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ABSTRACT: The existence of right-handed neutrinos, or heavy neutral leptons (HNLs),
is strongly motivated by the observation of neutrino masses and mixing. The mass of
these new particles could lie below the electroweak scale, making them accessible to low-
energy laboratory experiments. Additional new physics at high energies can mediate new
interactions between the Standard Model particles and HNLs, and is most conveniently
parametrized by the neutrino Standard Model Effective Field Theory, or “SMEFT for short.
In this work, we consider the dimension six ¥SMEFT operators involving one HNL field in
the mass range of O(1) MeV < My < O(100) GeV. By recasting existing experimental limits

Thttps://orcid.org/0000-0002-6274-4473.
https:/ /orcid.org/0000-0001-7276-2192.
3https:/ /orcid.org/0000-0003-0734-0879.
“https://orcid.org/0000-0002-9584-8877.
Shttps:/ /orcid.org/0000-0002-9554-5075.

OPEN AccCESS, © The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP09(2023)001


mailto:enrique.fernandez-martinez@uam.es
mailto:manuel.gonzalezl@uam.es
mailto:josu.hernandez@ttk.elte.hu
mailto:mhostert@pitp.ca
mailto:jacobo.lopez@uv.es
https://orcid.org/0000-0002-6274-4473
https://orcid.org/0000-0001-7276-2192
https://orcid.org/0000-0003-0734-0879
https://orcid.org/0000-0002-9584-8877
https://orcid.org/0000-0002-9554-5075
https://doi.org/10.1007/JHEP09(2023)001

on the production and decay of new light particles, we constrain the Wilson coefficients

and new physics scale of each operator as a function of the HNL mass.%
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1 Introduction

The evidence for neutrino masses and mixing, as observed in neutrino oscillations, calls for
an extension of the Standard Model (SM) of particle physics. Among the many different
options, the completion of the SM particle content with the right-handed counterpart of the
left-handed neutrinos is the simplest possibility. Apart from the usual Yukawa couplings
with the Higgs, the unique gauge-singlet nature of right-handed neutrinos allows for them
also a lepton-number-violating Majorana mass term. This new scale would be the first
dimensionful term in the Lagrangian not directly related to the electroweak scale and the
Higgs mechanism, and, as such, its value remains utterly unknown.

A common assumption is that the Majorana mass of the right-handed neutrinos is much
larger than the electroweak scale. This heavy scale would suppress the induced mass for
the mostly-active neutrino mass eigenstates via the d = 5 Weinberg operator [1], providing
a rationale for their smallness. This is the celebrated high-scale Seesaw mechanism [2-5]



which, as a bonus, may also explain the origin of the matter-antimatter asymmetry of the
universe via the leptogenesis mechanism [6]. The drawback of this scenario is that the
same very large mass scale that suppresses the light neutrino masses also renders the model
virtually untestable since all phenomenology would be similarly suppressed. Furthermore,
the addition of a new mass scale much above the electroweak one worsens the Higgs hierarchy
problem [7, 8].

Nevertheless, the extreme lightness of neutrino masses may also be naturally explained
through a symmetry argument [9-12]. Indeed, the Weinberg operator violates B — L, which
is an accidental and non-anomalous symmetry of the SM. This fact is exploited by different
low-scale variants of the Seesaw mechanism, such as the inverse [13, 14] or linear [15, 16]
Seesaws, to lower the mass scale of right-handed neutrinos. This way, the Higgs hierarchy
problem is not worsened, and these new “Heavy Neutral Leptons” (HNLs) may be probed
at laboratory energies. Still, even if light, the interactions of the HNLs with the rest of the
SM particles are also suppressed by an unknown but small mixing with active neutrinos.
The HNLs then constitute long-lived particles with “weaker-than-weak” interactions.

In this context, if additional new physics is present above the electroweak scale, it can
have an important effect not only on SM processes but also on the behaviour of HNLs,
possibly dominating over its weaker-than-weak interactions. To explore the impact of these
high-energy new physics scenarios on HNLs, we turn to the framework of effective field
theories (EFTs).

Effective field theories are an extremely powerful and versatile tool that encodes the
indirect effects of new physics appearing at energy scales above a given physical process.
They rely on an expansion in inverse powers of the new physics scale, introducing operators
of dimension higher than 4; the higher the dimension, the more suppressed the operator is.
In this context, the naive expectation is to see the first evidence of new physics from the
Wilson coefficients corresponding to the lowest dimension and least suppressed operators.
Thus, it is very suggestive that the only d = 5 operator that can be built out of the SM
particle content is the Weinberg operator, which can account for the evidence of neutrino
masses and mixings. EFTs are renormalizable order by order, with a finite number of
counterterms required at each order of the EFT expansion. Therefore, all possible operators
that can be built with low-energy particle content which are compatible with the symmetries
of the theory should be included at each order. In this context, the Standard Model Effective
Field Theory (SMEFT), that is, the series of higher dimension operators that can be built
from the SM particle content, is a very useful and successful tool to constrain generic new
physics (see, for instance, ref. [17] for a recent review).

Since the evidence for non-zero neutrino masses can be explained by HNLs light enough
to be included in the low energy spectrum, it is then interesting to extend the SMEFT
description with a basis of new operators also incorporating the HNLs as fundamental
building blocks: the ¥“SMEFT [18-54].

In this work, we explore the effective operators (up to d = 6) that form a basis including
these new particles and study the leading constraints on them from different sets of existing
observables. For the first time, we present a comprehensive list of bounds that apply to
each operator as a function of the HNL mass. As a first approach, we will only consider one



operator at a time. We leave a more realistic global analysis for future work. Nevertheless,
this approach generally leads to conservative constraints, as it does not allow for HNL
production and detection through different operators. When relevant, we will comment on
exceptions to this rule when cancellations among different operators lead to flat directions.
In the same spirit, we will also assume negligible mixing between the HNLs and the active
neutrinos. Mixing can lead to new production mechanisms or decay channels that would
strengthen the constraints.

This paper is organized as follows. In section 2, we introduce some generalities about
HNLs, summarizing the main constraints on their mixing in section 2.1. Then, in section 3,
we briefly introduce the vYSMEFT and the new operators that extend the SMEFT by
including HNLs. In sections 4 to 7, we describe the different types of dimension-6 (d = 6)
operators, the observable effects they can produce, and how current limits can constrain
their Wilson coefficients. We present our conclusions in section 8.

2 Heavy neutral leptons at the renormalizable level

We will extend the SM particle content by only one! right-handed neutrino field N’, singlet
under the SM gauge symmetry group. The renormalizable part of the Lagrangian reads

_ Mnr—— .
Lyes = Lom + N'igN' — <2NN’CN’ +> yaLoHN' + h.c.> , (2.1)

where L stands for a left-handed lepton doublet of flavour «, My is the Majorana mass, and
Yo are the Yukawa couplings of the HNL to the different flavours of lepton doublets. The
extension of the neutrino sector implies that the flavour eigenstates will generally contain
some fraction of the heavy component due to the mixing U,y = yav/ V2My:

3
Vo = Z Uaivi + Uun N, (2.2)

i=1
where v,(;) denote the interaction (mass) eigenstates and N is the heavy, almost sterile,
neutrino. If the mixing elements U,y — 0 for all «, then N can be identified with the
flavour state N’ and My is the physical mass of the heavy state. In this work, we assume
the mixing elements are small and organize our discussion around the physical field N. As
eq. (2.2) shows, HNLs would participate in any process in which active neutrinos appear,
“inheriting” their interactions with an additional suppression from the mixing. These
elements are typically small, giving rise to weaker-than-weak interactions, long lifetimes,
and suppressed production. Nevertheless, laboratory experiments can be sensitive to HNLs

in a wide mass range.

Experimental searches have not found any significant evidence for their existence,
but have provided strong limits on the mixing elements, U,y. These bounds are flavour-
dependent, as the processes relevant to HNL searches are considerably different depending

LAt least two HNLs are required to reproduce the measured masses and mixings, but this simplifying
assumption encodes the main phenomenology and corresponds to scenarios where the additional HNLs are
too heavy to have an impact in low-energy observables.



on the flavour structure of the mixing matrix [55-58]. Constraints are typically stronger
on the mixing with the electron and muon flavours, and less so on the mixing with tau.
The standard assumption followed by experimental collaborations when providing limits
on either Uen, Uyn, or Uy (strictly speaking, on their moduli squared, which are the
only observable quantities) is to consider a simplified flavour structure. It is assumed
that the mixing with one flavour dominates over the other two elements, whose impact
on the phenomenology is assumed to be negligibly small. In this work, we will follow this
simplified scenario. However, these commonly used benchmarks do not reflect the flavour
structure typically found in realistic neutrino mass models. As a better approximation to
the phenomenology of neutrino mass models, two additional benchmarks have been recently
proposed in the context of the CERN’s Physics Beyond Colliders initiative [59].

