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The massive nature of neutrinos provides a firm evidence for the existence of physics beyond
the Standard Model, that in turn can give rise to a rich phenomenology in diverse experimental
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the impact of an underlying lepton number symmetry on neutrinoless double beta decay, τ and
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1. Introduction

The combined results from neutrino oscillations experiments [1–3] provide a firm evidence that
neutrinos are massive and individual lepton flavours are not conserved, thus calling for the existence
of new physics beyond the Standard Model (BSM). Remarkably, by interpreting the minimal
Standard Model (SM) as an effective field theory (EFT), there exists a single five dimensional
operator that, after the electroweak symmetry breaking, generates non-zero neutrino masses and
lepton flavour mixing [4]

Ld=5 =
1
2

cαβ
Λ

󰀓
ℓcLαφ̃

∗
󰀔 󰀓󰁨φ†ℓβL

󰀔
+ h.c. , (1)

where ℓα is the lepton doublet of flavour α, φ is the Higgs doublet, cαβ is a matrix of dimensionless
coefficients, andΛ is the new physics energy scale. In turn, the operator in Eq. (1) only admits three
tree-level realisations [5, 6], as it can be mediated by heavy neutral leptons (Type-I Seesaw) [7–10],
by a scalar triplet (Type-II Seesaw) [11–15] or by a fermion triplet (Type-III Seesaw) [16–23]. In
this work we focus on the phenomenology of the first realisation, i.e. SM extended with heavy
neutral leptons (HNL), that being gauge singlets can feature a comparatively low new physics scale,
possibly accessible in current and future experiments.

2. Small neutrino masses from testable sterile singlets

The Type-I Seesaw represents a minimal and natural extension of the SM field content given
that, in the minimal SM, every fermionic field appears in the two states of chirality, left and right,
except for neutrinos. The addition of a number n of right-handed neutrino fields NI allows for the
new renormalizable and gauge-invariant terms in the Lagrangian

L = LSM + i NI /∂ NI −
󰀕
FαI ℓ

α
L
󰁨φ NI +

MIJ

2
Nc
I NJ + h.c.

󰀖
, (2)

where FαI denote the Yukawa couplings, MIJ is a symmetric matrix of Majorana mass terms, and
I = 1, . . . , n.

After the electroweak symmetry breaking, a non-zero mass matrix for the light neutrinos is
generated, according to

mν = −v2 F M−1 FT , (3)

where v ≃ 174 GeV is the Higgs vev. Laboratory [24] and cosmology [25] constraints impose an
upper bound on the value of neutrino masses of 1.1 eV and 0.12 eV, respectively. By employing
the EFT approach of Eq. (1), we see that the phenomenological constraints impose the following
hierarchy of scales to the model parameters

mαβ
ν = cαβ

v

Λ
v ≲ eV ≪ v. (4)

This implies two possibilities to account for the smallness of neutrino masses in this framework: one
is that the new physics scaleΛ is much larger than the electroweak vev v, v/Λ ≪ 1. Alternatively, an
equally viable possibility is thatΛ lies around or below the electroweak scale, but the dimensionless
coefficients cαβ are much smaller than unity. The second case can be realised due to an underlying
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symmetry, e.g. if the Lagrangian features an approximated lepton number conservation [26–29], by
accidental cancellations arising in the matrix equation Eq. (3), or simply by very feeble couplings
in the UV complete theory.

