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1 Introduction

The decay of a b quark to an s quark and two oppositely charged leptons (b→ sℓ+ℓ−) is
an example of a flavour-changing neutral current transition. In the Standard Model (SM),
such processes are loop-induced because no SM gauge boson mediates the decay at tree level.
Processes involving a b→ sℓ+ℓ− transition, such as B→ K(∗)ℓ+ℓ− and B0

s→ ϕµ+µ− decays,1
are therefore exceedingly rare with branching fractions of order O(10−7). Extensions to the
SM often hypothesise the existence of new particles that are not directly detectable with
current experimental resources but can contribute sizeable modifications to the properties of
b→ sℓ+ℓ− transitions [1–5]. Discrepancies with respect to the SM prediction ranging from 2σ
to 4σ have been observed in the measurements of branching fractions and angular observables
for the decays B0

s→ ϕµ+µ−, B+→ K+µ+µ− and B0→ K∗(892)0µ+µ− [6–11].
Calculating SM predictions for b→ sℓ+ℓ− transitions requires an understanding of

hadronic form factors [12, 13] and nonperturbative long-distance effects [14], both of which are
known imprecisely, complicating the interpretation of the discrepancies. However, observables
involving ratios of b→ sℓ+ℓ− branching fractions for two different lepton flavours have minimal
hadronic theory uncertainty, as they cancel out because the strong force does not couple to
leptons. Furthermore, the Yukawa couplings for the leptons are small compared to their SM
gauge couplings, leading to an accidental symmetry known as lepton universality (LU). This
principle has been tested across various processes [15–18], and is most precisely confirmed
in Z boson decays at the per mille level [19]. Consequently, ratios of branching fractions
involving b→ sℓ+ℓ− transitions only deviate from unity due to mass-related phase-space and
QED effects, which are small for ratios involving light leptons. In particular, QED effects are
below 1% at dilepton invariant mass squared (q2) lower than 6GeV2/c4 [20] and up to 4% at
q2 above the ψ(2S) resonance. These effects have been shown to be correctly modelled in
the whole accessible phase space by the simulation software employed [20, 21]. Measuring

1In this paper, the inclusion of the charge-conjugate mode is implied.
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ratios of branching fractions is further motivated by an interest in beyond Standard Model
theories that introduce LU-violating extensions [22–24].

Decays involving electrons or muons in the final state, rather than taus, are most
commonly studied due to their experimental accessibility. Tests of LU have been conducted
by the BaBar [25], Belle [26], CMS [27] and LHCb collaborations [28–33] using a wide variety
of decay channels involving b→ sℓ+ℓ− transitions, yielding results that are consistent with
SM expectation. The most precise LU measurements involving B+→ K+ℓ+ℓ− decays have
been performed in the q2 region below the J/ψ resonance, with a precision of 4% [29, 30],
while the only existing LU measurement of B+→ K+ℓ+ℓ− in the high-q2 region is that
performed by the Belle collaboration [26]. Measurements in the high-q2 region, above the
ψ(2S) resonance, are complementary to low-q2 measurements having different background
and efficiency considerations.

This paper describes a test of LU in the decays of B+→ K+µ+µ− and B+→ K+e+e−

performed by measuring the branching fraction ratio

RK ≡

∫ q2
max

q2
min

dB(B+→ K+µ+µ−)
dq2 dq2

∫ q2
max

q2
min

dB(B+→ K+e+e−)
dq2 dq2

, (1.1)

where the integral limits define the q2 bin of the measurement, which for this analysis
corresponds to q2 > 14.3GeV2/c4. The measurement is performed using a dataset corre-
sponding to 9 fb−1 of integrated luminosity collected by the LHCb experiment between
2011 and 2018. Similar to other LU ratios in this system, the measurement is performed
relative to the normalisation mode B+→ K+J/ψ(→ ℓ+ℓ−) in order to cancel and control
many systematic uncertainties associated with the computation of efficiencies. The mea-
sured yield of B+→ K+e+e− decays was kept blind until the analysis was finalised to avoid
experimenter’s bias.

This paper is structured as follows: the LHCb detector and simulation are outlined
in section 2. The selection requirements used to isolate signal decays, including details
on how backgrounds such as B+→ K+ψ(2S)(→ e+e−) leakage are suppressed to negligible
levels, are presented in section 3. In section 4, the corrections to the simulation samples
and associated cross-checks are detailed. A novel method of extracting RK that significantly
reduces systematic uncertainties related to the imprecisely understood shape of the high-q2

spectrum is presented in section 5, along with the determination of the rare B+→ K+ℓ+ℓ−

muon and electron channel yields. Systematic uncertainties are discussed in section 6, and
the result is presented in section 7.

2 Detector and simulation

The LHCb detector [34, 35] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector sur-
rounding the pp interaction region [36], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4Tm, and three stations of silicon-strip
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detectors and straw drift tubes [37, 38] placed downstream of the magnet. The tracking
system provides a measurement of the momentum, p, of charged particles with a relative
uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum
distance of a track to a primary pp collision vertex (PV), the impact parameter, is measured
with a resolution of (15+29/pT)µm, where pT is the component of the momentum transverse
to the beam, in GeV/c. Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors (RICH) [39]. Photons, electrons and hadrons are
identified by a calorimeter system consisting of scintillating-pad and preshower detectors, as
well as an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL). Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers [40]. The online event selection is performed by a trigger [41], which consists of
a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction.

Simulated events are used to optimise the signal selection, model the signal and back-
grounds, and calculate the relative efficiency between the signal and normalisation channels.
In the simulation, pp collisions are generated using Pythia [42] with a specific LHCb config-
uration [43]. Decays of hadronic particles are described by EvtGen [44], in which final-state
radiation is generated using Photos [45]. The interaction of the generated particles with
the detector and its response are implemented using the Geant4 toolkit [46] as described
in ref. [47].

3 Selection

Selection requirements are applied to the data in order to isolate the signal and reduce
background contamination using both the ROOT framework [48, 49] and the Scikit-HEP
ecosystem [50–55] including zfit [56, 57]. Background contributions fall into two broad
categories: combinatorial candidates, whereby the combined tracks do not originate from a
common particle decay, and decays where tracks, despite originating from a common source,
are incorrectly reconstructed by missing and/or misidentifying particles.

Since both muon and electron final states consist of three tracks originating from the
same decay vertex, there is significant overlap in the requirements applied to their topological
and geometric properties. In the following, the areas where the selection requirements differ
between the muon and electron data are described.

