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A search for the decays B0
s → eþe− and B0 → eþe− is performed using data collected with the

LHCb experiment in proton-proton collisions at center-of-mass energies of 7, 8, and 13 TeV, corresponding
to integrated luminosities of 1, 2, and 2 fb−1, respectively. No signal is observed. Assuming no contribution
from B0 → eþe− decays, an upper limit on the branching fraction BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9 is
obtained at 90(95)% confidence level. If no B0

s → eþe− contribution is assumed, a limit of
BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 is determined at 90(95)% confidence level. These upper limits are more
than one order of magnitude lower than the previous values.

DOI: 10.1103/PhysRevLett.124.211802

Searches for rare particle decays provide ideal probes for
contributions from physics processes beyond the standard
model (SM). Recent measurements of decays involving
b → slþl− transitions (the inclusion of charge-conjugated
processes is implied throughout this Letter) hint at deviations
from SM predictions in lepton-flavor universality tests [1–6]
and thus motivate measurements of decay rates into final
states involving leptons. Following the observation of the
decay B0

s → μþμ− [7,8], the search for B0
s → eþe− and

B0 → eþe− decays provides an independent test of lepton-
flavor universality. According to SM predictions (calculated
from Ref. [9], neglecting QED corrections that are expected
to be at the percent level), B0

ðsÞ→eþe− decays have branch-

ing fractions of BðB0
s→eþe−Þ¼ð8.60�0.36Þ×10−14 and

BðB0→eþe−Þ¼ð2.41�0.13Þ×10−15. With contributions
beyond the SM, these branching fractions could be
significantly larger, reaching values of Oð10−8Þ for
BðB0

s→eþe−Þ and Oð10−10Þ for BðB0→eþe−Þ [10]. These
values are close to the current experimental bounds of
BðB0

s→eþe−Þ<2.8×10−7 and BðB0→eþe−Þ<8.3×10−8

at 90% confidence level (CL) [11], set by the CDF
collaboration.
In this Letter, a search for B0

s → eþe− and B0 → eþe−
decays is presented using data collected with the LHCb
experiment in proton-proton collisions at center-of-mass
energies of 7 TeV in 2011, 8 TeV in 2012 and 13 TeV
in 2015 and 2016, corresponding to integrated luminosities
of 1, 2, and 2 fb−1, respectively. The signal yields are

determined from a fit to the data and normalized to those of
the Bþ → J=ψKþ decay, where the J=ψ meson decays to
eþe−, which has a precisely measured branching fraction
[12] and a similar dielectron signature in the detector.
The LHCb detector [13,14] 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 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 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 [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 pT , 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 pT 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
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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 PHOTOS [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 Bþ → J=ψKþ

and B0
s→J=ψϕ decays, with J=ψ→eþe− and ϕ → KþK−.

Particle identification variables are calibrated using data
from Bþ → J=ψKþ and D0 → K−πþ decays [25]. The
calibration data are binned in momentum and pseudor-
apidity of the particle as well as detector occupancy to
account for possible differences in kinematics between the
investigated decay and the calibration data.
The B0

ðsÞ → eþe− 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 pT greater than 500 MeV=c, 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 ½4166; 6566� MeV=c2.
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 sepa-
rated into three categories with either zero, one, or both
electrons having a bremsstrahlung correction applied. To
avoid experimenters’ bias, the narrowest dielectron invari-
ant-mass region containing 90% of simulated B0

s → eþe−

decays, corresponding to a range of ½4689; 5588� MeV=c2,
was removed from the data set until the analysis procedure
was finalized.
Candidates for the normalization mode, Bþ → J=ψKþ,

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
½2450; 3176� MeV=c2, consistent with arising from
a J=ψ meson decay. In addition, the reconstructed
Bþ-candidate mass, when the dielectron candidate is
constrained to the known J=ψ mass [12], must be
above 5175 MeV=c2, suppressing partially reconstructed
decays.