The phenomenology of the HNLs is however very different depending on the actual suppression
mechanism at play. Considering the full tower of non-renormalizable operators

Leff = LSM +
c5
Λ
Od=5 +

ci6
Λ2 O

d=6
i + . . . (5)

we see that, given the five-dimensional operator Od=5 is unique and accounts for light neutrino
masses and mixings, any new physics effect that can disentangle between the different neutrino mass
generation mechanisms is generated by the d ≥ 6 operators. If the suppression of neutrino masses is
only due to a hierarchy of scales or to feeble UV couplings, the same suppression will apply as well to
the higher-dimensional operators, ci6/Λ

2 ≈ (mν/v)2, making any new physics effect unobservable.
If instead the suppression comes from the dimensionless coefficients, c5 ≪ 1, the same suppression
does not necessarily apply to the higher-dimensional operators, and a model can give rise to
sizeable d = 6 observable effects [6]. Notice that in this framework, an important difference arises
between accidental cancellations and symmetry motivated scenarios: if the Lagrangian features
an approximated symmetry protecting light neutrino masses, the same symmetry will apply at any
perturbative order, thus making light neutrino masses stable under radiative corrections, even in
the presence of sizeable Yukawa couplings and a low new physics scale. This is not the case if
the cancellation is accidental, where higher-order effects can dominate over the tree-level result
in Eq. (3), possibly rendering the predicted light neutrino masses incompatible with experimental
constraints [30–32].

3. Heavy Neutral Lepton phenomenology

Heavy Neutral Leptons with masses in the MeV to TeV range can be searched for in various
ways [33]. Their interactions with the SM particles are governed by the active-sterile mixing matrix
U, which in this minimal scenario determines both the production rates and decay widths.

Since we are interested in testable phenomenology, we focus here on symmetry-protected
scenarios, considering the special role of lepton number L. It can be demonstrated that, in the
SM extended with fermionic gauge singlets, there is an equivalence between L conservation and
massless light neutrinos [29]. This implies thus, unless there are accidental cancellations in mν, the
rate for L violating events is proportional to the small active neutrino masses, and thus suppressed
in this minimal framework.

A question arises in this context, on how to preserve L in a theory with Majorana fields, that by
definition violate all global symmetries (including L). There are three possibilities: the non-trivial
one is to pair two Majorana states Ni and Nj to form a Dirac state (thus having equal masses
Mi = Mj , maximal mixing and opposite CP phases Uαi = i Uα j); the more trivial solutions are
having a decoupled Majorana state (that thus cannot mediate any L violating process) or having
a massless state, for which the Majorana character vanishes. Since neutrino masses are small but
finite, L cannot be an exact symmetry of the theory, resulting in the pattern of masses and mixings
summarised in Table 1.
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Dirac state Decoupled state Massless state

Exact symmetry Mi = Mj

Uαi = i Uα j Uαi = 0
Mi = 0

Approximate symmetry
Mj−Mi

Mi+Mj
≪ 1

Uαi ≃ i Uα j |Uαi | ≪ |Uα, j󲧰i |
Mi ≪ Mj󲧰i

Table 1: Masses and mixings arrangements that preserve L in a theory with Majorana states.

4. Experimental searches

We review in the following some selected experimental searches for BSM physics connected
to neutrinos, highlighting how the implementation of the Type-I Seesaw Lagrangian in Eq. (2)
featuring an underlying approximate L symmetry can affect the phenomenology.

Neutrinoless double beta decay The double beta (2β) decay is a process relevant for certain
nuclei for which the single beta decay is energetically forbidden. If active neutrinos are massive and
of Majorana nature the process can happen without the emission of neutrinos (0νββ) [34], resulting
in a clear experimental signature with a monochromatic peak at the end of the continuous electron
energy ββ distribution [35]. Experimental searches for the 0νββ processes are ongoing, using a
variety of different isotopies and experimental techniques [36]; this effort can probe not only the
nature of the light neutrinos, but also the possible impact of heavier HNL, since the contribution to
the amplitude from a Majorana gauge singlet scales as [37–42]

A0νββ ∝
󳕗
i

MiU2
ei

p2

p2 − M2
i

, (6)

with p2 ≈ −(125 MeV)2 the virtual momentum exchange in the process (dependent on the specific
isotope). This contribution can be sizeable, possibly dominating the amplitude even for HNL
mixings much smaller than the current bounds. However, notice that the total amplitude results
from the coherent sum of the individual states contributions, and in the case of a (pseudo)-Dirac
state there is a cancellation between two possibly large individual contributions, cf. the structure of
masses and couplings from Table 1. Experimental bounds put constraints on the full mass spectrum
and mixings.

