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Abstract The extension of the standard model with new
high-scale weakly coupled physics involving right-handed
neutrinos in an effective field theory framework (SMNEFT)
allows for a systematic study of heavy neutrinos phe-
nomenology in current and future experiments. We exploit
the outstanding angular resolution in future lepton colliders
to study the sensitivity of forward–backward asymmetries to
discover the possible single production of heavy Majorana
neutrinos via e+e− → Nν, followed by a purely leptonic
decay N → μ−μ+ν or a semi-leptonic decay N → μ−jj,
for masses mN > 50 GeV. In this regime, we consider the
N production and decays to be dominated by scalar and vec-
torial four-fermion d = 6 single NR operators. This is an
alternative analysis to searches using displaced vertices and
fat jets, in a higher mass regime, where the N is short-lived
but can be found by the angular distribution of its decay prod-
ucts. We find that a forward–backward asymmetry between
the final muons in the pure leptonic decay mode provides a
sensitivity up to 12σ for mN = 100 GeV, for effective cou-
plings α = 0.2 and new physics scale � = 1 TeV. In the case
of the semi-leptonic decay, we can compare the final muon
and higher pT jet flight directions, again finding up to 12σ

sensitivity to the effective signals.

1 Introduction

The simplest standard model (SM) extensions that can
account for light neutrino masses, and hence the neutrino
oscillation phenomena, predict the existence of sterile right-
handed neutrinos NR with Majorana mass terms, as the type
I [1–5] and also the linear and inverse seesaw mechanisms.

a e-mail: sampayo@mdp.edu.ar
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These are weakly coupled fields possibly at the electroweak
(EW) scale, and their interactions with the SM particles,
beyond the seesaw mixing with active neutrino states, could
be described by an effective field theory (EFT) including
them as low-energy degrees of freedom: the standard model
effective field theory framework extended with right-handed
neutrinos (SMNEFT),1 with operators known up to dimen-
sion d = 9 [6–10]. On the other hand, approaches like the so-
called neutrino non-standard interactions (NSI) and general
neutrino interactions (GNI) incorporate right-handed neutri-
nos within the standard model effective field theory (SMEFT)
[11–14], considering their Majorana and/or Dirac nature.

The extensions of the type I seesaw renormalizable
Lagrangian with effective interactions of higher dimension
for the right-handed neutrinos are attracting attention, since
the naive seesaw heavy N production rates and decay widths
can be challenged by the effective interactions, leading to a
variety of signals that can be studied at the Large Hadron
Collider (LHC) and other colliders [15–27].

We will focus here on a simplified scenario with only one
heavy Majorana neutrino N , considering its interactions to
be dominated by new physics at a higher energy scale and
parameterized by the d = 6 SMNEFT operators, and we will
neglect the effect of the renormalizable Yukawa Lagrangian
term NLφ that gives place to the heavy-active neutrino mix-
ings UlN , as it is strongly constrained not only by the naive
seesaw relation U 2

lN ∼ mν/MN ∼ 10−14−10−10 required
to account for the light ν masses [28], but also by experimen-
tal constraints. Our previous works involved the Majorana N
decay [29,30] and surveyed its production signals in collid-
ers for masses mN above the EW scale [31–35], focusing on
lepton number-violating (LNV) processes, and in the order

1 Also called NRSMEFT and νRSMEFT in the literature.
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mN = 1−10 GeV scale, where its decay is dominated by the
N → νγ channel [36] and can be produced in the decays of
B mesons [37,38].

The search for EW-scale massive neutrino states N is
among the goals of future e+e− colliders, as they provide
a clean environment with lower SM backgrounds compared
with a hadronic machine. The literature regarding the use of
lepton colliders in past, existing, and proposed experiments
like the linear ILC [39] or circular colliders like the FCC-ee
[40] and the CEPC [41] to study the production of heavy
neutrinos is very extensive [16,17,42–54].

In this article, we want to exploit the remarkable angu-
lar resolution that will be available for the detection of final
leptons in future lepton colliders to study the sensitivity of
forward–backward asymmetries to discover the possible N
production in pure leptonic and semi-leptonic final states.
Thus, we analyze the single production of heavy Majorana
neutrinos via e+e− → Nν, followed by a purely leptonic
decay N → μ−μ+ν or a semi-leptonic decay N → μ−jj,
for massesmN > 50 GeV. Our aim is to present an alternative
analysis to searches using displaced vertices [25,36] in the
lower mass regime, revisiting the study of angular observ-
ables in heavy neutral particle phenomenology known since
the LEP era [55–58]. We upgrade our previous work on this
approach, performing a dedicated simulation and analysis of
the proposed signals.

The paper is organized as follows: In Sect. 2 we describe
the SMNEFT formalism; we discuss its FeynRules imple-
mentation in Sect. 2.1, and in Sect. 2.2 we summarize the
existing bounds on the effective couplings. In Sect. 3 we
discuss the signals and the standard model background fea-
tures, and present our analysis and results for the leptonic
(Sect. 3.1) and semi-leptonic (Sect. 3.2) channels, closing
with a summary in Sect. 4.

2 Effective interactions formalism

The SM Lagrangian is extended with only one right-handed
neutrino NR with a Majorana mass term, which gives a mas-
sive state N as an observable degree of freedom. The new
physics effects are parameterized by a set of effective oper-
ators OJ constructed with the SM and the NR fields and
satisfying the SU (2)L ⊗ U (1)Y gauge symmetry [6,8,59].
The effect of these operators is suppressed by inverse powers
of the new physics scale �. The total Lagrangian2 is orga-
nized as follows:

L = LSM +
∞∑

d=5

1

�d−4

∑

J
αJOd

J (1)

2 Note that we do not include the type I seesaw Lagrangian terms giving
the Majorana and Yukawa terms for the sterile neutrinos.

where d is the mass dimension of the operator Od
J , αJ are

the effective couplings, and the sum in J goes over all inde-
pendent interactions at a given dimension d.

The authors of Ref. [7] performed a detailed study of
the phenomenology of dimension 5 SMNEFT operators.
These include the Weinberg operator OW = (L̄φ̃)(φ†Lc)

[60] which contributes to the light neutrino masses, ONφ =
(N̄ Nc)(φ†φ) which gives Majorana masses and couplings
of the heavy neutrinos to the Higgs (its LHC phenomenol-
ogy has been studied in [15,17,19,26,61]), and the operator
O(5)

N B = (N̄σμνNc)Bμν inducing magnetic moments for the
heavy neutrinos, which is identically zero if we include just
one sterile neutrino N in the theory. As they do not con-
tribute to the processes studied—discarding the heavy-light
neutrino mixings—we will only consider the contributions of
the dimension 6 operators, following the treatment presented
in [6,8] and shown in Table 1. The effective operators above
can be classified by their Dirac–Lorentz structure into scalar,
vectorial, and tensorial. The couplings of the tensorial oper-
ators are naturally suppressed by a loop factor 1/(16π2), as
they are generated at one-loop level in the ultraviolet (UV)
complete theory [6,62].

2.1 Model implementation

In order to estimate the sensitivity reach of the studied
processes, we make use of Monte Carlo (MC) techniques
to perform numerical simulations. We build our model in
FeynRules 2.3 [63], which generates UFO files [64] as
output, which we then couple to MadGraph5_aMC@NLO
2.5.5 [65,66].

We implement the effective interactions in the
FeynRules model SMNeff6. As we consider the heavy
N to be a Majorana state, the implementation of the model
in FeynRules is made compatible with the Madgraph5
restrictions on four-fermion operators: as mentioned in its
manual [65],Madgraph5 cannot handle Majorana fermions
in operators with more than two fermions. We have circum-
vented this problem by implementing a particular renormal-
izable SM extension, which includes the necessary scalar,
leptoquark, or vector mediator fields, that will generate the
operators under consideration in the infrared regime. We are
not interested in the auxiliary field dynamics, so we set their
masses and decay widths in order to reproduce the behavior
we already studied thoroughly for these effective interac-
tions, in particular the decays of the N [29,30] and its pro-
duction cross section in 2-2 scattering in different collider
environments [34–36].

