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Abstract

A search for the decays BY — ete™ and BY — eTe™ is performed using data collected
with the LHCb experiment in proton-proton collisions at center-of-mass energies
of 7, 8 and 13TeV, corresponding to integrated luminosities of 1, 2 and 2fb~1,
respectively. No signal is observed. Assuming no contribution from B? — ete™
decays, an upper limit on the branching fraction B(BY — ete™) < 9.4 (11.2) x 107
is obtained at 90 (95) % confidence level. If no B? — e*e™ contribution is assumed,
a limit of B(BY — ete™) < 2.5(3.0) x 107 is determined at 90 (95) % confidence
level. These upper limits are more than one order of magnitude lower than the
previous values.
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Searches for rare particle decays provide ideal probes for contributions from physics
processes beyond the Standard Model (SM). Recent measurements of decays involving
b— s¢T{~ transitions (the inclusion of charge-conjugated processes is implied through-
out this Letter) hint at deviations from SM predictions in lepton-flavor universality
tests |1H6] and thus motivate measurements of decay rates into final states involving
leptons. Following the observation of the decay B?— 't~ [7,8], the search for B — ete™
and BY — eTe™ decays provides an independent test of lepton-flavor universality. Ac-
cording to SM predictions (calculated from Ref. [9], neglecting QED corrections that
are expected to be at the percent level), B?S) — eTe™ decays have branching fractions
of B(BY— ete™) = (8.60+0.36) x 107" and B(B’— ete™) = (2.41 +£0.13) x 10715
With contributions beyond the SM, these branching fractions could be significantly
larger, reaching values of O(107%) for B(BY— e*e™) and O(107'°) for B(B°— eTe™) [10].
These values are close to the current experimental bounds of B(B? — ete™) < 2.8 x 1077
and B(B®— ete™) < 8.3 x 107% at 90 % confidence level (CL) |11], set by the CDF col-
laboration.

In this Letter a search for BY — eTe™ and B®— ete™ decays is presented using data
collected with the LHCb experiment in proton-proton collisions at center-of-mass energies
of 7TeV in 2011, 8 TeV in 2012 and 13 TeV in 2015 and 2016, corresponding to integrated
luminosities of 1, 2 and 2fb~!, respectively. The signal yields are determined from a fit to
the data and normalized to those of the BT — J/ip KT decay, where the J/i) meson decays
to ete™, which has a precisely measured branching fraction [12] and a similar dielectron
signature in the detector.

The LHCDb detector [13,|14] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 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. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by
a calorimeter system consisting of scintillating-pad and preshower detectors, an electro-
magnetic 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 [15], 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 trigger stage, events
are required to have a high-energy deposit in the calorimeters associated with a signal
electron candidate, or a muon candidate with high transverse momentum pr, or a photon,
electron or hadron candidate with high transverse energy from the decays of other particles
from the pp collision. The software trigger requires a two-track secondary vertex with a
significant displacement from any primary pp interaction vertex (PV). At least one charged
particle must have high pr and be inconsistent with originating from a PV. A multivariate
algorithm [16,(17] is used in the trigger for the identification of secondary vertices consistent
with the decay of a b hadron. Simulated samples are used to optimize the candidate
selection, estimate selection efficiencies and describe the expected invariant-mass shapes
of the signal candidates and background decays. In the simulation, pp collisions are
generated using PyTHIA [18] with a specific LHCb configuration [19]. Decays of unstable



particles are described by EVTGEN [20], in which final-state radiation is generated using
PuoTOs [21]. The interaction of the generated particles with the detector, and its response,
are implemented using the GEANT4 toolkit |22] as described in Ref. [23]. The simulation
is corrected for data-simulation differences in B-meson production kinematics, detector
occupancy and isolation criteria [24] using BT — J/ip KT and B? — J/) ¢ decays, with
Jhp — eTe” and ¢— KTK~. Particle identification variables are calibrated using data
from BT — JAp K+ and D°— K~ 7" decays |25]. The calibration data are binned in
momentum and pseudorapidity of the particle as well as detector occupancy to account
for possible differences in kinematics between the investigated decay and the calibration
data.