A boosted decision tree (BDT) algorithm [27–29] is used
to separate B0

ðsÞ → eþe− 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 B0

s→eþe−
decays as signal proxy and dielectron candidates from data
with a mass above 5588 MeV=c2 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 dis-
placement 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 [24,30]. Candidates
with aBDTresponse compatiblewith that of the background
are discarded, with the threshold chosen by maximizing the
figure of merit ϵsignal=ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nbackground
p þ3=2Þ [31], where

ϵsignal is the signal efficiency and the expected background
yield in the signal region is Nbackground.
The final selected data set is separated by data-taking

period and by category of bremsstrahlung correction. The
branching fraction BðB0

ðsÞ → eþe−Þ is measured relative to
that of the normalization channel via

BðB0
ðsÞ→ eþe−Þ¼NðB0

ðsÞ → eþe−Þ×α×BðBþ→ J=ψKþÞ

×

�

fdðsÞ
fu

�

−1
; ð1Þ

where

α≡ εðBþ → J=ψKþÞ
εðB0

ðsÞ → eþe−Þ ×
1

NðBþ → J=ψKþÞ ; ð2Þ

εðB0
ðsÞ→eþe−Þ and εðBþ→J=ψKþÞ denote the efficiencies

of the signal and normalization modes, and NðB0
ðsÞ→eþe−Þ

and NðBþ → J=ψKþÞ their yields. The normalization
mode branching fraction (including that for the decay
J=ψ→eþe−) is BðBþ → J=ψKþÞ ¼ ð6.03� 0.17Þ× 10−5,
taken from Ref. [12]. The b-hadron fragmentation
fraction ratio fd=fu is assumed to be unity, while
fs=fu ¼ 0.259� 0.015 [32] is used for the Run 1 data
and is scaled by 1.068� 0.016 for the Run 2 data,
according to Ref. [33], to account for center-of-mass
energy differences. A measurement of fs=fu 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
Kþ eþe− invariant mass separately for each year of data
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taking and bremsstrahlung category. The fit model com-
prises 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 bremsstrah-
lung categories, the yield of the normalization mode is
20480� 140 in the Run 1 data and 33080� 180 in the
Run 2 data.
The selection efficiencies εðB0

ðsÞ → eþe−Þ and
εðBþ → J=ψKþÞ are determined separately 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 B0

s → eþe− decays, the mean B0
s lifetime [37] is

assumed. The selection efficiency is assumed to be the
same for both B0 → eþe− and B0

s → eþe− decays, which is
consistent with results from simulation. The normalization
factors, α, are combined across the data-taking periods and,
given in Table I, 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, back-

grounds due to misidentification and partial reconstruction
are present in the data. These backgrounds differ signifi-
cantly 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 → Xeþe− and Bþ → D0ð→ Yþe−ν̄eÞeþνe 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
B0 → π−eþνe and B → hþh0−, where h and h0 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. 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 B0
s → eþe− and

B0 → eþe− components is modeled using a Gaussian
function with power-law tails, where the parameters are
obtained from simulation and differ between each brems-
strahlung 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 B0

s → eþe− and
B0 → eþe− line shapes are fixed to the same values with
the exception of the peak value, which is shifted according
to the known B0

s–B0 mass difference [12]. Due to the
limited mass resolution, arising from imperfect bremsstrah-
lung recovery, the line shapes from B0

s → eþe− and
B0 → eþe− are highly overlapping. Therefore the branch-
ing fraction of B0

s → eþe− is obtained by performing a
simultaneous fit to the dielectron invariant-mass distribu-
tion of all six data sets while neglecting the contribution
from B0 → eþe−, and vice versa. In these fits, the only
shared parameters between categories are the branching
fractions BðB0

ðsÞ → eþe−Þ and BðBþ → J=ψKþÞ, and the

ratio of the fragmentation fractions fs=fu.
Systematic uncertainties are estimated separately for

each data set. Dominant sources of systematic uncertainties
in the normalization arise from the uncertainty on the
fragmentation 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
BðBþ → J=ψKþÞ 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 Bþ → J=ψKþ decays
and Bþ → J=ψKþ 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 Bþ → J=ψKþ 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 B0

s → eþe− and B0 → eþe− channels of up to 2.5%
is assigned as a systematic uncertainty on the B0 → eþe−
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 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

TABLE I. Normalization factors α for B0
ðsÞ → eþe−. The

bremsstrahlung category denotes whether zero, one or both
electrons are corrected for bremsstrahlung losses. The uncertain-
ties include statistical uncertainties and uncertainties due to
limited size of the simulated samples.

