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A search for the lepton-flavor violating decays B? — ¢u*zT is presented, using a sample of proton-
proton collisions at center-of-mass energies of 7, 8, and 13 TeV, collected with the LHCb detector and

corresponding to a total integrated luminosity of 9 fb~!. The 7 leptons are selected using decays with three
charged pions. No significant excess is observed, and an upper limit on the branching fraction is determined
to be B(BY = ¢putzT) < 1.0 x 107 at 90% confidence level.
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I. INTRODUCTION

The observation of charged lepton-flavor violation
would be an unambiguous sign of physics beyond the
Standard Model. Its existence may be implied by hints of
lepton flavor nonuniversality in charged-current semilep-
tonic decays of the form b — ¢£~ D, [1-5], as new physics
would likely lead to both phenomena [6]." Recent theo-
retical work demonstrates the possibility for relatively large
branching fractions for decays involving the b — su®7T
transition [7,8].

We present a search for the lepton-flavor violating decay
BY - ¢put7~, with ¢ - KK~ and 7~ - 2 72" 7n v, or
7= = n ntn 7,. Since the ¢ meson decay does not
allow identification of the BY flavor, we search for the sum
of the four BY, BY, u*7z~, and =" combinations. The two
7~ decay signal modes are labeled as 3z and 37z’
throughout. Previous searches at the LHCb, BABAR, and
Belle experiments have placed upper limits on analogous
decays of BT and BY mesons [9—12], and on the related
decay BY — utz~ [13].

We determine the mass of the partially reconstructed
signal candidates from a kinematic fit, applying constraints
on the BY and 7~ flight directions and the 7~ lepton and
unreconstructed neutrino masses. An extended unbinned
maximum-likelihood fit to the constrained-mass distribution
determines the signal yield. The signal branching fraction is
normalized with respect to the B — y/(2S)¢ decay, with
w(2S) = J/yrn"n,J/y — utu",and ¢ -» K"K, which

“Full author list given at the end of the article.
'"The inclusion of charge-conjugate processes is implied
throughout.
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has the same final-state particle content as the signal except
that a pion is replaced by a muon. An upper limit on the signal
branching fraction is set using the Feldman-Cousins method
[14], adapted for the nuisance parameters included in the
likelihood [15].

II. DETECTOR, DATA SAMPLES,
AND SIMULATION

The LHCb detector [16,17] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < 5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes 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.” The
minimum distance of a track to a primary pp interaction
vertex (PV), the impact parameter, is measured with a
resolution of (15 + 29/py) pm, where py is the compo-
nent of the momentum transverse to the beam, in GeV.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors.
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers.

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

*Natural units with ¢ = 1 are used throughout.

© 2024 CERN, for the LHCb Collaboration


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.072014&domain=pdf&date_stamp=2024-10-21
https://doi.org/10.1103/PhysRevD.110.072014
https://doi.org/10.1103/PhysRevD.110.072014
https://doi.org/10.1103/PhysRevD.110.072014
https://doi.org/10.1103/PhysRevD.110.072014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

R. AAIJ et al.

PHYS. REV. D 110, 072014 (2024)

software stage, which applies a full event reconstruction. At
the hardware trigger stage, events are required to have a
muon with high pr or a hadron, photon or electron with
high transverse energy deposited in the calorimeters.
The software trigger requires a two-, three- or four-track
secondary vertex with a significant displacement from any
primary vertex.

We use data samples collected from 2011 to 2018, at
center-of-mass energies of 7, 8, and 13 TeV, corresponding
to an integrated luminosity of 9 fb~!. We model signal,
normalization, and some background decays using simu-
lation. In the simulation, pp collisions are generated using
PYTHIA [18] with a specific LHCb configuration [19].
The decays of hadrons and 7~ leptons are described by
EvtGen [20] and TAUOLA [21]. The signal B? — ¢utz~
decay is described in the simulation using a phase-space
decay model. The interaction of the generated particles with
the detector and its response are implemented using the
Geant4 toolkit [22] as described in Ref. [23].

III. SELECTION

Our BY candidate selection begins with a KTK ™"
combination. The candidates combine tracks consistent
with the kaon and muon particle identification (PID)
hypotheses and inconsistent with being produced at any
PV in the event. The common vertex formed by the three
tracks must have a good fit quality and be significantly
separated from any PV. We then add three additional tracks
with a total charge opposite to that of the muon to form a BY
candidate—two of these tracks must be consistent with the
pion PID hypothesis. In this way we select the signal
modes, 37 and 377°, and the normalization mode in which
one of the tracks is the other muon from the J/y —
utp~ decay.