The operators leading to effective Lagrangian terms which
only involve at most two fermions can be implemented
directly in FeynRules. They are those in the first two rows
of Table 1, which parameterize interactions of the N with the
standard vector bosons and the Higgs field, and the last row
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Table 1 Basis of dimension d = 6 baryon (and lepton) number con-
serving operators with a right-handed neutrino N [6,8]. Here, li , ui , di
and Li , Qi denote, for the family labeled i , the right-handed SU (2)

singlet and the left-handed SU (2) doublets, respectively (collectively
fi ). The field φ is the scalar doublet, and Bμν and W I

μν represent the

U (1)Y and SU (2)L field strengths, respectively. Also, σμν is the Dirac
tensor, γ μ are the Dirac matrices, and ε = iσ 2 is the antisymmetric
symbol in two dimensions. Types S, V, and T stand for scalar, vectorial,
and tensorial (one-loop level-generated) structures

Operator Notation Type Coupling Operator Notation Type Coupling

(φ†φ)(L̄i N φ̃) O(i)
LNφ S α

(i)
φ

i(φT εDμφ)(N̄γ μli ) O(i)
Nlφ V α

(i)
W i(φ†←→Dμφ)(N̄γ μN ) ONNφ V αZ

(N̄γμli )(d̄ jγ
μu j ) O(i, j)

duNl V α
(i, j)
V0

(N̄γμN )( f̄iγ μ fi ) O(i)
f N N V α

(i)
V f

(Q̄i ui )(N̄ L j ) O(i, j)
QuNL S α

(i, j)
S1

(L̄i N )ε(L̄ j l j ) O(i, j)
LNLl S α

(i, j)
S0

(L̄i N )ε(Q̄ j d j ) O(i, j)
LNQd S α

(i, j)
S2

(Q̄i N )ε(L̄ j , d j ) O(i, j)
QNLd S α

(i, j)
S3

(L̄iσ
μντ I N )φ̃W I

μν O(i)
NW T α

(i)
NW (L̄iσ

μνN )φ̃Bμν O(i)
NB T α

(i)
NB

involving tensorial interactions. However, the four-fermion
operators in the third and fourth groups in Table 1 require
a specific renormalizable SM extension for Madgraph5 to
be able to handle them.

The operator OduNl , leading to the second term in Eq. (2),
is implemented with the mediation of an auxiliary charged
vector boson V0 with the Lagrangian terms N̄γ μPRli V0i and
ū jγ

μPRd j V0 j , which is integrated out numerically by set-
ting its mass to a very high value3 and its decay width to zero.
As we are interested in the possible family mixings between
the lepton and quark sides, we define a 3 × 3 matrix cou-
pling α(i, j)duNl in flavor space, which allows us to choose
between flavor-diagonal or non-diagonal interactions.

The scalar-mediated four-fermion operators OLNLl ,
OQuNL , and OLNQd each lead to two Lagrangian terms in
Eq. (2). These can be implemented using neutral (S0, S1, S2)
and charged (SP0, SP1, SP2) scalar auxiliary mediators,
which carry a flavor index. For instance, in the case ofOLNLl ,
we include the Lagrangian terms νi PRN S0i and l j PRl j S

†
0 j

to generate the first term in the second row of Eq. (2), and
the terms li PRN S†

P0i
and νi PRli SP0 j to generate the second.

We also include for them 3 × 3 matrix couplings in flavor
space α(i, j)LNLl , α(i, j)QuNl , and α(i, j)LNQd which let
us choose flavor-diagonal or non-diagonal interactions.

The operator OQNLd explicitly mixes quarks and leptons
in fermion lines. It can be implemented by the mediation of
“leptoquark” fields we call SU and SD , with the Lagrangian
terms ū PRN SU − d̄ PRN SD and l̄ PRdSU + ν̄PRdSD . These
fields are electrically charged (Q(SU ) = 2/3, Q(SD) =
−1/3) and carry SU (3) color indices. We make two versions
for this operator: choosing to preserve the quark flavor on the
four-fermion vertex, or the flavor of the fermion line. The
former is the option written in Eq. (2).

3 In our numerical implementation, all the auxiliary mediators are fixed
to have a mass M = 108 GeV and zero decay width.

The vectorial operators involving two N fields O f N N are
implemented with the mediation of auxiliary massive neutral
vector fields V f (this is done separately for each interaction
with a fermion f = l, u, d, L , Q). We write Lagrangian
terms 1

2 Nγ μγ 5N V f and f̄ γ μPR f V f , which are coupled
to generate four-fermion vertices given by O f N N in Table 1.
These operators do not contribute to the processes studied in
this work, or to the N decay, so we do not consider them fur-
ther. For another implementation of the leptoquark and vector
four-fermion interactions, see Ref. [24]. See also Ref. [22]
for an implementation of the ONlφ d = 6 operator together
with seesaw mixings at next-to-leading order (NLO).

We have checked that our model implementation repro-
duces our previous results for the N decay width, in every
channel [29,30], and also the cross sections for every 2-2
four-fermion scattering involving one N field.

2.2 Constraints on effective couplings

Recent works on right-handed effective neutrino interactions
(SMNEFT), including dimension 6 operators, have derived
constraints on the different effective couplings values αJ , or
alternatively on the new physics scale �. Most constraints are
valid for Majorana mN masses below the benchmark points
we consider in this work: mN = 50, 100, 150 GeV.

Reference [18] sets bounds on four-fermion effective cou-
plings with one and two N fields, obtaining values below
unity for � = 1 TeV and masses mN � 1 GeV. Refer-
ence [20] studies the SMNEFT also including type I seesaw
mixings for the N with SM light neutrinos. They study the
mass regime in which the decay channel N → νγ is dom-
inant, for mN � 10 GeV. More recently, in Ref. [25], the
authors obtain exclusion limits for the sensitivity reach in
the mN − � plane, discarding the heavy-light mixings and
using effective operators with one N , and also for massesmN
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below 50 GeV, proposing a displaced-vertex search strategy
for the high-luminosity LHC. Also, the authors in Ref. [24]
study operators with two N fields and type I seesaw mixings,
showing sensitivity reaches in the mN − � plane for masses
up to 1 TeV for fixed values of the heavy-light mixings (which
drive the N decay for the considered scenarios), using dis-
placed N decays in the LHC with ATLAS and several far
detector experiments. As these operators do not contribute to
the processes studied in this work, we do not restrict our effec-
tive couplings to these constraints. Our group has obtained
bounds for the effective couplings, separating vector, scalar,
and tensor contributions, considering N -mediated B meson
decays in LHCb and Belle, which also apply formN < 5 GeV
[37].

In Ref. [22], the authors obtain a bound on the lep-
tonic right-handed current O(2)

LNφ coupling for mN =
100 (1000) GeV from CMS results [67], assuming the N
only decays via seesaw mixings. It can be translated, when
considering only one massive heavy neutrino state (almost
coinciding with the sterile neutrino state), into the bound
α

(2)
W � 2 (20), for � = 1 TeV, considering the μNW interac-

tion. The bounds for the first fermion family (α(1)
W ) are 1.5−2

times weaker. These bounds are well above the numerical
values considered in our analysis.

For this work, we do take into account existing con-
straints [68] on the operators contributing to neutrino-
less double beta decay (0νββ decay) following the treat-
ment in Ref. [30], and we set the bound α0νββ = 3.2 ×
10−2

(
mN

100 GeV

)1/2
for � = 1 TeV, for the couplings of the

O(1)
LNφ, O(1,1)

duNl , O(1,1)
QuNL , O(1,1)

LNQd , and O(1,1)
QNLd operators.

These appear as contributions to the �N total width and to
the N production vertex in the considered processes. We do
not impose constraints on the other effective operators.

3 Collider analysis

We consider the single production of Majorana neutrinos N
in the process e+e− → νN , followed by a purely leptonic
decay N → μ−μ+ν or a semi-leptonic decay N → μ−jj.
The single N production mode in an e+e− collider in our
simplified effective interactions model, depicted in Fig. 1a,
is dominated by the O(1,1)

LNLl operator contribution, because of

the strong constraint imposed on the alternative O(1)
Nlφ inter-

action by the non-observation of the neutrinoless double beta
decay, as discussed in Sect. 2.1.

