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Abstract
The observation of neutrino oscillations and masses motivates extensions of the Standard Model

containing right-handed neutrinos. If additional new physics exists at scales beyond the direct

reach of present experiments, its effects can be systematically described within the neutrino Stan-

dard Model Effective Field Theory (νSMEFT). In this framework, heavy neutral leptons provide a

promising target for collider searches. In this work, we reinterpret a CMS search for heavy Majo-

rana neutrinos in the same-sign dimuon plus two jets final state to constrain the parameter space of

the dimension-six νSMEFT. Using a detailed recast of the experimental analysis, we present results

for both a pure-agnostic benchmark and a benchmark incorporating neutrinoless double-beta-decay

bounds. For heavy-neutrino masses in the range 200 GeV ≤ mN ≤ 15 TeV, the observed upper

limits on the effective coupling strength range from 5.8× 10−7GeV−2 to 2.3× 10−6GeV−2. These

results constitute the first experimental exclusion limits on the agnostic νSMEFT parameter space

obtained from a dedicated recast of an LHC heavy-neutrino search.

I. INTRODUCTION

The discovery of the Higgs boson completed the experimental confirmation of the Stan-

dard Model (SM) mechanism of mass generation. Nevertheless, the origin of the tiny neu-

trino masses required to explain neutrino oscillation data remains unknown. A minimal

extension of the SM capable of generating neutrino masses consists of introducing right-

handed neutrino fields (NR). Since these states are singlets under the SM gauge group,

they can possess Majorana mass terms without violating gauge invariance. As a conse-

quence, lepton-number-violating interactions may arise, and the physical neutrino spectrum

can contain heavy Majorana neutrino states N . Such states are a generic prediction of many

mechanisms of neutrino mass generation, including Type-I, Inverse, and Linear Seesaw con-

structions [1–7].

Besides the mechanism responsible for neutrino mass generation, additional new physics

may exist at energy scales well above the electroweak scale. In the absence of direct access to

these degrees of freedom, their low-energy effects can be described in a model-independent
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way through the Standard Model Effective Field Theory (SMEFT). If heavy neutral leptons

(HNLs) are part of the accessible particle spectrum, however, they should not be integrated

out together with the ultraviolet states. In such a situation, the interactions of the HNLs with

SM particles may receive sizeable contributions from higher-dimensional operators, poten-

tially exceeding those induced solely by the neutrino-mass mixing mechanism. The resulting

effective description is obtained by extending the SM field content to include right-handed

neutrinos as explicit dynamical degrees of freedom. This framework, commonly referred to

as the νSMEFT1, provides a systematic parametrization of the low-energy effects of ultravio-

let physics in the presence of heavy neutrinos [8–12]. Representative ultraviolet completions

include Left-Right symmetric models, Z ′-mediated scenarios and leptoquark models [2, 13–

17]. The correspondence between effective operators and ultraviolet completions has been

studied systematically in Ref. [18].

Since its original formulation as an effective field theory including right-handed neutrinos

[8], the νSMEFT framework has developed into a powerful and systematic approach to study

heavy neutral leptons beyond the minimal mixing paradigm. On the phenomenological side,

the framework has been extensively applied to the study of heavy-neutrino decays [19, 20] and

collider signatures at present and future experiments, including both prompt and displaced

final states [21–30]. Complementary probes from low-energy observables, meson decays and

neutrinoless double beta decay have also been investigated [31–35].

Despite this broad phenomenological program, direct constraints on the νSMEFT pa-

rameter space derived from dedicated recasts of LHC searches for heavy neutrinos remain

largely unexplored. In this work, we intend to fill this gap by recasting a CMS search for

same-sign dimuon plus dijet events [36] in terms of the νSMEFT operator coefficients. Our

analysis is performed within an agnostic benchmark in which the effective interactions are

treated on equal footing, allowing for a model-independent exploration of the parameter

space.

The paper is organized as follows: in Sec. II we define the theoretical setup, explaining

the agnostic νSMEFT benchmark, and review the effective contributions to the same-sign

dimuon plus dijet signal in Sec.III. Then in Sec. IV we review the CMS search for this signal

in terms of HNLs, describe in detail our recast procedure and discuss the obtained exclusion

limits. We summarize and present our perspectives in Sec. V.
1 Also denoted in the literature as SMNEFT, NRSMEFT or νRSMEFT.

