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P. Križan, R. Kroeger, J. F. Krohn, P. Krokovny, H. Krüger, W. Kuehn, T. Kuhr,
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Abstract
We report a study of B → J/ψ(`+`−)K decays, where ` represents an electron or a muon, using

e+e− collisions at the Υ(4S) resonance. The data were collected by the Belle II experiment at the

SuperKEKB asymmetric-energy collider during 2019–2021, corresponding to an integrated lumi-

nosity of 189 fb−1. The measured quantities are the branching fractions (B) of the decay channels

B+ → J/ψ(e+e−)K+, B+ → J/ψ(µ+µ−)K+, B0 → J/ψ(e+e−)K0
S , and B0 → J/ψ(µ+µ−)K0

S ; the

lepton-flavor-dependent isospin asymmetries for the electron [AI (B → J/ψ(e+e−)K)] and muon

[AI (B → J/ψ(µ+µ−)K)] channels; and the ratios of branching fractions between the muon and

electron channels for the charged [RK+ (J/ψ)] and neutral kaon [RK0 (J/ψ)] case. We obtain

B
(
B+ → J/ψ(e+e−)K+

)
= (6.00± 0.10± 0.19)× 10−5,

B
(
B+ → J/ψ(µ+µ−)K+

)
= (6.06± 0.09± 0.19)× 10−5,

B
(
B0 → J/ψ(e+e−)K0

S

)
= (2.67± 0.08± 0.12)× 10−5,

B
(
B0 → J/ψ(µ+µ−)K0

S

)
= (2.78± 0.08± 0.12)× 10−5,

AI
(
B → J/ψ(e+e−)K

)
= −0.022± 0.016± 0.030,

AI
(
B → J/ψ(µ+µ−)K

)
= −0.006± 0.015± 0.030,

RK+ (J/ψ) = 1.009± 0.022± 0.008, and

RK0 (J/ψ) = 1.042± 0.042± 0.008,

where the first uncertainties are statistical and the second are systematic. The measurements are

consistent with the world-average values.
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1. INTRODUCTION

The decays B → K`+`−, where ` stands for an electron or a muon, are flavor-changing-
neutral-current processes. Being governed by a b → s quark-level transition, these decays
are forbidden at tree level in the standard model (SM) of particle physics [1], but can
proceed through b → s`+`− loop amplitudes at lowest order. Various SM extensions [2, 3]
predict new particles that contribute to the processes, altering the values of observables
from their SM predictions. These possibilities make B → K`+`− decays a sensitive probe
for beyond-the-SM physics.

One of the key predictions of the SM is that the coupling strengths of electroweak gauge
bosons to charged leptons e, µ, and τ are the same, a property known as lepton-flavor
universality (LFU). Accordingly, the ratio of branching fractions of B → Kµ+µ− to B →
Ke+e− decays, called RK , is expected to be close to unity [4, 5]. A recent measurement of RK

by the LHCb Collaboration reported a 3.1σ discrepancy with respect to its SM prediction
in the range of dilepton mass squared q2 ∈ (1.1, 6.0) GeV2/c4 [6]. On the other hand, the
measurements reported by the Belle experiment are consistent with both the SM and the
LHCb result [7], albeit with significantly less precision compared to the latter.

In this report, we describe measurements of branching fractions B (B → J/ψK), LFU
ratios

RK(J/ψ) =
B (B → J/ψ(µ+µ−)K)

B (B → J/ψ(e+e−)K)
, (1)

and isospin asymmetries

AI =
Γ[B0 → J/ψ(`+`−)K0]− Γ[B+ → J/ψ(`+`−)K+]

Γ[B0 → J/ψ(`+`−)K0] + Γ[B+ → J/ψ(`+`−)K+]
, (2)

performed using data recorded by the Belle II experiment. In contrast to suppressed, charm-
less B → K`+`− decays, the B → J/ψ(`+`−)K decays involve a favored b → c tree-level
transition. Hence, contributions from beyond-the-SM physics are expected to have a negli-
gible impact. Since the branching fraction of B → J/ψ(`+`−)K is two orders of magnitude
larger than that of B → K`+`− decays and both channels share the same final-state par-
ticles, the former decays constitute an excellent control sample for studies of the latter.
Therefore, the measurement of RK (J/ψ) and its consistency with unity would be a strong
validation of the future RK measurement in the charmless counterpart of B → K`` decays.
Throughout the report, charge conjugate processes are implicitly included.

