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We examine the prospect of observing genuine lepton-number-violating (LNV) signals at hadron
colliders in the context of the type II seesawmechanism. The model features smoking gun signals involving
same-sign di-leptons and jets that may be the primary observable channel in certain regions of the
parameter space. The flavor composition of final-state charged leptons is related to the origin of neutrino
masses and is correlated with other rare processes, such as neutrinoless double-beta decay. We review
existing collider limits and provide sensitivity estimates from LNV signals at upcoming Large Hadron
Collider runs, including nonzero mass splittings between triplet components.
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I. INTRODUCTION

Awell-known feature of the standard model (SM) is the
accidental conservation of the total lepton number L.
The observation of nonzero neutrino masses could imply
the existence of L-number-violating (LNV) new physics.
According to Majorana [1], a real representation under the
Lorentz group can describe neutrinos with a ΔL ¼ 2 mass
term. The most studied LNV process, sensitive to light
neutrino exchange and new physics, is neutrinoless double-
beta decay (0νββ) [2]. Considerable experimental and theo-
retical efforts are underway to detect such smoking gun
signals and establish their connection to light neutrinos [3]
and new physics [4] (for a review, see [5]).
Other LNV processes have been probed from eV to

beyond TeV [6]. Perhaps the most striking signature is the
final state of two same-sign charged leptons and two jets in
pp collisions, arising from the production and decay of
heavy Majorana neutrinos N. Such states are the key
ingredient of type I seesaw scenarios [7–11], which can

introduce Majorana masses mN for the gauge singlets νR
either by hand or via the spontaneous symmetry breaking
of an extended gauge group, such as in the minimal left-
right symmetric model (LRSM) [8,12–14]. There, it is tied
to the scale of SUð2ÞR breaking through the Yukawa
coupling YN as mN ¼ YNvR, where vR is the vacuum
expectation value (VEV) of the scalar triplet ΔR.
In models with gauged Uð1ÞB−L [and SUð2ÞR], the VEV

vR can be in the TeV range, kinematically accessible to
colliders. Distinct LNV signatures, such as the Keung-
Senjanović [15] channel, appear nearly automatically due
to the presence of mN and Yukawa couplings that commu-
nicate LNV to the SM. The production and decay of
on-shell N via charged currents leads to LNV in half of the
events, containing two same-sign leptons and jets. In the
case of interference, the ratio of same- and opposite-sign
leptons may be altered [16] and LNVmay be suppressed by
pseudo-Dirac masses [17,18]. The exact origin of heavy
Majorana neutrino masses can be determined from com-
plementary signals, such as the Higgs decay h → NN via
the h − Δ0

R mixing [19,20], which can also feature LNV
final states with two same-sign leptons and up to four jets.
See [21] for a review of the LRSM parameter space and
[22] for future colliders.
The type II seesaw [23–27] provides Majorana masses

for the light neutrinos without extending the SM gauge
group or fermion content. A single scalar triplet ΔL ¼ ð3; 2Þ
under SUð2ÞL ⊗ Uð1ÞY can partially break the electroweak
(EW) symmetry with its VEV vΔ. The Yukawa term that
couples the left-handed lepton doublet to the triplet with the
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coupling YΔ then leads to the Majorana neutrino mass
matrix Mν ∝ YΔvΔ.
The production of charged and neutral scalars in the model

proceeds through the EW interactions [28,29], followed by
decays defining the final state [30–34]. For vΔ ≲ 10 keV,
leptonic decay modes dominate with three- and four-lepton
states, with current flavor-dependent lower bounds on the
doubly charged scalar mass in the Oð500–700Þ GeV range
[35–41]. In such final states, the total lepton number is
conserved (LNC). Another LNC search exists in the vΔ ≳
100 keV region, where decays to SM vector bosons take
over, with weaker bounds at mΔþþ ≳ 350 GeV [42–44].
Mass splittings betweenΔL components trigger LNC cascade
decays [45,46] that either enhance or reduce the bounds.
Signatures of type II have been investigated at future lepton
[47], e − p [48], and hadron [49,50] colliders.
It is well known [51] that genuine LNV signals in type II

require the simultaneous presence of YΔ and vΔ. Turning
on the Yukawa coupling YΔ ensures that the ΔL triplet
indeed has L ¼ 2. Then, vΔ communicates L ≠ 0 to the SM
sector with L ¼ 0 and the combined effect leads to LNV.
This is especially obvious when the final-state gauge
bosons decay hadronically and neutrinos cannot carry
away L. In pure type II, the product YΔvΔ is fixed and
LNV signals are not automatically observable.
The LNV window [51] exists for vΔ ≃ 10–100 keV,

where both decay modes, proportional to YΔ and vΔ, are
present. Smoking gun signals with two same-sign leptons
and jets appear, as shown in Fig. 1. While existing leptonic
searches can be recast to the LNV region [52,53] with some
sensitivity, the dedicated analysis presented here opens the
LNV window completely, and accounts for the presence
of mass splittings in ΔL. We determine the strength of the
LNV signal with a di-lepton plus jets analysis that
significantly improves the sensitivity, spanning the range
of vΔ shown in Fig. 2.