3



II. νSMEFT SETUP AND BENCHMARK SCENARIOS

A. Minimal νSMEFT

We start by extending the SM Lagrangian with a single right-handed neutrino NR with

a Majorana mass term (∼MN) in (1). While this minimal setup cannot reproduce the two

observed light-neutrino mass splittings and the measured leptonic mixing pattern, it captures

the essential phenomenology of a heavy neutral lepton [34]. Such a framework effectively

describes scenarios in which additional heavy neutrino states N2,3,... are decoupled from

the accessible observables relevant to our analysis. The renormalizable d = 4 Lagrangian

extension then reads

Ld=4 = NRi/∂NR −
(
MN

2
N c

RNR +
∑
ℓ

Yℓ Lℓϕ̃NR + h.c.

)
. (1)

Upon diagonalization, this Lagrangian leads to one massive heavy N and the three known

light neutrinos νi (with masses mνi ∼ 0.1 eV), which are all of Majorana nature. The active

flavor ℓ = e, µ, τ neutrino eigenstates νℓL contain some part of the heavy N due to the

mixing VℓN = Yℓ v/
√
2MN :

νℓL =
3∑

i=1

Uℓiνi + VℓNN. (2)

We can thus consider the right-handed sterile neutrino NR to be the right-handed component

of the (only) heavy N . Since our goal is to probe new-physics effects beyond those generated

by the minimal seesaw mechanism, we neglect the heavy neutrino mixing with the active

states VℓN , taking into account both the already stringent experimental constraints and the

naive theoretical seesaw relation VℓN ≲
√

mν

MN
, which results in suppressed interactions with

the SM electroweak currents for N masses above the GeV scale.

This assumption allows us to focus on the impact of new physics that could arise from

new heavy mediators at higher energy scales Λ. This new UV physics is captured in the

νSMEFT set of effective operators OJ , constructed with SM fields and the right-handed

neutrino NR and consistent with the SM gauge symmetry SU(2)L⊗U(1)Y [8, 10, 37], which

lead to the following Lagrangian:

L = LSM +
∞∑
d=5

∑
J

αJ

Λd−4
Od

J . (3)
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Type Operator Interactions Coupling

N mass d = 5 Od=5
Nϕ (Od=5

Higgs) (N̄N c)(ϕ†ϕ) hNN and Majorana mass term αd=5
Nϕ

Dipole d = 5 O(5)
NB (N̄aσµνN

c
b )B

µν , a ̸= b Dipoles dγ , dZ αd=5
NB

h-dressed mixing O(i)
LNϕ (Oβ

LNH) (ϕ†ϕ)(L̄iNϕ̃) Yukawa+doublet (VℓN . and mν) α
(i)
LNϕ

Bosonic ONNϕ (OHN) i(ϕ†←→Dµϕ)(N̄γµN) Neutral current (NNZ) αNNϕ

Currents O(i)
Nlϕ (Oβ

HNℓ) i(ϕT ϵDµϕ)(N̄γµli) Charged current (NlW ) α
(i)
Nlϕ

Dipoles O(i)
NB (ONB) (L̄iσ

µνN)ϕ̃Bµν One-loop level generated α
(i)
NB/(16π

2)

O(i)
NW (Oβ

NW) (L̄iσ
µνσIN)ϕ̃W I

µν dγ , dZ , dW α
(i)
NW /(16π2)

O(i)
QNN (OQN) (Q̄iγ

µQi)(N̄γµN) 4-fermion α
(i)
QNN

4-fermion N O(i)
LNN (Oβ

LN) (L̄iγ
µLi)(N̄γµN) vector- mediated α

(i)
LNN

O(i)
fNN (Off) (f̄iγ

µfi)(N̄γµN) f = u, d, l α
(i)
fNN

4-fermion CC O(i,j)
duNl (Oβ

duNℓ) (d̄jγ
µuj)(N̄γµli) 4-fermion vector- mediated α

(i,j)
duNl

O(i,j)
QuNL (Oα

QuNL) (Q̄iui)(N̄Lj) 4-fermion α
(i,j)
QuNL

4-fermion O(i,j)
LNQd (Oα

LNQd) (L̄iN)ϵ(Q̄jdj) scalar-mediated α
(i,j)
LNQd

CC/NC O(i,j)
QNLd (Q̄iN)ϵ(L̄jdj) α

(i,j)
QNLd

O(i,j)
LNLl (Oδβ

LNLℓ) (L̄iN)ϵ(L̄jlj) α
(i,j)
LNLl

TABLE I: Basis of d = 5 and d = 6 operators with a right-handed neutrino N [8, 10]. Here