Section 2 gives a brief introduction to the Belle II detector and the data samples used
in the analysis. Sections 3 and 4 describe the event selection and background suppression
methods. Section 5 explains the signal yield determination and Section 6 presents the
measurements of observables. Section 7 discusses systematic uncertainties and a summary
is provided in Section 8.

2. THE BELLE II DETECTOR AND DATA SAMPLE

The Belle II detector is a large-solid-angle magnetic spectrometer designed to study final-
state particles produced in energy-asymmetric e+e− collisions delivered by SuperKEKB [8]
at a center-of-mass energy corresponding to the mass of the Υ(4S) resonance. The de-
tector is composed of several subdetectors arranged in a cylindrical structure around the
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beam pipe. The subdetectors are two layers of silicon pixel detectors (PXD), four layers
of double-sided silicon strip detectors (SVD), a 56-layer central drift chamber (CDC), a
time-of-propagation counter (TOP) in the barrel region, a proximity focusing ring imag-
ing Cherenkov counter (ARICH) in the forward region, and an electromagnetic calorimeter
(ECL) comprising CsI(Tl) crystals. All these subdetectors are located inside a supercon-
ducting solenoid that provides a 1.5 T magnetic field. The return yoke of the magnet is
instrumented with plastic scintillators and resistive plate chambers to identify K0

L mesons
and muons (KLM). Further details about the detector can be found in Ref. [9].

The data sample used in this analysis amounts to an integrated luminosity of 189 fb−1,
which is equivalent to 198 × 106 BB events. To study the properties of signal events, to
optimize selection criteria, and to determine the detection efficiency, 2×106 simulated signal
events are generated for each of the B+ → J/ψ(e+e−)K+, B+ → J/ψ(µ+µ−)K+, B0 →
J/ψ(e+e−)K0

S and B0 → J/ψ(µ+µ−)K0
S decay channels. In addition, we use a simulated

sample equivalent to 1 ab−1 of inclusive BB and qq continuum events to study background
processes. Here, q denotes a u, d, s, or c quark. The B meson decays are generated using
the EvtGen [10] package, where the final-state-radiation effects from charged particles are
incorporated using the PHOTOS package [11]. Continuum background events are simulated
using the KKMC [12] generator interfaced with PYTHIA [13], and Geant4 [14] simulates
the interaction of generated particles with the detector. The Belle II analysis software
framework [15] is used to process both data and simulation events.

3. EVENT SELECTION AND RECONSTRUCTION

The reconstruction follows a hierarchical procedure, where we first reconstruct neutral
and charged particles using information from ECL and tracking subdetectors. Information
from all subdetectors except the PXD and SVD is used to identify charged particles as kaons,
electrons, and muons. Next, we take pairs of oppositely-charged leptons to reconstruct J/ψ
candidates. Pairs of charged particles are used to reconstruct K0

S candidates. Finally, we
combine J/ψ candidates with kaons, which are either K+ or K0

S candidates, to reconstruct
B mesons. The remainder of this section describes each step in detail.

The information from PXD, SVD, and CDC is used to reconstruct charged particles.
We require that the distance of closest approach to the e+e− interaction point in the plane
transverse to the z axis be less than 2.0 cm and that along the z axis be less than 4.0 cm,
to select charged particles originating from a region around the collision point. The z
axis is collinear with the symmetry axis of the solenoid approximately in the e− beam
direction. To suppress contamination from low-multiplicity e+e− → e+e−`+`−, e+e− →
e+e−γ and e+e− → µ+µ−γ backgrounds, we require that the event contains at least five
charged particles, each with a transverse momentum greater than 100 MeV/c, and that the
normalized second Fox–Wolfram moment of the event is less than 0.7 [16].

