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The search for very rare decays represents a powerful way to test the Standard Model and either
prove or constrain contributions from physics beyond the Standard Model which enhance the
branching fraction of these decays up to the level of the current experimental sensitivity. This
proceeding presents an overview of the most recent searches for very rare decays conducted by
the LHCb experiment on 9 fb−1 of data collected in pp collisions between 2011 and 2018, with a
focus on 𝑏-meson decays into fully leptonic and semileptonic final states.
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1. Introduction

In general, very rare decays include processes which are strongly suppressed or even forbidden
in the Standard Model (SM). Their study is crucial in probing the validity of the SM, as their
branching fractions can receive contributions from models of physics beyond the Standard Model
(BSM), e.g. involving leptoquarks, or heavy neutrinos, and can be enhanced to the level of the
current experimental sensitivity.

In this proceeding, LHCb’s most recent searches for very rare decays are reviewed, with a focus
on 𝑏-meson decays into fully leptonic and semileptonic final states. All three analyses presented in
the following are based on the LHCb dataset collected in pp collisions at a centre-of-mass energy
of 7-8 TeV in 2011-2012 (Run 1) and at 13 TeV from 2015 to 2018 (Run 2), and corresponding to
a total integrated luminosity of about 9 fb−1.

1.1 Search for 𝑩+
𝒄 → 𝝅+𝝁+𝝁− decays and measurement of the branching fraction ratio

B(𝑩+
𝒄 → 𝝍(2𝑺)𝝅+)/B(𝑩+

𝒄 → 𝑱/𝝍𝝅+)

𝐵𝑐 mesons are made of the heaviest quarks forming hadrons in the SM and therefore differ
from other 𝐵 mesons in theoretical calculations. This makes them particularly interesting as they
can provide important insights into the understanding of Quantum Chromodynamics. Searches
for 𝐵+

𝑐 decays into fully hadronic [1–3] and semileptonic [4] decays receiving contributions from
annihilation diagrams have been conducted at LHCb.

In [5], LHCb presents the first search for 𝐵+
𝑐 decays to semileptonic final states receiving

contribution only from annihilation diagrams, specifically focusing on the search for nonresonant
𝐵+
𝑐 → 𝜋+𝜇+𝜇− decays. The analysis is performed in intervals of 𝑞2, where 𝑞2 represents the

squared invariant mass of the dimuon system. The regions around the 𝜓(2𝑆) and 𝐽/𝜓 resonances
are excluded, whereas four 𝑞2 regions are selected for the search: two below the 𝐽/𝜓 resonance, one
between the 𝐽/𝜓 and 𝜓(2𝑆), and one above the 𝜓(2𝑆) resonance. The 𝐵+

𝑐 → 𝐽/𝜓(𝜇+𝜇−)𝜋+ is used
both as a control channel, in the evaluation of the corrections for discrepancies between data and
simulation, and as a normalisation channel, in the evaluation of the limit on the branching fraction.
A boosted decision tree (BDT) is trained for the suppression of the combinatorial background,
while particle identification requirements are applied for the suppression of background derived
from particle misidentification.

For the nonresonant mode, an extended unbinned maximum-likelihood fit is performed in each
𝑞2 interval to extract the signal and background yields. The fit is also repeated for the combination
of the four intervals and the result is shown in Figure 1. No excess of signal events is observed over
the background contribution and an upper limit is set on the branching fraction ratio

R𝜋+𝜇+𝜇−/𝐽𝜓𝜋+ ≡ B(𝐵+
𝑐 → 𝜋+𝜇+𝜇−)/B(𝐵+

𝑐 → 𝐽/𝜓𝜋+)

in each 𝑞2 interval. The limit values in each 𝑞2 bin are reported in Table 1 together with the upper
limit for the combination of the four 𝑞2 intervals.