Events are selected based on the decision of a hardware trigger algorithm. For the muon
mode candidates, a high-pT muon is required as measured using information from the muon
stations. For the electron mode candidates, an electron with high transverse energy is required,
defined as ET = E sin θ, where E is the measured energy in a cluster of cells in the ECAL,
and θ is the angle between the beam direction and the line connecting the PV to the ECAL
cell cluster. In a subsequent trigger stage, final-state particles satisfying minimum pT and
impact parameter requirements are then combined to construct B+→ K+ℓ+ℓ− candidates.
Each candidate is required to form a good-quality vertex with a significant displacement from
the primary pp collisions. To reduce contamination from misidentified backgrounds such as
B+→ K+π+π− decays, a tight selection is made on particle identification (PID) variables
constructed using information from all relevant subdetectors.
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Figure 1. Normalised distributions of (left) q2 and (right) q2
track for simulated

nonresonant B+→ K+e+e− signal, and the resonant decays B+→ K+J/ψ(→ e+e−) and
B+→ K+ψ(2S)(→ e+e−). The hatched region illustrates the impact of the q2

track selection.

While the identification of kaon and muon candidates employs information from the
RICH detectors, the HCAL and the muon chambers, the identification of electrons relies
principally on the measured ratio of energy deposited in showers in the ECAL and the
reconstructed momenta of associated tracks [58]. The significantly higher likelihood for
electrons to emit bremsstrahlung radiation whilst traversing the detector strongly affects
their momentum resolution. To mitigate this effect, a recovery algorithm [59] searches the
extrapolated track position of electrons in the ECAL for photon energy deposits not associated
with any other charged tracks. Energy deposits with ET > 75MeV are added to the electron’s
momentum, and the reconstructed dilepton invariant mass is computed with these photon
contributions included. However, incorrectly assigning bremsstrahlung deposits to electrons
from B+→ K+J/ψ(→ e+e−) and B+→ K+ψ(2S)(→ e+e−) decays results in candidates
from these channels leaking upwards into the nonresonant high-q2 region, as depicted on the
left-hand side of figure 1. Using the requirement q2 > 14.3GeV2/c4 to isolate the high-q2

region would result in an unmanageable B+→ K+ψ(2S)(→ e+e−) background. However,
the selection requirement q2

track > 14.3GeV2/c4, where q2
track is computed using momenta

estimated by the tracking system only, reduces the background from B+→ K+ψ(2S)(→ e+e−)
decays to negligible levels, as illustrated on the right-hand side of figure 1. Selecting candidates
with the q2

track variable, rather than q2, approximately halves the expected number of rare
B+→ K+e+e− candidates. Despite this, there is an improvement in the RK precision in this
higher purity selection, and hence using q2

track is the adopted selection strategy. To ensure
efficiency-related systematic uncertainties associated with modelling the resolution in the
simulation cancel out, the normalisation is performed relative to the B+→ K+J/ψ(→ e+e−)
control mode, which is also selected using the q2

track variable. Radiative bremsstrahlung losses
for muons are insignificant compared to electrons. Therefore, the bremsstrahlung recovery
procedure is not used for the reconstruction of muonic final states.

Semileptonic b→ c decays followed by the subsequent decay of the intermediate charm
hadron form a significant source of partially reconstructed background as such channels have
branching fractions orders of magnitude higher than the signal. There exists a plethora of such
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Figure 2. Normalised distributions of (left) m(K+e−) and (right) m(K+e−[→π−]) for simulated
B+→ K+e+e− decays and the most significant semileptonic decay background channels. The regions
that are vetoed are indicated by the hatched region.

channels which can be split into two classes depending on whether any final-state particles
have been misidentified. Both classes are efficiently removed with two selection criteria,
m(K+ℓ−) > 1885MeV/c2 and a D-mass window cut of m(K+ℓ−[→π−]) /∈ m(D0)±40MeV/c2,
where m(D0) denotes the known D0 mass [60]. The variable m(K+ℓ−[→π−]) is computed
by assigning the pion mass hypothesis to the lepton and ignoring contributions from the
bremsstrahlung recovery algorithm. The impact of these cuts on signal and background
simulation samples in the electron mode is shown in figure 2.

Boosted Decision Tree (BDT) [61] classifiers are trained to distinguish B+→ K+ℓ+ℓ−

signal decays from combinatorial background. The classification is achieved by exploiting
differences in the distributions of various vertex-quality and kinematic variables between
signal and combinatorial candidates. Additionally, quantities that relate to how isolated the
candidate is from other particles in the event are utilised. The samples used to train the BDT
classifier include simulation samples to represent signal decays and selected candidates in the
data with m(K+ℓ+ℓ−) > 5400MeV/c2 to represent the combinatorial background. Separate
BDT classifiers are trained for the muon and electron channels.

In the electron channel, a further BDT classifier is trained to reject partially reconstructed
decays of the type B0→ K∗(892)0(→ K+π−)e+e− and B+→ K∗(892)+(→ K+π0)e+e−,
where the pion is not reconstructed. The BDT classifier is trained with features simi-
lar to the combinatorial BDT classifier; however, the background is represented by simulated
partially reconstructed decays. This classifier is most effective at suppressing partially recon-
structed candidates with missing charged particles since charged particles produce a clearer
signature in the LHCb detector than neutral particles.

Requirements on the output of these BDT classifiers are optimised simultaneously
by employing pseudoexperiments (see section 5). The pair of requirements that yields
the minimum average uncertainty on RK , accounting for the statistical and the dominant
systematic contributions, across the pseudoexperiments is then used. The requirement
on the combinatorial BDT output for the muon mode is determined by optimising the
expected signal significance. For this calculation, the signal yield is estimated using measured
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values of the B+→ K+µ+µ− and B+→ K+J/ψ(→ µ+µ−) branching fractions [60, 62]. The
background yield is determined by extrapolating the combinatorial yield observed in the
upper invariant-mass sideband into the region under the signal.

The B+ candidates are required to have a three-body invariant mass, m(K+ℓ+ℓ−),
around the known B+ mass [60]. The invariant-mass ranges used for the electron and
muon channels differ significantly due to their drastically different resolution. Candidates
in the rare muon channel are required to have 5180 < m(K+µ+µ−) < 5600MeV/c2, which
is chosen to completely exclude partially reconstructed decays in the lower invariant-mass
sideband. On the other hand, candidates in the rare electron channel are required to have
4300 < m(K+e+e−) < 6300MeV/c2. The wider invariant-mass requirement improves the
precision with which the rare electron yield can be determined, as discussed further in
section 5.2.

The selection applied to the normalisation channels is identical to the rare channels, with
the exception of the q2 and m(K+ℓ+ℓ−) ranges. Due to the good q2 resolution for muonic
decays, the requirement of 8.68 < q2 < 10.09GeV2/c4 is applied to the B+→ K+J/ψ(→ µ+µ−)
mode. The q2

track selection applied to the B+→ K+J/ψ(→ e+e−) channel is chosen to be that
which best aligns the m(K+e+e−) distribution between the resonant B+→ K+J/ψ(→ e+e−)
and nonresonant B+→ K+e+e− simulation. A selection of 7.1 < q2

track < 10.0GeV2/c4 is
employed to ensure the maximal amount of kinematic overlap between the normalisation
channel and the rare signal channel.

