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A search for heavy Majorana neutrinos in scattering of same-sign 𝑊 boson pairs in proton–proton collisions 
at 

√
𝑠 = 13 TeV at the LHC is reported. The dataset used corresponds to an integrated luminosity of 140 fb−1, 

collected with the ATLAS detector during 2015–2018. The search is performed in final states including a same-sign 
𝑒𝑒 or 𝑒𝜇 pair and at least two jets with large invariant mass and a large rapidity difference. No significant excess 
of events with respect to the Standard Model background predictions is observed. The results are interpreted in a 
benchmark scenario of the Phenomenological Type-I Seesaw model. New constraints are set on the values of the 
|𝑉𝑒𝑁 |2 and |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
| parameters for heavy Majorana neutrino masses between 50 GeV and 20 TeV, where 𝑉𝓁𝑁

is the matrix element describing the mixing of the heavy Majorana neutrino mass eigenstate with the Standard 
Model neutrino of flavour 𝓁 = 𝑒, 𝜇. The sensitivity to the Weinberg operator is investigated and constraints on the 
effective 𝑒𝑒 and 𝑒𝜇 Majorana neutrino masses are reported. The statistical combination of the 𝑒𝑒 and 𝑒𝜇 channels 
with the previously published 𝜇𝜇 channel is performed.
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1. Introduction

The observation of neutrino oscillations [1,2] has conclusively 
demonstrated that neutrinos have nonzero masses. Stringent bounds 
on the neutrino masses have been obtained from cosmological obser-
vations [3,4] and from direct experimental measurements such as the 
measurements of kinematics of nuclear 𝛽-decays of tritium [5]. Massive 
neutrinos can be incorporated into the Standard Model (SM) by intro-
ducing additional Dirac mass terms with right-handed chiral neutrino 

⋆ E-mail address: atlas .publications @cern .ch.

states. The smallness of neutrino masses suggests that another mecha-
nism of generation of neutrino masses might be present via the inclusion 
of Majorana mass terms for left- and right-handed chiral neutrino states.

One of the most compelling scenarios is the hypothesized existence 
of Majorana mass terms for neutrinos [6–9]. The Majorana nature of 
neutrinos can be probed by searching for neutrinoless double beta de-
cays characterized by the appearance of two same-charge (same-sign) 
electrons with an absence of neutrinos in the final state [10]. Majorana 
neutrino masses are present in beyond the SM (BSM) theories that in-
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Fig. 1. Representative Feynman diagrams of same-sign 𝓁+𝓁′+ production in 𝑊 +𝑊 + scattering mediated by (a) a Majorana neutrino 𝑁 and (b) the dimension-5 
Weinberg operator. The corresponding diagrams with negatively–charged leptons are also considered.

clude new, heavy leptons or extended scalar sectors, collectively known 
as Seesaw mechanism, or in theories with extended gauge sectors (e.g. 
Left-Right Symmetric Model, Grand Unified Theories) [11]. In the con-
text of the Type-I Seesaw mechanism, the small neutrino masses 𝑚𝜈 are 
explained by introducing a new heavy Majorana neutrino mass eigen-
state (𝑁) with 𝑚𝜈 ≈(𝜐2∕𝑚𝑁 ), where 𝜐 is the Higgs vacuum expectation 
value 𝜐 ≈ 246 GeV and 𝑚𝑁 is the mass of the heavy Majorana neutrino.

This letter presents the first search of heavy Majorana neutrinos 
in scattering of same-sign 𝑊 boson pairs in the same-sign dielectron 
(𝑒𝑒) or lepton flavour violating electron-muon (𝑒𝜇) final states at the 
Large Hadron Collider (LHC) using proton–proton (𝑝𝑝) collisions at √
𝑠 = 13 TeV. The dataset corresponds to an integrated luminosity of 

140.1 ± 1.2 fb−1 [12,13], collected with the ATLAS detector during 
2015–2018. Searches for heavy Majorana neutrinos in the 𝑊 ±𝑊 ± scat-
tering topology using the same-sign dimuon (𝜇𝜇) final state were re-
ported by the ATLAS [14] and CMS [15] Collaborations. These searches 
extend the reach for heavy Majorana neutrino masses with respect to 
the searches via resonant production of a charged lepton and 𝑁 [16–19]
at the LHC as the resonant production channels become kinematically 
inaccessible beyond the TeV scale [20]. Searches for heavy Majorana 
neutrinos lighter than the 𝑍 boson were conducted at LEP [21–23]. 
Searches for light Majorana neutrinos with 𝑚𝑁 < 50 GeV were reported 
by the LHCb Collaboration [24].

