
Test of Lepton Flavor Universality with B+ → K +π +π −l+l− Decays

R. Aaij et al.*

(LHCb Collaboration)

(Received 17 December 2024; accepted 31 March 2025; published 9 May 2025)

The first test of lepton flavor universality between muons and electrons using Bþ → Kþπþπ−lþl−

(l ¼ e, μ) decays is presented. The measurement is performed with data from proton-proton collisions
collected by the LHCb experiment at center-of-mass energies of 7, 8, and 13 TeV, corresponding to an
integrated luminosity of 9 fb−1. The ratio of branching fractions between Bþ → Kþπþπ−eþe−

and Bþ → Kþπþπ−μþμ− decays is measured in the dilepton invariant-mass-squared range
1.1 < q2 < 7.0 GeV2=c4 and is found to be R−1

Kππ ¼ 1.31þ0.18
−0.17 ðstatÞ þ0.12

−0.09 ðsystÞ, in agreement with the
standard model prediction. The first observation of the Bþ → Kþπþπ−eþe− decay is also reported.
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In the standard model (SM) of particle physics, flavor-
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 expect-
ations. Processes mediated by b → sll quark-level tran-
sitions have drawn particular attention [1,2], notably when
testing lepton flavor 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
flavor universality is an accidental symmetry of the SM,
precisely verified up to 0.1% inW and Z decays [3,4], kaon
and pion decays [5,6], and in decays of charmonium
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] in b → s transitions. Violation of LFU
observed in ratios of decay rates for processes involving
different lepton flavors, 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 Bþ → Kþπþπ−lþl−

decays is reported, where l ¼ e, μ. The inclusion of

charge-conjugated processes is implied throughout. The
Kþπþπ− hadronic system, studied at Belle [25] using
Bþ → Kþπþπ−J=ψð→ lþl−Þ decays, is populated by
several intermediate states such as the K1ð1270Þþ and
K1ð1400Þþ resonances, which decay predominantly via
the K�ð892Þ0πþ and Kþρð770Þ0 channels, thereby exhib-
iting 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 < mðKþπþπ−Þ < 2.4 GeV=c2 kin-
ematic 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 ≡

R 7 GeV2=c4

1.1 GeV2=c4
dΓðBþ→Kþπþπ−eþe−Þ

dq2 dq2

R 7 GeV2=c4

1.1 GeV2=c4
dΓðBþ→Kþπþπ−μþμ−Þ

dq2 dq2
; ð1Þ

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 normalizing the signal-mode
branching fractions to those of the corresponding J=ψ
control mode,

R−1
Kππ ≡

N
ε ðBþ → Kþπþπ−eþe−Þ

N
ε ½Bþ → Kþπþπ−J=ψð→ eþe−Þ� =

N
ε ðBþ → Kþπþπ−μþμ−Þ

N
ε ½Bþ → Kþπþπ−J=ψð→ μþμ−Þ� ; ð2Þ
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where ðN =εÞ are the efficiency-corrected yields. The meas-
urement is performed using proton-proton (pp) collision
data recorded by the LHCb experiment between 2011 and
2018, corresponding to integrated luminosities of 1, 2, and
6 fb−1 at center-of-mass energies of 7, 8, and 13 TeV,
respectively. The decay Bþ → Kþπþπ−μþμ− has been
observed at LHCb with 3 fb−1 of data [27], while the first
observation of theBþ → Kþπþπ−eþe−mode is presented in
this Letter. In addition, the Bþ → Kþπþπ−J=ψð→ lþl−Þ
and Bþ → Kþπþπ−ψð2SÞð→ lþl−Þ 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 incon-
sistent with originating from a primary vertex. A multi-
variate 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 meas-
urement. In addition, they are used to model the recon-
structed-mass line shapes for signal candidates and to
estimate possible background contributions. In the simu-
lation, pp collisions are generated using PYTHIA [32,33]
with a specific LHCb configuration [34]. Decays of
unstable particles are described by EvtGen [35], in which
final-state radiation is generated using PHOTOS [36]. The
interaction of the generated particles with the detector,
and its response, are implemented using the Geant4 toolkit
[37,38] as described in Ref. [39].
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 [40]
on Bþ → Kþπþπ−J=ψð→ μþμ−Þ decays. The correction
uses the following quantities as inputs: the three invariant
masses mðKþπ−Þ, mðπþπ−Þ, and mðKþπþπ−Þ, the direc-
tion of the positively charged lepton in the lþl− rest frame,
the direction of the kaon in the Kþπ− rest frame, and the
direction of the Kþπ− system in the Kþπþπ− rest frame.
The simulated samples are further corrected to account for
known discrepancies between simulation and data in the Bþ
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 bettermatch the data. The corrections are implemented in a
similar fashion as in previous LFUmeasurements performed
by the LHCb collaboration [22].
Candidate Bþ → Kþπþπ−lþl− decays are formed from