For the normalisation channels, improvement in the resolution of the three-body in-
variant mass can be achieved by constraining the invariant mass of the dilepton system
to that of the relevant intermediate resonance. This is implemented via the Decay Tree
Fitter [63] algorithms. The invariant-mass fit of the B+→ K+J/ψ(→ µ+µ−) channel is per-
formed in the range 5180 < mJ/ψ(K+µ+µ−) < 5600MeV/c2 whereas the slightly wider range
5080 < mJ/ψ(K+e+e−) < 5680MeV/c2 is used for the B+→ K+J/ψ(→ e+e−) channel. The
efficiency of the m(K+ℓ+ℓ−) selection requirement in all channels is above 99%. Therefore,
any efficiency-related systematic uncertainty associated with differences in the invariant-mass
selection applied to the normalisation and rare channels is negligible.

Finally, for events with more than one candidate after the full selection, the candidate
with the highest combinatorial BDT response is retained. The fraction of rejected multiple
candidates is at the subpercent level.

4 Efficiency correction and cross-checks

The efficiencies are computed from simulation that is corrected using data following the
procedure described in refs. [64, 65]. Each correction is applied with respect to the preceding
one. Firstly, the tracking efficiency for electrons is determined using a tag-and-probe method
applied to a sample of B+→ K+J/ψ(→ e+e−) decays [66]. The difference in tracking efficiency
between data and simulated samples is corrected as a function of the pseudorapidity, the
azimuthal angle ϕ and the pT of the probe particle. The effect of these corrections is less
than 1%, reflecting the good agreement between simulation and data. The efficiency of the
PID requirements is obtained using data control channels that can be efficiently selected
without the use of PID criteria [67].
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The samples include D∗+ → D0(→ K−π+)π+ decays for hadron (mis)identification,
B+→ K+J/ψ(→ µ+µ−) decays for muon identification, and B+→ K+J/ψ(→ e+e−) decays
for electron identification. For the muon and hadron calibration samples, background
contributions are subtracted using the sPlot procedure [68, 69], and PID efficiencies are
computed in bins of the probe’s transverse momentum and pseudorapidity. The sPlot
procedure is not applicable to the electron calibration sample due to correlations between
the momentum of the probe electron and reconstructed B+ mass, as the mass resolution is
strongly affected by the electron energy loss before the calorimeter. Instead, the fraction
of candidates passing the electron PID criteria is estimated by fitting the invariant-mass
distribution of the B+→ K+J/ψ(→ e+e−) data twice: once with no PID selection applied
and again with the electron PID selection applied to the probe. This is repeated in bins
of the probe’s transverse momentum, pseudorapidity, and whether or not bremsstrahlung
is recovered for the probe.

The calibration of the PID efficiency implicitly assumes that the PID response of each
final-state particle forming a B+ candidate is independent of one another, with the exception
of kinematic correlations. This assumption is tested using simulation samples and is found
to have a negligible effect on the overall efficiency.

An initial set of corrections are derived to correct for the mismodelling of the B+

production kinematics, impact parameter and vertex quality in the simulation. These
corrections are obtained using the B+→ K+J/ψ(→ µ+µ−) channel and are applied to both
muon and electron channels, after PID and tracking efficiencies have been corrected for.
The corrections to the efficiencies discussed in the following are obtained on top of these
initial corrections to the simulation.

The largest efficiency difference between muons and electrons originates from the trigger,
where the ET requirement for electrons is significantly more restrictive than the muon
pT requirement. The normalisation channels are employed to compare the trigger re-
sponse between data and simulation using the tag-and-probe method. For example, using
B+→ K+J/ψ(→ e+e−) decays, the tag kaon is required to pass a set of trigger requirements.
The efficiency of the electron trigger is then determined by the fraction of candidates in
which at least one of the two probe electrons passes the electron trigger requirements. This
efficiency is compared between data and simulation as a function of the maximum ET of
the two electrons, which is expected to be the kinematic variable on which the electron
trigger efficiency most strongly depends. The efficiency for the muon trigger is determined
similarly, but as a function of the pT of the muon.

An additional correction is obtained to reduce any residual mismodelling of the B+

production kinematic and vertex-reconstruction quality. A gradient boosted reweighting
procedure [70] is applied as a function of pT(B+), η(B+), χ2

DV(B+) and χ2
IP(B+) variables.

The quantity χ2
DV(B+) represents the fit quality of the B+ decay vertex, whereas χ2

IP(B+)
is defined as the difference in the vertex-fit χ2 of the PV when reconstructed with and
without the B+ candidate. These corrections are obtained using the B+→ K+J/ψ(→ µ+µ−)
channel and are assumed to be independent of the lepton species. A comparison of the
B+→ K+J/ψ(→ µ+µ−) data and simulation, both before and after the corrections, is pre-
sented in figure 3.
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Figure 3. Distributions of reconstructed B+ meson properties for (grey) B+→ K+J/ψ(→ µ+µ−)
data compared to simulation (red) before and (blue) after corrections are applied.

The quantity q2
track, which is used to select both the electron normalisation and rare

modes, is known to be incorrectly modelled in the simulation. For the normalisation modes’
efficiencies, a correction is therefore derived using B+→ K+J/ψ(→ e+e−) simulation and
data samples. The invariant-mass distribution of the electron modes depends significantly on
the outcome of the bremsstrahlung recovery algorithm. Therefore, the samples are split into
the corresponding 0γ, 1γ, and 2γ categories, depending on whether photons are added to none,
one, or both electron candidates. For each bremsstrahlung category the q2

track distribution in
simulation is fitted with a combination of Crystal Ball functions [71]. The resulting models are
then convolved with a Gaussian function, and the corresponding B+→ K+J/ψ(→ e+e−) data
is fitted, with peak position and standard deviation determined from this fit. The extracted
Gaussian function is then used to smear the q2

track variable in the simulation, improving the
agreement in resolution between the simulation and data.

The efficiencies computed using simulation are validated by measuring the branching
fraction ratios of the resonant control modes, which have been shown to be consistent with
LU [60]. The first of these is the single-ratio test, defined as:

rJ/ψ ≡ B(B+→ K+J/ψ(→ µ+µ−))
B(B+→ K+J/ψ(→ e+e−))

= N(B+→ K+J/ψ(→ µ+µ−))
ε(B+→ K+J/ψ(→ µ+µ−)) · ε(B

+→ K+J/ψ(→ e+e−))
N(B+→ K+J/ψ(→ e+e−)) .

(4.1)

In this expression, N(X) is the measured yield for decay X, while ε(X) denotes the corre-
sponding selection efficiency, which incorporates the effects of all the requirements outlined
in section 3. The large branching fraction for B+→ K+J/ψ(→ ℓ+ℓ−) decays means that
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rJ/ψ is expected to have a small statistical uncertainty. Furthermore, since rJ/ψ is a single-
ratio, obtaining a result consistent with unity requires accurate control of the muon and
electron efficiencies.