The results are interpreted in the context of Phenomenological Type-
I Seesaw model [6,25], where heavy Majorana neutrinos couple to SM 
particles through mass-mixing with SM neutrinos. The mixing is param-
eterized with a complex-valued matrix element 𝑉𝓁𝑁 , where 𝓁 = 𝑒, 𝜇. 
The two free parameters in this phenomenological approach are 𝑉𝓁𝑁
and 𝑚𝑁 . For simplicity, the benchmark scenario is considered without 
𝜏 flavour mixing and only the contribution of the lightest mass eigen-
state 𝑁 to the amplitude is included. Results are also interpreted in an 
effective field theory where the Majorana masses can be generated most 
minimally with a dimension-5 Weinberg operator [26]. The effective 
Majorana mass is given by |𝑚𝓁𝓁′ | = |𝐶𝓁𝓁′

5 |𝜐2∕Λ, where Λ is the scale at 
which the particles mediating the BSM signal become relevant degrees 
of freedom and 𝐶𝓁𝓁′

5 is a flavour-dependent Wilson matrix coefficient, 
which for the 𝓁𝓁′ = 𝑒𝑒 reduces to the effective mass in neutrinoless 
double beta decay experiments [10,27]. Neutrinoless double beta decay 
nuclear experiments cannot probe |𝑚𝑒𝜇| and |𝑚𝜇𝜇| as the production of 
a muon is kinematically forbidden.

Fig. 1 shows representative Feynman diagrams of same-sign 𝓁+𝓁′+

production in 𝑊 +𝑊 + scattering mediated by a Majorana neutrino 𝑁
and mediated by the dimension-5 Weinberg operator. The production 
cross section in the Phenomenological Type-I Seesaw model is propor-
tional to |𝑉𝑒𝑁 |4 and |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
|2 for the 𝑒𝑒 and 𝑒𝜇 final states, respec-

tively. The production cross section in the dimension-5 Weinberg oper-
ator model is proportional to |𝐶𝓁𝓁′

5 |2∕Λ2. Compared to the dimension-

5 Weinberg operator, the signal production in the Phenomenological 
Type-I Seesaw model is a dimension-7 process [20,27,28].

Signal candidate events contain exactly two identified same-sign lep-
tons (𝑒𝑒 or 𝑒𝜇) and two jets with a large rapidity separation and a 
high dijet mass. The signal processes contain no neutrinos, and thus no 
significant missing transverse momentum in the final state. The require-
ments on the dijet mass and rapidity separation increase the sensitivity 
to the vector boson scattering topology and reduce the contribution 
from the SM production of heavy gauge boson pairs mediated by the 
strong interaction. The dominant SM background processes are 𝑊𝑍

and electroweak (EW) same-sign 𝑊𝑊 production in association with 
two jets, where the bosons decay leptonically. These background pro-
cesses are estimated with Monte Carlo (MC) simulated events and their 
modelling is constrained in dedicated signal-depleted control regions 
(CRs). Data-driven techniques assisted by MC simulation are used to es-
timate backgrounds including electrons or muons not originating from 
the prompt decay of particles such as 𝑊 or 𝑍 bosons (referred to as non-
prompt leptons) and backgrounds including electron charge misidentifi-
cation. Other minor backgrounds, including contributions mainly from 
the 𝓁𝛾𝑗𝑗, 𝑍𝑍 and 𝑡𝑍𝑞 background processes, are estimated using MC 
simulation.

2. ATLAS detector

The ATLAS experiment [29] at the LHC is a multipurpose parti-
cle detector with a forward–backward symmetric cylindrical geome-
try and a near 4𝜋 coverage in solid angle.1 It consists of an inner 
tracking detector (ID) surrounded by a thin superconducting solenoid 
providing a 2 T axial magnetic field, electromagnetic and hadronic 
calorimeters, and a muon spectrometer (MS). The inner tracking de-
tector covers the pseudorapidity range |𝜂| < 2.5. It consists of silicon 
pixel, silicon microstrip, and transition radiation tracking detectors. 
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic 
(EM) energy measurements with high granularity within the region 
|𝜂| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the cen-
tral pseudorapidity range (|𝜂| < 1.7). The endcap and forward regions 
are instrumented with LAr calorimeters for EM and hadronic energy 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis 
points upwards. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 
𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined 
in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2). The rapidity is defined as 
𝑦 = 1

2
ln 𝐸+𝑝𝑧

𝐸−𝑝𝑧
, where 𝐸 is the energy and 𝑝𝑧 is the longitudinal component of 

the momentum.
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measurements up to |𝜂| = 4.9. The MS surrounds the calorimeters and 
is based on three large superconducting air-core toroidal magnets with 
eight coils each. The field integral of the toroids ranges between 2.0 and 
6.0 T m across most of the detector. The MS includes a system of preci-
sion tracking chambers up to |𝜂| = 2.7 and fast detectors for triggering 
up to |𝜂| = 2.4. The luminosity is measured mainly by the LUCID–2 [13]
detector, which is located close to the beampipe. A two-level trigger sys-
tem is used to select events [30]. The first-level trigger is implemented in 
hardware and uses a subset of the detector information to accept events 
at a rate below 100 kHz. This is followed by a software-based trigger 
that reduces the accepted event rate to 1 kHz on average depending on 
the data-taking conditions. A software suite [31] is used in data simu-
lation, in the reconstruction and analysis of real and simulated data, in 
detector operations, and in the trigger and data acquisition systems of 
the experiment.