combinations of five appropriately charged tracks that
originate from a common vertex. The reconstructed Bþ
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, recon-
structed clusters in the calorimeter 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 Bþ mass is in the range ½5150; 5600� MeV=c2

for the electron andmuon controlmodes and the signalmuon
mode, and in ½4900; 5600� MeV=c2 for the signal electron
mode.
To separate the signal from background composed of

random combinations of tracks (combinatorial), multivari-
ate classifiers are trained separately for decay modes
containing electrons or muons. The classifiers use vertex
fit chi square, alongside kinematic and topological proper-
ties of the final-state particles and of the Bþ candidate.
Simulated samples are used for modeling 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 ½4700; 4900� MeV=c2 range are also
included. To prevent any bias in the training of the
classifiers, the k-fold approach is used [41]. The working
points of the classifiers are optimized to maximize the
figure of merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S and B indicate the

expected signal and background yields for a given classifier
working point, respectively. As there is no a priori branch-
ing 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 maximize the yield of the electron
mode. However, this choice leads to an increase in the
number of Bþ → Kþπþπ−J=ψð→ lþl−Þ decays migrating
into the signal region. To reduce such leakage, the invariant
mass of the Bþ candidates, reconstructed by constraining
the dilepton mass to the known J=ψ mass value, is required
to lie outside the ½5139.3; 5476.2� MeV=c2 range, which
contains 95% of simulated Bþ → Kþπþπ−J=ψð→ eþe−Þ
events.
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Background arising from fully hadronic Bþ decays
proceeding through an intermediate D meson, such as
Bþ→D̄0ð→Kþπ−Þπþπ−πþ or Bþ→D−ð→Kþπ−π−Þπþπþ
decays, where two pions arewrongly identified as leptons, is
reduced by removing candidates where the invariant mass of
the intermediate D meson, calculated by assigning the pion
mass to the leptons, falls within�50 MeV=c2 of the known
D meson mass [42]. Similarly, candidates arising from a
swapped lepton and hadron of the same charge in
Bþ → Kþπþπ−J=ψð→ lþl−Þ decays are removed by
applying a veto on the lepton-hadron invariant mass,
where the lepton mass is assigned either to the kaon or
pion. Background from Bþ → ϕð→ KþK−ÞKþlþl−

decays where two kaons are misidentified as pions is
found to be negligible. Semileptonic decays such as
Bþ → D−ð→ Kþπ−lþν̄lÞπþlþν are found to already be
efficiently rejected by the selection requirements. Additional
requirements are implemented when selecting control
Bþ → Kþπþπ−J=ψð→ lþl−Þ decays, to reject back-
grounds from Bþ → Kþψð2SÞ½→ πþπ−J=ψð→ lþl−Þ�
and Bþ → Kþχc1ð3872Þ½→ πþπ−J=ψð→ lþl−Þ� transi-
tions. Less than 1% of events satisfying all selection criteria
have multiple Bþ candidates. In such cases, only one
candidate is retained, chosen arbitrarily. The efficiency of
the above selection is observed to increase with q2.
Signal and control yields are extracted from unbinned