We start by studying the pure leptonic process e+e− →
νμ−μ+ν, where the Majorana N is produced in the primary
vertex together with a light neutrino, and subsequently decays
into a di-muon pair and a light neutrino, as depicted in the
upper diagrams in Fig. 1b. The decay of the N in vertex (I I )

to a di-muon pair and a light neutrino involves the contribu-
tions of the operators O(2,2)

LNLl and O(2)
Nlφ , now for the second

family flavor.
We also aim to study the semi-leptonic process e+e− →

νμ−jj, where the Majorana N decays into a muon and two
jets. While the N production mechanism remains unchanged,
the decay of the N in vertex (I I ) now involves the contribu-
tions of the vector four-fermion operatorO(2,i)

duNl together with

the vector O(2)
Nlφ and the scalarsO(2,i)

LNLl ,O(2,i)
QuNL ,O(2,i)

LNQd and

O(i,2)
QNLd , as shown in the lower diagrams in Fig. 1b.
We can thus explicitly take into account the following tree-

level generated effective Lagrangian terms involved in those
processes:

L = 1

�2

∑

i, j

{
−α

(i)
W

v mW√
2

liγ
νPRN W−

μ

+α
(i, j)
V0

u jγ
ν PRd j liγνPRN

+α
(i, j)
S0

(ν̄i PRN l j PRl j − ν j PRl j li PRN )

+α
(i, j)
S1

(u j PLd j li PRN + u j PLu j νi PRN )

+α
(i, j)
S2

(d j PRd j νi PRN − u j PRd j li PRN )

+α
(i, j)
S3

(ui PRN l j PRdi − di PRN ν j PRdi ) + h.c.

}
.

(2)

The tree-level N production cross section (Fig. 1a) can be
calculated as

σ(e+e− → νi N ) = (m2
N − s)2

8π�4s

{
α

(i,1)
S0

2 (m2
N + 2s)

8s

+α
(1)
W

2 m2
W

(s + m2
W − m2

N )

}
, (3)

while the pure leptonic and semi-leptonic tree-level N decay
widths can be found in Appendix B in [30].

The irreducible SM backgrounds for both the pure leptonic
e+e− → νμ−μ+ν and the semi-leptonic e+e− → νμ−jj
processes involve diagrams with intermediate standard vec-
tor bosons (photons, Z ) and Higgs bosons in s channels,
which subsequently decay into muon pairs, light neutrino
pairs, or quark pairs, and W bosons decaying leptonically or
hadronically. The dominant SM backgrounds for both pro-
cesses are events that come from e+e− → W−W+, with
both W decaying leptonically in the first case [43,53], and
the W+ decaying hadronically in the second [47].

As we want to tackle the single N production, which
brings at least one undetectable light neutrino in the final
state, we cannot rely on explicitly observing lepton number
violation as evidence for the Majorana N production. Given
that our signals include the N → μ−W+ channel coming
from the O(2)

Nlφ contribution, we cannot simply rely on either
the invariant mass distribution of the jet pair or the trans-
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II

e−

e+

ν

N

I

(a)

μ+

ν

N

μ−

W
μ+

ν

N

μ−

j

j

N

μ−

W
j

j

N

μ−

(b)

Fig. 1 Single N production and decay in the di-muon channel and di-jet channels

verse mass of the νμ+ pair (which peak at the W mass for
the dominant SM background) to impose cuts [47,50,53].
Rather, we will rely on the signal topology and kinemat-
ics, where depending on its energy and mass the boosted N
will produce its daughter particles in a collimated cone, and
exploit the very good angular and energy resolution at future
electron–positron colliders to construct forward–backward
asymmetries between the leptons (and jet) in the final states
to disentangle the N contribution.

The proposed signals can be studied in future lepton col-
liders like the linear ILC [39] or circular colliders like the
FCC-ee [69] and the CEPC [70]. For concreteness, through-
out the paper we will consider an e+e− collider with cen-
ter of mass energy

√
s = 500 GeV and integrated lumi-

nosity L = 500 fb−1 for estimating the numbers of events.
These values correspond to one of the proposed ILC opera-
tion modes [71].

In order to study the prospects of measuring the single
N production with pure leptonic and semi-leptonic decays,
we have implemented the effective interaction model in
FeynRules 2.3 [63], as described in Sect. 2.1. The UFO
output [64] was input intoMadGraph5_aMC@NLO 2.5.5
[65,66], and we generate LHE events at the parton level,
which are read by the embedded version of PYTHIA 8 [72]
and then are interphased to Delphes 3.5.0 [73] with the
DSiDi card [74] for a fast detector simulation. The analysis of
the generated events at the reconstructed level is made with
the expert mode in MadAnalysis5 1.8.58 [75].xx

For concreteness, we explore a few benchmark scenarios,
and simplify the parameter space, setting all the effective
couplings αJ in Eq. (1) and Table 1 to the same numerical
value α (except for the operators with charged leptons of
the first family constrained by the 0νββ-decay bound, as
explained in Sect. 2.1). We also fix the new physics scale
� = 1 TeV and show our results for different N mass values
mN .

We generate events by asking for the processes e+e− →
νμ−μ+ν (pure-leptonic) and e+e− → νμ−jj (semi-leptonic),
with ν = ν, ν̄,  = e, μ, τ , and only light quark jets
(j = u, d, c, s). These events include the signals with the
production of an intermediate N state (even in t-channels),
as well as the pure-SM processes, allowing for interference
(signal plus background events: S + B). We also generate
signal-only events (S), by producing the heavy N explicitly
by e+e− → νN and asking for the leptonic N → μ−μ+ν

or semi-leptonic N → μ−jj decays.
We adopt the following basic acceptance cuts for both

the pure-leptonic and the semi-leptonic process: we keep
transverse momenta for jets pj

T > 20 GeV and leptons
p
T > 10 GeV, pseudorapidities |ηj| < 5, |η| < 2.5, and

isolation between jets and leptons �Rjj,,lj > 0.4.
The number of events and cutflows for the signal-only (S),

signal plus background (S + B, generated with interference),
and SM background-only (B) datasets are shown in Table 2
for the pure-leptonic and Table 3 for the semi-leptonic pro-
cesses.

In Fig. 2 we show the parton-level cross section values we
obtain for both processes, generating signal plus background
(S + B) event datasets with different values of the effective
couplings α, together with the SM background-only (B) val-
ues.4 For mN near 120 GeV, we find an enhancement of the
signal cross section, due to the contribution of theO(i)

Nlφ oper-
ator to the N production and decay when the W is on-shell.

3.1 Leptonic channel

For the pure leptonic mode e+e− → νμ−μ+ν, with two
light neutrinos in the final state, we exploit the precision

4 We have checked that our SM value for the cross section
σSM (e+e− → νμ−jj) agrees with [47] (using their cuts and the CEPC
Delphes card).
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(a) (b)

Fig. 2 Parton-level cross sections for the pure leptonic (a) and semi-leptonic (b) processes, with acceptance cuts (see text)

in measurements of the muon pair momenta. As the N is
produced together with a light neutrino in a 2-2 process, the
energy and boost of the N are completely determined in the
CM frame for each mass value mN . Its production will be
reflected in the dependence of the various observables on the
summed energy of the di-muon pair Eμμ = E(μ− + μ+).

A preliminary test to see the dependence of the di-muon
pair separation in �R = √

�η2 + �φ2 with Eμμ and the
intermediate N massmN is shown in Fig. 3a. We calculate the
�Rμμ value averaged over events for each Eμμ bin. Here we
generate signal-only (S) events producing the N and setting
its decay N → μ+μ−ν explicitly, for some benchmark mass
values and couplings α = 0.2.

As expected, we find that for low mN = 50 GeV, the
muons come out roughly in the same direction, and with
growing mN they are less boosted and start to separate. Also,
for a fixed value of mN , with increasing energy, the muons
are more boosted, and �Rμμ diminishes.

In order to more precisely analyze this behavior, we
consider a forward–backward asymmetry AFB

μμ between the
flight directions of the outgoing muon and anti-muon, for dif-
ferent values of their summed energies Eμμ. We thus define:

AFB
μμ = N+ − N−

N+ + N−
, (4)

where N± is the number of events with a positive (negative)
value of cos(θ), the angle between the final muon and anti-
muon flight directions in the Lab (or CM) frame in the e+e−
collision. We plot AFB

μμ(Eμμ) for signal-only (S) events in
Fig. 3b, for the same benchmark mass values and couplings,
confirming the aforementioned behavior: for low N mass, the
muons are boosted and emerge in the same direction (AFB

μμ =
1) and tend to separate (AFB

μμ < 1) even coming out mostly
in opposite directions (AFB

μμ < 0) when mN increases for
low values of the summed energies of the outgoing muons.