3. Event simulation

MC event simulations were produced using the ATLAS event simu-
lation infrastructure [32] and Geant4 [33]. The effect of additional 𝑝𝑝
interactions per bunch crossing (pileup) is accounted for by overlaying 
the hard-scattering process with minimum-bias events generated with
Pythia 8.186 [34] using the NNPDF2.3lo set of parton distribution 
functions (PDF) [35] and the A3 set of tuned parameters [36]. Different 
pileup conditions between data and simulation are taken into account 
by reweighting the mean number of interactions per bunch crossing in 
simulation to the number observed in data. The NNPDF3.0nlo [37] PDF 
set was used in all matrix element calculations unless stated otherwise. 
All simulated samples were processed through the same reconstruction 
algorithms and analysis chain as the data. For all samples of simulated 
signal events, the parton shower, hadronisation, and underlying-event 
modelling by Pythia used the A14 tune [38] and the NNPDF2.3lo PDF 
set. The EvtGen 1.7.0 program [39] was used to model the decays of 
bottom and charm hadrons. All MC samples were normalized to the 
highest-order theory predictions available.

Signal samples corresponding to the Phenomenological Type-I See-
saw model were simulated following the prescription given in Ref. [20]. 
The samples were produced using the MadGraph5_aMC@NLO 2.7.2 
[40] generator at next-to-leading-order (NLO) in QCD after import-
ing the default variant of the HeavyN [41,42] FeynRules UFO li-
braries [43,44]. The NNPDF3.1nlo PDF set was used. All HeavyN
events were processed through Pythia 8.243 [45]. Twenty mass points 
in the range 𝑚𝑁 = 50GeV to 25 TeV were generated. The signal sam-
ple for the Weinberg operator was simulated by using the prescription 
given in Ref. [27]. For the hard parton-level scattering processes, Mad-
Graph5_aMC@NLO 2.9.3 was used at NLO in QCD after importing the 
default variant of the SMWeinberg [27] FeynRules UFO libraries. The 
NNPDF3.1luxQED [37] PDF set was used. All SMWeinberg events were 
processed through Pythia 8.245.

Background samples corresponding to EW same-sign 𝑊𝑊 produc-
tion and decay were simulated with diagrams including exactly six 
orders of the EW coupling [46]. The simulation of the strong produc-
tion processes and the interference between EW and strong contribu-
tions includes diagrams with exactly four and five EW vertices [47], 
respectively. All SM same-sign 𝑊𝑊 contributions were simulated with
MadGraph5_aMC@NLO 2.6.7 at leading order (LO), which was inter-
faced to the Pythia 8.244 [45] parton shower model. More details of the 
generator settings used to obtain a better description of deep-inelastic 
scattering data [48] are given in Ref. [46].

Samples for diboson (𝑉 𝑉 , 𝑉 = 𝑊 ∕𝑍) production were simulated 
with the Sherpa 2.2.1 or 2.2.2 [49] generator depending on the pro-
cess using the NNPDF3.0nnlo PDF set. Fully leptonic final states and 
semileptonic final states, where one boson decays leptonically and the 
other hadronically, were generated using matrix elements with NLO 
accuracy in QCD for up to one additional parton and with LO accu-
racy for up to three additional parton emissions. Samples for the loop-

induced processes 𝑔𝑔 → 𝑉 𝑉 were generated using LO matrix elements 
for up to one additional parton emission. The production of triboson 
(𝑉 𝑉 𝑉 ) events was simulated with the Sherpa 2.2.2 generator, accu-
rate to NLO in QCD for the inclusive process and to LO for up to two 
additional parton emissions, using factorized gauge-boson decays. The 
matrix element calculations for individual 𝑉 𝑉 and 𝑉 𝑉 𝑉 processes were 
matched and merged with the Sherpa parton shower based on Catani–
Seymour dipole factorization [50,51] using the MEPS@NLO prescrip-
tion [52–55]. The virtual QCD corrections for matrix elements with NLO 
accuracy were provided by the OpenLoops 1 library [56–58].

Samples for 𝑉 𝛾 processes (𝑉 = 𝑊 , 𝑍∕𝛾∗) were simulated with
Sherpa 2.2.11 using the NNPDF3.0nnlo PDF set. All off-shell contribu-
tions were taken into account. The NLO matrix elements with up to one 
additional parton and LO matrix elements with up to three partons were 
merged with the parton shower using an MEPS@NLO merging scale. The 
photon was required to be isolated from leptons [59]. The EW produc-
tion of 𝑉 𝛾 was modelled at LO using MadGraph5_aMC@NLO 2.6.5 and
Pythia 8.240.

Additional samples were used to simulate minor backgrounds. The 
production of 𝑡𝑡𝑉 , 𝑡𝑡𝑊𝑊 , 𝑡𝑍𝑞 and 𝑡𝑊 𝑍 events was modelled using 
the MadGraph5_aMC@NLO 2.3.3 generator at NLO, processed through
Pythia 8.210. The production of 𝑡𝑡 and single-top-quark events was sim-
ulated using the Powheg Box v2 [60–63] generator at NLO in QCD, 
interfaced to Pythia 8.230, and the production of 𝑉 +jets events [64]
was simulated with the Sherpa 2.2.11 generator.

