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Abstract

The first test of lepton flavour universality between muons and electrons using
B+ → K+π+π−ℓ+ℓ− (ℓ = e, µ) decays is presented. The measurement is performed
with data from proton-proton collisions collected by the LHCb experiment at centre-
of-mass energies of 7, 8 and 13TeV, corresponding to an integrated luminosity
of 9 fb−1. The ratio of branching fractions between B+ → K+π+π−e+e− and
B+ → K+π+π−µ+µ− decays is measured in the dilepton invariant-mass-squared
range 1.1 < q2 < 7.0GeV2/c4 and is found to be R−1

Kππ = 1.31+0.18
−0.17 (stat)

+0.12
−0.09 (syst),

in agreement with the Standard Model prediction. The first observation of the
B+ → K+π+π−e+e− decay is also reported.
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In the Standard Model (SM) of particle physics, flavour-changing transitions between
quarks of the same charge cannot occur at leading order, but only through rare loop
processes involving virtual weak bosons and quarks. As arbitrarily high virtual energies
become accessible within loops, new physics (NP) mediators could contribute to the decay
process with comparable amplitudes to those of the SM, altering key physical observables
from their expectations. Processes mediated by b → sℓℓ quark-level transitions have
drawn particular attention [1, 2], notably when testing lepton flavour universality (LFU),
a key property of the SM. The SM electroweak couplings are predicted to be the same for
processes including e, µ and τ leptons, after correcting for effects due to their different
masses. Lepton flavour universality is an accidental symmetry of the SM, precisely verified
up to 0.1% in W and Z decays [3, 4], kaon and pion decays [5, 6], and in decays of
charmonioum resonances such as the J/ψ meson [7]. However, some scenarios beyond the
SM predict a violation of LFU of up to ∼ 10% [8–12]. Violation of LFU observed in ratios
of decay rates for processes involving different lepton flavours, where uncertainties related
to the hadronic form factors cancel out, would provide a model-independent signature of
NP in the decay.

Several ratios testing LFU with b → sℓℓ transitions have been measured by the
BaBar [13], Belle [14], CMS [15] and LHCb collaborations [16–24]. In this Letter,
the first LFU test using B+ → K+π+π−ℓ+ℓ− decays is reported, where ℓ = e, µ. The
inclusion of charge-conjugated processes is implied throughout. The K+π+π− hadronic
system, studied at Belle [25] using B+ → K+π+π−J/ψ (→ ℓ+ℓ−) decays, is populated
by several intermediate states such as the K1(1270)+ and K1(1400)+ resonances, which
decay predominantly via the K∗(892)0π+ and K+ρ(770)0 channels, thereby exhibiting a
rich and complex spin structure. The present measurement, however, is inclusive as no
resonant states are specifically identified in the hadronic system, which is selected in the
1.1 < m(K+π+π−) < 2.4 GeV/c2 kinematic region. Nevertheless, Ref. [26] shows that the
result can still be interpreted in the effective field theory framework, and it thus provides
independent constraints on possible extensions of the SM.

The measured observable is defined as

R−1
Kππ ≡

∫ 7 GeV2/c4

1.1 GeV2/c4

dΓ(B+ → K+π+π−e+e−)

dq2
dq2∫ 7 GeV2/c4

1.1 GeV2/c4

dΓ(B+ → K+π+π−µ+µ−)

dq2
dq2

, (1)

where q2 indicates the dilepton invariant-mass squared and Γ the q2-dependent decay
rate. The measurement of the inverse ratio R−1

Kππ is chosen to achieve better statistical
properties given the low yield of the electron decay mode. To reduce the impact of
systematic effects due to differences in the response of the LHCb detector to electrons
and muons, the R−1

Kππ observable is in practice measured as a double ratio, by normalising
the signal-mode branching fractions to those of the corresponding J/ψ control mode,

R−1
Kππ ≡

N
ε

(B+ → K+π+π−e+e−)
N
ε

[B+ → K+π+π−J/ψ (→ e+e−)]