From the set of selected tracks, we distinguish charged kaons from pions using specific
ionization information from the CDC, arrival time of the two-dimensional information of
a Cherenkov ring image from the TOP, and the number of detected Cherenkov photons
from the ARICH. The kaon identification efficiency is 86% with a pion misidentification
rate of 7%, estimated for kaons within a momentum range (0.5, 4.5) GeV/c and polar-angle
acceptance (0.49, 2.62) rad. The penetration depth and transverse scattering pattern in the
KLM are used to identify muon candidates. Furthermore, we require a minimum momen-
tum of 0.8 GeV/c to ensure that the candidate reaches the KLM. These criteria result
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in a muon identification efficiency of 87% with a pion misidentification rate of 7%, calcu-
lated using muons within the momentum range (0.4, 6.5) GeV/c and polar-angle acceptance
(0.40, 2.60) rad. Electron candidates are identified mainly using the ratio of the ECL energy
to the momentum, the ECL shower shape, and the position matching of the track with
the calorimetric cluster. To ensure that electrons reach the ECL, a momentum threshold of
0.5 GeV/c is applied. The electron identification efficiency is 94% and the pion misidentifica-
tion rate is around 2%, estimated for electrons within the momentum range (0.4, 7.0)GeV/c
and polar-angle acceptance (0.22, 2.71) rad. Relativistic electrons tend to lose their energy
by radiating photons via the bremsstrahlung process. For a given electron depositing energy
in the ECL, the four-momenta of all photons detected within a cone of 50 mrad with respect
to the initial momentum direction of the electron and having an energy greater than 50 MeV
are added to that of the electron to recover bremsstrahlung energy loss.

The K0
S candidates are reconstructed from two oppositely charged particles, assumed to

be pions. A kinematic fit is performed on the K0
S vertex to ensure that the pion tracks

originate from a common vertex. We retain candidates with an invariant mass in the range
(0.487, 0.508) GeV/c2, which is ±3σ resolution around the known K0

S mass. In addition,
momentum-dependent selections are applied on the K0

S flight length in the transverse plane,
the azimuthal angle between the momentum vector and the vector connecting the interaction
point with the decay vertex of the K0

S candidate, and the difference between the distances
of closest approach of the two pion tracks along the z axis.

We reconstruct J/ψ candidates by combining two oppositely-charged leptons of the same
flavor. The invariant mass of the J/ψ candidate must lie in the range (2.91, 3.19) GeV/c2

and (2.96, 3.19) GeV/c2 for the electron and muon channel, respectively. Imperfect recovery
of the energy lost due to bremsstrahlung motivates a wider asymmetric interval around the
known J/ψ mass in the former case.

We reconstruct B candidates by combining a kaon candidate (K± or K0
S) with a J/ψ

candidate. A vertex fit is performed on the B candidates. We require the fit to converge in
order to suppress background coming from a random combination of charged particles. To
distinguish signal from background, the following two kinematic variables are used:

Mbc =
√
s/4− ~p ∗2

B and (3)

∆E = E∗
B −
√
s/2, (4)

where (E∗
B, ~p

∗
B) is the four-momentum of the B candidate in the center-of-mass frame and√

s is the center-of-mass energy. For a correctly reconstructed B candidate, Mbc and ∆E
distributions are expected to peak around the known B mass and zero, respectively. We
retain candidate events satisfying Mbc ∈ (5.20, 5.29) GeV/c2 and |∆E| < 0.20 GeV.

4. BACKGROUND SUPPRESSION

Following the selection, we find a major background contribution coming from B →
J/ψK∗(Kπ) decays, in which B candidates are reconstructed without the final-state pion.
As a result, the ∆E distribution for such events peaks below −0.10 GeV. A selection of
∆E > −0.10 GeV thus rejects about 98% of B → J/ψK∗(Kπ) background events.

The background for the charged B channels is mostly from B+ → J/ψπ+ decays where
the pion is misidentified as a kaon. These decays peak inside the B meson mass region of the
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Mbc distribution. Unlike Mbc, the ∆E variable is directly sensitive to the mass hypotheses
of the B candidate decay products. Hence, these events show a shifted peak in the ∆E
distribution with respect to signal events. The other background contribution arises from
a random combination of B decay products, which does not peak in either the Mbc or ∆E
distribution.

