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Abstract

We report the first searches for lepton flavour violating τ decays at a hadron collider. In particular, a search for the
decay τ → µµµ is presented, using data corresponding to an integrated luminosity of 1.0 fb−1 collected at 7 TeV by
LHCb in 2011. The upper limit on the branching ratio could be set, B(τ− → µ+µ−µ−) < 8.0× 10−8 at 90 % confidence
level (the inclusion of the charge conjugate process is included).

In addition, we report on the search for heavy Majorana neutrinos in lepton number violating B− → π+µ−µ− decay
(as well as in its charge conjugate). In this case, the whole LHCb dataset is used (1.0 fb−1 at

√
s = 7 TeV and 2 fb−1

at
√

s = 8 TeV). No signal is found, and a limit on the branching ratio is set, B(B− → π+µ−µ−) < 4 × 10−9 at 95 %
confidence level. This limit is then used to set limits on the coupling between the hypothetical Majorana neutrino and
muons.
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1. Introduction1

The introduction of mass terms for neutrinos in the2

Standard Model (SM) allows lepton flavour violation in3

the charged lepton decays, but with very low predicted4

branching fractions, of the order of 10−40 within the SM5

[1]. Some beyond the Standard Model (BSM) theories6

predict larger values for the branching fractions, e.g.,7

[2], that could be reachable at the LHC [3].8

The LHCb experiment has good sensitivity to these9

τ decays due to the copious production of τ leptons10

at
√

s = 7 TeV (mainly coming from Ds mesons) and11

the clean experimental signature provided by the three12

muons. The current limits on the branching ratio13

for this channel are 3.3 × 10−8 from BaBar [4] and14

2.1 × 10−8 from Belle [5] at 90 % confidence level.15

16

On the other hand, lepton number violation (LNV) is17

forbidden in the SM, although allowed through lepton18

mixing by non-SM particles, such as Majorana neutri-19

nos. In LHCb, we can search for the presence of these20

Majorana neutrinos by looking for decays of charged B21

mesons to final states with like-sign leptons. These de-22

cays are forbidden in the SM, but are possible through23

the exchange of an on- or off-shell Majorana neutrino.24

The existence of these decays translates into the exis-25

tence of new physics.26

2. Search for lepton flavour violating τ → µµµ de-27

cays28

The analysis of the τ → µµµ decay at LHCb uses29

an integrated luminosity of 1 fb−1 of pp collision data30

collected at
√

s = 7 TeV [6].31

A cut-based selection is applied. Requirements on32

the track identification and track quality criteria as well33

as cuts in the µ transverse momentum and the displace-34

ment of the tracks with respect to the primary vertex are35

applied. Regarding the tau lepton, a good quality vertex36

is required and the decay length should be larger than37

100µm. The cut-based selection also includes require-38

ments concerning the pointing angle between the mo-39

mentum vector of the τ lepton and the line that links the40

primary and the decay vertices. Vetoes on the di-muon41

mass are applied to deal with backgrounds comprising42

φ(µµ) and η(µµγ) (for the case of the φ, the decay would43
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Figure 1: Invariant mass distribution and fit to the sidebands in data
for three muon candidates in the four merged bins that contain the
highest signal probabilities.

be Ds → φπ, where the π is incorrectly identified as a44

µ). The signal region is defined by ±20 MeV/c2 around45

the τ nominal mass.46

To increase the sensitivity of the analysis, the data47

sample is binned using three different variables:48

• Three-body-like likelihood M3body: A boosted de-49

cision tree method [7] combines the IP and IPχ2 of50

the tracks, the transverse momentum of the τ, the51

vertex quality and the vertex displacement.52

• PID likelihood MPID: Neural network with infor-53

mation from variables coming from the RICH de-54

tectors, the calorimeters and the muon stations.55

• The invariant mass of the three muon system.56

The binning is optimized for M3body and MPID to57

maximise the sensitivity. The invariant mass is divided58

into equally wide bins in the signal region. Different59

channels are used for the calibration. For the M3body,60

the chosen one is Ds → φ(µµ)π and for the MPID the61

chosen one is J/ψ→ µµ.62

Combinatorial background dominates the data sam-63

ple. The number of these events is calculated by fitting64

the mass of the τ candidates outside the signal region65

for each of the M3body and MPID bins. No evidence of66

an excess of signal candidates is found, as shown in Fig.67

1, so the CLs method [8] is used to set the upper limit68

on the branching fraction of the τ→ µµµ decay:69

B(τ− → µ+µ−µ+) < 8.0 × 10−8 at 90 % CL70

This is the first upper limit obtained for this kind of71

decay at a proton collider. Fig 2 shows how the branch-72

ing ratio limit has been calculated with respect to the73

CLs method output.74

Figure 2: Calculation of the branching ratio for the τ→ µµµ decay as
a function of the CLs method output.