Bremsstrahlung category 2011–2012 ½10−5� 2015–2016 ½10−5�
No correction 2.85� 0.24 1.84� 0.08
One electron corrected 1.13� 0.08 0.70� 0.03
Both electrons corrected 1.73� 0.20 1.04� 0.06
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and normalization mode arising from the trigger selection.
The dominant sources of systematic uncertainties on the
background composition are due to the imprecise knowl-
edge of the branching fractions of the background compo-
nents. 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 ½4.71� 0.12ðstatÞ � 0.33ðsystÞ� × 10−10 for
B0
s→eþe− and ½1.271�0.034ðstatÞ�0.063ðsystÞ�×10−10

for B0 → eþe− are obtained.
The dielectron invariant-mass spectrum, summed over

bremsstrahlung categories, is shown in Fig. 1, with the result
of theB0

s → eþe− fit. The individual categories are shown in
the Supplemental Material [38], as well as the distributions
with the result of theB0 → eþe− fit. Themeasured branching
fractions are BðB0

s → eþe−Þ ¼ ð2.4� 4.4Þ × 10−9 and
BðB0 → eþe−Þ ¼ ð0.30� 1.29Þ × 10−9, where the uncer-
tainties 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
CLs method [41], as implemented 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 normali-
zation factor, normalization mode branching fraction, frag-
mentation fraction ratio, and background yields are
Gaussian constrained to their expected values within stat-
istical 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 CLs distribu-

tions are shown in Fig. 2. The upper observed
limits are BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9 and
BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 at 90(95)% confi-
dence level. These are consistent with the expected
upper limits of BðB0

s → eþe−Þ < 7.0ð8.6Þ × 10−9 and
BðB0 → eþe−Þ < 2.0ð2.5Þ × 10−9 at 90(95)% confidence
level, obtained as the median of limits determined on
background-only pseudoexperiments.
In conclusion, a search for the rare decays B0

ðsÞ → eþe−
is performed using data from proton-proton collisions
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recorded with the LHCb experiment, corresponding to a
total integrated luminosity of 5 fb−1. No excess of events is
observed over the background. The resulting limits on the
branching fractions are BðB0

s → eþe−Þ < 9.4ð11.2Þ × 10−9

and BðB0 → eþe−Þ < 2.5ð3.0Þ × 10−9 at 90(95)% confi-
dence level, when neglecting the contribution from
the other decay. The mean B0

s lifetime is assumed for
B0
s → eþe− decays. Assuming SM-like CP-odd (CP-even)

B0
s → eþe− decays, an increase (decrease) of 2.4% with

respect to the quoted limit is found. The results improve
the limits on these branching fractions [11] by more
than one order of magnitude and constrain contributions
beyond the SM, for example from scalar and pseudoscalar
currents [10].
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S. H. Lee,81 R. Lefèvre,9 A. Leflat,39,47 O. Leroy,10 T. Lesiak,33 B. Leverington,16 H. Li,71 L. Li,62 X. Li,66 Y. Li,6 Z. Li,67

X. Liang,67 T. Lin,60 R. Lindner,47 V. Lisovskyi,14 G. Liu,71 X. Liu,3 D. Loh,55 A. Loi,26 J. Lomba Castro,45 I. Longstaff,58

J. H. Lopes,2 G. Loustau,49 G. H. Lovell,54 Y. Lu,6 D. Lucchesi,27,r M. Lucio Martinez,31 Y. Luo,3 A. Lupato,27 E. Luppi,20,f