The B?S) — ete” candidates are selected in events passing the trigger requirements
by combining two tracks that are inconsistent with originating from any PV in the event
and which form a good-quality secondary vertex. The tracks are also required to have a
momentum larger than 3 GeV/c and pr greater than 500 MeV/¢, and must be identified as
electrons using information from the Cherenkov detectors and calorimeters. The dielectron
candidate’s momentum must be aligned with the vector pointing from a PV (the associated
PV) to the two-track vertex and have a considerable transverse component. The candidate
must also have an invariant mass in the range [4166, 6566] MeV/c?.

The measured electron momenta are corrected for losses due to bremsstrahlung
radiation by adding the momentum of photons consistent with being emitted upstream of
the magnet [26]. Candidates in data and simulation are separated into three categories
with either zero, one, or both electrons having a bremsstrahlung correction applied. To
avoid experimenters’ bias, the narrowest dielectron invariant-mass region containing 90 %
of simulated B? — eTe™ decays, corresponding to a range of [4689, 5588] MeV/c?, was
removed from the data set until the analysis procedure was finalized.

Candidates for the normalization mode, BT — J/ip K, are constructed similarly, but
require an additional track consistent with being a kaon and originating from the same
vertex as the dielectron candidate. The dielectron candidate must have an invariant mass in
the range [2450, 3176] MeV/c?, consistent with arising from a J/i) meson decay. In addition,
the reconstructed B* candidate mass, when the dielectron candidate is constrained to the
known J/i mass [12], must be above 5175 MeV/c?, suppressing partially reconstructed
decays.

A boosted decision tree (BDT) algorithm [27-29] is used to separate B?S) — ete”
signal from random combinations of two electrons (combinatorial background). The BDT
is trained separately for data taking periods 2011-2012 (Run 1) and 2015-2016 (Run 2)
on simulated BY — ete™ decays as signal proxy and dielectron candidates from data
with a mass above 5588 MeV/c? as background proxy. The split between the data taking
periods is done to account for changes in the center-of-mass energies and trigger strategies,
which significantly impact the data distributions and improve the BDT and the particle
identification algorithms in Run 2. It is checked that the data behave consistently across
the data-taking periods. The BDT input variables comprise of the following: kinematic
information on the electron tracks and B candidate, information on the displacement
of the electrons and B candidate from the associated PV, and isolation variables that
quantify the compatibility of other tracks in the event with originating from the same
decay as the B candidate [24,130]. Candidates with a BDT response compatible with
that of the background are discarded, with the threshold chosen by maximizing the

figure of merit €ggnal/(1/NVbackground + 3/2) [31], where €ggnal is the signal efficiency and



the expected background yield in the signal region is Npackground-

The final selected data set is separated by data-taking period and by category of
bremsstrahlung correction. The branching fraction B (B?s) — ete™) is measured relative
to that of the normalization channel via

-1
B(B?S)—> ete”) = N(B?S)—> ete”)x ax B(BT— JWK™) x (@) ) (1)

Jfu
where
BT K+ 1
a= (B = JWET) X , (2)
e(Bly—eter)  N(BY— JWKT)
5(3&) — eTe”) and (BT — JA KT) denote the efficiencies of the signal and nor-

malization modes, and N(B{,— e*e”) and N(B*— Ji K*) their yields. The nor-
malization mode branching fraction (including that for the decay Ji — ete™) is
B(BT— Jhp KT) = (6.03+0.17) x 107°, taken from Ref. [12]. The b-hadron fragmen-
tation fraction ratio f;/f, is assumed to be unity, while f;/f, = 0.259 £ 0.015 [32] is
used for the Run 1 data and is scaled by 1.068 4+ 0.016 for the Run 2 data, according to
Ref. [33], to account for center-of-mass energy differences. A measurement of f,/f, from
Run 2 yields a consistent, but less precise, result [34].