When their energy increases, the muon pairs tend to be very
boosted, giving a positive asymmetry value.

With these hints on the signal-only kinematical behavior,
we explore the possibility of using this forward–backward
asymmetry to separate the events in the realistic dataset gen-
erated with the SMNeff6 UFO and allowing for effective-
SM interference (S + B) from the SM-only (B) events for
the pure leptonic process e+e− → νμ−μ+ν. We study dif-
ferent kinematical variables distributions for the process in
order to separate the signals from the SM background. We
apply a selection cut keeping events with a minimum value of
missing transverse energy (MET > 25 GeV), accounting for
neutrinos in the final state. The distribution of the signal-only
(S) and background-only (B) number of events with Eμμ is
shown in Fig. 4a. We find that a cut on Eμμ < 240 GeV helps
to separate the signals from the dominant SM background,
which peaks at Eμμ = √

s/2, in a symmetric configuration
where the muon–anti-muon pair shares half the energy with
the unobservable light neutrinos. The corresponding number
of events cutflow is shown in Table 2.

Although the signal-only (S) events seem to be able to
be discovered with a sensitivity greater than 5σ in an event-
counting experiment with effective couplings α = 0.2 apply-
ing the MET and Eμμ cuts, we want to test the possibility
for discovering the signals in the full (S + B) dataset. So we
take one step forward and use the asymmetry in Eq. (4) to
perform a �χ2 test to find the statistical significance of the
separation between the signal plus background (AS+B

μμ ) and
background-only (AB

μμ) datasets for the asymmetry values.
We build a �χ2 function as

�χ2 =
∑

Ei

(
AS+B

μμ (Ei ) − AB
μμ(Ei ,mN , α)

)2

(
(�AS+B

μμ )2 + (�AB
μμ)2

) , (5)
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(a) (b)

Fig. 3 Average �Rμμ (a) and AFB
μμ (b) distributions with Eμμ, signal-only (S) no cuts

(a) (b)

Fig. 4 Number of events (a) and AFB
μμ (b) distributions with Eμμ, for α = 0.2, � = 1 TeV,

√
s = 500 GeV, L = 500 fb−1

Table 2 e+e− → νμ−μ+ν (pure-leptonic). Number of events for
signal-only (S), signal and SM background (S + B, generated with inter-
ference), and SM background (B) for

√
s = 500 GeV, L = 500 fb−1.

Muons cut: one muon and anti-muon in final state. MET cut: select

events with MET > 25 GeV. Eμμ cut: select events with Eμμ <

240 GeV (see Fig. 4a). Signal significance: S/
√

(S + B) for event-
counting experiment

α = 0.2 mN = 50 GeV mN = 100 GeV mN = 150 GeV SM

Cuts: S S + B S S + B S S + B B

Muons 544 33545 1659 34612 901 33860 33060

MET 539(99%) 27098(81%) 1617(97%) 28035(81%) 884(98%) 27296(81%) 26543(80%)

Eμμ 511(94%) 7085(21%) 1524(92%) 8070(23%) 734(81%) 7351(22%) 6771(20%)

S/
√

(S + B) 6.1 16.9 8.6

where Ei = Eμμ, the muon summed energy bins shown in
Figs. 3 and 4. We sum in quadrature the error on the number
of events for both asymmetry values in each summed energy
bin, (�AB

μμ)2 + (�AS+B
μμ )2, which are taken to be Poisson-

distributed [34].
In Fig. 4b we show the values and error bars of the asym-

metry AS+B
μμ and AB

μμ in Eμμ bins, for distinct mN values

and for α = 0.2. The label shows the value Z of the num-
ber of standard deviations Zσ of statistical significance we
obtain for each dataset with the �χ2 test. The signal plus
background (S + B) events dataset can be well separated
from the SM background-only events (B) when mN = 100
giving 12σ , and mN = 150 GeV giving 7σ , but not for
mN = 50 GeV, due to the lower cross section of this signal,
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(a) (b)

Fig. 5 Average �Rjμ (a) and AFB
jμ (b) distributions with Eμ, signal-only (S) no cuts

as can be seen in Fig. 2a. We find that this lower mass value
can be resolved with Z = 8 for couplings α = 0.25 using
the same MET and Eμμ cuts.

3.2 Semi-leptonic channel

For the semi-leptonic process e+e− → νμ−jj, we aim to
see the imprints of the intermediate N on its decay products
by measuring the asymmetry AFB

jμ between the flight direc-
tions of the final muon and the jet with the highest transverse
momentum, defined equivalently to Eq. (4). We expect to
see the dependence of the asymmetry with the energy of the
muon Eμ for distinct mN and α values.

As we did with the pure leptonic channel, in Fig. 5a we plot
the distribution of the average value of the separation �Rjμ

between the muon and the most energetic jet in each muon
energy bin Eμ for signal-only events, before applying any
cuts. We find that the muon and jet separation depends mostly
on the mass of the intermediate Majorana neutrino mN : for
low mass, the products of the decay N → μ−jj are more
boosted and emerge in a narrower cone. This effect increases
slightly with higher muon energy, and in fact we do not have
events in the higher Eμ bins for the mN = 50 GeV signal. In
the mN = 150 GeV signal events, the muon and the jet are
more separated. In Fig. 5b we plot the asymmetry AFB

jμ for
signal-only events before cuts. Consistently, the events with
a lighter N produce a maximal value AFB

jμ = 1, showing that
the muon and jet emerge in the same direction. This changes
for the higher mN values. Here, the N is less boosted, and
the muon and jet emerge in an increasingly open angle for
higher muon energies. This can be seen by considering that
the more energetic muons tend to emerge in the direction of
the N , and the jets go in the opposite direction (they mostly
come from an on-shell W ; see the right-bottom diagram of
Fig. 1b).

The behavior is different for the SM backgrounds. As
we mentioned, the dominant SM contribution to the semi-
leptonic process comes from events with pair production
of W bosons e+e− → W−W+ with W− → νμ− and
W+ → jj. Here, the prompt W− and W+ are produced back
to back. This gives us muons and jets emerging in opposite
directions, and thus AFB

jμ ∼ −1 for the dominant SM back-
ground contribution, in events with highly energetic muons,
as can be seen in the SM background-only (B) events in
Fig. 6b.

We explored the distribution of the generated signal (S)
and background (B) events with several kinematic variables,
and select events with missing transverse energy (MET)
greater than 25 GeV to account for the final-state neutrino. We
also find that the transverse mass of the final muon-neutrino
system, calculated in our reconstructed level data as the trans-
verse mass (MT) of the missing transverse energy (MET)-
muon system, MT-MET(μ)5, can help to separate the signal
from the SM background, which peaks at the mW value,
reflecting the fact that the muon-neutrino pair comes from a
W−. In Fig. 6a we show the number of events distribution
with the MT-MET(μ) variable for the signals (S) and the SM
background (B). We find that a cut selecting events with MT-
MET(μ) > 85 GeV keeps more than 70% of the events for
the three mN signal datasets, while keeping 9% of the SM
(B) events. The cutflow is shown in Table 3.

After applying these cuts, we plot the distribution of the
asymmetry AFB

jμ for muon energy bins Eμ in Fig. 6b. The cut
applied in MT-MET(μ) reduces the number of the dominant
SM background events in the lower Eμ bins, giving a less
negative value for AFB

jμ for the background-only dataset. We

5 The transverse mass variable of the muon-missing
transverse energy system is defined as MT-MET(μ)=√

2pμ
T p

miss
T [1 − cos(�φ( �pμ

T , �pmiss
T )]; we use the name given in

MadAnalysis5.

123



Eur. Phys. J. C (2022) 82 :544 Page 9 of 12 544

(a) (b)

Fig. 6 Number of events distribution with MT-MET(μ) variable (a) and AFB
jμ distribution with Eμ for signal plus background (S + B) and SM

background-only (B) events for α = 0.2, � = 1 TeV,
√
s = 500 GeV, L = 500 fb−1

Table 3 e+e− → νμ−jj (semi-leptonic). Number of events for signal-
only (S), signal and SM background (S + B, generated with interfer-
ence), and SM background (B) for

√
s = 500 GeV, L = 500 fb−1.