II. LOCATION OF THE LNV WINDOW

In the type II seesaw, the Yukawa term

LYuk ⊃ −YΔijLT
i Ciσ2ΔLLj þ H:c:; ð1Þ

with

ΔL ¼
 

Δþ=
ffiffiffi
2

p
Δþþ

ðvΔ þ Δ0 þ iχΔÞ=
ffiffiffi
2

p
−Δþ=

ffiffiffi
2

p
!
; ð2Þ

sources the light neutrino mass matrix

Mν ¼ V�mνV† ¼
ffiffiffi
2

p
YΔvΔ; ð3Þ

where mν ¼ diagðm1; m2; m3Þ contains the light neutrino
masses and V is the Pontecorvo-Maki-Nakagawa-Sakata
mixing matrix. The singly chargedΔþ and pseudoscalar χΔ
components mix with the SM would-be Goldstones, while
the neutral component Δ0 mixes with the SM Higgs h with
a small mixing of order vΔ=v. Equation (1) also results in
the decays of Δþþ to two same-sign charged leptons, with

ΓΔþþ→lþi l
þ
j
¼ mΔþþ

8πð1þ δijÞ
����Mνij

vΔ

����2; ð4Þ

where δij is the Kronecker delta. Through Mν, and hence
mν and V, these rates are directly related to neutrino
oscillations [30–32]. The total leptonic rate, ΓΔþþ→lþlþ ¼
mΔþþ=ð16πÞPm2

ν=v2Δ, is insensitive to V and depends
only on the neutrino masses, determined from the mass-
squared differences Δm2

21 and Δm2
32 and the lightest neu-

trino massmνmin
. Withmν fixed by oscillations, the leptonic

rates in Eq. (4) dominate the Γtot
Δþþ when vΔ becomes small,

until the lower bound on vΔ is met, coming from the
nonobservation of lepton-flavor-violating (LFV) processes
[57–62] and YΔ perturbativity. For the larger values of vΔ
relevant for the LNV window, the LFV rates are highly

FIG. 1. Pair (and associated) production of charged scalars
mediated by Z=γ� (W�), producing the LNV final state l�l0�4j
at the LHC.

FIG. 2. Position of the LNV window in the type II seesaw,
defined by BRΔþþ→lþlþ × BRΔþþ→WþWþ > 20%. Blue and
orangebands correspond to the normal hierarchy (NO) and inverted
hierarchy (IO) cases, each with the benchmark masses mΔþþ ¼
300 GeV and 900 GeV. The gray regions indicate the limits
from Planck data [54] (dotted vertical line), 0νββ from Kam-
LAND-Zen [55] (dashed line), and KATRIN [56] (solid line).
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suppressed by small Yukawa couplings and the constraints
become irrelevant.
Likewise, vΔ ≠ 0 triggers decays of ΔL components

into the SM gauge bosons via the kinetic term
Tr½ðDμΔLÞ†ðDμΔLÞ�. Particularly important are the decays
Δþþ → WþWþ and Δþ → WþZ, with the rates

ΓfWþWþ;WþZg ≃
α2
4

�
vΔ
v

�
2
�
m3

Δþþ

M2
W

;
m3

Δþ

2M2
W

�
; ð5Þ

for mΔþ ; mΔþþ ≫ v. Also relevant are Δþ → Wþh and
Δþ → tb̄ that proceed via Δþ − χþ mixing, with

ΓΔþ→Wþh ≃
α2
8

�
vΔ
v

�
2m3

Δþ

M2
W
; ð6Þ

ΓΔþ→tb̄ ≃
3

4π

�
vΔ
v

�
2

mΔþ

�
mt

v

�
2

: ð7Þ

Unlike Eq. (4), these are independent of mν and domi-
nate for larger values of vΔ. The upper bound of vΔ ≲
Oð1Þ GeVcomes fromelectroweak precision tests (EWPTs).
The number of genuine LNV signal events is propor-

tional to the product of leptonic and gauge branching ratios,
BRΔþþ→ll × fBRΔþþ→WW;BRΔþ→WZðhÞ; and BRΔþ→tb̄g
that define the LNV window. Its position depends on the
neutrino mass ordering but less so on mνmin

, and nontrivial
behavior happens in the region disfavored by the cosmo-
logical data [54] and the latest 0νββ [55] and KATRIN [56]
searches. The exact location is shown in Figs. 2 and 3
and depends nontrivially on mΔþþ , which we scan within
the Large Hadron Collider (LHC) observable range. It is
maximal for vΔ ∼ 40–50 keV.

