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We present a measurement of R, the branching fraction ratio B(B — K*u"u~)/B(B - K*e'e™), for
both charged and neutral B mesons. The ratio for the charged case Rg-+ is the first measurement ever
performed. In addition, we report absolute branching fractions for the individual modes in bins of

the squared dilepton invariant mass ¢>. The analysis is based on a data sample of 711 fb~!, containing
772 x 10° BB events, recorded at the Y (4S) resonance with the Belle detector at the KEKB asymmetric-
energy e'e™ collider. The obtained results are consistent with standard model expectations.

DOI: 10.1103/PhysRevLett.126.161801

In the standard model (SM), the coupling of gauge
bosons to leptons is independent of lepton flavor, a concept
known as lepton-flavor universality (LFU). Therefore,
experimental tests of LFU are excellent probes for new
physics (NP). In this Letter, we present a test of LFU in
B —» K*¢*t¢~ decays, where ¢ is either e or u. These
decays have been studied by several experiments, and some
results suggest an intriguing possibility that the underlying
b — s ¢~ transition may be affected by physics beyond
the SM in modes involving muons [1-6]. The ratio of
branching fractions

%=
Re = g2 KR ) m
(B— K*eTe)
is well suited to test LFU [7]. The theoretical predictions for
Ry are robust [7-9], as uncertainties related to form factors
cancel out in the ratio. This observable is expected to be
close to unity in the SM.

For this measurement, we reconstruct the decay channels
B - K% u~, BT - K**utu~, B - K*%¢te™, and
B? - K**tete~. The K* meson is reconstructed in the
K*z=, K*2% and K%z decay modes. The inclusion of
charge-conjugate states is implied throughout this Letter.
Compared to the previous analysis [6], the full Y(4S) data
sample containing 772 x 10° BB events, recorded with the
Belle detector [10] at the KEKB asymmetric-energy e*e™
collider [11], is used.

Belle is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector, a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrel-like arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calo-
rimeter (ECL) comprised of CsI(Tl) crystals. All these
components are located inside a superconducting solenoid

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’.

coil that provides a 1.5 T magnetic field. An iron flux return
placed outside of the coil is instrumented with resistive
plate chambers to detect Kg mesons and muons (KLM).

The analysis is validated and optimized with simulated
Monte Carlo (MC) data samples, from which the selection
efficiencies are also derived. The EvtGen [12] and PYTHIA
[13] packages are used to generate decay chains, where
final state radiation is incorporated with PHOTOS [14]. The
detector response is simulated with GEANT3 [15].

All tracks, except for those from Kg decays, need to
satisfy requirements on their impact parameter with respect
to the interaction point along the z axis (|dz| < 5.0 cm) and
in the transverse x-y plane (|dr| < 1.0 cm). The z axis is in
the direction opposite to that of the e™ beam. We calculate a
particle identification (PID) likelihood for each track using
energy loss in the CDC, information from the TOF, number
of photoelectrons from the ACC, the transverse shower
shape and energy in the ECL, and hit information from the
KLM. Electrons are identified using the likelihood ratio
P,=L,/(L,+ L,), where L; is the PID likelihood for the
particle type i. Charged tracks satisfying P, > 0.9 are
accepted as electron candidates. Energy losses due to
bremsstrahlung are recovered by adding the momenta of
photons to that of the electron’s momentum if they lie
within 0.05 rad of the initial track direction. Tracks are
selected as muon candidates if they satisfy P, > 0.9, where
P, is the analogous likelihood ratio for muons. For electron
(muon) candidates, we require the momentum to be greater
than 0.4 (0.7) GeV/c so that they can reach the ECL
(KLM), which improves the PID. These requirements
select electron (muon) candidates with an efficiency greater
than 86% (92%), while rejecting more than 99% of pions.
Charged kaons are distinguished from pions (and vice
versa) by requiring the likelihood ratio Px =L /(Lx+L,)
to be greater than 0.1 (smaller than 0.9). This requirement
retains more than 99% of kaons (pions), while reducing the
misidentification rate of pions (kaons) by 94% (86%).