After applying all the selection criteria, the average candidate multiplicity ranges be-
tween 1.005 and 1.010 depending on the decay channel. In case of multiple candidates, we
retain the one with the highest χ2 probability of the B vertex fit. The efficiency obtained
from simulation to select the correctly reconstructed signal from an event with multiple
reconstructed B candidates varies from 78 to 83% depending on the decay channel.

5. SIGNAL EXTRACTION

The signal yield is obtained from an extended maximum-likelihood fit to the Mbc and
∆E distributions. For a data sample containing N candidates, the likelihood function is
given as

L(~α, ~β, ~n) =
e−

∑
j nj

N !

N∏
i=1

∑
j

njPj(M i
bc; ~αj)Qj(∆Ei; ~βj), (5)

where Pj and Qj are the probability density functions (PDFs) of the Mbc and ∆E distri-
butions, and nj is the number of events corresponding to the jth component. We assume the
Mbc and ∆E distributions to be uncorrelated. The fit performed for the neutral B channels
employs two components, one for the correctly reconstructed signal and the other for mis-
reconstructed background events. The fit to charged channels has an additional component
to model B+ → J/ψπ+ background events. The argument M i

bc and ∆Ei denote the Mbc

and ∆E values for the ith candidate; ~αj and ~βj are the set of shape parameters for Pj and

Qj, respectively. The likelihood function is maximized with respect to ~αj, ~βj, and nj.
The PDF that describes the ∆E distribution of the signal component is determined using

correctly reconstructed events from the simulated signal sample. The signal PDF is a sum of
an empirical function [17] and a Gaussian. The signal Mbc PDF is parametrized by a function
introduced by the Crystal Ball Collaboration [18]. This function accounts for radiative tails
in the distribution as well as for the finite photon energy resolution. Other than the mean and
width, the remaining signal shape parameters are fixed to those obtained from the simulated
sample. The ∆E distribution of background is modeled by an exponential function, whose
shape parameter is determined from the fit to data. The background Mbc distribution is
parameterized by a threshold function introduced by the ARGUS Collaboration [19]. The
kinematic endpoint of the ARGUS PDF is fixed to

√
s/2 ≈ 5.291 GeV/c2 with the other

shape parameter determined from the fit to data. The Mbc and ∆E distributions for the
B+ → J/ψπ+ component are modeled using a Gaussian function, whose shape parameters
are also fixed to those obtained from the simulated sample. The yield of B+ → J/ψπ+

events is fixed to a value estimated using the known branching fraction [20] and the π → K
misidentification rate obtained in auxiliary data. We estimate around 11 and 14 events
coming from B+ → J/ψ(e+e−)π+ and B+ → J/ψ(µ+µ−)π+ background, respectively. The
distributions of Mbc and ∆E for each B channel are shown in Figs. 1 and 2, respectively;
the fit results are superimposed.

To check for potential fit biases, an ensemble of 1000 simulated data samples is prepared
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from 1 ab−1 of fully-simulated events using sampling with replacement [21]. The number of
signal and background events in each data sample are drawn from a Poisson distribution,
with the mean corresponding to the total number of events expected in the data. Each
of these simulated data samples is fit. The estimators are unbiased and have Gaussian
distributions, validating our assumption that in simulated data Mbc and ∆E distributions
are uncorrelated.
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Figure 1. Mbc distributions for each B → J/ψ(`+`−)K channel with the fit result superimposed

(top) and pull distribution with respect to the fit result (bottom), where the pull is defined as the

difference between the fit result and the value of the distribution in a bin, divided by the estimated

uncertainty in that bin. Black dots with error bars denote the data, blue curves denote the total fit,

dashed red curves are the signal component, dotted green curves are the background component,

and filled cyan regions in the charged channels are the B+ → J/ψπ+ component.