Additionally, the double-ratio between the ψ(2S) and J/ψ control modes,

Rψ(2S) ≡
B(B+→ K+ψ(2S)(→ µ+µ−))
B(B+→ K+ψ(2S)(→ e+e−)) · B(B

+→ K+J/ψ(→ e+e−))
B(B+→ K+J/ψ(→ µ+µ−))

= N(B+→ K+ψ(2S)(→ µ+µ−))
ε(B+→ K+ψ(2S)(→ µ+µ−)) · ε(B

+→ K+ψ(2S)(→ e+e−))
N(B+→ K+ψ(2S)(→ e+e−)) ·

1
rJ/ψ

,

(4.2)

is measured. Since Rψ(2S) is a double-ratio and both the ψ(2S) and J/ψ control mode
datasets are large, this measurement is statistically precise with a small efficiency-related
systematic uncertainty. The sources of systematic uncertainty associated with the selec-
tion efficiencies appearing in eq. (4.1) and eq. (4.2) are presented in section 6. Resonant
B+→ K+ψ(2S)(→ µ+µ−) candidates are required to have 12.5 < q2 < 14.2GeV2/c4, whereas
B+→ K+ψ(2S)(→ e+e−) candidates are selected with 10.5 < q2

track < 14.2GeV2/c4. The
latter requirement significantly reduces backgrounds from B+→ K+J/ψ(→ e+e−) decays
that would otherwise leak into the B+→ K+ψ(2S)(→ e+e−) data if q2 is used. Reso-
nant B+→ K+ψ(2S)(→ ℓ+ℓ−) candidates are selected with 5180 < mψ(2S)(K+ℓ+ℓ−) <
5600MeV/c2, where mψ(2S)(K+ℓ+ℓ−) is the reconstructed B+ mass computed with the mass
of the dilepton system constrained to the known ψ(2S) mass [60].

The yields of the control modes are determined using extended unbinned maximum-
likelihood fits to the dilepton-constrained invariant-mass distribution. A breakdown of
the selection efficiencies and yields for the control channels is reported in table 1. The
fit results are shown in figure 4. In the mJ/ψ(K+µ+µ−) and mψ(2S)(K+µ+µ−) invariant-
mass distributions, the small disagreement near 5400MeV/c2 has a negligible impact on the
signal-yield determination. Moreover, contributions of misidentified B+→ π+ψ(2S)(→ e+e−)
decays where the final-state pion is misidentified as a kaon, are found to be negligible in
B+→ K+ψ(2S)(→ e+e−) decays. The resulting control mode yields are combined with
efficiencies calculated using the corrected simulation and give

rJ/ψ = 0.997± 0.003± 0.055,
Rψ(2S) = 1.002± 0.009± 0.004,

where the first uncertainty is statistical and the second is systematic (see section 6). Both
cross-checks are consistent with the SM expectation of unity.

The distributions of variables, such as the opening angle and minimum transverse
momentum of the final-state leptons, are expected to depend strongly on q2. Incorrectly
modelling these distributions can result in biases in the efficiencies that do not cancel well in
the double-ratio. Therefore, the single-ratio rJ/ψ is measured in intervals of these variables
(see figure 5); the absence of significant variations in the observed distributions demonstrates
sufficient control of the efficiencies for an unbiased measurement of RK . The uncertainties in
figure 5 are statistical only, while efficiency-related systematic uncertainties (see section 6)
are sufficient to explain the residual deviations from uniformity.
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Figure 4. Distributions of (top) mJ/ψ(K+ℓ+ℓ−) of the B+→ K+J/ψ(→ ℓ+ℓ−) channel and (bottom)
mψ(2S)(K+ℓ+ℓ−) of the B+→ K+ψ(2S)(→ ℓ+ℓ−) channel for the (left) muon and (right) electron
modes, and corresponding fit results.

Decay mode Yield Efficiency (‰)

B+→ K+J/ψ(→ e+e−) 203 000± 450 1.388± 0.002
B+→ K+J/ψ(→ µ+µ−) 2 280 000± 1 500 15.680± 0.015
B+→ K+ψ(2S)(→ e+e−) 15 700± 130 1.325± 0.003
B+→ K+ψ(2S)(→ µ+µ−) 201 300± 450 17.051± 0.018

Table 1. Yields of the resonant channels obtained from the fits to the data and the corresponding
efficiencies determined using calibrated simulation samples. The quoted uncertainties account for
statistical effects only.

5 RK measurement method

Similar to the formulation of Rψ(2S) in eq. (4.2), RK can be measured using the double-ratio

RK = N(B+→ K+µ+µ−)
ε(B+→ K+µ+µ−) · ε(B

+→ K+e+e−)
N(B+→ K+e+e−) ·

1
rJ/ψ

. (5.1)

The terms ε(B+→ K+e+e−) and ε(B+→ K+µ+µ−) represent the selection efficiencies of
rare B+→ K+e+e− and B+→ K+µ+µ− decays, respectively. These are model-dependent
quantities as they are computed by integrating over a model of the q2

true distribution of the
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Figure 5. Value of rJ/ψ as a function of (left) the opening angle between the leptons αℓ+ℓ− calculated
in the laboratory frame, and (right) the minimum pT of the leptons. The error bars shown are
statistical only.

decay, where q2
true ≡ (pB+ − pK+)2 is the squared momentum transferred to the dilepton pair.

Here and in the following, the subscript true is used to indicate quantities prior to any final
state radiation and detector resolution effects. This model dependence is problematic since
multiple broad open-charm resonances exist in the high-q2 region, as well as interference effects
with the upper tail of the nearby large ψ(2S) resonance, both of which are not precisely known.

To demonstrate the effect of a large mismodelling on the efficiencies, an example is
considered using two significantly different q2

true spectra. The baseline distribution of q2
true is

obtained from a measurement using B+→ K+µ+µ− decays [62], and is shown as the red his-
togram on the left-hand side of figure 6. In contrast, the blue histogram represents a simplified
q2

true model [72], which accounts only for penguin contributions to the decay amplitude. The
ratio of rare-mode integrated selection efficiencies, ε(B+→ K+e+e−)/ε(B+→ K+µ+µ−), is
calculated using each model and illustrated by the horizontal lines on the right-hand side
of figure 6. In this extreme example, the ratio shifts by approximately 5.5%, depending
on the q2

true model used, which would directly translate to a bias in RK if measured using
eq. (5.1). This motivates using a less model-dependent method for determining RK . The
method described in this paper reduces the uncertainty associated with altering the q2

true
model in this extreme example to at most 0.5%.

