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A search is performed for lepton-number-violating B− → Dð�Þþμ−μ− decays, using data collected by the
LHCb experiment in proton-proton collisions at a center-of-mass energy of 13 TeV, corresponding to an

integrated luminosity of 5.4 fb−1. No significant signal is observed, and upper limits are set on the

branching fractions, BðB− → Dþμ−μ−Þ < 4.6 × 10−8 and BðB− → D�þμ−μ−Þ < 5.9 × 10−8, at the
95% confidence level.
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I. INTRODUCTION

One of the fundamental questions in particle physics is
whether neutrinos are Dirac or Majorana fermions.
Dirac fermions have distinct particle and antiparticle
states, whereas Majorana fermions are identical to
their antiparticles. A key way to establish the
Majorana nature of neutrinos is through the observation
of neutrinoless double beta decay (0νββ), a second-
order weak process in which two neutrons in the same
nucleus undergo correlated β− transitions, emitting two
electrons but no neutrinos. In the Standard Model (SM),
only the two-neutrino double beta decay process can
occur, in which the final state contains two electrons and
two antineutrinos. The most stringent lower limits on
0νββ lifetimes have been set by the LEGEND-200
experiment, τ > 1.9 × 1026 years for 76Ge nuclei [1],
and by the EXO experiment, τ > 3.5 × 1025 years for
136Xe nuclei [2].
While the 0νββ experiments can only probe the cou-

plings of Majorana neutrinos to electrons, the couplings to
muons can be investigated using analogous s-, c-, or b-
hadron decays. The LHCb and Belle experiments have
performed searches with B− mesons [3–6]. Similar studies
were conducted with charm mesons by the BABAR experi-
ment [7], with strange mesons by the NA62 [8] and E865
[9] experiments and with light mesons by the BESIII
experiment [10].
This work investigates the neutrinoless decays

B− → Dð�Þþμ−μ−, reconstructed through the charm-hadron

decays Dþ → K−πþπþ and D�þ → D0ð→ K−πþÞπþ.1 A
possible Feynman diagram of the processes is shown in
Fig. 1. Such decays violate lepton number conservation and
are forbidden within the SM.
For context, theoretical predictions for branching

fractions of processes of the form M → M0ll, where M
andM0 denote initial and final mesons and ll represent two
like-sign leptons of the same generation, have been dis-
cussed in Refs. [11,12], under different assumptions about
the Majorana neutrino mass. While the previous study [4]
considered two possible processes of the decay B− →
Dð�Þþμ−μ−, this study focuses on a single topology, illus-
trated in Fig. 1, in which the charm meson and the two
muons are required to originate from a commonvertex. This
configuration corresponds to the cases of light (mN < mπ)
and heavy (mN > mB) Majorana neutrino discussed in
Ref. [11]. The predicted branching fractions are at the level
of Oð10−23Þ and Oð10−22Þ, respectively. In contrast, in the
intermediate-mass regime (mπ < mN < mB), an on-shell
Majorana neutrino would produce a distinct experimental
signature involving a displaced vertex, which is not con-
sidered in this analysis.
Although these predictions are beyond the reach of

present experiments, searches in the B− system provide
complementary constraints on lepton-number-violating
processes and help establish an experimental strategy for
future, more sensitive measurements. This analysis per-
forms a model-independent and experimentally clean
search for these forbidden processes, focusing on identify-
ing any experimental signature consistent with a neutrino-
less B− decay.
This study utilizes proton-proton (p p) collision data,

collected with the LHCb detector from 2016 to 2018 at a
center-of-mass energy of 13 TeV, corresponding to an
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integrated luminosity of 5.4 fb−1. To avoid bias by the
experimenter, the results of the analysis were not examined
until the full procedure had been finalized. This work
improves upon a previous study [4] not only by utilizing a
larger dataset but also by carefully estimating backgrounds
from b-hadron decays in which one or two pions are
misidentified as muons. These backgrounds are incorpo-
rated in the fit model used to set upper limits on the signal
branching fractions. An additional improvement is the use
of a boosted decision tree (BDT) classifier [13] to suppress
combinatorial background. For normalization, the decay
B− → ψð2SÞð→ J=ψð→ μþμ−Þπþπ−ÞK− is used, which
has the same final-state particles as the signal decays
and a high branching fraction.
The B− → Dð�Þþμ−μ− branching fractions are deter-

