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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 phenomenology in current and future experiments. We exploit the outstanding an-

gular 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 vectorial

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 products. We find that a forward-backward asymmetry between

the final muons in the pure leptonic decay mode provides a sensitivity up to 12σ formN = 100 GeV,

for effective couplings α = 0.2 and new physics scale Λ = 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.

∗Electronic address: sampayo@mdp.edu.ar
†Electronic address: lucia@fisica.edu.uy
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I. INTRODUCTION.

The simplest Standard Model (SM) extensions that can account for light neutrino

massses, and hence the neutrino oscillations 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. These are weakly coupled fields possibly at the elec-

troweak (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) includ-

ing 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 dimension d = 9 [6–10]. On the other hand, approaches like the so called neutrino non

standard interactions (NSI) and general neutrino interactions (GNI) are incorporating right-

handed neutrinos to 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 getting attention, since the naive

seesaw heavy N production rates and decay widths can be challenged by the effective inter-

actions, leading to a variety of signals that can be studied at the LHC and different colliders

[15–24].

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 neglect the effect of the renormalizable

Yukawa lagrangian termNLφ that gives place to the heavy-active neutrino mixings UlN , as it

is strongly constrained not only by the naive seesaw relation U2
lN ∼ mν/MN ∼ 10−14−10−10

required to account for the light ν masses [25], but also by experimental constraints. Our

previous works involved the Majorana N decays [26, 27], surveyed its production signals in

colliders for masses mN above the EW-scale [28–32] focusing on lepton number violating

(LNV) processes, and in the order mN = 1− 10 GeV scale, where its decay is dominated by

the N → νγ channel [33], and can be produced in the decays of B mesons [34, 35].

The search for EW scale massive neutrino states N is among the goals of future e+e−

1 Also called NRSMEFT and νRSMEFT in the literature.
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colliders, as they provide a clean environment with lower SM backgrounds compared to an

hadronic machine. The literature regarding the use of lepton colliders in past, existing and

proposed experiments like the linear ILC [36] or circular colliders like the FCC-ee [37] and

the CEPC [38] to study the production of heavy neutrinos is very extensive [39–51].

In this article we want to exploit the remarkable angular 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 analyse 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 [22, 33] in the lower mass regime, revisiting the study of angular

observables in heavy neutral particles phenomenology known since the LEP era [52–55]. 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 Sec.IA we describe the SMNEFT formalism, and

its FeynRules implementation in Sec. I B. We discuss the signals features in Sec. I C, and

present our collider analysis and results in Sec. II, closing with a summary in Sec. III.

A. Effective interactions formalism.

The SM lagrangian is extended with only one right-handed neutrino NR with a Majorana

mass term, which gives a massive state N as an observable degree of freedom. The new

physics effects are parameterized by a set of effective operators OJ constructed with the

SM and the NR fields and satisfying the SU(2)L ⊗ U(1)Y gauge symmetry [6, 8, 56]. The

effect of these operators is suppressed by inverse powers of the new physics scale Λ. The

total lagrangian2 is organized as follows:

L = LSM +
∞∑
d=5

1

Λd−4

∑
J

αJOdJ (1)

where d is the mass dimension of the operator OdJ , αJ are the effective couplings and the

sum in J goes over all independent interactions at a given dimension d.

2 Note that we do not include the Type-I seesaw lagrangian terms giving the Majorana and Yukawa terms
for the sterile neutrinos.
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Operator Notation Type Coupling Operator Notation Type Coupling