/ N
ε

(B+ → K+π+π−µ+µ−)
N
ε

[B+ → K+π+π−J/ψ (→ µ+µ−)]
, (2)

where N
ε

are the efficiency-corrected yields. The measurement is performed using proton-
proton (pp) collision data recorded by the LHCb experiment between 2011 and 2018,
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corresponding to integrated luminosities of 1, 2 and 6 fb−1 at centre-of-mass energies
of 7, 8 and 13 TeV, respectively. The decay B+ → K+π+π−µ+µ− has been observed at
LHCb with 3 fb−1 of data [27], while the first observation of the B+ → K+π+π−e+e−

mode is presented in this Letter. In addition, the B+ → K+π+π−J/ψ (→ ℓ+ℓ−) and
B+ → K+π+π−ψ(2S) (→ ℓ+ℓ−) decays are used to calibrate the detector efficiencies and
to validate the analysis procedure.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, described in detail in Refs. [28, 29]. The online event selection is
performed by a trigger, 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. At the hardware stage, events are required to have a muon with high pT
or a hadron, photon or electron with high transverse energy in the calorimeters. The
software trigger requires a two-, three- or four-track secondary vertex with a significant
displacement from any primary pp interaction vertex. At least one charged particle must
have a large transverse momentum and be inconsistent with originating from a primary
vertex. A multivariate algorithm [30,31] is used for the identification of secondary vertices
consistent with the decay of a b hadron.

Simulated data samples are used to evaluate the reconstruction and selection efficiencies
entering the measurement. In addition, they are used to model the reconstructed-mass
lineshapes for signal candidates and to estimate possible background contributions. In the
simulation, pp collisions are generated using Pythia [32] with a specific LHCb configura-
tion [33]. Decays of unstable particles are described by EvtGen [34], in which final-state
radiation is generated using Photos [35]. The interaction of the generated particles
with the detector, and its response, are implemented using the Geant4 toolkit [36] as
described in Ref. [37].

Simulated signal decays are generated with a uniform distribution in the phase space of
the hadronic system. To reproduce the resonant structure observed in data, the simulated
samples are corrected using weights computed by training a gradient-boosted decision-tree
reweighter [38] on B+ → K+π+π−J/ψ (→ µ+µ−) decays. The correction uses the following
quantities as inputs: the three invariant masses m(K+π−), m(π+π−) and m(K+π+π−),
the direction of the positively charged lepton in the ℓ+ℓ− rest frame, the direction of the
kaon in the K+π− rest frame, and the direction of the K+π− system in the K+π+π− rest
frame. The simulated samples are further corrected to account for known discrepancies
between simulation and data in the B+ kinematics and event occupancy, as well as in
the track reconstruction, particle identification and trigger efficiencies. In addition, the
dilepton invariant-mass resolution is smeared to better match the data. The corrections
are implemented in a similar fashion as in previous LFU measurements performed by the
LHCb collaboration [22].

Candidate B+ → K+π+π−ℓ+ℓ− decays are formed from combinations of five appro-
priately charged tracks that originate from a common vertex. The reconstructed B+

candidate must be compatible with originating from a pp collision when extrapolated
according to its reconstructed momentum, and its decay vertex must be significantly
displaced from that pp collision vertex. The final-state particles must satisfy a minimum
pT requirement and be within the acceptance of the particle identification (PID) system.
Requirements on the PID-system response are also applied to discriminate between the
different types of final-state particles. Electrons have a large probability to lose energy
via bremsstrahlung. To mitigate such effects, reconstructed clusters in the calorimeter
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are added to the electron tracks if the cluster position is compatible with the extrapo-
lated trajectory of the electron. Candidates are accepted if the reconstructed B+ mass
is in the range [5150, 5600] MeV/c2 for the control and the signal muon modes, and in
[4900, 5600] MeV/c2 for the signal electron mode.

To separate the signal from background composed of random combinations of
tracks (combinatorial), multivariate classifiers are trained separately for decay modes
containing electrons or muons. The classifiers use vertex fit chisquare, alongside kinematic
and topological properties of the final-state particles and of the B+ candidate. Simulated
samples are used for modelling the signal, while to model the combinatorial background,
the muon classifier is trained on selected candidates with an invariant mass greater than
5600 MeV/c2. A similar approach is used for the electron classifier, but, due to the smaller
training dataset, events in the [4700, 4900] MeV/c2 range are also included. To prevent any
bias in the training of the classifiers, the k-fold approach is used [39]. The working points
of the classifiers are optimised to maximise the figure of merit S/

√
S +B, where S and B

indicate the expected signal and background yields for a given classifier working point,
respectively. As there is no a priori branching fraction measurement for the electron
signal mode, its expected yield is instead inferred from the muon signal branching fraction
assuming LFU.