We additionally select a control sample for the mis-
identified background modes B — D¢z, including
each of the decays D° — K*z~, D~ - K™z n~, and
D; — K"K~ z~. Each final-state particle track must be
consistent with the appropriate kaon or pion PID hypoth-
esis, and their combined vertex must be of high quality. We
combine these charm candidates with two additional kaon
candidates and one pion candidate to form the B candidate.
This control sample is discussed further in Sec. V.

Additional selection criteria are shared by both the signal
and normalization modes. The mass of the K™K~ pair is
required to be within 8 MeV of the known ¢ meson
mass [24]; this requirement also applies to the B — D¢pn™
control sample. Lower mass thresholds are applied for the
KYK~u", K"K n~xtn~, and "7~z 7z~ combinations to
remove charm meson contributions. We then separate the
normalization mode with high purity by applying mass
window requirements for the J/y and w(2S) masses.

Applying direction and mass constraints allows us
to reconstruct the mass of the BY signal candidates.
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FIG. 1. Distributions of the constrained mass for simulated 37

and 37zz° decays. The probability density functions (PDFs) used
to model the signal shapes in the final result, are overlaid.

The directions of the B? and 7~ candidates are constrained
using the PV, the K*K~u* secondary vertex, and the 37
vertex positions. The mass of the 7~ lepton is constrained to
its known value [24] and that of the unreconstructed
neutrino to zero. These requirements, which overconstrain
the system, are used within a kinematic fit [25]. Figure 1
shows the constrained-mass myg; distribution for simulated
37 and 37z7° signals. While the 377" signal component
does not satisfy the zero mass requirement for the unre-
constructed z°v pair, the result is only a modest inefficiency
and degradation of the mass resolution in this case. The
kinematic fit fails to converge in roughly 1% of cases for
signal simulation, and 8% of cases in the full data sample;
in these cases the candidates are rejected from further
analysis.

Explicit mass vetoes remove candidates consistent with
containing specific decays of charm hadrons, even if the
charm decay products were initially separated between
the KTK~u" and 3z combinations. We further reduce
backgrounds with two boosted decision tree classifiers
(BDT) [26]. The first is trained to distinguish simulated
signal from combinatorial background, which is modeled
using wrong-sign candidates in which the 3z combination
has the same total charge as the muon candidate. This BDT
relies primarily on topological information, including the
goodness of the kinematic fit and the 7~ flight distance.
It also uses an isolation discriminant that distinguishes
particles from partially reconstructed background decays
from other particles in the event that do not originate from
the same decay as the signal candidate. A requirement on
the BDT output removes the majority of the combinatorial
background while being at least 95% efficient for simulated
signal.

The final selection step applies a second BDT classifier
that focuses on partially reconstructed backgrounds from
b-hadron decays. In the training, this background is
modeled with data from the lower my; sideband. In addition
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to topological information about the vertices, the dipion
mass distributions for the 7~ candidates are important
discriminants. We determine the final requirement on this
BDT classifier by optimizing the search sensitivity using a
simplified version of the final limit procedure in which the
background contribution to the signal region is estimated
using a linear extrapolation from the lower and upper fitted
mass sidebands.

|

B(t— > nntnv,)

IV. NORMALIZATION

We normalize the expected signal yield as a function of
its branching fraction, Ny, = aB(B? — ¢uz), by extrapo-
lating from the normalization-mode yield separately for
each data-taking year. Different normalization factors, a,
are computed for both the 37 and 3zz° signal modes; for
instance,