Muon cut: one muon in the final state. MET cut: select MET > 25 GeV.
MT-MET cut: select MT-MET(μ) > 85 GeV. Signal significance:
S/

√
(S + B) for event-counting experiment

α = 0.2 mN = 50 GeV mN = 100 GeV mN = 150 GeV SM

Cuts: S S + B S S + B S S + B B

Muon 223 134944 2027 136584 2062 136799 135086

MET 223 (100%) 96046 (71%) 2005 (99%) 97615 (71%) 2048 (99%) 98189 (72%) 96036 (71%)

MT-MET 161 (72%) 12140 (9%) 1627 (80%) 13779 (10%) 1755 (85%) 14058 (10%) 12051 (9%)

S/
√

(S + B) 1.46 13.86 14.8

also see that the datasets with signal and background events
(S + B) for high N mass values (with more signal-only events
than the mN = 50 GeV dataset) give even positive AFB

jμ
values for events with low-energy muons, as expected from
Fig. 5b.

We find the generated signal plus background (S + B)
datasets for mN = 100 GeV and mN = 150 GeV with cou-
plings α = 0.2 can be separated from the SM background-
only (B) dataset with a statistical significance of 6σ and 12σ ,
respectively. The dataset with mN = 50 GeV cannot be sep-
arated with the use of the asymmetry, again due to the lower
cross section for this signal, as found in Fig. 2b.

4 Summary

The effective field theory extending the standard model with
sterile right-handed neutrinos NR (SMNEFT) parametrizes
new high-scale weakly coupled physics in a model-
independent manner, allowing for a systematic study of
their phenomenology in current and future experiments.
We consider massive Majorana neutrinos coupled to ordi-
nary matter by dimension 6 effective operators, focusing

on a simplified scenario with only one right-handed neu-
trino added, which provides us with a manageable parame-
ter space to probe. We implement the effective interactions,
which include four-fermion operators with the Majorana N
field in FeynRules, and make them suitable for simulation
with MadGraph5, introducing renormalizable UV interac-
tions with mediators which are integrated out numerically in
order to reproduce the low-energy SMNEFT behavior.

We exploit the remarkable angular resolution in future
lepton colliders to study the sensitivity of forward–backward
asymmetries to discover the possible single production of
heavy Majorana neutrinos via e+e− → Nν, followed by a
purely leptonic decay N → μ−μ+ν or a semi-leptonic decay
N → μ−jj, for masses mN > 50 GeV. In this regime, the N
production and decays are dominated by scalar and vectorial
four-fermion single NR operators OLNLl , OduNl , OQuNL ,
OLNQd , and OQNLd , as well as the vectorial bosonic ONlφ .

This is an alternative analysis to searches using displaced
vertices and fat jets, in a higher mass regime, where the N
is short-lived but can be found by the angular distribution of
its decay products, which depending on their energy can be
more or less collimated, leaving a clear imprint on forward–
backward asymmetries between them.
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By performing a dedicated Monte Carlo simulation with
MadGraph5 for the ILC with center of mass energy√
s = 500 GeV and integrated luminosity L = 500 fb−1,

and implementing a novel analysis with MadAnalysis5
using the expert mode, we have shown that a forward–
backward asymmetry between the final muons separation in
the pure leptonic decay mode allows us to detect the sig-
nal plus background (generated with interference) over the
SM background-only events with a sensitivity up to 12σ

for mN = 100 GeV, for effective couplings α = 0.2 and
new physics scale � = 1 TeV. In the case of the semi-
leptonic decay, we can compare the final muon and higher
pT jet flight directions and find the highest sensitivity for
the mN = 150 GeV signal dataset, again with values around
12σ .

In summary, we conclude that the use of forward–
backward asymmetries in future lepton colliders can probe
heavy neutrino new physics in final states with light neutrinos
which challenge simpler analyses, with a sensitivity that will
eventually allow us to put bounds on four-fermion effective
operators for a higher mN mass regime, complementary to
proposed displaced vertices searches.

Acknowledgements We thank CONICET (Argentina) and PEDECIBA,
CSIC, and ANII, under grant PR-FCE-3-2018-148577 (Uruguay), for
their financial support.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The simulations
that support the present findings are available from the corresponding
author upon reasonable request.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. P. Minkowski, μ → eγ at a rate of one out of 1-billion muon
decays? Phys. Lett. B 67, 421 (1977). https://doi.org/10.1016/
0370-2693(77)90435-X

2. R.N. Mohapatra, G. Senjanovic, Neutrino mass and spontaneous
parity violation. Phys. Rev. Lett. 44, 912 (1980). https://doi.org/
10.1103/PhysRevLett.44.912

3. T. Yanagida, Horizontal symmetry and masses of neutrinos. Prog.
Theor. Phys. 64, 1103 (1980). https://doi.org/10.1143/PTP.64.
1103

4. M. Gell-Mann, P. Ramond, R. Slansky, Complex spinors and uni-
fied theories. Conf. Proc. C790927, 315 (1979). arXiv:1306.4669
[hep-th]

5. J. Schechter, J.W.F. Valle, Neutrino masses in SU(2) x U(1)
theories. Phys. Rev. D 22, 2227 (1980). https://doi.org/10.1103/
PhysRevD.22.2227

6. F. del Aguila, S. Bar-Shalom, A. Soni, J. Wudka, Heavy Majorana
neutrinos in the effective Lagrangian description: application to
hadron colliders. Phys. Lett. B 670, 399 (2009). https://doi.org/10.
1016/j.physletb.2008.11.031. arXiv:0806.0876 [hep-ph]

7. A. Aparici, K. Kim, A. Santamaria, J. Wudka, Right-handed neu-
trino magnetic moments. Phys. Rev. D 80, 013010 (2009). https://
doi.org/10.1103/PhysRevD.80.013010. arXiv:0904.3244 [hep-ph]

8. Y. Liao, X.-D. Ma, Operators up to dimension seven in standard
model effective field theory extended with sterile neutrinos. Phys.
Rev. D 96, 015012 (2017). https://doi.org/10.1103/PhysRevD.96.
015012. arXiv:1612.04527 [hep-ph]

9. S. Bhattacharya, J. Wudka, Dimension-seven operators in the
standard model with right handed neutrinos. Phys. Rev. D
94, 055022 (2016). https://doi.org/10.1103/PhysRevD.94.055022.
arXiv:1505.05264 [hep-ph] [Erratum: Phys. Rev. D 95(3), 039904
(2017). https://doi.org/10.1103/PhysRevD.95.039904]

10. H.-L. Li, Z. Ren, M.-L. Xiao, J.-H. Yu, Y.-H. Zheng, Opera-
tor bases in effective field theories with sterile neutrinos: d ≤ 9.
JHEP 11, 003 (2021). https://doi.org/10.1007/JHEP11(2021)003.
arXiv:2105.09329 [hep-ph]

11. I. Bischer, W. Rodejohann, General neutrino interactions from
an effective field theory perspective. Nucl. Phys. B 947,
114746 (2019). https://doi.org/10.1016/j.nuclphysb.2019.114746.
arXiv:1905.08699 [hep-ph]

12. T. Han, J. Liao, H. Liu, D. Marfatia, Scalar and tensor neu-
trino interactions. JHEP 07, 207 (2020). https://doi.org/10.1007/
JHEP07(2020)207. arXiv:2004.13869 [hep-ph]

13. J. Terol-Calvo, M. Tórtola, A. Vicente, High-energy constraints
from low-energy neutrino nonstandard interactions. Phys. Rev.
D 101, 095010 (2020). https://doi.org/10.1103/PhysRevD.101.
095010. arXiv:1912.09131 [hep-ph]

14. F.J. Escrihuela, L.J. Flores, O.G. Miranda, J. Rendón, Global
constraints on neutral-current generalized neutrino interactions.
JHEP 07, 061 (2021). https://doi.org/10.1007/JHEP07(2021)061.
arXiv:2105.06484 [hep-ph]

15. A. Caputo, P. Hernandez, J. Lopez-Pavon, J. Salvado, The seesaw
portal in testable models of neutrino masses. JHEP 06, 112 (2017).
https://doi.org/10.1007/JHEP06(2017)112. arXiv:1704.08721
[hep-ph]

16. D. Barducci, E. Bertuzzo, The see-saw portal at future Higgs
factories: the role of dimension six operators. J. High Energ.
Phys. 2022, 77 (2022). https://doi.org/10.1007/JHEP06(2022)077,
arXiv:2201.11754 [hep-ph]

