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Abstract: A search for rare B → Dµ+µ− decays is performed using proton-proton collision
data collected by the LHCb experiment, corresponding to an integrated luminosity of 9 fb−1.
No significant signals are observed in the non-resonant µ+µ− modes, and upper limits of
B

(
B0 → D

0
µ+µ−

)
< 5.1 × 10−8, B

(
B+ → D+

s µ
+µ−

)
< 3.2 × 10−8, B

(
B0

s → D
0
µ+µ−

)
<

1.6 × 10−7 and fc/fu · B
(
B+

c → D+
s µ

+µ−
)
< 9.6 × 10−8 are set at the 95 % confidence

level, where fc and fu are the fragmentation fractions of a B meson with a c and u quark
respectively in proton-proton collisions. Each result is either the first such measurement or
an improvement by three orders of magnitude on an existing limit. Separate upper limits are
calculated when the muon pair originates from a J/ψ → µ+µ− decay. The branching fraction
of B+

c → D+
s J/ψ multiplied by the fragmentation-fraction ratio is measured to be

fc

fu
· B

(
B+

c → D+
s J/ψ

)
= (1.63 ± 0.15 ± 0.13) × 10−5,

where the first uncertainty is statistical and the second systematic.
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1 Introduction

Heavy-flavour decays that are suppressed according to the Standard Model (SM) are probes
for new particle currents with mass scales beyond the reach of direct searches. Recent work
focuses on the measurement of partial rates in b → sℓℓ transitions (ℓℓ = µµ or ee) [1–3].
Such flavour-changing neutral currents mediate B → K(∗)µ+µ− decays, predominantly via
electroweak penguin amplitudes. The weak amplitude whereby the quark and antiquark of
the initial meson undergo annihilation can also contribute, however this contribution can
often be neglected due to suppression by a factor O(ΛQCD/mb) [4]. In order to validate this
assumption, it is valuable to gather information about decays that are dominated by different
modes of interaction between the quarks of the initial-state meson, either through a direct
b → qℓℓ decay, or proceeding through a J/ψ → ℓℓ intermediate state.

The B0
(s) → D0µ+µ− decays1 proceed via an internal scatter process, specifically a W -

exchange as shown in figure 1(a). Similar W -exchange decays, B0
(s) → D0J/ψ, are depicted in

figure 1(d). The clean experimental signature J/ψ→ µ+µ− can be used to search for this decay
by isolating a region in the dimuon spectrum around the known J/ψ mass. For this mode, the
BaBar collaboration set a limit on the branching fraction of B

(
B0 → D0J/ψ

)
< 1.3 × 10−5

at the 90 % confidence level (CL) [5], which is 2–3 orders of magnitude greater than the
theoretical expectation of 10−8–10−7 [6]. An operator product expansion is used in ref. [7]
to predict a branching fraction of ∼ 3 × 10−9 for B0 → D0ℓ+ℓ− decays, integrated over
a range of four-momentum transfer q2 between 1.0–5.0 GeV2/c4. Elsewhere, a calculation
based on perturbative QCD suggests a higher value, O(10−5) [8], although the treatment
of long-distance divergences in that calculation has been questioned [9]. No experimental
limit has been set for the short-distance B0 → D0ℓ+ℓ− mode, but limits exist for the related

1Throughout this paper, the inclusion of charge-conjugate states is implied.
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Figure 1. The leading diagrams for the decays: (a) B0
(s) → D0µ+µ−, (b) B+

(c) → D+
s µ

+µ−,
(c) B+

c → D+
s µ

+µ−, (d) B0
(s) → D0J/ψ, (e) B+

(c) → D+
s J/ψ and (f) B+

c → D+
s J/ψ. Dashed lines

represent the charged weak current, and a gluon exchange with unconnected quark lines is implied.
Where two quark currents are indicated, the quark in parenthesis leads to a CKM-suppressed process.

radiative mode B
(
B0 → D∗0γ

)
< 2.5 × 10−5 at the 90 % CL [10], still greater than the

∼ 10−6 prediction [11].
The present analysis is extended to include charged B→ Dµ+µ− decays. Knowledge of

the decays of doubly-heavy B+
c mesons is accumulating rapidly, though most observed decays

can be attributed to favoured amplitudes with an external W -emission, e.g. B+
c → J/ψℓ+ν and