Tau and meson decay HNL can mediate L-violating (LNV) decays of pseudo-scalar mesons and
the τ lepton [41, 43]. For these processes, the contribution to the decay amplitude is negligible
unless the intermediate HNL state can go on-shell, meaning that these experimental searches put
constraints on a specific window of mass values, typically between 100 MeV and 10 GeV (the
exact range depends on the specific decay channel). It should also be stressed that, in this mass
region, HNL can have macroscopic lifetimes, possibly escaping the detector and thus making the
LNV decay unobservable, requiring this to be accounted for when converting experimental results
in model parameter constraints [41, 43]. Similarly to the 0νββ process, the amplitude depends on
the combination MiUαiUβi, and cancellations are expected in case of an underlying L-conserving
symmetry. An interesting effect that is expected when multiple intermediate HNL states mediate
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the decay is the (constructive or destructive) interference between the amplitudes: depending on
the CP-violating phases, this can sizeably modify the rate between L-violating and L-conserving
channels [44]. These effects are phenomenologically relevant if the conditions ∆M ≪ M and
∆M < ΓN are satisfied, where ∆M is the mass splitting among the interfering HNL states and ΓN
is their decay width.

LHC searches In proton collisions, HNL can be produced through a variety of mechanisms,
including Drell-Yan, gluon fusion, and electroweak vector boson fusion [45, 46]. L violating
processed can manifest with clean experimental signatures, e.g. two same-sign leptons (any flavour
combination of e and µ) and at least one jet [47]. For sufficiently large mixings, the HNL decays are
prompt and can be probed through multi-lepton signatures. Searches for these processes have been
performed by both CMS [48, 49] and ATLAS [50, 51]. A further interesting probe is the vector
boson fusion channel mediated by HNL [52, 53] which, being a t-channel process, is less sensitive to
the mass of the intermediate state and can probe larger HNL masses [54, 55]. For smaller mixings,
HNLs can be long-lived on detector scales, giving rise to displaced vertices. Such signatures are
searched for HNL produced in the decay of bothW−Z bosons [56, 57] and B mesons [58]. Recently, a
search for long-lived HNL with lepton flavour conserving or violating decays and coupling scenarios
involving the three lepton generations has been performed [59]. It must be stressed that, whenever
multiple HNL featuring an approximate L-symmetry can contribute in mediating a L-violating
decay, the cancellation among the individual L-violating contributions relies on the coherence of
the quantum state, which can be lost if the HNLs undergo many oscillations before their decay [60–
62]. Analysis performed in the framework of realistic, symmetry-motivated Type-I Seesaw models
demonstrated that L-violation is expected to be the rule for displaced vertex signatures or at fixed
target experiments, while the rate of L-violating processes is generally suppressed for HNL masses
above the electroweak scale [62].

5. Conclusions

HNLs provide a minimal and well-motivated extension of the SM capable of accounting for
neutrino masses and lepton flavour mixing. They give rise to a rich phenomenology, with signatures
that can directly probe the new physics realisation for HNL masses up to the TeV energy scale.
Examples of relevant phenomenological searches include 0νββ decay, the τ and meson decay
and searches at LHC experiments. While studying the testability of a model, it is important to
consider that the HNL couplings to the SM states are generally suppressed as O(mν/MHNL) (and
thus unobservable), unless symmetry-motivated scenarios are considered. These scenarios imply
specific relations between masses and mixings, that generally result in a suppression of the L-
violating processes, although the exact quantitative determinations depend on the experimental
setup.

Other than accounting for massive neutrinos, testable HNLs can simultaneously provide a
mechanism for the origin of matter in the Universe [63], as well as explain the dark matter nature [64–
67], thus providing a common framework to address the main open BSM questions.
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