The q2 range used to select signal decays extends up to 7 GeV2/c4, above the q2 boundary
used in similar LFU tests [16–24], in order to maximise the yield of the electron mode.
However, this choice leads to an increase in the number of B+ → K+π+π−J/ψ (→ ℓ+ℓ−)
decays migrating into the signal region. To reduce such leakage, the invariant mass of the
B+ candidates, reconstructed by constraining the dilepton mass to the known J/ψ mass
value, is required to lie outside the [5139.3, 5476.2] MeV/c2 range, which contains 95% of
simulated B+ → K+π+π−J/ψ (→ e+e−) events.

Background arising from fully hadronic B+ decays proceeding through an interme-
diate D meson, such as B+ → D0(→ K+π−)π+π−π+ or B+ → D−(→ K+π−π−)π+π+

decays, where two pions are wrongly identified as leptons, is reduced by removing
candidates where the invariant mass of the intermediate D meson, calculated by as-
signing the pion mass to the leptons, falls within ±50 MeV/c2 of the known D me-
son mass [40]. Similarly, candidates arising from a swapped lepton and hadron
of the same charge in B+ → K+π+π−J/ψ (→ ℓ+ℓ−) decays are removed by apply-
ing a veto on the lepton-hadron invariant mass, where the lepton mass is assigned
either to the kaon or pion. Background from B+ → ϕ(→ K+K−)K+ℓ+ℓ− decays
where two kaons are misidentified as pions is found to be negligible. Semileptonic
decays such as B+ → D−(→ K+π−ℓ+νℓ)π

+ℓ+ν are found to already be efficiently
rejected by the selection requirements. Additional requirements are implemented
when selecting control B+ → K+π+π−J/ψ (→ ℓ+ℓ−) decays, to reject backgrounds from
B+ → K+ψ(2S)(→ π+π−J/ψ(→ ℓ+ℓ−)) and B+ → K+χc1(3872)(→ π+π−J/ψ(→ ℓ+ℓ−))
transitions. Less than 1% of events satisfying all selection criteria have multiple B+

candidates. In such cases, only one candidate is retained, chosen arbitrarily.
Signal and control yields are extracted from unbinned maximum-likelihood fits to the

invariant-mass spectrum of B+ candidates passing the full selection. The invariant-mass
resolution is improved for the control modes by constraining the dilepton mass to that of
the relevant J/ψ or ψ(2S) meson.

The analysis procedure is first validated by measuring rJ/ψ , the ratio of
the B+ → K+π+π−J/ψ (→ µ+µ−) to B+ → K+π+π−J/ψ (→ e+e−) branching frac-
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tions, and Rψ(2S), the double ratio with the B+ → K+π+π−J/ψ (→ ℓ+ℓ−) and
B+ → K+π+π−ψ(2S) (→ ℓ+ℓ−) branching fractions, constructed in the same way as
Eq. (2), but with B+ → K+π+π−ψ(2S) (→ ℓ+ℓ−) decays instead of B+ → K+π+π−ℓ+ℓ−

decays.
The ratio of yields of the two channels B+ → K+π+π−J/ψ (→ ℓ+ℓ−) is determined

with a simultaneous fit to the invariant-mass spectra of B+ → K+π+π−J/ψ (→ e+e−) and
B+ → K+π+π−J/ψ (→ µ+µ−) candidates, selected with q2 ∈ [7, 11] GeV2/c4. For these
decays, the candidate-B+ invariant-mass spectrum is modelled using a linear combination
of two Crystal Ball (CB) functions [41]. With the core mean and resolution shared between
CB functions, all lineshape parameters are fixed from fits to simulated samples. However,
to take into account data-simulation differences, a mean shift parameter and resolution
scale factor are introduced for the fit to data. The combinatorial background component
is modelled with an exponential function, with the slope parameter free to vary. After
correcting for the efficiency, the rJ/ψ ratio is found to be rJ/ψ = 1.033 ± 0.017, where the
quoted uncertainty is statistical. No significant variation of rJ/ψ is observed in regions
(bins) of all relevant kinematical and geometrical variables, with the rJ/ψ values found to
be compatible with unity for all variables considered. Deviations from unity among the
bins are retained as a systematic uncertainty on R−1

Kππ.
The double ratio Rψ(2S), is measured from an additional simultaneous fit using the

pairs of decay modes B+ → K+π+π−J/ψ (→ ℓ+ℓ−) and B+ → K+π+π−ψ(2S) (→ ℓ+ℓ−),
where the latter is selected with q2 ∈ [11, 15] GeV2/c4. The invariant-mass lineshape for the
B+ → K+π+π−ψ(2S) (→ ℓ+ℓ−) modes is modelled in the same way as described for the
B+ → K+π+π−J/ψ (→ ℓ+ℓ−) modes. The efficiency-corrected double ratio is measured
to be Rψ(2S) = 1.040 ± 0.030, where the quoted uncertainty is statistical. The agreement
of the rJ/ψ and Rψ(2S) ratios with unity is thus consistent with the expectations of LFU
in charmonium decays.