B+
c → J/ψπ+decays [12, 13]. The B+

c → D+
s J/ψ decay, first reported in ref. [14] and measured

more recently in refs. [15, 16], is mediated by the external W -emission process but is also
sensitive to colour-suppressed, annihilation and electroweak penguin amplitudes (figure 1(f),
(e) and (c), respectively). To assess the relative magnitude of these sub-leading amplitudes,
measurements across a range of suppressed decays must be made. The partial decay rate
of the recently observed B+

c → D0K+ decay together with the absence of B+
c → D0π+ de-

cays [17] implies the former is dominated by annihilation or electroweak penguin contributions.
Charmless B+

c decays isolate the annihilation diagram, but no evidence for such decays has
yet emerged [18, 19]. This paper presents the search for yet-unobserved B+

c → D+
s µ

+µ−

decays, which are sensitive to electroweak penguin and radiative annihilation transitions
only (figure 1(b) and (c), respectively). The SM branching fraction for this decay mode is
predicted to be O(10−8) but contributions from beyond-SM processes can raise this by an
order of magnitude [20]. Similarly, since the D+

s meson in the B+ → D+
s µ

+µ− decay does not
maintain any of the initial-state quark content, this transition must proceed via annihilation
(figure 1(b) and (e)). No search results have yet been reported for such decays.

The B→ Dµ+µ− decays depicted in figure 1 represent eight independent decay modes
whose search is reported in this paper, namely:

• B0 decay modes: B0 → D0µ+µ−, B0 → D0J/ψ,

• B+ decay modes: B+ → D+
s µ

+µ−, B+ → D+
s J/ψ,

• B0
s decay modes: B0

s → D0µ+µ−, B0
s → D0J/ψ,

– 2 –
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• B+
c decay modes: B+

c → D+
s µ

+µ−, B+
c → D+

s J/ψ.

The decay modes B+ → D+µ+µ− and B+
c → D+µ+µ−, either proceeding directly to µ+µ− or

through a J/ψ intermediate state, are not included here. There are large Cabbibo suppression
factors associated with these modes with respect to the B+ → D+

s µ
+µ− and B+

c → D+
s µ

+µ−

modes, and as such are significantly below our current sensitivity.
The searches are performed using proton-proton collision data collected by the LHCb

experiment at centre-of-mass energies of 7, 8 and 13 TeV, corresponding to a total integrated
luminosity of 9 fb−1. The D0 meson candidates are reconstructed in the D0 → K+π− channel,
and the D+

s meson candidates in the D+
s → K+K−π+ channel. The J/ψ candidates are

reconstructed in the J/ψ→ µ+µ− decay mode. For the non-J/ψ modes, the square of the
dimuon invariant mass, q2(

µ+µ−
)
, is selected within the range 0.044–8.0 GeV2/c4, which

excludes the J/ψ region. The selection, efficiency and background corrections are finalised
before the signal measurements are performed, following a strategy of blinding to ensure
unbiased results.

For normalisation, kinematically similar decays with higher branching fractions are also
reconstructed. The B0 → J/ψ

(
→ µ+µ−

)
K∗0 (

→ K+π−
)

decay is used to normalise the
neutral B0 and B0

s signal modes, while the B+ → J/ψK+ decay is used to normalise the
two B+ signal modes and the B+

c → D+
s J/ψ measurement. The B+

c → D+
s µ

+µ− decay is
normalised with respect to the observed B+

c → D+
s J/ψ decay mode.

2 Detector, triggering and simulation

The LHCb detector [21, 22] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, and 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
(VELO) [23] surrounding the proton-proton interaction region, a large-area silicon-strip
detector [24] located upstream of a dipole magnet with a bending power of about 4Tm,
and three stations of silicon-strip detectors and straw drift tubes [25] 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/c. The minimum distance of a track to a primary vertex, the impact parameter
(IP), is measured with a resolution of (15 + 29/pT)µm, where pT is the component of the
momentum transverse to the beam, expressed in GeV/c. Different types of charged hadrons
are distinguished using information from two ring-imaging Cherenkov (RICH) detectors [26].
Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-
pad and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are
identified by a system composed of alternating layers of iron and multiwire proportional
chambers [27].