mined from the measured yields of signal and normaliza-
tion decays according to

BðB− → Dð�Þþμ−μ−Þ ¼ Nsig

Nnorm
·
εnorm
εsig

·
Bnorm

BDð�Þþ
; ð1Þ

where Nsig (Nnorm) is the yield of the signal (normalization)
decays obtained from an extended unbinned maximum-
likelihood fit to the invariant-mass distributions of B−

candidates, εsig (εnorm) corresponds to the signal (normali-
zation) efficiency estimated with simulation and calibration
data, Bnorm denotes the known branching fraction of the full
decay chain of the normalization channel, and BDð�Þþ is the
known branching fraction of the subsequent decays of the
Dð�Þþ mesons [14].

II. DETECTOR AND SIMULATION

The LHCb detector [15,16] 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 used to collect the data analyzed in this paper
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.2 The
minimum distance of a track to a primary pp collision
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29=pTÞ μm, where pT 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 and electromagnetic and hadronic
calorimeters. 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 software stage, which applies a full event
reconstruction.
Simulation plays a crucial role in two key areas: first, to

accurately model the effects of the detector acceptance and
the applied selection criteria and, second, to characterize
the shape of misidentified backgrounds and to estimate
their contributions to the data sample. In the simulation, pp
collisions are generated using Pythia [17] with a specific
LHCb configuration [18]. Decays of unstable particles are
described by EvtGen [19], in which final-state radiation is
generated using PHOTOS [20]. The interaction of the
generated particles with the detector, and its response,
are implemented using the Geant4 toolkit [21] as described in
Ref. [22]. The simulated samples are corrected to account
for known data-simulation differences in the B-meson
production kinematics and detector occupancy, as well
as particle-identification (PID) performances. Signal
decays are simulated uniformly across theDð�Þþμ−μ− phase
space, since no well-established decay model exists.

III. SELECTION

At the hardware trigger stage, events are required to have
at least one muon with high transverse momentum. The
software trigger requires a two-, three-, or four-track
secondary vertex with a significant displacement from
any primary pp interaction vertex. A multivariate algorithm
is used for the identification of secondary vertices con-
sistent with the decay of a b hadron. Triggered data further

FIG. 1. Diagram for the b → u annihilation process. The ×
indicates the νμ − ν̄μ exchange.

2Natural units with ℏ ¼ c ¼ 1 are used throughout.
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undergo a centralized, offline processing step [23]. In
events selected by the trigger, the B− invariant mass is
determined using a kinematic fit [24]. The fit constrains the
invariant mass of the K− πþ πþ system to the known Dþ
(D�þ) mass [14]. In the D�þ channel, the invariant mass of
the K− πþ system is additionally constrained to the known
D0 mass [14]. No explicit kaon PID requirement is applied
in the signal channels. To suppress combinatorial back-
ground, the reconstructed invariant mass of the K− πþ πþ
system is required to lie within �2.5σ of the known
Dþ (D�þ) mass [14] mass, where σ is the mass resolution
determined in simulation. In the D�þ channel, the recon-
structed K− πþ invariant mass is similarly required to be
within �2.5σ of the known D0 mass.
The B− candidates are reconstructed by combiningDð�Þþ

candidates with two same-sign muons. The charm meson
and the two muons are required to originate from a
common vertex, thereby suppressing contributions from
long-lived particles. The invariant mass of the B− candi-
dates is required to lie between 5050 and 5500 MeV. The
mass resolution after the kinematic fit is approximately
38 MeV, as determined from simulated signal samples. The
chosen window therefore contains the full signal region
with sufficient sidebands for background modeling. The
tracks of all final-state particles must be inconsistent with
originating from any PV, as quantified by the impact-
parameter χ2 (χ2IP), which measures the compatibility of a
track with a given vertex. Kaon and pion candidates in the
signal channels are required to satisfy χ2IP > 4, while muon
candidates must satisfy χ2IP > 9. Compared to the previous
LHCb study [4], tighter muon PID requirements are applied
to both muon candidates to suppress backgrounds from
pions misidentified as muons, which were not explicitly
considered in that analysis. The selection retains approx-
imately 83% of signal, while reducing the pion misidenti-
fication probability to below 1% per track. Backgrounds
from J=ψ → μþμ− and ψð2SÞ → μþμ− decays, where one
of the muons is misidentified and used in the reconstruction
of the Dð�Þþ meson, are suppressed using invariant-mass
vetoes. For each muon-pion combination in the event, the
invariant mass is computed after assigning the muon mass
hypothesis to the pion candidate. Candidates are rejected if
any such combination lies within narrow mass windows
around the known J=ψ and ψð2SÞ masses [14]. In the
case of the ψð2SÞ veto, this requirement is applied with the
pion candidate satisfying the muon PID requirements.
The mass-window sizes are determined from studies of
the corresponding invariant-mass distributions in data and
simulation and are chosen to suppress residual charmonium
contributions while maintaining high signal efficiency.
In the normalization channel, B− → ψð2SÞð→ J=ψð→