4. Object reconstruction and event selection

A set of single-electron [65] and single-muon triggers [66] is used 
in the 𝑒𝜇 channel. The transverse momentum (𝑝T) thresholds are in 
the range 20–26 GeV depending on the lepton flavour and data-taking 
period. The 𝑒𝑒 channel uses dielectron triggers with 𝑝T thresholds of 
12 GeV, 17 GeV and 24 GeV for the 2015, 2016 and 2017 to 2018 data 
periods, respectively. All detector subsystems were required to be op-
erational during data taking and to satisfy data quality requirements 
[67].

Events are required to have at least one collision vertex reconstructed 
from at least two ID tracks with 𝑝T > 500 MeV. For events with several 
collision vertices, the one with the largest sum of the squared transverse 
momenta of the associated tracks is taken as the hard-scatter vertex [68].

Electrons are reconstructed from isolated electromagnetic calorime-
ter clusters, which are matched to tracks in the ID [69]. Baseline elec-
trons are required to satisfy a ‘Loose’ likelihood-based identification 
criterion. Further requirements on the longitudinal and transverse im-
pact parameters are imposed. The transverse impact parameter signif-
icance2 is required to satisfy |𝑑0|∕𝜎(𝑑0) < 5. The longitudinal impact 
parameter3 is required to satisfy |𝑧0 sin(𝜃)| < 0.5 mm. Baseline elec-
trons are also required to have 𝑝T > 4.5 GeV and |𝜂| < 2.47. Signal 
electrons have the same requirements as baseline electrons, satisfy-
ing 𝑝T > 27 GeV and 𝜂 < 2.47, with electrons in the transition region 
1.37 < |𝜂| <1.52 removed. In addition signal electrons must satisfy the 
‘Tight’ likelihood-based identification and ‘Gradient’ isolation require-
ment [69]. A charge-selector tool uses shower shape and track-to-cluster 
matching variables to reject electron candidates where the charge is 
likely misidentified [69]. “Background” electrons with 𝑝T > 27 GeV, 
used to estimate the background processes with non-prompt electrons, 
are required to pass Medium likelihood-based identification [69], with 
no requirements on the isolation criteria. Background electrons are re-

2 The transverse impact parameter significance is defined as |𝑑0|∕𝜎(𝑑0), where 
𝑑0 is the distance of closest approach of the 𝑒 or 𝜇 track to the primary vertex 
in the transverse plane and 𝜎(𝑑0) is its uncertainty.

3 The longitudinal impact parameter is equal to |𝑧0 sin𝜃|, where 𝑧0 is the dif-
ference between the value of the 𝑧 coordinate of the point on the track at which 
𝑑0 is defined as the longitudinal position of the primary vertex.
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quired to fail the signal electron selection to ensure that the samples of 
signal and background electrons are statistically independent.

Muons are reconstructed [70] from tracks in the MS and matched 
to a corresponding track in the ID where possible. Baseline muons are 
required to have 𝑝T > 3 GeV and |𝜂| < 2.7. Further selections on the 
longitudinal and transverse impact parameters are imposed by requir-
ing |𝑑0|∕𝜎(𝑑0) < 15 and |𝑧0 sin(𝜃)| < 1.5 mm. Baseline muon candidates 
must satisfy the ‘Loose’ cut-based identification working point defined 
in Ref. [70]. Signal muons must satisfy the ‘Medium’ identification cri-
teria [70] and the PflowTight [70] isolation criteria. The longitudinal 
impact parameter of signal muons is required to be less than 0.5 mm, 
while the transverse impact parameter significance must be less than 
3. They must also have 𝑝T > 27 GeV and are restricted to the range 
|𝜂| < 2.5. The isolation requirement for “background” muons, used to 
estimate the background processes with non-prompt muons, is changed 
to ‘PflowLoose’ and the transverse impact parameter significance is re-
quired to be less than 10 [70]. Background muons are required to fail 
the signal muon selection to ensure that the samples of signal and back-
ground muons are statistically independent.

Jets are reconstructed using the anti-𝑘𝑡 algorithm [71,72], with a 
radius parameter of 𝑅 = 0.4, using particle-flow objects [73] as input. 
The jets are calibrated as described in Ref. [74] and required to have 
𝑝T > 25 GeV and |𝜂| ≤ 4.5. Contamination from jets originating in pileup 
collisions is reduced by using the jet-vertex tagger (JVT) algorithm [75]. 
The JVT discriminant is used to identify jets originating from the hard-
scatter vertex through the use of reconstructed parameters of tracks and 
vertices by requiring JVT > 0.50 for jets with 𝑝T < 60 GeV and |𝜂| < 2.5. 
In order to suppress contributions from background processes that in-
volve top quarks or leptonic 𝑏-hadron decays, the DL1r classification 
algorithm based on recurrent neural networks [76] is used to identify 
jets originating from 𝑏-quarks, referred to as “𝑏-jets”. The 𝑏-jet efficiency 
working point is 85% in 𝑡𝑡 events with an expected rejection factor 
(defined as the inverse of the efficiency) of about 40 for light-flavour 
jets, and about 2.9 for jets originating from charm quarks for jets with 
𝑝T > 20 GeV and |𝜂| < 2.5 [77–79].