In the same paper, an updated measurement of the branching fraction ratio

R𝜓 (2𝑆)/𝐽𝜓 ≡ B(𝐵+
𝑐 → 𝜓(2𝑆)𝜋+)/B(𝐵+

𝑐 → 𝐽/𝜓𝜋+)
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Figure 1: Result of the fit performed to the 𝜋+𝜇+𝜇− invariant mass for the combination of the four 𝑞2

intervals.

Table 1: Upper limits (ULs) on R𝜋+𝜇+𝜇−/𝐽𝜓𝜋+ at 90%(95%) confidence level (CL).

𝑞2 interval UL at 90%(95%) CL

0.1 < 𝑞2 < 1.1 GeV2 1.3(2.1) × 10−4

1.1 < 𝑞2 < 8.0 GeV2 1.7(2.2) × 10−4

11.0 < 𝑞2 < 12.5 GeV2 0.6(0.7) × 10−4

15.0 < 𝑞2 < 35.0 GeV2 1.9(2.3) × 10−4

All 2.1(2.7) × 10−4

is also provided. The ratio is measured to be equal to 0.254±0.018(stat) ±0.003(syst) ±0.005(BF),
where the first uncertainty is statistical, the second systematic and the third comes from the uncer-
tainty on the branching fraction of the 𝜓(2𝑆) and 𝐽/𝜓 leptonic decay modes. The measurement
supersedes previous LHCb results [6, 7] and is the most precise to date.

1.2 Search for 𝑩∗0
(𝒔)

→ 𝝁+𝝁− in 𝑩+
𝒄 → 𝝅+𝝁+𝝁− decays

Another feature that makes 𝐵+
𝑐 → 𝜋+𝜇+𝜇− decays particularly interesting is that they may

receive contributions from 𝐵+
𝑐 → 𝐵∗0

(𝑠) (→ 𝜇+𝜇−)𝜋+ decays. Unlike 𝐵0
(𝑠) → 𝑙+𝑙− decays, purely

leptonic decays of the vector mesons 𝐵∗0
(𝑠) mainly proceed via the electromagnetic interaction.

Therefore, despite not being suppressed by the chiral structure of the weak interaction, they are
still expected at a very low rate in the SM. For instance, according to a study presented in [8], the
SM branching fraction of 𝐵∗0

𝑠 → 𝜇+𝜇− is predicted to be on the order of 10−11. Nevertheless,
contributions of new physics can still enhance their branching fractions and make them visible at
current experiments.

In [9], LHCb presents the first search for 𝐵∗0 → 𝜇+𝜇− and 𝐵∗0
𝑠 → 𝜇+𝜇− decays. At LHCb,

the reconstruction of 𝐵∗0 → 𝜇+𝜇− and 𝐵∗0
𝑠 → 𝜇+𝜇− decays is extremely challenging due to the

copious production of 𝐵∗0
(𝑠) mesons in LHC collisions. A dedicated study presented in [10] shows

how the background contamination for these decays can be significantly reduced by reconstructing
the signal decay as part of the 𝐵+

𝑐 decay chain. The method consists in requiring the two opposite-
charge muons and the pion coming from the 𝐵+

𝑐 to form a common vertex with a good kinematic
fit quality that is displaced from every primary vertex. The remaining offline selection, as well
as the strategy adopted for the suppression of the combinatorial background and the background
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Figure 2: Result of the simultaneous fit performed to the 𝜇+𝜇− and 𝜋+𝜇+𝜇− invariant mass.

from misidentification, are very similar to those used in the search for nonresonant 𝐵+
𝑐 → 𝜋+𝜇+𝜇−

decays. The 𝐵+
𝑐 → 𝐽/𝜓(𝜇+𝜇−)𝜋+ channel is again used as a normalisation channel. The 𝐵+

𝑐 →
𝐵∗0(𝜇+𝜇−)𝜋+ and 𝐵+

𝑐 → 𝐵∗0
𝑠 (𝜇+𝜇−)𝜋+ signal yields are extracted from a two-dimensional extended

maximum likelihood fit to the 𝜇+𝜇− and 𝜋+𝜇+𝜇− invariant mass distributions. In Figure 2, the two
invariant mass distributions are shown with the result of the fit superimposed.

