extracting the isospin asymmetry, A; =
(tp+ /750)BIB"—>K 0t ¢ -BIBt K¢ ¢
(t5+/750)BB"—>K ¢ 7|+ BBT K ¢t ¢
75+ /70 denotes the ratio of B and B lifetimes, to search
for new physics [1-3]. As the charged and neutral B
mesons have very similar masses [5279.34 +0.12 ws.
5279.65 +0.12 MeV/c?], one would naively expect the
ratio to be close to unity. However, Coulomb corrections
could be as large as 20% [4]. Other calculations, based on

(¢ =e or pu), where
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nonrelativistic effective field theory or taking into account
the structure of mesons as well as final-state interactions,
predict values for the ratio in the ranges 1.1-1.2 [5] and
0.9-1.2 [6], respectively.

Two complementary approaches have been used to
measure R/0 or f+=/f%, both of them so far providing
results that are consistent with unity:

(i) With the assumption of isospin symmetry:

Two decay channels have been used, for which
the isospin symmetry is expected to hold well:

(a) Measurement of the partial decay width for the
semileptonic decays B — D*/~D,. The R*/°
value measured by the CLEO Collaboration [7]
1s 1.058 £ 0.084 + 0.136. Hereafter, the first and
second quoted uncertainties are statistical and
systematic, respectively. Using 29 fb~! of data,
Belle [8] found R/ = 1.01 + 0.03 £ 0.09.

(b) Using B — (c¢)K™ [9-11] charmonium de-
cays. The last and most precise measurement
of this observable was from BABAR [9],
R/ =1.06 +0.02 £ 0.03, with 112.4 fb~! of
data. Here, R*/0 is calculated from the measured
branching fractions of B* and B° decays.

(i1) Without the assumption of isospin symmetry:

The value of f° has been measured by
BABAR [12] in B — D**#~p, decays using single
and double reconstruction without the isospin
assumption. A similar study using the full Belle
data sample would provide a statistically less
precise R*/0 result compared to the one based on
B — J/w(¢¢)K decays presented in this paper.
Here, J/y(£¢) stands for J/y — £1¢-.

Results of the branching fractions and isospin asymme-
try of the B9 — J/y(£¢)K* decay channels have been
reported by the Belle Collaboration [13]. The measure-
ments were done on a data sample of 711 fb~! recorded at
the KEKB ete™ collider [14] operating at the Y(4S)
resonance. In this paper, we present a measurement of
R*/0 using the same decay channels and data sample. With
the event selection specially optimized for B*0 —
J/w(£€)K*=" decays, this analysis is more robust than
the one in Ref. [13]. These decays are good candidates for
measuring R*/° since the possible contribution of isospin
symmetry breaking from rescattering in B — J/w(££)K is
expected to be small in the Standard Model, of the order of
23 [15]. Here A ~ 0.2 [16,17], which is of the same order as
the Wolfenstein parameter A [18]. In the presence of very
large rescattering effects, symmetry breaking corrections
could be as large as O(A%), but there is currently no
evidence for this [15]. QCD factorization approaches also
do not support such large effects [19,20].

The yields of B* — J/w(¢£)K* and B® — J /y(¢£)K°
[21] are given as

Ni, = DNgsf et BB » Jjw(¢O)K),  (2)

N9, = 2Ny OOBB - Ifp(OKY,  (3)
where Nf,, N3, €', and & are the signal yields and

reconstruction efficiencies of charged and neutral B mesons,
respectively; N g3 is the number of BB pairs, i.e., 772 x 109,
This leads to

N, /et B
0 0
Nsig/g

BB = J/y(¢6)K]

-+/0 (

B[B® — J /y(£¢)K°]
(
(

(Bt — J/w(¢6)Kt]zt
0K

= RT/0

= R0 = 2 —, (4)

assuming isospin invariance in B — J/w(£€)K, ie.,
(BT = J/w(¢€)KT) =T[B® - J/w(¢£)K"] or B[B™ —
J/w(¢€)K |ty = B[B® — J/w(¢£)K°]z. . The value used
for the ratio 7 /7y is 1.076 &+ 0.004 [22].

