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Lepton number is conserved in the Standard Model, therefore, any ev-
idence for its violation would indicate the existence of New Physics mod-
els. This paper presents selected searches of rare decays performed by the
LHCb experiment. An update for the studies dedicated to on-shell Majo-
rana neutrinos coupling to muons in the B− → π+µ−µ− decay channel is
also presented.
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1. Introduction

Lepton number is conserved in the Standard Model (SM) but can be
violated in a range of New Physics models. The LHCb physics program cov-
ers searches for lepton number violating (LNV) and lepton flavour violating
(LFV) in a broad class of exclusive B and D meson decays. A short review
of recent searches for LNV is presented starting from published results from
inclusive τ lepton decays and the B0

(s) → e±µ∓ decays modes.
A search for Majorana neutrinos can be performed in heavy flavor decays.

One of the most sensitive decay isB− → π+µ−µ−. It is forbidden within SM,
but can proceed via the production of on-shell Majorana neutrinos. An
update for Heavy Majorana Neutrino searches in the B− → π+µ−µ− decay
using LHCb data is presented.
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2. Lepton flavour and lepton number violation studies
at the LHCb

2.1. Searches in tau lepton decays

The neutrinoless τ− → µ−µ+µ− and τ− → pµ−µ−, τ− → p̄µ+µ− decay
modes are of particular interest at the LHCb, since the experimental signa-
ture with the two- or three-muon final state is very clean in the detector and
the ring-imaging Cherenkov (RICH) detectors give excellent identification
of protons. The LHCb has performed a search for the decay τ− → µ−µ+µ−

using 1.0 fb−1 of data [1]. The inclusive τ− production cross-section at the
LHCb is relatively large, at about 80 µb (approximately 80% of which comes
from Ds → τ−ν̄τ ) [1]. The upper limit on the branching ratio was found
to be

BR(τ− → µ−µ+µ−) < 8.0× 10−8 at 90% C.L.

This is the first result on this decay mode that has been pursued in a hadronic
environment. The current best experimental upper limit comes from the
Belle Collaboration: BR(τ− → µ+µ−µ−) < 2.1 × 10−8 at 90% C.L. [2].
Thus the LHCb measurement of this quantity is comparable in spite of the
harsh environment of hadronic collisions. It is worth noticing that this result
is based on a one-third of the total LHCb dataset.

The results for two decay modes that violate both baryon number and
lepton flavour, τ− → pµ−µ− and τ− → p̄µ+µ−, are:

BR(τ− → p̄µ+µ−) < 3.3× 10−7 at 90% C.L.

BR(τ− → pµ−µ−) < 4.4× 10−7 at 90% C.L.

These results represent the first direct experimental limits on these chan-
nels.

2.2. B0
s → e±µ∓ and B0 → e±µ∓ decays

The decays B0
(s) → e±µ∓ are forbidden within the SM. One of the sce-

narios beyond the SM that allows these decays is the Pati–Salam model of
leptoquarks [3]. This model predicts a new interaction to mediate transi-
tions between leptons and quarks via exchange of spin-1 gauge bosons, that
carry both color and lepton quantum numbers.

The search for the decays B0
(s) → e±µ∓ has been performed with a data

sample corresponding to an integrated luminosity of 1.0 fb−1 [4]. The ob-
served number of candidates is consistent with the background expectation.
Upper limits on the branching ratios of both decays have been determined:

BR
(
B0
s → e±µ∓

)
< 1.1(1.4)× 10−8 at 90% (95%) C.L. ,
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BR
(
B0 → e±µ∓

)
< 2.8(3.7)× 10−9 at 90% (95%) C.L.

These limits are the most restrictive to date and are a factor of 20 lower
than those set by any previous experiment [4].

2.3. Majorana neutrino search

New Physics models with Majorana neutrinos can be tested within LNV
processes. The observation of neutrino oscillation indisputably established
that neutrinos have non-zero mass which allows to perform the analysis of
the Majorana nature of neutrinos via the LNV processes involving charged
leptons in the final states. LHCb carries out such searches in a broad class
of exclusive B and D meson decays. These searches showed that B− →
π+µ−µ− process, illustrated in Fig. 1, is the most sensitive in B meson
decays [5].

Fig. 1. Feynman diagram for B− → π+µ−µ− decay via a Majorana neutrino
labeled N .

So far, a search for heavy Majorana neutrinos in B− decays using final
states containing a hadron and dimuon pair was performed at the LHCb
with 0.41 fb−1 of data collected at the centre-of-mass energy of 7 TeV. That
search was only sensitive to Majorana neutrinos with short lifetimes of the
order of 1 ps. Since in the B− signal region no statistically significant signal
has been found, an upper limit has been set

BR (B− → π+µ−µ−) < 1.3× 10−8 at 90% C.L. [5] .