17. D. Barducci, E. Bertuzzo, A. Caputo, P. Hernandez, B. Mele, The
see-saw portal at future Higgs factories. JHEP 03, 117 (2021).
https://doi.org/10.1007/JHEP03(2021)117. arXiv:2011.04725
[hep-ph]

18. J. Alcaide, S. Banerjee, M. Chala, A. Titov, Probes of the Standard
Model effective field theory extended with a right-handed neutrino.
JHEP 08, 031 (2019). https://doi.org/10.1007/JHEP08(2019)031.
arXiv:1905.11375 [hep-ph]

19. J.M. Butterworth, M. Chala, C. Englert, M. Spannowsky, A. Titov,
Higgs phenomenology as a probe of sterile neutrinos. Phys. Rev.
D 100, 115019 (2019). https://doi.org/10.1103/PhysRevD.100.
115019. arXiv:1909.04665 [hep-ph]

20. A. Biekötter, M. Chala, M. Spannowsky, The effective field
theory of low scale see-saw at colliders. Eur. Phys. J.
C 80, 743 (2020). https://doi.org/10.1140/s10052-020-8339-2.
arXiv:2007.00673 [hep-ph]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1143/PTP.64.1103
http://arxiv.org/abs/1306.4669
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/j.physletb.2008.11.031
https://doi.org/10.1016/j.physletb.2008.11.031
http://arxiv.org/abs/0806.0876
https://doi.org/10.1103/PhysRevD.80.013010
https://doi.org/10.1103/PhysRevD.80.013010
http://arxiv.org/abs/0904.3244
https://doi.org/10.1103/PhysRevD.96.015012
https://doi.org/10.1103/PhysRevD.96.015012
http://arxiv.org/abs/1612.04527
https://doi.org/10.1103/PhysRevD.94.055022
http://arxiv.org/abs/1505.05264
https://doi.org/10.1103/PhysRevD.95.039904
https://doi.org/10.1007/JHEP11(2021)003
http://arxiv.org/abs/2105.09329
https://doi.org/10.1016/j.nuclphysb.2019.114746
http://arxiv.org/abs/1905.08699
https://doi.org/10.1007/JHEP07(2020)207
https://doi.org/10.1007/JHEP07(2020)207
http://arxiv.org/abs/2004.13869
https://doi.org/10.1103/PhysRevD.101.095010
https://doi.org/10.1103/PhysRevD.101.095010
http://arxiv.org/abs/1912.09131
https://doi.org/10.1007/JHEP07(2021)061
http://arxiv.org/abs/2105.06484
https://doi.org/10.1007/JHEP06(2017)112
http://arxiv.org/abs/1704.08721
https://doi.org/10.1007/JHEP06(2022)077
http://arxiv.org/abs/2201.11754
https://doi.org/10.1007/JHEP03(2021)117
http://arxiv.org/abs/2011.04725
https://doi.org/10.1007/JHEP08(2019)031
http://arxiv.org/abs/1905.11375
https://doi.org/10.1103/PhysRevD.100.115019
https://doi.org/10.1103/PhysRevD.100.115019
http://arxiv.org/abs/1909.04665
https://doi.org/10.1140/s10052-020-8339-2
http://arxiv.org/abs/2007.00673


Eur. Phys. J. C (2022) 82 :544 Page 11 of 12 544

21. J. De Vries, H.K. Dreiner, J.Y. Günther, Z.S. Wang, G. Zhou,
Long-lived sterile neutrinos at the LHC in effective field theory.
JHEP 03, 148 (2021). https://doi.org/10.1007/JHEP03(2021)148.
arXiv:2010.07305 [hep-ph]

22. V. Cirigliano, W. Dekens, J. de Vries, K. Fuyuto, E. Mereghetti,
R. Ruiz, Leptonic anomalous magnetic moments in ν SMEFT.
JHEP 08, 103 (2021). https://doi.org/10.1007/JHEP08(2021)103.
arXiv:2105.11462 [hep-ph]

23. G. Zhou, J.Y. Günther, Z.S. Wang et al. Long-lived sterile neutrinos
at Belle II in effective field theory. J. High Energ. Phys. 2022, 57
(2022). https://doi.org/10.1007/JHEP04

24. G. Cottin, J.C. Helo, M. Hirsch, A. Titov, Z.S. Wang, Heavy neu-
tral leptons in effective field theory and the high-luminosity LHC.
JHEP 09, 039 (2021). https://doi.org/10.1007/JHEP09(2021)039.
arXiv:2105.13851 [hep-ph]

25. R. Beltrán, G. Cottin, J.C. Helo et al. Long-lived heavy neutral lep-
tons at the LHC: four-fermion single-NR operators. J. High Energ.
Phys. 2022, 44 (2022). https://doi.org/10.1007/JHEP01(2022)044,
arXiv:2110.15096 [hep-ph]

26. J. Jones-Pérez, J. Masias, J.D. Ruiz-Álvarez, Search for long-lived
heavy neutrinos at the LHC with a VBF trigger. Eur. Phys. J. C
80, 642 (2020). https://doi.org/10.1140/epjc/s10052-020-8188-z.
arXiv:1912.08206 [hep-ph]

27. G. Magill, R. Plestid, M. Pospelov, Y.-D. Tsai, Dipole portal to
heavy neutral leptons. Phys. Rev. D 98, 115015 (2018). https://doi.
org/10.1103/PhysRevD.98.115015. arXiv:1803.03262 [hep-ph]

28. A. Atre, T. Han, S. Pascoli, B. Zhang, The search for heavy Majo-
rana neutrinos. JHEP 0905, 030 (2009). https://doi.org/10.1088/
1126-6708/2009/05/030. arXiv:0901.3589 [hep-ph]

29. L. Duarte, J. Peressutti, O.A. Sampayo, Majorana neutrino decay in
an effective approach. Phys. Rev. D 92, 093002 (2015). https://doi.
org/10.1103/PhysRevD.92.093002. arXiv:1508.01588 [hep-ph]

30. L. Duarte, I. Romero, J. Peressutti, O.A. Sampayo, Effective Majo-
rana neutrino decay. Eur. Phys. J. C 76, 453 (2016). https://doi.org/
10.1140/epjc/s10052-016-4301-8. arXiv:1603.08052 [hep-ph]

31. J. Peressutti, I. Romero, O.A. Sampayo, Majorana neutrinos
production at NLC in an effective approach. Phys. Rev. D
84, 113002 (2011). https://doi.org/10.1103/PhysRevD.84.113002.
arXiv:1110.0959 [hep-ph]

32. J. Peressutti, O.A. Sampayo, Majorana neutrinos in e γ colliders
from an effective Lagrangian approach. Phys. Rev. D 90, 013003
(2014). https://doi.org/10.1103/PhysRevD.90.013003

33. L. Duarte, G.A. González-Sprinberg, O.A. Sampayo, Majorana
neutrinos production at LHeC in an effective approach. Phys.
Rev. D 91, 053007 (2015). https://doi.org/10.1103/PhysRevD.91.
053007. arXiv:1412.1433 [hep-ph]

34. L. Duarte, G. Zapata, O.A. Sampayo, Angular and polarization
trails from effective interactions of Majorana neutrinos at the
LHeC. Eur. Phys. J. C 78, 352 (2018). https://doi.org/10.1140/
epjc/s10052-018-5833-x. arXiv:1802.07620 [hep-ph]

35. L. Duarte, G. Zapata, O.A. Sampayo, Final taus and ini-
tial state polarization signatures from effective interactions of
Majorana neutrinos at future e+e− colliders. Eur. Phys. J. C
79, 240 (2019). https://doi.org/10.1140/epjc/s10052-019-6734-3.
arXiv:1812.01154 [hep-ph]

36. L. Duarte, J. Peressutti, O.A. Sampayo, Not-that-heavy Majorana
neutrino signals at the LHC. J. Phys. G 45, 025001 (2018). https://
doi.org/10.1088/1361-6471/aa99f5. arXiv:1610.03894 [hep-ph]

37. L. Duarte, J. Peressutti, I. Romero, O.A. Sampayo, Majorana neu-
trinos with effective interactions in B decays. Eur. Phys. J. C
79, 593 (2019). https://doi.org/10.1140/epjc/s10052-019-7104-x.
arXiv:1904.07175 [hep-ph]