maximum-likelihood fits to the invariant-mass spectrum of
Bþ 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
ψð2SÞ meson.
The analysis procedure is first validated by measuring

rJ=ψ , the ratio of theBþ → Kþπþπ−J=ψð→ μþμ−Þ toBþ →
Kþπþπ−J=ψð→ eþe−Þ branching fractions, and Rψð2SÞ, the
double ratio with the Bþ→Kþπþπ−J=ψð→lþl−Þ and
Bþ → Kþπþπ−ψð2SÞð→ lþl−Þ branching fractions, con-
structed in the same way as Eq. (2), but with
Bþ → Kþπþπ−ψð2SÞð→ lþl−Þ decays instead of Bþ →
Kþπþπ−lþl− decays.
The ratio of yields of the two channels

Bþ → Kþπþπ−J=ψð→ lþl−Þ is determined with a simul-
taneous fit to the invariant-mass spectra of Bþ→
Kþπþπ−J=ψð→eþe−Þ and Bþ → Kþπþπ−J=ψð→ μþμ−Þ
candidates, selected with q2 ∈ ½7; 11� GeV2=c4. For these
decays, the candidate-Bþ invariant-mass spectrum is mod-
eled using a linear combination of two crystal ball (CB)
functions [43]. With the core mean and resolution shared
between CB functions, all line shape 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 modeled 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 ¼ 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 Rψð2SÞ, is measured from an additional

simultaneous fit using the pairs of decay modes
Bþ → Kþπþπ−J=ψð→ lþl−Þ and Bþ → Kþπþπ−ψð2SÞ
ð→ lþl−Þ, where the latter is selected with
q2 ∈ ½11; 15� GeV2=c4. The invariant-mass line shape for
the Bþ → Kþπþπ−ψð2SÞð→ lþl−Þ modes is modeled in
the same way as described for the Bþ → Kþπþπ−

J=ψð→ lþl−Þmodes. The efficiency-corrected double ratio
is measured to beRψð2SÞ ¼ 1.040� 0.030, where the quoted
uncertainty is statistical. The agreement of the rJ=ψ and
Rψð2SÞ ratios with unity is thus consistent with the expect-
ations of LFU in charmonium decays.
The R−1

Kππ observable is determined from a simultaneous
fit to the invariant-mass spectra of signal Bþ →
Kþπþπ−lþl− and control Bþ→Kþπþπ−J=ψð→lþl−Þ
decays. The model describing the control component is
also adopted for the signal modes, with shape parameters
fixed from fits to simulated signal decays. To account for
simulation-data differences a mean shift and a resolution
scale factor are included. These two parameters are fixed to
the values found in Bþ → Kþπþπ−J=ψð→ lþl−Þ 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 Bþ → Kþπþπ−μþμ−

decays, the lower yield and worse resolution of the
Bþ → Kþπþπ−eþe− mode necessitate a larger fit region,
leading to the presence of additional sources of background.
These include leakage from Bþ → Kþπþπ−J=ψð→ eþe−Þ
events into the signal q2 region; background from partially
reconstructed Bþ decays, in which one or more final-state
particles are not reconstructed; and residual background due
to hadrons misidentified as electrons.
The mass line shape of the leakage component is modeled

using simulated samples with a kernel-density estimator
[44], and kept fixed in the fit. Its normalization is fixed to the
yield observed in the Bþ → Kþπþπ−J=ψð→ eþe−Þ mode,
scaled for the efficiency of the signal selection applied to the
control mode.
The partially reconstructed background line shape is