The Belle detector [23] is a large-solid-angle magnetic
spectrometer composed of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter (ECL) comprising CsI(TI)
crystals. All of these subdetectors are located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux-return yoke placed outside the coil
is instrumented with resistive plate chambers (KLM) to
detect K? mesons and muons. Two inner detector configu-
rations are used: a 2.0 cm radius beam pipe and a three-layer
SVD for the first sample of 140 fb~!: and a 1.5 cm radius
beam pipe, a four-layer SVD, and a small-inner-cell CDC
for the remaining 571 fb~! [24].

We use Monte Carlo (MC) simulated events to study the
properties of signal decays and to identify various back-
ground sources. The B — J/y(££)K decays are generated
with the EvtGen package [25] using the scalar to vector and
scalar (SVS) model for B — J/wK decays, and the vector
to lepton and lepton (VLL) model for J/y — £7¢~ decays.
The PHOTOS package [26] is used to incorporate final-state
radiation effects, while GEANT3 [27] is used for detector
simulation.

We reconstruct BY — J/y(££)K* and B® — J/y(£¢)
K9 decays. The charged particles originating from the
interaction point (IP) are selected, except for daughters
of K(S), by requiring their impact parameters to be less
than 4.0 cm along the z axis (direction opposite to the e™
beam) and less than 1.0 cm in the transverse plane. We
apply a minimum momentum threshold of 100 MeV to
reduce the background from low-momentum particles.
The kaon candidates are selected using a likelihood
ratio, Ry, = Lx/(Lx + L), where Lg and L, are the
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likelihoods of the charged particle being a kaon or a pion,
respectively. The likelihoods are calculated based on the
number of photoelectrons in the ACC, the specific ioniza-
tion in the CDC, and the flight time in the TOF. We select
the charged particles that satisfy R/, > 0.6, which results
in a 90% kaon selection efficiency with a 9% pion
misidentification rate. The K§ — #"z~ decays are identi-
fied with a neural network [28] comprising the following
13 variables: the K(S) momentum in the lab frame; the
separation along the z axis between the two 7+ tracks; the
impact parameter with respect to the IP transverse to the z
axis of each z* track; the K flight length in the transverse
plane; the angle between the Kg momentum and the vector
joining the IP and the K g vertex; the angle between the 77
momentum and the lab frame e e~ boost direction, in the
Kg rest frame; the number of CDC hits in both stereo and
axial views for each 77 track; and the presence or absence
of SVD hits for each z* track. We also require that
the reconstructed K9 invariant mass be between 487 and
508 MeV/c?, which is £3¢ around the nominal mass [22].
The K§ reconstruction efficiency is approximately
82% [29]. The muon candidates are selected based on
information from the KLM, requiring a muon likelihood
ratio R, = L,/(L, + Lx + L;) > 0.9, where L, is the
muon likelihood value. This criterion results in an effi-
ciency of 89% with a pion misidentification rate of
1.5% [30]. The minimum momentum is required to be
0.8 GeV/c in order to ensure the muon candidates reach
the KLM. The electron candidates are required to have a
minimum momentum of 0.5 GeV/c¢ and electron like-
lihood ratio R, = L,/(L, + L;) > 0.9, where L, and L;
are the likelihood values for electron and nonelectron
hypotheses, respectively. These likelihoods are calculated
using the ratio of calorimetric cluster energy to the track
momentum; the shower shape in the ECL; the matching of
the track with the ECL cluster; the specific ionization in the
CDC; and the number of photoelectrons in the ACC [31].
The electron selection efficiency is 92% with a less than
1% pion misidentification rate. The energy loss due to
bremsstrahlung is recovered by considering the photons
found in a 50 mrad cone along the initial momentum
direction of the electron.