(φ†φ)(L̄iNφ̃) O(i)
LNφ S α

(i)
φ

i(φT εDµφ)(N̄γµli) O(i)
Nlφ V α

(i)
W i(φ†

←→
Dµφ)(N̄γµN) ONNφ V αZ

(N̄γµli)(d̄jγ
µuj) O(i,j)

duNl V α
(i,j)
V0

(N̄γµN)(f̄iγ
µfi) O(i)

fNN V α
(i)
Vf

(Q̄iui)(N̄Lj) O(i,j)
QuNL S α

(i,j)
S1

(L̄iN)ε(L̄jlj) O(i,j)
LNLl S α

(i,j)
S0

(L̄iN)ε(Q̄jdj) O(i,j)
LNQd S α

(i,j)
S2

(Q̄iN)ε(L̄j , dj) O(i,j)
QNLd S α

(i,j)
S3

(L̄iσ
µντ IN)φ̃W I

µν O(i)
NW T α

(i)
NW (L̄iσ

µνN)φ̃Bµν O(i)
NB T α

(i)
NB

TABLE I: Basis of dimension d = 6 baryon (and lepton) number conserving 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, Bµν and W I
µν represent the U(1)Y and SU(2)L field strengths respectively.

Also σµν is the Dirac tensor, γµ are the Dirac matrices, and ε = iσ2 is the anti symmetric symbol

in two dimensions. Types V, S and T stand for scalar, vectorial and tensorial (one-loop level

generated) structures.

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) [57] which

contributes to the light neutrino masses, ONφ = (N̄N c)(φ†φ) which gives Majorana masses

and couplings of the heavy neutrinos to the Higgs (its LHC phenomenology has been studied

in [15, 17, 23, 39, 58]), and the operator O(5)
NB = (N̄σµνN

c)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 contribute 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 Tab.I. The effective operators above

can be classified by their Dirac-Lorentz structure into scalar, vectorial and tensorial. The

couplings of the tensorial operators are naturally suppressed by a loop factor 1/(16π2), as

they are generated at one-loop level in the UV complete theory [6, 59].
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B. 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[60], which generates UFO files [61] as output, which we then couple to

MadGraph5_aMC@NLO 2.5.5 [62, 63].

We implement the effective interactions in the FeynRulesmodel 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 [62], Madgraph5 can not handle Majorana fermions in operators with more

than two fermions. We have circumvented this problem by implementing some particular

renormalizable 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 fields dynamics so we set their masses and decay

widths in order to reproduce the behavior we already studied thoroughly for these effective

interactions, in particular the decays of the N [26, 27] and its production cross section in

2-2 scattering in different collider environments [31–33].

The operators leading to effective lagrangian terms which only involve at most two

fermions can be implemented directly in FeynRules. They are those on the first two rows

of Tab.I, which parameterize interactions of the N with the standard vector bosons and the

Higgs field and the last row involving tensorial interactions. However, the four-fermion oper-

ators in the third and fourth groups in Tab.I 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 me-

diation of an auxiliary neutral vector boson V0 with the lagrangian terms N̄γµPRli V0i and

ūjγ
µPRdj V0j , which is integrated out numerically by setting 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 coupling α(i, j)duNl in flavour space,

which allows us to choose between flavour-diagonal or non-diagonal interactions.

The scalar mediated four-fermion operators OLNLl, OQuNL and OLNQd each lead to two

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

the case of OLNLl we include the lagrangian terms νiPRNS0i and ljPRljS0j to generate the

first term in the second row of eq.(2), and the terms liPRNSP0i and νiPRliSP0j to generate

the second. We also include for them 3 × 3 matrix couplings in flavour space α(i, j)LNLl,

α(i, j)QuNl and α(i, j)LNQd which let us choose flavour-diagonal or non-diagonal interactions.

The operator OQNLd mixes explicitly 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 ūPRNSU − d̄PRNSD and l̄PRdSU + 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 flavour on the four-fermion vertex, or the

flavour of the fermion line, the former is the option written in eq.(2).

The vectorial operators involving two N fields OfNN are implemented with the mediation

of auxiliary massive neutral vector fields Vf (this is done separately for each interaction with

a fermion f = l, u, d, L, Q). We write lagrangian terms 1
2
Nγµγ5N Vf and f̄γµPRf Vf ,

which are coupled to generate four-fermion vertices given byOfNN in Tab. I. These operators

do not contribute to the processes studied in this work, neither to the N decay, so we do

not consider them further. For another implementation of the leptoquark and vector four-

fermion interactions see Ref. [21].