III. SIZE OF THE LNV WINDOW

To obtain the number of LNV events, the branching
ratios above are multiplied by the dominant production
cross sections. The doubly charged scalars can be pair-
produced in pp collisions through off-shell γ=Z=h →
Δ��Δ∓∓ and in the associated channel via W� →
Δ��Δ∓ (see Fig. 1). The associated production cross
section is integrated over the parton distribution functions
(PDFs) as

σLOassoc ≃
Z
PDF

πα22
36

ŝð1 − 4m2
Δþþ=ŝÞ3=2

ðŝ −MWÞ2 þ ðΓWMWÞ2
; ð8Þ

and similarly for γ=Z=h exchange. The leading order (LO)
cross sections at different

ffiffiffi
s

p
, multiplied by the next-to-

leading-order (NLO) K-factors, are shown in Fig. 4. We
assumed mΔþþ ¼ mΔþ ¼ mΔ0 , and the impact of mass
splittings is discussed below. For details of NLO cross
sections and PDF uncertainties, see [29,67]. The kinematics
of NLO jet emissions does not impact our study, and the LO
simulations are sufficient for an accurate estimate of signal
selection efficiencies in the LNV window.

IV. SENSITIVITY AT THE LHC

To enhance the sensitivity to the type II LNV window,
we propose the following search, based on Monte Carlo
simulations of the l�l0� þ jets’ final states for the signal
and backgrounds at the LHC. We focus on three possible
electron and muon final states: e�e�, μ�μ�, and the e�μ�
LFV channel.
We use the FeynRules [68] implementation of the model

file [29] for the generation of signal events in the MadGraph5

[69] framework at LO. Pythia8 [70] is used for showering
and hadronization and the DELPHES [71] library for fast
detector simulation, using the default detector cards. We
use MadAnalysis5 [72] for designing and implementing the

FIG. 4. Proton-level cross sections at
ffiffiffi
s

p ¼ 14, 27, and 100 TeV
in dotted, dashed, and solid lines, with Δm ¼ 0, for the
LO-associated, EW pair, and gluon fusion Higgs pair production.

FIG. 3. Regions with the branching ratios of BRΔ��→l�l� ×
fBRΔ��→W�W� ;BRΔ�→W�ZðhÞ; and BRΔ�→tb̄g > 5% and 10% in
blue, orange, and green. The NO mass spectrum is assumed with
mνmin

¼ 0.01 eV. The dashed lines show the Δþþ decay length in
the rest frame, see [63–66] for displacement.
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following cuts. We select events with at least two same-sign
leptons, l�l0�, l;l0 ¼ e, μ, and at least two jets, defined
with the anti-kT algorithm using ΔR ¼ 0.3 and pTjmin ¼
20 GeV. We impose cuts of pTl > 50 GeV and pTj >
50 GeV on the leading lepton and jet. Then, we accept
events within the narrow di-lepton invariant mass peak,
mll ∈ ½0.9; 1.1�mΔþþ , and reject those with ΔRll > π.
Events with the invariant mass mj1j2 > 1.1mΔþþ for the
two leading jets are omitted.
Figure 5 shows the signal efficiencies, i.e., ratios

between the number of events after applying the cuts
and the initial number of simulated events with hadroni-
cally decaying V ¼ W�; Z.
The main sources of background are V þ 012js,

VV þ 012js, and tt̄þ 012js. All simulations were per-
formed with aMC@NLO at LO with up to two matched jets
and rescaled to the NLO cross sections.
The estimated sensitivities S, used to establish

upper limits for the LNV channels, are obtained with

S2 ¼Pi s
2
i =ðsi þ biÞ, where siðbiÞ is the expected number

of signal (background) events in each region i after cuts.
They are shown in Fig. 6, together with the exclusion
regions of current searches by ATLAS, CMS, L3, and
OPAL [35–43] in purple. We omit the inclusive ATLAS
search [73], where all flavor channels were combined into a
single sensitivity. The bounds from current searches in the
leptonic channels (purple) in Fig. 6 disappear at around
vΔ ∼ 100 keV, while for vΔ > 200 keV, the W�W� chan-
nel takes over, with a weaker exclusion of mΔþþ ≳
350 GeV (rose).
In the intermediate vΔ range, both leptonic and gauge

searches are weakened, and the opportunity for genuine
LNV signals emerges. Sensitivity estimates reveal encour-
aging prospects justified by the extent of the LNV windows
in Fig. 6. They cover a large portion of parameter space,
above the limits of existing searches and spanning orders of
magnitude in vΔ.