A comprehensive collection of experimental limits on HNLs is available on
https://github.com/mhostert/Heavy-Neutrino-Limits. This database adds to the exist-
ing collection of limits on other light particles, such as the limits on axions and dark
photons [60, 61], as well as complementary efforts for HNLs [62].

2.1 Constraints on heavy neutrino mixing

Many bounds on effective operators, studied in the following sections, will be obtained by
reinterpreting those existing on HNL mixing. Thus, we will first summarize the most relevant
and up-to-date constraints existing in the literature. For previous studies summarizing
constraints on HNLs, see refs. [62-69] as well as recent reviews [70, 71]. As mentioned,
single flavour dominance is assumed, so we will discuss limits that apply separately on
either |Uen|, |Uun|, or |[Ur;n|. Many experimental bounds are available, but we will only
mention the leading limits in each HNL mass window here.

Electron flavour dominance (|[U.n|). At the lowest masses, the best limits are provided
by searches for an invisible resonance in 7+ — e™ N decays. The best constraints are given
by these “peak searches” at TRIUMF [72] and PIENU [73], including phenomenological uses
of their data [74]. Below 16 MeV, Borexino has searched for the N — vete™ decays of HNLs
produced in ®B decays in the Sun, providing competitive limits [75]. Above the pion mass,
the dominant constraints come from peak searches in leptonic kaon decays, K™ — e™ N, in
particular, those performed by the NA62 collaboration [76]. HNL decay-in-flight signatures
at neutrino experiments in a similar mass region provide competitive constraints with a
complementary technique. The T2K collaboration searched for HNL charged-current (CC)
decay channels in their near detector, ND280, using HNLs produced in kaon decays at
the target [77]. Above the kaon mass, the CHARM [78] and BEBC [79, 80] experiments
set the strongest limits. Finally, for HNLs with masses above ~ 2GeV, HNLs are no
longer copiously produced by meson decays at beam dumps, and colliders provide the
best environment for detection. One of the most competitive limits was provided by the
DELPHI collaboration [81] studying Z decays to produce the HNLs, and searching for their
prompt or displaced decay inside the detector. Because the production proceeds through
the neutral-current (NC) coupling, this bound is largely insensitive to the flavour structure
of the HNL mixing. At the LHC, the ATLAS [82, 83] and CMS [84] collaborations have
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set some of the strongest limits by using both W or Z boson decays and searching for the
subsequent HNL decays into dilepton final states. Finally, for masses beyond the reach of
collider energies, the HNL mixing can only be probed indirectly by testing the unitarity
of the 3 x 3 PMNS matrix, which involves only the 3 light mass eigenstates and active
neutrino flavours, through flavour and electroweak precision data [68, 85].

Muon flavour dominance (|[U,n|). This case follows a very similar pattern to the
one above. As the muon mass is close to that of the pion, HNLs can only be produced
in pion decays if they are lighter than about 30 MeV. Just as before, peak searches at
PSI [86] and the PIENU experiment [87] provide the best limits. Above the pion mass,
the decay-in-flight searches at the PS191 and T2K experiments provide the strongest
bounds [77, 88, 89].? The region in between m, —m,, ~ 34 MeV and m, was not targeted
by any dedicated experimental search, but phenomenological studies have recasted limits
from MicroBooNE [92] and T2K [90], as well as from measured kaon decays (KEK) [93, 94].
Above My ~ 180 MeV, the E949 and NA62 kaon factories provide the strongest constraints
using peak searches in leptonic kaon decays [95, 96]. Above the kaon mass, low-energy
neutrino experiments and kaon factories become insensitive, and high-energy beam dumps
dominate by looking for the decays of HNLs produced in D meson decays and muon-neutrino
upscattering in the detector. The leading limits are provided by BEBC [79], NuTeV [97],
and CHARM [78, 79]. Finally, for HNLs above ~ 2 GeV, high-energy colliders stand out.
The ATLAS [82, 83] and CMS [84] collaborations provide the most stringent constraints
using displaced decays of HNLs. Finally, DELPHI [81] also provides competitive limits
using prompt or displaced decays from HNLs produced in Z decays. As for the electron
case, for the highest HNL masses constraints can be set through flavour and electroweak
precision data probing the leptonic mixing matrix unitarity [68, 85].

Tau flavour dominance (|[U;n|). Finally, the mixing with the tau flavour is the less
probed. Solar neutrinos can produce light HNLs (My < 16 MeV) inside the Earth, and
their subsequent decays in large-volume neutrino detectors, such as Borexino, provide
the best limits [98]. A similar strategy was pursued by ref. [99] to obtain bounds from
Super-Kamiokande on HNLs produced by atmospheric neutrinos scattering in the Earth.
Atmospheric neutrino data [100] provide a limit of |U,x|? < 0.13 (90% C.L.) [101] for HNL
masses in the 10eV < My < 10 MeV range [102]. For larger HNL masses, only high-energy
beam dumps can produce them, through D and 7 decays, so the best limits are those
obtained in phenomenological reanalyses of CHARM [103, 104] and BEBC [79, 80] data. A
dedicated experimental search was also performed by the ArgoNeuT collaboration [105].
While peak searches in m and K decays are not possible in this case, a peak search in
7 — N3 decays was performed by the BaBar ete™ collider [106]. As usual, for HNLs above
the GeV scale (roughly 1.5 GeV), the most competitive limits are given by colliders. As
explained above, the production of HNLs at DELPHI was mostly insensitive to the flavour

2We omit the PS191 limits from our plots, as these have been shown to have been overestimated and are
subdominant to the constraints shown here [90, 91].



structure of mixing, so DELPHI provides the strongest constraints [81]. As for the other
flavours, the constraints for the highest HNL masses stem from unitarity bounds [68, 85].

Figure 1 displays all the bounds discussed above, as a function of the heavy neutrino
mass, for each lepton flavour dominance case. The constraints set by each experiment are
displayed independently. It is worth mentioning that, besides these laboratory constraints,
HNLs mixing with active neutrinos would have a considerable impact on the cosmological
evolution of the Universe. Indeed, even though their mixing may not be large enough to
thermalize HNLs with the SM plasma, they would still be produced, and, upon becoming
non-relativistic, their contribution to the energy density of the universe could be sizable.
For small masses and mixings, the lifetime of the HNLs could be larger than the age
of the Universe, and their predicted population could exceed the measured dark matter
component. Conversely, for heavier masses, the HNL decays could lead to an unacceptably
large contribution to the energy density in radiation, Neg. Their decay products to charged
particles could also raise the ionization floor after recombination and alter the CMB
temperature and polarization power spectra. The combination of these effects allows setting
very stringent bounds, stronger than the laboratory constraints summarized in figure 1
in some parts of the parameter space, as shown in refs. [107, 108]. Similarly, if HNLs
decay during BBN, they might alter its predictions for the primordial abundance of light
elements, leading to stringent constraints [109-113]. For larger mixing angles, however,
HNLs decay before the BBN epoch, and cosmological constraints are no longer effective. In
that sense, they provide an upper as well as a lower limit for the mixing of HNLs, with a
direct complementarity to laboratory-based bounds.

The aforementioned constraints also rely on a given cosmological model and its extrap-
olation to the early universe, and it is fair to treat them separately compared to the more
direct laboratory limits. The two sets of bounds should therefore be regarded as comple-
mentary since a disagreement between them could signal a deviation from the standard
cosmological model. Thus, in this work, we will focus only on the more direct laboratory and
astrophysical constraints, but the existence of these complementary cosmological bounds
should also be acknowledged.