We have checked that our model implementation reproduces our previous results for theN

decay width, in every channel [26, 27], and also the cross sections for every 2-2 four-fermion

scattering involving one N field.

1. Constraints on effective couplings

Recent works on right-handed effective neutrino interactions (SMNEFT), including di-

mension 6 operators have derived constraints on the different effective couplings values αJ ,

or alternatively on the new physics scale Λ. Most constraints are valid for Majorana mN

masses below the benchmark points we consider in this work: mN = 50, 100, 150 GeV.

Reference [16] sets bounds on four-fermion effective couplings with one and two N fields,

obtaining values below unity for Λ = 1 TeV and masses mN . 1 GeV. Reference [18] studies

the SMNEFT includying also Type I seesaw mixings for the N with SM light neutrinos.
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They study the mass regime in which the decay channel N → νγ is dominant, for mN . 10

GeV. More recently, in Ref. [22], the authors obtain exclusion limits for the sensitivity reach

in themN−Λ plane discarding the heavy-light mixings and using effective operators with one

N , also for masses mN below 50 GeV, proposing a displaced-vertex search strategy for the

high luminosity LHC. Also, the authors in Ref. [21] study operators with two N fields and

Type I seesaw mixings, showing sensitivity reaches in the mN − Λ 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 displaced 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 effective 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 for mN < 5 GeV [34].

For this work we do take into account existing constraints [64] on the operators contribut-

ing to neutrinoless double beta decay (0νββ-decay) following the treatment in Ref. [27] and

we set the bound α0νββ = 3.2 × 10−2
(

mN

100GeV

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

O(1)
LNφ, O

(1,1)
duNl, O

(1,1)
QuNL, O

(1,1)
LNQd, O

(1,1)
QNLd operators. These appear as contributions to the ΓN

total width, and to the N production vertex in the considered processes. We do not impose

constraints on the other effective operators.

C. Signals

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 by the non-observation of the neutrinoless double

beta decay, as discussed in Sec.I B.

We start by studying the pure leptonic process e+e− → νµ−µ+ν, where the MajoranaN 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 (II) to a di-muon pair and a light neutrino involves the contributions of

the operators O(2,2)
LNLl and O

(2)
Nlφ, now for the second family flavour.
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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.

Also, we 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 (II) now involves the contributions of the vector four-fermion

operator O(2,i)
duNl together with the vector O(2)

Nlφ and the scalars O(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 la-

grangian terms involved in those processes:

L =
1

Λ2

∑
i,j

{
− α(i)

W

v mW√
2

liγ
νPRN W−

µ + α
(i,j)
V0

ujγ
νPRdj liγνPRN

+α
(i,j)
S0

(ν̄iPRN ljPRlj − νjPRlj liPRN) + α
(i,j)
S1

(ujPLdj liPRN + ujPLuj νiPRN)

+α
(i,j)
S2

(djPRdj νiPRN − ujPRdj liPRN) + α
(i,j)
S3

(uiPRN ljPRdi − diPRN νjPRdi)

+h.c.
}
. (2)

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

σ(e+e− → νN) =
(m2

N − s)2

8πΛ4s

{
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 Ap-

pendix B in [27].

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
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evidence for the Majorana N production. The dominant SM backgrounds for both processes

are events that come fromW−W+ production, with bothW decaying leptonically in the first

case [40], and the W+ decaying hadronically in the second [44]. As our signals include the

N → µ−W+ channel given by the O(2)
Nlφ contribution, we cannot rely either on the invariant

mass distribution of the jet pair, or the transverse mass of the νµ+ pair to impose cuts.

Alternatively, we will rely on the signal topology and kinematics, 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.

II. COLLIDER ANALYSIS

The proposed signals can be studied in future lepton colliders like the linear ILC [36]

or circular colliders like the FCC-ee [65] and the CEPC [66]. For concreteness, throughout

the paper we will consider an e+e− collider with center of mass energy
√
s = 500 GeV and

integrated luminosity L = 500 fb−1 for estimating the numbers of events. These values

correspond to one of the proposed ILC operation modes [67].