μþμ−Þπþπ−ÞK−, the B− candidates are reconstructed using
the same selection criteria for the two muons as in the
signal channels, except for their charge requirements. The
PID requirements, based on differential log-likelihood

variables provided by the LHCb PID system [16], are
applied to the kaon and pion candidates, unlike the signal
channels. In addition, kaon and pion candidates are
required to satisfy a stricter requirement of χ2IP > 9 to
further suppress combinatorial background. The differ-
ence in selection efficiency between the normalization and
signal channels is determined using simulation. Since the
measurement is performed as a ratio of branching frac-
tions, and the two channels share identical final-state
particle content and similar kinematic and topological
properties, most reconstruction, trigger, and selection
effects cancel in the efficiency ratio. Residual differences
are evaluated using simulation and included as systematic
uncertainties.
A multivariate selection with a BDT classifier, imple-

mented in the SCIKIT-LEARN toolkit [25], is utilized to
separate each signal from the combinatorial background.
The BDT classifier is trained and applied independently for
the Dþ and D�þ decay channels. The signal sample is
defined as simulated candidates whoseDð�Þþμ−μ− invariant
mass lies within �2.5σ of the B− mass peak. The upper
mass sideband, spanning from 2.5σ above the B− mass
peak up to 6 GeV, is used as the background sample, as it
provides a clean sample dominated by random track
combinations. The muon PID requirements are not applied
in the background sample to ensure a sufficiently large
sample and avoid overtraining. The variables used in the
training of the BDT classifier comprise kinematic and
topological quantities, including the transverse momentum
of the B−, K−, πþ, and muon candidates; the IP and flight
distance of the B− and Dð�Þþ particles; and the vertex fit χ2

of the B− candidate. The optimal BDT classifier selection is
determined using Punzi’s figure of merit [26] for a target
significance of three standard deviations (σ). No dedicated
BDT is trained for the selection of the normalization
channel. Instead, the BDT classifier developed for the
Dþ channel is applied. Although theDþ and normalization
channel do not share identical topologies, the input dis-
tributions of the Dþ BDT are more similar to those of the
normalization channel than those of the D�þ BDT. The
BDT requirement in the normalization channel is chosen
such that the efficiency, as determined from simulation, is
approximately 50%. This working point provides good
agreement between data and simulation while maintaining
adequate statistical precision.

IV. BACKGROUND SOURCES

After the BDT selection, which suppresses 99.5% of the
combinatorial background, the dominant remaining back-
ground sources are due to misidentified decays such as
B− → Dð�Þþπ−μ−ν̄μ and B− → Dð�Þþπ−π− decays, where
one or two pions are reconstructed as muons. The former do
not form a peak in the B− mass due to the presence of the
undetected neutrino in the final state and populate the lower
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sideband of the selected mass range. The latter appear as a
peaking structure near the expected signal peaks.
Pion misidentification as a muon is often associated

with a pion decaying in flight and producing a genuine
muon that can satisfy both the hardware trigger and PID
requirements. The momentum of such muons is, in general,
different from that of the original pion. To account for these
effects, two independent corrections are applied to B− →
Dð�Þþπ−μ−ν̄μ and B− → Dð�Þþπ−π− simulation samples.
The first correction accounts for the pion-to-muon mis-

