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DIRAC vs MAJORANA ?

Neutrinos are the only electrically neutral fermions

 If a fermion is charged, 𝑓𝑓 ≠ ̅𝑓𝑓 (quarks, charged leptons)

Majorana Neutrino: 𝑓𝑓 = ̅𝑓𝑓, 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑛𝑛𝑛𝑛𝑛𝑛𝑙𝑙𝑐𝑐.

 The charge properties closely related to mass. 
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NEUTRINOLESS  DOUBLE BETA DECAY
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HUGE WORLD WIDE EXPERIMENTAL EFFORT
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 While these efforts will continue, one needs 
alternate methods for probing if neutrinos are  
Majorana particles

 Nu-less double beta decay  could vanish due to 
some cancellations, even if Neutrinos are 
Majorana

 Uncertainties in Nuclear Matrix elements are a 
concern in Nu-less double beta decay

 Alternate Searches important
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Search for LNV through MESON AND TAU DECAYS 

𝑀𝑀1
− → ℓ1−ℓ2−𝑀𝑀2

+

𝜏𝜏− → 𝑀𝑀1
−ℓ+𝑀𝑀2

−

If the mass of N is lies in the range
∼ 100 𝑀𝑀𝑙𝑙𝑀𝑀 − 5 𝐺𝐺𝑙𝑙𝑀𝑀 ,
N on shell.
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Below Tau 
Mass!

Huge Experimental 
effort to search for 
these modes has 
been going on! 

Limits on Branching ratios, 
constrain the    Mixing angles
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Proposal to look at 𝑩𝑩𝒄𝒄 DECAYS

𝐵𝐵𝑐𝑐 mesons are unique-only states consisting of two  heavy quarks of 
different flavors.
Weak Decays of b quark will be Cabibbo suppressed:
𝑛𝑛 → 𝑐𝑐, 𝜆𝜆2 supp., 𝑛𝑛 → 𝑛𝑛, 𝜆𝜆3 supp.

However, the c→ 𝑠𝑠 transition is Cabibbo favoured. 
Expect 𝐵𝐵𝑐𝑐 → 𝐵𝐵𝑠𝑠0ℓ1−ℓ2−𝜋𝜋+
to have a larger B.R. than 
other LNV B meson
decays.

𝐵𝐵𝑐𝑐− → 𝐵𝐵𝑠𝑠0 𝜋𝜋− has already been observed by LHCb
with the largest exclusive B.R. amongst known 
decay modes of all B mesons. 

S. Mandal, N.Sinha, Phys.Rev. D94 (2016)
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 Although the 𝐵𝐵𝑐𝑐 → 𝐵𝐵𝑠𝑠0ℓ1−ℓ2−𝜋𝜋+ is expected to have a large B.R.,
reconstruction of the 𝐵𝐵𝑠𝑠0, results in a penalty of ~10−4 Hence upper
limits of 10−5, may only be possible. This still results in constraints 
tighter than those obtained earlier.
 Interestingly, the 𝐵𝐵𝑐𝑐 → 𝜓𝜓ℓ1−ℓ2−𝜋𝜋+ 𝑐𝑐𝑐𝑐𝑎𝑎 𝐵𝐵𝑐𝑐 → ℓ1−ℓ2−𝜋𝜋+, while 
suppressed but due to ease of reconstruction and phase space 
enhancement results in even tighter constriants. 

OTHER 𝐵𝐵𝑐𝑐 MODES

 A crude estimate using the measured ratio of production cross section
times branching fractions between the 𝐵𝐵𝑐𝑐+ → 𝐽𝐽/𝜓𝜓𝜋𝜋+ and 𝐵𝐵+ → 𝐽𝐽/𝜓𝜓𝐾𝐾+

at 8TeV, indicates ~ O(1010) Bc events with 10 𝑓𝑓𝑛𝑛−1luminosity at 13TeV.
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 For 𝐵𝐵𝑐𝑐 → 𝜓𝜓ℓ1−ℓ2−𝜋𝜋+, one of the leptons can be a tau, while for
𝐵𝐵𝑐𝑐 → ℓ1−ℓ2−𝜋𝜋+, both leptons being taus is also permitted. 
 This results in exclusion curves for 𝑀𝑀𝑒𝑒𝑒𝑒𝑀𝑀𝜏𝜏𝑒𝑒 and |𝑀𝑀𝜇𝜇𝑒𝑒 𝑀𝑀𝜏𝜏𝑒𝑒| on 

which 
bounds exist only from tau decays, exclusion curves for masses upto
6 GeV can be provided.