3 Including HNLs in SMEFT

The Standard Model Effective Field Theory (SMEFT) is a very powerful tool to parametrize
the effects on low-energy observables of new physics lying at high energies. The possible
BSM effects are encoded in effective, non-renormalizable operators of dimension 5 and
higher, which are built from the SM fields and respect its fundamental symmetries. Thus,
the SMEFT Lagrangian consists of an infinite tower of operators:

L =Lges + L5+ Lo + ..., (3.1)
with 1
La=N = Z Oi =~ Z Ci0;, (3:2)

where A is the scale of new physics, up to which the effective theory is applicable, and O
is the dimension d = N effective operator. Here, C; are the Wilson coefficients of each
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operator: dimensionless parameters that control their respective coupling strength. The
higher the dimension, the greater the number of possible operators, but the smaller their
effects on low-energy observables, as they are increasingly suppressed by larger powers of
the new physics scale.

The effective field theory framework is not suitable if the new particles are lighter
than the energy scales of the observables. In that case, the new propagating degrees of
freedom have to be added to the theory. This is the case for the light HNLs that we consider
since My can be much smaller than the electroweak scale. With the addition of the new
field N, a singlet under the SM symmetry group, the SMEFT framework needs to be
extended. This new framework will contain new operators involving the field N and other
SM particles. This is a compelling approach to thoroughly explore the potential effects
of new light particles and takes advantage of the power of EFTs to describe generic and
indirect new physics effects.

The operators of this extended theory, which we refer to as ¥SMEFT, were first
systematically considered in ref. [20] (see also [18, 19]), and then in ref. [27], where redundant
operators were removed, and new dim-7 operators were included. Many of these non-
renormalizable operators provide a new way for HNLs to interact with other SM particles.
In addition, many processes mediated by the effective operators are also generated by the
renormalizable interactions described in section 2.1, namely, the mixing between active and
heavy neutrinos. Thus, the bounds arising from this kind of observable may also provide
limits on the corresponding Wilson coefficients. Whether the existing limits apply and in
which way depends on the particular operator considered.

Our main focus will be on d = 6 operators. At higher dimensions, the operators are
further suppressed and their number quickly gets out of hand, hindering the extraction of
conclusions from an EFT. Let us briefly comment on the only two operators that exist at
dimension 5 (see ref. [29] for a detailed discussion),

d=5 Cgh:;gsi 2 d=>5 Cgi:glei uv
OHiggs =A NeN|H|*, Odipole =— N¢o,, NB" . (3.3)

The first one contributes to the Majorana mass term and to the invisible decays of the Higgs
boson into two HNLs. The associated phenomenology was studied in [19, 29, 33, 37, 49].
The focus of these works was on the sensitivity of collider experiments to prompt or displaced
vertex signals originated by HNL visible decays, which depend on the value of the mixing
Uan and the HNL mass. Additionally, the ATLAS [114] and CMS [115] measurements
of the Higgs boson signal strength, u, provide an important constraint on C’I‘_iﬁzgz,s /A, since
the exotic Higgs decay H — NN would affect this quantity. Following [116] and using the
combined bound p > 0.94 (95% C.L.), we find

Cftigas 5yt
A <3 x107° GeV for Mpy <40 GeV. (3.4)

This constraint is comparable with the expectation for the LHC sensitivity from direct
searches [29] or even stronger. It should be noted that this current bound is independent
of the HNL mixing and mass as long as My < 40 GeV. The bound becomes increasingly
weaker for heavier masses up to M /2.



Type Operator Leading bounds Ref.

H-dressed mass Oﬁi:g‘r’gs NeN|H|? Higgs signal strength. Eq. (3.4)
H-dressed mixing | Of'xg L HN (H'H) Standard mixing, invisible H decays. | figure 2
Onn NA*N(H Ti?#H ) Invisible Z decays, monophoton | figure 3
Bosonic currents searches, SN1987TA.
Ofine Nty (H D wH) Decay-in-flight and peak searches for | figure 4

e and p. PMNS unitarity and peak
searches for 7.

ORs (faUuVN ) HB Neutrino upscattering, monophoton figure 5
Moments h
Otw <faU;LuN> T HW/Y Searenes. figure 6
O (fy*f)(NN)
: _ _ Monophoton and monojet searches, figure 7
A-fermion NC Oin (La7"La) (N7 N) SN1987A.
Oqn (Qiv"Qi)(NyuN) figure 8
OfﬁlLl (LaN)e(Lalp) figure 9
. Ofune Z{ljum(dj’y”“j )N yula) Monolepton searches, decay-in-flight | figure 10
4-fermion CC q . N
— — and peak searches.
Ofngd 2 “(TaN)e(Qidy) ’ figure 11
Oguv  Z3""(Qiy)(NLa) figure 12

Table 1. The dimension-six operators of the YSMEFT involving at least one N field. We list the
leading constraints on each one of the operators in the range 1 MeV < My < 100 GeV. We also
include the bound on the dimension-five operator involving HNLs and the Higgs derived in this work.

The second operator requires at least two different HNL fields to not vanish and amounts
to a transition magnetic moment for the HNLs involved. It has been discussed, for instance,
in refs. [21, 47].

In the following sections, we present all the d = 6 operators involving at least one N
field. We will discuss them one at a time, summarizing the processes they mediate and how
they are constrained to finally display the bounds on the corresponding Wilson coefficients
as a function of the HNL mass. Barring flat directions, which we will try to comment on,
this approach is generally conservative and provides the first step towards a more general
and ambitious global fit in the future. Details on the procedures followed to derive and
recast the constraints are given in appendices A and B. A list of the operators and the
corresponding limits is shown in table 1.

4 Higgs-dressed mixing

The first and simplest operator we consider is the addition of a Higgs bilinear to the Yukawa
coupling of eq. (2.1),

«a Cr T 17
Of\n = /L\EH (H'H)L,HN (4.1)

-9 —
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This operator is a neutrino Yukawa coupling with an extra pair of Higgs doublets. Once
they acquire vevs, this operator induces extra contributions at tree level to light neutrino
masses and their mixing with the HNLs. In the limit where My <« v < A, the generated
mass and mixing read

Ciun v (U>2 (Chun)? ©° (U>4
N = vy 0\ Py G I 4.2
Uan Qﬂ My \ A m 8 My \ A ( )

Note that there are three copies of this operator, one for each lepton flavour, whose Wilson
coefficients are, in principle, independent.

At low energies, the mixing induced by this operator gives rise to an identical phe-
nomenology to that already studied in the case of the Yukawa coupling of eq. (2.1); thus,
all bounds on mixings from direct constraints apply directly, yielding limits on the Wilson
coefficient. There could be possible cancellations between this contribution and the tree
level d = 4 Yukawa couplings, leading to possible flat directions; as we work under the
assumption of negligible standard mixing, we will not take them into account. In principle, it
could be possible to lift this flat direction, as this effective operator also mediates processes
involving two HNLs and several Higgs bosons, and the d = 4 Yukawa does not. However,
these processes, such as HH(H) — NN, require multi-Higgs production and thus do not
offer promising experimental prospects.

The existing limits on the absolute neutrino mass scale would also allow setting extremely
stringent constraints on the Wilson coefficient. However, the expression shown in eq. (4.2)
corresponds to the inclusion of a single HNL. When several of these new particles are
considered, their contributions to neutrino masses could cancel each other, while this is not
a possibility for their mixings. Indeed, this is exactly what would be expected in low-scale
realizations of the Seesaw mechanism. In those scenarios, the contribution to the neutrino
mass cancels, due to its protection from the approximate B — L symmetry, while the mixing
does not. Such a protection mechanism needs to be in place to have such light HNLs in
the first place. Thus, we do not include bounds on the Wilson coefficient arising from the
current information on the absolute value of neutrino masses.

Apart from contributing to the neutrino masses and mixing, this operator induces
an invisible Higgs decay channel, into a light and a heavy neutrino. The direct limits
on the invisible branching ratio of the Higgs are B(h — Nv,) < 0.13, as reported by
ATLAS [114], and B(h — Nv,) < 0.16, as reported by CMS [115], both at 95% C.L. In our
work, we will combine the most stringent upper limits based on the Higgs signal strength
by ATLAS [114] and CMS [115], yielding B(h — Nv,) < 0.06 at 95% C.L. following the
Feldman-Cousins [117] prescription.