To reduce the q2
true model dependence, one can exploit cancellations in the ratio of

efficiencies in eq. (5.1). In the scenario that both the q2
true spectra and the q2

true dependence
of the selection are identical between the muon and electron modes, any model dependence
cancels in the ratio of efficiencies. In the case of LU, as in the SM, the q2

true spectra of each
mode are identical. However, the q2

true dependence of the selection efficiencies of each mode is
dramatically different, primarily due to the q2

track requirement used to select B+→ K+e+e−

decays. This can be circumvented by weighting the muon data as a function of q2, such that
the q2

true dependence of the muon efficiency aligns with that of the electron mode. The weights
applied to the rare muon data to achieve this alignment, wε(q2

true), are defined as the ratio of
the muon and electron efficiencies as a function of q2

true as shown on the right-hand side of
figure 6. For each of the previously considered q2

true models, the wε(q2
true) distribution changes
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Figure 6. (left) Comparison of the q2
true distribution and (right) the ratio of efficiencies between

muonic and electronic rare mode decay channels for two different q2
true models. The ratio of efficiencies

is shown for both a binned and integrated calculation (dashed lines). The q2
true model is varied from a

simplistic description that considers only rare mode decays (blue) to a more sophisticated model that
includes resonant processes and interference effects (red).

only by a small amount when the q2
true model is varied significantly, with the residual variation

attributed to the limited size of the simulation samples and the finite binning. Furthermore,
there is residual model dependence arising from the assumption that, for B+→ K+µ+µ−

decays, q2 and q2
true are equivalent. The impact of this assumption on RK is minimal, and

a more detailed discussion is presented in section 6.
Before applying the weights wε(q2

true) to the rare muon data, backgrounds are subtracted
using the sPlot technique [68]. The sPlot method is performed by fitting the m(K+µ+µ−)
distribution of the rare muon data, as described in section 5.1. Each candidate in the rare
muon data, indexed by i, is then represented by an sWeight, sWi. Using the sWeights,
RK is determined as

RK = 1
rJ/ψ

·
∑
i

sWi · wiε(q2
true)︸ ︷︷ ︸

C

· 1
N(B+→ K+e+e−) , (5.2)

where the sum over i corresponds to the sum over fully selected candidates in the rare muon
data. Importantly, unlike the fit strategy described in refs. [29, 30], RK is not the result
of a simultaneous fit to rare electron and rare muon data. Instead, RK is extracted in
the following manner: all efficiency terms, resonant channel yields, and information from
the rare muon data are combined into the factor C, which corresponds to the expected
yield of rare electron decays when RK = 1. The yield of B+→ K+e+e− decays, denoted
N(B+→ K+e+e−), is determined by performing an extended unbinned maximum-likelihood
fit to the m(K+e+e−) distribution of the rare electron data, detailed in section 5.2. The
likelihood function is parametrised in terms of C and RK , allowing RK to be determined
directly from the fit. A Gaussian term is included in the likelihood function to constrain
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C to its estimated value, C = 198.8 ± 3.7 (stat) ± 2.2 (syst), as determined from data and
simulation. This ensures that uncertainties related to efficiencies, resonant channel yields,
and rare muon data are included in the uncertainty on RK .

5.1 Muon rare mode fit

An extended unbinned maximum-likelihood fit is performed to the m(K+µ+µ−) distribution
of the rare muon data as part of the sPlot procedure, used to derive sWeights. The fit
model consists of three components: combinatorial background, B+→ K+ψ(2S)(→ µ+µ−)
decays that leak up into the high-q2 region due to resolution effects, and rare B+→ K+µ+µ−

signal decays.
The signal peak model is derived in the following manner. For each data-taking year

separately, the m(K+µ+µ−) distribution in the B+→ K+µ+µ− simulation is fitted with a
sum of two Crystal Ball functions and a Gaussian distribution with a shared peak position but
independent width parameters. The peak position and the global width of each distribution
are corrected for data-simulation differences in the mass resolution, using a correction
derived from the B+→ K+J/ψ(→ µ+µ−) resonant channel. The parameters from the fits
to simulation are then fixed given their negligible uncertainties, and the distributions for
each data-taking year are combined in a weighted sum.

The shape of the B+→ K+ψ(2S)(→ µ+µ−) background is modelled using the sum of a
Crystal Ball function and a Gaussian distribution. The parameters of the model are determined
from fitting the B+→ K+ψ(2S)(→ µ+µ−) simulation samples and then fixed in the fit to the
data. The yield of the B+→ K+ψ(2S)(→ µ+µ−) component is constrained using a Gaussian
penalty function to an estimate obtained by scaling the fitted B+→ K+ψ(2S)(→ µ+µ−)
yield from the resonant mode fits (see figure 4) by the ratio of the rare and resonant q2

selection efficiencies obtained from B+→ K+ψ(2S)(→ µ+µ−) simulation.
An exponential function is used to model the combinatorial background, with its nor-

malisation and slope parameter allowed to float freely in the fit. The fit to the rare
muon mode data is shown in figure 7. The fitted yield of B+→ K+µ+µ− decays is
N(B+→ K+µ+µ−) = 4 008 ± 71.

5.2 Electron rare mode fit

The yield of B+→ K+e+e− decays, N(B+→ K+e+e−), is extracted by performing an
extended unbinned maximum-likelihood fit to the m(K+e+e−) distribution of the rare
electron data. The modelling of each component contributing to the fit is discussed below.

5.2.1 Signal peak

The invariant-mass distribution of the electron rare mode has a significant dependence on
the bremsstrahlung category, therefore, the samples are split according to bremsstrahlung
category and each resulting distribution is described by a different shape. Category 0γ is
modelled by a sum of two Crystal Ball functions, with opposite tails with respect to the peak.
Two Gaussian distributions are also included, one to improve the modelling of the low-mass
tail and the other to improve the modelling of the core of the distribution. Similarly, category
1γ is modelled by the sum of two Crystal Ball functions and a Gaussian distribution that
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Figure 7. Distribution of m(K+µ+µ−) for the rare muon data compared to the result of the fit
described in the text. The B+→ K+ψ(2S)(→ µ+µ−) background peaks at a shifted position with
respect to the rare mode due to the q2 requirement of being larger than the ψ(2S) squared mass.

improves the modelling of the distribution’s core. Finally, category 2γ is modelled with the
sum of two Crystal Ball functions with tails on both sides of the peak. The shape parameters,
initially obtained by fitting the simulated m(K+e+e−) distributions, are then corrected for
data-simulation differences in resolution for each bremsstrahlung category. This procedure
is analogous to the one adopted for the electron control modes (as described in section 4),
however, due to the high-q2 requirement on the electron rare mode, in this case the corrections
are derived using simulation and data samples of B+→ K+ψ(2S)(→ e+e−) decays. The
three smeared distributions are then summed with a fraction obtained from B+→ K+e+e−

simulated events. Due to the use of q2
track in the data selection, only a small fraction of

decays are expected in 2γ (5.4%) compared to 0γ (54.7%) and 1γ (39.9%) categories. It is
checked that the simulation accurately reproduces these fractions by comparing their values
in data and simulated control modes. In the fit to the rare electron data, all the parameters
associated with the description of the signal invariant-mass shape are fixed.