O. Lupton,55 A. Lusiani,28,s X. Lyu,5 S. Maccolini,19,c F. Machefert,11 F. Maciuc,36 V. Macko,48 P. Mackowiak,14

S. Maddrell-Mander,53 L. R. Madhan Mohan,53 O. Maev,37 A. Maevskiy,79 D. Maisuzenko,37 M.W. Majewski,34

S. Malde,62 B. Malecki,47 A. Malinin,77 T. Maltsev,42,e H. Malygina,16 G. Manca,26,l G. Mancinelli,10 R. Manera Escalero,44

D. Manuzzi,19,c D. Marangotto,25,n J. Maratas,9,t J. F. Marchand,8 U. Marconi,19 S. Mariani,21,21,47 C. Marin Benito,11

M. Marinangeli,48 P. Marino,48 J. Marks,16 P. J. Marshall,59 G. Martellotti,30 L. Martinazzoli,47 M. Martinelli,24,g

PHYSICAL REVIEW LETTERS 124, 211802 (2020)

211802-7



D. Martinez Santos,45 F. Martinez Vidal,46 A. Massafferri,1 M. Materok,13 R. Matev,47 A. Mathad,49 Z. Mathe,47

V. Matiunin,38 C. Matteuzzi,24 K. R. Mattioli,81 A. Mauri,49 E. Maurice,11,a M. McCann,60 L. Mcconnell,17 A. McNab,61

R. McNulty,17 J. V. Mead,59 B. Meadows,64 C. Meaux,10 G. Meier,14 N. Meinert,74 D. Melnychuk,35 S. Meloni,24,g

M. Merk,31 A. Merli,25 M. Mikhasenko,47 D. A. Milanes,73 E. Millard,55 M.-N. Minard,8 O. Mineev,38 L. Minzoni,20

S. E. Mitchell,57 B. Mitreska,61 D. S. Mitzel,47 A. Mödden,14 A. Mogini,12 R. D. Moise,60 T. Mombächer,14 I. A. Monroy,73

S. Monteil,9 M. Morandin,27 G. Morello,22 M. J. Morello,28,s J. Moron,34 A. B. Morris,10 A. G. Morris,55 R. Mountain,67

H. Mu,3 F. Muheim,57 M. Mukherjee,7 M. Mulder,47 D. Müller,47 K. Müller,49 C. H. Murphy,62 D. Murray,61 P. Muzzetto,26

P. Naik,53 T. Nakada,48 R. Nandakumar,56 T. Nanut,48 I. Nasteva,2 M. Needham,57 N. Neri,25,n S. Neubert,16 N. Neufeld,47

R. Newcombe,60 T. D. Nguyen,48 C. Nguyen-Mau,48,u E. M. Niel,11 S. Nieswand,13 N. Nikitin,39 N. S. Nolte,47 C. Nunez,81

A. Oblakowska-Mucha,34 V. Obraztsov,43 S. Ogilvy,58 D. P. O’Hanlon,53 R. Oldeman,26,l C. J. G. Onderwater,75

J. D. Osborn,81 A. Ossowska,33 J. M. Otalora Goicochea,2 T. Ovsiannikova,38 P. Owen,49 A. Oyanguren,46 P. R. Pais,48

T. Pajero,28,28,47,s A. Palano,18 M. Palutan,22 G. Panshin,80 A. Papanestis,56 M. Pappagallo,57 L. L. Pappalardo,20

C. Pappenheimer,64 W. Parker,65 C. Parkes,61 G. Passaleva,21,47 A. Pastore,18 M. Patel,60 C. Patrignani,19,c A. Pearce,47

A. Pellegrino,31 M. Pepe Altarelli,47 S. Perazzini,19 D. Pereima,38 P. Perret,9 L. Pescatore,48 K. Petridis,53 A. Petrolini,23,b