The R−1
Kππ observable is determined from a simultaneous fit to the invariant-mass

spectra of signal B+ → K+π+π−ℓ+ℓ− and control B+ → K+π+π−J/ψ (→ ℓ+ℓ−) decays.
The model describing the control component is also adopted for the signal modes, with
shape parameters fixed from fits to simulated signal decays, but with a mean shift and
resolution scale factor fixed to the values found in B+ → K+π+π−J/ψ (→ ℓ+ℓ−) decays,
where the J/ψ mass constraint on the dilepton system is removed as its impact on
the resolution would be inapplicable to signal. The combinatorial background is again
described by an exponential function, whose slope is allowed to vary. While no other
contributions are expected in the mass spectrum of B+ → K+π+π−µ+µ− decays, the
lower yield and worse resolution of the B+ → K+π+π−e+e− mode necessitate a larger
fit region, leading to the presence of additional sources of background. These include
leakage from B+ → K+π+π−J/ψ (→ e+e−) events into the signal q2 region; background
from partially reconstructed B+ decays, in which one or more final-state particles are not
reconstructed; and residual background due to hadrons misidentified as electrons.

The mass lineshape of the leakage component is modelled using simulated samples
with a kernel-density estimator [42], and kept fixed in the fit. Its normalisation is fixed to
the yield observed in the B+ → K+π+π−J/ψ (→ e+e−) mode, scaled for the efficiency of
the signal selection applied to the control mode.

The partially reconstructed background lineshape is modelled by the convolution
of an Argus function [43] with a Gaussian function. This mass lineshape is fixed
from a fit to data selected in the q2 ∈ [7, 11] GeV2/c4 region, where the control
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Figure 1: Invariant-mass distributions together with the fit results of (top left) sig-
nal B+ → K+π+π−e+e−, (top right) signal B+ → K+π+π−µ+µ−, (bottom left) control
B+ → K+π+π−J/ψ (→ e+e−) and (bottom right) control B+ → K+π+π−J/ψ (→ µ+µ−) de-
cays, where the shaded background components are stacked.

B+ → K+π+π−J/ψ (→ e+e−) decay mode is explicitly removed by requiring the recon-
structed B+ mass, with the dielectron mass constrained to the J/ψ meson mass, to be
smaller than 5150 MeV/c2. The obtained sample is enriched in partially reconstructed
decays as a result. The contribution from higher-mass charmonium states, such as
B+ → ψ(2S)(→ J/ψπ+π−)K∗(892)+(→ K+π0), is then subtracted, since such feeddown
decays are not present for the signal decay mode. The fit is repeated without vetoing
B+ → K+π+π−J/ψ (→ e+e−) decays to extract the ratio of the remaining partially recon-
structed background with respect to the control yield. This ratio ultimately constrains
the relative amount of partially reconstructed background with respect to the signal yield
in the fit to the signal decay mode.

The background due to hadrons misidentified as electrons is described following the
procedure adopted by the LHCb collaboration for previous LFU tests [22,23], with both
its mass lineshape and yield estimated directly from data. A sample of signal decays
enriched in misidentified hadrons is obtained by inverting the PID requirements on the
final-state electrons. The misidentified events are then weighted using misidentification
rates measured in data from control channels, which allows an estimation of the amount
of background candidates passing the signal selection criteria. A kernel-density estimator
is used to model the mass of this background-enriched sample, whose lineshape and yield
are fixed in the fit to signal decays.
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Table 1: Sources of relative systematic uncertainty considered in the measurement of R−1
Kππ.

The contribution from each source is estimated by taking a weighted average of the systematic
variations observed in each data subsample, split by data-taking period and hardware-trigger
selection. To take into account correlations between subsamples, the values are scaled to the total
systematic uncertainty obtained from the fit procedure, where the likelihood is convolved with a
Gaussian distribution, with width equal to the quadratic sum of the systematic uncertainties for
all sources considered. The total is evaluated by summing the different sources in quadrature.