 Also for 𝑀𝑀𝜏𝜏𝑒𝑒 2 which is very loosely constrained, exclusion curves 
in

the mass range (0.3-5.0) GeV can be provided 
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 These can of course be used to get constriants on the active-sterile mixing angles.

 Alternately, approximating this angle in accordance with the seesaw condition, 
the rates or upper limits on the branching ratios of the LNV decays of mesons can
be used to get limits on the right handed gauge boson mass.  
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An attractive framework to explain the light neutrino masses

Appearance of right-handed neutrino components is not accidental 
but required in order to complete the right-handed lepton doublets

FERMIONS:

Includes High scale parity symmetry

Existence of right-handed currents

On the 
theoretical 

side

Based on the gauge group, 𝑆𝑆𝑆𝑆(3)𝑐𝑐 × 𝑆𝑆𝑆𝑆(2)𝐿𝐿 × 𝑆𝑆𝑆𝑆(2)𝑅𝑅 × 𝑆𝑆 1 𝐵𝐵−𝐿𝐿
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Higgs multiplets must be LR symmetric
(i) Bi-doublet under 𝑆𝑆𝑆𝑆(2)𝐿𝐿 × 𝑆𝑆𝑆𝑆(2)𝑅𝑅
Couples to fermion bilinears and gives masses to quarks and leptons after SSB by its 
VEV

(ii) SU(2) triplets that break the L-R symmetry and also give the Majorana mass 
terms for heavy neutrinos

Finally, VEV of bidoublet breaks 𝑆𝑆𝑆𝑆 2 𝐿𝐿 × 𝑆𝑆 1 𝑌𝑌 → 𝑆𝑆 1 𝑄𝑄
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Upon symmetry breaking the light –heavy neutrino mass matrix has the form,

which can be diagonalized by a 6 × 6 unitary matrix.

The mixing matrix to be used in our analysis is denoted by

The Yukawa Lagrangian in the lepton sector is given by :
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In addition to the SM gauge bosons, this model consists of a RH charged gauge boson, 
𝑊𝑊𝑅𝑅 and an additional neutral gauge boson, 𝑍𝑍𝑍.

Charged current Lagrangian for the quarks and lepton-neutrino have the form:

𝑀𝑀𝑍𝑍′ ∼ 1.7𝑀𝑀𝑊𝑊𝑅𝑅

Will contribute in 
some of the 

decay channels of 
the RH neutrino
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In LRSM, Heavy Neutrinos are Majorana and hence can mediate the lepton number 
violating decays 

Assume 3 RH 
neutrinos 
in the mass range
100 𝑀𝑀𝑙𝑙𝑀𝑀 − 5 𝐺𝐺𝑙𝑙𝑀𝑀,
that contribute to 
these Meson Decays.
The different 
contributions are
mediated through

smaller contribution(and similar one with 𝑊𝑊𝐿𝐿))

Neglect contributions from
light neutrino exchange 
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For the final meson 𝑀𝑀2, being a pseudoscalar; for the vector case, will also involve 
the polarization of the vector meson
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Narrow 
Width
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The expected number of events for the LNV decay modes in a particular experiment
depend on:

Number of parent meson 𝑀𝑀1’s produced (𝑁𝑁𝑀𝑀1), Their momentum (�⃗�𝑙𝑀𝑀1)

Branching Ratio for these mesons to decay to the LNV modes

Probability of the RH neutrino to decay within  a detector of length 𝐿𝐿𝐷𝐷, given by

Momentum of 𝑁𝑁𝑖𝑖 in 𝑀𝑀1 rest frame

For mesons decaying in flight, the appropriate boost factor has to be used 

Since the LNV decays will be rare, the expected number of events for these can be
assumed to follow a Poisson distribution. Using the method of Feldman and Cousins,
we get the average upper limit on the number of events at 95% C.L.
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𝑀𝑀𝑊𝑊𝑅𝑅 > 4.6 𝑇𝑇𝑙𝑙𝑀𝑀,𝑀𝑀𝑒𝑒~0.38 𝐺𝐺𝑙𝑙𝑀𝑀 , 

S. Mandal, M. Mitra and N. Sinha
Phys.Rev. D96 (2017)
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Comparison with constraints from other Experiments
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