5.2.2 Partially reconstructed background

The most significant sources of partially reconstructed backgrounds are from B+ and
B0 meson decays. The largest contributions are B0→ K∗(892)0(→ K+π−)e+e− and
B+→ K∗(892)+(→ K+π0)e+e− decays, followed by much smaller contributions that involve
other intermediate states. The simulation samples for B0→ K∗(892)0(→ K+π−)e+e− and
B+→ K∗(892)+(→ K+π0)e+e− modes include Kπ P -wave resonant decays only. Therefore,
the m(Kπ) spectrum for these samples is weighted to account for Kπ S-wave contributions
using the lineshape and the measured normalisation of ref. [73]. The simulation samples for
each decay mode are combined into a single inclusive sample. Each process contributing to
the inclusive sample is weighted to take into account its branching fraction and selection
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efficiency. The resulting inclusive sample is used to build a nonparametric Kernel Density
Estimation (KDE), which is used as the model for the partially reconstructed background
component in the rare electron mode fit. The shape is corrected for data-simulation differences
in the m(K+e+e−) resolution in a similar manner as the signal decay. The yield of the
partially reconstructed background component is allowed to float freely in the fit to the data.
An additional partially reconstructed background, due to B0

s→ ϕ(→ K+K−)e+e− decays,
is expected to make a small contribution of only five candidates [60]. This contribution is
modelled similarly to the previous component; however, its yield is constrained in the fit.

5.2.3 Combinatorial background

The selection of candidates with large dilepton invariant mass enforces a lower bound on the
possible value of m(K+e+e−)true, which significantly impacts the combinatorial background
that would otherwise follow an exponential distribution. The effect of this restriction on
the m(K+e+e−)true distribution of the combinatorial background is modelled using the
three-body phase-space function

dϕ3(x,mK , qtrue) = κ(x,mK , qtrue) dx dqtrue, (5.3)

where κ(x,mK , qtrue) is the triangle function

κ(x,mK , qtrue) =
√
x2 − (mK + qtrue)2

x

√
x2 − (mK − qtrue)2

x
, (5.4)

which depends on the kaon mass, mK , the invariant mass squared of the dilepton pair,
qtrue, and the three-body invariant mass x ≡ m(K+e+e−)true. The two-body term
dϕ2(qtrue; pℓ+ , pℓ−) is neglected, since at high-dilepton invariant mass it is very close to
one. The reconstructed mass distribution describing the combinatorial component at high-
dilepton invariant mass is obtained by making the ansatz

dΓ
dx (x, q

min
true, q

max
true , λ) =

1
4xe

−λx
∫ qmax

true

qmin
true

κ(x,mK , qtrue) dqtrue (5.5)

where qmin
true and qmax

true are the kinematic boundaries of the measurement, and λ is the exponential
slope. This model is hereafter referred to as the phase-space model.

The integrand of eq. (5.5) parametrised in terms of q2
true and m(K+e+e−)true is illustrated

on the left-hand side of figure 8. Two different q2
true regions are highlighted: one corresponding

to the region 1.1 < q2
true < 6.0GeV2/c4, where the combinatorial background is expected

to follow an exponential distribution, and the other corresponding to the high-q2
true region

probed by this analysis. The phase-space model for each q2
true region is illustrated on the

right-hand side of figure 8. The phase-space model for the region 1.1 < q2
true < 6.0GeV2/c4 is

compatible with an exponential distribution with the same value of the slope parameter λ.
Conversely, the phase-space model for the high-q2

true region has the expected characteristic
of decreasing in size as m(K+e+e−)true decreases towards 4300 MeV/c2.

The advantage of using a physics-motivated model to describe the combinatorial back-
ground lies in its ability to reduce the number of free parameters required to parametrise the
shape. By fixing the parameters qmin

true and qmax
true to their expected values and only allowing
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λ to freely float, the uncertainty on the extracted B+→ K+e+e− yield is reduced, which
translates to a reduced RK uncertainty.

The m(K+e+e−)true distribution of combinatorial candidates in data is impacted by
detector effects, which are not accounted for in the derivation of the phase-space model. To
account for this, the phase-space model is corrected using data control samples.

The first control sample used is the mixed sample, which is obtained by combining a
K+, e+ and e− candidate from three randomly selected events from the data. For each
new K+e+e− candidate, kinematic quantities such as m(K+e+e−), q2

track and m(K+e−) are
computed. The mixed sample is used to derive corrections to the phase-space model to
account for the sculpting from the charm-cascade kinematic veto m(K+e−) > 1885MeV/c2,
and the assumption in the derivation of the phase-space model that a cut is made on q2

true,
whereas in reality, the selection is based on q2

track. Both effects act to exaggerate the sculpting,
removing more candidates with a low value of m(K+e+e−).

The model is then compared to the rare electron mode data sample with an inverted
selection requirement on the combinatorial BDT response. The inverted BDT requirement
ensures that the sample is enriched in combinatorial background and that signal-like back-
grounds are suppressed to negligible levels. The combinatorial model is fit to the inverted
BDT sample, with only the λ parameter allowed to float. The fit result is illustrated by
the red curve on the left-hand side of figure 9. The minor discrepancies between the in-
verted BDT data and the fitted model are a result of mismodelling effect of the selection
requirements on the ansatz of eq. (5.5). To account for this, the combinatorial model is
multiplied by a polynomial function that reduces these dependencies, demonstrated by the
blue curve.

Finally, the BDT requirements have the effect of removing more candidates at higher
values of m(K+e+e−), and shifting the peak of the combinatorial distribution towards lower
values of m(K+e+e−). The m(K+e+e−) distribution is corrected to account for this warping
using a dedicated B+→ K+e+µ− control sample. This sample is expected to be dominated
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Figure 9. Fit projections comparing the combinatorial model to the rare electron mode data with
(left) an inverted and (right) a loose cut on the combinatorial BDT output.

by combinatorial background, as B+→ K+e+µ− decays are forbidden in the SM [74]. The
selection applied to the B+→ K+e+µ− data is aligned as much as possible to that applied
to the B+→ K+e+e− data, with the exception of the PID requirements applied to select
a muon in the final state. Using this sample, the mass-dependent efficiency of the BDT
selection is determined and incorporated into the total combinatorial model.

To validate the BDT correction derived from the B+→ K+e+µ− sample, a fit is performed
to the electron rare mode data but with two modifications relative to the baseline fit used to
determine RK . First, all parameters associated with the shape of the combinatorial model
are fixed to values obtained from the control samples. This differs from the baseline fit
where the slope parameter λ is allowed to vary freely. Second, the data is selected with a
cut on the output of the combinatorial BDT that is looser than the one used in the baseline
determination of RK , resulting in a sample that is enriched in combinatorial background.
However, the BDT requirement remains sufficiently tight that it still significantly impacts the
m(K+e+e−) distribution of the combinatorial background, the effect of which is re-evaluated
using the B+→ K+e+µ− sample. The result of the fit is presented on the right-hand side
of figure 9. Despite the simplicity of the combinatorial model, good agreement is observed
between the model and data, providing confidence that all relevant effects impacting the
combinatorial background are well under control.