The missing transverse momentum, with magnitude 𝐸miss
T , is calcu-

lated using the negative vector sum of the transverse momenta of all of 
the selected and calibrated objects in the event. The particle-flow-based 
algorithm is used, which utilizes electrons, muons, jets, and pileup re-
sistant track-based variables for the soft energy term [80,81]. The 𝑒𝑒
channel utilizes the object-based 𝐸miss

T significance (), calculated by 
including the expected resolutions for all the objects used in the 𝐸miss

T
calculation [82] and is used to reduce background events with genuine 
𝐸miss

T .
An object overlap removal procedure is used to avoid labelling the 

same detector signature as more than one object. The baseline muons 
and electrons are considered for the overlap removal. First, this proce-
dure removes any electron if it shares an ID track with another higher 
𝑝T electron. Second, electrons sharing their track with a muon candi-
date are removed. Then, a jet is removed if it overlaps with an electron 
within Δ𝑅𝑦 =

√
(Δ𝑦)2 + (Δ𝜙)2 = 0.2 distance, unless it is a 𝑏-jet and the 

electron 𝑝T is below 100 GeV, in which case the electron is removed and 
any electrons within Δ𝑅𝑦 = 0.4 of a remaining jet are removed. Any jet 
that is within Δ𝑅𝑦 = 0.2 of a muon and has less than three associated 
tracks is removed, unless it is a 𝑏-jet. Finally, remaining muons are re-
moved if their track is within Δ𝑅𝑦 = 0.4 of a remaining jet.

5. Analysis strategy

The signal region (SR) for both the 𝑒𝑒 and 𝑒𝜇 channels is defined in 
order to optimize the sensitivity to the Phenomenological Type-I Seesaw 
model with Majorana neutrino masses above 1 TeV. The contribution 
of SM same-sign 𝑊𝑊 and 𝑊𝑍 processes is estimated from the MC 
simulation and normalized to data in dedicated CRs. The variable that 
most effectively discriminates between signal and background events 

Table 1

Summary of the event selection requirements in the SR and CRs in the 𝑒𝑒 and 
𝑒𝜇 channels. 𝑁𝓁 denotes the number of selected leptons.

Channel Variable SR 𝑊 ±𝑊 ± CR 𝑊𝑍 CR

𝑒𝑒/𝑒𝜇

𝑁𝓁 =2 =3
|Δ𝑦𝑗𝑗 | > 2
𝑚𝑗𝑗 > 500 GeV
𝑚𝓁𝓁𝓁 – – > 106 GeV

𝑒𝑒

|𝑚𝓁𝓁 −𝑚𝑍 | > 15 GeV –
|𝜂𝓁 | <2
𝑚𝓁𝓁 > 20 GeV
𝑝
𝓁1
T – < 250 –
𝑝
𝑗1
T > 30 GeV > 45 GeV > 30 GeV
𝑝
𝑗2
T > 25 GeV > 30 GeV > 25 GeV
 < 4.5 > 4.5 –

𝑒𝜇

𝑝
𝑗1
T > 30 GeV > 45 GeV > 45 GeV
𝑝
𝑗2
T > 25 GeV > 30 GeV > 30 GeV
|Δ𝜙𝑒𝜇| > 2.0 < 2.0 –

is the transverse momentum of the subleading 𝑝T lepton (𝑝𝓁2T ), as the 
signal is expected to populate the high 𝑝𝓁2T region.

Candidate events are required to have a same-sign signal electron 
pair or electron-muon pair. At least two jets are required and one of the 
jets is required to have 𝑝𝑇 larger than 30 GeV to reduce the contami-
nation from pileup jets. Events with 𝑏-jets are discarded. The two jets 
with the highest 𝑝T are required to have 𝑚𝑗𝑗 > 500 GeV and |Δ𝑦𝑗𝑗 | > 2. 
Events with electrons in the forward regions of the detector are rejected 
in the 𝑒𝑒 channel by requiring |𝜂𝑒| < 2 to suppress backgrounds with an 
electron charge mis-identification. The dielectron mass 𝑚𝑒𝑒 is required 
to be greater than 20 GeV in the 𝑒𝑒 channel.

The 𝑒𝑒 SR is defined by requiring  to have an upper bound of 4.5 
to reduce the same-sign 𝑊𝑊 background process with neutrinos in the 
final state. Events with 𝑒𝑒 invariant mass close to the 𝑍 boson mass, 
|𝑚𝑒𝑒 − 𝑚𝑍 | < 15 GeV, are vetoed in order to reduce the SM Drell–Yan 
background. The 𝑒𝜇 SR is defined by requiring a large azimuthal an-
gle separation between the electron and the muon, |Δ𝜙𝑒𝜇| > 2.0. No 
explicit requirement on 𝐸miss

T is applied in the 𝑒𝜇 channel as no fur-
ther improvement in signal sensitivity was found for 𝑚𝑁 greater than 
1 TeV; due to limited 𝐸miss

T resolution. Events with an additional base-
line muon or electron are vetoed to reduce the contribution from the 
𝑍𝑍 background production.