identification rate, which is determined using a calibration
sample of D�þ → D0ð→ K−πþÞπþ decays, providing the
misidentification probability in bins of the pion momentum,
pseudorapidity, and track multiplicity [27]. Simultaneous
fits to the D0 mass (mK−πþ) and the mass difference
(Δm≡mK−πþπþ −mK−πþ) are performed to extract the
yields of pions that pass or fail the muon-identification
requirements. The linear correlation coefficient between the
two fit variables is found to be negligible. These yields are
used to determine the misidentification rate.
In the D�þ → D0πþ candidate sample, the mK−πþ dis-

tribution is modeled by a core component described by two
Gaussian probability density functions (PDFs) sharing a
common mean but with different widths and a shoulderlike
structure modeled by two Gaussian PDFs with distinct
means and widths. The shoulder structure primarily
accounts for pion-to-muon misidentification of pions
decaying in flight to produce genuine muons. The Δm
distribution is parametrized with the sum of three Gaussian
PDFs, two of which share a common mean.
The fit model contains three main background sources.

The first is the misreconstructed D�þ background, which
arises from a genuine D0 meson combined with an
unrelated pion. Its mK−πþ distribution is modeled using
the same shape as the signal, while its Δm distribution is
described by a threshold function,

fðxÞ ¼
�
Δm
a

− 1

�
b
e−cðΔm=aÞ; ð2Þ

where a, b, and c are floating parameters. The second
background source is the misreconstructed D0 component,
dominated by partially reconstructed decays such as
D0 → K−μþνμ. Its mK−πþ shape is modeled with an
exponential PDF, while its Δm shape follows that of the
signal. Finally, the combinatorial background is described
by an exponential function inmK−πþ and the same threshold
function of Eq. (2) in Δm.
Figure 2 shows one of the fits to the D�þ →

D0ð→ K−πþÞπþ candidates of the 2016 sample, with pion
momentum between 1.0 and 14.0 GeV, pion pseudorapidity
between 1.53 and 2.83, and track multiplicity of the event
smaller than 103. The effect of momentum misreconstruc-
tion due to pions decaying in flight is visible in the low-
mass tail of theD0 mass peak. The measured pion-to-muon
misidentification rate as a function of the pion momentum
is shown in Fig. 3.

FIG. 2. An example of simultaneous fit to (left) the D0 invariant mass and (right) Δm distributions of the D�þ → D0ð→ K−πþÞπþ
candidates that satisfy the muon PID requirement in the bin defined by pπ ∈ ½1.0; 14.0� GeV, η∈ ½1.53; 2.83�, and track multiplicity
∈ ½0; 103�. This fit is performed separately for different years of data taking and magnetic field polarities, shown here for 2016 data with
the magnetic field pointing downwards.

FIG. 3. Probability of a pion being misidentified as muon as a
function of its momentum.
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The second correction addresses the effect of momentum
degradation arising from pion decays in flight. Since the
momentum of the resulting muon differs from that of the
original pion, this effect is studied using simulation.
Available B− → Dð�Þþπ−μ−ν̄μ and B− → Dð�Þþπ−π− sim-
ulation samples do not have sufficient size to show any
sensitivity to the aforementioned pion momentum misre-
construction. To address this, a separate, larger simulated
sample is used, containing B− → D0μ−ν̄μX decays, where
X denotes any additional particles originating from excited
charmmesons. Unlike the full simulation, no other particles
from the pp collision are generated in this sample. The pion
from D0 → K−πþ decays is used to model the momentum
misreconstruction. Figure 4 (left) shows the distributions of
the momentum residuals, preco − ptrue, of the pion from
D0 → K−πþ decays in bins of its momentum. The spread
toward negative momentum residual reflects the pion
decay-in-flight effect, which is more evident at high
momenta. The momentum residual distribution is used to
smear the reconstructed momentum of pions in the B− →
Dð�Þþπ−μ−ν̄μ and B− → Dð�Þþπ−π− simulation samples, in
bins of momentum. The smeared momentum is used to
recompute the measured B− candidate mass. The compari-
son of the simulated B− → Dð�Þþπ−π− mass distribution
before and after smearing is shown in Fig. 4 (right). The
smeared distribution provides a more accurate description
of the shapes of the two background sources in which pions
are misidentified as muons due to decay in flight and also
reproduces the tail effects observed in the calibration
sample shown in Fig. 2 (left).
Simulated samples of B− → Dð�Þþπ−μ−ν̄μ and B− →