Source Uncertainty [%]
rJ/ψ nonflatness [−1.2,+1.6]
Efficiency calibration [−1.8,+2.4]
Phase-space simulation [−3.0,+4.0]
Fit bias [−1.1,+1.4]
Signal lineshape [−1.7,+2.2]
Leakage from resonant decays [−1.0,+1.4]
Hadron-to-electron misidentification [−5.3,+7.1]
Partially reconstructed background [−0.9,+1.2]
Total [−6.9,+9.2]

Results of the simultaneous fits performed to extract R−1
Kππ are shown in

Fig. 1. The measured signal yields are N (B+ → K+π+π−e+e−) = 264 ± 21 and
N (B+ → K+π+π−µ+µ−) = 731 ± 31, where the uncertainties only include the statistical
component. The R−1

Kππ observable is measured to be

R−1
Kππ = 1.31+0.18

−0.17 (stat) +0.12
−0.09 (syst),

where the first set of uncertainties are statistical and the second systematic. The result is
in agreement with the SM expectation of LFU at the level of 1.7 standard deviations (σ).
The significance of the B+ → K+π+π−e+e− decay is evaluated with Wilks’ theorem [44]
and found to exceed 10σ, including both statistical and systematic uncertainties as shown
in Fig. 2, confirming the first observation for the signal dielectron channel.

Table 1 summarises all sources of systematic uncertainty considered. Systematic
uncertainties associated with the efficiencies are evaluated for each correction applied to
the simulated samples by using different input variables for the training of the reweighters
or by using different decay modes as calibration samples. The correction of the phase-
space model is the dominant systematic source related to the efficiencies. This system-
atic uncertainty is evaluated by training the reweighter on B+→ K+π+π−γ instead of
B+ → K+π+π−J/ψ (→ µ+µ−) decays, assessing the effects of training the phase-space
corrections at lower q2 values as opposed to higher. Additional systematic uncertainties
are assigned by training the reweighter on simulated signal samples where the K+π+π−

hadronic system is arbitrarily generated with several spin configurations.
The fit results are validated using an ensemble of pseudoexperiments generated from

the nominal fit results. Subsequent fits of the pseudoexperiments are found to provide
good statistical coverage, though with a small bias retained as a systematic uncertainty.
Additional systematic uncertainties are assigned due to the modelling of components
contributing to the invariant-mass spectrum, which might affect the estimation of signal
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yields. These are evaluated with the same pseudoexperiments used to assess the fit
bias, refitting when varying the lineshape or amount of a given fit component. The
dominant systematic source of this type is related to the data-driven estimation of the
background shape due the misidentification of hadrons as electrons. To determine this
systematic uncertainty, the model used in the background-enriched sample is varied with
an alternative empirical lineshape consisting of the linear combination of two Gaussian
functions with one exponential function. The uncertainty from the signal lineshape is
determined by fluctuating its shape parameters around the fixed values of the nominal fit.
To assess the systematic uncertainty related to leakage from B+ → K+π+π−J/ψ (→ e+e−)
decays into the signal sample, the yield of the leakage component is allowed to vary within
its uncertainty obtained from simulation. Finally, uncertainties induced by the partially
reconstructed background model are evaluated using an alternative model that is derived
fully from simulation. Furthermore, in order to relax the Gaussian constraint relating
the amounts of partially reconstructed background between signal and control decays,
the Gaussian width is scaled by 150% and the fit repeated, assigning the difference as a
systematic uncertainty.

In summary, this Letter presents the first inclusive LFU test using B+ → K+π+π−ℓ+ℓ−

decays. Since the electron-mode measurement is statistically limited, further improvements
are to be expected with the new dataset being collected with the LHCb detector. With
9 fb−1 of data, the measured value for R−1

Kππ is found to be compatible with the SM expec-
tation of LFU at the 1.7σ level. These results provide independent constraints on possible
LFU-violating extensions of the SM. The first observation of the B+ → K+π+π−e+e−

decay is also reported.
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End matter

Figure 2 shows twice the negative log-likelihood profile scan from the maximum-likelihood
fit used to extract R−1

Kππ. The likelihood profile includes systematic uncertainties, which
are added directly in the fit procedure by convolving the likelihood with a Gaussian
distribution, with width equal to the quadratic sum of the systematic uncertainties
considered.

0.8 1.0 1.2 1.4 1.6 1.8
R−1
Kππ

0

2

4

6

8

10

−
2∆

lo
g(
L)

LHCb 9 fb−1

SM

±1σ

±2σ

Figure 2: Difference in twice the negative log-likelihood when varying R−1
Kππ with respect to the

fitted value.
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wUniversità di Urbino, Urbino, Italy
xUniversidad de Ingenieŕıa y Tecnoloǵıa (UTEC), Lima, Peru
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