The same-sign 𝑊𝑊 background normalization is estimated from 
a CR that has the same requirements as the SR, except for  > 4.5
and |Δ𝜙𝑒𝜇| < 2.0 in the 𝑒𝑒 and 𝑒𝜇 channels, respectively, to ensure 
no overlap of events with the SR. Additional requirements are imposed 
to maximize the purity of this background in the CR by increasing the 
minimum transverse momentum requirements on the leading (𝑝𝑗1T ) and 
subleading (𝑝𝑗2T ) jets to 45 and 30 GeV, respectively. The leading elec-

tron transverse momentum (𝑝𝓁1T ) is required to be less than 250 GeV in 
the 𝑒𝑒 channel in order to reduce the signal contamination in this CR.

Processes in which 𝑊𝑍 bosons are produced in association with 
jets are another large source of background events. The 𝑊𝑍 CR is de-
fined by selecting events with three leptons, two of which have opposite 
charge in order to be compatible with a 𝑍 boson decay. The third lepton 
is required to satisfy 𝑝T > 15 GeV. Events containing a fourth electron or 
muon are removed to reject events from the 𝑍𝑍 background process. 
The invariant mass of the three leptons, 𝑚𝓁𝓁𝓁 , is required to be greater 
than 106 GeV in order to reduce the fraction of events with non-prompt 
leptons originating from the 𝑍+jets background. The event selection 
requirements used to define the SR and the two CRs in the 𝑒𝑒 and 𝑒𝜇
channels are summarized in Table 1.

The remaining sources of background are estimated using data-
driven methods or from MC simulation. The non-prompt background 
contribution is evaluated using the so-called fake-factor method [83]. 
Fake factors are measured as a function of electron or muon 𝑝T and 
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𝜂 in a dedicated region enriched in non-prompt leptons that selects 
collision-data events containing jets recoiling against the non-prompt 
lepton candidate. The jet-lepton back-to-back topology is selected by re-
quiring the difference in azimuthal angle between the lepton and the jet, 
|Δ𝜙𝓁𝑗 |, to be larger than 2.8. In this region, the contribution of events 
containing electrons or muons from 𝑊 or 𝑍 boson decays is reduced 
with requirements on kinematic variables as described in Ref. [83]. The 
remaining events containing electrons or muons from 𝑊 , 𝑍 , or top-
quark decays, as well as from photon conversion in 𝛾+jet processes are 
subtracted from this region using MC simulation. The fake factors for 
electrons (muons) are measured independently as the ratio between the 
number of signal electrons (muons) and background electrons (muons). 
Finally, the non-prompt background contribution in the SR is estimated 
by re-scaling data from the same SR event selection with background 
leptons by the corresponding fake factors [83].

Another significant source of background is from opposite-sign lep-
ton pair SM events in which one of the two lepton charges has been 
misidentified. This process occurs more frequently for electrons mainly 
due to the presence of bremsstrahlung radiation followed by electron-
positron pair production. This background, referred to as charge flip, 
is estimated by re-weighting opposite-sign events in data by a factor 
representing the probability for charge flip to occur to one of the elec-
trons [69]. The charge flip rate is derived as a function of electron 𝑝T and 
𝜂, using simulated 𝑍 → 𝑒𝑒 events which are corrected to the data obser-
vations through the application of dedicated scale-factors. Contributions 
from low-energy multijet events are removed by requiring the electron 
pairs to satisfy 𝑚𝓁𝓁 > 20 GeV. Contributions from electrons originat-
ing from final state radiation are subtracted using MC simulation. The 
charge flip rates are then measured as the fraction of the number of elec-
trons with wrongly–assigned charge over all electrons in this region.

The background contribution from 𝓁𝛾𝑗𝑗 events, where the prompt 
photon 𝛾 is misreconstructed as an electron, is simulated using the 𝑉 𝛾

MC simulation. Other minor backgrounds, including different combi-
nations of bosons, tops, jets and photons, are also estimated from MC 
simulation.

6. Results

A binned maximum-likelihood fit is performed separately in the 𝑒𝑒
and 𝑒𝜇 channels using the 𝑝𝓁2T distributions, as shown in Fig. 2. The 
SR and the two CRs are fitted simultaneously for each channel. The 
signal, same-sign 𝑊𝑊 and 𝑊𝑍 background normalizations are kept 
as unconstrained parameters in the fits. The systematic uncertainties are 
included as nuisance parameters [84], with Gaussian priors correlated 
across the SR and CRs. The nuisance parameters are profiled in the fit 
with the shape and normalization of each distribution varying within the 
specified constraints. The background-dominated CRs reduce the impact 
of the systematic uncertainties after the fit.

The results are driven by the statistical uncertainty of the data in 
the tail of the 𝑝𝓁2T distribution in the SR and none of the considered 
systematic uncertainties have significant impact on the sensitivity of 
this search. The expected limits improve by about 5% and 3% in the 
𝑒𝑒 and 𝑒𝜇 channels, respectively, if the systematic uncertainties are not 
included. The largest systematic uncertainties considered are briefly dis-
cussed in the following.