The K9 candidates are reconstructed with an efficiency
of 74% from two oppositely charged tracks (treated as
pions) by applying selection criteria on their invariant mass
and vertex-fit quality [16]. We reconstruct z° candidates
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TABLE 1. Systematic uncertainties in Ry for different ¢> regions.
Signal Peaking Charmonium

g% (GeV?/c%) shape backgrounds  backgrounds e, u efficiency  Classifier =~ MC size  Total
All modes

[0.045, 1.1] 0.017 0.026 0.001 0.027 0.030 0.006 0.051
[1.1, 6] 0.020 0.070 0.013 0.065 0.038 0.008 0.106
[0.1, 8] 0.023 0.054 0.051 0.058 0.024 0.005 0.101
[15, 19] 0.019 0.003 0.003 0.090 0.047 0.012 0.104
[0.045, 19] 0.025 0.031 0.023 0.061 0.026 0.004 0.080
B° modes

[0.045, 1.1] 0.010 0.049 0.001 0.024 0.112 0.007 0.126
[1.1, 6] 0.014 0.070 0.012 0.082 0.062 0.010 0.126
[0.1, 8] 0.013 0.033 0.018 0.058 0.049 0.006 0.086
[15, 19] 0.006 0.007 0.001 0.091 0.032 0.013 0.098
[0.045, 19] 0.012 0.031 0.021 0.073 0.033 0.006 0.090
BT modes

[0.045, 1.1] 0.011 0.006 0.000 0.033 0.060 0.013 0.071
[1.1, 6] 0.017 0.086 0.009 0.045 0.092 0.010 0.135
[0.1, 8] 0.013 0.048 0.107 0.060 0.023 0.010 0.135
[15, 19] 0.007 0.008 0.002 0.089 0.052 0.028 0.108
[0.045, 19] 0.011 0.025 0.023 0.044 0.015 0.005 0.059

from photon pairs, where each photon is required to have an
energy greater than 30 MeV. Furthermore, the invariant mass
of the photon pair is required to be in the [115, 153] MeV/c?
range, which corresponds to approximately +4 times the 7°
mass resolution. We form K* candidates from K*z~, K* 2,
and K97 combinations with an invariant mass lying in the
range [0.6, 1.4] GeV/c?. We also apply a requirement on the
K* vertex-fit quality to reduce background. The K* candi-
dates are combined with two oppositely charged leptons to
form B meson candidates.

The dominant background is due to incorrect combina-
tions of tracks. This combinatorial background is suppressed
by applying requirements on the beam-energy-constrained
mass, My. = \/E2.n/c* — |Ps|?/c?, and the energy differ-
ence, AE = Ep — Epeam, Where Ep,, 1s the beam energy,
and Ey and pj are the energy and momentum, respectively,
of the reconstructed B-meson candidate. All of these
quantities are calculated in the center-of-mass frame.
Correctly reconstructed signal events peak near the B-meson
mass [17] in M, and at zero in AE. The AE distribution is
wider for electron modes, as some bremsstrahlung photons
are not reconstructed. We retain B-decay candidates that
satisfy 5.22 < My, < 5.30 GeV/c? and —0.10(=0.05) <
AE < 0.05 GeV in the electron (muon) mode.

Large irreducible background contributions arise in the
AFE and M, distributions from the decays B — J/wK™* and
B — y(2S)K*, where the charmonium states further decay
into two leptons. We veto these backgrounds by rejecting
candidates with —0.25(—0.15) <M s, —m,;,, <0.08 GeV /¢
and —0.20(=0.10) < M, —m,,(o5) < 0.08 GeV/c? for the
electron (muon) channel. In the electron case, the veto is

applied twice: before and after the bremsstrahlung-recovery
treatment. This is done to prevent charmonium back-
grounds from shifting out of the veto region when an
incorrect photon is combined with the electron.

A multivariate analysis technique is developed to sup-
press combinatorial background. A dedicated neural-net-
work classifier is trained with MC samples to identify each
particle type used in the decay chain, from which a signal
probability is calculated for each candidate. The neural
networks dedicated to identifying the particles e*, u*, K+,
K9, 2%, and z* are identical to those used in Ref. [18]. The
networks for K* selection use input variables related to the
K*-decay products. Most of the discrimination of the K*
selection comes from vertex-fit information, decay-product
neural-network outputs, and momenta of the decay prod-
ucts. The final signal selection is performed with a
dedicated neural network for each B-decay channel. The
inputs to these B-decay classifiers include event-shape
variables (modified Fox-Wolfram moments [19]), vertex-
fit information, and kinematic variables, such as the
reconstructed mass of the K* and the angle between its
momentum vector and the initial direction extracted from
the vertex fit. The most discriminating of these input
variables are AE, the reconstructed K* mass, the product
of the network outputs for all final state particles, and the
distance between the two leptons projected onto the z axis
as derived from a fit to the B-decay vertex. The final
selection requirement on the B-decay classifier output
value is optimized by maximizing a figure of merit,
ny/+/ng + ny,, where ng (n,) is the expected number of
signal (background) events calculated from MC samples in
the region My, > 5.27 GeV/c>.
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Less than 2% of events contain multiple B candidates. In
such cases, we choose the one with the highest signal
probability, estimated from the neural-network output
values. This procedure selects the correct B candidate with
an efficiency between 82% and 92%, depending on the
channel.