li, ui, di and Li, Qi denote the right-handed singlets and the left-handed SU(2) doublets,

respectively. The field ϕ is the scalar doublet, Bµν and W I
µν are the U(1)Y and SU(2)L

field strengths. Also σµν = i
2
[γµ, γν ] and ϵ = iσ2 is the anti-symmetric symbol in two

dimensions. We follow the notation in [8] and quote the names in [34].

Here d is the mass dimension of the operator Od
J , αJ are the effective (Wilson) couplings

and the sum in J goes over all independent interactions at a given dimension d. We list the

νSMEFT operators up to d = 6 in Tab. I.

We have implemented the νSMEFT Lagrangian in the FeynRules 2.3 package (see [38]

for details) and given a discussion of the phenomenological role of each operator in [39].
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B. Agnostic benchmark

Most studies of νSMEFT phenomenology are based on studying the impact of specific

operators [28, 40–43] or take them to act separately at a time [34, 44]. However, many of

the operators in Tab. I can contribute directly to the heavy N production at the LHC, and

also modify the value of its total decay width [20]. Thus, in a complementary strategy, we

consider what we call an agnostic scenario, where we take into account the simultaneous

effect of every dimension six operator in Tab. I2.

Our procedure consists of assigning a common numerical value to all effective coefficients,

namely αJ /Λ
2 ≡ α/Λ2, for every operator OJ appearing in Eq. (3). Under this assumption,

the parameter space is reduced to two independent quantities: the heavy neutral lepton mass

(mN) and the overall effective coefficient α/Λ2, which controls the strength of the effective

interactions and, consequently, the predicted observables.

We adopt this agnostic framework because generic ultraviolet completions are expected

to generate several effective operators simultaneously rather than a single interaction term.

Furthermore, matching at the new-physics scale and the subsequent renormalization-group

evolution generally induce additional operators through operator mixing [18, 34, 45, 46]. As

a result, scenarios in which only one effective operator is present are often not representative

of realistic ultraviolet models. The assumption of a common effective coefficient therefore

provides a simple and model-independent benchmark that captures the collective impact of

the effective interactions while avoiding biases toward any particular ultraviolet realization.

It should not be interpreted as a prediction of any specific ultraviolet completion, but rather

as a convenient parametrization that allows us to characterize the sensitivity of the search

in a reduced parameter space.

C. 0νββ-constrained benchmark

Several studies have derived bounds on the νSMEFT Wilson coefficients αJ , or equiva-

lently on the new-physics scale Λ, from direct and indirect searches for physics beyond the

SM. However, most of these constraints are relevant for heavy neutral lepton masses below
2 In this case we do not consider the d = 5 operators, as they do not contribute to the processes studied at

the LHC, nor to the decay of the heavy N , when only one right-handed neutrino state is present and the

heavy-active mixings VℓN are neglected.
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the range considered in this work (mN ≲ mW ) and are generally obtained under assumptions

that differ from the agnostic benchmark adopted here [34]. For HNL masses well below the

electroweak scale, the appropriate effective description is provided by the νLEFT, whose

operator basis is invariant under QCD and QED and includes sterile-neutrino interactions

[45–47].

Among the existing experimental constraints on the Majorana nature of heavy neutri-

nos, the most stringent ones typically arise from the non-observation of neutrinoless double

beta decay (0νββ). These limits affect operators involving first-generation fermions. In

the benchmark considered here, we impose the corresponding 0νββ-bound on all effective

operators contributing to the udNe vertex, which are those associated with the coefficients

α
(1)
Nlϕ and α

(1)
NW , contributing through the interchange of a W boson, and the four-fermion

α
(1,1)
duNl, α

(1,1)
QuNL, α

(1,1)
LNQd, α

(1,1)
QNLd.

More specifically, we require their coefficients to satisfy

α0νββ(mN)

Λ2
= 3.2× 10−8

( mN

100 GeV

)1/2
, (4)

which we use as an upper limit for the relevant operator coefficients. Details of the derivation

can be found in Refs. [20, 48].