3. An update for Majorana neutrino search

As mentioned above, previous LHCb studies at B− → π+µ−µ− decay
quoted the branching ratio for short lifetimes of the order of 1 ps. An update
of this analysis has been performed with 3.0 fb−1 of data. Since the lifetimes
of Majorana neutrinos are not predicted, it is assumed that they are long
enough that the natural decay width is narrower than the mass resolution,
which varies between 0 and 20 MeV, depending on the mass. Improved
selection criteria allowed for efficient detection of neutrinos with lifetimes
up to 1 ns.
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The upper limit that has been set led to an improvement in neutrino
mass dependent upper limits on the coupling of a single fourth generation
Majorana neutrino to muons. The strategy of the search includes two se-
lections for the signal candidates, taking into account the neutrino lifetime.
The first one, similar to the previous analysis where neutrino has zero life-
time, is based on the search for a B decay vertex formed by three tracks.
The second selection for neutrinos that have non-zero lifetime reconstructs
two decay vertices: one for the B vertex and the other one for the neutrino
decay vertex.

The reconstructed neutrino mass resolution depends on the invariant
mass of the neutrino. Considering this, candidates were required to be
within the B signal window for both selections. Taking these two points
together, upper limits on the branching ratio for this process have been set
as a function of the neutrino mass and lifetime.

To normalize the branching ratio of the decays to heavy neutrinos, the
well measured decay channel B− → J/ψ(→ µ+µ−)K− has been used.
The invariant mass spectrum of the selected candidates for the normal-
ization channel is shown in the left plot of Fig. 2. The normalization
was obtained from the number of J/ψK− events and the known rate of
BR(B− → J/ψK−, J/ψ → µ−µ−) = 6.037×10−5 [6, 7]. The middle plot of
Fig. 2 shows the invariant mass distribution with fits overlaid of candidate
mass spectra for the first selection and the right plot for the second selection.

Fig. 2. Invariant mass distributions with fits overlaid of candidate mass spectra for
J/ψK− (left), π+µ−µ− for short lifetime (middle), and π+µ−µ− for long lifetime
(right). Backgrounds that peak under the signal in middle and right-hand side fig-
ures are gray/green shaded. The dotted lines show the combinatorial backgrounds
only. The solid lines indicate the sum of both backgrounds.

Taking the average detection efficiency for the first selection (for short
lifetime neutrinos) the following upper limit on branching fraction has been
found at 95% C.L. and a total systematic uncertainty 6.6%: BR(B− →
π+µ−µ−) < 4.0× 10−9.
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From the searches for a signal as a function of the neutrino mass, no
evidence for a signal has been found, and thus the upper limit was set at
95% C.L. The result of this scan is presented in Fig. 3.

Fig. 3. Upper limit on BR(B− → π+µ−µ−) at 95% C.L. as a function of neutrino
mass with 5 MeV intervals, ±σ search window at each step (σ — neutrino mass
resolution) for the short lifetime selection.

Taking into account the detection efficiency dependence on the neutrino
lifetime and the neutrino mass, a two-dimensional scan for the upper limit
has been done. Results are presented in Fig. 4. This scan covers neutrino
masses up to 5 GeV with a step size of 5 MeV and lifetimes up to 1 ns with
a step size of 100 ps.

Fig. 4. Upper limit on BR(B− → π+µ−µ−) at 95% C.L. as a function of neutrino
mass for specific lifetimes. The upper limit at 1 ps lifetime is approximately 10−9.

The calculations of the limits on the coupling of putative Majorana neu-
trinos to leptons were presented in Ref. [8]. Using that model, limits on
branching fraction can be converted to limits on the coupling. Such a method
was used and limits on the coupling were set at 95% C.L. as a function of
neutrino mass between 250–5000 MeV and for lifetimes up to ∼ 1 ns, shown
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in Fig. 5. This results cannot be directly compared with other experiments
up to date. This is because the transformation from branching ratio to the
coupling strength requires model dependent calculations.

Fig. 5. Upper limits at 95% C.L. of the Majorana neutrinos coupling to muons as
a function of neutrino mass for the long lifetime selection.

4. Conclusion

The LHCb physics programme includes a broad class of analyses with
baryon and lepton number violation. Results for searches in tau lepton
decays, B0

(s) → e±µ∓ decays and an update of a Majorana neutrino search
was presented. Results from this latest analysis supersede previous LHCb
results. The measurements of upper limits are the most restrictive to date.
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