A3y =

where €, 3,; 1S the relative detection efficiency of the 3z
signal mode with respect to the normalization mode in
the data-taking year i, and N;(y(2S)¢) is the observed
normalization yield in the same year. The mass distribution
for the normalization channel, combining data-taking
years, together with the results of its yield fit, is shown
in Fig. 2. In this fit, the normalization mode is modeled
with a Gaussian core with exponential tails on both the
upper and lower sides. The small background is modeled
with an exponential function. The total yield is
N(w(2S)¢) = 1490 £ 40 candidates. We fix the shape
parameters to the values obtained from this fit in sub-
sequent fits to determine the yields in each subsample.
The ratio of the detection efficiency for the signal to that
of the normalization mode is determined using simulation,
with several corrections applied to improve the accuracy of
the simulation. This includes corrections to the particle
identification performance [27], the B? production kin-
ematics, and the trigger efficiency. These corrections are
derived from control samples in data. Before the two BDT
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FIG. 2. Mass distribution of the selected BY — y(2S5)¢ decays
for the entire data sample. The results of the fit used to determine
the shape are overlaid. The normalization mode shape is fixed and
used in separate fits per data-taking year to determine the year-by-
year normalization yields.
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selections, the relative efficiencies for the 37z and 377°
signal modes are approximately 25% and 15%, respec-
tively. After applying the selection criteria on the BDT
this falls to 12% and 5%. The relative variation of the
efficiencies among data-taking years stems primarily from
changes in the trigger selection and particle identification
performance.

The final normalization factors, including the systematic
uncertainties, are

@y, =153+ 1.9 x 105,
Ay = 33204 x 105

The systematic uncertainties are listed in Table I. The
largest uncertainty is due to the limited precision of the
measured BY — y(2S)¢ branching fraction. The uncer-
tainty in the relative efficiency includes contributions from
the limited size of the simulation samples, the data-driven
corrections, and other sources, including the description of
the 7~ decay model and the effect of the BDT selection.

The unknown signal decay model results in an uncer-
tainty on the relative efficiency. It is estimated using event-
by-event weights in the simulation to match the expected
differential branching fraction distributions for different
single b — s£¢’ effective operator models [28,29] using
form factors from Ref. [30]. We do so for decays

TABLE 1. Systematic uncertainties on the signal normalization
factors for the two signal decay modes.

Source dazy x 107° Sagp0 x 1073
y(2S)¢ branching fraction 1.18 0.26
Other branching fractions 0.18 0.05
Normalization yield 0.40 0.09
Size of simulated samples 0.47 0.15

7 decay model 0.61 0.13
Signal decay model 0.90 0.18
Other efficiency uncertainties 0.68 0.16
Total 1.9 0.4
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proceeding via electromagnetic dipole, vector, axial vector,
scalar, and pseudoscalar operators. The envelope of the
differences obtained from the nominal phase-space model
is taken as the uncertainty.

The systematic uncertainties of the 37 and 3zz° signal
mode normalization factors are approximately 90% corre-
lated. They vary in the fit using two Gaussian-constrained
nuisance parameters, one for each of the principal compo-
nents of their covariance.

V. BACKGROUND ESTIMATION

We expect that the majority of the remaining background
after selection is a sum of contributions from combinatorial
backgrounds and a number of different partially recon-
structed b-hadron decays, many of which include two
intermediate charm mesons. These decays do not have the
correct topology to satisfy the direction and mass con-
straints applied in the kinematic fit, and therefore vary
smoothly across the mass distribution in the final fit. This
expectation is based on estimations of the expected yield
and mass distribution under analytic mass reconstruction
techniques from fast simulations for many different decay
modes with two charm mesons [31]. Fits to a number of
control samples validate this expectation; they are selected
from the ¢ mass sidebands, the wrong-sign p"z+ sample,
and a sample enriched with misidentified muons. Other-
wise, these samples pass all signal selection requirements.
These studies motivate the use of the smooth background
models described in Sec. VI.

However, we do expect a non-negligible contribution
from decays of the form B — DK*K~z" in which the 7z
is misidentified as a muon. The expected yield for these
decays is estimated using simulation and control samples.
Because of the similarity to the signal mode, these decays
peak in the reconstructed myg; and pass the multivariate
selections with relatively high efficiency.

The size of this background contribution is estimated
using the fully reconstructed D decays listed in Sec. ITI. We
determine the yield for B’, BT, and BY decays to these final
states using fits to the reconstructed B mass distributions.
The resulting control yields and the extrapolated contribu-
tions to the signal sample are listed in Table II. Two sets of

TABLEIL. Measured sum of B°, B*, and BY decays of the form
DK*K~zn™" for each of the three studied charm mesons. Using
simulation and calibration samples, these control yields are
extrapolated to the expected yield in the final signal selection
with the pion misidentified as a muon. The uncertainties include
only the statistical uncertainty from the control yield fits.