modeled by the convolution of an Argus function [45] with
aGaussian function. Thismass line shape is fixed froma fit to
data selected in the q2 ∈ ½7; 11� GeV2=c4 region, where the
controlBþ → Kþπþπ−J=ψð→ eþe−Þ decaymode is explic-
itly removed by requiring the reconstructed Bþ mass, with
the dielectronmass constrained to the J=ψ mesonmass, to be
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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
Bþ → ψð2SÞð→ J=ψπþπ−ÞK�ð892Þþð→ Kþπ0Þ, is then
subtracted, since such feeddown decays are not present
for the signal decaymode. The fit is repeatedwithout vetoing
Bþ → Kþπþπ−J=ψð→ eþe−Þ decays to extract the ratio of
the remaining partially reconstructed 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 elec-

trons is described following the procedure adopted by the
LHCb Collaboration for previous LFU tests [22,23], with
both its mass line shape 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
line shape and yield are fixed in the fit to signal decays.
Results of the simultaneous fits performed to

extract R−1
Kππ are shown in Fig. 1. The measured signal

yields are N ðBþ → Kþπþπ−eþe−Þ ¼ 264� 21 and
N ðBþ→Kþπþπ−μþμ−Þ¼731�31, where the uncertainties

only include the statistical component. The R−1
Kππ observable

is measured to be

R−1
Kππ ¼ 1.31þ0.18

−0.17ðstatÞ þ0.12
−0.09ðsystÞ;

where the first set of uncertainties are statistical and the
second systematic. The result is in agreement with the SM

FIG. 1. Invariant-mass distributions together with the fit results of (top left) signal Bþ → Kþπþπ−eþe−, (top right) signal
Bþ → Kþπþπ−μþμ−, (bottom left) control Bþ → Kþπþπ−J=ψð→ eþe−Þ, and (bottom right) control Bþ → Kþπþπ−J=ψð→ μþμ−Þ
decays, where the shaded background components are stacked.

TABLE I. 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 ½−1.2;þ1.6�
Efficiency calibration ½−1.8;þ2.4�
Phase-space simulation ½−3.0;þ4.0�
Fit bias ½−1.1;þ1.4�
Signal line shape ½−1.7;þ2.2�
Leakage from resonant decays ½−1.0;þ1.4�
Hadron-to-electron misidentification ½−5.3;þ7.1�
Partially reconstructed background ½−0.9;þ1.2�
Total ½−6.9;þ9.2�
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expectation of LFU at the level of 1.7 standard deviations (σ).
The significance of the Bþ → Kþπþπ−eþe− decay is
evaluated with Wilks’ theorem [46] and found to exceed
10σ, including both statistical and systematic uncertainties,
confirming the first observation for the signal dielectron
channel. The behavior of the likelihood profile is shown in
Fig. 2, indicating the absence of other local minima.
Table I summarizes 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 systematic uncertainty is evaluated by
training the reweighter on Bþ → Kþπþπ−γ instead of
Bþ → Kþπþπ−J=ψð→ μþμ−Þ 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 Kþπþπ− 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 modeling of compo-
nents contributing to the invariant-mass spectrum, which
might affect the estimation of signal yields. These are
evaluated with the same pseudoexperiments used to assess
the fit bias, refitting when varying the line shape 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 line shape consisting of the
linear combination of two Gaussian functions with one
exponential function. The uncertainty from the signal line
shape is determined by fluctuating its shape parameters
around the fixed values of the nominal fit. To assess
the systematic uncertainty related to leakage from
Bþ → Kþπþπ−J=ψð→ eþe−Þ decays into the signal sam-
ple, the yield of the leakage component is allowed to vary
within its uncertainty obtained from simulation. Finally,
uncertainties induced by the partially reconstructed back-
ground 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 Bþ → Kþπþπ−lþl− decays. Since the electron-
mode measurement is statistically limited, further improve-
ments 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 expectation 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
Bþ → Kþπþπ−eþe− decay is also reported.
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cAlso at Università degli Studi di Milano-Bicocca, Milano, Italy.
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