The theoretical uncertainties in the physics modelling of the signal 
and SM same-sign 𝑊𝑊 and 𝑊𝑍 background processes are estimated 
by varying the factorization (𝜇𝐹 ) and renormalization (𝜇𝑅) scales, the 
strong coupling constant 𝛼𝑆 and the choice of the PDF. The 𝜇𝐹 and 𝜇𝑅
are varied independently by factors of 0.5 and 2 with respect to their 
nominal values. The envelope of the resulting variations, excluding the 
two variations where one scale is varied up and the other one down, 
is used as a single uncertainty. The PDF uncertainty is obtained from 
the standard variations of the NNPDF PDF set and by varying the nom-
inal 𝛼s = 0.118 within its uncertainty of ±0.001. The impact of the NLO 
QCD corrections for the EW same-sign 𝑊𝑊 production was assessed 

Table 2

Post-fit SM background yields under the background-only 
hypothesis and observed data events in the SR in the 𝑒𝑒 and 
𝑒𝜇 channels. The total uncertainties in the predicted yields 
are shown. ‘Other’ includes contributions mainly from the 
𝓁𝛾𝑗𝑗, 𝑍𝑍 and 𝑡𝑍𝑞 background processes.

Channel 𝑒𝑒 𝑒𝜇

Same-sign 𝑊𝑊 26.8 ± 7.3 109 ± 13
WZ 20.0 ± 5.6 46 ± 11
Non-prompt 17.7 ± 2.8 38.4 ± 5.0
Charge flip 25.8 ± 7.4 5.48 ± 0.82
Other 10.3 ± 5.3 13.1 ± 6.4

Total SM 101 ± 8 212 ± 11

Data 98 203

by comparing the nominal LO sample with an alternative NLO sample 
generated with Sherpa 2.2.11.

The uncertainties in the non-prompt electron and muon background 
processes are studied in detail. Three sources of systematic uncertainty 
are considered including the statistical error on the fake factors, uncer-
tainties on the composition of the fake factor CR obtained by varying 
𝑏-jet requirement in this region, and uncertainties related to the prompt 
lepton contribution in the fake factor CR. Uncertainties in the data-
driven charge flip background are described in Ref. [69]. Uncertainty 
sources related to electron and muon reconstruction and energy cali-
bration, jet energy calibration, 𝑏-jet identification, rejection of pileup 
jets, and missing transverse momentum reconstruction were considered 
as well.

The distributions of 𝑝𝓁2T in the SR, same-sign 𝑊𝑊 CR, and 𝑊𝑍

CR in the 𝑒𝑒 and 𝑒𝜇 channels are shown in Fig. 2. The 𝑒𝑒 channel 
background normalization factors for the same-sign 𝑊𝑊 and 𝑊𝑍

background processes are 1.13±0.30 and 0.82±0.21, respectively. The 
same-sign 𝑊𝑊 and 𝑊𝑍 normalization factors in the 𝑒𝜇 channel are 
1.20±0.15 and 0.65±0.12, respectively. The obtained normalization 
factors are consistent with the values reported in Refs. [85,86]. The post-
fit SM background predictions under the background-only hypothesis, 
together with the data yields in the SRs of the 𝑒𝑒 and 𝑒𝜇 channels are 
shown in Table 2.

No significant excess of events above the SM background expecta-
tion is observed. The 95% confidence level (CL) upper limits on |𝑉𝑒𝑁 |2
and |𝑚𝑒𝑒|, and on |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
| and |𝑚𝑒𝜇| are derived separately in the 

𝑒𝑒 and 𝑒𝜇 channels, respectively, using the CLs method [87,88]. The 
asymptotic approximation [89], whose validity was confirmed through 
studies with pseudo-experiments, is used to derive the upper limits. The 
observed and expected 95% CL limits on |𝑉𝑒𝑁 |2 and |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
| in the 𝑒𝑒

and 𝑒𝜇 channels, respectively, as a function of 𝑚𝑁 are shown in Fig. 3. 
The small deficit of data with respect to the SM background prediction in 
the last bin of the 𝑝𝓁2T distribution in the SR of the 𝑒𝜇 channel results in 
a stronger observed limit by about one standard deviation with respect 
to the expected limit across the entire range of 𝑚𝑁 . The strongest ex-
clusion limits are achieved at 𝑚𝑁 = 500 GeV, with observed (expected) 
upper limits of 0.11 (0.12) and 0.075 (0.078) on |𝑉𝑒𝑁 |2 and |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
|, 

respectively. The observed (expected) 95% CL lower limits on Λ∕|𝐶𝑒𝑒
5 |

and Λ∕|𝐶𝑒𝜇

5 | obtained using the dimension-5 Weinberg operator signal 
are 2.5 TeV (2.6 TeV) and 4.9 TeV (4.3 TeV) in the 𝑒𝑒 and 𝑒𝜇 channels, 
respectively. This translates into observed (expected) 95% CL upper lim-
its of 24 GeV (24 GeV) and 12 GeV (14 GeV) on |𝑚𝑒𝑒| and |𝑚𝑒𝜇| in the 
𝑒𝑒 and 𝑒𝜇 channels, respectively.