Thus, as a second benchmark, we consider a 0νββ-constrained scenario. In contrast

to the pure-agnostic benchmark introduced above, only the operators contributing to the

udNe vertex are assigned coefficients fixed by the 0νββ limits in Eq.(4). All remaining

effective coefficients are treated according to the agnostic prescription, i.e. they are assigned

a common value α/Λ2. This benchmark allows us to assess the impact of the strongest

low-energy constraints on the collider phenomenology of heavy neutral leptons 3.

III. SAME-SIGN DIMUONS SIGNATURES IN THE νSMEFT

In this work we focus on the same-sign di-muons plus two jets signal, which has been

thoroughly studied as the golden channel for discovery of a lepton number violating signal at

the LHC [36, 49–54]. The same-sign dilepton signal was the first one to be proposed to search

for the dimension-six νSMEFT effective interactions at the LHC and the Tevatron [8]. The

authors originally considered the production of an on-shell N in the hard-process ud̄→ Nℓ+

3 For more detailed studies of these limits see, for instance, Refs. [18, 32]
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followed by the decay N → ℓ+jj. The N production (and subsequent decay) can be realized

by the ONlϕ interaction, but also by the four-fermion operators OduNl,OQuNL,OLNQd and

OQNLd. This channel was also investigated in [21], focusing on a lighter heavy-N mass

regime mN < mW , where it produces a displaced signal which can be probed with muons

forward-backward asymmetries. In [55], the authors constrain the contribution of the ONlϕ

operator to the Drell-Yan charged-current (CC) p p→W± → µ±N → µ±µ± j j process with

the results of the previous CMS search for the same-sign dileptons signal [50], considering

the HNL decays as N → µ±W∓ by the seesaw mixing.

q1

q2

µ±

µ±

W±

W±

q′2

N

q′1

q1

q2

µ±

µ±W±

q′2

N

q′1 q1

q2

µ±

µ±

q′2

N

q′1

FIG. 1: Feynman diagrams for some realizations of the p p→ µ± µ± j j process in the

νSMEFT. Left: VBF production mediated by the ONlϕ operator. Center: mixed

production with O4f (top vertex) and ONlϕ (bottom vertex). Right: production with two

(possibly different) O4f interactions.

There are many possible contributions from the effective operators in Tab. I to the

p p → µ± µ± j j signature. In Fig. 1 we show some of the tree-level topologies for different

realizations of the same-sign di-muons production. Although the CMS search recasted here

[36] was originally targeted for the W±W± → µ±µ± boson fusion sub-process from the

Type-I seesaw model [56], we find many contributions from effective interactions that do

not mimic this VBF signature. The diagram on the left in Fig. 1 is the only one that

really resembles the searched signal. There, the heavy N produced from W bosons in a

t-channel configuration mediated by the right-handed charged-current operator ONlϕ allows

for two-unit lepton number violation4.
4 The same diagram can be drawn with the one-loop-level generated interaction from the ONW operator

in each vertex. We do not consider it in our numerical simulation, because it is suppressed by a squared

loop factor (16π2)−2 in comparison with the ONlϕ vertex.
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Here we also consider tree-level diagrams where the N is not produced on-shell, with

contributions form the right-handed CC ONlϕ and the four-fermion operators OduNl,OQuNL,

OLNQd and OQNLd, as in the center and right diagrams in Fig. 1. In the agnostic scenario, all

dimension-six νSMEFT operators contribute simultaneously to the signal, and interference

effects among the different amplitudes are fully included. Since these operators generate

a variety of production topologies that are not necessarily characterized by the VBF-like

kinematics targeted by the CMS analysis, a substantial fraction of the νSMEFT signal is

removed by the selection cuts defining the signal region.

In the context of the Type-I seesaw based search originally proposed in [56], the interfer-

ence between the searched VBF process p p → W±W± j j → µ± µ± j j with a t-channel N

and the s-channel process qq̄′ → W (∗)± → µ±N → µ± µ± j j was neglected. This is justified

in that context, because for mN < TeV scale, the N → W (∗)∓µ± → µ± j j splitting chain

is suppressed by the narrow width approximation. The search imposes a condition on the

invariant mass of the jets pair mjj to be sufficiently high to suppress the contibutions from

this decay chain. However, in the agnostic νSMEFT scenario, this is no longer the case,

because the N decay to a lepton and two jets is not dominated by the Wℓ channel only, but

also receives important contributions from the four-fermion interactions, as was originally

pointed out in [20].