Dð�Þþπ−π− decays are used to estimate, respectively, the
yields of singly and doubly misidentified backgrounds in
data, where one or two pions are reconstructed as muons.
Their selection efficiencies are evaluated by applying the
same criteria as for the signal channels, except for the
trigger and the PID requirements. The trigger efficiency is
taken directly from the signal channels, while the

misidentification rate is determined using the data-driven
method described above and applied to the simulated
sample as an event-by-event weight to candidates recon-
structed without muon PID requirements.
Two sources of systematic uncertainty are considered in

the estimation of the yields of misidentified backgrounds.
The first originates from the difference between misidenti-
fication rates obtained using the simultaneous fit to mK−πþ

and Δm and those obtained using the PID calibration
procedure described in Ref. [27]. The relative variations are
46% and 49% for B− → Dþπ−π− and B− → D�þπ−π−
decays, respectively. The second source of systematic
uncertainty is related to the variation of the trigger
efficiency across the Dalitz plane, as described in
Sec. VI. Since the trigger efficiencies obtained for the
signal decays are also applied to the misidentified back-
grounds, relative uncertainties of 6.5% and 6.9% are
assigned on the misidentified-background yields in the
B− → Dþπ−π− and B− → D�þπ−π− channels, respec-
tively. The estimated yields of different misidentified
decays are listed in Table I.

V. SIGNAL YIELDS

In the fit to the B− invariant-mass distribution, the
contributions are modeled with a sum of signal and back-
ground components. The signal shapes are modeled by a

FIG. 4. Left: pion momentum residual as a function of momentum in the simulated B− → D0μ−ν̄μX sample. Right: invariant-mass
distribution of the simulated B− → Dð�Þþπ−π− candidates misidentified as B− → Dð�Þþμ−μ−, before and after smearing.

TABLE I. Estimated yields of backgrounds with one or two
pions misidentified as muons. The first uncertainties are due to
the limited size of the simulation sample, and the second account
for systematic effects.

Decay Estimated yield

B− → Dþπ−π− 7.8� 0.5� 3.6
B− → D�þπ−π− 0.8� 0.2� 0.4
B− → Dþπ−μ−ν̄μ 52� 10� 13

B− → D�þπ−μ−ν̄μ 12.2� 4.5� 3.1
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Hypatia function [28]. The misidentified backgrounds are
modeled by a double-sided Crystal Ball function [29] for the
B− → Dð�Þþπ−π− decays and a kernel density estimator
(KDE) function [30] for the B− → Dð�Þþπ−μ−ν̄μ decays. In
the KDE, boundary effects are mitigated by applying
symmetric reflection of the data at both edges of the
observable range. The smoothing parameter is set to double
of the default bandwidth. The combinatorial background is
described by an exponential function.
The PDF parameters of the misidentified background

components are determined from simulation, except for
their yield, as detailed in Sec. IV. The expected yield of
each misidentified background is constrained in the fit
using a log-normal parametrization,

NmisID ¼ μ

�
μþ σ

μ

�
ν

; ð3Þ

where μ and σ correspond to the estimated yield and its total
uncertainty, respectively, with the latter obtained as the
quadratic sum of statistical and systematic uncertainties
listed in Table I, and ν is a nuisance parameter following a
standard normal distribution.
The fits to the invariant-mass distributions for the B− →

Dþμ−μ− and B− → D�þμ−μ− decays, as shown in Fig. 5,
yield a signal of 9.0� 5.3 events for the Dþ mode and
−1.7� 2.1 events for the D�þ mode, respectively.
The normalization yield, Nnorm ¼ 24460� 160, is

obtained from a fit using a Hypatia function for the
normalization channel and an exponential PDF for the
combinatorial background.