The online event selection is performed by a trigger [28, 29], consisting of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage that performs a full event reconstruction. The hardware trigger selects B→ Dµ+µ−

candidates containing at least one muon with a large transverse momentum, a pair of muons
with a large product of their transverse momenta, or containing large energy deposits in

– 3 –
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the calorimeters from particles related to the D-meson decay. The transverse momentum
threshold of the muon triggers varied in the range between 1 and 3 GeV/c, depending on the
data-taking conditions, and similarly the hadronic energy threshold varied between 3 and
4 GeV/c. At the software stage, the trigger required a two-, three- or four-track secondary
vertex with a significant displacement from any proton-proton interaction vertex [30]. At
least one charged particle must have a pT greater than 1.5 GeV/c.

Simulation is used to measure the efficiency of both the detector acceptance and the
applied selection requirements. In the simulation, proton-proton collisions are generated using
Pythia [31, 32] with a specific LHCb configuration [33]. Unstable particles are described
by EvtGen [34], with the rare-B modes decayed uniformly in phase space and final-state
radiation generated using Photos [35]. The interaction of the generated particles with the
detector, and its response, are implemented using the Geant4 toolkit [36, 37] as described
in ref. [38].

3 Candidate selection

When reconstructing D meson candidates, all hadron tracks are required to be compatible
with their respective particle hypotheses according to a likelihood-based variable that uses
mainly the RICH input from the particle identification (PID) system. The candidates must
have a good-quality vertex and have travelled a significant distance from the B-candidate
decay vertex. The D0 → K+π− (D+

s → K+K−π+) combinations are required to be within
±25MeV/c2 (±20MeV/c2) of the known D0 (D+

s ) mass [39], corresponding to roughly ±3
standard-deviation windows around the respective mass peaks.

A PID cut is applied to both muon candidates, using an equivalent likelihood-based
variable type as for the hadrons. For the signal modes involving a J/ψ→ µ+µ− reconstruction,
the dimuon invariant mass is required to be within ±36MeV/c2 of the known J/ψ mass [39],
i.e. a ±3 standard-deviation window. For the non-J/ψ signal decays, q2(

µ+µ−
)

is selected
within the range 0.044–8.0 GeV2/c4.

With the D meson and muon pair identified, B meson candidates are then reconstructed
with the D, and where appropriate the J/ψ, masses constrained to their known values [40].
For modes with a primary B0, B0

s or B+ meson, a decay time greater than 0.2 ps is required,
whereas for modes with a primary B+

c meson, the minimum decay time is relaxed to 0.05 ps
due to the shorter lifetime of this particle. These values can be compared to the measured
lifetime resolution at LHCb which is approximately 50 fs [23]. The decay-time requirements
correspond to typical flight paths of around 7 mm for the B0, B0

s and B+ and 2.5 mm for
the B+

c , to be compared to the flight-path resolution of approximately 230 µm.
A boosted decision tree (BDT) algorithm [41, 42], implemented using the TMVA

toolkit [43, 44], is used to separate signal from combinatorial background. The BDT classifier
is trained and applied independently for three families of modes: neutral B mesons including
both B0 and B0

s (since the final states for the searches are identical), charged B mesons, and
B+

c candidates. Variables describing the properties of the B and D meson candidates are
provided to train the BDT classifiers: a total of 15 for the neutral decays and an additional
two for B+ and B+

c modes which include a D+
s decay. The variables used comprise kine-

matic and topological quantities such as pT and IP, flight distance, direction of the weakly
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decaying heavy mesons and the angle between their reconstructed trajectory and momentum.
Simulated samples containing signal decays are used as target samples in the BDT training,
while background samples are taken from data. For the neutral B meson BDT algorithm,
decays with a B0 invariant mass greater than 5800 MeV/c2 are used to form the background
sample. For the charged B meson BDT classifiers, a pure combinatorial background sample
of wrong-charge B→ Dµ+µ+ combinations is used; this is to avoid feed-down effects from
B+

c decays if training on the B+ upper mass sideband. The selection that is applied to the
BDT output is optimised using a Punzi figure of merit [45] to choose a balance between
signal efficiency and background rejection for each of the eight search categories.

The normalisation samples containing prolific B0 → J/ψK∗0 and B+ → J/ψK+ decays
are selected without a multivariate technique. The J/ψ and K∗0 candidates are required to
have a good-quality vertex and be within ±50MeV/c2 of their known masses. The particle
types of their decay-product tracks are required to be correctly identified using PID selection
criteria. Additional selection requirements are applied on the transverse momenta of the
final-state tracks. The yields of B0 → J/ψK∗0 and B+ → J/ψK+ decays are determined
using binned maximum-likelihood fits to data. An S-wave contribution of 4% under the K∗0

resonance peak is numerically subtracted from the fitted B0 → J/ψK∗0 yield as for ref. [46].