The search was for violating τ decays was also per-75

formed for the τ→ pµµ decay, resulting in a branching76

ratio limit [6].77

3. Searches of Majorana neutrinos in B+ decays78

In this case, the analysis makes use of the complete79

LHCb dataset, corresponding to an integrated luminos-80

ity of 3 fb−1 (1 fb−1 from 2011, taken at a centre of mass81

energy of 7 TeV and 2 fb−1 from 2012, taken at a centre82

of mass energy of 8 TeV).83

Processes in which two like-sign leptons are found84

in the final state are forbidden in the SM (lepton num-85

ber is conserved in the SM, even if the lepton flavour86

is not), but are one of the most sensitive ways to look87

for Majorana neutrinos of any mass produced on-shell.88

The analysis [9] is based on a previous analysis [10] but89

it extends the sensitivity to neutrino lifetimes (τN) from90

1 ps to 1000 ps and divides the analysis in two different91

strategies. The selection includes cuts on the momen-92

tum of the muons in order to reduce tracks and demands93

high quality regarding the track resolution. The chosen94

normalization channel B− → J/ψK− where the J/ψ95

resonance decays to a pair of muons. The requirements96

related to the vertex formed by the tracks are different97

for the different strategies.98

The CLs method is used to set upper limits. The sig-99

nal region is defined as the mass interval within ±2σ of100

the charged B meson mass, where σ is the mass reso-101

lution. The detection efficiency varies as a function of102

the neutrino mass mN . At 95 % confidence level, the103

following limit is found:104

B(B− → π+µ−µ−) < 4.0 × 10−9
105
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A signal as a function of the neutrino mass is also106

searched for. No evidence for a signal is found, and up-107

per limits on the coupling of the hypothetical Majorana108

neutrino and muons can be set by scanning the mN spec-109

trum and making use of the following formula by Atre110

et al.[11]:111

B(B− → π+µ+µ−) =112

G4
F f 2

B f 2
π m5

B
128π2~ |VubVud |

2 × τB(1 − m2
N

m2
B
) mN

ΓN
|Vµ4|

2
113

This limit does not take into account the Majorana114

neutrino mass, which is the sum of the mass of the µ115

and the π for an on-shell Majorana neutrino and assumes116

that it is short lived. The total neutrino decay width is117

a function of the neutrino mass and is proportional to118

|Vµ4|. To set limits on the coupling, a model for the de-119

cay width is required. The purely leptonic modes are120

specified in [11]. For the hadronic modes we use the121

fraction of times the charged current manifests itself as122

a single charged pion in τ− and B− decays, giving an ad-123

ditional m3
N dependent factor in the decay width. With124

all this, the decay width can be written as [6]:125

ΓN = [3.95m3
N + 2.00m5

N(1.44mN3 + 1.14)] × 10−13|Vµ4|
2

126

where both the mass and the decay width are in GeV.127

The upper limit is calculated by assuming a value for128

the coupling and then calculate the decay width. This129

allows a determination of the τN dependent detection130

efficiency. Fig 3 shows the coupling value as a function131

of the Majorana neutrino mass.132

Figure 3: Value of the coupling of the Majorana neutrino to muons as
a function of the mass of the neutrino.

4. Conclusions133

The search for lepton flavour violation and heavy Ma-134

jorana neutrinos has been presented.135

For the first case, clean τ decays into three µ have136

been studied. No signal found, and the first limit at a137

hadron collider has been established.138

Regarding Majorana neutrinos, a limit on the branch-139

ing ratio for the B+ → π−µ+µ+ decay is set and the re-140

sult is used to set limits on the coupling between the141

hypothetical fourth generation Majorana neutrinos and142

muons.143

Since ICHEP 2014, the LHCb experiment has up-144

dated its analysis of τ → µµµ, using a dataset corre-145

sponding to 3 fb−1 [12]. Using this larger dataset, LHCb146

sets a limit on the branching ratio for τ → 3µ of 4.6147

×10−8 at 90 % CL.148
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