VI. EFFICIENCIES AND SYSTEMATIC
UNCERTAINTIES

The efficiency terms in Eq. (1), εsig and εnorm, combine the
efficiencies of various selections. All efficiencies of signal
and normalization channels, except those due to the PID
requirements, are determined using simulation. The PID
efficiency is evaluated through a data-driven approach [27]
based on the sPlot technique [31]. The εnorm=εsig ratio is

determined to be 0.36� 0.01� 0.06 for theDþ channel and
0.69� 0.01� 0.16 for the D�þ channel, where the first
uncertainty is statistical and the second is systematic.
The following systematic uncertainties are taken into

account when evaluating the efficiency ratio εnorm=εsig and
are summarized in Table II. Simulations of signal channels
are generated uniformly across phase space. To account for
the efficiency differences in a specific new physics model
producing the decay, the standard deviation of the effi-
ciency distribution across the Dalitz plane, as provided in
Ref. [32], is taken as a systematic uncertainty. This is the
dominant systematic uncertainty in the efficiency ratio.
The uncertainty of the PID efficiency is estimated in two

ways: by comparing its baseline value with the simulated
PID response and by changing the binning schemes in the
calibration procedure. The difference in efficiency ratio due
to a small variation in the BDT selection criterion is
considered as a systematic uncertainty. The large yield
of the normalization decay allows the evaluation of the
trigger efficiency following a data-driven approach [33],
and its difference with the simulation-based efficiency is
regarded as a systematic uncertainty.
The systematic uncertainty due to the limited size of the

simulation samples is negligible. The total systematic
uncertainty is computed as the quadratic sum of the
individual contributions.
A systematic uncertainty is assigned to the signal yields

to account for the choice of PDF used to model the
combinatorial background. The baseline model employs

FIG. 5. Invariant-mass distribution of (left) B− → Dþμ−μ− and (right) B− → D�þμ−μ− candidates with the fit results also shown.

TABLE II. Relative systematic uncertainties on the efficiency
ratio between the signal and normalization channels.

Systematic uncertainty (%)

Source B− → Dþμ−μ− B− → D�þμ−μ−

Decay model 16.8 22.9
PID calibration 5.6 5.3
BDT selection 3.8 1.3
Trigger 0.7 0.7

Total 18 24
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an exponential function, while an alternative model uses a
second-order Bernstein polynomial. As no clear preference
exists between the two parametrizations, an ensemble of
background-only pseudoexperiments is generated, and the
standard deviation of the resulting differences in fitted
signal yields is taken as the absolute systematic uncertainty.
The assigned uncertainties are 0.8 and 0.2 candidates for
the Dþ and D�þ channels, respectively.

VII. RESULTS

The upper limits of the signal decay branching fractions
are computed using the CLs method [34], implemented in
the RooStats project [35]. Here CLs is defined as
ðpsþbÞ=ð1 − pbÞ, where psþb denotes the p-value of the
signal-plus-background hypothesis and pb that of the back-
ground-only hypothesis [14]. The branching fractions, given
by Eq. (1), are evaluated using the signal and normalization
yields obtained from the fit and the efficiency ratio deter-
mined from simulation. The CLs method is based on the full
fit model, whose likelihood function incorporates the
uncertainties on the fit parameters as Gaussian constraints.
The upper limits at 90% (95%) confidence level (CL), taken
as the points at which the observed CLs p-value dips below
0.10 (0.05) as shown in Fig. 6, are

BðB− →Dþμ−μ−Þ< 3.8ð4.6Þ× 10−8 at90% ð95%Þ CL;
BðB− →D�þμ−μ−Þ< 4.5ð5.9Þ× 10−8 at90% ð95%Þ CL:

VIII. CONCLUSIONS

This updated analysis makes use of a larger dataset and
introduces improvements in the estimation of misidentified
backgrounds and the suppression of combinatorial back-
ground, with respect to the previous analysis [4]. These
improvements lead to upper limits on the branching
fractions that are more than an order of magnitude better
than those of previous results [4], highlighting the
increased sensitivity and statistical power of the expanded
analysis. Although still far from the sensitivity required to

probe the theoretical predictions, these results set the most
stringent limits to date on the branching fractions of the
B− → Dþμ−μ− and B− → D�þμ−μ− decays.
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Laboratoire de Physique Nucléaire et de Hautes Énergies (LPNHE), Sorbonne Université,
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dAlso at Università di Roma Tor Vergata, Roma, Italy.
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gAlso at Università di Ferrara, Ferrara, Italy.
hAlso at Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil.
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jAlso at Università di Genova, Genova, Italy.
kAlso at Scuola Normale Superiore, Pisa, Italy.
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oAlso at Università di Cagliari, Cagliari, Italy.
pAlso at Centro Federal de Educacão Tecnológica Celso Suckow da Fonseca, Rio De Janeiro, Brazil.
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