The yield of the normalization mode is determined using an unbinned maximum-
likelihood fit to the K TeTe™ invariant mass separately for each year of data taking and
bremsstrahlung category. The fit model comprises a Gaussian function with power-law
tails [35] for the signal component, where the tail parameters are fixed from simulation,
and an exponential function to describe combinatorial background. Summed over the
bremsstrahlung categories, the yield of the normalization mode is 20480 &+ 140 in the
Run 1 data and 33 080 £ 180 in the Run 2 data.

The selection efficiencies e(Bp,) — e*e”) and e(B* — J/p K) are determined sepa-
rately for each year of data taking and bremsstrahlung category using simulated decays
that are weighted to better represent the data. Calibration data are used to evaluate
particle-identification efficiencies [25]. Trigger efficiencies are also estimated from data,
using the technique described in Ref. [36]. For simulated BY — ete™ decays, the mean
B? lifetime [37] is assumed. The selection efficiency is assumed to be the same for both
BY— ete™ and B?— eTe™ decays, which is consistent with results from simulation. The
normalization factors, «, are combined across the data-taking periods and given in Table|]
split by bremsstrahlung category (for the selection efficiency ratio between normalization
and signal mode, see the Supplemental Material [38]).

In addition to the combinatorial background, backgrounds due to misidentification
and partial reconstruction are present in the data. These backgrounds differ significantly
between the categories of bremsstrahlung correction. Their invariant-mass shapes and
relative contributions are evaluated using simulation. In the lower mass region, partially
reconstructed backgrounds of the types B — Xete™ and B — D°(— YTe 7,.)etv,
dominate, where X and Y represent hadronic systems. The main source of background in
the B-mass region, however, stems from misidentified particles in the decays B* — 7w~ e*u,
and B — h™h'~, where h and h’' are hadrons. The latter has a peaking structure in
the B-mass region. Backgrounds involving misidentified particles contribute mostly to
categories in which at most one of the electrons has a bremsstrahlung correction applied.
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Table 1: Normalization factors « for BOS — eTe™. The bremsstrahlung category denotes whether
zero, one or both electrons are corrected for bremsstrahlung losses. The uncertainties include
statistical uncertainties and uncertainties due to limited size of the simulated samples.

Bremsstrahlung category 2011-2012 [1075] 2015-2016 [10~°]

No correction 2.85+0.24 1.84 +0.08
One electron corrected 1.134+0.08 0.70 £ 0.03
Both electrons corrected 1.73 £0.20 1.04 £ 0.06

The contribution from combinatorial background is evaluated from same-sign lepton pairs
in data and found to be small. The yields of the backgrounds are Gaussian constrained to
their expected values, estimated from simulation using their known branching fractions [12].

The shape of the invariant mass of the B? — ete™ and B — eTe™ components
is modeled using a Gaussian function with power-law tails, where the parameters are
obtained from simulation and differ between each bremsstrahlung category and year of data
taking. The peak values and the widths of the functions are corrected for data-simulation
differences by a factor determined from the normalization mode. The parameters of the
B%— eTe™ and B°— ete™ line shapes are fixed to the same values with the exception of
the peak value, which is shifted according to the known BY-B° mass difference [12]. Due
to the limited mass resolution, arising from imperfect bremsstrahlung recovery, the line
shapes from B?— ete™ and BY— eTe™ are highly overlapping. Therefore the branching
fraction of BY — eTe™ is obtained by performing a simultaneous fit to the dielectron
invariant-mass distribution of all six data sets while neglecting the contribution from
B%— ete, and vice versa. In these fits, the only shared parameters between categories
are the branching fractions B(B,) — e*e™) and B(B* — J/y K), and the ratio of the
fragmentation fractions fs/ f..