4 Signal yield estimation

Six invariant-mass distributions of B candidate decays are fitted, corresponding to B0
(s) →

D0µ+µ−, B+ → D+
s µ

+µ− and B+
c → D+

s µ
+µ−, selected with and without a J/ψ intermediate

state. In all samples, the distributions are described by probability density functions (PDFs)
with shape parameters that are free to vary. The yields of signal and background contribu-
tions are measured using extended unbinned maximum-likelihood fits to the invariant-mass
distributions, with the single exception of the B0

(s) → D0J/ψ decay where the background
contribution is fixed as described below. Signal B→ Dµ+µ− decays are modelled by the
sum of two Crystal-Ball functions [47], each consisting of a Gaussian core and a power-law
tail, where the widths and tail parameters are fixed based on simulation. In the case of the
neutral B invariant-mass distributions, two such functions are used to describe each of the
B0 and B0

s candidate decays. All means are fixed from values measured in the appropriate
normalisation-mode fit or, for the B0

s modes where normalisation-mode yields are lower,
to their known values [39] with a small offset derived from simulation. In all samples, the
combinatorial backgrounds are modelled by exponential distributions with parameters that
are free to vary. Specific background contributions are also included, which are described
below. The fits to the invariant-mass distributions for the B→ Dµ+µ− and B→ DJ/ψ decays
are shown in figures 2, 3 and 4 for neutral B0

(s), charged B+ and B+
c mesons, respectively.

The fit ranges are defined by the limits of the plots.
It is necessary to include additional background components to fully describe the data for

specific decay modes. In the B0 → D0µ+µ− invariant-mass distribution, B0 → D0π−µ+νµ

and B0 → D∗0π−µ+νµ decays with D∗0 → D0 (
π0/γ

)
constitute a background if the π− is

misidentified as a µ− and the neutral particles are not reconstructed. This contribution
is modelled using a kernel density estimation technique [48] on events from a simplified

– 5 –
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Figure 2. Invariant-mass distributions of (left) B0
(s) → D0µ+µ− candidates and (right) B0

(s) → D0J/ψ

candidates with the fits superimposed.
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Figure 3. Invariant-mass distributions of (left) B+ → D+
s µ

+µ− candidates and (right) B+ → D+
s J/ψ

candidates with the fits superimposed.

LHCb simulation [49]. These sources are combined into a single distribution using relative
branching fractions and efficiencies.

For the invariant-mass fit of the B0
(s) → D0J/ψ decay, non-resonant B0 → J/ψK+π−

decays are modelled with a single Gaussian distribution. The width is fixed to that of the
signal peak and the yield is taken from fits to lower and upper m(D0) sidebands, defined
between the ranges 1785–1835 MeV/c2 and 1900–1950 MeV/c2, respectively. Averaging between
sidebands, the non-resonant contribution within the D0 mass range is estimated to be 5.2±2.9
events, with the yield then fixed to this central value. For the mass fit of the B+ → D+

s J/ψ

decay, B+ → J/ψK+π−π+ decays may enter if the π− is misidentified as a K−. The shape of
such a background is determined using simulation and the yield is fixed in the same manner
as for the background in the B0 samples.

In the fits to the invariant-mass distributions of the Bc modes show in figure 4, no
B+

c → D+
s µ

+µ− signal is observed whilst a B+
c → D+

s J/ψ signal is clearly visible. For the
B+

c → D+
s J/ψ candidates, B+

c → D∗+
s J/ψ decays are considered where D∗+

s decays into
D∗+

s → D+
s γ or D∗+

s → D+
s π

0 and the neutral particles are not reconstructed. This results in
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Figure 4. Invariant-mass distributions of (left) B+
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candidates with the fits superimposed.

the broad structure seen between 5.9 and 6.2 GeV/c2 in figure 4. As B+
c → D∗+

s J/ψ is a decay
of a pseudoscalar into two vector particles, the decay is described by three helicity amplitudes:
A00 (longitudinal polarisation), A++ and A−− (transverse polarisations). The latter two are
combined into a single A±± PDF because the D+

s J/ψ invariant-mass distribution is identical
for the A++ and A−− amplitudes. The two helicity contributions are described by analytic
PDFs in the fit to data. The A±± distribution is parameterised by an upward-open parabola
whose range is defined by the kinematic endpoints of the decay and convolved with a Gaussian
resolution function, resulting in a characteristic double-peaked shape. The A00 distribution
is described by a parabola exhibiting a maximum and convolved with a Gaussian resolution
function, resulting in a broad single peak. These PDFs are further described in ref. [50]. All
shape parameters are fixed from fits to simulation.