IV. RECAST OF THE CMS SEARCH

A. CMS search strategy

We recast the CMS search for heavy Majorana neutrinos reported in Ref. [36], entitled

Probing Heavy Majorana Neutrinos and the Weinberg Operator through Vector Boson Fusion

Processes in Proton-Proton Collisions at
√
s = 13 TeV. This analysis was the first LHC

search to exploit vector boson fusion processes to probe heavy Majorana neutrinos and the

Weinberg operator. It was performed in the same-sign dimuon and dijets final state using a

proton-proton collision data set recorded at
√
s =13 TeV, collected with the CMS detector,

corresponding to a total integrated luminosity of 138 fb−1. No significant deviation from the

prediction of the SM was observed and the results were translated into upper limits on the

mixing parameter |VµN |2 for heavy-neutrino masses between 50 GeV and 25 TeV.
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The search was originally proposed in [56] and targets events with two forward jets from

vector boson fusion (VBF), two same-sign muons, and little missing transverse momentum,

the latter being a smoking-gun signature of lepton number violation. The heavy Majorana

neutrinos signal is modeled in the phenomenological Type-I Seesaw [53, 57] implemented for

numerical simulation in [58, 59] in the FeynRules package [60, 61], and then interphased with

the Monte Carlo (MC) event generator MadGraph5_aMC@NLO. The signal process is p p →
µ± µ± j j. In this context, the two same-sign muons can be produced in W±W± → µ± µ±

scattering [62], mediated by a heavy N in the t-channel .

Because the cross section of t-channel processes is less sensitive to the mass of the inter-

mediate particle compared to s-channel quark-antiquark annihilation, the VBF process can

complement searches for heavy Majorana neutrinos at the TeV mass scale, as its cross section

decreases more slowly with increasing N mass compared to the values from s-channel pro-

duction. Here the N is non-resonant, and it cannot behave as a long-lived particle, despite

its decay width value [56], which prevents the appereance of displaced signatures.

The search analyzes final states with two well identified same-sign muons, with pseudo-

rapidities |ηµ| < 2.4 and pTµ > 30 GeV, and containing at least two jets with |ηj| < 4.7

and pTj > 30 GeV. The two jets with the highest pT are chosen as the VBF candidates,

so they are required to have a large invariant mass mj1j2 > 750 GeV and pseudorapid-

ity separation |∆ηj1j2| > 2.5. Also, by momentum conservation, the muons are expected

to be produced near the transverse plane. Thus, a rapidity gap is expected between the

muons and the VBF jets. This gap is quantified using the Zeppenfeld variable of a lepton ℓ,

Zℓ = |ηℓ − (ηj1 + ηj2)/2|/|∆ηj1j2 | [63]. A cut on max(Zℓ) < 0.75 is imposed for the muons,

as it measures how much they are separated from the average pseudorapidity value of the

VBF jets.

In addition, events with loosely identified muons with |ηµ| < 2.5 (µ-veto), or electrons

with |ηe| < 2.4 and pT > 10 GeV (e-veto) are rejected, together with events with hadronically

decaying taus with |ητ | < 2.3 and pTτ > 20 GeV (had-τ veto). These vetos are intended to

suppress contributions from W±Z production. Finally, events where at least one b-tagged

jet with |η| < 2.5 and pT > 20 GeV is found are rejected (b-jet veto), to avoid nonprompt-

lepton backgrounds. As signal muons are expected to be produced more back-to-back than

in background processes, the signal region in the CMS analysis is separated into two bins

with ∆ϕℓℓ ≶ 2.
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The study employs the quotient between the scalar sum of the transverse momenta of

every jet with pTj > 30 GeV and |ηj| < 4.7, HT =
∑

p
(jets)
T and the transverse momentum

of the leading muon, pµ1

T as the discriminating variable. This observable (HT/p
µ1

T ) measures

the hadronical activity compared to the leptonical activity in each event, and is expected

to be less than 1 for the majority of the signal events, indicating that on an event-by-event

basis more transverse momentum is carried by the leading muon than in all jets combined,

which is expected for a VBF production process [36, 56].