In figure 2, we show the bounds on the Wilson coefficients of this operator under the
three lepton-flavour dominance scenarios, shown in three separate panels. Most shaded
regions (except the dark grey bands) correspond to reinterpreted mixing bounds, and,
according to the assumption of single flavour dominance, are different for each lepton
flavour. The limits from Higgs invisible decay (dark grey region) apply to the dominant
Wilson coefficient, independently of its flavour.
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5 Bosonic currents

It is possible to couple bosonic currents to the V 4+ A currents constructed out of heavy
neutrinos. The resulting operators read

Onn = C;{INN nN (HTzD WH) (5.1)
Coyns -
Ofine = —4 5 Nl (HTzD#H>, (5.2)

where £, is a right-handed charged lepton of flavour a.. After electroweak symmetry breaking,
the first operator will yield a coupling of the Z boson to two HNLs, while the second operator
will produce a coupling of the W boson to one HNL and a charged lepton. The latter will
exhibit three copies, depending on the flavour of the charged lepton. The phenomenological
consequences of these two operators are quite distinct, and so are the constraints placed
upon their corresponding Wilson coefficients. They are discussed separately below.

5.1 Neutral bosonic currents

9 ) NA“NZ,,
opening a new decay channel for this boson if kinematically allowed by the masses of

The operator Oyy yields a vertex between two HNLs and a Z, namely ( eE

the HNLs. This decay, controlled by the Wilson coefficient Cyy, constitutes an extra
contribution to the invisible decay of the Z boson, which was measured with high accuracy
at LEP [118, 119]. We have performed a x? fit to this observable, obtaining upper limits
on CHN / A2.

Similarly, this neutral bosonic current would mediate decays of neutral mesons (7Y,
n, ', J/, p°, T(1S)) into two HNLs, if light enough. Analogous invisible decays are
also present in the SM, with light neutrinos in the final state [120, 121]. For pseudoscalar
mesons, these processes require a chirality flip, so in the SM they are suppressed by the
small neutrino masses; for vectors, they are very subdominant with respect to hadronic and
electromagnetic channels. Thus, this kind of decay has not been observed so far, and only
upper bounds are available. Imposing the decays into HNLs to respect the experimental
limits provides another method to constrain the Wilson coefficient. We will only display
the upper bound on the neutral pion and the Y(1S) invisible decay, as they are the most
stringent, depending on the HNL mass. In particular, the NA62 collaboration determined
the corresponding branching ratio of the pion to be smaller than 4.4 x 1079, at 90% C.L. [122].
For the Y(1S), we employ the limit of 3 x 1074, at 90% C.L. [123]. Stronger limits on this
invisible branching ratio can be obtained using vy — 7° — NN in supernovae (see also the
supernova discussion below). The limit is 3.2 x 10713 for the BR [124].

Another probe of this effective operator comes from collider physics, in particular,
monophoton searches performed at LEP [125]. This channel, intended to look for processes
in which one or more invisible particles were produced in the eTe™ collision, has the photon
as the only detectable signal. These searches are blind to the nature of the invisible particle,
dark matter being one of the most recurrent candidates. We follow ref. [126], where an EFT
framework was also adopted, with dark matter fermion singlets playing a similar role as
our HNLs. We translate this information into constraints on Cyn/A2. Note that ref. [126]
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employs a basis of effective operators different from the one considered here. To derive
our bounds, we compute the monophoton production cross section for the operators of our
basis, applying the same cuts in the photon energy and angle, and rescale the constraints
accordingly to obtain the same cross section in the signal region as for the operators in
ref. [126]. Details on this rescaling procedure can be found in appendix A.3.

A very similar process could be mediated by this operator replacing electrons with
quarks and the photon with a gluon, yielding experimental signals composed of a single jet
and missing energy. Thus, monojet searches at the LHC pose an additional constraint on
the corresponding Wilson coefficient. Limits from these processes are not available for the
operator under consideration, and a proper rescaling would involve a detailed simulation,
which is out of the scope of this work. Nevertheless, a crude estimate, obtained by rescaling
parton-level cross sections, yields bounds similar to those from monophoton searches. These
searches will also be relevant for the observables discussed in section 7.

Supernovae also offer competitive probes of particles that couple very feebly with the
SM. Due to their weakly interacting nature, neutrinos are the dominant cooling mechanism
of core-collapse supernovae. This mechanism is compatible with the observation of neutrinos
from SN1987A by the Kamiokande-II [127] and IMB [128] neutrino detectors. Thus, a BSM
particle would be incompatible with observations if it exhibited a mass and couplings such
that it extracted energy from the supernova at a faster rate than SM neutrinos [129]. This
usually provides upper and lower limits on the couplings: if the new particle couples too
strongly with the SM, it would be trapped inside the supernova, whereas, if the coupling is
too small, the new particle is produced much less often than neutrinos, cooling the supernova
less. We follow ref. [130], where these arguments are used to constrain the parameter space
of a fermion singlet, also working in an EFT framework. We again rescale their results so
that the production and scattering cross sections of the HNLs coincide with those for the
operators in ref. [130] along the lines defining the lower and upper bounds respectively (see
appendix A.2). Note that, depending on the HNL mass, the most stringent upper bound
may be given by HNL production in 7° decay in supernovae, as discussed above.

Finally, it should be noted that for this operator, or, more generally, for those involving
two HNL fields, and in absence of mixing or other interactions, HNLs would be completely
stable. Thus, their production in the early Universe could lead to an overabundant dark
matter component and very stringent constraints. As discussed at the end of section 2, we
regard these important cosmological constraints as complementary to the direct bounds
discussed in this work. Indeed, their comparison provides a test of the necessary assumptions
on the cosmological model, which are not present in the laboratory or astrophysical
observations we consider here. For instance, if the reheating temperature were below the
HNL mass, the overproduction constraint would not apply.

Figure 3 collects the bounds on Cyn/A? derived from the different observables discussed
above: invisible 7, T(1S), and Z decays (white, yellow and dark blue regions respectively),
monophoton searches (pink area) and supernova cooling arguments (light blue region). Note
that the bounds on the standard HNL mixing do not apply, as they typically involve CC
interactions (mostly charged mesons decay), which are not mediated by this operator.
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Figure 3. The 90% C.L. constraints on the Wilson coefficient of the neutral bosonic current operator
of eq. (5.1), as a function of the heavy neutrino mass. See text for details.

5.2 Charged bosonic current

After EW symmetry breaking, the operator Ofjy, leads to a vertex between an HNL, a
charged lepton, and a W, with a similar chiral structure to the SM charged currents:
(%%) Wq/“EQWM_ . Thus, this operator yields a coupling to the W to a right-handed
current, analogous to the left-handed counterpart inherited through mixing, controlled by

the Wilson coefficient: )

[e%

Usy = C\%NXZ . (5.3)
We then reinterpret the current bounds on HNL mixing as limits on Cgy,/A%. Most of the
bounds only involve processes mediated by the SM charged currents, and thus translate
directly by means of U Sjg = U,n. However, some of the experimental searches also consider
NC-mediated processes, absent for the effective operator under consideration. The limits
provided by those searches need to be rescaled, to remove the neutral contributions while
keeping constant the expected number of events at the detector. We describe our rescaling
procedure in appendix A.1l.

Supernova cooling and LEP monophoton searches are also able to probe charged
bosonic currents. There are no basic conceptual differences with the neutral case; the
main distinctions appear at a diagrammatic level, as the HNLs are now produced via the
exchange of a W in a t channel. However, the associated bounds are not competitive with
those arising from the mixing, as the corresponding processes are NC-like. Thus, we will
not display them.

Finally, this effective operator mediates leptonic decays of muon and tau, £, — {grgN.
We have performed a 2 fit of the corresponding decay widths of the muon and the tau to
the experimental measurements [118], finding limits on the Wilson coefficient that dominate
at low masses. Note that, in the channel 7 — purv N, the experimental determination exhibits
a slight tension, of roughly 20, with the SM prediction. This means that, at this confidence
level, the Wilson coefficient in the tau flavour dominance scenario is constrained to a band
instead of only an upper bound. We display the corresponding lines in a dashed style, as
they are not completely equivalent to those arising from other observables.
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Figure 4 contains the bounds on the Wilson coeflicients of this operator, coming from
reinterpretations of limits on heavy neutrino mixing. Once again, we assume single flavour
dominance, displaying on different panels the relevant constraints for each lepton flavour.