V. IMPACT OF MASS SPLITTINGS

The scalar potential contains two bi-quadratic terms that
couple ΔL to the Higgs doublet φ,

λhΔ1φ
†φTr

�
Δ†

LΔL

	þ λhΔ2Tr
�
φφ†ΔLΔ

†
L

	
: ð9Þ

The λhΔ1 gives a universal mass shift to all triplet scalar
components and is limited by h → γγ, while the λhΔ2 term
splits them, such that

m2
Δ0 −m2

Δþ ¼ m2
Δþ −m2

Δþþ ¼ λhΔ2v2

4
; ð10Þ

up to OðvΔ=vÞ2. The perturbativity bound λhΔ2 ≲
ffiffiffiffiffiffi
4π

p
limits the size of the mass splitting, especially for larger
mΔþþ . For smaller values of mΔþþ , the EWPT oblique
parameters [45,74–77] further constrain the splitting, as

FIG. 5. Efficiencies after selection cuts for the signal events in
the l�l�W∓W∓;l�l�W∓ZðhÞ and l�l�tb channels.

FIG. 6. The LNV window sensitivity at
ffiffiffi
s

p ¼ 14 TeV for pair and associated production of Δþþ with mνmin
¼ 0.01 eV. The left,

center, and right panels correspond to the combined e�e�4j, μ�μ�4j, and e�μ�4j channels. The inner (outer) regions correspond to
L ¼ 300 fb−1 (3000 fb−1), and solid lines show the sensitivity at 2σ for NO. The dashed (dotted) lines denote the sensitivity for IO at
300 fb−1 (3000 fb−1). The black solid (dashed) lines denote the strongest bound from exclusive flavor channels for NO (IO). The purple
region shows the exclusion from the doubly charged searches in the di-lepton channel(s) [35–41]. The rose region denotes the
Δ�� → W�W� and Δ��;Δ∓ → W�W�, and W∓Z searches [42,43].
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shown in Fig. 7 (see [75,78] for details). As realized in [45],
mass splittings trigger three-body cascades via off-shell V,
such as Δþþ → Δþff̄, approximated by

ΓΔþþ→Δþff̄ ≃
3α22
5π

Δm5

M4
W
; ð11Þ

with Δm ¼ mΔþþ −mΔþ . Two-body cascades require a
large mass splitting Δm > MW;Z and are disfavored by
EWPT—only off-shell Vs with soft leptons and jets are
relevant.
Cascade decays modify the number of LNV events

coming from the pair or associated production ofΔL. Addi-
tional sources of same-sign charged leptons are present
when Δþþ is the lightest, coming from the production and
cascade decays of Δþ;0. When Δþþ is the heaviest, the
Δ�� → l�l0� final state is suppressed by cascades toΔþ;0,
whose decay products fail to pass the invariant mass cut on
ml�l0� . The resulting sensitivity, together with current
bounds from direct searches and the indirect constraints
outlined above, is shown in Fig. 7 (see also cascades
sensitivities at the LHC [79,80] and eþe− colliders [81]).

VI. CONCLUSIONS AND OUTLOOK

We investigated the prospect of observing LNV signals
in the minimal type II seesaw and delineated the region of
parameter space where the sensitivity of current LNC
searches diminishes and a genuine LNV signal becomes
observable. Our selection criteria strongly reduced the
known SM backgrounds and enhanced the sensitivity,
revealing encouraging prospects for searches at hadron
colliders, filling the remaining gap in current searches.
The ΔL also appears in the LRSM [26], where the mass

splittings are large ifMWR
was fairly light [82], leading to a

lower bound formΔþþ at around 1 TeV ifWR was accessible
at the LHC (see also [83]). The LRSM seesaw extends (3)
with another Type I source, spoiling the relation between
YΔ and vΔ and modifying the flavour structure of final-state
leptons. This shifts the location of the LNV window,
whereas the kinematics and estimated efficiencies still
apply. The future outlook for enhancing the sensitivity
of the LNV window includes the τ final states, leptonic
decays of W� and Z, and Δ0; χΔ contributions. Interest in
the LNV window may be spurred by cosmology, where
Type II can play an important role in phase transitions
[84,85] and leptogenesis. While the standard leptogenesis
scenario with a single ΔL fails [86], a successful variant
was claimed in [87,88]. The washout effects are strongest
precisely within the LNV window [89].
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FIG. 7. Future sensitivity of the LHC to the LNV window for
NO (IO) in solid (dotted) lines, with L ¼ 3000 fb−1. Blue,
orange, and green lines denote the e�e�, μ�μ�, and e�μ�
channels. The gray area shows the EWPT constraints, the pink
region excludes λhΔ2 >

ffiffiffiffiffi
4π

p
, the light green region shows the

Γtot
Z , the purple region shows h → γγ, and the red region current

direct searches, as in Fig. 6. The hatched area is forbidden by the
sum rule (10).
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