The statistical analysis, based on the number of measured data n, expected background

nb and signal ns events in the signal region in the HT/p
µ1

T bins for both ∆ϕℓℓ ≶ 2 regions

yields the upper limits at the 95% C.L. in the mixings |VµN |2. All data required for the

statistical analysis is made public in [64].

B. Event simulation and recast procedure

In order to recast the CMS search results and interpret them in terms of the νSMEFT

effective interactions, we simulate signal events and process them to replicate the CMS

analysis, obtaining our expected number of signal events in the signal region, and perform

the statistical analysis that allows us to set limits on the agnostic νSMEFT parameter space.

We will now describe this procedure in detail.

We generate signal events with the numerical implementation of the νSMEFT interactions

in the agnostical scenario, using the UFO output for our FeynRules implementation, the

Neff6 model [38]. The signal process p p→ µ± µ± j j is generated with MadGraph5_aMC@NLO

3.6.2 [65] considering tree-level Feynman diagrams5, and colliding energy
√
s = 13 TeV,

with the NNPDF31_lo_as_0130 parton distribution functions from the NNPDF collaboration

[66].

We scan the agnostic νSMEFT parameter space by generating signal events on a grid of 20

heavy-neutrino mass values logarithmically spaced in the range 0.2TeV < mN < 15TeV and

13 values of the effective coupling α/Λ2 linearly spaced between 10−7 GeV−2 and 10−6 GeV−2.

To improve the efficiency of event generation, we impose parton-level cuts compatible with

the subsequent analysis selection requirements: |ηℓ| < 2.4 for ℓ = e, µ, |ηj| < 2.7 and pTj,ℓ >

30 GeV, ∆Rℓℓ = ∆Rjj = ∆Rjℓ = 0.4 together with invariant-mass requirements mℓℓ > 20

5 We do not include the one-loop generated interaction ONW in the signal events generation.
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FIG. 2: Parton-level cross sections for the process p p→ µ± µ±jj in the agnostic νSMEFT

scenario at
√
s = 13 TeV. The curves correspond to different values of the common

effective coupling α/Λ2. The cross sections are computed using tree-level matrix elements

and include the generation-level kinematic cuts described in the text.

GeV and mjj > 500 GeV, and a minimum jets pseudorapidity separation |∆ηjj| > 2.5.

These generation-level cuts significantly improve the Monte Carlo efficiency while preserving

compatibility with the final signal-region selection. Representative parton-level cross sections

obtained throughout the parameter-space scan are shown in Fig. 2.

Parton-level events are interfaced with Pythia 8.313 [67–69] for parton showering and

hadronization, and we perform a fast detector simulation using Delphes 3.5.0 [70–72], with

the embedded CMS card. These events are analyzed with MadAnalysis5 1.10.16 [73–81].

On top of the above generation cuts (or pre-selection cuts) we perform the analysis

described in the previous section IVA. The flowcut chart, showing the selection efficiencies
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b-jet veto
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p
T
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jj
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M
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Cutflow

FIG. 3: Cutflow of the CMS signal-region selection applied to the νSMEFT signal samples.

The cumulative efficiency εMC is shown after each analysis requirement, including the

lepton and b-jet vetoes, the same-sign dimuon and jet selections, the VBF-inspired

kinematic cuts, and the Zeppenfeld variable requirement. Efficiencies are computed with

respect to the total number of generated Monte Carlo events after generation-level

preselection cuts and are averaged over all simulated signal points.

for signal events to be in the signal region defined by the CMS analysis, is shown in Fig.

3. These are the number of selected MC events over the total MC generated events, which

already include the pre-selection or generation cuts (εMC). The numbers displayed are the

averaged values across all signal points generated in the parameter space grid.

The electron, muon, hadronic-tau and b-tagged jets vetoes are followed by the selection of

events with two well-identified same-sign muons (ss-µµ) with pseudorapidities |ηµ| < 2.4 and
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pT > 10 GeV and at least two well-identified jets (clean jets) with |ηj| < 4.7 and pT > 15

GeV. Next, events with both muons with pT µ > 30 GeV are selected (pT µ) and the two

leading jets are required to have pT j > 30 GeV (pT j). These jets are required to have a

minimum separation |∆ηjj| > 2.5 (∆ηjj). The invariant mass of the muons pair is required

to be mµµ > 20 GeV (mµµ) and jets with mjj > 750 GeV (mjj) are kept. The last cut is on

the maximum value of the Zeppenfeld variable max(Zℓ) < 0.75 (Zepp).