For both modes, no excess of signal over background events is found and upper limits are set on
the branching fraction ratios R𝐵∗0 (𝜇+𝜇− ) 𝜋+/𝐽𝜓𝜋+ < 3.8× 10−5 and R𝐵∗0

𝑠 (𝜇+𝜇− ) 𝜋+/𝐽𝜓𝜋+ < 5.0× 10−5

at 90% CL.

1.3 Search for 𝑩 → 𝑫𝝁+𝝁− decays

Recent studies focusing on the measurement of partial rates in 𝑏 → 𝑠𝑙𝑙 transitions (𝑙𝑙 = 𝜇𝜇

or 𝑒𝑒) are based on the assumption that such decays mainly proceed through electroweak penguin
amplitudes. The contribution from the weak amplitude involving the annihilation of the meson’s
quark and antiquark is considered to be suppressed and therefore neglected. To validate this
assumption, it is important to study 𝑏 → 𝑞𝑙𝑙 transitions dominated by different modes of interaction,
either through direct 𝑏 → 𝑞𝑙𝑙 decays or via an intermediate 𝐽/𝜓 → 𝑙𝑙 state.

In [4], LHCb presents a study of 𝐵 → 𝐷𝜇+𝜇− decays including the search for eight decays
modes, namely 𝐵0 → 𝐷0𝜇+𝜇−, 𝐵0 → 𝐷0𝐽/𝜓, 𝐵0

𝑠 → 𝐷0𝜇+𝜇−, 𝐵0
𝑠 → 𝐷0𝐽/𝜓, 𝐵+ → 𝐷+

𝑠 𝜇
+𝜇−,

𝐵+ → 𝐷+
𝑠 𝐽/𝜓, 𝐵+

𝑐 → 𝐷+
𝑠 𝜇

+𝜇− and 𝐵+
𝑐 → 𝐷+

𝑠 𝐽/𝜓. The first four decays only proceed via the
exchange of a 𝑊 boson, while the 𝐵+

(𝑐) → 𝐷+
𝑠 𝜇

+𝜇− and 𝐵+
(𝑐) → 𝐷+

𝑠 𝐽/𝜓 decays mainly proceed
via the annihilation of the quark and anti-quark of the initial-state meson. The 𝐵+

𝑐 → 𝐷+
𝑠 𝜇

+𝜇−

and 𝐵+
𝑐 → 𝐷+

𝑠 𝐽/𝜓 are also sensitive to electroweak-penguin and colour-suppressed amplitudes,
respectively.

In the analysis, the 𝐷0 is reconstructed via its decay into 𝐾+𝜋−, while the 𝐷+
𝑠 through the

𝐾+𝐾−𝜋+ decay. The 𝐵0
(𝑠) signal modes are normalised to the 𝐵0 → 𝐽/𝜓(→ 𝜇+𝜇−)𝐾∗0(→ 𝐾+𝜋−)

channel, while the 𝐵+ modes and the 𝐵+
𝑐 → 𝐷+

𝑠 𝐽/𝜓 decay are normalised to the 𝐵+ → 𝐽/𝜓𝐾+

channel. For the 𝐵+
𝑐 → 𝐷+

𝑠 𝜇
+𝜇− channel, the observed 𝐵+

𝑐 → 𝐷+
𝑠 𝐽/𝜓 decay mode is used as

a normalisation channel. In the 𝐽/𝜓 signal modes, the 𝐽/𝜓 resonance is selected by requiring
𝑚(𝜇+𝜇−) to be within ±36 MeV/𝑐2 around the 𝐽/𝜓 mass, whereas when the resonance has to be
excluded, 𝑞2(𝜇+𝜇−) is required to be below 8 GeV2/𝑐4. A BDT based on kinematic and topological
information is trained against the combinatorial background. Further requirements based on PID
and track quality information are applied to selected good candidates and reduce the contamination
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Figure 3: 𝐷+
𝑠 𝐽/𝜓 invariant mass distribution with the result of the fit superimposed.