We extract signal yields in various regions of the squared
dilepton invariant mass ¢, using an unbinned extended
maximume-likelihood fit to the M, distribution of B —
K*¢"¢~ candidates. We consider four different compo-
nents in the likelihood fit. First, a signal component is
parametrized by a Crystal Ball function [20], with the shape
parameters determined from B — J/wK* candidates that
fail the J/y veto in data. Second, a combinatorial back-
ground component is described by an ARGUS function
[21]. Third, there is a component from events in which
charmonium decays pass the veto when they are misre-
constructed; for example, when the bremsstrahlung recov-
ery fails to detect photons. This background component is
studied using an MC sample with 100 times higher
statistics than that expected from the charmonium decays
in the data sample. The shape of the charmonium back-
ground is determined via kernel density estimation (KDE)
[22]. Finally, a peaking background component in which
two particles have been assigned the wrong hypothesis,
such as B - K*n"n~, B — KKnr, or B — D*r, is studied
using MC samples, with the shape parametrized via KDE.
As the expected yields of charmonium and double-mis-
identification backgrounds are small, their yields are fixed
in the fit to values obtained from MC simulation.

The determination of signal efficiency is verified by
measuring the well-known B — J/wK* branching frac-
tions, which are found to be compatible with world
averages [17]. As a cross-check, the LFU ratio of B[B —
J/w(—»ptu )K*] and B[B — J/w(—ete™)K*| is mea-
sured to be 1.015 £ 0.025 + 0.038, where the first error
is statistical and the second due to uncertainty in data-MC
corrections for lepton identification. This cross-check
neglects contributions from the B — K*#¢ channel in
the J/y control region.

The reconstruction procedure for this analysis is opti-
mized for maximal statistical sensitivity to R+, at the cost
of systematic uncertainties due to the use of multivariate
selections in particle identification. Systematic uncertain-
ties arise from the determination of the signal yield
and reconstruction efficiency. All considered systematic
uncertainties for Rg- are listed in Table I. The uncertainty in
the signal yield is evaluated by propagating the uncertain-
ties in all Crystal Ball shape parameters, including their
correlations. The normalizations of peaking and charmo-
nium backgrounds are varied in the fit by £50% and
+25%; these ranges are chosen according to the maximum
uncertainties in the respective branching fractions. The
resulting signal-yield deviations are included as part of the
systematic uncertainty. We correct for differences in the

lepton identification efficiency between data and MC by
using the results obtained from a control sample of two-
photon ete™ — eTe~eTe™/eTe utu~ events. The input
distributions used by the top-level classifiers are compared
between data and simulation, and no significant differences
are found. In order to estimate the resulting uncertainty, the
ratio of B — J/wK"* branching fractions between data and
MC is obtained in bins of the classifier output. The obtained
ratio is propagated as classifier output-dependent weights
to candidates in all fits to My, distributions, and changes in
the resulting signal yields are taken as systematic uncer-
tainties. The statistical uncertainty of this reweighting
procedure is evaluated in simulations on signal MC
samples, and this adds 1%-2% additional uncertainty.
Further uncertainties arise from limited MC statistics.
Effects due to migration of events between different g>

Events / (0.0025 GeV/c?)

Pull

90 §— —t Data —;
F — Fit +

80 |- mm Signal E

E Combinatorial E
70 E —— Charmonium E
60 ;, —— Peaking ,;

Events / (0.0025 GeV/c?)

Pull

L 1 L L L L
5.26 5.28
M, (GeV/c?)