The first statistical combination of searches for heavy Majorana neu-
trinos in the 𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 [14] channels is also reported. The SRs 
and CRs are defined to be non-overlapping across the channels. The 
normalization parameters of the same-sign 𝑊𝑊 and 𝑊𝑍 background 
processes are floated separately in each channel in the simultaneous 
fit. The correlations between the systematic uncertainties across the 
channels are taken into account. Fig. 4(a) shows the observed and ex-
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Fig. 2. Distributions of the 𝑝𝓁2
T in (a) the 𝑒𝑒 SR, (b) the 𝑒𝑒 same-sign 𝑊𝑊 CR, (c) the 𝑒𝑒 𝑊 𝑍 CR, (d) the 𝑒𝜇 SR, (e) the 𝑒𝜇 same-sign 𝑊𝑊 CR, and (f) the 𝑒𝜇 𝑊 𝑍

CR. The predicted yields are shown with their best fit normalization and shape from the fit for the SM background-only hypothesis. The shaded area surrounding 
the background expectation represents the total uncertainties in the predicted yields. The ratios of the observed yields to the total SM predictions are shown by the 
points in the bottom panels. ‘Other’ includes contributions mainly from the 𝓁𝛾𝑗𝑗, 𝑍𝑍 and 𝑡𝑍𝑞 background processes. Benchmark signal predictions are shown as 
hatched lines. The last bin includes the overflow.

pected 95% CL upper limits on the heavy Majorana neutrino mixing 
element |𝑉𝓁𝑁 |2 assuming |𝑉𝜇𝑁 |2 = |𝑉𝑒𝑁 |2 in the Phenomenological 
Type-I Seesaw model. The observed limits on the |𝑉𝓁𝑁 |2 obtained sep-
arately in the 𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 channels are also shown. The combined 
observed (expected) limit is about 32% (24%) more stringent compared 
to the respective limits obtained in the 𝜇𝜇 [14] channel. The results are 
also interpreted by relaxing the |𝑉𝜇𝑁 |2 = |𝑉𝑒𝑁 |2 assumption. The two-
dimensional observed and expected 95% CL intervals on the |𝑉𝑒𝑁 |2 and 
|𝑉𝜇𝑁 |2 parameters are shown in Fig. 4(b) for 𝑚𝑁 = 500 GeV and 10 TeV.

7. Conclusion

The first searches for heavy Majorana neutrinos in scattering of same-
sign 𝑊 boson pairs in the 𝑒𝑒 and 𝑒𝜇 channels are reported. The dataset 
corresponds to proton–proton collisions at 

√
𝑠 = 13 TeV at the LHC with 

an integrated luminosity of 140 fb−1, collected with the ATLAS detector 
during 2015–2018. No significant excess of events with respect to the 

SM background prediction is observed. The results are interpreted in 
a benchmark scenario of the Phenomenological Type-I Seesaw model. 
Bounds are reported on |𝑉𝑒𝑁 |2 and |𝑉𝑒𝑁𝑉 ∗

𝜇𝑁
| in the heavy Majorana 

neutrino mass range between 50 GeV and 25 TeV, where 𝑉𝓁𝑁 is the 
matrix element describing the mixing of the heavy Majorana neutrino 
mass eigenstate with the Standard Model of flavour 𝓁, with 𝓁 = 𝑒 or 𝜇. 
The first statistical combination of the 𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 channels is per-
formed. The combined observed (expected) limit on |𝑉𝓁𝑁 |2, assuming 
|𝑉𝜇𝑁 |2 = |𝑉𝑒𝑁 |2, is about 32% (24%) more stringent compared to the 
respective limits obtained in the 𝜇𝜇 channel. The sensitivity to the Wein-
berg operator is investigated and constraints on the effective 𝑒𝑒 and 𝑒𝜇
Majorana neutrino masses are reported. The observed (expected) 95% 
CL upper limits on |𝑚𝑒𝑒| and |𝑚𝑒𝜇| obtained using the dimension-5 Wein-
berg operator signal are 24 GeV (24 GeV) and 12 GeV (14 GeV) in the 
𝑒𝑒 and 𝑒𝜇 channels, respectively.
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Fig. 3. Observed and expected 95% CL upper limits on the heavy Majorana neutrino mixing element (a) |𝑉𝑒𝑁 |2 and (b) |𝑉𝑒𝑁𝑉 ∗
𝜇𝑁

| as a function of 𝑚𝑁 in the 
Phenomenological Type-I Seesaw model. The one and two standard deviation bands of the expected limit are indicated in green and yellow, respectively.

Fig. 4. (a) Observed and expected 95% CL upper limits on the heavy Majorana neutrino mixing element |𝑉𝓁𝑁 |2 as a function of 𝑚𝑁 . The limits on the |𝑉𝓁𝑁 |2 are 
obtained assuming |𝑉𝜇𝑁 |2 = |𝑉𝑒𝑁 |2. The observed limits on the |𝑉𝓁𝑁 |2 obtained separately in the 𝑒𝑒, 𝑒𝜇, and 𝜇𝜇 [14] channels are also shown for comparison. The 
one and two standard deviation bands of the expected limit are indicated in green and yellow, respectively. (b) Two-dimensional observed and expected 95% CL 
intervals on |𝑉𝑒𝑁 |2 and |𝑉𝜇𝑁 |2 for 𝑚𝑁 = 500 GeV and 10 TeV in the Phenomenological Type-I Seesaw model.
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