Table 2: Upper limits (ULs) on 𝐵 → 𝐷𝜇+𝜇− decays at 95% CL.

Decay channel UL at 95% CL

B(𝐵0 → 𝐷0𝜇+𝜇−) 5.1 × 10−8

B(𝐵+ → 𝐷+
𝑠 𝜇

+𝜇−) 3.2 × 10−8

B(𝐵0
𝑠 → 𝐷0𝜇+𝜇−) 1.6 × 10−7

𝑓𝑐/ 𝑓𝑢 · B(𝐵𝑐 → 𝐷+
𝑠 𝜇

+𝜇−) 9.6 × 10−8

B(𝐵0 → 𝐷0𝐽/𝜓) 1.1 × 10−6

B(𝐵+ → 𝐷+
𝑠 𝐽/𝜓) 3.5 × 10−7

B(𝐵0
𝑠 → 𝐷0𝐽/𝜓) 1.5 × 10−6

from physics background. A maximum-likelihood fit is performed to the invariant mass distributions
of 𝐵0

(𝑠) → 𝐷0𝜇+𝜇−, 𝐵+ → 𝐷+
𝑠 𝜇

+𝜇− and 𝐵+
𝑐 → 𝐷+

𝑠 𝜇
+𝜇−, either selecting or excluding the 𝐽/𝜓

intermediate state, to extract the signal yields. No excess of signal over background events is found
for all modes, with the exception of the 𝐵+

𝑐 → 𝐷+
𝑠 𝐽/𝜓 mode where a clear signal peak is observed

and for which the result of the fit is displayed in Figure 3. For this mode, the branching fraction
is measured to be 𝑓𝑐/ 𝑓𝑢 · B(𝐵+

𝑐 → 𝐷+
𝑠 𝐽/𝜓) = (1.63 ± 0.15(stat) ± 0.13(syst)) × 10−5. From the

same fit it is also possible to extract the branching fraction ratio

R𝐷∗+
𝑠 /𝐷+

𝑠
= B(𝐵+

𝑐 → 𝐷∗+
𝑠 𝐽/𝜓)/B(𝐵+

𝑐 → 𝐷+
𝑠 𝐽/𝜓) = 1.91 ± 0.20(stat) ± 0.07(syst) ,

and the number of 𝐵+
𝑐 → 𝐷∗+

𝑠 𝐽/𝜓 decays described by the A±± helicity amplitude over the total,

Γ±±/Γtot =
𝑁A±±

𝑁A±± + 𝑁A00
= 0.50 ± 0.11(stat) ± 0.05(syst) .

Both values supersede previous LHCb results [11] and are in agreement with ATLAS measure-
ments [12]. For the other signal modes, upper limits are set at 95% CL (see Table 2), either
corresponding to improvements of previous limits or to first experimental limits.

2. Outlook and conclusions

Searches for very rare decays represent fundamental tests of the SM, as they can provide impor-
tant constraints on contributions from physics BSM. LHCb is pushing the limits of these searches
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towards unprecedented levels by providing the world’s most stringent limits on the branching frac-
tions of several decays, as well as the most precise measurements of branching fraction ratios. The
searches presented in this document only represent a small part of LHCb’s rich program in very
rare decays, not to mention searches for very rare decays in the charm sector or for lepton flavour
violating decays. By the end of Run 4, LHCb is expected to collect five times the integrated lumi-
nosity collected in Run 1 and Run 2, with a brand new detector and a fully online trigger system.
With more statistics and a higher sensitivity, new exciting results are anticipated.
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