6 Tensor current

Similar to the d = 5 operator in eq. (3.3), dipole couplings between the HNL and the lepton
doublet can be considered. Two different operators arise:

Cey /— ~
OxB = % (LQUWN> HB" +h.c., (6.1)
ONw = CE—XV (faany) T HWH +h.c.. (6.2)

Three copies of these two operators exist, one for each lepton flavour. Once again, their
Wilson coefficients are, in principle, independent. After the Higgs develops a vacuum
expectation value, these operators are translated into three dipoles for the HNL, coupling it
to the photon, the W, and the Z:

o

o My wvcosbBw , ., o
d,y = 7 = W (CNB =+ tan GWCNW) s (63)
o vcosf o o
dZ = TA;N (CNW — tan HWCNB) N (64)
(07 v (0%

Bounds on these dipoles can be translated into limits on the Wilson coeflicients by
applying the relations above. Most limits on the Wilson coefficients Cxg and Cnw are
obtained from processes mediated by the magnetic dipole moment d,. The weak dipoles dz
and dyy are less important for low-energy processes but can contribute to HNL production
at colliders, for example. We recast the LHC and LEP limits obtained in ref. [131] to match
our one-operator-at-a-time approach.? We note that a clear flat direction is present for
Cng/Cnw = — tan fw so that the dipole moment with the photon would vanish even with
large Wilson coefficients. In this case, none of the limits shown in figures 5 and 6 apply, as
they rely either on N production or decay via d,. We leave a study of this particular case
to future literature.

Probes of magnetic dipole moments include searches for exotic electromagnetic inter-
actions of light neutrinos [132-135] or HNL production and decay [98, 133]. The LEP
monophoton searches and supernova cooling bounds, mentioned in the previous sections,
also constrain the dipole moment. Finally, this quantity must also be small enough to
respect primordial abundances after BBN [132]. See [136] for a recent review on all these
bounds. However, as we have already discussed in section 2.1, these relevant bounds
ultimately depend on the cosmological model, and we regard them as complementary to
the laboratory constraints studied here.

In the scenario in which the couplings lie along the flat direction, couplings to the W
and/or Z must be considered instead. In principle, the operator Onxw would also mediate

3For the LHC limits on the d$j, parameter, we take the a = 0.2 case of figure 9 of ref. [131].
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Figure 4. The 90% C.L. constraints on the Wilson coefficient of the charged bosonic current
operator in eq. (5.2), as a function of the heavy neutrino mass. We display in separate panels
the constraints relevant to each lepton flavour, specifying the most relevant experiments. See text
for details.
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CC interactions, such as the ones involved in the standard bounds on the mixing Ug,y,
but with a different Lorentz structure. Similarly, Oxg would induce couplings between
HNLs and neutral mesons. Nevertheless, the couplings with mesons vanish due to their
particular Lorentz structure. Thus, all bounds arising from HNL production or decay via
meson interactions do not apply to these operators either.

Finally, the operator Oxp would mediate a new invisible Z decay channel, into an HNL
and a light neutrino. Imposing its rate to be consistent with current measurements on
invisible Z decay would yield yet another limit on Cxg/A%. However, we find this bound to
be an order of magnitude worse than the one arising from monophoton searches, and do
not include it in our plots.

Figures 5 and 6 show the present bounds at 90% C.L. for Cyg/A? and Cnw /A2,
respectively. Both of them contain three panels, one for each lepton flavour, following the
single flavour dominance assumption. Most bounds on the dipole moments depend on
the flavour of the involved neutrino, so the different panels will, in general, contain limits
provided by different experiments. Some sources of constraints are flavour independent,
such as those provided by LEP or by supernova cooling arguments.

7 Four-fermion interactions

Several different four-fermion operators involving HNLs can be written at d = 6. We will
separate their study into two main sections, depending on whether the operators mediate
CC-like or NC-like processes.

Analyzing their potentially complex flavour structure leads to a large number of
operators of each type, a priori independent. As in the previous sections, we will consider
separately the operators that affect electrons, muons, and taus, treating the corresponding
Wilson coefficients as independent parameters, to be bounded by different observables.

To derive the constraints on the effective operators involving quark fields, their flavour
structure becomes very relevant. Indeed, one of the most advantageous ways of producing
HNLs is to exploit decays with a relatively low rate in the SM to compete against, such as
K or B meson decays, which must proceed through CKM-suppressed weak processes. Thus,
these searches only apply if quark flavour violation is allowed in the effective operators.

However, some operators contain both charged and neutral couplings and, if allowed to
be flavour-violating, could lead to much more strongly constrained flavour-changing neutral
processes, such as neutral meson oscillations at the loop level. In the spirit of deriving
conservative limits on the Wilson coefficients, we will assume that the effective operators
are flavour universal and diagonal in the SM flavour basis. Thus, the only source of flavour
violation in the quark sector will be the SM CKM matrix, which will appear in all CC-like
operators, in an analogous way to the SM CC interactions when going to the mass basis.
Indeed, we will also assume that the corresponding rotation for the right-handed fields,
which will be physical for some operators, also corresponds to that of the CKM matrix.*

*Alternatively, more elaborate prescriptions, such as Minimal Flavour Violation [137, 138], could be
considered. However, the additional Yukawa suppression present in these scenarios would be too strong
for some operators, so that the mass scales probed would be at odds with EFT validity. For the type of
operators analyzed here, such a level of protection against quark flavour violation is unnecessary.
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For comparison, for the flavour-changing CC-like operators, we will show our results
both under the assumption of a CKM suppression and for the flavour-blind case, where
all flavours couple with the same intensity (all flavour copies share a common Wilson
coefficient). In this way, it will be apparent which parts of the bounds derive purely from
the experimental results, and which rather stem from the flavour alignment prescription.
However, notice that, in the flavour-blind case, stronger constraints from FCNC processes
could generally apply; we only display this case for the sake of comparison.

7.1 Neutral currents

Three sets of four-fermion operators mediate NC-like processes. The first one reads

O = S0 (Ff) (NN | (r1)

where f can stand for any right-handed fermion in the SM, either leptons or quarks. In
the latter case, we will consider couplings to the up- and down-type quarks independently,
through the coefficients Cy, and Cgq. For simplicity, we assume that this coefficient is
generation independent.

Analogously, very similar operators can be written out of left-handed SM fields,

Oty = SN (Lo La) (N3 72)

Oax = 23" (@rQ1) (W) (73)

where (); denotes a quark doublet of flavour ¢. In the case of leptons, we will once again
treat the three flavour copies of O as operators with independent coefficients. In the case
of the quarks, we assume that the coefficients are generation independent.

Finally, it is also possible to construct an independent operator with a scalar structure:

of
OfnLe = Cﬁf;” (ZaN) € (Lats) - (7.4)
The fact that none of these operators mediates CC-like processes makes them difficult
to probe. For instance, most bounds on HNL mixing cannot be reinterpreted for this
purpose, as they rely on the production of HNLs in the decays of charged mesons. Even the
constraints from DELPHI, based on HNL production in Z decays, cannot readily be used.

Nevertheless, Oy, Oqq and Oqn contribute to invisible decay channels for neutral
mesons, with the 7° and the YT(1S) being the most stringent. These operators can also
induce quark scatterings in which the only visible signal (aside from the HNLs) is a single
jet, produced mainly by a gluon emitted by any of the quarks. Such monojet searches have
been performed in the LHC. Ref. [31] recasted the experimental limits into bounds on the
corresponding Wilson coefficients. As assumed in [31], the HNL mass can be neglected in
this process for the range of masses we explore, corresponding to a straight line in our plots.

We find no observables able to constrain the operators involving two muons or two taus.
In the case of two electrons, LEP monophoton searches and supernova cooling arguments

—90 —



apply analogously to previous sections, as electrons are present in the possible production
of HNLs. As discussed before, a rescaling is required to account for the different cross
section each operator would lead to (for details, see appendix A.2). The operators Oee and
OLN have different chiral structures; however, the bounds on their corresponding Wilson
coefficients turn out to be the same. The same observables also constrain Cﬁgu, provided
a=f=ec lfa# B, ly, — LgvN decays are mediated by this operator. We perform a X2
fit of the corresponding rates to the measured p and 7 leptonic decays, obtaining bounds
for CrNLe» Cfiwe and Cpyp,.

Figures 7 to 9 show bounds, at 90% C.L., on the mentioned Wilson coefficients. The
main limits arise from invisible meson decay and monojet searches in the case of quarks,
monophoton searches and supernova cooling for electrons and muon and tau decays for the
other lepton flavours.