FIG. 1. Results of the combined B* and B° signal yield fit to
the My, distributions for the electron (top) and muon (bottom)
modes for ¢> > 0.045 GeV?/c*. Combinatorial (dashed blue),
signal (red filled), charmonium (dashed green), peaking (purple
dotted), and total (solid) fit distributions are superimposed on
data (points with error bars).
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FIG. 2. Results for Ry (a), Rg-+ (b), and Ry (c) compared to SM predictions from Refs. [26,27]. The separate vertical error bars
indicate the statistical and total uncertainty. Shaded bands indicate the charmonium vetoes.

bins are studied using MC events and found to be
negligible. In the case of results for the full region of
g% > 0.045 GeV?/c*, the different veto regions for the
electron and muon channels need to be accounted for in the
determination of reconstruction efficiency. This introduces
model dependence to our signal simulation, which uses
form factors from Ref. [23]. We estimate the systematic
uncertainty due to this model dependence using different
signal MC samples generated with form factors from QCD
sum rules [24] and quark models [25]. The maximum
difference in selection efficiency with respect to the
nominal model, in each q2 region, is taken as our estimate

TABLE II.

for the size of this effect. This results, on average, in a
difference of 0.4 +2.4% with a maximum of 6.5%,
depending on the mode and g? region. As discussed in
the beginning, this uncertainty only applies to the branch-
ing fractions, not to the LFU ratios. The systematic
uncertainty for hadron identification and K* selection is
covered in the uncertainty for the top-level classifiers due to
the multivariate selection approach. For the branching
fraction measurements, additional uncertainties from
tracking (0.35% per track) and the total number of BB
events in data are taken into account. The dominant
uncertainty originates from lepton identification, ranging

Results for Rg+, Rgo, and Rg-+. The first uncertainty is statistical and the second is systematic.

g’ (GeV?/c

All modes

B° modes

Bt modes

[0.045, 1.1] 0.521038 +0.05
[1.1, 6] 0.961055 £0.11
[0.1, 8] 0.90103] £0.10
[15, 19] 1.187032 +0.10
[0.045, 19] 0.947317 +£0.08

0467033 £0.13
1.067943 +0.13
0.86f§;§ +0.09
1123081 +0.10
1.127927 £ 0.09

0.6270%0 £ 0.07
0.727037 +£0.14
0.961038 £0.13
140755 £0.11
0.7075% & 0.06
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TABLE III.  Results for the branching fractions in [1077] in the corresponding ¢* range in GeV2/c*. The first

uncertainty is statistical and the second is systematic.

Mode ¢*> € [1.1,6] ¢* €[0.1,8] q* € [15.19] q* > 0.045

B(B® - K*%te) 1.870¢ +£0.2 3.7509 £0.4 20708 +0.2 9.271£4+0.8
B(B® —» K*uty~) 1970+ 03 3.2 08 £04 227903 +£02 103515 £ 1.1
BBt - K*fete) L7510 £0.2 4611 +£07 2145 +£02 141734 + 1.8
B(Bt — K*'yutum) 12507 £0.2 4449405 2970 +£0.3 9.9133 £ 1.1

between 5% and 10% depending on the mode and ¢°
region, as also here a more conservative estimation of
uncertainty is performed to account for residual correla-
tions with the top-level classifiers.

In the range ¢> > 0.045 GeV?/c* we find 103.01/37
(139.9f1156£) events in the electron (muon) channels.
Example fits are presented in Fig. 1. Using the fitted signal
yields, we construct the LFU ratio Rg- for all signal
channels combined, as well as separate ratios for the B°
and B" decays, Rgo and Rg-+. The results are shown in
Table II and Fig. 2. Our measurement of Ry-+ is the first
ever performed. The branching fractions are calculated
assuming equal production of B* and B® mesons and the
results are presented in Table III.

In summary, all our results are consistent with the SM
expectations [26,27]. Global analyses of measurements of
b — s ¢~ mediated decays prefer NP models that predict
Ry values smaller than unity [27]. The largest deviation
along this direction is observed in the lowest g> bin, in the
same region where LHCb reports a measurement deviating
from the SM [4]. Our separate results for the B-meson
isospin partners Rg-+ and Ry are statistically compatible,
which would also be expected if contributions from NP
arise from the b — s£T¢~ transition. The Belle II experi-
ment [28,29] is expected to record a 50 times larger data
sample than Belle, providing ideal conditions to precisely
study lepton flavor universality in these modes.
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