38. L. Duarte, G. Zapata, O. Sampayo, Angular and polarization
observables for Majorana-mediated B decays with effective inter-
actions. Eur. Phys. J. C 80, 896 (2020). https://doi.org/10.1140/
epjc/s10052-020-08471-0. arXiv:2006.11216 [hep-ph]

39. T. Behnke, J.E. Brau, B. Foster, J. Fuster, M. Harrison, J.M. Pater-
son, M. Peskin, M. Stanitzki, N. Walker, H. Yamamoto, The inter-
national linear collider technical design report—volume 1: execu-
tive summary (2013). arXiv:1306.6327 [physics.acc-ph]

40. A. Abada et al. (FCC), FCC-ee: the lepton collider: future circular
collider conceptual design report volume 2. Eur. Phys. J. ST 228,
261 (2019). https://doi.org/10.1140/epjst/e2019-900045-4

41. M. Dong et al. (CEPC Study Group), CEPC conceptual design
report: volume 2—physics & detector (2018). arXiv:1811.10545
[hep-ex]

42. D. Barducci, E. Bertuzzo, A. Caputo, P. Hernandez, Minimal flavor
violation in the see-saw portal. JHEP 06, 185 (2020). https://doi.
org/10.1007/JHEP06(2020)185. arXiv:2003.08391 [hep-ph]

43. P. Hernández, J. Jones-Pérez, O. Suarez-Navarro, Majorana
vs pseudo-Dirac neutrinos at the ILC. Eur. Phys. J. C
79, 220 (2019). https://doi.org/10.1140/epjc/s10052-019-6728-1.
arXiv:1810.07210 [hep-ph]

44. A. Das, S. Jana, S. Mandal, S. Nandi, Probing right handed neutri-
nos at the LHeC and lepton colliders using fat jet signatures. Phys.
Rev. D 99, 055030 (2019). https://doi.org/10.1103/PhysRevD.99.
055030. arXiv:1811.04291 [hep-ph]

45. S. Chakraborty, M. Mitra, S. Shil, Fat jet signature of a heavy neu-
trino at lepton collider. Phys. Rev. D 100, 015012 (2019). https://
doi.org/10.1103/PhysRevD.100.015012. arXiv:1810.08970 [hep-
ph]

46. Y. Zhang, B. Zhang, A potential scenario for Majorana neutrino
detection at future lepton colliders. JHEP 02, 175 (2019). https://
doi.org/10.1007/JHEP02(2019)175. arXiv:1805.09520 [hep-ph]

47. W. Liao, X.-H. Wu, Signature of heavy sterile neutrinos at
CEPC. Phys. Rev. D 97, 055005 (2018). https://doi.org/10.1103/
PhysRevD.97.055005. arXiv:1710.09266 [hep-ph]

48. C.-X. Yue, Y.-C. Guo, Z.-H. Zhao, Majorana neutrino signals at
Belle-II and ILC. Nucl. Phys. B 925, 186 (2017). https://doi.org/
10.1016/j.nuclphysb.2017.10.009. arXiv:1710.06144 [hep-ph]

49. S.S. Biswal, P.S.B. Dev, Probing left-right seesaw models
using beam polarization at an e+e− collider. Phys. Rev. D
95, 115031 (2017). https://doi.org/10.1103/PhysRevD.95.115031.
arXiv:1701.08751 [hep-ph]

50. S. Antusch, E. Cazzato, O. Fischer, Sterile neutrino
searches at future e−e+, pp, and e− p colliders. Int. J.
Mod. Phys. A 32, 1750078 (2017). https://doi.org/10.1142/
S0217751X17500786.arXiv:1612.02728 [hep-ph]

51. S. Antusch, O. Fischer, Testing sterile neutrino extensions of
the standard model at the circular electron positron collider. Int.
J. Mod. Phys. A 30, 1544004 (2015). https://doi.org/10.1142/
S0217751X15440042

52. S. Antusch, O. Fischer, Testing sterile neutrino exten-
sions of the Standard Model at future lepton colliders.
JHEP 05, 053 (2015). https://doi.org/10.1007/JHEP05(2015)053.
arXiv:1502.05915 [hep-ph]

53. S. Banerjee, P.S.B. Dev, A. Ibarra, T. Mandal, M. Mitra, Prospects
of heavy neutrino searches at future lepton colliders. Phys. Rev. D
92, 075002 (2015). https://doi.org/10.1103/PhysRevD.92.075002.
arXiv:1503.05491 [hep-ph]

54. A. Blondel, E. Graverini, N. Serra, M. Shaposhnikov (FCC-ee
study Team), in Proceedings, 37th International Conference on
High Energy Physics (ICHEP 2014): Valencia, Spain, July 2–
9, 2014. Nuclear and Particle Physics Proceedings, vol. 273–
275 (2016), p. 1883. https://doi.org/10.1016/j.nuclphysbps.2015.
09.304. arXiv:1411.5230 [hep-ex]

55. S.T. Petcov, Possible signature for production of Majorana particles
in e+e− and p p̄ collisions. Phys. Lett. B 139, 421 (1984). https://
doi.org/10.1016/0370-2693(84)91844-6

56. S.M. Bilenky, E.K. Khristova, N.P. Nedelcheva, Possible tests for
Majorana nature of heavy neutral fermions produced in polarized
e+e− collisions. Bulg. J. Phys. 13, 283 (1986)

123

https://doi.org/10.1007/JHEP03(2021)148
http://arxiv.org/abs/2010.07305
https://doi.org/10.1007/JHEP08(2021)103
http://arxiv.org/abs/2105.11462
https://doi.org/10.1007/JHEP04
https://doi.org/10.1007/JHEP09(2021)039
http://arxiv.org/abs/2105.13851
https://doi.org/10.1007/JHEP01(2022)044
http://arxiv.org/abs/2110.15096
https://doi.org/10.1140/epjc/s10052-020-8188-z
http://arxiv.org/abs/1912.08206
https://doi.org/10.1103/PhysRevD.98.115015
https://doi.org/10.1103/PhysRevD.98.115015
http://arxiv.org/abs/1803.03262
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
http://arxiv.org/abs/0901.3589
https://doi.org/10.1103/PhysRevD.92.093002
https://doi.org/10.1103/PhysRevD.92.093002
http://arxiv.org/abs/1508.01588
https://doi.org/10.1140/epjc/s10052-016-4301-8
https://doi.org/10.1140/epjc/s10052-016-4301-8
http://arxiv.org/abs/1603.08052
https://doi.org/10.1103/PhysRevD.84.113002
http://arxiv.org/abs/1110.0959
https://doi.org/10.1103/PhysRevD.90.013003
https://doi.org/10.1103/PhysRevD.91.053007
https://doi.org/10.1103/PhysRevD.91.053007
http://arxiv.org/abs/1412.1433
https://doi.org/10.1140/epjc/s10052-018-5833-x
https://doi.org/10.1140/epjc/s10052-018-5833-x
http://arxiv.org/abs/1802.07620
https://doi.org/10.1140/epjc/s10052-019-6734-3
http://arxiv.org/abs/1812.01154
https://doi.org/10.1088/1361-6471/aa99f5
https://doi.org/10.1088/1361-6471/aa99f5
http://arxiv.org/abs/1610.03894
https://doi.org/10.1140/epjc/s10052-019-7104-x
http://arxiv.org/abs/1904.07175
https://doi.org/10.1140/epjc/s10052-020-08471-0
https://doi.org/10.1140/epjc/s10052-020-08471-0
http://arxiv.org/abs/2006.11216
http://arxiv.org/abs/1306.6327
https://doi.org/10.1140/epjst/e2019-900045-4
http://arxiv.org/abs/1811.10545
https://doi.org/10.1007/JHEP06(2020)185
https://doi.org/10.1007/JHEP06(2020)185
http://arxiv.org/abs/2003.08391
https://doi.org/10.1140/epjc/s10052-019-6728-1
http://arxiv.org/abs/1810.07210
https://doi.org/10.1103/PhysRevD.99.055030
https://doi.org/10.1103/PhysRevD.99.055030
http://arxiv.org/abs/1811.04291
https://doi.org/10.1103/PhysRevD.100.015012
https://doi.org/10.1103/PhysRevD.100.015012
http://arxiv.org/abs/1810.08970
https://doi.org/10.1007/JHEP02(2019)175
https://doi.org/10.1007/JHEP02(2019)175
http://arxiv.org/abs/1805.09520
https://doi.org/10.1103/PhysRevD.97.055005
https://doi.org/10.1103/PhysRevD.97.055005
http://arxiv.org/abs/1710.09266
https://doi.org/10.1016/j.nuclphysb.2017.10.009
https://doi.org/10.1016/j.nuclphysb.2017.10.009
http://arxiv.org/abs/1710.06144
https://doi.org/10.1103/PhysRevD.95.115031
http://arxiv.org/abs/1701.08751
https://doi.org/10.1142/S0217751X17500786
https://doi.org/10.1142/S0217751X17500786
https://doi.org/10.1142/S0217751X15440042
https://doi.org/10.1142/S0217751X15440042
https://doi.org/10.1007/JHEP05(2015)053
http://arxiv.org/abs/1502.05915
https://doi.org/10.1103/PhysRevD.92.075002
http://arxiv.org/abs/1503.05491
https://doi.org/10.1016/j.nuclphysbps.2015.09.304
https://doi.org/10.1016/j.nuclphysbps.2015.09.304
http://arxiv.org/abs/1411.5230
https://doi.org/10.1016/0370-2693(84)91844-6
https://doi.org/10.1016/0370-2693(84)91844-6