5 Branching fraction determination

The signal branching fractions are obtained from efficiency-corrected yield measurements of
the signal and normalisation modes scaled by the known branching fractions. Specifically,

B
(
B→ Dµ+µ−

)
= NB →Dµ+µ−

Nnorm · εnorm

εB →Dµ+µ− ·
Bnorm

sub-decays

BB →Dµ+µ−

sub-decays
· Bnorm, (5.1)

where B
(
B→ Dµ+µ−

)
is the branching fraction of the relevant signal decay, N i refers to

the observed yield for the signal decay or normalisation mode, εi is the corresponding total
selection efficiency, and Bnorm is the branching fraction of the normalisation channel. The
product of branching fractions of the relevant sub-decays, B i

sub-decays, are listed with all
relevant branching fractions in table 1. These values are taken from ref. [39], with the
exception of B

(
B+

c → D+
s J/ψ

)
which uses the value measured in this paper when used as

a normalisation mode for the B+
c → D+

s µ
+µ− decay. For the B0

s modes, the result takes
into account the ratio of the fragmentation fractions of B0

s to B0 meson production at
LHCb, fs

/
fd. The value used in this paper is 0.249 ± 0.020, taken from ref. [51], which is a

luminosity-weighted average taken over the values at the three centre-of-mass energies 7, 8
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Measurement Value
B

(
B0 → J/ψK∗0)

(1.27 ± 0.05) × 10−3

B
(
B+ → J/ψK+)

(1.020 ± 0.019) × 10−3

B
(
D0 → K+π−

)
(3.947 ± 0.030) × 10−2

B
(
D+

s → K+K−π+)
(5.38 ± 0.10) × 10−2

B
(
J/ψ→ µ+µ−

)
(5.961 ± 0.033) × 10−2

B
(
K∗0 → K+π−

)
2/3

fs/fd 0.249 ± 0.020

Table 1. A summary of the branching fractions of the decays (taken from ref. [39]) and the
fragmentation ratio (taken from ref. [51]) which are used in the calculation of eq. (5.1). The value of
B

(
K∗0 → K+π−)

is taken from the ratio of isospin amplitudes.

and 13 TeV. The quoted error is associated with the averaging procedure, and also includes
an uncertainty due to the integrated pT dependence of the fs

/
fd values. The analogous

quantity for B+
c production, fc

/
fu = (7.5 ± 1.8) × 10−3 [52], is also luminosity averaged, and

is kept as a separate factor in the quoted results for the two B+
c modes due to the relatively

poor determination of this quantity to date.
The acceptance, reconstruction and selection efficiencies are determined from simulation,

with corrections applied for the particle identification response of the detector. The latter cor-
rections are obtained as a function of muon and hadron track momentum and pseudorapidity,
using a set of calibration channels taken from data [53]. These give clean samples of particle
species, independent of LHCb RICH- and muon-PID identification, from low-background
decays such as D∗+ → D0π+, D0 → K−π+. For the branching fraction measurements of B+

modes and the B+
c → D+

s J/ψ decay, the efficiency of the normalisation mode is corrected
for the reconstruction efficiency of the different number of tracks in the signal modes: three
versus five, respectively. The correction and its systematic uncertainty are derived from
tag-and-probe tracking efficiency measurements made as a function of track momentum and
pseudorapidity [54]. The ratio of efficiencies is also corrected for differences in the trigger
efficiency between simulation and data. These corrections are measured in data using a
technique that compares the trigger efficiency when a signal candidate is used in the trigger
decision with the case where the decision is taken independently of the signal candidate [55].