Charm meson Control yield Expected background yield

D~ 309 + 31 0.11 £0.01
DO 343 +£27 0.07 £0.01
Dy 632 + 39 0.45+0.03

simulated samples are used to extrapolate these yields to the
final signal sample. The first set includes decays that match
the control sample in data, and the second includes a sum of
many exclusive decays of the form D — 7z~ 7"z~ X, where
X refers to any number of unreconstructed particles. The
efficiency for pions to pass muon particle identification
requirements is estimated using a calibration sample in
data. A large fraction of pions passing these requirements
decay to muons in the detector volume and may also pass
the muon trigger requirements. The muon trigger efficiency
calibration used for the signal is taken as an upper bound on
the efficiency for this background. We assign a systematic
uncertainty for the misidentification rate of 20%, based on
studies using the calibration samples.

The inclusive D — 77272~ X decay rates have been
measured by BESIII [32,33]. However, the composition of
D — n~ntn~X decays is uncertain, and the efficiency to
pass the signal selection is sensitive, for example, to the
rates of decays with intermediate p° mesons. The simulated
samples use a number of previously measured exclusive
decay rates [24], extrapolating, for example, for decays
with K instead of K% mesons. The sum of these exclusive
rates underestimates the inclusive rates measured by
BESIII, but includes the decays most similar to the signal,
which are most likely to be selected. To account for this, we
assign a large systematic uncertainty on this extrapolation
equal to the total difference between the measured rates and
the sum-of-exclusives rates for each of the D°, D™, and Dy
mesons, which are 40%, 32%, and 47%, respectively.
The final yield of this background is estimated to be
0.63 + 0.25 decays with the dominant uncertainty coming
from the D — n~ 7~ X extrapolation.

VI. FIT AND LIMIT SETTING PROCEDURE

We perform an extended unbinned maximum-likelihood
fit of the my;, distribution. The parameter of interest is the
signal branching fraction. The two signal shapes are
determined from simulation; they are described by gener-
alized hyperbolic functions [34], which are shown in Fig. 1.
The shape parameters vary in the fit; they are constrained
to the results of the fit to the simulation with Gaussian
constraints along the principal components of the covari-
ance matrices. We include in the same way the peaking,
misidentified backgrounds; one shape describes the sum of
their contributions. The remaining background is modeled
using four background parameterizations: exponential,
linear, quadratic, and the product of an exponential and
linear function. Each background parameter is uncon-
strained, and each background function is restricted to
positive values over the fit range. We treat the choice of the
background function as a discrete nuisance parameter [35],
applying a penalty of one unit to twice the negative
logarithm of the likelihood function for the two background
models with two free parameters. We additionally require
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Distributions of myg; overlaid with the fit results corresponding to four background models: (top left) exponential, (top right)

linear, (bottom left) quadratic, and (bottom right) the product of linear and exponential functions. The linear background shape provides
the overall best-fit point. The peaking D¢zt background with a misidentified muon and the two signal shapes are also shown.
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the signal branching fraction to be non-negative; this

corresponds to using the test statistic,

-2 log(

-2 log(

L(B, (@B)))

L(B, (B)))
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[ong

£(

>

B>0
E’<O,

e

£(0.6(0))

where L is the likelihood including the penalty, B the signal

branching fraction, 8 the vector of nuisance parameters, 53

and @ the best-fit parameters, and §(B3) the best-fit nuisance
parameters when fixing B to a particular value.

)

The sampling distributions for the test statistic 75 are
obtained for different values of B using pseudoexperiments.

For a particular value of 3, we use the conditional best-fit

072014-5



R. AAIJ et al.

PHYS. REV. D 110, 072014 (2024)

background description with fixed signal branching frac-
tion to generate the ensemble. We compute the p-value as a
function of B by integrating the sampling distributions
above the observed test statistic.

VII. RESULTS AND CONCLUSION

The best-fit results for each of the four background
models are shown in Fig. 3. The overall best fit uses
the linear background model, and results in a signal
branching fraction of 4.1 x 10°. The observed test-statistic
scans for each background model, including the penalty
term, are shown in Fig. 4 (left); for a particular value of B,
the lowest value among these four test statistics is the
value 7.

The upper limit for 5 is derived from the p-value curve
shown in Fig. 4 (right). The result is

B(BY = ¢putr™) < 1.0 x 1073 at 90% CL,
B(BY = ¢utr™) < 1.1 x 107> at 95% CL.
This is the first limit on this lepton-flavor violating decay.
The sensitivity is competitive with similar searches for
ut 7 pairs in BT and B° decays.
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