5.2.4 Misidentified background

Although PID selection requirements drastically suppress contributions from processes where
a hadron is misidentified as an electron, it is necessary to estimate the size and shape of
any residual misidentified background contributions, which fall into three main categories.
The first two categories correspond to the fully reconstructed decays B+→ K+π+π− and
B+→ K+K+K−. In the former decay, the two pions are misidentified as electrons, whereas
in the latter, two kaons are misidentified as electrons. Accurately modelling these backgrounds
is of particular importance since they both peak close to the B+ mass. Hence, incorrectly
modelling these backgrounds can significantly bias the extracted B+→ K+e+e− yield and,
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Data-based Simulation
Background Yield

B+→ K+π+π− 2.2± 0.9 1.24± 0.09
B+→ K+K+K− 0.2± 0.4 0.90± 0.04
Part. reco. misID 14± 4 –

Table 2. Estimated yield of the misidentified backgrounds computed using the baseline method based
on data, and alternatively computed using selection efficiencies derived from simulation samples and
branching fractions from ref. [60].

consequently, RK . The invariant-mass parametrisations of these two components are modelled
with KDEs obtained using dedicated simulation samples.

A third contribution arises from partially reconstructed misidentified backgrounds, which
include any process with one or two hadrons misidentified as an electron and a particle that
is not reconstructed as part of the K+e+e− final state. Due to the missing energy taken
by the unreconstructed particle, candidates in this category are expected to form a broad
peak at low values of m(K+e+e−) compared to the B+ mass. As there are many decays
that contribute to this third category, most with imprecisely known branching fractions,
it is impractical to model this background using simulated samples. Instead, an approach
using data is utilised [29]. An orthogonal control sample that is enriched in misidentified
background is constructed by inverting the electron PID requirements and leaving all other
criteria unchanged. Weights derived from standard PID calibration samples are used to
scale and reshape the inverted PID data. A fit to the weighted data with inverted PID
requirements enables an estimate of the misidentified background to be determined whilst
removing contributions from combinatorial candidates and signal decays that leak into the
inverted PID region. In this fit, KDEs built using dedicated simulation samples represent the
B+→ K+π+π− and B+→ K+K+K− backgrounds along with a phase-space distribution
with q2

min and λ parameters floating to describe the nonpeaking misidentified background.
Systematic uncertainties relating to this approach are assessed in section 6, including one
accounting for the fit model choice. The fit result is shown on the left-hand side of figure 10.

In the fit to the rare electron mode data, shown on the right-hand side of figure 10,
the shape and normalisation parameters of the misidentified background component are
fixed. The estimated yields of each misidentified background, obtained using the data-based
approach, are presented in table 2. These are compared to alternative estimates derived using
selection efficiencies computed from simulated samples reweighted to the measured Dalitz
distribution and the measured branching fractions of B+→ K+π+π− and B+→ K+K+K−

decays [60]. The uncertainty on the simulation-based estimates is primarily dominated by
the precision of the B+→ K+π+π− and B+→ K+K+K− branching fractions and does
not account for uncertainties related to the Dalitz distribution, which are expected to be
significant. Despite this, the estimates based on simulation and data are consistent, providing
confidence in the modelling of the misidentified background.

An additional cross-check is performed by measuring RK under varying PID criteria,
re-evaluating the misidentified background contribution at each step. A significant depen-
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Figure 10. Invariant-mass distribution (left) of the inverted PID data control sample and (right) of
the rare electron mode data, compared to the corresponding fits described in the text.

dence of RK on the PID requirements could indicate shortcomings in the modelling of the
misidentified background contribution. To assess this, the observed PID scan is compared
to pseudoexperiments generated under the null hypothesis, assuming no such dependence.
No trend is observed in the pseudoexperiments, and a p-value of 0.80 is obtained from the
comparison. This result indicates good agreement between data and expectation, providing
confidence in the robustness of the modelling of the misidentified background component.

5.2.5 Fit validation

The yield of B+→ K+e+e− decays, as determined from the fit to the rare electron data, is
N(B+→ K+e+e−) = 182+17

−16 where the uncertainty is statistical only. The stability of the fit
is evaluated using pseudoexperiments generated from the baseline fit result shown by the red
line on the right side of figure 10. All pseudoexperiments consistently converge to a well-defined
global minimum of the likelihood function, irrespective of the initial conditions of the fit.

6 Systematic uncertainties

The most significant sources of systematic uncertainty stem from the modelling of the invariant-
mass fit to rare electron data. Additionally, there are systematic uncertainties relating to the
correction chain applied to the simulated samples. Finally, there is a small source of systematic
uncertainty arising from variations to the q2

true model-independent approach for extracting
RK . All systematic uncertainties are expressed as percentages relative to the central fitted
value of RK . A summary of the systematic uncertainties affecting RK is presented in table 3.

A large ensemble of pseudoexperiments generated from the baseline fit result are used to
estimate the intrinsic bias on RK , which is determined to be 1.1%. The bias is corrected in
the final RK result and is further included as a systematic uncertainty. Additional systematic
uncertainties related to the modelling of components contributing to the invariant-mass
spectrum are evaluated by fitting each pseudoexperiment twice: once with the baseline model
and once with an alternative model. The RK residuals, ∆RK = Ralternative

K −Rbaseline
K , are then
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Source σRK
(%)

Fit bias 1.1
Signal model 0.9
Partially reconstructed background 2.2
Combinatorial background 1.2
Misidentified background 2.0
Excluded backgrounds 0.6
q2

true model-independent method 0.6
Efficiency corrections 0.9

Table 3. Summary of relative systematic uncertainties on RK , as described in the text.

calculated for the ensemble of pseudoexperiments. For each source of uncertainty, the largest
of the mean or standard deviation of the distribution of residuals is used as the systematic
uncertainty. In cases where there are multiple sources of systematic uncertainty associated
with a single fit component, the figures in table 3 represent the sum in quadrature of all sources.

Model choices related to the signal peak in the fit to the rare electron data result in
a 0.9% systematic uncertainty on RK , which accounts for the following variations. Firstly
the effect of varying the signal peak parametrisation is evaluated by instead using a KDE
constructed using the B+→ K+e+e− simulation. Secondly, the uncertainty associated with
the data-based correction to the m(K+e+e−) resolution of the signal peak is evaluated by
using a signal peak excluding this correction. Finally, uncertainty associated with the limited
size of the simulation sample used to derive the signal peak is evaluated by bootstrapping [75]
the simulation samples for each pseudoexperiment and building a fresh KDE for each fit.