In order to study the prospects of measuring the single N production with pure leptonic

and semi-leptonic decays we have implemented the effective interactions model in FeynRules

2.3 [60], as described in Sec.I B. The UFO output [61] was input into MadGraph5_aMC@NLO

2.5.5 [62, 63], and we generate LHE events at parton level, which are read by the em-

bedded version of PYTHIA 8 [68], and then are interphased to Delphes 3.5.0 [69] with the

DSiDi card [70] 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 [71].

For concreteness, we explore a few benchmark scenarios, and simplify the parameter space

setting all the effective couplings αJ in eq. (1) and Tab.I 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 sec. I B). We also fix the new physics scale Λ = 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 =

10
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mN [GeV]
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α = 0.3
α = 0.2
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SM
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(a)

σ 
[p
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0,29

0,3

0,31

mN [GeV]
50 100 150 200 250 300 350 400

α = 0.3
α = 0.2
α = 0.1
SM

e+e- → ν μ- j j

(b)

FIG. 2: Parton-level cross sections for the pure leptonic (a) and semi-leptonic (b)

processes, with acceptance cuts (see text).

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 pjT > 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 Tab.II for

the pure-leptonic and Tab.III for the semi-leptonic processes.

In Fig.2 we show the parton-level cross section values we obtain for both processes,

generating signal plus background (S+B) events datasets with different values of the effective

couplings α, together with the SM background-only (B) values. For mN near 120 GeV, we

find an enhancement of the signal cross section, due to the contribution of the O(i)
Nlφ operator

to the N production and decay when the W is on-shell.
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ΔR
 μ

μ

0,5

1

1,5

2

2,5

E(μ- + μ+) [GeV]
50 100 150 200 250

e+e- → ν μ- μ+ ν
α = 0.2, signal only

mN = 150 GeV
mN = 100 GeV
mN = 50 GeV

(a)

A F
B μ

μ

−0,5

0

0,5

1

E(μ- + μ+) [GeV]
50 100 150 200 250

e+e- → ν μ- μ+ ν
α = 0.2, signal only

mN = 150 GeV
mN = 100 GeV
mN = 50 GeV

(b)

FIG. 3: ∆Rµµ (a) and AFBµµ (b) distributions with Eµµ, signal-only (S) no cuts.

1. Leptonic channel

For the pure leptonic mode, with two light neutrinos in the final state, we exploit the

precision in measurements of the muons 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 = E(µ−+µ+) and the intermediate N mass mN is shown in Fig.3a,

where 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 ∆R diminishes.

In order to analyse this behaviour more precisely, we consider a forward-backward asym-

metry AFBµµ between the flight directions of the outgoing muon and anti-muon, for different

values of their summed energies Eµµ. We thus define:

AFBµµ =
N+ −N−
N+ +N−

, (4)

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

We plot AFBµµ (Eµµ) for signal-only (S) events in Fig.3b, for the same benchmark mass values

and couplings, confirming the aforementioned behaviour: for low N mass the muons are

boosted and emerge in the same direction (AFBµµ = 1) and tend to separate (AFBµµ < 1) even

coming out mostly in opposite directions (AFBµµ < 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 signals-only kinematical behaviour, we explore the possibility

to use this forward-backward asymmetry to separate the events in the realistic dataset

generated 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 different

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 Tab.II.

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 applying

the MET an Eµµ cuts, we want to test the possibility to discover 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+Bµµ ) and background-only (ABµµ) data sets for the asymmetry values.

We build a ∆χ2 function as

∆χ2 =
∑
Ei

(
AS+Bµµ (Ei)− ABµµ(Ei,mN , α)

)2(
(∆AS+Bµµ )2 + (∆ABµµ)2

) , (5)

where Ei = Eµµ, the muons summed energy bins shown in Fig.3 and Fig.4. We sum in

quadrature the error on the number of events for both asymmetry values in each summed

energy bin, (∆ABµµ)2 + (∆AS+Bµµ )2, which are taken to be Poisson distributed.