Two oppositely charged leptons are combined with a K™
or K9 candidate to form a B* or B’ meson. The invariant
mass requirements for the J/w — up and J/y — ee
channels are 2.95<M,, <3.18 GeV/c?> and 2.85 <
M,, < 3.18 GeV/c?, respectively. The kinematic variables
that distinguish signal from background are the beam-
energy constrained mass M. and the energy difference
AE, and are given by

M. = \/(Ebeam/cz)2 - (pB/C>2’
AE = EB - Ebeam’
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FIG. 1. Left (right) panels: My, (AE) projections of two-
dimensional unbinned extended maximum-likelihood fits to
the data events that pass the selection criteria for BT —
J/w(uu)K+ (first row), BY — J/y(ee)K™ (second row), B® —
J/y (up) K (third row), and B — J /y(ee)K$ (fourth row) in the
log scale. Points with error bars are the data; blue solid curves are
the fitted results for the signal-plus-background hypothesis; red
dashed curves denote the signal component; black dash-dotted
and cyan dotted are combinatorial and [z*J/y]| backgrounds,
respectively. The lower plots show the deviation of data from the
fit prediction normalized by the data uncertainty.

U R 1| [ T
Ty e e e

where FEy.,n, 1S the beam energy, and Ep and pjp
are, respectively, the energy and momentum of the B
candidate. These quantities are calculated in the e'e™
center-of-mass (c.m.) frame. The candidates that satisfy
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M. > 5.20 GeV/c*> and —0.10 < AE < 0.25 GeV are
retained for further analysis.

With the above selection criteria applied, less than 2% of
signal MC events are found to have more than one B
candidate. For these events, we retain the candidate with the
smallest > value obtained from a vertex fit of the B decay
products. From MC simulation, this criterion is found to
select the correct signal candidate 78%—-85% of the time,
depending on the decay mode. The candidates arising from
BY — J/wK*® populate the negative side of AE and are
removed with the AE > —0.10 GeV criterion.

The signal yield is extracted by performing a two-
dimensional unbinned extended maximum-likelihood fit
to the My. and AFE distributions. The signal component
of M, is modeled with a Gaussian function. Its AE shape is
modeled with the sum of a Crystal Ball [32] and a Gaussian
function with a common mean. The M. and AE distribu-
tions of the combinatorial background are modeled with an
ARGUS function [33] and a first-order Chebyshev poly-
nomial, respectively. We find that the BT — J/y/(£€)x*
background contributes to the B — J/w(£¢)K™" channel.
The shape parameters of this background along with its
yield divided by that of B* — J/y/(££)K™", using the pion-
to-kaon fake rate from data, are fixed in the fit. The signal
parameters of the fit in data are fixed to those in signal MC
events with free width scale factors and mean shifts. All
background parameters are floated in the fit. The fits are
performed separately for charged and neutral B decay
channels containing pp and ee in the final states. The fit
results are shown in Fig. 1.

There are 17536 £ 133, 17193 + 132, 5150 + 72,
and 4805+ 70 signal events for Bt — J/w(uu)K™,
Bt - J/y(ee)K", B°—J/y(uu)K, and B°—
J/w(ee)KY channels, respectively, having a signal purity
of greater than 90%. Using Eqs. (2) and (3) along with the
signal yields and efficiencies listed in Table I, we get

2f*+~B[B* — JJwK*] = (1.024 £ 0.007 £ 0.020) x 1073,
2f0B[B® - J/wK°] = (0.892 £ 0.010 £ 0.023) x 103,
averaging J/yw — putu~ and J/y — e*e™ channels. Here,

we take B[B? — J/y (¢¢)K°] =2 x B[B® — J/y(¢£)KY)
and the value of B[J/y — £¢] from Ref. [22]. Given

TABLE L

independent estimates of f*~ and f%, these results can be
used to extract the branching fractions for B*0 —
J/wK*0% In this analysis, we take these branching
fractions as inputs in order to obtain a measurement of
R*/0. Inserting the signal yields and efficiencies from
Table I in Eq. (4), we obtain

R*/%(up) = 1.068 £ 0.017 £ 0.019 + 0.047,
R*/(ee) = 1.062 & 0.017 £ 0.019 £ 0.047,
R*/%(avg) = 1.065 £ 0.012 & 0.019 £ 0.047.