7.2 Charged currents

Three types of four-fermion operators appear at d = 6, mediating CC-like interactions. The
first one involves a right-handed charged lepton, a right-handed down-type quark of flavour
i, and a right-handed up-type quark of flavour j, namely

Odune = CduNg szum (dﬂ“ug‘) (W%fa) ; (7.5)

where u; and d; are the right-handed quark fields and i is the generation index. In the

ZduN@

flavour-blind case, = 1, while, under the flavour alignment hypothesis, an insertion

of the corresponding CKM matrix element V;; would be needed:
ZduNf V* (76)

It is also possible to write a scalar coupling of the form

Ofivqa = 528 227 (Lan) e (@) (77)

As before, under the flavour alignment hypothes1s, we assume this operator is flavour
universal and diagonal in the flavour basis, and, upon rotating to the mass basis, the CKM
mixing matrix will control the degree of flavour violation.

zN¥ =y, (7.8)
LNQd __

while in the flavour-blind scenario Z; = 1. Note that exchanging the down-type quark
and the HNL fields leads to a dlfferent operator,

Of4on = CLdQN ZZLdQN (L d; ) € (@N) , (7.9)

which shares the flavour coefficients of the previous operator. However, through a Fierz
transformation, it is possible to rewrite this operator as

Ofan = LdQNZzLdQN{ (Qids) e (T N)+;(Qjawdi)e(LaaWNﬂ . (7.10)

so that the bounds on the previous operator will also apply to this one.
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Figure 12. The 90% C.L. limits on the Wilson coefficient of the 4-fermion operators Oquni, in
eq. (7.10), as a function of the HNL mass. Dotted light (solid dark) regions represent the flavour
blind(aligned) scenario. See text for details.
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Finally, the last independent operator takes the form

o CauNL uNL (A~ v
QuNL = ?\2 ZZS (Qi%‘) (NLa) , (7.11)
ij
with
QUNL _ *
Z;; =Vi, (7.12)
in the case of flavour alignment, and ZZ.?-“NL = 1 in the flavour-blind scenario.

The set of operators in egs. (7.5), (7.7) and (7.11) mediate charged currents involving
quarks and HNLs, producing interactions between charged mesons and HNLs. These
processes are the main source of bounds on the standard HNL mixing, so the corresponding
limits can be translated into constraints on the Wilson coefficients. The interactions
mediated by the effective operators exhibit different Lorentz structures than the SM, so
they yield HNL production and decay rates different from those mediated by standard
mixing. Thus, as for the previous analyses, a rescaling of the existing bounds is necessary,
to account both for the absence of neutral currents and for the different production and
decay rates of the HNL. This procedure was recently advocated and applied to this type of
operator in ref. [52] for some example observables.

All these operators could also induce monolepton processes in colliders, in which the
final state consists of a single observed lepton and missing energy (carried by the HNL).
Searches for these signatures have been performed at the LHC and were recasted to constrain
the Wilson coefficients of these operators in ref. [31]. We directly employ their bounds,
which are independent on the mass of the HNL (as the typical energies at the LHC are
much larger than the range of masses under discussion).

We will not discuss the phenomenology associated with Oqunt,, as it is identical to
that of Ornqd. This can be inferred from eq. (7.10). The term with a tensor structure
does not contribute to interactions with mesons. On the other hand, the term with a
scalar Lorentz structure is identical to Ornqga (modulo a factor of 2), thus yielding no
different phenomenology. The bounds on Crgqn can be directly read from those on Ornga
by rescaling them by a factor of two.

The operators Or,nqQd, Oragn and Oqunt, also mediate NC-like processes involving an
HNL, a light neutrino, and a ¢q pair. This would induce invisible decays of neutral mesons.
Imposing the experimental limits on those processes could also constrain the corresponding
Wilson coefficients. However, these bounds are always considerably looser than those arising
from charged currents. As the limits would apply to the same Wilson coefficients, we will
focus on those derived from CC-like processes.

Figures 10 to 12 show the bounds on the Wilson coefficients of these operators, as a
function of M. Each of these figures displays two different regions: in the ones defined by
the dotted lines with lighter colours, flavour blindness is assumed (Z;; = 1), whereas, in
the regions delimited by the solid lines with darker colours, we adopt the flavour alignment
prescription.

_97 —



8 Conclusions

The addition of right-handed neutrinos, or HNLs, to the SM particle content, is arguably
the simplest way to explain the evidence for neutrino masses and mixing. The mass scale
of these new particles is thus a new dimensionful parameter of the model, to be determined
empirically. If this mass scale is below EWSB, the HNLs should be considered, together
with the other SM fields, as fundamental building blocks of any EFT aiming to probe new
physics at a higher energy scale.

In this work, we have systematically discussed the operators that would extend the
basis of the successful SMEFT paradigm with the extra HNL building blocks. This new
EFT is referred to as vYSMEFT. For each new operator in the vYSMEFT basis, we have
discussed the laboratory and astrophysical bounds that would apply in absence of any other
new physics contribution. That is, we consider one operator at a time and neglect also any
contribution from the mixing of the HNLs with the SM neutrinos. This is the first step
towards a more thorough and complete exploration of the operator basis. Furthermore,
this procedure is generally conservative, as it prevents the possibility of different operators
reinforcing each other’s contributions or having different new physics at the production and
detection of a given process. Nevertheless, we have discussed a few instances where flat
directions in the operator basis could avoid certain bounds.

It should also be noted that these constraints are complementary to the ones that can
be derived from the impact of the HNLs in the cosmological evolution of the Universe.
Indeed, interactions between the HNLs and the SM fields would lead to their production in
the early Universe. Depending on their lifetime, this could lead to too large contributions
to the matter abundance, or their decay products could violate the present bounds on the
radiation energy density present during CMB. They could also affect the CMB and BBN
predictions. Since, unlike the laboratory constraints discussed in this work, these constraints
rely on assumptions on the cosmological model, they should be explored together as a
consistency check of those assumptions.

We find that the same experiments that constrain the mixing of HNLs with the SM
neutrinos, such as peak searches and beam dump experiments, as well as collider searches at
higher HNL masses, can be easily reinterpreted, as suggested in ref. [52], to provide the most
stringent direct bounds on the Wilson coefficients of CC-like operators with only one HNL
field. Conversely, operators with two HNL fields of NC type are significantly more difficult
to constrain in absence of mixing with the SM neutrinos. We find that these operators can
instead be bounded from constraints on invisible decay of the Z boson or neutral mesons,
supernova cooling limits, and monophoton and monojet searches at colliders.

We have presented plots summarizing the most relevant bounds derived on each
Wilson coefficient as a function of the HNL mass over a very wide range of val-
ues, spanning from the MeV to the electroweak scale,® and made them available on
https://github.com/mhostert /Heavy-Neutrino-Limits. Table 1 summarizes the operators
and the corresponding limits. These results provide an overview of the present constraints

5For higher masses, it would be more appropriate also to integrate out the HNLs in the EFT approach,
recovering the SMEFT paradigm.
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applying to each operator in the EFT basis, enlarged upon the addition of HNLs, for
future searches and analyses to improve upon. They also provide a first step towards more
ambitious and realistic analyses allowing the presence of several operators, as well as mixing
between the HNLs and the SM neutrinos simultaneously.
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A Rescaling procedure

A.1 Meson decays and decay-in-flight searches

Some effective operators considered here induce interactions akin to those generated by
mixing between heavy and active neutrinos. While the standard mixing allows all the
processes that could be possible in the SM, by simply replacing a light neutrino with a
heavy one, the new operators may only generate a subset of those. We discuss how to
reinterpret constraints on the mixing as constraints on the Wilson coefficients of the d = 6
operators. A similar rescaling procedure was also advocated in ref. [52].

Charged bosonic currents. The operator in eq. (5.2) induces an effective CC interaction.

% 2
In analogy to the standard mixing, in eq. (5.3) we defined the variable USY = C\I}gf\g , which

can be related to the standard mixing, U,y, in an experiment-dependent way.
The bounds set by peak search experiments apply equally to U,y and UO%,J , as the
HNLs are always produced via charged currents, and their decay is not observed. In this
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case, the rescaling is trivial. Constraints obtained from HNL production in Z boson decay,
such as the ones by DELPHI, would not apply.