Systematic uncertainties are estimated separately for each data set. Dominant sources
of systematic uncertainties in the normalization arise from the uncertainty on the frag-
mentation fraction ratio, the technique used to evaluate the trigger efficiencies, and the
determination of particle-identification efficiencies; the systematic uncertainties from these
sources extend to 5.8 %, 5.3%, and 5.3% on the branching fractions, respectively. The
uncertainty on B(B* — J/ip K1) of 2.8 % [12] is taken into account. A difference of up
to 4.1 % is found between the efficiency of the BDT selection on simulated Bt — J/i) KT
decays and BT — J/ip KT decays in data, which is assigned as a systematic uncertainty.
The fraction of candidates in each bremsstrahlung-correction category of the signal modes
is taken from simulation. The difference between simulation and data is investigated
using BT — J/iy Kt decays and its effect on the normalization, up to 4.0 %, is taken
as a systematic uncertainty. Systematic uncertainties on the invariant-mass resolution
corrections are determined by repeating the correction procedure with pseudoexperiments
obtained with the bootstrapping method [39], yielding up to 1.1%. A difference between
the total selection efficiencies in the BY — eTe™ and B°— ete™ channels of up to 2.5%
is assigned as a systematic uncertainty on the BY — eTe™ normalization factor. Due
to the presence of an additional kaon in the final state of the normalization mode, the
track-reconstruction efficiency is different between the signal and normalization modes. An
uncertainty of 1.1 % is assigned to the branching fraction as a systematic uncertainty on
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Figure 1: Simultaneous fit to the dielectron invariant-mass distribution, with B(B° — ete™)
fixed to zero. The sum of bremsstrahlung categories is shown for (left) Run 1 and (right) Run 2.
The relative proportions of background contributions change between Run 1 and Run 2 due to
different performances of the particle identification algorithms and BDT selections.

the kaon reconstruction efficiency arising from the limited knowledge of the interactions in
the detector material [40]. Finally, an uncertainty of 1.0 % is assigned to account for small
differences in detector occupancy between the signal and normalization mode arising from
the trigger selection. The dominant sources of systematic uncertainties on the background
composition are due to the imprecise knowledge of the branching fractions of the back-
ground components. The largest uncertainty of this type on the expected background yield
in the B-mass region is 14 %, determined from refitting the mass sidebands while varying
the background components according to their uncertainties. Taking all correlations into
account, overall single event sensitivities of [4.71 + 0.12(stat.) & 0.33(syst.)] x 10719 for
B?— eTe™ and [1.271 £ 0.034(stat.) & 0.063(syst.)] x 107! for B®— ete™ are obtained.

The dielectron invariant-mass spectrum, summed over bremsstrahlung categories, is
shown in Fig. [1, with the result of the BY — e*e™ fit. The individual categories are
shown in the Supplemental Material [38], as well as the distributions with the result of the
B°— eTe™ fit. The measured branching fractions are B(B? — eTe™) = (2.4 +4.4) x 107°
and B(B®— ete™) = (0.30 & 1.29) x 107%, where the uncertainties include both statistical
and systematic components. The results are in agreement with the background-only
hypothesis.

Upper limits on the branching fractions are set using the CL, method [41], as im-
plemented in the GAMMACOMBO framework [42,43] with a one-sided profile likelihood
ratio [44] as test statistic. The likelihoods are computed from fits to the invariant-mass
distributions. In the fits, the normalization factor, normalization mode branching fraction,
fragmentation fraction ratio, and background yields are Gaussian constrained to their
expected values within statistical and systematic uncertainties. Pseudoexperiments, in
which the nuisance parameters are set to their fitted values from data, are used for the
evaluation of the test statistic.

The expected and observed CLg distributions are shown in Fig. [2l The upper observed
limits are B(B? — eTe™) < 9.4(11.2) x 1072 and B(B® — eTe™) < 2.5(3.0) x 107°
at 90 (95) % confidence level. These are consistent with the expected upper limits of
B(BY— ete™) < 7.0(8.6) x 107 and B(B°— ete™) < 2.0(2.5) x 1072 at 90 (95) % con-
fidence level, obtained as the median of limits determined on background-only pseudoex-
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Figure 2: CLg values as a function of the branching fractions of the decays (left) BY — ete™
and (right) BY — ete~. The red solid line (black solid line with data points) corresponds to
the distribution of the expected (observed) upper limits, and the light blue (dark blue) band
contains the 1o (20) uncertainties on the expected upper limits. Thresholds corresponding
to 90 % and 95 % confidence level are indicated with dashed lines. The observed values are
plotted for branching fractions greater than the measured branching fraction in the data; the
test statistic is defined to be nonzero only in that region.

periments.