The first and second uncertainties are statistical and sys-
tematic, respectively, while the third uncertainty is due
to the isospin symmetry assumption in B — J/w(£€)K
decays.

There are several sources of systematic uncertainties
contributing to the measurement of R*/%. The systematic
uncertainty due to kaon identification is found to be 0.8%
from a study of the D** — DY(K~z*)x" sample. The K§
identification uncertainty is 1.6% [29]. The systematic
uncertainty due to charged track reconstruction is 0.35%
per track estimated by using the partially reconstructed
D*t - D%+, DY - 77 72"KY, and K§ — 7tz events.
There are three (four) charged tracks for charged (neutral)
B channels, and thus in the ratio of R™/9 the track
reconstruction uncertainty is 0.35% due to an additional
track in the neutral B case. The uncertainty in efficiency
because of limited MC statistics is less than 0.2%. The
shape parameters fixed in the fit are varied by £1¢ from
their mean values, and the deviation from the nominal fit
value of Ng, is the uncertainty due to the signal and
background shapes; this is found to be negligible. We take
23 = 1.1% as the uncertainty due to the isospin symmetry
assumption in the decay amplitude, which leads to a 4.4%
uncertainty in R*/°.

The additional sources of systematic uncertainty con-
tributing to the 2t~ (B[B*0) - J/yKk*©)] measure-
ment are lepton identification, number of BB pairs, and
track reconstruction efficiency. The muon and electron
identification uncertainties are 0.3% and 0.4% per lepton,
respectively. The uncertainties on the track reconstruction
efficiency are 1.05% and 1.40% for charged and neutral

Results for B*? — J/y(££)K*°. The columns correspond to the decay channel, the signal yield from

fit (Ng,), efficiency corrected for data-MC differences (¢), and 2 £+~ B[BE0 — J/y (££)K*9).

Decay mode Ngg € (%) 2f =0 BB — J/w(£6)K]
BY — J/y(uu) K+ 17536 + 133 36.9 (6.16 + 0.04 + 0.12) x 105
Bt - J/y(ee)K+ 17193 £ 132 36.8 (6.06 £0.04 £0.12) x 1073
B® — J /() K 5150 + 72 24.9 (2.68 + 0.04 + 0.07) x 105
B® — J/y(ee)KO 4805 + 70 235 (2.65 £ 0.04 £ 0.07) x 105
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B decay modes, respectively. The uncertainty due to the
number of BB pairs is 1.4% [13]. Furthermore, systematic
uncertainties (from B[J /yw — £¢]) of 0.55% and 0.54% are
attributed for modes involving muons and electrons in the
final state, respectively. The individual sources of uncer-
tainties are assumed to be independent and are added in
quadrature to arrive at the total uncertainty.

In summary, we have measured the B*/B° production
ratio at the Y'(4S) resonance using BT — J/y(££)K™ and
B® > J/w(££)K$ decays with the full Belle data sample
of 711 fb~!. The observed value of 1.065 4 0.012 =+
0.019 £ 0.047 is the most precise measurement to date
and is consistent with the world average [34] of
1.059 + 0.027. This result will help to reduce the overall
systematic uncertainty for all charged and neutral B decay
branching fraction measurements with the B meson
coming from Y(4S) decays. In addition, the branching
fraction products 2f*~B[BT — J/wK™] and 2f"B[B* —
J/wK®] are measured to be (1.024 4 0.007 £ 0.020) x
107% and (0.892 +0.010 &+ 0.023) x 1073, respectively,
which supersede previous results [13].
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