A. Petrov,77 S. Petrucci,57 M. Petruzzo,25,n B. Pietrzyk,8 G. Pietrzyk,48 M. Pili,62 D. Pinci,30 J. Pinzino,47 F. Pisani,19

A. Piucci,16 V. Placinta,36 S. Playfer,57 J. Plews,52 M. Plo Casasus,45 F. Polci,12 M. Poli Lener,22 M. Poliakova,67

A. Poluektov,10 N. Polukhina,78,v I. Polyakov,67 E. Polycarpo,2 G. J. Pomery,53 S. Ponce,47 A. Popov,43 D. Popov,52

S. Poslavskii,43 K. Prasanth,33 L. Promberger,47 C. Prouve,45 V. Pugatch,51 A. Puig Navarro,49 H. Pullen,62 G. Punzi,28,i

W. Qian,5 J. Qin,5 R. Quagliani,12 B. Quintana,8 N. V. Raab,17 R. I. Rabadan Trejo,10 B. Rachwal,34 J. H. Rademacker,53

M. Rama,28 M. Ramos Pernas,45 M. S. Rangel,2 F. Ratnikov,41,79 G. Raven,32 M. Reboud,8 F. Redi,48 F. Reiss,12

C. Remon Alepuz,46 Z. Ren,3 V. Renaudin,62 S. Ricciardi,56 D. S. Richards,56 S. Richards,53 K. Rinnert,59 P. Robbe,11

A. Robert,12 A. B. Rodrigues,48 E. Rodrigues,59 J. A. Rodriguez Lopez,73 M. Roehrken,47 A. Rollings,62 V. Romanovskiy,43

M. Romero Lamas,45 A. Romero Vidal,45 J. D. Roth,81 M. Rotondo,22 M. S. Rudolph,67 T. Ruf,47 J. Ruiz Vidal,46

A. Ryzhikov,79 J. Ryzka,34 J. J. Saborido Silva,45 N. Sagidova,37 N. Sahoo,55 B. Saitta,26,l C. Sanchez Gras,31

C. Sanchez Mayordomo,46 R. Santacesaria,30 C. Santamarina Rios,45 M. Santimaria,22 E. Santovetti,29,w G. Sarpis,61

M. Sarpis,16 A. Sarti,30 C. Satriano,30,x A. Satta,29 M. Saur,5 D. Savrina,38,39 L. G. Scantlebury Smead,62 S. Schael,13

M. Schellenberg,14 M. Schiller,58 H. Schindler,47 M. Schmelling,15 T. Schmelzer,14 B. Schmidt,47 O. Schneider,48

A. Schopper,47 H. F. Schreiner,64 M. Schubiger,31 S. Schulte,48 M. H. Schune,11 R. Schwemmer,47 B. Sciascia,22

A. Sciubba,22 S. Sellam,68 A. Semennikov,38 A. Sergi,52,47 N. Serra,49 J. Serrano,10 L. Sestini,27 A. Seuthe,14 P. Seyfert,47

D. M. Shangase,81 M. Shapkin,43 L. Shchutska,48 T. Shears,59 L. Shekhtman,42,e V. Shevchenko,77 E. Shmanin,78

J. D. Shupperd,67 B. G. Siddi,20 R. Silva Coutinho,49 L. Silva de Oliveira,2 G. Simi,27,r S. Simone,18,k I. Skiba,20

N. Skidmore,16 T. Skwarnicki,67 M.W. Slater,52 J. G. Smeaton,54 A. Smetkina,38 E. Smith,13 I. T. Smith,57 M. Smith,60

A. Snoch,31 M. Soares,19 L. Soares Lavra,9 M. D. Sokoloff,64 F. J. P. Soler,58 B. Souza De Paula,2 B. Spaan,14

E. Spadaro Norella,25,n P. Spradlin,58 F. Stagni,47 M. Stahl,64 S. Stahl,47 P. Stefko,48 O. Steinkamp,49,78 S. Stemmle,16