All data at the three centre-of-mass energies are fitted together, and the final efficiency
used in measuring the branching fraction for each mode is calculated from a luminosity-scaled
combination of the efficiencies measured for each dataset, weighted by the ratio of the b-quark
production cross-sections, given in refs. [56, 57]. After all contributions are considered, table 2
shows the fitted yields and efficiencies for the decays B → Dµ+µ−, B → DJ/ψ and the
normalisation modes (before S-wave subtraction). The total efficiency is around 0.1 % for
the signal decays. The efficiencies after selection of the normalisation modes are 0.6 % and
2.0 % for B0 → J/ψK∗0 and B+ → J/ψK+ decays, respectively.

Many of the systematic uncertainties cancel in the ratio of efficiencies by construction
of the signal branching fractions expressed in eq. (5.1), nevertheless several systematic
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Decay mode Fitted yields Efficiency (%)
B0 → D0µ+µ− 0.3 ± 2.4 0.121 ± 0.003
B+ → D+

s µ
+µ− 0.0 ± 1.1 0.084 ± 0.002

B0
s → D0µ+µ− 0.0 ± 1.1 0.129 ± 0.004

B+
c → D+

s µ
+µ− 0.0 ± 1.1 0.025 ± 0.001

B0 → D0J/ψ 2.4 ± 2.9 0.115 ± 0.003
B+ → D+

s J/ψ 0.2 ± 1.1 0.129 ± 0.006
B0

s → D0J/ψ 0.0 ± 1.1 0.098 ± 0.004
B+

c → D+
s J/ψ 127 ± 12 0.076 ± 0.002

B0 → J/ψK∗0 (9.53 ± 0.02) × 105 0.649 ± 0.007
B+ → J/ψK+ (3.56 ± 0.03) × 105 1.979 ± 0.024

Table 2. Fitted yields and efficiencies for the decays B→ Dµ+µ−, B→ DJ/ψ and the normalisation
modes (before S-wave subtraction). The quoted uncertainties arise solely from the limited size of the
simulation samples.

Measurement External Simulation PDF Normalisation Total
[%] [%] [%] procedure [%] [%]

B
(
B0 → D0µ+µ−

)
4.0 10.3 0.4 - 11.1

B
(
B0 → D0J/ψ

)
4.0 11.8 0.3 - 12.5

B
(
B0

s → D0µ+µ−
)

8.8 11.1 0.3 - 14.2
B

(
B0

s → D0J/ψ
)

8.8 12.2 0.3 - 15.0
B

(
B+ → D+

s µ
+µ−

)
4.3 7.9 0.5 3.0 9.5

B
(
B+ → D+

s J/ψ
)

4.3 9.9 0.7 3.0 11.2
fc/fu · B

(
B+

c → D+
s µ

+µ−
)

12.2 9.1 1.9 - 15.3
fc/fu · B

(
B+

c → D+
s J/ψ

)
4.3 5.9 1.2 3.0 8.0

Table 3. Relative systematic uncertainties for the branching-fraction measurements defined in
eq. (5.1), quoted separately for the different sources. The total is the sum in quadrature along the
corresponding row.

contributions remain, which are summarized in table 3. The first of these is the external
uncertainty imported from the established branching fraction measurements [39]. For the
B0

s modes, the uncertainty of fs
/
fd is also added in quadrature. The B+

c → D+
s µ

+µ− signal
channel has a larger uncertainty due to the low signal yield of the normalisation-mode
channel, however the yields of the other normalisation samples incur negligible errors on
the branching-ratio measurements. The second is the precision on the efficiencies used in
eq. (5.1) which is a result of the uncertainties on the accuracy of the simulation’s replication
of the data. This systematic uncertainty is made up from several contributions added in
quadrature. The finite size of the simulated sample limits the accuracy of the correction
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derived from them (2.1–4.7 % relative uncertainty). Only a subset of running conditions
are simulated even though data from all data-taking conditions are used (2.7–5.0 % relative
uncertainty). Possible mismodelling of the data leads to a 2.7–7.7 % relative systematic
uncertainty. This uncertainty includes any imperfect BDT response estimation and also the
efficiency variation over q2 to account for different form-factor models and comparisons of
angular distributions resulting from phase-space and spin-dependent decay of the di-muon
system. The PID response in the simulation is corrected by resampling the calibration-channel
data, and through the use of alternate sampling distributions, relative uncertainties of up
to 3.1 % are estimated. The trigger efficiencies are also corrected for differences between
simulation and data (3.2–7.0 % relative uncertainty). The third systematic contribution is
a consequence of the low number of candidate events in the final fit requiring that most
PDF parameters must be fixed from fits to simulation to ensure fit stability. Subsequently,
these parameters are varied systematically by ±1 standard deviation and the fits repeated on
data to assess the uncertainty from these shape parameters. The fits are also repeated with
an alternative combinatorial background model (0.3–1.9 % total relative uncertainty). The
final systematic contribution is associated with the three modes where the corresponding
normalisation channel has a different number of tracks from the signal. This includes the
uncertainty in tracking efficiencies and differences in the interactions of charged pions and
kaons with the detector material, added in quadrature (3.0 % combined relative uncertainty).