C. Statistical interpretation

We now turn to the statistical analysis used to constrain the model. We perform our

statistical test taking into account all the events that pass the signal-region cuts, irrespective

of the values of the discriminating variables. We do so to simplify the analysis, given that

in the search the bining in both variables is done to better fit the background and enhance

signal sensitivity. We unify two regions that are disjoint in the original search, distinguished

by the angular separation in the transverse plane of the detector of the muon pair in the

final state. In turn, in each of these regions, we unify the bins in the variable HT/p
µ1

T , which

correspond to values of 0-1, 1-2, 2-5 and > 5 for the high ∆ϕµµ region, and values of 0-2,

2-5 and > 5 for the low ∆ϕµµ region. Taking the observed number of events n and expected

background events b in the signal region of [36, 64], we consider a counting experiment with

a Poisson likelihood function and calculate the upper number of signal events sup consistent

at = 95% confidence level with the observation of n events and a background prediction of

b events. Our implementation follows the PDG review on Statistics [82] and Appendix B in

[83]. We then consider, for every parameter-space point (mN , α/Λ
2) in the simulated grid,

the number of signal events that are predicted in the analysis signal region as

s = LσMC εMC , (5)

where σMC and εMC are the MC-level cross-section obtained for each simulated point and

the selection efficiencies, respectively. We considered an integrated luminosity of 138 fb−1,

equal to the total luminosity evaluated in the original search. This procedure allows us to

exclude the parameter-space region in which the interpolated predicted number of signal

events s exceeds the sup value derived from the experiment.
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FIG. 4: Expected 95% C.L. exclusion limits in the agnostic νSMEFT parameter space

obtained from a recast of the CMS VBF search for heavy Majorana neutrinos [36]. The

excluded regions correspond to parameter points for which the predicted signal yield

exceeds the upper limit derived from the CMS analysis. Results are shown for the fully

agnostic benchmark (blue dashed contour) and for the 0νββ-constrained benchmark (green

dotted contour).

D. Results

The resulting exclusion limits are shown in Fig. 4. The shaded areas correspond to the

parameter-space regions where the interpolated expected number of signal events s exceeds

the upper allowed value sup, and are thus excluded by the analysis. The blue dashed curve

shows the limit for the simple agnostic benchmark scenario, where all the effective couplings

α/Λ2 are set to the same numerical value for every operator and for every fermion family. We

15



also show in dotted green the limit obtained in the case of the 0νββ-constrained benchmark,

where we set the values of the couplings of the operators contributing to neutrinoless double

beta decay to be equal to the upper bound as explained in Sec. II C.

The exclusion contours shown in Fig. 4 exhibit a characteristic U-shaped behaviour.

This feature can be understood from the dependence of the signal yield on both the pro-

duction cross section and the event-selection efficiency. Since the amplitudes generated by

the dimension-six operators scale linearly with the effective coupling, the signal cross section

behaves approximately as σ ∝ (α/Λ2)2. The expected number of signal events after selection

can therefore be written as

s =
( α

Λ2

)2
σ̃(mN) εL, (6)

where σ̃(mN) denotes the cross section evaluated for α/Λ2 = 1. For a fixed upper limit on

the allowed signal yield, the excluded coupling scales approximately as (σ̃(mN) ε)
−1/2. The

exclusion contour therefore reflects the behaviour of the selected signal rate as a function of

the HNL mass. The strongest limits are obtained around mN ∼ 1.5 TeV, where the selected

signal yield reaches its maximum. For both lower and higher masses, the number of selected

signal events decreases, requiring larger values of the effective coupling to remain observable.

As a consequence, the minimum excluded value of the effective coupling is approximately

α/Λ2 ≃ 5.8 × 10−7 GeV−2. This constitutes the first direct exclusion limit on the agnostic

νSMEFT parameter space derived from a reinterpretation of LHC heavy-neutrino search

data.

The U-shaped exclusion contour closely resembles the behaviour observed in the original

CMS limits obtained within the Type-I seesaw model [36]. This reflects the fact that the

sensitivity of the search is maximized in an intermediate mass region, while it decreases

for both lighter and heavier HNLs. However, the position of the minimum is shifted with

respect to the CMS interpretation, reflecting the richer signal composition present in the

agnostic νSMEFT scenario. Although the CMS analysis was optimized for VBF production

of Majorana neutrinos within the Type-I seesaw framework, the reinterpretation performed

here demonstrates that the search also exhibits significant sensitivity to the broader class of

LNV interactions described by the νSMEFT.