544 Page 12 of 12 Eur. Phys. J. C (2022) 82 :544

57. A. Hofer, L. Sehgal, Pair production and correlated decay
of heavy Majorana neutrinos in e+ e− collisions. Phys. Rev.
D 54, 1944 (1996). https://doi.org/10.1103/PhysRevD.54.1944.
arXiv:hep-ph/9603240

58. G. Cvetic, C. Kim, C. Kim, Heavy Majorana neutrinos at e+ e−
colliders. Phys. Rev. Lett. 82, 4761 (1999). https://doi.org/10.1103/
PhysRevLett.82.4761. arXiv:hep-ph/9812525

59. J. Wudka, A short course in effective Lagrangians. AIP
Conf. Proc. 531, 81 (2000). https://doi.org/10.1063/1.1315034.
arXiv:hep-ph/0002180

60. S. Weinberg, Baryon and lepton nonconserving processes. Phys.
Rev. Lett. 43, 1566 (1979). https://doi.org/10.1103/PhysRevLett.
43.1566

61. M.L. Graesser, Broadening the Higgs boson with right-handed
neutrinos and a higher dimension operator at the electroweak
scale. Phys. Rev. D 76, 075006 (2007). https://doi.org/10.1103/
PhysRevD.76.075006. arXiv:0704.0438 [hep-ph]

62. C. Arzt, M. Einhorn, J. Wudka, Patterns of deviation from the stan-
dard model. Nucl. Phys. B 433, 41 (1995). https://doi.org/10.1016/
0550-3213(94)00336-D. arXiv:hep-ph/9405214

63. A. Alloul, N.D. Christensen, C. Degrande, C. Duhr, B. Fuks,
FeynRules 2.0—a complete toolbox for tree-level phenomenol-
ogy. Comput. Phys. Commun. 185, 2250 (2014). https://doi.org/
10.1016/j.cpc.2014.04.012. arXiv:1310.1921 [hep-ph]

64. C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,
T. Reiter, UFO—the universal FeynRules output. Comput. Phys.
Commun. 183, 1201 (2012). https://doi.org/10.1016/j.cpc.2012.
01.022. arXiv:1108.2040 [hep-ph]

65. J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mat-
telaer, H.S. Shao, T. Stelzer, P. Torrielli, M. Zaro, The automated
computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations.
JHEP 07, 079 (2014). https://doi.org/10.1007/JHEP07(2014)079.
arXiv:1405.0301 [hep-ph]

66. J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, Mad-
Graph 5: going beyond. JHEP 06, 128 (2011). https://doi.org/10.
1007/JHEP06(2011)128. arXiv:1106.0522 [hep-ph]

67. A.M. Sirunyan et al. (CMS), Search for heavy neutral leptons in
events with three charged leptons in proton–proton collisions at√
s = 13 TeV. Phys. Rev. Lett. 120, 221801 (2018). https://doi.org/

10.1103/PhysRevLett.120.221801. arXiv:1802.02965 [hep-ex]

68. A. Gando et al. (KamLAND-Zen), Search for Majorana neutrinos
near the inverted mass hierarchy region with KamLAND-Zen. Rev.
Lett. 117, 082503 (2016). https://doi.org/10.1103/PhysRevLett.
117.109903. arXiv:1605.02889 [hep-ex]. [Addendum: Phys. Rev.
Lett. 117(10), 109903 (2016)]

69. D. d’Enterria, in Proceedings, 17th Lomonosov Conference
on Elementary Particle Physics: Moscow, Russia, August
20–26, 2015 (2017), pp. 182–191. https://doi.org/10.1142/
9789813224568_0028. arXiv:1602.05043 [hep-ex]

70. CEPC conceptual design report (2018). arXiv:1809.00285
[physics.acc-ph]

71. H. Baer, T. Barklow, K. Fujii, Y. Gao, A. Hoang, S. Kanemura, J.
List, H.E. Logan, A. Nomerotski, M. Perelstein et al., The interna-
tional linear collider technical design report—volume 2: physics
(2013). arXiv:1306.6352 [hep-ph]

72. T. Sjöstrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten,
S. Mrenna, S. Prestel, C.O. Rasmussen, P.Z. Skands, An introduc-
tion to PYTHIA 8.2. Comput. Phys. Commun. 191, 159 (2015).
https://doi.org/10.1016/j.cpc.2015.01.024

73. J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lemaître,
A. Mertens, M. Selvaggi (DELPHES 3), DELPHES 3, a modular
framework for fast simulation of a generic collider experiment.
JHEP 02, 057 (2014). https://doi.org/10.1007/JHEP02(2014)057.
arXiv:1307.6346 [hep-ex]

74. C.T. Potter, in International workshop on future linear colliders
(2016). arXiv:1602.07748 [hep-ph]

75. E. Conte, B. Fuks, G. Serret, MadAnalysis 5, a user-friendly
framework for collider phenomenology. Comput. Phys. Com-
mun. 184, 222 (2013). https://doi.org/10.1016/j.cpc.2012.09.009.
arXiv:1206.1599 [hep-ph]

123

https://doi.org/10.1103/PhysRevD.54.1944
http://arxiv.org/abs/hep-ph/9603240
https://doi.org/10.1103/PhysRevLett.82.4761
https://doi.org/10.1103/PhysRevLett.82.4761
http://arxiv.org/abs/hep-ph/9812525
https://doi.org/10.1063/1.1315034
http://arxiv.org/abs/hep-ph/0002180
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevD.76.075006
https://doi.org/10.1103/PhysRevD.76.075006
http://arxiv.org/abs/0704.0438
https://doi.org/10.1016/0550-3213(94)00336-D
https://doi.org/10.1016/0550-3213(94)00336-D
http://arxiv.org/abs/hep-ph/9405214
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
http://arxiv.org/abs/1310.1921
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2012.01.022
http://arxiv.org/abs/1108.2040
https://doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
https://doi.org/10.1103/PhysRevLett.120.221801
https://doi.org/10.1103/PhysRevLett.120.221801
http://arxiv.org/abs/1802.02965
https://doi.org/10.1103/PhysRevLett.117.109903
https://doi.org/10.1103/PhysRevLett.117.109903
http://arxiv.org/abs/1605.02889
https://doi.org/10.1142/9789813224568_0028
https://doi.org/10.1142/9789813224568_0028
http://arxiv.org/abs/1602.05043
http://arxiv.org/abs/1809.00285
http://arxiv.org/abs/1306.6352
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1007/JHEP02(2014)057
http://arxiv.org/abs/1307.6346
http://arxiv.org/abs/1602.07748
https://doi.org/10.1016/j.cpc.2012.09.009
http://arxiv.org/abs/1206.1599

	Lepton collider probes for Majorana neutrino effective interactions
	Abstract 
	1 Introduction
	2 Effective interactions formalism
	2.1 Model implementation
	2.2 Constraints on effective couplings

	3 Collider analysis
	3.1 Leptonic channel
	3.2 Semi-leptonic channel

	4 Summary
	Acknowledgements
	References