6. MEASUREMENT OF OBSERVABLES

The branching fractions are determined using the relation

B =
nsig

2NBB f
i ε
, (6)

where nsig is the signal yield determined by the fit, NBB is the number of BB events, ε
is the signal selection efficiency, f i is f± for the charged channels and f 00 for the neutral

8
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Figure 2. ∆E distributions for each B → J/ψ(`+`−)K channel with the fit result superimposed

(top) and pull distribution with respect to the fit result (bottom). Black dots with error bars

denote the data, blue curves denote the total fit, dashed red curves are the signal component,

dotted green curves are the background component, and filled cyan regions in the charged channels

are the B+ → J/ψπ+ component.

channels; f±(f 00) is the branching fraction of Υ(4S) to charged (neutral) BB pairs assuming
B
(
Υ(4S)→ BB

)
= 1. We use the values f 00 = 0.487± 0.013 and f± = 1− f 00 = 0.513±

0.013 reported in Ref. [22] rather than the world average [23], as the latter is dominated by
measurements that assume isospin symmetry in B → J/ψK decays.

We calculate RK using the relation

RK(J/ψ) =
B (J/ψ(µ+µ−)K)

B (J/ψ(e+e−)K)
=
n
J/ψ(µ+µ−)K
sig

n
J/ψ(e+e−)K
sig

× εJ/ψ(e
+e−)K

εJ/ψ(µ+µ−)K
, (7)

and AI using the relation

AI =
2 (τB+/τB0)(f±/f 00)(nsig/ε)|J/ψ(`+`−)K0

S
− (nsig/ε)|J/ψ(`+`−)K+

2 (τB+/τB0)(f±/f 00)(nsig/ε)|J/ψ(`+`−)K0
S

+ (nsig/ε)|J/ψ(`+`−)K+

, (8)

where (τB+/τB0) = 1.076± 0.004 [20] is the ratio of the lifetimes of the charged and neutral
B meson, and (f±/f 00) = 1.053± 0.052 [22]. The factor of 2 in Eq. (8) arises because a K0

forms a K0
S meson half the time. Results are listed in Tables I and II.
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Table I. Reconstruction efficiency, signal yield, and branching fraction for each channel. Where

two uncertainties are given, the first is statistical and the second is systematic, and the single

uncertainty corresponds to the statistical component.

Channel ε (%) nsig B (10−5)

B+ → J/ψ(e+e−)K+ 30.4 3706± 62 6.00± 0.10± 0.19

B+ → J/ψ(µ+µ−)K+ 37.2 4578± 62 6.06± 0.09± 0.19

B0 → J/ψ(e+e−)K0
S 20.4 1052± 33 2.67± 0.08± 0.12

B0 → J/ψ(µ+µ−)K0
S 25.0 1343± 37 2.78± 0.08± 0.12

Table II. Measured AI and RK (J/ψ), where the first quoted uncertainty is statistical and the

second is systematic.

Observable Measured value

AI (J/ψ(ee)K) −0.022± 0.016± 0.030

AI (J/ψ(µµ)K) −0.006± 0.015± 0.030

RK+ (J/ψ) 1.009± 0.022± 0.008

RK0
S

(J/ψ) 1.042± 0.042± 0.008

7. SYSTEMATIC UNCERTAINTIES

We consider several sources of systematic uncertainty contributing to the measurements.
The nominal fits are performed with some PDF shape parameters fixed to values obtained
from simulated events. To evaluate the systematic uncertainties associated with this, the
data are refit by varying each fixed shape parameter by ±1σ, with the obtained variation
in signal yield taken as the systematic uncertainty. Here σ is the data driven uncertainty
on each of these shape parameters, obtained by fitting to data. We assign 0.2% uncertainty
for the fixed shape parameters. An overall uncertainty of 1.5% is assigned as a systematic
uncertainty due to the estimate of the number of BB events. From the study of data–
simulation differences in a sample of e+e− → τ+τ−, we assign a 0.3% systematic uncertainty
for each charged track in the final state [24]. For the branching fraction measurements, we
assign 0.9% and 1.2% systematic uncertainties for B+ and B0 channels, respectively. For the
measurement of AI , since the leptons are common in both charged and neutral channels, their
correction factor cancels, and we assign a 0.9% systematic uncertainty for the charged kaon
and two decay product tracks of the neutral kaon. The 0.1% uncertainty in efficiency due to
the limited simulation sample size is also considered as a source of systematic uncertainty.

