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Fig. 1 The dark grey blob describes the production of on shell heavy Majorana neutrinos N in proton–proton collisions at LHC. The production is
possible both with gauge interactions (first diagram in the right-hand side) and four fermion contact interactions (second diagram in the right-hand
side)
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Fig. 2 Left the production cross section of the process pp → Ne+

for gauge and contact interactions at
√
s = 13 TeV. Right comparison

between cross sections of the final state with negative leptons and of the

final state with positive leptons. For the calculation we used CTEQ6m
parton distribution functions and we put the factorisation (renormalisa-
tion) scale to Q̂ = mN = m∗

For the calculation of the production cross section in proton–
proton collisions at LHC, we have used CTEQ6m parton
distribution functions [56]. The factorisation and renormali-
sation scale has been set to Q̂ = m∗.

In Fig. 2 (left) we present the cross section against the
heavy Neutrino mass for ! = 10 TeV for the LHC centre
of mass energy

√
s = 13 TeV. It is evident that the contact

interaction dominates the production of the heavy compos-
ite Majorana neutrino by a factor that ranges between two
and three orders of magnitude, varying the heavy neutrino
mass between 1 and 5 TeV, and for the given choice of the
compositeness scale (! = 10 TeV). In Fig. 2 (right) we
compare the cross sections of pp → ℓ+ℓ+ j j with the one of
pp → ℓ−ℓ− j j , for the special case ℓ = e. The cross section
for the production of positive di-lepton is larger than that for
the production of negative di-leptons as expected in proton–
proton collisions due to the larger luminosity of a ud̄ pair
(needed to produce ℓ+ℓ+) compared to that of a ūd (needed
to produce ℓ+ℓ+).

The heavy Majorana neutrino N can decay again through
both gauge and contact interactions. The decay amplitudes
are related, via appropriate crossing symmetry exchanges, to
those describing the single production and depicted in Fig. 1.
The possible decays are
N → ℓqq̄′ N → ℓ+ℓ−ν(ν̄) N → ν(ν̄)qq̄′.

In the first we can have a positive lepton, a down-type quark
and an up-type antiquark or a negative lepton an up-type
quark and a down-type antiquark; in the second owing to the
Majorana character of N we can have either a neutrino or an
antineutrino of the same flavour of the heavy neutrino N and
accordingly two opposite sign leptons belonging to a fam-
ily that can be the same or different from the other one, or
alternatively a positive (negative) lepton of the same family
of the heavy neutrino and a negative (positive) lepton and an
antineutrino (neutrino) belonging to a family that can be the
same or different from the other one; in the third we can have
a neutrino or an anti neutrino and a quark and an antiquark
both of up-type or both of down-type. In Fig. 3 we present
the width $ and the branching ratio B for N → ℓ+qq̄′, the
decay that gives the final signature under examination of two
like-sign leptons and di-jet, pp → ℓ+ℓ+ j j , which is a sig-
nature well known to be rather clean (due to the low expected
SM background). Relevant yields are ensured by the rather
large B.

This peculiar final state being a lepton number violating
process (%L = +2) is only possible if the heavy neutrino
is of Majorana type. In this work we chose to focus on the
specific signature with two positive leptons due to its larger
cross section as shown in Fig. 2 (right). It is important to
remark that the like-sign di-lepton plus di-jet signature can be
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