In Fig.4b we show the values and error bars of the asymmetry AS+Bµµ and ABµµ in Eµµ
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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

TABLE II: e+e− → νµ−µ+ν (pure-leptonic). Number of events for signal-only (S), signal and

SM background (S+B, generated with interference) and SM background (B), for
√
s = 500 GeV,

L=500fb−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.

bins, for distinct mN values and for α = 0.2. The label shows the value Z of the number 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, as can be seen in Fig.2a.

We find this lower mass value could be resolved with Z = 8 for couplings α = 0.25 using

the same MET and Eµµ cuts.

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 AFBjµ between the flight directions 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. 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 then 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 transverse mass (MT) of the missing transverse energy
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FIG. 4: Number of events (a) and AFBµµ (b) distributions with Eµµ, for α = 0.2, Λ = 1TeV,
√
s = 500 GeV, L = 500 fb−1.

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

TABLE III: e+e− → νµ−jj (semi-leptonic). Number of events for signal-only (S), signal and SM

background (S+B, generated with interference) and SM background (B), for
√
s = 500 GeV,

L=500fb−1. Muon cut: one muon in 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.

(MET)- muon system: MT-MET(µ) 4 for the reconstructed events can help to separate the

signal from the SM background. We show the number of events distribution with the MT-

MET(µ) variable for the signals (S) and the SM background (B) in Fig.5a. We find a cut

selecting events with MT-MET(µ)>85 GeV keeps more than 70% of the events for the three

4 The transverse mass variable of the muon-missing transverse energy system is defined as MT-MET(µ)=√
2pµT p

miss
T [1− cos(∆φ( ~pµT ,

~pmissT )], we use the name given in MadAnalysis5.
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mN signal datasets, while keeping 9% of the SM (B) events. The cutflow is shown in Tab.III.

After applying these cuts, we plot the distribution of the asymmetry AFBjµ for muon energy

bins Eµ in Fig.5b. As expected, the asymmetry values tend to AFBjµ = −1 for increasing

muon energy, both for the SM and the effective signals, reflecting the fact that the light

neutrino in the N production vertex and the final muon are back-to-back when there is less

phase space available. For lower muon energy, the signals give a positive contribution to the

asymmetry, because the N is less boosted and there are events with the muon and missing

energy coming out in the same direction. This effect grows with the N mass mN .

We find the generated signal plus background (S+B) datasets for mN = 100 GeV and

mN = 150 GeV with couplings 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 separated with the use of the asymmetry, again due to the lower cross section

for this signal, as found in Fig.2b.
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 jμ

−1

−0,5

0

0,5

E(μ-) [GeV]
50 100 150 200 250

e+e- → ν μ- j j, α = 0.2

mN = 150 GeV, Z = 12.64
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MT_MET(μ-) > 85 GeV

(b)

FIG. 5: Number of events distribution with MT-MET(µ) variable (a) and AFBjµ

distribution with Eµ for signal plus background (S+B) and SM background-only (B)

events for α = 0.2, Λ = 1TeV,
√
s = 500 GeV, L = 500 fb−1.

III. SUMMARY

The effective field theory extending the standard model with sterile right-handed neu-

trinos NR (SMNEFT) parametrizes new high-scale weakly coupled physics in a model in-
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dependent manner, allowing for a systematic study of their phenomenology in current and

future experiments. We consider massive Majorana neutrinos coupled to ordinary matter by

dimension 6 effective operators, focusing on a simplified scenario with only one right-handed

neutrino added, which provides us with a manageable parameter space to probe. We im-

plement the effective interactions, which include four-fermion operators with the Majorana

N field in FeynRules, and make them suitable for simulation with MadGraph5 introduc-

ing renormalizable UV-interactions with mediators which are integrated out numerically in

order to reproduce the low-energy SMNEFT behaviour.

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.

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 imple-

menting 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 signal 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 Λ = 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 to put bounds on

four-fermion effective operators for a higher mN mass regime, complementary to proposed

displaced vertices searches.
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