O. Stenyakin,43 M. Stepanova,37 H. Stevens,14 S. Stone,67 S. Stracka,28 M. E. Stramaglia,48 M. Straticiuc,36 S. Strokov,80

J. Sun,26 L. Sun,72 Y. Sun,65 P. Svihra,61 K. Swientek,34 A. Szabelski,35 T. Szumlak,34 M. Szymanski,47 S. Taneja,61 Z. Tang,3

T. Tekampe,14 F. Teubert,47 E. Thomas,47 K. A. Thomson,59 M. J. Tilley,60 V. Tisserand,9 S. T’Jampens,8 M. Tobin,6

S. Tolk,47 L. Tomassetti,20,f D. Torres Machado,1 D. Y. Tou,12 E. Tournefier,8 M. Traill,58 M. T. Tran,48 E. Trifonova,78

C. Trippl,48 A. Tsaregorodtsev,10 G. Tuci,28,i A. Tully,48 N. Tuning,31 A. Ukleja,35 A. Usachov,31 A. Ustyuzhanin,41,79

U. Uwer,16 A. Vagner,80 V. Vagnoni,19 A. Valassi,47 G. Valenti,19 M. van Beuzekom,31 H. Van Hecke,66 E. van Herwijnen,47

C. B. Van Hulse,17 M. van Veghel,75 R. Vazquez Gomez,44 P. Vazquez Regueiro,45 C. Vázquez Sierra,31 S. Vecchi,20

J. J. Velthuis,53 M. Veltri,21,y A. Venkateswaran,67 M. Veronesi,31 M. Vesterinen,55 J. V. Viana Barbosa,47 D. Vieira,64

M. Vieites Diaz,48 H. Viemann,74 X. Vilasis-Cardona,44,h G. Vitali,28 A. Vitkovskiy,31 A. Vollhardt,49 D. Vom Bruch,12

A. Vorobyev,37 V. Vorobyev,42,e N. Voropaev,37 R. Waldi,74 J. Walsh,28 J. Wang,3 J. Wang,72 J. Wang,6 M. Wang,3 Y. Wang,7

Z. Wang,49 D. R. Ward,54 H. M. Wark,59 N. K. Watson,52 D. Websdale,60 A. Weiden,49 C. Weisser,63 B. D. C. Westhenry,53

D. J. White,61 M. Whitehead,13 D. Wiedner,14 G. Wilkinson,62 M. Wilkinson,67 I. Williams,54 M. Williams,63

M. R. J. Williams,61 T. Williams,52 F. F. Wilson,56 W. Wislicki,35 M. Witek,33 L. Witola,16 G. Wormser,11 S. A. Wotton,54

H. Wu,67 K. Wyllie,47 Z. Xiang,5 D. Xiao,7 Y. Xie,7 H. Xing,71 A. Xu,4 J. Xu,5 L. Xu,3 M. Xu,7 Q. Xu,5 Z. Xu,4 Z. Yang,3

PHYSICAL REVIEW LETTERS 124, 211802 (2020)

211802-8



Z. Yang,65 Y. Yao,67 L. E. Yeomans,59 H. Yin,7 J. Yu,7 X. Yuan,67 O. Yushchenko,43 K. A. Zarebski,52 M. Zavertyaev,15,v

M. Zdybal,33 M. Zeng,3 D. Zhang,7 L. Zhang,3 S. Zhang,4 W. C. Zhang,3,z Y. Zhang,47 A. Zhelezov,16 Y. Zheng,5 X. Zhou,5

Y. Zhou,5 X. Zhu,3 V. Zhukov,13,39 J. B. Zonneveld,57 and S. Zucchelli19,c

(LHCb Collaboration)

1Centro Brasileiro de Pesquisas Físicas (CBPF), Rio de Janeiro, Brazil
2Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3Center for High Energy Physics, Tsinghua University, Beijing, China

4School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
5University of Chinese Academy of Sciences, Beijing, China
6Institute Of High Energy Physics (IHEP), Beijing, China

7Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
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