In conclusion, a search for the rare decays B(OS) — eTe™ is performed using data from
proton-proton collisions recorded with the LHCb experiment, corresponding to a total
integrated luminosity of 5 fb™'. No excess of events is observed over the background.
The resulting limits on the branching fractions are B(B?— eTe™) < 9.4 (11.2) x 107
and B(BY— ete™) < 2.5(3.0) x 107 at 90 (95) % confidence level, when neglecting the
contribution from the other decay. The mean B? lifetime is assumed for BY — ete™
decays. Assuming SM-like CP-odd (CP-even) B? — eTe™ decays, an increase (decrease)
of 2.4 % with respect to the quoted limit is found. The results improve the limits on these
branching fractions by more than one order of magnitude and constrain contributions
beyond the SM, for example from scalar and pseudoscalar currents .
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The individual categories of the simultaneous fit to the dielectron invariant-mass using
the BY — ete™ hypothesis are presented in Fig. . The fit to the invariant dielectron
mass including the B®— ete™ hypothesis instead of the B — eTe™ hypothesis is shown
in Fig. [d, where the bremsstrahlung categories are summed. The individual categories
of the simultaneous fit to the dielectron invariant-mass using the B — e*e~ hypothesis
are presented in Fig. [5l Table [2] lists the inputs to the normalization factors: the ratio of
normalization and signal efficiencies and the normalization yield. The efficiency of the
normalization mode differs from the signal and causes the efficiency ratio to decrease with
bremsstrahlung category due to the slightly different reconstruction and preselection and
a different impact of the BDT selection, where the differences mainly originate from the
additional track in the normalization mode.
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Figure 3: Simultaneous fit to the dielectron invariant-mass distribution in all categories, with
B(B?— eTe™) fixed to zero. The top figures show the three bremsstrahlung categories in the
Run 1 data set and the bottom figures show the Run 2 data set. From left to right, the data
sets correspond to the bremsstrahlung correction category with no correction, correcting one
electron and correcting both electrons. The relative proportions of background contributions
change between Run 1 and Run 2 due to different performances of the particle-identification
algorithms and BDT selections. Their relative fractions between bremsstrahlung categories
follow the expectation from simulation.
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Figure 4: Simultaneous fit to the dielectron invariant-mass distribution, with B(B? — ete™)
fixed to zero. The bremsstrahlung categories are summed over the (left) Run 1 and (right) Run
2 data sets. The relative proportions of background contributions change between Run 1 and
Run 2 due to different performances of the particle-identification algorithms and BDT selections.
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Figure 5: Simultaneous fit to the dielectron invariant-mass distribution in all categories, with
B(B?— ete™) fixed to zero. The top figures show the three bremsstrahlung categories in the
Run 1 data set and the bottom figures show the Run 2 data set. From left to right, the data
sets correspond to the bremsstrahlung correction category with no correction, correcting one
electron and correcting both electrons. The relative proportions of background contributions
change between Run 1 and Run 2 due to different performances of the particle-identification
algorithms and BDT selections. Their relative fractions between bremsstrahlung categories
follow the expectation from simulation.



Table  2: Inputs for the normalization factors, the efficiency ratio
(BT — J/¢K+)/€(B?S)—> ete”) and normalization yield N(BT — JayKT). The
bremsstrahlung category (Brem. cat.) denotes whether zero, one or both electrons
are corrected for bremsstrahlung losses. The uncertainties on the efficiency ratios include
statistical uncertainties from the calibration and uncertainties due to limited size of the
simulated samples.

Brem. cat. 2011-2012 2015-2016

Efficiency ratio Norm. yield [10°] Efficiency ratio Norm. yield [10?]
Brem. 0 0.144 £ 0.012 5.05 £ 0.07 0.148 £ 0.118 7.96 £ 0.09
Brem. 1 0.119 £ 0.008 10.43 +0.11 0.118 £ 0.005 12,75+ 0.05
Brem. 2 0.086 = 0.010 4.95 £ 0.07 0.085 4= 0.005 8.306 &= 0.032
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