For decay-in-flight searches, HNL production is identical to the standard mixing case, as
it takes place primarily through charged meson decays.® The decays, however, are modified,
and we take into account that NC channels are no longer available. By equating the number
of events, the limits on the effective mixing of eq. (5.3), can be obtained by,

f\mixing N = X
USSIH = Vo EX AT 2 )

_ , (A.1)
Yy CC(N — X)

where I'™Xn8( N — X)) is the decay width of the HNL into the signal final state X (e.g., X =

+77,...) induced by the standard mixing scenario, and T®C(N — X) is the one

vete e
induced by the charged bosonic current. The hat indicates that the decay width is deprived
of its |Uan|? mixing factor or EFT coefficient C2/A*, such that [™ixing — pmixing /|77 |2
and T'C¢ = 1°C)|U CSI2. An analogous rescaling applies to collider constraints from ATLAS
and CMS, where the HNL is produced in W decays, and the decay channels vary depending
on whether NC was considered in the original search. In both cases, the Wilson coefficient
will then be obtained by applying consecutively this ratio and the rescaling in eq. (A.1).
Note that in the case of 7 flavour dominance, decay-in-flight searches are insensitive to
this operator, as the only possible decays of the HNL involve a 7 lepton in the final state,

which is either kinematically forbidden or not directly searched for.

Charged current four-fermion interactions. In a similar fashion to the charged
bosonic current, the operators in eqs. (7.5), (7.7) and (7.11) induce a subset of the interactions
contained in the standard mixing case. As these operators involve quarks, the only processes
they can mediate are mesons decay into neutrinos and vice versa. In that case, searches
at CHARM, DELPHI, ATLAS, and CMS do not apply, as they tag HNL decays to fully
leptonic final states. Furthermore, the rates of HNL production and decay can be modified
due to the different Lorentz structures of the operators.

To illustrate the rescaling procedure, let us take the operator in eq. (7.7), namely
O1NQd = %Z;NQd(EN )e(Qid;). Here, ZiLjNQd stands for the flavour coefficient. If
flavour alignment is assumed, ZZ.LjNQd =
by equating the hypothetical number of events between the standard mixing case and the

Vij. As usual, the necessary rescaling is achieved

VvSMEFT operator case. In the case of a peak search in meson decays, only the production
decay rates are relevant. If the decay is, say, a pion into an electron and a neutrino, we can
obtain a bound on the Wilson coefficient by means of

Cinqal”  |[Uen|? T™08(1 — eN) (A.2)
M e T ) |

SIn principle, the leptonic £, — £svsN decays also produce HNLs via |Unn|?. However, these channels
are subdominant to the meson decays, M — £o N, except in the mass region ma —me, < My < myg, —My,.
Nevertheless, as we assume single-flavour dominance, the HNL CC decays are unobservable in this case,
since the HNL cannot decay into its parent lepton, N - o 7.
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where the decay width in the numerator is the one induced by mixing and, in the denominator,
the one induced by Opxqq. Here, IMNQd = TLNQd » A4/ |CfNQd]2. This relation can be
easily generalized for other meson decays and operators.

In the case of decay-in-flight searches, the decay rates of the HNL need to be taken into
account. For instance, let us consider the same operator as above, Ornqq, in an electron
flavour dominance scenario. In a search for both N — nf¢ and N — £lv decays in flight
from HNLs produced by kaon decays at the target, only the former channel is sensitive to
Cinga- The limit on the Wilson coefficient can then be extracted as

Cingal®  [Uen|t DX8(K 5 eN) T0008(N - 7re) 4 T0008 (N — 4y)
A |Ze,Ze |? TINQA(K — eN) [LNQd(N — 7e) '

(A.3)

The generalization to other lepton flavours and operators is straightforward and takes into
account the different mixing assumptions and decay widths.

A.2 Supernova cooling

Supernova cooling arguments provide upper and lower bounds in the coupling of light
particles. If the new states couple too feebly to the SM, their production is not enough
to cool the supernova efficiently. On the other hand, if their interactions with the SM are
stronger, they would be trapped inside the supernova, keeping the energy inside the system.
In the intermediate regime between these two cases, the new particles can escape from the
supernova, effectively cooling it.

Ref. [130] constrains the parameter space of a dark matter particle with a four-fermion
vector coupling to the SM electromagnetic current,

CVGC —

Ovec = A2 X

VX T (A.4)

As HNLs play an identical role to DM fermions in the cooling of the supernova, their bounds
can be readily translated as bounds on our operators, upon suitable rescaling,
ICil* _ |CiP? oy

A A oy (A.5)

where C; and o; are, respectively, the Wilson coefficient of a particular operator O; and the
cross section of a process mediated by this operator. The rescaling factor is then obtained
for O; € {Oun, Oune, O, OLN, OinLe}, and O = Oyee.

To compute the lower bounds, we employ the cross section for the scattering of the new
fermion off the SM particles present in the supernova, whereas to compute the upper bound
we employ the cross section for the production of the fermion. The particular processes will
differ depending on the considered operator.

HNLs are mainly produced in e~ e™ annihilations. Thus, Ogn cannot mediate this
channel, and the operators involving charged leptons can only do so for electron flavour
dominance (their muon and tau flavour copies cannot be constrained by supernova cooling
arguments). The upper bound on the Wilson coefficient of the corresponding operator is
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obtained by simply rescaling the HNL production cross section:

’01’2 o ’Cvec’25vec(€+67 — NN)
A A Gy(ete” = NN)

(A.6)

Note that an alternative efficient channel for HNL production is vy — 7% — NN. In fact,
supernova cooling arguments provide a strong bound on the invisible 7° decay. Imposing
this limit yields upper limits for the Wilson coefficients of Ouy, Ogq and Oyn. In the latter
case, the mentioned constraints will compete with those given by e™e™ annihilation, whereas
they are the only source of upper bounds for Oy, and Oqq. Note that the quark content of
the operator Oqy is orthogonal to that of the 7Y, so this operator is unable to mediate its
decay into HNLs, and thus cannot be constrained by supernova cooling arguments.

The scattering processes that may affect the HNL will depend on the effective operator
under consideration. The vectorial operator considered in ref. [130] mediates scatterings off
electrons and protons; Oung, Oce, Ofy and Of np,, only induce Ne — Ne processes, while
Onn yields HNL scatterings off electrons, protons and neutrons. The upper limits on the
corresponding Wilson coefficient can be found through

1G> |Cyec|? Tvec(e™ N — € N) 4 Gyec(pN — pN)

- A.
Al Ad S x5(NX = NX) ’ (A7)

where the sum in X comprises all the possible HNL scatterings mediated by the particular
operator O;.

Of course, all these cross sections are energy dependent. The temperatures inside a
supernova, and thus the energies at which these processes take place, vary considerably as
a function of the distance with respect to the centre of the supernova. The abundances of
electrons, positrons, protons and neutrons also exhibit radial dependences, which determine
how likely their interactions are. In order to capture these effects, we compute averaged
cross sections (denoted by @ in the equations above), integrated over the temperature profile
of the supernova and convoluted with the abundance of the involved SM particles:

Jo ™ K n(r)T(r)o(T(r))dr

T )

o =

where T'(r) is the temperature and n(r) is the number density of a given particle at a
distance r from the centre of the supernova. ¢ is the energy-dependent cross section of
each process (mediated by the operator under study), in which each particle is assigned
the energy corresponding to the temperature. We extract the supernova temperature and
abundance profiles from ref. [130].

A.3 Monophoton searches

At LEP, searches for eTe™ collisions with a single photon recoiling against invisible particles
were used to derive limits on dark matter particles and HNLs. Ref. [126] places limits on DM
production through effective four-fermion operators using these searches. From a collider
perspective, HNLs and DM behave identically, as missing energy, so this information also
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allows constraining some of our effective operators, which are able to mediate eTe™ — NN~y
processes. Such is the case of the operators Oee, Of x, Oun, Ofny and OrQy-

To recast their limits on our Wilson coefficients, we account for the different Lorentz
structures of the operators. In particular, one of the operators considered in ref. [126]
is a vectorial four-fermion coupling, similar to the one in eq. (A.4). The bounds on our
operators are then related to those on the vectorial one by

’Cl|2 o |C’vec|2 Ovec

R I (4.9)

where 4 runs through the operators mentioned above. To compute this ratio, we calculate
the eTe™ — yINN cross section, as described below.