6 Results

As seen in figure 4, a clear signal is observed in the B+
c → D+

s J/ψ decay mode, and the
corresponding branching fraction is measured to be

fc

fu
· B

(
B+

c → D+
s J/ψ

)
= (1.63 ± 0.15 ± 0.13) × 10−5 ,

where the first uncertainty is statistical and the second is systematic. This improves the
precision of the first measurement of this decay, previously reported in ref. [14]. As there
is absence of signal in all other decay modes (less than 2 standard deviations), the CLs
method [58] is used to evaluate the compatibility of the observed invariant-mass distributions
for each search mode with signal-and-background and background-only hypotheses. The
distributions of p-values as a function of assumed branching fraction are used to derive upper
limits on the branching fractions at the 90 % and 95 % CL, which are given in table 4.

Two measurements relating to B+
c → D∗+

s J/ψ decays are also extracted from the fit shown
in figure 4. The ratio of yields B+

c → D∗+
s J/ψ to B+

c → D+
s J/ψ decays is measured to be

RD∗+
s /D+

s
= B

(
B+

c → D∗+
s J/ψ

)
B

(
B+

c → D+
s J/ψ

) = 1.91 ± 0.20 ± 0.07,

where the systematic error is associated with the assumption that the efficiencies for the
partially-reconstructed B+

c → D∗+
s J/ψ decay and the B+

c → D+
s J/ψ decay are equal. The

ratio of the number of B+
c → D∗+

s J/ψ decays described by the A±± helicity amplitude
compared to the total number is

Γ±±/Γtot =
NA±±

NA±± +NA00
= 0.50 ± 0.11 ± 0.05,
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Branching fraction Upper limits
90 % CL 95 % CL

B
(
B0 → D0µ+µ−

)
4.0 × 10−8 5.1 × 10−8

B
(
B+ → D+

s µ
+µ−

)
2.4 × 10−8 3.2 × 10−8

B
(
B0

s → D0µ+µ−
)

1.2 × 10−7 1.6 × 10−7

fc/fu · B
(
B+

c → D+
s µ

+µ−
)

7.5 × 10−8 9.6 × 10−8

B
(
B0 → D0J/ψ

)
9.6 × 10−7 1.1 × 10−6

B
(
B+ → D+

s J/ψ
)

2.8 × 10−7 3.5 × 10−7

B
(
B0

s → D0J/ψ
)

1.0 × 10−6 1.5 × 10−6

Table 4. Upper limits at the 90 % and 95 % confidence levels for B→ Dµ+µ− and B→ DJ/ψ decays.

where the uncertainty is dominantly statistical and the systematic term results from consid-
ering alternative fit models. The values of RD∗+

s /D+
s

and Γ±±/Γtot supersede the previous
LHCb results [14], and also are in agreement with the ATLAS measurements [16]. The ratio
Γ±±/Γtot is consistent with the naive expectation of 2/3 from spin-counting considerations.

7 Conclusions

A search for four rare B→ Dµ+µ− decays is performed using proton-proton collision data
collected by the LHCb experiment at centre-of-mass energies of 7, 8 and 13 TeV, corresponding
to a total integrated luminosity of 9 fb−1. No new signals are observed and upper limits are
set. Additional limits are determined when the muon pair originates from a J/ψ→ µ+µ−

decay. All upper limits are either an improvement on existing results or are the first limits
set by any experiment. Improved measurements of the previously observed B+

c → D+
s J/ψ

decay are also made.
In the future, it is expected that a new measurement of these modes with a 50 fb−1

dataset from the upgraded LHCb experiment, later increasing to 300 fb−1 with Upgrade II,
will probe down towards the 10−9 level for the non-resonant modes, assuming luminosity
scaling. These sensitivities will approach SM expectations, in particular for the B0 modes
studied in the present paper.
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