Systematic uncertainties related to the modelling of the partially reconstructed back-
ground component have a combined size of 2.2%. Similarly to the signal peak, the systematic
uncertainty associated with the partially reconstructed background component includes the
effects associated with the limited size of the simulation sample and neglecting the data-based
m(K+e+e−) resolution correction. Two further sources of uncertainty are considered. First,
rather than using the inclusive sample as discussed in section 5.2, an alternative parametri-
sation is derived using only the B+→ K∗+(→ K+π0)e+e− simulation sample. Second, to
account for any uncertainty associated with the weighting of the B0→ K∗0(→ K+π−)e+e−

and B+→ K∗+(→ K+π0)e+e− simulation samples to include a Kπ S-wave contribution, an
alternative model is obtained with this contribution doubled.

Two variations of the combinatorial model are considered, with a combined systematic
uncertainty of 1.2%. As outlined in section 5.2, a correction using data to the combinatorial
model is included by multiplying the phase-space model by a polynomial function. For
the baseline model, the parameters of the polynomial function are determined by fitting
the inverted BDT data, as shown on the left-hand side of figure 9. The effect of using an
alternative version of this correction is evaluated by determining its parameters by instead
fitting the B+→ K+e+µ− data. The combinatorial model additionally includes a correction
that accounts for the effects of the BDT requirements. This correction is derived using the
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B+→ K+e+µ− sample, where the primary source of uncertainty stems from the limited size
of the B+→ K+e+µ− sample. To address this, for each pseudoexperiment, an alternative
combinatorial model is used that includes a BDT correction with parameters determined
by fitting a bootstrapped version of the B+→ K+e+µ− sample.

There are multiple sources of systematic uncertainty related to the misidentified back-
ground component, amounting to a combined uncertainty of 2.0%. The first source of
systematic uncertainty is associated with the choice to fix the parameters of the misidentified
background model when fitting the rare electron data. This approach ignores significant
uncertainties related to the model parameters, stemming primarily from the small size of
the control samples utilised for their estimation. To address this, the parameters of the
misidentified background are fluctuated for each determination of Ralternative

K . The fluctu-
ated parameter values are obtained by bootstrapping the control samples and repeating
the data-based estimation method. A second source of systematic uncertainty involves
varying the choice of model used to describe the misidentified background. As a varia-
tion to the baseline misidentified background model presented in section 5.2, a single KDE
constructed using the weighted inverted PID data is used instead. Additional systematic
uncertainties associated with the misidentified background component are evaluated by
modifying elements of data control samples, such as changing the inverted PID require-
ments.

Two systematic uncertainties are evaluated to account for the effects of backgrounds
with yields considered too small to include in the baseline fit. One uncertainty pertains to
backgrounds that include a D meson, while the other relates to backgrounds that include
a ψ(2S) resonance. Together, these uncertainties have a combined size of 0.6%. Each
systematic uncertainty is evaluated by fitting pseudoexperiments twice: first, using the
baseline model, and second, by additionally injecting a background component. Each
background is modelled with a KDE derived using simulation samples. The yield of each
background component is fixed using selection efficiencies from simulation and branching
fractions from ref. [60].

The newly adapted RK extraction method significantly reduces any q2
true model-

dependence of this analysis. However, there remains a residual level of q2
true model-dependence

for the reasons discussed in section 5.2. Consequently, three sources of systematic uncertainty
associated with the q2

true model-independent extraction method are evaluated, which together
contribute a total uncertainty of 0.6%. Each source of systematic uncertainty is evaluated
by varying an aspect of the approach and assessing the percentage shift in the parameter
C, which by virtue of eq. (5.2), translates to an equivalent shift in RK . The q2

true model-
independent approach implicitly assumes q2

true ≡ q2 for muons. However, this assumption is
not exact, so the effect of degrading the q2 resolution in the muon mode samples is evaluated.
The effect of explicitly varying the q2

true model of simulated events is also evaluated. The
baseline approach for computing C uses simulated samples generated with a q2

true model that
incorporates resonances and interference effects. As a variation, the simplified q2

true model,
including only penguin contributions, is used. The final source of systematic uncertainty
is associated with the binning of the wε(q2

true) weights, which is assessed by increasing the
number of bins from the baseline value of 60 to 140.
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Differences between the rare and resonant modes and imperfections in the applied
corrections result in residual uncertainties related to the efficiencies. These uncertainties are
computed by measuring shifts in RK when alternative corrections are applied to the simulation.
The total efficiency-related systematic uncertainty on RK , including all contributions outlined
in the following text, is 0.9%. In the baseline approach, the B+→ K+J/ψ(→ µ+µ−) data
is used to derive corrections to the B+ kinematic properties in the simulation thanks to
the abundance and good resolution of that channel. Alternative corrections are derived by
changing the variables corrected in the simulation and by using the B+→ K+J/ψ(→ e+e−)
data. Variations to the trigger corrections are also considered. Any potential bias introduced
by the choice of tag is covered by deriving an alternative set of corrections, where the electron
trigger response is computed on candidates that were instead triggered by the kaon candidate
in the B+→ K+J/ψ(→ e+e−) final state. Similar variations are studied by changing the
trigger requirement applied to the control samples used to derive the PID corrections and by
varying the kinematic binning used to obtain them. The systematic uncertainty associated
with the mismodelling of particle multiplicity in simulation is determined by comparing the
effect of adding to the initial sets of corrections three different multiplicity proxies. Finally, the
impact of the data-simulation corrections to the q2

track resolution is covered by computing the
variation in RK when the correction is not applied. This systematic uncertainty is significantly
reduced by the choice to select the B+→ K+J/ψ(→ e+e−) mode with a q2

track selection.

7 Results and conclusions

The measured value for RK at high-q2, corrected for bias intrinsic to the rare electron
mode fit, is

RK(q2 > 14.3GeV2/c4) = 1.08+0.11 +0.04
−0.09 −0.04 ,

where the first uncertainty is statistical and the second is systematic. The data used for
the measurement consists of beauty-meson decays produced in proton-proton collisions,
corresponding to an integrated luminosity of 9 fb−1, collected by the LHCb experiment
between 2011 and 2018. Due to the limited sample size of the rare electron mode data, the
statistical uncertainty of RK is not Gaussian. Therefore, the confidence intervals of RK are
obtained through the likelihood profile shown in figure 11.

To determine separate statistical and systematic uncertainties, the likelihood profile is
repeated twice, once excluding the contribution from systematic effects in the likelihood
function and again including them. The former profile returns the statistical uncertainty,
whereas the latter profile yields the total uncertainty on RK . The systematic uncertainty is
then determined by subtracting the statistical from the total uncertainty in quadrature.

This is the first measurement of RK in the high-q2 region at a hadron collider and the
result is compatible with the SM and with previous measurements [26]. The measurement has
complementary dependence on both background and efficiency mismodelling to measurements
below the ψ(2S) resonance [29, 30] and is the most precise measurement of LU in the
kinematic region above the ψ(2S) resonance [26, 31].
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Figure 11. Likelihood (L) scan for RK with the best-fit value (golden star) and expected SM value
(vertical dashed line) highlighted. The 1σ and 2σ confidence regions are indicated by the dark and
light-shaded regions, respectively.
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