The 2 — 3 phase space is parameterized by the energy of one of the HNLs, Ey, the
energy of the photon, E,, the relative azimuthal angle between them, ¢y, and the polar
angle of the photon, 6. The total cross section is given by

1

2 1 Bmax pmax )
- [ d dcosf / dE / dE , A10
7T 26r B2y Jo TN /_1 ) 7 Jpan ENIMI (A.10)

where | M|? is the corresponding matrix element and Ecy = 200 GeV is the center-of-mass
energy [126]. The amplitude is determined by each particular operator and can be expressed
in terms of the products of the four-momenta of the particles involved. It depends on the
relative polar angle between the photon and the neutrino, 6y, and the polar angle of the
neutrino, 6. The former is fixed once the energies of both particles are determined,

E%M — QECM(EN + Ey) + 2ENE4/

cosbfyn = , (A.11)
2E,\/E% — M%
while the latter is geometrically determined in terms of the angles in the CM,
cos 0N = cos 6, cos Oy — sin 6., sin 6, cos pyn . (A.12)

The energy of the photon can vary from 0 to EJ'** = (EZy\ —4M3%,)/2Ecw, where the latter
is obtained when the HNLs travel in the same direction, opposite to that of the photon.
Finally, the maximum (minimum) energy the HNL can carry depends on the energy of the
photon and is obtained by solving cos €,y = —1 (cos .,y = 1), which gives

B\ 2y — AM3 — 2B, Ecy
V By — 2B, Ecy

(A.13)

i 1
E]r{flaX(mm) = 5 (ECM —E,+

We integrate over the physical kinematical range considering the cuts employed in the
analysis by LEP, requiring the photon energy to be at least a 6% of that of the electron
and its polar angle to be at least 45° and no larger than 135°.

Note that the case of the operator Oy, is slightly different, as it gives rise to a final
state with a light neutrino and an HNL, instead of two HNLs. However, the recasting
procedure is very similar, with some differences in the kinematics described above. The
expressions can be easily generalized by assuming that one HNL is massless.
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Table 2. Couplings controlling the interactions between neutral mesons and HNLs mediated by
NC-like four-fermion operators. sg(g) and cqy(g) stand for the sine and cosine of the mixing angles 6y s).

B Decay widths

In this appendix, we provide explicit expressions for the relevant decay widths of SM
particles decaying into HNLs and vice versa, for each of the operators considered.

Higgs-dressed d = 5 operator. As discussed in section 3, this operator yields an
invisible decay of the Higgs into two HNLs, given by the rate

|Cfigs|” v2 My /
Fnggs - [1\g2gs S (1 - 2‘7:?\/) 1 - 4$?\77 (Bl)

where My is the Higgs mass, v its vev and zy = My /Mp.

Higgs-dressed mixing. This operator (see section 4) opens an invisible decay channel
for the Higgs boson into an HNL and a light neutrino, with a rate given by

OLNH297}4MH
o0 M 3y, (B2

where we have neglected the light neutrino mass. Note that no flavour index has been

FLNH(H — Z/N)

specified; this decay affects all three flavour copies of the operator, so the squared Wilson
coefficient in the equation above stands for the sum of all three squared coefficients:

|Crnul? = X0 [C2Nul?

Neutral bosonic current. A vertex between a Z boson and two HNLs is introduced
(section 5.1), thus mediating invisible decays for the Z and for neutral mesons, both
pseudoscalar, P°, and vector, V?. The corresponding rates are

‘CHN‘ GFM 9 \3/2
1-4 B.
Tun(Z — NN) = === ( %) (B.3)
|Cun|? GEMZ Mpv* 3 5
Diy(P° — NN) = =0 e V11— 422, (B.4)
Cun|? GEMyvifig?
Tin (V0 = NN) = | EE' 2V4ﬂngV\/1—4x§v. (B.5)
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Here, My stands for the Z mass, Gg for Fermi’s constant, and xy is the ratio of the HNL
mass with respect to its parent particle mass. Mp and fp are the neutral pseudoscalar
meson mass and decay constant,” and similarly for My and fi for the neutral vector
mesons. gy accounts for the coupling of the Z boson to the quark content of the meson
under consideration. In particular, for the Y(1S), gy = V2 (% — %s%v), where sy is the

sine of the weak mixing angle (see ref. [139] for more details).

Charged bosonic current. This operator mediates the most relevant processes for HNL
production, mainly in charged meson decays. Furthermore, there is a direct relation between
the Wilson coefficient and the effective mixing they induce (eq. (5.3)). Thus, the usual
expressions for decay rates involving HNLs apply for this effective operator. We refer the
reader to ref. [139] for a list of the relevant expressions.

However, the absence of neutral currents affects some HNL decay channels, which, in
the case of standard mixing, involve NC- and CC-like diagrams. This is the case for the
N — vee and N — vup processes. The corresponding rate mediated by this operator is
analogous to that of the decay N — vqq/ in the case of standard mixing [140], and reads
|Clinel* Gt MR,

A4 38473

FHNg(N — I/Ei€$) I(a:a) s (BG)

where

(1-za)? ¢
I(zq) =12 S(S—:II (1422 \/)\80562 (1,s,22), (B.7)

z2 S

with zo = my, /My and A\(z,y, 2z) is the Kéllen function.

Neutral four-fermion interactions. The operators Oy, Odq (eq. (7.1)) and Ogn
(eq. (7.3)) mediate invisible decays of neutral mesons into two HNLs. Although the
chiralities of the quark fields are different, the expressions for the widths will be the same,
since the vector contribution vanishes. They are given by

|CP? gpMZMp 5
FN04F(P —)NN) A4 T 1—4 TN (BS)

ICP? gt
AL 247T

The couplings gp and gy account for the overlap of the quark content of the involved meson

FN04F(V — NN)

1—42%. (B.9)

and the quark structure of the operator under consideration. They are summarized in

table 2 for the most relevant mesons. We refer the reader to ref. [139] for the values of most

of the decay constants, as well as for the angles 6y and fg, that parametrize the mixing in the

1 sector. For the heavier mesons we employ f;/, = 1.8GeV? [141] and fy = 9.2 GeV? [142].
A four-lepton interaction is induced by the operator in eq. (7.4), inducing p and 7

decay into lighter leptons. The corresponding width is given by:

m2

| LNLZ|2 1 a 2 /m%S,max 2 2
r lo — LgUyN d d B.10
LNLe( pvN) = AT 256703, Jmy s a2 ULSp) 2 mag (M[7, ( )

23, min

"Note that the  and 7’ mesons are not interaction eigenstates, so their “effective” decay constants
are given in terms of those of the interaction eigenstates and the corresponding mixing angles: f, =

fgCOS@g/\/g+ fo sin@o/\/g, for = I3 sineg/\f—focosﬁo/\/g [139].
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where ]
M[? = B} (mi +mf —miy — m§3> (m%Q +mis — MJQV) , (B.11)

and

1
2 2 (. 2 2 2 2 2 2 2
M3 max(min) = om2, {ma (mg +miy — sz) + mis (mg + My — m12)

+ (mi - m%2> \/m‘ll2 —2m32, (m% + MJQV) + (m% - MJQV)Q] . (B.12)

Charged four-fermion interactions. The operators in egs. (7.5), (7.7) and (7.11) induce
charged meson decays into HNLs and vice versa (we only display here the pseudoscalar
case, as it is the main HNL production source). The operator Ogun¢ provides the same
rates as in the standard mixing case (see ref. [139]) but controlled by the “effective mixing’

)

1 C
ZduNeZdule (B.13)

UduN£:4GFVij i A2

where 4, j are the flavours of the quarks composing the meson, and V;; is the corresponding
CKM element.
The operators Or,nqa and Oqunt, exhibit the same decay widths for mesons into HNLs

and vice versa:

2 2.4
+ 7\ (= fpmp 2 2 2 2 .2
I'(N—P™T)= A 2560 ()2 (MN—i—mg mp)\//\(l,xg,mp), (B.14)

+ + _’CZij‘Q f123m3ft> 2 2 2 2 .2
[(P* - NE*) == PETRE (mp—mi—M3) A (1,23,2%), (B.15)

where m; and m; are the masses of the quarks that compose the meson under consideration.
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any medium, provided the original author(s) and source are credited.
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