From studies performed with a sample of D∗+ → D0 (→ K0
Sπ

+π−) π+ decays, we ob-
serve that the data–simulation ratio of the K0

S reconstruction efficiency changes linearly as
a function of the flight distance, which corresponds to an uncertainty of 0.4% per cm of
average flight length. The average flight length of K0

S for the signal channel is estimated
to be 7.6 cm using simulated signal events. Hence, we assign a 3.0% systematic uncertainty
for branching fraction and isospin asymmetry measurements involving a K0

S meson. A
D∗+ → D0 (→ K−π+) π+ sample is used to estimate the difference in the kaon identification
efficiency between data and simulation. The correction factors are calculated as functions
of particle momentum and polar angle. We assign a 0.2% systematic uncertainty for mea-
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surements other than RK (J/ψ). An inclusive J/ψ → `+`− sample is used to compute the
difference in lepton identification efficiency between data and simulation, similar to the case
of kaon identification. We assign a 0.6% and 0.4% systematic uncertainty for electrons and
muons, respectively.

As we reconstruct K0
S candidates from their π+π− decays, we use B (K0

S → π+π−) =
(69.20±0.05)% to account for the other K0

S decay channels [20]. We assign a 0.1% systematic
uncertainty from this source to the measurement of B of neutral channels and AI . We use the
measured branching fraction [22] of the Υ(4S) decay to a charged (neutral) B meson pair,
or f± (f 00). The associated systematic uncertainty for either of them is 2.6%. The ratio
f±/f 00 contributes a 5.2% systematic uncertainty for the AI measurement. The assumed
value of (τB+/τB−) leads to a 0.4% uncertainty in the AI measurement [20].

We summarize the sources of systematic uncertainties for B, RK (J/ψ), and AI in Ta-
ble III. The individual sources of uncertainties are assumed to be independent, and the
corresponding contributions are added in quadrature to obtain the total uncertainty. The
uncertainties for branching fractions and RK are relative, while the uncertainty for AI is
absolute.

Table III. Relative systematic uncertainties (%) on B (B → J/ψK), RK (J/ψ), and absolute un-

certainty on AI (B → J/ψK).

Source B (B → KJ/ψ) RK AI

K+ K+ K0
S K0

S K+ K0

e+e− µ+µ− e+e− µ+µ− e+e− µ+µ−

Number of BB events 1.5 1.5 1.5 1.5 – – – –

PDF shape 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1

Electron identification 0.6 – 0.6 – 0.6 0.6 – –

Muon identification – 0.4 – 0.4 0.4 0.4 – –

Kaon identification 0.2 0.2 – – – – 0.1 0.1

K0
S reconstruction – – 3.0 3.0 – – 1.5 1.5

Tracking efficiency 0.9 0.9 1.2 1.2 – – 0.4 0.4

Simulation sample size 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Υ(4S) branching fraction 2.6 2.6 2.6 2.6 – – 2.6 2.6

(τB+/τB0) – – – – – – 0.2 0.2

Total 3.2 3.2 4.4 4.4 0.8 0.8 3.0 3.0

8. SUMMARY

We report the measurements of B (B → J/ψK), AI , and RK of B → J/ψ(`+`−)K decays
performed by the Belle II experiment. The results

B
(
B+ → J/ψ(e+e−)K+

)
= (6.00± 0.10± 0.19)× 10−5,

B
(
B+ → J/ψ(µ+µ−)K+

)
= (6.06± 0.09± 0.19)× 10−5,

B
(
B0 → J/ψ(e+e−)K0

S

)
= (2.67± 0.08± 0.12)× 10−5,
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B
(
B0 → J/ψ(µ+µ−)K0

S

)
= (2.78± 0.08± 0.12)× 10−5,

AI
(
B → J/ψ(e+e−)K

)
= −0.022± 0.016± 0.030,

AI
(
B → J/ψ(µ+µ−)K

)
= −0.006± 0.015± 0.030,

RK+ (J/ψ) = 1.009± 0.022± 0.008, and

RK0 (J/ψ) = 1.042± 0.042± 0.008,

are consistent with the world average values [20]. Because the signal selection efficiency of
electron channels is comparable to that of muon channels, we can have uncertainties in the
RK result that are almost equally contributed by the two lepton flavors. The B → J/ψK
decays will serve as control channels for the B → K`+`− study.
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