Remarkably, imposing the 0νββ constraints on the subset of operators contributing to

neutrinoless double beta decay only produces a modest modification of the exclusion contour.

The modest impact of the 0νββ constraint can be understood from the flavour structure
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of the benchmark. While the neutrinoless double beta decay bound affects the subset of

operators involving first-generation fermions that contribute to the udNe vertex, the same-

sign dimuon signal also receives contributions from operators involving second-generation

leptons, whose coefficients remain unconstrained. As a consequence, the signal rate is only

partially reduced, leading to exclusion contours that remain close to those obtained in the

fully agnostic scenario. This behaviour suggests that the sensitivity of the search is not

exclusively driven by the subset of operators constrained by neutrinoless double beta decay,

but rather receives contributions from several effective interactions entering the νSMEFT

description. The proximity of the two exclusion contours demonstrates that current LHC

searches retain substantial sensitivity to the agnostic νSMEFT framework even after impos-

ing the strongest available low-energy constraints.

The fact that the derived limits correspond to effective couplings of order 10−6 GeV−2

suggests that the associated νSMEFT contributions may be phenomenologically relevant

in the same region of parameter space traditionally explored through heavy-light neutrino

mixing. A quantitative comparison, as well as the study of the interplay between effective

interactions and mixing-induced processes, is left for future work.

V. SUMMARY AND PERSPECTIVES

The Standard Model Effective Field Theory extended with sterile neutrinos (νSMEFT)

provides a systematic framework for describing the low-energy effects of ultraviolet new

physics in scenarios containing heavy neutral leptons.

The phenomenology of particular operators in this broad framework has been studied

intensively in the last decade, covering reinterpretations of existing searches at low-energy

experiments, meson decays and hadron-collider signatures involving mostly interactions with

Higgs bosons. In addition, new searches have been proposed for the LHC and the future

HL-LHC, focusing on displaced signals. Prospective sensitivity studies have also been per-

formed for future e+e− and e− p colliders. Most phenomenological analyses have focused on

individual operators considered separately.

Here we explore an alternative strategy, considering what we call an agnostic νSMEFT

benchmark, where we include the simultaneous effect of different dimension- six effective op-

erators. This agnostic approach captures the simultaneous contribution of multiple effective
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interactions and naturally includes the interference among the corresponding amplitudes.

We perform a dedicated recast of a CMS search for HNLs in the same-sign dimuons and

dijets final state, which covers the high-mass regime [36]. Signal events are generated in

the agnostic νSMEFT scenario, and the CMS cut-based analysis strategy is implemented.

A statistical interpretation based on the observed number of events and the expected back-

ground in the signal region then allows us to derive bounds directly on the fully-agnostic

νSMEFT parameter space (mN , α/Λ
2).

The most stringent limits are reached for mN ∼ 1.5 TeV, excluding effective couplings

down to α/Λ2 ≃ 5.8× 10−7 GeV−2. This constitutes the first direct collider exclusion of the

agnostic νSMEFT parameter space derived from an LHC heavy-neutrino search.

We find that the CMS VBF analysis is sensitive not only to the t-channel heavy-neutrino

exchange topology for which it was originally designed, but also to a broader class of

νSMEFT topologies that populate the signal region after the selection cuts. The rein-

terpretation preserves the characteristic mass dependence of the original VBF search while

providing, for the first time, direct constraints on the agnostic νSMEFT parameter space.

A remarkable feature of the result is the close agreement between the fully agnostic bench-

mark and the 0νββ- constrained scenario, which imposes the strongest available low-energy

constraints on first-generation operators.

A particularly interesting extension of the present analysis would be the simultaneous

inclusion of mixing-induced and νSMEFT contributions. Since both mechanisms can gen-

erate the same-sign dimuon signature, their combined effects and possible interference may

reveal novel phenomenological features absent in either framework taken in isolation. An-

other important direction for future work is the disentanglement of the contributions from

individual νSMEFT operators and the study of their interference patterns. Such analyses

could clarify which effective interactions are most strongly constrained by current collider

searches and facilitate the connection between experimental observables and specific ultra-

violet completions.
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